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Abstract. Genetic diversity during prebreeding or postbreeding programme, is the key pillar to characterize the valuable traits and
gene of interest. Whereas, superior or inferior heterotic performance of F1 depend on the diverse nature of their pedigree. Therefore, the
aim of this study was to see the diversity between the interspecific crosses and effect of heterosis, and inheritance for the morphological
traits and ToLCV resistance. All the 24 F1 interspecific crosses were classified into four clusters on the basis of morphological traits
as well as simple sequence repeat (SSR) markers. Among the F1 hybrids, 23 were grouped into clusters II, III and IV with different
phylogeny, while PBC× EC 521080 was individual with cluster I. On the basis of visual observation of fruit colour, deep red and green
colours in the crosses of S. pimpinellifolium (EC 521080) and S. habrochaites (EC 520061) exhibited dominant effects. In context of
heterosis breeding, the crosses which were made using Solanum pimpinellifolium (EC 521080), S. chmielewskii (EC 520049) and S.
cerasiforme (EC 528372) were better for yield capacity and the crosses of S. habrochaites (EC 520061) exhibited low and negative
heterosis for ToLCV resistance. The F2 progenies were segregated in various Mendelian ratio as follows 3:1, 1:2:1, 1:3, 13:3, 15:1,
12:3:1 and 9:6:1 for ToLCV disease reaction of incidence, plant growth habit and fruit colour appearance, respectively. Therefore,
these interspecific crosses can be utilized for developing high yield, impressive fruit colour combiners and resistant hybrids/varieties
of tomato.
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Introduction
Most of the commercial tomato cultivars (Solanum lycopersicum L.) have been reported for susceptible to tomato
leaf curl virus (ToLCV) around the tomato growing countries (Muniyappa et al. 2002; Anbinder et al. 2009; Borah
and Dasgupta 2012; Singh et al. 2015a). Whereas, a
number of resistance sources are available with vigorous
morphological traits in many wild relatives of tomato
(Banerjee and Kalloo 1987a; Pico et al. 1998; Vidavski
et al. 2008; Singh et al. 2015a). Previously, it was studied that the tomatoes have a limited genetic diversity
(Miller and Tanksley 1990) but this crop has commendable adaptability for selection and breeding programmes
under both field and glasshouse conditions (Singh et al.
2015a,b,c). The study of diversity by using morphological
traits is an easy way for identifying the close relationships

within tomato pedigrees (Banerjee and Kalloo 1987a,b;
Singh et al. 2014). The genetic diversity between parental
lines is usually considered as an important factor to
maximize the chances of heterotic performance (Kaur
et al. 2007). Molecular diversity between wild and cultivar accessions is evolved either complex or intensive
condition during hybridization (Grandillo et al. 2011)
because the molecular markers allowed for making high
density genetic maps of the tomato genome (Tanksley et al.
1992). The simple sequence repeats (SSRs) or microsatellite markers are considered in various studied due to
their high reproducibility, multiallelic, codominance and
wide-genome coverage (Frary et al. 2005). The crosses
derived from diverse parents produced diverse and useful progenies (Singh et al. 2014, 2015b). However, the
presence of genetic variation among cultivated tomato
(intraspecific) and between wild species (interspecific) is
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potential to produce new breeding materials (Grandillo
et al. 2011).
A deep red colour is essential for obtaining standard
value added tomato products like ketchup, puree, sauce
etc. in processing industry. The deep red colour gives
a good visual appearance under glasshouse conditions
where darkness is maintained or sun light is lacking (Britton 1998). The chlorophyll (green) colour changed into
carotene (yellow, red or orange) colour of tomato fruits
due to production of small amount of ethylene during
ripeness and degradation of chlorophyll pigments (Kader
1996). During maturation of the tomato friuts, the concentration of carotenoids and lycopene increased around 10
to 14 folds (Fraser et al. 1994). The mature ripe tomatoes
containing high lycopene (80–90%) of the total pigments
has rich antioxidant potential for health benefits (Rao and
Agarwal 2000).
During the past several decades, wild tomato species
have been utilized extensively in traditional breeding programmes and the major breeding efforts in tomatoes have
been directed towards higher degree of disease resistance
against ToLCV. Heterosis involves genome wide dominance pair and inheritance model such as locus-specific
over dominance (Lippman and Zamir 2007). Heterosis

breeding is considered as a function of heterozygosity and
a good approach to examine better yield traits as well
as resistance capacity during interspecific hybridization
(Singh et al. 2014). The segregation between plant populations is a way to know the genetics of traits and it is a
major breeding tool for improving the attainable productivity of crops (Singh et al. 2015a,b). The objective of this
study was to elucidation of the genetic diversity between
interspecific crosses to know the heterosis and inheritance
pattern for morphological traits and resistance to ToLCV.

Materials and methods
Genetic materials and development of crosses

A set of 24 interspecific crosses were generated in Line
× tester mating design (figure 1) developed by crossing
with four cultivars of S. lycopersicum, namely Punjab
Chhuhara (PBC), Kashi Vishesh (H-86), Hissar Anmole
(H-24) and Kashi Anupam (DVRT-2) and six accessions
of wild species, namely EC 521080 (S. pimpinellifolium),
EC 520061 (S. habrochaites), EC 520049 (S. chmielewskii),
EC 528372 (S. cerasiforme), WIR 5032 (S. chilense) and

Figure 1. 24 F1 s hybrids (interspesific crosses) developed by 10 parents (4 lines of S. lycopersicum x 6 testers of wild spp.) and their
colour appearances.
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WIR 3957 (S. arcanum). The four cultivars were susceptible to ToLCV along with better fruit size and fruit weight,
while, six wild accessions were resistant to ToLCV with
vigorous growth and bearing more number of fruits (Singh
et al. 2014). The experiment was conducted at the ICARIndian Institute of Vegetable Research, Varanasi, India,
situated at 83◦ 00 E, 25◦ 19 N latitude and 128.93 metres
above sea level (masl) during rainy season (March) as well
as winter (September) season of 2006 and 2007 (Singh et al.
2014). The F1 ’s were preserved to generate F2 progenies.
Thirty-four genotypes (24 F1 s + 10 parents) and 24 F2
segregating population of tomato were evaluated in three
replications with completely random block design under
field and glasshouse conditions (mass and cage inoculation) during September 2008. During field trails, all the 10
parents and 24 F1 crosses were planted with 60 plants (20
plants in a replication) and 24 F2 segregating population
were planted with 180 plants of each (60 plants in a replication) at a determined spacing of 45 cm (plant to plant)
and 60 cm (row to row). However, during glasshouse experimentation all the parents and F1 crosses planted with 30
plants of each (10 in a replication) and all the F2 segregating population planted with 90 plants of each (30 plants
in a replication). Repeated planting of susceptible tomato
variety, Punjab Chhuhara between the alternate rows of
trials. The buildup of vector population (whitefly; Bemisia
tabaci) was already maintained in insect proof glasshouse
of ICAR-IIVR, Varanasi and allowed by avoiding spray of
insecticides for insect vector control (Singh et al. 2015a).
Severity of ToLCV disease scoring
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DNA cetyltrimethyl ammonium bromide (CTAB) method
developed by Doyle and Doyle (1990). DNA purification,
DNA quantification, gel electrophoresis, gel documentation and PCR optimization were followed by same method
of Singh et al. (2014).
Hybrid seed purity testing, microsatellite genotyping, scoring of
alleles and cluster analysis

For hybrid seed purity testing, 11 polymorphic SSRs
primers were selected from previous study of 10 parental
genetic diversity (Singh et al. 2014). Whereas, 80 SSR
primers or microsatellite primer pairs (including 11 polymorphic SSRs) were selected from publicly available
databases (e.g., http://www.sgn.cornell.edu/, http://horn
bill.cspp.latrobe.edu.au/ssrdiscovery.html) for the genotyping assays among F1 crosses. The SSR gel images were
scanned using the gel doc 2000 Bio-Rad system and all the
genotypes were scored for the presence and absence of the
SSR band using quantity one software ver. 4.0.1 (Bio-Rad,
Hercules, USA). The scoring of alleles was entered into a
binary matrix as discrete variables, e.g. 1 for presence and
0 for absence of the character and this data matrix was
subjected to further analyses. Similar scoring was used for
phenotypic characters and pooled the data. The software
NTSYS-pcver. 2.11a, an advanced version of 2.02 (Rohlf
1994) was used to calculate the pair-wise differences matrix
and plot. Cluster analysis was based on similarity matrix
obtained with the unweighted pair-group method using
arithmetic averages (UPGMA) (Sneath and Sokal 1973;
Singh et al. 2014).

Natural screening completed under open field conditions
at the favourable environment for rapid multiplication
of whiteflies. Twenty-one days old seedlings were transplanted in the field, and observations were recorded on
30, 60 and 90 days after transplanting during each season of experiment. Artificial inoculation was done in an
insect proof glasshouse by both mass and cage inoculation techniques. Seeds of tomato genotypes (parents, F1 ’s
and F2 ’s) were sown in plastic tray. Ten days old seedlings
were transplanted in plastic pots in insect proof glasshouse
for mass and cage inoculation. Seedlings were inoculated
with whiteflies and observations were recorded at 15, 30,
45 and 60 days after transplantation as per the procedure
of Banerjee and Kalloo (1987a,b). The symptom severity
was recorded at six point (0–5) scale and the coefficient
of infection (CI), per cent disease incidence (PDI) and
response value (RV) were calculated according to procedure of Singh et al. (2015a,b).

Data observation and heterosis analysis

Genomic DNA extraction and gel electrophoresis

Inheritance analysis

Genomic DNA was extracted from young fresh leaves of
all F1 crosses at the seedling stage by using the modified

Expected Mendelian genetic ratio of ToLCV disease incidence, plant growth habit and colour effect of fruits were

For the assessment of colour characteristics of tomato
fruits of parents and hybrids, the latest Royal Horticultural Society (RHS) colour chart were used during both
field and glasshouse conditions. For the study of heterosis, six traits of parents and hybrids such as percentage of
coefficient of infection (CI), plant height (PH), number of
fruits per plant (NOFPP), fruit set per cent (FSP), average
fruit weight (AFW) and fruit yield per plant (FYPP) were
assayed for both field and glasshouse planted F1 ’s. The heterosis over better parents (heterobeltiosis) was calculated
by the formula:
Dii = [(F1 − BP)/BP] × 100
Where, Dii is heterobeltiosis, i.e. heterosis over better parent and BP is mean performance of better parent in the
respected cross combination.
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analysed as per visual observation of number of segregation between plant populations of F2 progenies and using
chi-square analyses followed by Singh et al. (2015a,b).

Results

were very close to each other with the coefficient range 0.05
to 0.07. Cluster IV included four hybrids, and was differentiated in two individual pairs of H-86×EC 520061 and
H-24×EC 520061 with the coefficient value ranged from
0.03 to 0.28 and H-86×EC 528372 and H-24×EC 528372
within a coefficient range of 0.09 to 0.11 (figure 2).

Colour appearance of fruits in parents and their F1 ’s

Of the 34 genotypes, 10 parents were categorized in six different colour groups e.g., deep red (PBC, EC 521080 and
EC 528372), light red (H-24, DVRT-2 and WIR 5032),
pinkish red (H-86), green (EC 520061), yellow (520049)
and orange (WIR 3957). Whereas, in their 24 interspecific
crosses, the wild parental colours were expressed as dominant genetic effect (figure 1). It was also recorded that
the tomatoes were deep red in colour under glasshouse
conditions as compared to field conditions. The crosses
of EC 520061 and EC 521080 expressed green and deep
red colour, respectively. However, crosses of EC 520049
manifested as yellow (PBC× EC 520049 and DVRT-2×
EC 520049) and reddish yellow (H-86× EC 520049 and
H-24× EC 520049) colour. The crosses of EC 520072 and
WIR 5032 showed only deep red and light red colours.
The cross combinations made by WIR 3957 were light
red (H-86×WIR 3957 and H-24×WIR 3957) and orange
(PBC×WIR 3957 and DVRT-2×WIR 3957) in colour (figure 1).
Hybrid seed purity testing and genetic diversity

All the 11 polymorphic SSR markers have been identified during genetic diversity of 10 parents, gave positive
results during testing of hybrid seed purity for 24 F1 ’s (figure 1). The genetic diversity was studied between a set of
24 F1 hybrids by using genotypic and phenotypic scoring
data. Among the 80 SSR markers, only 18 (22.5%) SSR
markers were polymorphic (table 1) and 35 (43.75%) indicated monomorphic banding pattern. However, four SSRs,
namely SSR73, SSR117, SSR218 and SSR304 exhibited
highest 100% polymorphic per cent with polymorphic
information content (PIC) of the markers range from 0.10
to 0.33. A dendrogram was generated with four major
clusters I, II, III and IV by using genotypic and phenotypic scoring data (figure 2). Cluster I consisted of
only one F1 (PBC×EC 521080) with a major genetic distance from other hybrids by 0.40 coefficient value. Cluster
I included 11 hybrids in which H-86×WIR 5032 and
H-24×EC 520049 were very close with a coefficient value
0.03. PBC×EC 520061 and DVRT-2×EC 520061 were
followed by two pairs comprising of H-86×EC 521080
and H-24×EC 521080 as well as PBC×WIR 5032 and
DVRT-2×WIR 5032 with the range of coefficient value
from 0.03 to 0.17. Cluster III had eight hybrids in which the
pairs of PBC×EC 520049 and DVRT-2×EC 520049, along
with the pair of PBC×WIR 3957 and DVRT-2×WIR 3957

Heterosis over better parents or heterobeltiosis

Analysis of variance for various characteristics evaluated
in two environments (field and glasshouse) showed the significant differences among the genotypes, parents, lines,
testers, line versus tester, line×tester and parent versus
hybrid for all the traits. While, PH and NOFPP were non
significant for lines under field and glasshouse, FSP and
AFW were non significant for tester under field condition (table 2). All the traits showed significant differences
between parents and hybrids at P < 0.05 and P < 0.01.
The significance of average heterosis for CI, PH, NOFPP,
FSP, AFW and FYPP were variable across the two environments.
Extent of heterosis was studied in two environments
(field and glasshouse) for ToLCV disease (CI) along with
five eco-horticultural yield traits e.g., PH, NOFPP, FSP,
AFW and FYPP (table 3). The highest and negative heterosis was recorded in field as compared to glasshouse
conditions for each horticultural trait except AFW but
expression of heterosis for ToLCV (CI) was low and negatively significant in glasshouse. In case of ToLCV (CI) the
maximum and negative heterosis was recorded in PBC ×
EC 520061 (−83.96 and −88.97) followed by DVRT-2 ×
EC 520061, H-24 × EC 520061 and H-86 × EC 520061
under both field and glasshouse conditions. The heterosis
range was −5.02 (H-86 × EC 521080) to −83.96 (PBC ×
EC 520061) in field and from −4.00 (H-86 × EC 520049)
to −88.97 (PBC×EC 520061) in glasshouse conditions for
ToLCV (CI). For PH, according to mean value the crosses
of EC 520061 exhibited maximum value in field. The
minimum and maximum range of heterosis was −39.07
(PBC×EC 528372) to 59.74 (H-24×WIR 5032) in field and
from −37.36 (DVRT-2×EC 520061) to 22.54 (H-86×WIR
5032) in glasshouse conditions for PH. In case of NOFPP,
maximum number of fruit was recorded in the crosses
of EC 521080 followed by the crosses of EC 520061,
EC 520049 and EC 520072, whereas, maximum heterosis was recorded in the crosses of DVRT-2 × EC 528372
(18.34) and DVRT-2 × EC 528372 (13.31) in field and
glasshouse conditions, respectively. In case of fruit set per
cent (FSP) maximum heterosis was found in the crosses of
H-24 × EC 521080 (13.57) in field and H-86 × EC 528372
(49.69) in glasshouse conditions. For AFW, the maximum mean value of fruit weight was recorded in crosses
of EC 520072 followed by the crosses of WIR 5032 and
WIR 3957, while the minimum and maximum heterosis range was −96.90 (DVRT-2 × EC 520061) to −54.78
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Table 1. Details of 18 polymorphic markers and their sequences used in diversity analysis of 24 crosses of tomato.

Primer

Forward (F) and reverse (R) primer sequence

1

SSR22

2

SSR50

3

SSR63

4

SSR66

5

SSR67

6

SSR73

7

SSR92

8

SSR104

9

SSR117

10

SSR218

11

SSR248

12

SSR276

13

SSR290

14

SSR304

15

SSR333

16

SSR557

17

SSR596

18

SSR603

F-5 -GATCGGCAGTAGGTGCTGCTCTC-3
R-5 -CAAGAAACACCCATATCCGC-3
F-5 -GGT CCA GTT CAA TCA ACC GA-3
R-5 -TGA AGT CGT CTC ATG GTT CG-3
F-5 -CCA CAA ACA ATT CCA TCT CA-3
R-5 -GCT TCC GCC ATA GTG ATA CG-3
F-5 -TGC AAC AAC TGG ATA GGT CG-3
R-5 -TGG ATG AAA CGG ATG TTG AA-3
F-5 -GCA CGA GAC CAA GCA GAT TA-3
R-5 -GGG CCT TTC CTC CAG TAG AC-3
F-5 -TGG GAA GAT CCT GAT GAT GG-3
R-5 -TTC CCT TTC CTC TGG ACT CA-3
F-5 -AAG AAG AAG GAT CGA TCG AAG A-3
F-5 -TCA TGA CCA CGA TAC TAC ATG TTT C-3
F-5 - TTC CAT TTG AAT TCC AAC CC-3
R-5 - CCC ACT GCA CAT CAA CTG AC-3
F-5 -AAT TCA CCT TTC TTC CGT CG-3
R-5 -GCC CTC GAA TCT GGT AGC TT-3
F-5 -GTG GTT ATC CCA AGA CCC AA-3
R-5 -CGC CAG TCT TCC TCT GAC TT-3
F-5 -GCA TTC GCT GTA GCT CGT TT-3
R-5 -GGG AGC TTC ATC ATA GTA ACG-3
F-5 -CTC CGG CAA GAG TGA ACA TT-3
R-5 -CGA CGG AGT ACT TCG CAT TT-3
F-5 -AAT CAA GCC AAC GCC TCT AA-3
R-5 -TCA TCC TTC GCA TAC TTC CC-3
F-5 -TCC TCC GGT TGT TAC TCC AC-3
R-5 -TTA GCA CTT CCA CCG ATT CC-3
F-5 - GTT CCC GCT TGA GAA ACA AC-3
R-5 -CCA ATG CTG GGA CAG AAG AT-3
F-5 - GCC ACA AGA AAC ATT GCT GA-3
R-5 - TAC GCG CAC GTG CAT AAA TA-3
F-5 -TTC GGA TAA AGC AAT CCA CC-3
R-5 -TCG ATT GTG TAC CAA CGT CC-3
F-5 -GAA GGG ACA ATT CAC AGA GTT TG-3
R-5 -CCT TCA ACT TCA CCA CCA CC-3

(H-24 × EC 528372) in field conditions and from −96.19
(DVRT-2 × EC 520061) to −65.43 (PBC × EC 528372)
in glasshouse conditions. However, as per mean value of
FYPP, the crosses made in H-86 and DVRT-2 expressed
high yield but in case of heterosis the cross combination
PBC × EC 520072 (63.46) and PBC × EC 521080 (42.17)
recorded highest heterosis in field and glasshouse conditions, respectively (table 3).

Mendelian ratio in segregating population

For ToLCV disease incidence among the 24 F2 progeny,
10 crosses were segregated in 3 : 1 (resistant : susceptible) and six crosses in 1 : 2 : 1 (resistant : moderately
resistant : susceptible) expected ratio. The four crosses of
EC 520061 (PBC × EC 520061, DVRT-2 × EC 520061,

Annealing
temperature
(◦ C)

Polymorphic %

Amplified
alleles
size (bp)

55.0

67.3

217

55.0

50

205

53.1

50

220

53.5

54.6

215

56.0

55.56

1000

54.6

100

900

55.0

63

175

53.7

60

1100

54.5

100

186

54.7

100

170

54.0

56.5

221

55.15

66.67

200

54.5

65.75

500

55.65

100

910

54.65

56.4

250

54.45

58.33

540

53.8

44.0

200

55.0

80

215

H-86 × EC 520061 and H-24 × EC 520061) segregated
in 13 : 3 expected Mendelian ratio and remaining four
crosses, namely H-24 × EC 528372, H-24 × WIR 3957,
H-86 × EC 528372 and H-86 × WIR 3957 segregated in 1
: 3 Mendelian ratio for ToLCV disease incidence (table 4).
However, in case of plant growth habit, 12 crosses of EC
528372, WIR 5032 and WIR 3957 segregated in 1 : 3 (indeterminate : determinate) expected genetic ratio, and the
crosses of EC 520061, EC 521080 and EC 520049 segregated in 3 : 1 (indeterminate : determinate), 1 : 2 : 1
(indeterminate : semi-indeterminate : determinate) and 9
: 6 : 1 (indeterminate : semi-indeterminate : determinate)
expected ratio, respectively. In case of colour effects, of the
24 crosses, 12 crosses of EC 521080, EC 528372 and WIR
5032 could not be identified for their colour segregation.
Four crosses of EC 520061 (PBC × EC 520061, DVRT-2 ×
EC 520061, H-86 × EC 520061 and H-24 × EC 520061)
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Figure 2. Unweighted pair group method with arithmetic mean (UPGMA) dendrogram (based on Euclidean distance coefficient)
of 24 F1 hybrids of tomato generated by using morphological (phenotypic characters) and molecular (SSRs) markers.

segregated in 15 : 1 (green : red) Mendelian ratio. Whereas,
four crosses, namely PBC × EC 520049 (yellow : red),
DVRT-2 × EC 520049 (yellow : red), PBC × WIR 3957
(orange : red) and DVRT-2 × WIR 3957 (orange : red)
segregated in 3 :1 genetic ratio, and two crosses H-86 ×
EC 520049 (yellow : orange : red), H-24 × EC 520049 (yellow : orange : red) segregated in 12 : 3 : 1 expected genetic
ratio. Remaining two crosses, H-86 × WIR 3957 (orange :
red : yellow) and H-24 × WIR 3957 (orange : red : yellow)
segregated in 9 : 6 : 1 expected Mendelian ratio (table 4).

Discussion
Fruit colour of tomato is an attractive trait for visualization in diverse tomato genotypes. Red, pink, orange and
yellow colour fruits indicated richness of lycopene and
carotene content and are preferred for edible purposes.
In the present study, green colour of EC 520061, deep
red colour of EC 521080 and EC 528372 and light red
colour of WIR 5032 masked their colour effects on their
hybrids, which may be due to dominant morphology of
S. habrochaites, S. pimpinellifolium, S. ceraseforme and
S. chilense, and exhibited additive gene effects (Banerjee
and Kalloo 1989; Singh et al. 2014). Earlier, it has been
reported that during the fruit ripening a small amount of
ethylene was produced which started the degradation in

chlorophyll pigments and induced carotene pigment, and
this chlorophyll or green colour changed into yellow, red
and orange colours (Kader 1996). In the present study, the
parents were in different colour pigments and they showed
dominant over their hybrids. Similarly, in an earlier study,
the pod colours of okra hybrids were same as their parents
due to the dominant genetic effect of colour (Solankey
et al. 2013). It was also noticed that the deep colour were
got in glasshouse than field conditions. The accumulation of red colour indicated a high lycopene in tomatoes
which may be due to the nature of cultivars or environment. Sun light is also important during development of
fruits and increases carotenoid concentration in tomatoes
but in relatively darker conditions fruits colour appeared
as deep red (Giuliano et al. 1993; Britton 1998). However,
the cross combinations of EC 520049 (yellow and reddish
yellow) and WIR 3957 (orange and light red) expressed
their colour effect in 1:1 ratio which showed intermediate colour. The yellow (high carotene) and orange (low
carotene) colour of hybrids showed the dominant effect of
their parents EC 520049 and WIR 3957, whereas the intermediate colour (reddish yellow and light red) of hybrids
indicated a medium carotene content and partial dominance of the parents. It has been reported that chlorophyll
produce green colour and familiar red and yellow colours
are produced by carotenoids, lycopene and β-carotene
in tomato (Lumpkin 2005). Hybrid seed purity testing

FYPP (kg)

AFW (g)

FSP (%)

NOFPP

PH (cm)

DF, degree of freedom; CI, coefficient of infection; PH, plant height; NOBPP, number of branches per plant; NOFPP, number of fruits per plant; FSP, fruit set percent; AFW,
average fruit weight; TSS total soluble solids, FYPP, fruit yield per plant.
*Significant at P < 0.05 level; ** significant at P < 0.01 level.

DF = 66
0.07
0.04
216.21
162.95
1185.12
758.79
55.32
34.71
83.58
11.59
0.41
0.26
DF = 23
13.88∗∗
14.64∗∗
5953.09∗∗
5619.42∗∗
19926.20∗∗
20440.84∗∗
124.01∗∗
292.92∗∗
216.30∗∗
114.84∗∗
1.67∗∗
3.36∗∗
DF = 1
5.57∗∗
28.95∗∗
26003.39∗∗
18754.75∗∗
192678.81∗∗
125758.29∗∗
725.06∗∗
2543.62∗∗
32176.48∗∗
27078.73∗∗
10.51∗∗
4.24∗∗
DF = 1
243.32∗∗
271.09∗∗
86654.22∗∗
67164.05∗∗
1338151.62∗∗
1193389.21∗∗
1736.01∗∗
1947.02∗∗
101167.25∗∗
85770.07∗∗
102.60∗∗
46.62∗∗
DF = 5
0.57∗∗
0.87∗∗
7655.52∗∗
12880.23∗∗
435163.95∗∗
287479.43∗∗
49.45
461.74∗∗
43.43
50.81∗∗
1.73∗∗
2.26∗∗
DF = 9
28.16∗∗
32.84∗∗
13930.68∗∗
14651.97∗∗
390599.84∗∗
292515.35∗∗
294.57∗∗
522.84∗∗
17594.91∗∗
13750.07∗∗
23.44∗∗
12.83∗∗
Degree of freedom
CI (%)

Field & glasshouse
Field
Glasshouse
Field
Glasshouse
Field
Glasshouse
Field
Glasshouse
Field
Glasshouse
Field
Glasshouse

DF = 2
0.18
0.032
121.06
234.50
1886.40
34.74
0.54
34.22
64.61
7.08
0.46
0.36

DF = 3
2.42∗∗
6.71∗∗
148.09
100.00
475.72
617.21
222.62∗
149.95∗∗
18989.92∗∗
12575.50∗∗
33.23∗∗
19.20∗∗

Parents vs crosses
Source of variation
Testers
Line vs tester
Lines
Genotypes
Replications
Character(s)

Table 2. Analysis of variance for line× tester analysis for ToLCV disease and yield related traits under field and glasshouse conditions.

Line × tester

Error
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is required for assessing the identity of parents and this
confirmed the crossing and hybridity between two parents (Liu et al. 2008). However, the F1 hybrid exhibited
both the alleles of the parents confirming the heterozygosity condition of the hybrid (Peralta et al. 2007). In present
study, a total of 11 parental polymorphic SSRs were used
to hybrid seed purity test, and found the purity between
hybrids. The result was showed the conformity and proof
for genetic purity of parents which were used during crossing programme (Singh et al. 2014). A previous study also
supported our finding and they found similar results with
95.1% hybridity in F1 crosses of tomato by using 321 different molecular markers (Liu et al. 2008).
Conservational exchange and sustainable use of genetic
resources is an essential tool for future food security
but successful conservation of any given gene pool is
dependent on their diversity and distribution in a selected
community (Singh et al. 2014, 2015a,c). Creation of genetic
variation and selection of suitable genotypes is one of the
common way that can assist in crop improvement and may
be easier to enhance the exploitation of the genotypes with
molecular markers (Frary et al. 2005). Recently, molecular analysis of the structure of a large set of accessions
of wild S. pimpinellifolium, cherry tomato and cultivated
accessions showed that domesticated and wild tomatoes
have evolved as a species complex with intensive hybridization (Peralta et al. 2007). In present study, only 18 (22.5%)
SSR markers showed polymorphic banding pattern. It
has been illuminated that the SSRs have low level of
polymorphism. While, SSRs are useful as molecular markers because their development is inexpensive, and they
are useful for identification of functional diversity, natural diversity or germplasm collections (Varshney et al.
2005). Earlier, SSR marker was used in a study and got
10 polymorphic of 50 used (Frary et al. 2005). In tomato,
more than 600 EST-derived SSR markers have been identified and made available for genome research through
Solanaceae Genome Network (SGN) and these SSR markers were shown applicable for genetic diversity studies of
tomato (Frary et al. 2005). The S. lycopersicum accounts
for only about 5% of the total genetic variability in the
tomato gene pool, but wild species of tomato have rich
source of genetic variability for many important agrohorticultural traits (Peralta et al. 2007). In this study, it was
found that genetic variations existed between interspecific
crosses due to the contrast in taxonomical characters. In
the result of present study PBC × EC 521080 exhibited a
high level of genetic diversity from other hybrids. It was
observed separately in a cluster which may be due to its
diverse morphological characters because in another study
its parent EC 521080 (S. pimpinellifolium) was also seen
individually in a cluster (Singh et al. 2014). Earlier, it has
been studied that the cultivated tomato has been changed
from the accessions of S. pimpinellifolium due to large
genetic diversity (Peralta et al. 2007). It was also recorded
that most of the crosses clustered in common pairs, namely
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Glasshouse
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−21.4∗∗
−39.1∗∗
−0.2
7.6
−0.5
3.3
−13.9∗
−11.5
27.6∗∗
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15.1∗
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2.0
1.0
−3.2
−5.3
−19.8∗∗
10.3
49.7∗∗
10.8
−7.2
−1.9
3.9
−1.7
22.1∗∗
13.1
8.5
−4.9
20.6∗∗
8.4
43.5∗∗
−4.2
18.9∗
4.8

FSP (%)
Glasshouse
HBP

0.22
10.2
8.7
−16.4
−2.9
−17.1∗
2.7
−18.4∗
3.68
8.2
−3.3
−6.1
13.6
6.0
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−4.8
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−2.9
11.3
9.2
−4.2
−12.5
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−89.2∗∗
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−82.0∗∗
−73.4∗∗
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−94.8∗∗
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−91.5∗∗
−90.5∗∗
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−89.6∗∗
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−79.1∗∗
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−85.6∗∗
−88.3∗∗
−79.8∗∗
−72.5∗∗
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−81.4∗∗
−79.2∗∗
−94.9∗∗
−96.2∗∗
−93.9∗∗
−88.7∗∗
−91.7∗∗
−91.5∗∗
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AFW (g)
Field
Glasshouse
HBP
HBP

40.4
34.6
−50.0∗∗
63.5∗
18.5
20.6
−69.8∗∗
−40.2∗∗
−56.8∗∗
−50.7∗∗
−71.2∗∗
−48.9∗∗
−55.2∗∗
−35.8∗∗
−28.4∗
−38.1∗∗
−33.6∗∗
−42.5∗∗
−79.4∗∗
−74.3∗∗
−77.9∗∗
−64.9∗∗
−76.8∗∗
−57.6∗∗
0.5

42.2∗
−12.5
−50.9∗∗
17.9
−29.8∗
2.8
−70.1∗∗
−64.2∗∗
−58.4∗∗
−64.5∗∗
−61.9∗∗
−33.2∗∗
−44.0∗∗
−24.6∗
−63.8∗∗
4.2
1.5
0.3
−73.2∗∗
−71.4∗∗
−70.6∗∗
−28.6∗∗
−64.9∗∗
−23.1∗∗
0.4

FYPP (kg)
Field
Glasshouse
HBP
HBP

CI, coefficient of infection; PH, plant height; NOFPP, number of fruits per plant; FSP, fruit set per cent; AFW, average fruit weight; FYPP, fruit yield per plant; HBP, heterosis
over better parents.
∗ Significant at P < 0.05 level; ∗∗ significant at P < 0.01 level.

−8.0∗∗
−84.0∗∗
−80.2∗∗
−40.9∗∗
−22.6∗∗
−32.6∗∗
−5.0
−77.9∗∗
−78.2∗∗
−23.1∗∗
−20.7∗∗
−31.9∗∗
−17.8∗∗
−82.6∗∗
−78.1∗∗
−16.2∗∗
−20.8∗∗
−5.5
−17.6∗∗
−81.0∗∗
−51.9∗∗
−40.2∗∗
−25.6∗∗
−11.0∗∗
0.2

PBC × EC-521080
PBC × EC-520061
PBC × EC-520049
PBC × EC-528372
PBC × WIR-3957
PBC × WIR-5032
H-86 × EC-521080
H-86 × EC-520061
H-86 × EC-520049
H-86 × EC-528372
H-86 × WIR-3957
H-86 × WIR-5032
H-24 × EC-521080
H-24 × EC-520061
H-24 × EC-520049
H-24 × EC-528372
H-24 × WIR-3957
H-24 × WIR-5032
DVRT-2 × EC-521080
DVRT-2 × EC-520061
DVRT-2 × EC-520049
DVRT-2 × EC-528372
DVRT-2 × WIR-3957
DVRT-2 × WIR-5032
S.E.

CI (%)
Glasshouse
HBP

Field
HBP

Characters →
Entries↓ environment →
24 F1 crosses

Table 3. Heterosis percentage over better parent (HBP) in 24 F1 ’s crosses for various characters in two different environments (field and glasshouse).
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Table 4. Mendelian ratio for ToLCV disease reaction (PDI), plant growth habit and fruit colour appearance in 24 F2
segregating populations of tomato.
Entry
Segregating population
of F2 progeny

ToLCV disease reaction
Expected Mendelian ratio

Plant growth habit
Expected Mendelian ratio

Fruits colour appearance
Expected Mendelian ratio

PBC × EC-521080
PBC × EC-520061
PBC × EC-520049
PBC × EC-528372
PBC × WIR-3957
PBC × WIR-5032
H-86 × EC-521080
H-86 × EC-520061
H-86 × EC-520049
H-86 × EC-528372
H-86 × WIR-3957
H-86 × WIR-5032
H-24 × EC-521080
H-24 × EC-520061
H-24 × EC-520049
H-24 × EC-528372
H-24 × WIR-3957
H-24 × WIR-5032
DVRT-2 × EC-521080
DVRT-2 × EC-520061
DVRT-2 × EC-520049
DVRT-2 × EC-528372
DVRT-2 × WIR-3957
DVRT-2 × WIR-5032

1:2:1 (R:MR:S)
13:3 (R:S)
3:1 (R:S)
3:1 (R:S)
3:1 (R:S)
3:1 (R:S)
3:1 (R:S)
13:3 (R:S)
3:1 (R:S)
1:3 (R:S)
1:3 (R:S)
1:2:1 (R:MR:S)
3:1 (R:S)
13:3 (R:S)
3:1 (R:S)
1:3 (R:S)
1:3 (R:S)
1:2:1 (R:MR:S)
1:2:1 (R:MR:S)
13:3 (R:S)
3:1 (R:S)
1:2:1 (R:MR:S)
3:1 (R:S)
1:2:1 (R:MR:S)

1:2:1 (ID:SID:D)
3:1 (ID:D)
9:6:1 (ID:SID:D)
1:3 (ID:D)
1:3 (ID:D)
1:3 (ID:D)
1:2:1 (ID:SID:D)
3:1 (ID:D)
9:6:1 (ID:SID:D)
1:3 (ID:D)
1:3 (ID:D)
1:3 (ID:D)
1:2:1 (ID:SID:D)
3:1 (ID:D)
9:6:1 (ID:SID:D)
1:3 (ID:D)
1:3 (ID:D)
1:3 (ID:D)
1:2:1 (ID: SID:D)
3:1 (ID:D)
9:6:1 (ID:SID:D)
1:3 (ID:D)
1:3 (ID:D)
1:3 (ID:D)

All fruits in red colour
15:1 (G:R)
3:1 (Y:R)
All fruits in red colour
3:1 (O:R)
All fruits in red colour
All fruits in red colour
15:1 (G:R)
12:3:1 (Y: O: R)
All fruits in red colour
9:6:1 (O: R: Y)
All fruits in red colour
All fruits in red colour
15:1 (G:R)
12:3:1 (Y: O: R)
All fruits in red colour
9:6:1 (O: R: Y)
All fruits in red colour
All fruits in red colour
15:1 (G:R)
3:1 (Y:R)
All fruits in red colour
3:1 (O:R)
All fruits in red colour

R, resistant; MR, moderately resistant; S, susceptible; ID, indeterminate; SID, semi-indeterminate; D, determinate; G,
green; R, red; O, orange; Y, yellow.

‘PBC × EC 520061 and DVRT-2 × EC 520061’, ‘H-24 ×
EC 521080 and H-86×EC 521080’, ‘H-86×EC 521080 and
H-24×EC 521080’, ‘PBC×WIR 5032 and DVRT-2×WIR
5032’, ‘PBC × EC 520049 and DVRT-2 × EC 520049’ and
‘PBC × WIR 3957 and DVRT-2 × WIR- 3957’, ‘PBC ×
EC 520061 and DVRT-2×EC 520061’, ‘H-86×EC 528372
and DVRT-2 × EC 528372’ made by similar parent. They
indicated their similar genetic characters or dominant taxonomical phylogeny of their wild parents (Kalloo and
Banerjee 1990). An interesting fact was that the crosses
of EC 520061 clustered in two groups of different clusters, namely the pairs of PBC × EC 520061 and DVRT-2 ×
EC 520061 and H-24 × EC 520061 and H-86 × EC 520061
were in different clusters. This may be due to strong genetic
link with S. habrochaites (EC 520061) because H-24 and
H-86 both were derived by S. habrochaites f. glaboratum
(Banerjee and Kalloo 1989; Singh et al. 2015b).
Improvement of tomato by exploiting traits from wild
species is a slow process because of the complexity of
the genes and linkage drag (Foolad 2007). However, there
were several attempts reported on introgression of valuable traits from wild species but the time requirement could
be a discouraging factor for plant breeders. The commercial exploitation of the phenomenon of heterosis is one
of the most important contributions in plant breeding
(Shankarappa et al. 2008). The extent of heterosis response

of F1 hybrids largely depends on the breeding value and
genetic diversity of the parents included in the cross, and
on the environmental conditions under which hybrids are
grown (Jordaan et al. 1999; Shankarappa et al. 2008). During the scanning of literature, it was observed that a few
workers used interspecific crosses for heterosis study due
to lack of market potential. Morphologically, most of the
F1 s (S. lycopersicum× wild accessions) have large similarity to their wild parent(s) which indicated the dominance
of morphological attributes of wild taxa over esculentum
types (Vidavski et al. 2008; Singh et al. 2014). Another
reason could be it may be due to the expression of two
heterogeneous genes one favourable dominant and other
unfavourable recessive alleles (AAbb/AaBb/aaBB).
In the present investigation, most of the cross combinations where S. habrochaites acc. EC 520061, was used
as a male parent (with PBC, H-86, H-24 and DVRT-2)
exhibited low and negative heterosis in both field and
glasshouse conditions. Low and negative heterosis is an
indication of least infection and is desirable traits for
resistance to ToLCV disease. This may be due to presence of Ty-2 (Hanson et al. 2006) genes of TYLCV in
S. habrochaites accession which have a dominant gene
for ToLCV resistance. The dominant nature of heterosis
for ToLCV resistance was governed by two completely
dominant genes and inhibitory gene action (Banerjee
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and Kalloo 1987a,b; Singh et al. 2015a,d). In this study,
negative heterosis was observed for various yield traits
because the male wild accessions were diverse and dominant in genetic taxonomical phylogeny (Vidavski et al.
2008). Significant and high heterosis for yield traits (PH,
NOFPP, FSP, AFW and FYPP) was found in field conditions than in glasshouse conditions. It indicated the
importance of dominant genetic effects in the inheritance
of these characteristics and effects of favourable environment. Genotypes performed differently across the two
environments, field and glasshouse, these results were in
agreement with the previous reports (Banerjee and Kalloo
1989; Pico et al. 1998). A large number of hybrids showed
superiority over their parents for various characteristics,
revealing substantial heterosis in the hybrids. Earlier, many
workers have been reported high and positive heterosis
over better parents for yield traits in tomato (Rajput et al.
2003; Shankarappa et al. 2008) involving S. lycopersicum×
S. lycopersicum as intervarietal cross combinations.
The expected genetic ratio for pheno-traits in segregating plant populations can be easily identified on the
basis of visual observation (Singh et al. 2015a,d). In the
present study, 10 and six crosses segregated in 3 : 1 (resistant : susceptible) and 1 : 2 : 1 (resistant : intermediate
: susceptible) expected ratio for ToLCV disease incidence
because these crosses expressed monogenic dominant gene
effects and partial dominant gene effects of resistant capacity (Singh et al. 2015a,d). However, four crosses, namely
H-24 × EC 528372, H-24 × WIR 3957, H-86 × EC 528372
and H-86 × WIR 3957 segregated in 1 : 3 (recessive effect)
expected ratio for ToLCV disease and this may be due
to the dominance of S. lycopersicum over their male parents, S. ceraseforme and S. arcanum for disease resistance.
Similar study for recessive nature of crosses of S. pimpinellifolium and S. arcanum were described earlier (Fulton et al.
1997; Sharma et al. 2008). In another finding, the crosses
of EC 520061 segregated in 13 : 3 (resistant : susceptible)
expected ratio (a modified ratio of 9 : 3 : 3 : 1) indicating inhibitory gene effect. This finding of modified ratio
of 9 : 3 : 3 : 1 had been commensurated in the crosses
of S. habrochaites (Banerjee and Kalloo 1989). A number of witnesses for the resistant story of S. habrochaites
had been reported (Banerjee and Kalloo 1987a,b; Singh
et al. 2014, 2015a,b,d). Tomato plants may have different
growth habits, including indeterminate, semideterminate
and determinate type depending on the nature of crosses.
In this study, of the 24 crosses 12 of S. ceraceforme, S.
chilense and S. arcanum segregated in 1 : 3 (indeterminate
: determinate) expected genetic ratio and showed recessive
gene effects. This may be due to the additive genetic variation in the crops (Fulton et al. 1997; Castro et al. 2013;
Singh et al. 2015a,d). The four crosses of S. habrochaites
segregated in 3 :1 (indeterminate : determinate) genetic
ratio because of their vigourous growth habits which were
indicative to the monogenic dominant gene effect and has
been observed in many studies (Singh et al. 2014, 2015a,b).

The crosses of S. pimpinellifolium and S. chmielewskii
segregated in 1 : 2 : 1 (indeterminate : semideterminate :
determinate) and 9 : 6 : 1 (indeterminate : semideterminate :
determinate) ratios exhibiting partial dominance and additive gene effects between the populations. The colour of the
fruits got from crossing S. pimpinellifolium, S. ceraceforme,
and S. chilense could not be categorized during observation. This may be due to less segregation for fruit colour in
crosses since the fruit colours of their parents were visually
similar to S. lycopersicum (Fulton et al. 1997; Castro et al.
2013; Singh et al. 2014, 2015a,d). However, the crosses of
S. habrochaites were segregated in 15:1 (green : red)
expected ratio and exhibited duplicate genetic effects, due
to dominance of green fruited nature of S. habrochaites
species. The dominant nature of green colour fruits of
S. habrochaites had been discussed earlier (Banerjee and
Kalloo 1987a,b; Singh et al. 2014, 2015a). The crosses
of S. chmielewskii segregated in two phases, namely yellow : red (with PBC and DVRT-2) on 3 : 1 and yellow :
orange : red (with H-86 and H-24) on 12:3:1 expected ratio,
thereby exhibiting monogenic dominant and epistatic
genetic effects between populations. Similarly the crosses
of S. arcanum segregated on 3:1 (orange : red) with PBC
and DVRT-2, while in 9:6:1 (orange : red : yellow) ratio
with H-86 and H-24, thereby showing monogenic dominant and additive genetic effects of the population. The
3:1 expected ratio indicated the dominant genetic nature of
male parents over S. lycopersicum. Ratio of 12:3:1 and 9:6:1
indicated the involvement of green fruited S. habrochaites
f. glaboratum background in H-24 and H-86, and showed
additive nature of the crosses. This has been declared that
two duplicate dominant genes interacting a cumulative but
unequal effect on fruits colour (Hegde 2010; Singh et al.
2015b).
The present investigation concluded that most of the
diverse crosses were close to each other due to similar
morphology and dominant genetic effects of wild parents. Red colour of EC 521080, green colour of EC 520061
and yellow colour of EC 520049 were dominant on their
crosses. All the interspecific crosses represented similar
morphology of their wild parents and classified into same
categories except PBC×EC 521080. In case of heterosis, all
the F1 ’s made by accession EC-520061 of S. habrochaites
showed resistance as well as low and negative heterosis for
ToLCV. However, for yield traits, a better heterosis was
observed in the crosses of S. cerasiforme, S. chmielewskii
and S. pimpinellifolium. F2 progenies expressed various
additive and dominant genetic effects for ToLCV disease
incidence, plant growth habit and colour effects in the ratio
of 3:1 (monogenic dominant), 1:3 (recessive inheritance),
1:2:1 (partial dominance), 13:3 (inhibitory inheritance),
15:1 (duplicate factor), 12:3:1 (epistatic genetic effect) and
9:6:1 (additive effect), respectively. It is suggested that combining sources of resistance from different wild species
may have the advantage of providing greater strength for
desirable yield and qualities. These F1 hybrids and wild
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accessions can be used in resistance breeding programmes
of tomatoes for enhancing the capacity of ToLCV resistance and yield traits.
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