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The present study assessed the effectiveness of gamma radiation in inducing favorable genetic variability
in tomato (Solanum lycopersicum L.). An experiment was conducted in a randomized complete block
design to produce M1 generation. Significant differences were observed among the genotypes as well
as between the treatments at individual plant level based on observed traits (seed germination percent-
age, seedling survival, plant height, number of flower clusters plant�1, number of flowers and fruits
plant�1). All observed characters in the mutagenized population were adversely affected with increasing
radiation dose. Results identified 450 Gy as the most damaging radiation dose followed by 300 Gy and
150 Gy. Moreover, 300 Gy treatment was identified as lethal dose (LD50) as it caused a 50% germination
inhibition in almost all the evaluated genotypes. The 150 Gy treatment showed the least damaging
impact and induced maximum genetic variability in almost all the genotypes under study. Character
association studies were also conducted which could be utilized in the selection of desirable mutants.
Correlation studies revealed an altered association among the observed parameters from positive to neg-
ative direction in 300 Gy and 450 Gy treatments as compared to control. These deviations in correlation
coefficients proved that mutagenesis can break the linkage among specific loci. Furthermore, path coef-
ficient analysis identified the growth attributes with an effective direct and indirect contribution in yield.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most important
vegetables of the world that originated in South America (Paran
and Fallik, 2011). It is considered as model plant species for analyz-
ing fruit developmental phases along with ripening and metabolic
activities of several metabolites in other plants having berry fruits
(Matsukura et al., 2007). Tomato has been domesticated and
selected outside its center of origin in South America in an inten-
tional way to enhance the productivity for human consumption;
thus, undergone various genetic and morphological changes
(Bergougnoux, 2014; Blanca et al., 2015). It belongs to the night-
shade family Solanaceae and exhibits diploid (2n = 24) chromo-
some number, with a genome size of 950 Mb having
heterochromatin (77%) and euchromatin (33%) (Peterson et al.,
1996). It is a vital source of nutritional and bioactive antioxidant
compounds which play a key role in human health including min-
erals, vitamin C and E, beta-carotene, lycopene, flavonoids, organic
acids, phenolics and chlorophyll (Weisburger, 2002; Siddiqui et al.,
2015). Just like other crop species, tomato is also affected by vari-
ous biotic and abiotic stresses which affect its overall productivity.
To overcome this constraint, several techniques have been used to
induce genetic variability and to identify the new genes among
tomato plants.
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Amongmany, mutations are one of the useful strategies to iden-
tify the nature and function of a particular gene which ultimately
broaden the genetic base of crop species and help to create raw
material for crop improvement (Adamu et al., 2004). Mutation
can create variability in both qualitative and quantitative attri-
butes in the target population at already known DNA fragments
as well as in the sequence which is not identified earlier, except
breaking the linkage among some specific traits (Konzak et al.,
1977). It can be induced either to produce direct mutants or utilize
these mutants in hybridization to enhance productivity and create
favorable agronomic attributes with the least reduction in viability
(Ahloowalia et al., 2004).

Induced mutations have great potential and have served as a
complementary approach in the genetic improvement of crop
plants (Mehandjiev et al., 2001). Over the last 50 years, mutation
breeding has significantly contributed to developing high-
yielding crop genotypes worldwide. This extensive utilization of
induced mutations has led to the development of 3222 varieties
of nearly 170 plant species through plant breeding in more than
60 countries (FAO, 2005). With an innovative approach in mutation
breeding from conventional mutation research to modern reverse
genetics, plant breeders are currently utilizing this approach com-
paratively more efficiently than ever.

Different mutagenic agents including chemicals and radiations
are utilized to produce a desirable mutant population with a higher
mutagenic rate. However, gamma radiation and fast neutrons are
frequently used mutagenic agents in most crop species. Among
these agents, the use of gamma radiation is less damaging which
induces point mutations or small deletions while the utilization
of fast neutrons results in large deletions, chromosomal loss and
translocations (Gupta, 2019) which is lethal in most cases. Until
now several commercial cultivars have been produced in various
crop plant species, by radiation-induced mutation breeding i.e.
brassica oilseed cultivar ’Abasin-950 (Shah et al., 2001).

Matsukura et al. (2007) used gamma radiation with a dose of
300 Gy to induce genetic variability in the inbred miniature dwarf
variety ‘‘Micro-Tom”. Total 6301 M2 lines were screened out of
which 237 lines were selected as a mutant candidates based on
phenotypic and brix aberration. Further selection in the M3 and
M4 mutagenized population produced 24 phenotypic mutants
and 11 aberrant brix mutants. Thus, it is evident that induction
of genetic variability through mutagenesis plays an important role
in improving the quality as well as the productivity of crop plants.
But still, there is a gap in determining the best range of gamma
radiation dose. Therefore, the present study was conducted to opti-
mize the irradiation dose and to assess the effectiveness of differ-
ent gamma radiation doses in inducing favorable genetic
variability in 50 different tomato genotypes.
2. Materials and methods

2.1. Experimental details

Germplasm of 50 different tomato genotypes was procured
from National Agriculture Research Institute, Islamabad (NARC)
(Table 1). Dry seeds were irradiated with 150 Gy, 300 Gy and
450 Gy doses of gamma rays from a cesium (Cs) source at Nuclear
Institute of Agriculture and Biology (NIAB), Faisalabad, Pakistan.
Nursery of mutated as well as of normal seeds was raised in the
greenhouse under controlled conditions. After 14 days, assessment
of germination (%) (Farooq et al., 2019, 2021), reduction over con-
trol (%) and lethal dose (LD50) optimization was carried out in
mutagenized population of different genotypes. Seedlings were
then transplanted (Onen et al., 2017; Farooq et al., 2017; Ozaslan
et al., 2016) after 21 days of sowing on seedbeds prepared in the
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research area of the department of Plant Breeding and Genetics,
University of Agriculture, Faisalabad. Each genotype in all treat-
ments was replicated thrice following randomized complete block
design (RCBD). The transplanted mutants of each genotype along
with the normal plants were then subjected to morphological char-
acterization based on plant height (cm), number of flower clusters
plant�1, number of flowers and fruits plant�1.

2.2. Statistical analysis

Statistical analysis including the descriptive statistics (Table 3)
and time series plot (Fig. 1) were done by using Minitab 17.1.0 sta-
tistical software to analyze the degree of variability among control
and mutagenized treatments and to identify the lethal dose (LD50).
Analysis of variance (ANOVA), correlation analysis (Table 4) and
path coefficient analysis (Table 5) were carried out using R 3.1.0
software for character association studies in control and mutage-
nized treatments.
3. Results

3.1. Germination percentage

In the present study, the germination (%) of tomato genotypes
in different radiation treatments was calculated by considering
control (untreated) as 100% (Table 2). Generally, a substantial
decrease in germination (%) was observed among the treatments
in comparison to the control. The maximum reduction in germina-
tion (%) was observed at 450 Gy treatment (86.96% reduction over
control) in genotype Tom-15101 followed by 10,114 (80.95 %) at
300 Gy and Tomato-3 (72.73 %) at 450 Gy radiation. Along with
the decrease in germination (%), complete germination inhibition
of certain genotypes was also observed in all levels of irradiation.
In treatment having 450 Gy, out of total 50 genotypes only seven
were germinated with 86 % complete inhibition followed by
300 Gy with 52% and 150 Gy with 18% germination inhibition
(Fig. 1).

3.2. Lethal dose (LD50)

The lethal dose (LD50) is considered as a crucial factor to assess
the level of radio-sensitivity in crop plants (Kumar et al., 2013). It
quantifies a specific dose or concentration at which 50 percent of
the seeds are unable to germinate due to some biochemical and
molecular changes. In the present study, estimation of LD50

(Table 2; Fig. 1) in all levels of irradiation revealed that a decrease
in 50 % of the seed germination occurred at 300 Gy level in almost
all the germinated genotypes except lyp-no-1, Tom-15124 and
Tom-15140 (LD50 recorded at 450 Gy). As discussed earlier, muta-
genesis also completely inhibited germination in all treatments.
Fig. 1 represents the distribution of all genotypes with respect to
their germination (%) in each treatment. It indicates the 450 Gy
treatment as the most lethal with the highest genotypic inhibition
rate followed by 300 Gy. While the treatment having a dose of
150 Gy was observed to be less destructive than the other treat-
ment levels; maximum genetic diversity based on different quan-
titative traits was observed at that level along with a significant
deviation from the normal plants (control). Thus, the dose of
150 Gy is recommended to be utilized for further experiments to
generate desirable genetic diversity in tomatoes.

3.3. Radiation-induced genetic variability

Different levels of gamma radiation affect several growth traits
of tomato genotypes i.e. plant height, number of flower clusters



Table 1
List of accessions used in the study.

Sr. No. Accession Sr. No. Accession Sr. No. Accession Sr. No. Accession

1 10,143 14 10,137 27 13,201 40 BPVT-14–1
2 10,164 15 13,189 28 Tom-15101 41 13,240
3 10,179 16 Roma 29 10,140 42 TOM-15140
4 13,234 17 13,210 30 Loo-587 43 Tomato-4
5 Pakit 18 13,215 31 Tom-15131 44 10,186
6 Tomato-1 19 13,232 32 NTH-242 45 Nagina
7 Tomato-3 20 13,235 33 13,226 46 Naqeeb
8 10,187 21 7040 34 13,201 47 10,116
9 Tom-15111 22 lyp-no-1 35 Rio-Grande 48 13,211
10 Loo-602 23 Tom-15146 36 Tomato-2 49 Lo-1214
11 Nadir 24 Lo-1225 37 13,231 50 13,238
12 Glacier 25 13,205 38 Tom-15124
13 Sub-arctic 26 10,170 39 10,114

Fig. 1. Germination % of 50 tomato genotypes in control (untreated) and mutagenized treatments.
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plant�1, number of flowersplant�1 and fruits yield plant�1. In the
case of all 50 tomato genotypes, 450 Gy caused a maximum reduc-
tion in plant height (46.71 ± 1.72 cm) followed by 300 Gy (49.13
± 1.19 cm) (Table 3). The highest plant height was observed in
150 Gy radiation treatment (59 ± 0.54 cm) as compared to control
(57.97 ± 0.78 cm) showing the stimulatory effects of low irradia-
tion doses on tomato. A similar trend was observed in other calcu-
lated quantitative traits in the study (Table 3). Developing a plant
material with an increased number of fruits is an ultimate objec-
tive of a plant breeder. Moreover, the plant yield is a quantitative
character that can be improved by the manipulation of different
component characters.
3.4. Correlation analysis

In the current research, variation in correlation among different
yield and yield attributing parameters was observed (Table 4). Cor-
relation studies among different quantitative traits in normal
plants (control) showed that plant height is positively correlated
on both phenotypic and genotypic basis with number of flower
clusters plant�1 (r = 0.55 and 0.43 respectively), number of flowers
plant�1 (r = 0.44 and 0.41) and fruits plant�1 (r = 0.46 and 0.40).
These associations revealed that increased plant height caused an
increase in number of flower clusters and flowers plant�1 which
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ultimately enhances the fruit yield due to an increased number
of fruits plant�1. On the other hand, in the mutated population of
different tomato genotypes, the correlation between different
quantitative traits had been observed to be altered in comparison
with the control from positive to negative direction. This is evi-
dence of the mutagenic effectiveness in breaking the linkage
among different traits which are present in normal plants. It
resulted in the development of a negative correlation in fruits.-
plant�1 with plant height (300 Gy and 450 Gy) and with number
of flowers plant�1 (450 Gy) due to increased infertility rate in the
highest gamma radiation dosage.
3.5. Path coefficient analysis

Path coefficient analysis was conducted (Table 5) to measure
the relative contribution of each character in yield. In the control
(untreated) population of genotypes, fruits plant�1 was positively
and directly affected by number of flowers.plant�1 (0.851) fol-
lowed by plant height (0.013) and number of flower clusters
plant�1 (0.009); these traits also exhibited a positive correlation
with yield. Plant height also exhibited a positive indirect effect
on number of fruits plant�1 through number of flowers plant�1

(0.007) and number of flower clusters plant�1 (0.006). On the
other hand, in mutagenized population, direct and indirect



Table 2
Effect of mutagenesis on seed germination in M1 generation.

Sr. No. Treatment Mean % over control % reduction over control Sr. No. Treatment Mean % over control % reduction over control

1 Control 88 100.00 – 14 Control 80 100.00 –
150 Gy 64 72.73 27.27 150 Gy 60 75.00 25.00
300 Gy – – – 300 Gy 28 35.00 65.00
450 Gy – – – 450 Gy – – –

2 Control 84 100.00 – 15 Control 96 100.00 –
150 Gy 68 80.95 19.05 150 Gy 76 79.17 20.83
300 Gy – – – 300 Gy – – –
450 Gy – – – 450 Gy – – –

3 Control 96 100.00 – 16 Control 80 100.00 –
150 Gy 60 62.50 37.50 150 Gy 68 85.00 15.00
300 Gy – – – 300 Gy 48 60.00 40.00
450 Gy – – – 450 Gy – – –

4 Control 84 100.00 – 17 Control 84 100.00 –
150 Gy – – – 150 Gy 64 76.19 23.81
300 Gy – – – 300 Gy 24 28.57 71.43
450 Gy – – – 450 Gy – – –

5 Control 84 100.00 – 18 Control 96 100.00 –
150 Gy 60 71.43 28.57 150 Gy 56 58.33 41.67
300 Gy 36 42.86 57.14 300 Gy 32 33.33 66.67
450 Gy – – – 450 Gy – – –

6 Control 92 100.00 – 19 Control 76 100.00 –
150 Gy 72 78.26 21.74 150 Gy – – –
300 Gy 44 47.83 52.17 300 Gy – – –
450 Gy – – – 450 Gy – – –

7 Control 88 100.00 – 20 Control 84 100.00 –
150 Gy 72 81.82 18.18 150 Gy – – –
300 Gy 32 36.36 63.64 300 Gy – – –
450 Gy 24 27.27 72.73 450 Gy – – –

8 Control 80 100.00 – 21 Control 92 100.00 –
150 Gy 60 75.00 25.00 150 Gy 60 65.22 34.78
300 Gy – – – 300 Gy – – –
450 Gy – – – 450 Gy – – –

9 Control 80 100.00 – 22 Control 100 100.00 –
150 Gy 68 85.00 15.00 150 Gy 68 68.00 32.00
300 Gy 48 60.00 40.00 300 Gy 56 56.00 44.00
450 Gy – – – 450 Gy 32 32.00 68.00

10 Control 88 100.00 – 23 Control 84 100.00 –
150 Gy 76 86.36 13.64 150 Gy 76 90.48 9.52
300 Gy 48 54.55 45.45 300 Gy 44 52.38 47.62
450 Gy – – – 450 Gy – – –

11 Control 96 100.00 – 24 Control 96 100.00 –
150 Gy 84 87.50 12.50 150 Gy 76 79.17 20.83
300 Gy – – – 300 Gy 36 37.50 62.50
450 Gy – – – 450 Gy – – –

12 Control 88 100.00 – 25 Control 80 100.00 –
150 Gy 72 81.82 18.18 150 Gy 64 80.00 20.00
300 Gy – – – 300 Gy 28 35.00 65.00
450 Gy – – – 450 Gy – – –

13 Control 84 100.00 – 26 Control 80 100.00 –
150 Gy 64 76.19 23.81 150 Gy 64 80.00 20
300 Gy – – – 300 Gy 20 25.00 75.00
450 Gy – – – 450 Gy – – –

Sr. No. Treatment Mean % over control % reduction over control Sr. No. Treatment Mean % over control % reduction over control

27 Control 88 100.00 – 39 Control 84 100.00 –
150 Gy 60 68.18 31.82 150 Gy 80 95.24 4.76
300 Gy 32 36.36 63.64 300 Gy 16 19.05 80.95
450 Gy 44 50.00 50.00 450 Gy – – –

28 Control 92 100.00 – 40 Control 80 100.00 –
150 Gy 92 100.00 0.00 150 Gy – – –
300 Gy 44 47.83 52.17 300 Gy – – –
450 Gy 12 13.04 86.96 450 Gy – – –

29 Control 92 100.00 – 41 Control 80 100.00 –
150 Gy – – – 150 Gy – – –
300 Gy – – – 300 Gy – – –
450 Gy – – – 450 Gy – – –

30 Control 92 100.00 – 42 Control 84 100.00 –
150 Gy 72 78.26 21.74 150 Gy 68 80.95 19.05
300 Gy 36 39.13 60.87 300 Gy 52 61.90 38.10
450 Gy – – – 450 Gy – – –

31 Control 88 100.00 – 43 Control 88 100.00 –
150 Gy 80 90.91 9.09 150 Gy 76 86.36 13.64
300 Gy 32 36.36 63.64 300 Gy 48 54.55 45.45
450 Gy – – – 450 Gy 36 40.91 59.09

(continued on next page)
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Table 2 (continued)

Sr. No. Treatment Mean % over control % reduction over control Sr. No. Treatment Mean % over control % reduction over control

32 Control 88 100.00 – 44 Control 96 100.00 –
150 Gy 68 77.27 22.73 150 Gy 72 75.00 25.00
300 Gy – – – 300 Gy – – –
450 Gy – – – 450 Gy – – –

33 Control 92 100.00 – 45 Control 80 100.00 –
150 Gy – – – 150 Gy 68 85.00 15.00
300 Gy – – – 300 Gy – – –
450 Gy – – – 450 Gy – – –

34 Control 96 100.00 – 46 Control 92 100.00 –
150 Gy 84 87.50 12.50 150 Gy 64 69.57 30.43
300 Gy 48 50.00 50.00 300 Gy – – –
450 Gy – – – 450 Gy – – –

35 Control 96 100.00 – 47 Control 100 100.00 –
150 Gy 56 58.33 41.67 150 Gy – – –
300 Gy – – – 300 Gy – – –
450 Gy – – – 450 Gy – – –

36 Control 100 100.00 – 48 Control 96 100.00 –
150 Gy 88 88.00 12.00 150 Gy 88 91.67 8.33
300 Gy 24 24.00 76.00 300 Gy – – –
450 Gy – – 450 Gy 56 58.33 41.67

37 Control 88 100.00 – 49 Control 80 100.00 –
150 Gy – – – 150 Gy 76 95.00 5.00
300 Gy – – – 300 Gy – – –
450 Gy – – – 450 Gy – – –

38 Control 100 100.00 – 50 Control 96 100.00 –
150 Gy 72 72.00 28.00 150 Gy 68 70.83 29.17
300 Gy 64 64.00 36.00 300 Gy – – –
450 Gy 24 24.00 76.00 450 Gy – – –

Table 3
Estimates of variability and genetic characters in mutagenized population of 50 different genotypes with different levels.

Characters Mean ± S.E Range MSS SD CV % Heritability

Control Plant height (cm) 57.97 ± 0.78 32.9 – 77.3 264.4** 9.59 16.55 0.92
No. of Flowers Clusters Plant�1 8.10 ± 0.09 6 – 10 2.67** 1.06 13.03 0.7
No. of Flowers Plant�1 31.14 ± 0.46 21 – 44 92.19** 5.59 17.96 0.95
Fruits Plant�1 30.62 ± 0.45 21 – 44 88.19** 5.55 18.13 0.91

150 Gy Plant height (cm) 59 ± 0.54 49.5 – 73 101.1** 5.94 10.07 0.91
No. of Flowers Clusters Plant�1 8.71 ± 0.13 6 – 13 5.19** 1.40 16.06 0.81
No. of Flowers Plant�1 34.9 ± 0.39 22 – 46 52.43** 4.33 12.39 0.88
Fruits Plant�1 33.21 ± 0.38 21 – 45 50.54** 4.24 12.77 0.88

300 Gy Plant height (cm) 49.13 ± 1.19 31 – 69.7 311.41** 10.11 20.58 0.98
No. of Flowers Clusters Plant�1 4.73 ± 0.13 2 – 7 3.36** 1.13 23.77 0.80
No. of Flowers Plant�1 18.11 ± 0.54 8 – 26 64.83** 4.61 25.44 0.98
Fruits Plant�1 14.30 ± 0.51 5 – 22 57.07** 4.33 28.31 0.98

450 Gy Plant height (cm) 46.71 ± 1.72 31.4 – 57.8 205.43** 7.90 16.90 0.98
No. of Flowers Clusters Plant�1 3.76 ± 0.17 3 – 5 1.52** 0.77 20.43 0.73
No. of Flowers Plant�1 13.52 ± 0.70 9 – 19 33.54** 3.20 23.69 0.98
Fruits Plant�1 7.09 ± 0.32 5 – 9 6.63** 1.48 20.86 0.88

*=Significant (P < 0.05), **=Significant (P < 0.01), NS = Non-Significant (P > 0.05).
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effects were observed to be altered in all levels of irradiation in
comparison to control. These deviations might be due to muta-
genic interference at the genetic level and linkage breakage. In
150 Gy treatment, fruits plant�1 had a negative direct effect with
number of flower clusters plant�1 (�0.012) followed by plant
height (�0.020); and a strong positive direct effect with number
of flowers plant�1 (0.732). On the other hand, plant height
exhibited a negative indirect effect through number of flower
clusters plant�1 (�0.015) and number of flowers plant�1

(�0.009). Number of flower clusters plant�1 showed negative
indirect effect through plant height (�0.008) and number of
flowers plant�1 (�0.018). On the other hand, number of flowers
plant�1 had a strong positive indirect effect through plant height
(0.764) and number of flower clusters plant�1 (1.025). In 300 Gy
treatment, fruits plant�1 was observed to be negatively and
directly affected by number of flower clusters plant�1 (�0.002)
followed by plant height (�0.005), while positively and directly
affected by number of flowers plant�1 (0.905).
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Plant height had a positive indirect effect through number of
flower clusters plant�1 (0.002) and number of flowers plant�1

(0.003) on fruits plant�1. Number of flower clusters plant�1

showed positive indirect effect through plant height (0.001) and
a negative indirect effect through number of flowers plant�1

(�0.002). Number of flowers plant�1 showed a negative indirect
effect through plant height (�0.405) and a positive indirect effect
through number of flower clusters plant�1 (0.990). In 450 Gy treat-
ment, fruits per plant was positively and directly affected by num-
ber of flower clusters plant�1 (2.066); negatively and directly
affected by plant height (�0.443) and number of flowers plant�1

(-�1.976). On the other hand, plant height had a negative indirect
effect through number of flower clusters plant�1 (�0.097) and
number of flowers plant�1 (�0.131) on fruits plant�1. Number of
flower clusters plant�1 had a positive indirect effect through plant
height (0.655) and number of flowers plant�1 (2.217). Number of
flowers plant�1 showed a negative indirect effect through plant
height (�0.464) and number of flower clusters plant�1 (�2.121).



Table 4
Genotypic and phenotypic correlation coefficients among the quantitative traits in gamma radiation treated (150 Gy, 300 Gy and 450 Gy) and control (untreated) population of 50
tomato genotypes.

Characters Treatments Plant Height No. of Flower Clusters Plant�1 No. of Flowers Plant�1 Fruits Plant�1

Plant Height Control Genotypic 1
Phenotypic 1

150 Gy Genotypic 1
Phenotypic 1

300 Gy Genotypic 1
Phenotypic 1

450 Gy Genotypic 1
Phenotypic 1

No. of Flower Clusters Plant�1 Control Genotypic 0.55** 1
Phenotypic 0.43** 1

150 Gy Genotypic 0.44** 1
Phenotypic 0.36** 1

300 Gy Genotypic �0.61** 1
Phenotypic �0.53** 1

450 Gy Genotypic 0.29NS 1
Phenotypic 0.25NS 1

No. of Flowers Plant�1 Control Genotypic 0.44** 0.86** 1
Phenotypic 0.41** 0.77** 1

150 Gy Genotypic 0.74** 0.71** 1
Phenotypic 0.67** 0.69** 1

300 Gy Genotypic �0.40** 0.91** 1
Phenotypic �0.40** 0.85** 1

450 Gy Genotypic 0.21NS 0.93** 1
Phenotypic 0.20NS 0.81** 1

Fruits Plant�1 Control Genotypic 0.46** 0.86** 0.99** 1
Phenotypic 0.40** 0.76** 0.98** 1

150 Gy Genotypic 0.73** 0.93** 0.99** 1
Phenotypic 0.66** 0.85** 0.97** 1

300 Gy Genotypic �0.40** 0.97** 0.99** 1
Phenotypic �0.39** 0.96** 0.97** 1

450 Gy Genotypic �0.25NS 0.96NS �0.15NS 1
Phenotypic �0.24NS 0.93NS �0.10NS 1

*=Significant (P < 0.05), **=Significant (P < 0.01), NS = Non-Significant (P > 0.05).

Table 5
Path co-efficient analysis showing direct (diagonal) and indirect effects of different quantitative traits on no. of fruits/plant in M1 and normal tomato population of 50 different
genotypes.

Control 150 Gy

PH NFC NF Correlation with yield PH NFC NF Correlation with yield

PH 0.013 0.005 0.442 0.46 PH �0.020 �0.008 0.764 0.74
NFC 0.006 0.009 0.984 0.87 NFC �0.015 �0.012 1.025 0.71
NF 0.007 0.010 0.851 1.00 NF �0.009 �0.018 0.732 1.00
Residual effect = 0.0003 Residual Effect = 0.0059
300 Gy Correlation with yield 450 Gy Correlation with yield

PH NFC NF PH NFC NF
PH �0.005 0.001 �0.405 �0.41 PH �0.443 0.655 �0.464 �0.25
NFC 0.002 �0.002 0.990 0.91 NFC �0.097 2.066 �2.121 0.11
NF 0.003 �0.002 0.905 0.99 NF �0.131 2.217 �1.976 �0.15
Residual Effect = 0.0182 Residual Effect = 0.324

PH = Plant height, NFC = No. of flower clusters,NF = No. of flowers.
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4. Discussion

Mutation causes some biological injuries which result in a
reduction in seed germination and the development of aberrant
phenotypes due to altered genetic makeup. The results of the pre-
sent study showed a direct relation between the percent (%) germi-
nation inhibition rate and the intensity of gamma radiation. Similar
results were observed in mungbean by Khan et al. (1998), in lentils
by Khan (2002) and in faba beans by Pserveen et al. (2012). On the
other hand, Sinha and Godward (1972) observed an increase in the
germination of mutagenized lentil seeds at a comparatively low
level of mutagen. In the present experiment, the effect of gamma
radiation at different levels was observed on 50 different tomato
genotypes. In the present study, the germination % was observed
to be highly affected at higher doses especially at 450 Gy treat-
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ment. These adverse effects might be due to the biochemical
changes that occurred in the genes involved in seed germination.
Kiong et al. (2008) studied that the tendency of a plant to survive
up to maturity depends upon the nature and degree of chromoso-
mal injury due to irradiation dose might be accounted for the
decrease in germination, reduced growth of the plant and survival
rate. Moreover, Datta (2009) argued that a decrease in germination
(%) and complete inhibition of genotypes especially at higher irra-
diation doses may be due to chromosomal injuries following
abnormal mitotic events depicting the radio-sensitivity of plant
cells, especially at higher doses.

Plant height along with other growth attributes are generally
considered as an index for the assessment of biological damages
caused by various physical and chemical mutagenic agents (). Wi
et al. (2007) argued that a low level of irradiation stimulates
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growth with an increased rate of hormonal signaling at the cellular
level in plants. Similarly, an increase in growth due to low muta-
genic dose has been observed in faba beans by Laskar and Khan
(2014), in triticale by Trivedi and Dubey (1988) and in lentils by
Amin et al. (2015). Contrary to this, a high level of irradiation inhi-
bits the growth rate due to some biological damages that occurred
in the cell cycle and the whole genome as well (Preuss et al., 2003).

The mean value of plant height, number of flower clusters
plant�1, number of flowers and fruits plant�1 in the mutagenized
population varied from the untreated (control) plants. Similar find-
ings were observed by Laskar et al. (2018) in tomato to induce
effective mutagenesis. Co-efficient of variation and mean values
for the calculated growth attributes indicated that the mutagenesis
can change the mean values and generate ample genetic variability
to select the best combinations for desirable plant characteristics
in tomatoes. Similar results were also observed by Wani et al.
(2012) in mungbean, Laskar and Khan (2014) in broad beans,
Amin et al. (2015) in lentils and by Djordjevic et al. (2010) and
by Ahmad et al. (2011) in tomato.

In general, an overdose of any mutagenic agent possibly causes
a maximum reduction in plant growth from germination till the
end of its reproductive cycle (Kiong et al., 2008). Hence, the high
dose of 450 Gy caused maximum destructive effects on all the
genotypes under study especially in the case of germination per-
centage and no. of fruits developed plant�1. Therefore, the dose
of 450 Gy was suggested to be ineffective in inducing desirable
genetic diversity, treatment with 300 Gy as LD50 for most of the
tested genotypes and 150 Gy treatment-induced favorable muta-
genesis for further improvement. Several environmental (non-
heritable) factors affect the normal growth of the plant which is
clear evidence of a slight reduction in germination in the control/
untreated population of genotypes.

The strength of association between two different characters
provides the basis of selection, identifying genetic linkage and
pleiotropic effects (Sakai and Suzuki, 1964). Studies based on the
assessment of association among different agronomic attributes
significantly contribute to selecting desirable mutants from the
mutagenized population. In addition, it also helps to avoid the
selection of combinations having unfavorable linkages. Mutagenic
effect on changing, weakening or strengthening correlation among
different yield attributing characters was studied in various crop
plants (Waghmare and Mehra, 2000; Amin et al., 2015). These vari-
ations might be due to the mutagenic effects on altering or weak-
ening the genetic linkage as well as changing the pleiotropic effects
of the newly mutated genetic combinations (Amin et al., 2015).

Correlation results in the mutated population clearly showed
that the mutagenic agent can break the linkage and can change
the strength of association among the studied quantitative charac-
ters. Therefore, the development of a high positive correlation in
fruits.plant�1 with plant height (150 Gy), no. of flower clusters.-
plant�1 (300 Gy) and no. of flowers.plant�1 (150 Gy) would facili-
tate an efficient selection of superior mutants in the successive
generations. Association among different studied traits had been
strengthened in the mutated genotypic population due to the
pleiotropic effects of mutagenesis and might be due to breakdown
of linkage as well. Laskar et al. (2018) also observed the effect of
mutagen in changing the direction of correlation coefficients
among specific combinations might be due to linkage break.

The selection of superior and stable combinations from a muta-
genized population is the ultimate objective of mutation breeding.
Since plant yield is a very complex quantitative character that
depends upon the strength of association among different growth
attributes. Association studies based on only correlation analysis
may mislead to select the best possible combinations due to its
restricted ability of just estimating the association among different
variables. While path coefficient analysis measures the relative sig-
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nificance of yield attributing characters by splitting the genotypic
correlation into direct and indirect effects.

Path coefficient analysis revealed that characters having high
positive direct effects on yield would lead to an effective selection
for further improvement in tomato crop. The residual effects
described the effectiveness of the independent variable in inducing
variability in the dependent variable. In this study, the residual
effects of control (0.0003), 150 Gy (0.0059), 300 Gy (0.0182) and
450 Gy (0.324) contribute 99.97 %, 99.41 %, 98.18 % and 67.6 % of
variability in fruits/plant respectively. In 450 Gy, a lesser contribu-
tion of independent variables to dependent variables was observed
which might be due to a non-significant correlation among most of
the studied variables.

5. Conclusion

In conclusion, gamma radiation showed effective results in
inducing genetic variability with respect to plant height, number
of flower clusters, flowers and fruits plant�1. The most effective
dose of radiation being 150 Gy generated maximum phenotypic
variation. The radio-sensitivity level was optimized by identifying
300 Gy as a lethal dose (LD50) in the studied tomato genotypes.
While 450 Gy, showed the most damaging effects with respect to
germination % and other traits. Character association studies based
on correlation and path coefficient analysis showed that the signif-
icant improvement in the association between yield and yield
components can be achieved through mutation breeding in toma-
toes. Therefore, gamma radiation could be used to generate favor-
able genetic variability in tomatoes which ultimately enhances the
probability of selecting the desirable mutants to improve tomato
crop productivity.
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