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Abstract
Genetic variation of cultivated tomato can be enhanced by induced mutagenesis. Multivariate analysis based on 10 impor-
tant fruit yield components grouped 21 tomato genotypes into 10 clusters indicating the presence of ample diversity among 
the genotypes. The genotypes Alisa Craig Aft and CLN-B showed best performance. Seven doses of gamma radiation was 
employed by imposing 100 Gy–700 Gy radiation with 100 Gy interval to the dry seeds of 5 diverse genotypes selected from 
different clusters which included the best performers Alisa Craig Aft, CLN-B, two wild relatives Solanum pimpinellifolium 
L., Solanum lycopersicum var. cerasiformae (Dunal) Spooner and an induced mutant Pmut-5. Seedling emergence and 
shoot length of these genotypes were recorded to determine the median lethal dose (LD50) and median growth reduction 
dose (GR50). Probit analysis suggested linear decrease in seed germination and shoot length with the increase in the dose 
of gamma irradiation for all the five genotypes. The LD50 and GR50 values varied widely among the genotypes, being very 
high for the wild relatives S. lycopersicum var. cerasiformae (298 Gy and 300 Gy) and S. pimpinellifolium (288 Gy and 
295 Gy) followed by 240 Gy 251 Gy for Pmut-5, 179 Gy and 186 Gy for Alisa Craig Aft and 173 Gy 182 Gy for CLN-B. 
The study suggested the optimum gamma radiation dose ranged between 150 and 300 Gy. This optimum dose can be used 
to induce a higher rate of effective mutation creating maximum favorable genetic diversity with little biological damage in 
M2 and succeeding generations of tomato.

Keywords  Growth reduction dose · Lethal dose · Mutagen dose · Mutation · Optimum dose

1  Introduction

Tomato (Solanum lycopersicum L.) is considered one of 
the most widely cultivated vegetables in the world. It ranks 
second after potato in terms of consumption and contribute 
a great deal to the agro-based industries globally. Tomato 
production has increased worldwide due to its nutritive 
value and diverse utility as raw, cooked and processed food 
(Chaudhary et  al. 2019). However, genetic diversity of 

cultivated tomato is low as a consequence of inbreeding dur-
ing domestication (Foolad 2007; Henareh et al. 2015). Muta-
tions occurring spontaneously results in heritable variation. 
However, frequency of natural mutation is very low which 
varies from 10−5 to 10−8 per loci in higher plants (Jiang and 
Ramachandran 2010). Induced mutagenesis utilizing physi-
cal and chemical mutagens create new genetic variation and 
mutants with desirable characters can be isolated (Mba et al. 
2010; Wolabu and Tadege 2016). Induced mutagenesis acts 
as a viable alternative to conventional breeding methods in 
induction of desirable changes in various traits without alter-
ing the overall superior agronomic base. Mutagenesis main-
tains the genetic status quo and does not involve introduc-
tion of alien genes, unlike in genetically modified organisms 
(Gruère and Rosegrant, 2008; Davison and Ammann 2017).

Gamma irradiation induces mutation majorly by means 
structural abberations of chromosome in the form of dele-
tion and translocation (Shu et al. 2012). Gamma rays have 
been favored over other mutagenic agents because of its 
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easy availability, relatively higher degree of plant tissue 
penetration, reproducibility and greater mutation frequency 
(Matsukura et al. 2007; Gruère and Rosegrant 2008; Laskar 
et al. 2018). Different studies suggested it as the most effec-
tive electromagnetic radiation for improvement of different 
crops including tomato (Norfadzrin et al. 2007; Sikder et al. 
2013; Im et al. 2018). Gamma irradiation has been used to 
extend the shelf life as well as improve some quality attrib-
utes of tomato (Desai and Joshi 2018; Munir et al. 2018; 
Loro et al. 2018; Gyimah et al. 2020). Induced mutagenesis 
along with innovative breeding approaches like speed breed-
ing and single seed descent selection method can develop 
cultivars with desired characters in a relatively shorter 
breeding cycle (Watson et al. 2018; Chiurugwi et al. 2019). 
Success of induced mutagenesis is dependent upon the use 
of optimum dose of mutagenic agents (Ernest et al. 2020; 
Hazra et al. 2021). Optimum dose of mutagen is estimated 
by calculating the median lethal (LD50) dose, which kills 
50% of the total population, and median growth reduction 
(GR50) dose, which reduces growth by 50% (Gruère and 
Rosegrant 2008; Mudibu et al. 2012). The principle of dose 
optimization underlies in the concept that lower doses of 
mutagenic treatment do not impact the genome significantly 
as a result of which no change in the phenotype is expected 
while, higher doses increase the mutation frequency, but 
the chances of obtaining desirable and utilizable mutants 
decreases. This study is aimed to assess the radio-sensitivity 
of five divergent tomato genotypes for gamma irradiation 
with respect to median lethal and median growth reduction 
dose for further mutation breeding programs.

2 � Materials and methods

Genetic materials for the commencement of the investiga-
tion comprised of 21 genotypes of tomato consisting of elite 
variety (Berika, Ratan, H-24, Alisa Craig), adaptable geno-
type of West Bengal (Patharkutchi), breeding line (BCT-
53,CLN-B, BCT-110,BCT-82, EC 620,176), near isogenic 
lines of different spontaneous mutant (Alisa CraigAft, Alisa 
Craighp-1, Alisa Craig ogc, Alisa Craig fulgens), other 
spontaneous mutant (BCT-111rin,BCT 115 dg), induced 
mutant (Pmut-5) and four wild relatives (Solanum pimpi-
nellifolium L., Solanum chilense (Dunal) Reiche, Solanum 
lycopersicum var. cerasiformae (Duran) Spooner, Solanum 
peruvianum L.) maintained at the Department of Vegeta-
ble Science, Bidhan Chandra Krishi Viswavidyalaya, West 
Bengal, India. These genotypes were evaluated in 2018–19 
following randomized block design with 3 replications at 
Central Research Station, Bidhan Chandra Krishi Viswav-
idyalaya lying at 23oN latitude, 89E longitude and at 9.75 m 
elevation above mean sea level in field condition during 
autumn–winter season (October to March) under the average 

day and night temperature ranging between 24.8 to 33.4 °C 
and 10.2–25.1 °C for 10 fruit yield components and yield 
viz., plant height (cm), days to first flower, flower cluster 
per plant, flower per cluster, fruits per plant, fruit weight 
(g), pericarp thickness (mm), locule number/fruit, seeds/fruit 
and fruit yield per plant(Kg). Each genotype was grown in 2 
rows of 6.0 m long with a spacing of 70 × 70 cm following 
all recommended agronomic practices. Observations on 10 
characters were recorded on 5 randomly selected plants of 
each entry in a replication.

Five widely divergent genotypes selected from different 
clusters to study the radio-sensitivity for gamma irradiation 
were Solanum pimpinellifolium and S. lycopersicum var. 
cerasiformae (wild relatives), best performing lines based 
on the 10 quantitative characters studied Alisa Craig Aft (iso-
genic line of Alisa Craig with introgressed Anthocyanin fruit 
(Aft) gene) and CLN-B (heat tolerant breeding line from 
AVRDC, Taiwan) and induced mutant Pmut-5 (dark green 
fruit mutant isolated from Patharkuchi by 150 Gy gamma 
irradiation). Dry seeds (9% moisture content) of these five 
genotypes were irradiated with 7 doses of gamma irradiation 
viz., 100 Gy, 200 Gy, 300 Gy, 400 Gy, 500 Gy, 600 Gy and 
700 Gy at Regional Nuclear Agricultural Research Centre, 
Bidhan Chandra Krishi Viswavidyalaya, Mohanpur, in a 
Cobalt-60 Gamma cell 5000 Irradiator, Board of Radiation 
and Isotope Technology, Mumbai, India, at 40.9 Gy∙min−1. 
Dosimetry was carried out by cerric-cerrous dosimeters 
calibrated with Fricke’s dosimeter. The M1 seeds (seeds 
referred to after irradiation) were sown in finely prepared 
nursery bed. The soil of the seed bed was loam in texture 
and constituted sufficient organic matter (0.78%). For this 
reason, after light pre-sowing sprinkling of water, it retained 
sufficient moisture and light sprinkling of water twice was 
needed during the course of the experiment. The irradiated 
seeds were sown in three replications following Randomized 
Block Design with 100 seeds per replication. Data on seed-
ling emergence and shoot length was taken after 15 days of 
sowing.

Statistical analysis The data emanated from the evalua-
tion of 21 genotypes were subjected to analysis of variance 
(Gomez and Gomez, 1984). Genetic divergence among the 
genotypes was determined by the Mahalanobis’ generalized 
distance (Mahalanobis 1936) as per Rao (1952) using Gen-
res software version 7.01. Arc-sin transformation was per-
formed for variation in seedling emergence of the irradiated 
seeds. The data were subjected to analysis of variance and 
the mean value for seedling emergence and shoot length due 
to different gamma irradiation dose were subjected to Tuck-
ey’s test using STAR software (Statistical Tool for Agricul-
tural Research, R-packages, ver. 1.5 STAR 2.0.1, Interna-
tional Rice Research Institute, Los Banos, Phillippines). The 
median lethal dose LD50 and median growth reduction dose 
GR50 were calculated from survival rate of the seedlings 
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using probit analysis (a type of regression analysis used for 
the analysis of binomial response variables and transforms 
the sigmoid dose–response curve to a straight line) accord-
ing to the equation proposed by Busvine (1971).

3 � Results

Analysis of variance suggested significant variation in the 
21 genotypes for all the 10 quantitative characters (Table 1). 
Based on the tomato descriptors and yield per plant, the 
genotypes Alisa Craig Aft, CLN-B were best performing. 
The genotypes could be grouped into 10 clusters (Table 2) as 
per D2 analysis and biological distance depicted by dendro-
gram (Fig. 1). It suggested the presence of ample divergence 
among the genotypes. Cluster I and cluster IX accommo-
dated three genotypes each; single genotype came in cluster 
X while two genotypes each was grouped in the 7 other clus-
ters. Minimum intra-cluster distance was recorded in cluster 
II (5.903) followed by cluster III (6.532) while it was zero 
for cluster X being mono-genetic cluster (Fig. 2). Maximum 
intra-cluster distance was recorded in cluster IX (99.087) 
followed by cluster I (64.908). Inter-cluster distance was 
minimum between cluster II and cluster V (8.3), followed 
by 10.4 between cluster III and cluster V and 10.9 between 
cluster IV and cluster V. Maximum inter-cluster distance 
was recorded between cluster IX and cluster X (163), fol-
lowed by 162.5 between cluster IV and cluster IX and 160.2 
between cluster III and cluster IX. The inter-cluster distance 
between cluster IX and the other clusters were also very 
high. Of the 10 quantitative characters recorded in the pre-
sent investigation, fruits per plant contributed the maximum 
of 34.3% towards total divergence (Fig. 3) followed by fruit 
yield per plant (31.4%), fruit weight (16.0%) and seeds/fruit 
(10.0%). Five divergent genotypes which included the best 
performers Alisa Craig Aft and CLN-B, wild relatives S. 
pimpinellifolium and Solanum lycopersicum var. cerasifor-
mae and the induced mutant Pmut-5 belonging to 5 different 
clusters and having conspicuously different genetic back-
ground were employed for the study of genotypic response 
towards median lethal dose (LD50) for gamma irradiation.

Degree of hindrance and tolerance to gamma irradiation 
for seedling emergence and shoot length of the five geno-
types was documented in the M1 generation. Analysis of 
variance (Table 3) depicted significant difference for seed-
ling emergence and shoot length of the five genotypes due 
to exposure of the seeds to gamma irradiation. Mean values 
for both the parameters of the genotypes indicated no ben-
eficial effects of different gamma radiation doses on growth 
of the tomato genotypes. However, a significant decrease in 
seedling emergence and shoot length with the increase in the 
dose was recorded (Table 4; Fig. 4). Ta
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Probit analysis (Table 5; Fig. 5) suggested linear decrease 
in seedling emergence with the increase in the dose of 
gamma irradiation for all the five genotypes. The median 
lethal dose (LD50) varied markedly with the genotypes. 
The highest LD50 value was recorded for the wild relative 
S. lycopersicum var. cerasiformae (298 Gy) which was 
closely followed by the other wild relative S. pimpinellifo-
lium (288 Gy), Pmut-5 (240 Gy), Alisa Craig Aft (179 Gy) 
and CLN-B (173 Gy). The R2 or coefficient of determination 
was very high for the genotypes being 0.908, 0.945, 0.908, 
0.919 and 0.942 for Solanum pimpinellifolium, S. lycopersi-
cum var. cerasiformae, Alisa Craig Aft, CLN-B and Pmut-5, 
respectively.

Probit analysis for shoot length (Table 6; Fig. 6) indi-
cated similar trend as observed in probit analysis for seedling 
emergence. The R2 values for the genotypes were recorded 
to be very high being 0.9293, 0.9565, 0.9392, 0.9483 and 

0.9162 for S. pimpinellifolium, S. lycopersicum var. cerasi-
formae, Alisa Craig Aft, CLN-B and Pmut-5, respectively. 
Similar to seedling emergence the highest GR50 value was 
observed for S. lycopersicum var. cerasiformae (300 Gy) fol-
lowed by S. pimpinellifolium (295 Gy), Pmut-5 (251 Gy), 
Alisa Craig Aft (186 Gy) and CLN-B (182 Gy).

4 � Discussion

Significant variation among the genotypes for all the quan-
titative characters and subsequently grouping of the geno-
types in 10 clusters indicated wide divergence among the 
genotypes which was the prerequisite for the present study. 
The biological distance among the genotypes and their 
clustering pattern suggested no parallelism between genetic 
diversity and geographical origin which was also suggested 
in earlier reports (Kumar et al. 2013; Prakash et al. 2019; 
Debnath et al. 2020). Grouping of the genotypes of the same 
geographical origin into different clusters might be due to 
change in certain characters as a result of natural or artificial 
selection as suggested by Narayan et al. (2018). Natural or 
artificial selection and genetic drift resulted in creation of 
more genetic diversity rather than genetic distance (Meena 
and Bahadur 2015). The characters like fruits per plant and 
fruit yield per plant contributing maximum towards the 
total divergence may offer a good scope of improvement 
through selection as suggested by Anuradha et al. (2020) in 
tomato (S. lycopersicum L.) and Kumar et al. (2020) in okra 
(Abelmoschus esculentus L. Monech). Laskar et al. (2018) 
studying in lentil (Lens culinaris Medik) suggested that such 
characters contributing towards divergence can be improved 
and evaluated through induced mutagenesis.

Decrease in seedling emergence and shoot length with 
the increase in mutagen dose was documented in all the 
five genotypes indicating negative effect of gamma irradia-
tion on seedling emergence as recorded earlier by Norfadz-
rin et al. (2007). The inhibitory effect on seedling emer-
gence and growth parameters as the result of exposure 
to gamma irradiation might be due to several reasons as 
gamma rays imparts highest photon energy and has deep 
penetrating properties. It results in severe alterations 
including production of reactive oxygen species which 
interacts with DNA and other cellular components result-
ing in functional changes in the overall metabolic activities 
of the exposed seed materials (Majeed et al. 2018). Earlier 
reports on other crops suggested that inhibitory effects of 
gamma rays on seed germination might be the effect of 
cytochrome oxidase on respiration as reported in wheat 
(Triticum aestivum L.) and barley (Hordeum vulgare L.) 
(Swaminathan et al., 1962), altered enzyme activity and/
or block in the formation of cellular DNA causing the 
plant growth to slow or stop in mungbean [Vigna radiate 

Table 2   Clustering pattern of 21 genotypes based on D2 statistics

Cluster Genotypes

I S. pimpinellifolium Alisa Craig AC hp-1
II BCT-53 BCT-111 rin
III BCT 115 dg Alisa Craig Aft
IV Ratan BCT-82
V Patharkutchi Pmut-5
VI Alisa Craig fulgens CLN-B
VII H-24 BCT-110
VIII Berika AC ogc

IX S. chilense S. lycopersicum 
var. cerasiformae

S. peruvianum

X EC 620,176

Fig. 1   Dendrogram depicting biological distance of 21 genotypes
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(L.) Wilczek] (Khan and Goyal 2009; Roslim et al. 2015), 
nature and extent of chromosomal damage in garden bean 
(Lablab purpureus L.) (Monica and Seetharaman 2016). 
The differences in germination among the five genotypes 
due to different gamma irradiation doses might be the 
result of the metabolic events that take place during ger-
mination differ in their timing among the genotypes as 
suggested earlier by Norfadzrin et al. (2007).

The probit analysis indicating a linear decrease in seed-
ling emergence and shoot length with the increase in gamma 
radiation doses was supported by the R2 co-efficient which 
fitted well for all the five genotypes. Coefficient of deter-
mination (R2) is similar to the correlation coefficient which 
indicates how strong of a linear relationship there is between 
the two variables. The LD50 and GR50 values for the five 
genotypes corresponded closely with each other proving the 
reliability of the experiment.

The pre-requisite to any mutation breeding programme 
is dose optimization, since radio-sensitivity is species, vari-
ety and even genotype specific as reported in ground-nut, 
Arachis hypogaea L. (Tshilenge-Lukanda et al. 2012) and 
tomato, Solanum lycopersicon L. (Sikder et al. 2013). Cal-
culation of LD50 and GR50 as a method of determining the 
optimum dose range has been suggested from several earlier 
studies (Norfadzrin et al. 2007; Sikder et al. 2013; Hazra 
et al. 2021).

The median lethal and median growth reduction dose of 
two wild relatives of tomato viz., Solanum pimpinellifolium 
and Solanum lycopersicum var. cerasiformae, corresponded 
closely. This might have happened because biological dis-
tance between these two genotypes was low although, they 
were grouped into different clusters. This result also sug-
gested that the wild relatives were less liable to radiation 
damage than the cultivated tomato genotypes. However, 

Fig. 2   Inter cluster and intra 
cluster distance (not to scale)
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wide variation was recorded for the LD50 and GR50 values 
of the cultivated tomato genotypes. LD50 and GR50 values 
for CLN-B and Alisa Craig Aft were much lesser but close 
to each other suggesting their high sensitivity to gamma irra-
diation. The median lethal dose and median growth reduc-
tion dose of the induced mutant Pmut-5 was comparatively 
high being 240 Gy and 250 Gy, respectively. It corresponded 
closely to median lethal dose for the genotype Patharkuchi 
(303 Gy) from which it was isolated earlier by gamma irra-
diation (Sikder et al. 2013).

The median lethal dose (LD50) and median growth reduc-
tion dose (GR50) varied widely for the five genotypes indi-
cating differences in radio-sensitivity among the genotypes. 
The optimum gamma radiation dose ranged between 150 
and 300 Gy which can be used for further tomato mutation 
breeding programme using gamma irradiation for creating 
maximum favorable genetic diversity in M2 and succeeding 
generations and isolate desirable and utilizable mutants of 
tomato.

Determination of optimum mutagen dose is critical for 
any mutation breeding program to isolate mutants with 
desired agronomic traits. Results from the present investi-
gation suggested differential radio-sensitivity among the five 
diverse genotypes since the LD50 and GR50 values varied 
widely between them. Based on the radio-sensitivity results 
the optimum dose range for gamma irradiation for tomato 
was between 150 and 300 Gy. Since diverse genotypes were 
taken into consideration during this investigation this opti-
mum range of gamma irradiation dose might hold good for 
most of the tomato genotypes. The optimum dose for gamma 
irradiation determined in this investigation could be useful in 
future tomato mutation breeding program to isolate mutants 
with improved agronomic traits.

Fig. 3   Percentage contribution of the characters towards divergence

Table 3   Analysis of variance for seeding emergence due to gamma 
radiation

** significant at P ≤ 0.01

Sources of variation Degrees 
of free-
dom

Mean sum of square

Seedling emergence Shoot length

Variety 4 67.22** 69.51**
Dose 7 1135.31** 177.06**
Var:Dose 28 3.73** 2.05**
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A

B

C

D
E

F

G

H

Fig. 4   Effect of gamma radiation on seedling emergence in M1 generation. Lines labelled with different lowercase letters indicate significantly 
different shoot length (cm) across the various gamma radiation doses. Bars labelled with different uppercase letters are similarly significantly 
different for seedling emergence percentage according to Tukey’s honest significant difference test. The significance level of seedling emergence 
(%) for all the five varieties being similar at each mutagen dose, a single upper case letter has been provided for each bunch of columns

Fig. 5   Probit analysis on effect of gamma radiation on seedling emergence in M1 generation. The point of intersection of horizontal and vertical 
lines indicate the logarithmic value of the median lethal dose, and by taking the antilog of that value the median lethal dose is determined
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Table 6   Probit analysis on effect of gamma radiation on shoot length in M1 generation

Dose log10 of 
doses

No. of 
seeds

S. lycopersicum var. 
cerasiformae

S. pimpinellifolium Pmut-5 Alisa Craig Aft CLN-B

Cor-
rected 
reduc-
tion %

working 
probit

Cor-
rected 
reduc-
tion %

working 
probit

Cor-
rected 
reduc-
tion %

working 
probit

Cor-
rected 
reduc-
tion %

working 
probit

Cor-
rected 
reduc-
tion %

working 
probit

Con-
trol

–
100 – – – – – – – – – –
100 2 100 13.04 3.93 13.79 3.95 22.01 4.17 38.20 4.70 39.13 4.73
200 2.30 100 26.09 4.34 28.74 4.44 42.03 4.79 48.31 4.96 48.91 4.97
300 2.48 100 42.39 4.81 43.68 4.85 54.04 5.09 60.67 5.27 61.96 5.30
400 2.60 100 58.69 5.22 56.32 5.15 63.05 5.31 70.78 5.53 73.91 5.63
500 2.70 100 69.56 5.51 66.67 5.40 76.07 5.70 80.90 5.87 81.52 5.89
600 2.78 100 82.70 5.94 87.36 6.11 87.08 6.11 88.76 6.20 89.13 6.22
700 2.84 100 91.30 6.29 94.25 6.46 94.08 6.48 94.38 6.50 94.56 6.51
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Logarithm concentration of doses

PMUT-5 CLN-B Alisa Craig Aft S. Cerusiformae S. Pimpinellifolium
y = 1.7313x + 0.6986
R² = 0.9162

y = 1.9389x + 0.6001
R² = 0.9483

y = 1.614x + 1.327
R² = 0.9392

y = 2.1949x - 0.4387
R² = 0.9565

y = 2.2996x - 0.6945
R² = 0.9293

Fig. 6   Probit analysis on effect of gamma radiation on shoot length in M1 generation. The point of intersection of horizontal and vertical lines 
indicate the logarithmic value of the median growth reduction dose, and by taking the antilog of that value the median growth reduction dose is 
determined
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