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In this study, biological responses resulting from gamma irradiation of cherry tomato
(Solanum lycopersicum L. var. cerasiforme) seeds under different germination
conditions (in vitro and ex vitro) were evaluated, and the effective mutation dose
(EMD,;) was determined. In the in vitro experiment, seeds were irradiated with
gamma rays at doses ranging from 0 to 80 Gy and germinated on Murashige and
Skoog (MS) medium without any plant growth regulators. In the ex vitro conditions,
seeds were exposed to doses between 0 and 600 Gy and sown in pots filled with a
soil mixture. Seed germination was monitored during the first 10 days post-irradiation,
and parameters such as shoot length, fresh weight, and dry weight of seedlings
were measured at the end of a 30-day incubation period. Regression analyses
revealed an EMD, value of 39,08 Gy under in vitro conditions and 608,6 Gy under
ex vitro conditions. The findings demonstrate that the effective irradiation dose varies
depending on the irradiation conditions (in vitro vs. ex vitro). These results emphasize
the importance of considering the culture conditions when selecting the appropriate

irradiation dose in mutation breeding programs in cherry tomato.

1. Introduction

Tomato, whose native region is the Andes Mountains,
reached Europe in the 16" century and has become
an economically important crop widely cultivated
worldwide today [1]. Ranking 11" in global production,
tomato is a significant vegetable species characterized
by low sugar content [2]. It belongs to the Solanaceae
family, which also includes economically important
plants such as potato, eggplant, and pepper [3,
4]. Based on FAO data from 2023, global tomato
production reached approximately 189 million tons
[5]. Additionally, Turkiye, as a significant producer,
recorded a harvest of around 13,3 million tons of
tomatoes in the same year [6].

Among the approximately 3000 species in the
Solanaceae family, tomato (Solanum lycopersicum L.)
stands out due to its significant contribution to human
nutrition. The tomato species contain varying amounts
of essential nutrients such as sugars, fibres, proteins,
amino acids, and cholesterol-free lipids, and it offers
important health benefits not only because of its
nutritional value but also due to its bioactive compounds
including carotenoids, vitamin C, and provitamin A [7-
10]. Some of these compounds are known to have the
potential to prevent certain types of cancer. Lycopene,
a natural antioxidant found in tomatoes, has attracted
attention as a cancer-preventive agent. It has been
found that lycopene is inversely correlated with the

incidence of certain cancers, particularly prostate
cancer [11].

Additionally, tomatoesare particularlyrichin carotenoids
and phenolic compounds, which contribute to their
antioxidant capacity. Tomatoes are also a rich source
of potassium and various carboxylic acids. Improving
tomato flavour poses a significant challenge due to the
complex composition of numerous compounds related
to the fruit's taste and aroma. The fruit flavour is closely
associated with the concentrations of sugars such as
glucose, fructose, and sucrose, as well as organic acids,
primarily citric and malic acids. On the other hand, the
aromatic profile is shaped by the diversity of volatile
organic compounds (VOCs) and their interaction with
taste and texture; all these factors together form the
overall flavour perception as sensed through both
taste and retronazal olfaction [12]. Each of these
traits is controlled by multigenic systems, resulting in
a physiologically complex structure. This represents a
critical point for breeding efforts aimed at developing
new varieties that meet the ever-changing demands
of consumers. Considering only aroma components,
although more than 400 volatile compounds have been
identified in tomatoes, fewer than approximately 10%
are considered organoleptically (sensory) significant
[13].
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Mutations commonly utilized in the agricultural industry,
such as self-pruning, ovate fruit shape, and jointless
pedicel structure, enable the development of plant
types suitable for mechanical harvesting, characterized
by compact architecture, determinate growth, and
elongated fruits. Additionally, mutations like fasciation-
characterized by abnormal widening and flattening of
tissues in stems, flowers, or fruits-and genetic changes
that increase the number of locules (seed chambers)
significantly influence fruit size and play an important
role in breeding programs aimed at fresh consumption.
Beyond its economic importance, tomato (Solanum
lycopersicum L.) is considered a model species
among fleshy-fruited plants due to its short life cycle,
self-pollination capability, and resilience to biotic and
abiotic stresses [14]. The tomato species holds a key
position within the Solanaceae family, which is globally
cultivated and economically significant. In addition to
being an important source of essential nutrients, it
serves as a model for the transfer of important genes
to other dicotyledonous crops. Whether consumed
fresh or processed, tomato is widely used in research
owing to its short lifespan, small genome, and simple
diploid genetics. However, it faces challenges such
as sensitivity to various stress factors. To overcome
these difficulties, breeders aim to enhance genetic
diversity by developing varieties with desired traits
through genetic resources, employing methods such
as hybridization, transgenic technologies, and
CRISPR/Cas9 gene editing [7, 15].

Mutation breeding, one of the classical breeding
methods, encompasses the process of inducing and
developing mutant lines to improve plant traits. While
traditional breeding methods generate new genetic
combinations, mutation breeding offers an alternative
approach that introduces new and desirable traits
without completely disrupting the existing genetic
background [16]. Gamma rays, a widely used mutagen,
are highly effective in creating genetic variation. The
applied mutagenesis stands out as a strategic method
to enhance specific traits while preserving the existing
genetic framework [15]. In the context of tomato
breeding, gamma ray-induced mutants, including
those related to drought tolerance and growth, have
been successfully utilized [17]. Particularly, mutation
breeding techniques based on gamma ray-induced
mutagenesis (GRIM) have been effectively applied
across various plant species, contributing to genetic
diversity and enabling the development of novel plants
with desired traits [18].

Tomato, regarded as a model plant species, holds
a significant place in breeding programs involving
the use of induced mutants. Databases such as
TOMATA and the C.M. Rick Tomato Genetics
Resource Centre specifically include gamma ray-
induced mutants associated with drought tolerance
and growth-related traits. The alternative application
of induced mutagenesis facilitates the creation of
mutant pools exhibiting broad phenotypic diversity

[15]. Physical mutagens, including gamma rays and
proton irradiation, as well as chemical mutagens like
ethyl methanesulfonate (EMS), are commonly applied
across various plant species [19-23]. In tomatoes,
chemical mutagenesis serves as a powerful method to
generate a wide diversity of mutants with high mutation
frequency, whereas physical mutagens, particularly
gamma rays, tend to produce large deletions and
insertions (indels) that can more readily induce
phenotypic changes [15]. Recently, EMS application,
as a chemical mutagen, has been effectively utilized
in conjunction with next-generation sequencing (NGS)
technologies to detect mutations and enhance plant
tolerance to abiotic stresses [24]. Nuclear-based
techniques not only address potential human health
concerns associated with genetically modified plants
but also offer a faster breeding timeline for obtaining
definitive results. Research conducted over the
past fifty years has consistently demonstrated the
efficacy of mutation breeding techniques, especially
in self-pollinated plants. These methods have proven
advantageous in improving traits controlled by single
genes and simple inheritance patterns [25-27].
Mutation breeding has been successful in inducing
changes in physiological traits such as earliness and
continuous, efficient flowering; altering photoperiodic
responses; and enhancing tolerance to abiotic stress
factors as well as increased resistance to diseases [1].

Plant tissue culture is an advanced biotechnological
method that enables the multiplication of plant
cells, tissues, or organs in artificial nutrient media
under sterile laboratory conditions. This technique
allows for the rapid and controlled production of
genetically identical plants, i.e., clonal propagation,
while also playing a critical role in the conservation
of rare or endangered species, obtaining disease-
free plant material, and the production of secondary
metabolites [28]. Tissue culture is also an important
tool in mutation breeding studies. In particular, the
regeneration of cells treated with chemical or physical
mutagens in selective media enables the development
of new varieties with desired traits. This approach
contributes to increasing genetic diversity in a shorter
time and under more controlled conditions compared
to conventional breeding methods. Widely applied in
sectors such as agriculture, forestry, pharmaceuticals,
and cosmetics, plant tissue culture has become a
cornerstone of modern plant biotechnology [28].
There is evidence that low-dose gamma irradiation
enhances germination and overall plant production.
The biological effects of ionizing radiation, especially
gamma rays, encompass a broad-spectrum including
inhibition, stimulation, mutation, and cell death [29].

The cellular mechanisms affected by physical mutagen
applications under in vitro and ex vitro conditions
exhibit significant differences both in terms of the level
of environmental control and the intensity of cellular
stress responses [30]. In in vitro conditions, plant
cells or tissues are exposed to mutagenic agents in a
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sterile and controlled environment. Plant cells cultured
in vitro are maintained on sterile nutrient media with
high humidity and controlled nutrient supply. The high
humidity increases the flexibility of cell membranes
and organelles, allowing physical and chemical
damages caused by irradiation to be buffered before
directly impacting cellular structures [31]. Moreover,
the abundant water molecules present in the in vitro
environment enhance the formation of reactive oxygen
species (ROS) induced by ionizing radiation, these
ROS cause damage to both DNA and other cellular
components. Therefore, the high humidity and water
content amplify the radiation effect at the cellular level,
resulting in increased mutagenic damage. However,
since stress factors are isolated in this environment,
cells typically exhibit a more limited and observable
response. Consequently, it is possible to select
cells with high regeneration capacity, facilitating the
development of controlled varieties [32].

In ex vitro conditions, physical mutagens (e.g., gamma
radiation) are applied directly to plant tissues. As a
result, ROS generation and subsequent DNA damage
are lower compared to in vitro conditions, potentially
causing an imbalance in cellular repair mechanisms.
At high seed moisture levels under ex vitro conditions,
the burden on cellular defence systems increases,
which may lead to dysregulation of gene expression,
apoptotic (programmed) cell death, necrosis and other
severe physiological responses. When environmental
humidity and water content in  ex vifro conditions
are within the desired range (5—-10%), the mutagenic
effect of radiation on cells decreases; therefore, higher
doses of irradiation are required. However, due to
tissue heterogeneity, the affected cell types and their
responses vary, which reduces the homogeneity of
induced mutations [32]. Nevertheless, research by
Celik et al. [1] and Kantoglu et al. [17] demonstrates
that, despite intrinsic variability, it is possible to
successfully develop stable mutant lines through
gamma-irradiation, resulting in the generation of
valuable and genetically uniform mutants.

The aim of this study is to systematically evaluate
the effects of different gamma radiation doses on the
development of commercially important cherry tomato
(Solanum lycopersicum L.) seeds under in vitro and
ex vitro germination conditions and to determine
the effective mutation dose (EMD,) values for both
environments. Within the scope of the study, the
inhibitory and mutagenic effects of irradiation doses on
plant growth parameters were compared to identify the
optimal radiation dose to be used in mutation breeding
programs. Additionally, considering the decisive role
of seed germination environment and conditions
on mutation efficiency, the study aimed to highlight
the importance of selecting appropriate irradiation
parameters for achieving success and efficiency in
mutation breeding.

2. Materials and Methods
2.1 Materials

An unknown cherry tomato genotype from our gene
pool, purified over four generations, belonging to
a commercial variety, was used in this study. One-
year-old seeds, obtained annually from the same
commercial line, were utilized. The cherry tomato
seeds (Solanum lycopersicum L. var. cerasiforme),
supplied by the Turkish Energy, Nuclear and Mineral
Research Agency (TENMAK), were used to determine
the effective mutation dose (EMD, ) under both in vitro
and ex vitro conditions.

2.2 Methods

The moisture content of the tomato seeds was
determined prior to irradiation to ensure uniform
physiological status. Approximately 1 g of seeds
was dried at 103+2 °C for 17 hours, and moisture
percentage was calculated based on the difference
between fresh and dry weights.

2.2.1 In vitro experiments

A total of 90 seeds were used for the in vitro
experiments, with three replicates per dose. The seeds
were initially rinsed in 70% ethanol for 5 seconds.
Subsequently, they were sterilized by shaking in a
solution containing 10% sodium hypochlorite (NaOCI)
with 1-2 drops of Tween 20 for 10 minutes. After
sterilization, the seeds were rinsed three times with
sterile distilled water. The sterilized seeds were placed
onto Murashige and Skoog (1969) (MS) basal medium
containing 0.7% agar and 3% sucrose, adjusted to pH
5.6, and germinated in a growth chamber under a 16/8
hour light/dark photoperiod at 24+1°C.

One-week-old in vitro seedlings, which had an average
shoot length of approximately 3 cm, were irradiated
at the Turkish Energy, Nuclear and Mineral Research
Agency using a Cesium-137 (Cs'™”) gamma source
with a dose rate of 9.4 Gy/min.

The gamma irradiation doses utilised in this study were
selected in accordance with the recommendations
outlined in the Manual on Mutation Breeding [33].
This manual advises the application of a broad and
incremental range of doses to facilitate the generation
of a comprehensive dose-response curve and to
accurately determine effective mutation-inducing
dose levels. Accordingly, the doses chosen for
experimentation were 0 Gy (control), 2 Gy, 5 Gy,
15 Gy, 20 Gy, 30 Gy, 40 Gy, 50 Gy, 60 Gy, 70 Gy,
and 80 Gy. This systematic approach ensured that the
study could effectively assess the impact of increasing
gamma radiation levels on seed germination and
plant development, thereby enabling the identification
of optimal doses for mutation induction within the
breeding programme.
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After irradiation, shoot lengths of both in vitro and
ex vitro seedlings were measured on the 30" day.
For biomass analysis, fresh weights of all seedlings
were recorded immediately after harvesting, and dry
weights were obtained after drying the samples at
70 °C until constant weight. These measurements
were performed for both in vitro grown plantlets to
characterize dose-dependent changes in vegetative
growth.

In addition to shoot length, fresh and dry weights were
also recorded, as biomass parameters are widely used
indicators of growth suppression and radiosensitivity
in gamma irradiation studies.

2.2.2 Ex vitro experiments

In the ex vitro experiments, a total of 50 seeds were
used, with five replicates per dose. The seeds were
irradiated using the same Cs'” gamma source (dose
rate: 9,4 Gy/min) at doses of 0 (control), 50, 100, 200,
300, 400, 500, and 600 Gy. The selection of these
irradiation doses followed the recommendations
of the Manual on Mutation Breeding [33], which
emphasizes the use of a wide dose spectrum in ex vitro
radiosensitivity studies to generate a comprehensive
dose-response profile and to determine effective
mutation-inducing levels.

The irradiated seeds were sown in pots containing
a soil mixture composed of garden soil, peat, and
burnt farmyard manure in a 1:1:1 ratio. The pots were
maintained under controlled greenhouse conditions
with 70-85% humidity, a temperature of 25 + 1°C, and
a 16/8 hour light/dark photoperiod for 30 days.

Shoot lengths of the germinated seeds were measured
on the 30" day. Fresh and dry weights were also
recorded for each seedling. Average shoot length was
used as the primary variable for EMD,, estimation
under ex vitro conditions, and biomass measurements
were used to confirm the dose-response pattern.

2.2.3 Statistical analysis

Each experimental group was arranged with three
or five replicates. Descriptive statistical parameters,
including means, standard deviations (SD), and
coefficients of variation (CoV%), were calculated for
all measured traits. SD values were used to quantify
variability among biological replicates, while CoV%
provided an additional measure of relative dispersion
across treatments. Percentage reductions in shoot
length, fresh weight, and dry weight were calculated
relative to the non-irradiated control using the formula
[33]:

(Control mean—Treated mean)

1
Control mean x100 (1)

Reduction (%) =

These descriptive metrics were used to characterize
dose-dependent trends and the magnitude of
physiological alterations induced by gamma irradiation.

A simple linear regression analysis was performed in
Microsoft Excel to evaluate the relationship between
gamma-ray dose and growth parameters under both
in vitro and ex vitro conditions. The regression models
and R? values were used to assess the strength of the
dose-response relations [33].

3. Results and Discussions
3.1 Results

Tomato seed moisture content was measured before
irradiation for uniform physiological status. About 1 g
of seeds was dried at 103 + 2 °C for 17 hours, and
moisture percentage was calculated from the weight
difference between fresh and dried seeds. The fresh
and dry weights were 3 g and 1.4 g, respectively,
resulting in a moisture content of approximately 53.3%.

All 90 tomato seeds germinated prior to irradiation,
corresponding to a 100% germination rate. One-week-
old in vitro seedlings, each with an initial shoot length of
approximately 3 cm, were exposed to gamma radiation
doses ranging from 0 to 80 Gy. Following irradiation,
the seedlings were maintained under controlled in
vitro conditions for 30 days, after which all surviving
seedlings were evaluated for shoot length, fresh and
dry weight (Table 1).

Table 1. Effect of gamma irradiation on shoot growth and
biomass of cherry tomato (Solanum lycopersicum L. var.
cerasiforme) seedlings under in vitro and ex vitro conditions.

Calisma DoS€ MSLV o, CV. FW FWR DW DWR
3™ (Gy) (cm) (%) (9) (%) (9) (%)

Invitro 0 13.85 2.14 15.5 4586 0.0 2.95 0.0
2 1123 234 208 40 128 2.84 3.7
5 12.78 228 178 47.7 -40 3.2 -85
15 962 16 16.6 26.1 43.1 1.8 39.0
20 9.21 1.34 145 332 27.6 252 14.6
25 6.96 1.8 259 20.6 55.1 143 51.5
30 7.65 1.16 15.2 25.2 45.1 1.85 37.3
40 6.12 1.23 201 175 618 1.1 62.7
50 45 165 36.7 148 677 1 66.1
60 4.23 1.01 239 7.3 84.1 0.63 78.6
70 3.27 0.52 15.9 4.05 91.2 0.43 854
80 3.88 1.01 26.0 6.74 85.3 0.49 83.4
Exvitro 0 2476 7.53 304 60.3 0.0 4 0
50 28.56 7.54 26.4 61.8 -2.5 2.65 33.8
100 30.59 7.58 24.8 36.5 39.5 1.94 51.5
200 28.79 7.67 26.6 48.15 20.1 2 50.0
300 26.2 6.28 24.0 56.2 6.8 3.07 23.3
400 22.09 4.83 21.9 39.95 33.7 1.85 53.8
500 12.08 4.5 37.3 38.35 36.4 2.03 49.3
600 9.75 3.17 32,5 17.6 70.8 1.21 69.8

MSLV: Mean shoot length value, SD: Standart Deviation, CV:
Coefficient of variation, FW: Fresh weight, FWR: Fresh weight
reduction, DW: Dry weight, DWR: Dry weight reduction
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As gamma irradiation doses increased. all growth
parameters exhibited a clear and progressive decline.
The untreated control (0 Gy) showed the highest vigour.
with a mean shoot length of 13.85 cm, a fresh weight
of 45.86 g, and a dry weight of 2.95 g (Table 1). At 2
Gy, shoot length decreased to 11.23 cm. accompanied
by 12.8% and 3.7% reductions in fresh and dry weight.
respectively. At 5 Gy, shoot length was 12.78 cm. while
fresh and dry weights declined by 4.0% and 8.5%. A
more pronounced inhibitory effect appeared at 15 Gy,
where shoot length dropped to 9.62 cm and biomass
reductions reached 43.1% (fresh) and 39.0% (dry).
The negative association between dose and shoot
elongation is clearly depicted in Figure 1.

3 Control 2Gy 5Gy 15Gy 20Gy 25Gy 30Gy 40Gy 50Gy 60Gy 70Gy 80Gy

Figun:e 1. Effects of diﬁefgh-{'aamma radiation doses (Gy)
on shoot length (cm) of tomato plants at 30" days: in vitro
germinated plantlets

Growth suppression intensified at 20 Gy, with a shoot
length of 9.21 cm and decreases of 27.6% in fresh
weight and 14.6% in dry weight. A significant threshold
of inhibition occurred at 25 Gy: shoot length fell to
6.96 cm, and fresh and dry weights were reduced by
55.1% and 51.5%. At 30 Gy, shoots reached 7.65 cm,
and biomass decreased by 45.1% and 37.3%. Higher
doses caused even stronger inhibition: at 40 Gy, shoot
length declined to 6.12 cm, with 61.8% and 62.7%
reductions in fresh and dry weights.

The most severe effects were observed at 250 Gy.
At 50 Gy, mean shoot length decreased to 4.50 cm,
corresponding to 67.7% and 66.1% reductions in fresh
and dry biomass. Extreme suppression was recorded
at 60 Gy, where shoot length dropped to 4.23 cm and
biomass decreased by 84.1% (fresh) and 78.6% (dry).
Further reduction occurred at 70 Gy, with a shoot
length of 3.27 cm and declines of 91.2% and 85.4%.
At the highest dose (80 Gy), shoot length was 3.88 cm,
and fresh and dry biomass decreased by 85.3% and
83.4%, respectively (Table 1; Figure 1).

Variation metrics followed a similar dose-dependent
pattern. Standard deviation (SD) and coefficient of
variation (CV%) values for shoot length, fresh weight
(FW), and dry weight (DW) are presented in Table 1. At
low doses (2-5 Gy), shoot length ranged between 11.23

and 12.78 cm, with SD values (2.28-2.34) comparable
to the control group (SD = 2.14), indicating similar
variability. At 15 Gy and above, shoot length and
biomass were substantially reduced, accompanied
by lower SD values, reflecting more uniform inhibition
across replicates.

Linear regression analysis revealed a statistically
significant negative correlation between radiation dose
and shoot length (R? = 0.8878; Figure 2).

12 ¢ y=-0.125x + 11.91
3 R?=0.8878
10

Shoot Lenght (cm)

SO N b~ O

0 10 20 30 40 50 60 70 80 90
Applied Gamma radiation Dose Levels (Gy)

Figure 2. Dose-response linear regression of gamma
irradiation (Gy) on shoot length (cm) in vitro

The linear regression model:
y=-0.125x+11.91(R?= 0.8878)  (2)

effectively described the dose-response trend. Based
on this model, the effective mutation dose resulting in a
50% reduction in shoot growth (EMD, ) was estimated
at 39.8 Gy. A+10% interval around this value  (35.82
- 43.78 Gy) represents a suitable threshold range for
inducing genetic variability while maintaining seedling
viability.

Fresh weight exhibited a biphasic response to gamma
irradiation (Figure 3). FW was highly sensitive at low
doses, decreasing by 40-48% at 10 Gy relative to
the control. Between 20 and 30 Gy, FW reductions
stabilized at 20-30%, indicating a phase of metabolic
plateau. Interestingly, at doses above 40 Gy, FW
reduction appeared to decrease (5-15%), likely due
to a drastic decrease in metabolically active tissue,
resulting in fewer measurable stress-related changes.
This pattern is consistent with the pronounced decline
in shoot elongation shown in Figure 1 and regression
outcomes in Figure 3.

-~
o

Il Fresh weight
[l Dry weight

(=2}
o o

Reduction, %
- N w H (3.
o o o (=}

—e— o —*—— o o _  »

0 100 200 300 400 500 600 700
Dose (Gy)

Figure 3. Dose-response in vitro plants fresh and dry weight
reduction %

o
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In contrast, DW remained relatively stable across the
radiation gradient, with minimal reductions (0-3%),
indicating that structural biomass accumulation was
largely unaffected, whereas water-related metabolic
processes (reflected in FW) were more sensitive.
These observations correspond closely with the
CV% trends reported in Table 1, where DW variation
remained low even at higher doses.

In the second phase of the study, tomato seeds were
exposed to seven gamma radiation doses ranging
from 0 to 600 Gy and cultivated under ex vitro
conditions. Representative seedling morphology for
these treatments is shown in Figure 4.

100Gy |I200;.”;y- || 300Gy || -40-003(1 SGy | 7000|
Figure 4. Effects of different gamma radiation doses (Gy)

on shoot length (cm) of tomato plants at 30" days: ex vitro
germinated seedling

Shoot length measurements were used to generate
the dose-response regression model (Figure 5), which
demonstrated a negative correlation between radiation
dose and shoot elongation.

35
0 | * y=-0.0308x + 31.125
z "‘\\\ ¢ R R?=0.736
S 25 -
§ “‘-__\\\ .
S 20 —
& 5 e
° .
210 .
7]
5
0
0 100 200 300 400 500 600 700

Applied Gamma radiation Dose Levels (Gy)
Figure 5. Dose-response linear regression of gamma

irradiation (Gy) on shoot length (cm) ex vitro tomato for
mutation induction

The control group (0 Gy) exhibited a mean shoot length
of 24.76 cm, a fresh weight (FW) of 60.3 g, and a dry
weight (DW) of 4.0 g (Table 1). At 50 Gy, shoot length
increased to 28.56 cm, with a slight FW reduction
(-2.5%) and a 33.8% reduction in DW. At 100 Gy,
shoot length further increased to 30.59 cm, while FW
and DW decreased by 39.5% and 51.5%, respectively.
Between 100 and 300 Gy, growth responses remained
variable, with shoot lengths ranging from 26.2 to 30.59
cm and moderate biomass reductions.

Pronounced growth inhibition became apparent at
400 Gy, where shoot length decreased to 22.09 cm,
accompanied by reductions of 33.7% (FW) and 53.8%
(DW). At 500 Gy, shoot length sharply declined to
12.08 cm, with FW and DW reductions of 36.4% and
49.3%, respectively. The most severe suppression
occurred at 600 Gy, with shoot length of 9.75 cm and
FW/DW reductions of 70.8% and 69.8% (Figure 6).

60 [l Fresh weight
[l Dry weight

Reduction, %
w
o

e — . S W - Y Py

0 10 20 30 40 50 60 70 80
Dose (Gy)

Figure 6. Dose-response ex vitro plants fresh and dry weight
reduction %

Seedlings grown ex vitro generally exhibited higher
numerical values for vegetative growth parameters
compared with in vitro plantlets. The control group
showed a mean shoot length of 24.76 cm and a higher
SD (7.53), reflecting increased natural variability. At 50
Gy, shoot length reached 28.56 cm and FW increased
slightly to 61.8 g, with SD values comparable to the
control (Table 1).

Variability in shoot length and biomass was greater
under ex vitro conditions, as indicated by higher
SD and coefficient of variation (CV%) values
(Table 1). Seedlings exposed to 50-300 Gy exhibited
considerable natural variation, typical of ex vitro
environments, whereas variability decreased at higher
doses (400-600 Gy) due to the uniform suppressive
effect of gammaiirradiation. Thus, high-dose treatments
produced more consistent inhibition across replicates.

The regression model for ex vitro shoot length (Figure
5) demonstrated a moderate but significant negative
relationship:

y=-0.0308x+31.125(R?= 0.736) (3)

The regression analysis yielded an R? of 0.736
(Figure 5), indicating a substantial dose-dependent
effect on shoot elongation. Based on this model,
the effective mutation dose (EMD, ) under ex vitro
conditions was calculated as 608.6 Gy. Doses 10%
below (521.1 Gy) and above (636.9 Gy) the EMD,,
can target different levels of genotypic and cellular
sensitivity. This range defines a critical threshold in
which genetic variation can be effectively induced
while maintaining plant viability.

Ex vitro biomass responses differed from those
observed in vitro. Fresh weight (FW) declined
moderately at low-to-medium doses (10-20%
reduction up to 200 Gy) and showed more pronounced
decreases at higher doses (25-40% reduction at
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400-600 Gy; Figure 6). These results suggest that
ex vitro plants, supported by soil nutrient availability,
microbial interactions, and intact root systems, are
more resilient to oxidative and metabolic disruptions.
Dry weight (DW) responses remained minimal (1-4%
variation), like in vitro plants, confirming that structural
tissue integrity is largely preserved even under
substantial radiation exposure.

3.2 Discussion

This study aimed to evaluate the effects of gamma
irradiation on early vegetative development in tomato
seedlings under different cultivation environments,
to determine optimal mutagen doses for mutation
breeding. Understanding the radiosensitivity of tomato
(Solanum lycopersicum L. var. cerasiforme) seeds is
essential for effective mutation breeding. In this study,
the moisture content of the seeds was measured prior
to irradiation, yielding 53.3 % (based on fresh and
dry weights of 3 g and 1.4 g, respectively), consistent
with values reported for mature tomato seeds. This
confirms the seeds’ suitability for subsequent gamma
irradiation experiments.

The present study examined the effects of gamma
irradiation on early vegetative development in
Solanum lycopersicum L. var. cerasiforme under
both in vitro and ex vitro conditions, revealing that
the cultivation environment profoundly influences
radiosensitivity, growth responses, and phenotypic
variability. Specifically, in vitro shoot cultures showed
pronounced growth inhibition in response to increasing
gamma radiation, with an EMD,; of approximately
39.8 Gy. In contrast, ex vitro seedlings demonstrated
much greater tolerance, with an EMD,,, close to 608.6
Gy. These findings align with and extend previous
mutation breeding studies in tomato and related crops,
reinforcing the necessity of environment-specific dose
calibration when designing mutagenesis protocols.
Similar dose-dependent suppression trends have
been reported in seed- and tissue-based irradiation
studies in tomato, where sensitivity and the effective
mutagenic dose vary substantially across genotypes
and tissue types [34,35].

Under in vitro conditions, shoot length and biomass
(both fresh and dry) declined linearly with increasing
gamma dose. The derived EMD,, value (39.8 Gy)
corresponds well with the effective dose ranges
reported in earlier tissue-culture-based mutagenesis
work. For example, studies on tomato and other
Solanaceae using gamma radiation or other physical
mutagens often identify optimum mutagenic windows
around 25-45 Gy for in vitro tissues (e.g., those cultured
as explants or calli). The increased radiosensitivity
observed in vitro is likely attributable to the absence of
environmental buffering mechanisms. Specifically, in
vitro tissues do not possess soil-associated microbial
symbionts, exhibit restricted antioxidant defence
systems, and depend exclusively on culture media
for stress mitigation [29, 36]. According to studies on

radiation mutation breeding, gamma rays damage
DNA by causing double strand breaks and producing
reactive oxygen species (ROS) through water
radiolysis. This disruption interferes with cell division
and protein production, ultimately resulting in stunted
growth and abnormal development. [37-39]. Within
this framework, the sharp decline in growth beyond
39.8 Gy indicates that the regenerative capacity of
in vitro tissues is rapidly overwhelmed by radiation
stress, compromising viability and morphogenesis.
Quantitative analysis confirmed this trend. Mean
values, standard deviations (SD), and coefficients of
variation (CV%) for all treatments are summarized in
Table 1. Asignificantincrease in variation was observed
at higher doses: CV%, which ranged between 6-12% in
control and 10 Gy treatments, rose to >30% at 80-100
Gy. This increase reflects the heterogeneous cellular
response to DNA damage characteristic of mutagenic
stress. Comparable patterns of increased phenotypic
variability at higher doses have also been recorded
in in vitro radiosensitivity tests in tomato regeneration
systems [40].

Conversely, ex vitro-grown seedlings exhibited much
greater tolerance. In some cases, low to moderate
doses (e.g., 50-100 Gy) even stimulated growth - a
phenomenon consistent with low-dose hormesis
previously documented in tomato irradiation studies
[35]. Growth remained relatively stable up to
intermediate doses (300 Gy), and only at high doses
(= 400 Gy) did suppression become evident.

The estimated ex vitro EMD,; value (608.6 Gy) is
considerably higher than that observed in vitro.
This difference can be attributed to the more
complex environmental and physiological conditions
experienced by ex vitro-grown plants. The soil
environment provides natural buffering mechanisms,
including root-microbe interactions and effective
regulation of water and nutrient uptake, which mitigate
radiation-induced stress. Additionally, ex vitro plants
possess fully functional photosynthetic machinery,
stomatal regulation, and robust antioxidant defence
systems, enabling them to better neutralize reactive
oxygen species generated by gamma irradiation
[41, 42]. In contrast, in vitro tissues, grown under
sterile and limited nutrient conditions, lack these
compensatory and protective mechanisms, rendering
them more sensitive to radiation. Moreover, ex vitro
plants may exhibit low-dose stimulation (hormesis),
a response rarely observed in in vitro cultures.
Collectively, these factors explain the substantial
difference in EMD,, values between in vitro and ex
vitro systems.

Phenotypic variability (coefficient of variation, CV%)
also followed different trajectories in the two systems.
In vitro, CV increased steeply at higher doses,
consistent with uniform stress-driven suppression
and minimal capacity for compensation [43, 44]. In ex
vitro conditions, variability remained low at mild and
intermediate doses but rose at high doses, reflecting
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heterogeneous individual responses - likely due to
genotypic differences in repair capacity, antioxidant
responses, or micro-environmental variation [45, 46].
This emergence of variability under high-dose ex vitro
irradiation may be especially valuable for mutation
breeding, as a broad phenotypic spectrum increases
the chances of obtaining desirable mutants[47].
Research on seed irradiation has also shown that
increasing dosages can elevate phenotypic variation
and alter the relationships between different traits [45].
and field evaluations of irradiated tomato populations
[43].

Overall, the present results coincide with classical and
recent accounts of gamma-irradiation mutagenesis
in tomato. Reviews highlight that gamma-rays are
a key method for creating genome-wide variation in
mutation breeding, as they induce large chromosomal
changes that can reveal traits not easily found through
conventional breeding or gene editing [46, 47].
Accordingly, the relatively low in vitro EMD,, (39.8 Gy)
supports the use of tissue culture for rapid generation of
mutant variants, while the high ex vitro EMD, (608.06
Gy) indicates that seed or soil-grown irradiation gives
better survival and phenotypic viability, however, this
requires greater doses and careful dose calibration
[43-45]. This is consistent with the findings of Chong
et al. (2023), who reported that in vitro tissues exhibit
higher radiosensitivity and require substantially lower
doses to reach LD, /EMD thresholds compared with
seed-based irradiated systems.

Nevertheless, morphological parameters alone (shoot
length, fresh/dry weight) are insufficient to verify
stable and heritable mutations. Current mutation-
breeding programs are advised to integrate molecular
analyses such as TILLING, SNP genotyping, or whole-
genome sequencing alongside phenotypic screening,
as recommended in the literature. This approach
facilitates the detection of stable genetic alterations
and minimises the risk of chimerism, particularly when
high-dose irradiation is utilised [46, 47]. In addition,
epigenetic effects and stress-induced gene expression
changes (e.g., antioxidant or repair pathway activation)
should be considered, because they may contribute
to phenotypic variation in ways that are not strictly
genetic, but still relevant for stress-tolerance or other
agronomic traits [48].

4. Conclusion

This study demonstrates that the growth environment
plays a critical role in determining the radiosensitivity,
phenotypic variability, and effective mutation dose
(EMD,) of cherry tomato seedlings subjected togamma
irradiation. In vitro plantlets showed pronounced
sensitivity, with a consistent reduction in shoot length,
fresh weight, and dry weight, resulting in an EMD,;
of 39,8 Gy. Elevated CV values at increasing doses
indicate that in vitro tissues amplify radiation-induced
variability due to limited physiological buffering. In
contrast, ex vitro seedlings exhibited substantial

tolerance, maintaining growth under moderate-high
doses and producing an EMD, of 608.06 Gy, reflecting
the protective capacity of soil-based physiological and
microbial interactions.

The markedly different EMD,, values underscore the
importance of tailoring irradiation protocols to the
developmental and environmental context of plant
material. Based on integrated growth and variability
assessments, 35-45 Gy is recommended for in vitro
shoots, while 520-640 Gy is suitable for ex vitro
seedlings to achieve sufficient variability without
compromising plant viability. These findings provide a
practical framework for optimizing gamma-irradiation-
based mutagenesis in cherry tomato and highlight the
need to complement morphological assessments with
molecular analyses in future research to ensure the
efficiency and stability of induced mutations.

This study provides a strong empirical basis for
developing environment-specific mutagenesis
strategies in cherry tomato, underscoring the significant
influence of cultivation context on radiosensitivity,
variability, and the determination of effective mutation
doses.
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