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Gamma rays induced
enhancement in the
phytonutrient capacities
of tomato (Solanum
Lycopersicum L.)

K. Yaprak Kantoglu*, Erhan i¢, Dilan Ozmen,
F. Sebnem Bulut, Ece Ergun, Omer Kantoglu
and Mustafa Ozcoban

Turkish Energy, Nuclear and Mineral Research Agency-Nuclear Energy Research Institute
Kahramankazan, Ankara, Turkiye

One of the most important problems for the field-grown Ayas tomato (Solanum
lycopersicum Ayas population), which is preferred for consumption in Central
Anatolia because of its aromatic taste, is that the shelf life is short because of
insufficient fruit firmness. Therefore, a study was initiated to develop high-quality
lines and variety candidates through mutation breeding in the current Ayas
population. In this study, the effective mutation dose (EMD50) was found to be
150 Gy for seeds using a Cobalt-60 gamma ray source. The main mutant population
was generated by applying EMD50. During the study, mutant lines selected by
following the classical mutation breeding stages were evaluated in terms of yield and
quality traits (antioxidant content, total soluble solid amount, fruit firmness, Brix, etc.)
starting from the M4 stage. One of our aims was to determine and improve the
phytonutrient content of field-grown tomatoes. The fruits of selected lines at the M4
stage were extracted by liquid-liquid partition and accelerated solvent extraction
techniques and analyzed by High Performance Liquid Chromatography (HPLC) in
this study. It was found that 28 of the 29 mutant lines were significantly different from
the control and mutant lines. Mutant lines 9-22, 8-90, 8-135, and 8-127 were
determined to be the most promising for commercialization.
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1 Introduction

The tomato (Solanum lycopersicum, formerly Lycopersicon esculentum) is a member of
the Solanaceae family that is grown and consumed all over the world and, thus, is an
important commercial crop (Esengun et al., 2007). With a production capacity of 13.000.000
tons per year, Turkey is the fourth-largest producer in the world (TUIK, 2022). Besides their
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economic value, tomatoes make a valuable contribution to human
health. This vegetable crop represents an excellent source of health-
promoting compounds due to the perfect combination of minerals
and antioxidants, including vitamins C and E (tocopherols),
carotenoids (lycopene, b-carotene, lutein, etc.), and flavonoids
(Hernandez et al., 2008; Alothman et al, 2009; Balacheva et al,,
2012; Ali et al., 2021). Dietary antioxidants have been consistently
shown to be associated with a reduced risk of chronic disease (Marti
et al., 2016). These antioxidants are understood to be bioactive
substances that protect humans from the potential negative
consequences of free radical-induced harm. (Salehi et al., 2019
Saini et al, 2020). Improvement in such phytonutrients can be
achieved by several techniques, such as cultivar selection,
environmental factors, agronomic practices, plant breeding
(classical or biotechnological methods), etc. (Dorais et al, 2008;
Tomlekova et al., 2009a; Tomlekova et al., 2009b; Fentik, 2017).
Plant breeding is the strategy of modifying a plant’s genetics to
achieve desired traits (Poehlman and Sleeper, 1995; Kaushik et al.,
2015; Hanson, 2016; Natalini et al., 2021). It may be done using a
variety of methods, from straightforward molecular procedures to
selecting plants for production that have desirable traits. Mutation
breeding is one of the most widely used techniques and a common
approach for producing vegetable crops that are sustainable under
varied agro-climatic conditions and have high nutrient content
(Ahloowalia and Maluszynski, 2001; Quartey et al., 2012;
Chaudhary et al., 2019; Yali and Mitiku, 2022; Datta, 2023).

Due to its importance in terms of human nutrition and the
possibility of evaluating it in terms of consumption in different ways
(dry, tomato paste, juice, fresh consumption, etc.), tomato emerges as
a species that is studied intensively. Especially due to the changing
climatic conditions and the agricultural production area decreasing
day by day, it has become important to develop new varieties with
high nutritional value for other breeding targets (tolerance to abiotic
and biotic conditions, high yield per unit area, etc.) in all species.
Today, tomato breeding studies are carried out using both classical
breeding methods and biotechnological techniques (transgene, gene
editing, etc.) at different technological levels (Vu et al., 2020).
However, the mutation breeding method, which is included in the
classical methods with the aim of expanding the shrinking gene pool
in some conditions, is a method used in practice for tomato species
(Levin et al,, 2006; Laskar et al., 2018). Mutation breeding is used as a
good tool (Chaudhary et al., 2019), especially in breaking the barriers
in interspecies hybridization and creating genetic resources for
today’s next generation sequence (NGS) studies (Tripodi, 2022).

Deliberately induced mutations can improve yield, quality,
taste, size, and resistance to disease and can help plants adapt to
diverse climates and conditions. Such mutations have been used to
enhance the economic value of seed-propagated crops such as
cereals and Solanaceae (Ahloowalia et al., 2004; Levin et al., 2006;
Quartey et al,, 2012). Though not widely understood by consumers,
induced mutation provides an opportunity for plant breeders to
create new varieties, including vegetable crops (lettuce, tomato,
pepper, green bean, eggplant), field crops (wheat, barley, chickpea,
rice, cotton), fruit crops (peach, cherry, lemon, mandarin, apple,
banana), and ornamental crops (chrysanthemum, tulip, carnation).
Mutants producing a high yield or increased vitamin C (ascorbic
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acid) or antioxidant capacity have been produced in bell and green
pepper (Tomlekova et al., 2009a; Petrov et al., 2013) and tomato
(Levin et al., 2006; Cebolla-Cornejo et al., 2013; Kornienko et al.,
2014; Tomlekova et al., 2014) breeding programs. The economic
value of a new variety can be assessed based on several parameters,
such as yield, savings (e.g., water), and nutritional content.

High-performance liquid chromatography (HPLC) is the most
widely used technique in food analysis for measuring vitamins,
carbohydrates, additives (antioxidants, colorants, artificial
sweeteners, etc.), proteins, amino acids, mycotoxins, triglycerides
(TGs) in fats and oils, lipids, chiral compounds, and pigments
(carotenoids, anthocyanines) (Chang et al., 1995; Tarrago-Trani
et al., 2012; Silva et al., 2016; Colak et al., 2022).

The aim of this study was to investigate the vitamin C,
carotenoids, and tocopherol content of M,-stage mutant field-
grown tomato lines obtained previously. Tomato fruits were
characterized in terms of physical traits (fruit firmness, fruit
volume, peel thickness, fruit yield, cracking, shape, dry matter,
and fruit color) and chemical properties (carotenoid, tocopherol,
and vitamin C contents) in the framework of an agronomical
analysis of mutant tomato lines and their control lines. The
physical traits of My, M5, and My stage mutants were identical.
Tomato fruits at the Ms and Mg stages were similar to those at the
M, stage, so M, stage mutants were selected for further analysis. For
this purpose, liquid-liquid partitioning and accelerated solvent
extraction techniques were used to extract phytonutrients
analyzed by HPLC. Statistical analysis has also been applied to
compare sets of means between control and mutant lines.

2 Materials and methods

2.1 Material

Field-grown tomato (Solanum lycopersicum Ayas population)
seeds obtained from the Faculty of Agriculture under the
University of Ankara (TR). In order to determine the effective
mutation dose, 8 different doses of seed (0, 50, 100, 200, 300, 400,
500, and 600 Gy) were irradiated in 2010. The irradiated seeds were
planted in viols with three replications and 30 seeds in each
replication, and the plant height was measured on the 30" day
after sowing (van Harten, 1998). The obtained data were evaluated
with linear regression analysis, and the effective mutagen dose was
determined. 3000 seeds were irradiated with 150 Gy (effective
mutagen dose) using ®®Co gamma rays at a fixed dose rate (0.654
kGy/h). Seeds were sown in nursery beds under controlled climatic
conditions. Then, seedlings were transplanted to a 4,500-m? field at
Saraykoy (Ankara, TR) with an alternate system of plantation and a
spacing of 1.5 m between rows and 1 m between plants. Each year,
plantations were set up in the different field to protect the plants from
soil-originating diseases and soil fatigue. Just before the
transplantation, the soil was enriched with the animal manure (1
tone/1000 m?®) and NPK (nitrogen:phosphorous:potassium -
18:18:18). This NPK application was also repeated after 1 and 2
months of growth using a drip irrigation system. In addition, plants
were supported with supplements of commercial EC fertilizers of
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IGSAS brand calcium nitrate (Ca(NO3),) and Agrosol Max brand
magnesium sulphate (MgO 16% and SO; 32%) during the bloom
period. It is obvious that environmental factors are also important, as
are agronomic practices. At the time of harvest, the average
temperature, daylight hours, and humidity were 23.3°C, 10.6 h, and
44.9%, respectively. Approximately 2500 varied tomato lines were
obtained under these conditions. Initially, the trial was established
with 50 plants in each line at M3 generation. As a result of positive
and negative selection, observations were continued on 29 mutant
lines selected at the M4 stage. For this purpose, plantations were
established in M4, M5, and M6 generations with 100 plants in each
line. The plantation was established according to a randomized plot
design for each generation. After seasonal selection periods, 29
mutant lines and 1 control at the M, were harvested by hand
without plucking the fruit stalk in late August and early September.
75 tomato fruit samples from each mutant line were randomly
selected at the same growth and ripeness stages for the
phytonutrient analysis. The fruits were chopped to ensure each
sample was representative and then stored at -86°C until
extraction. For vitamin C, a further 75 randomly selected tomato
fruits from each line were stored at -21°C until analysis. All chemicals
were HPLC-grade and supplied by Merck Chemicals Ltd. (Poole,
UK). Standard chemicals for vitamin C (L-ascorbic acid), lutein,
lycopene, o-tocopherol, B- tocopherol, Y- tocopherol, 8- tocopherol
were purchased from Sigma-Aldrich (St. Louis, USA). At M4 stage
yield, fruit firmness, total soluble solid %, Brix analysis carried out on
selected 16 mutant lines according to phytonutrient analysis and
control. For these analysis 75 fruits were used for each line.

2.2 Methods

The method described by Abushita and his co-workers (Abushita
et al., 1997) was used for the extraction of vitamin C, carotenoids, and
tocopherols from tomato samples. However, some modifications
were made, especially to the vitamin C extraction protocol.
Carotenoids and tocopherol extractions were made with the liquid-
liquid partition technique, whereas vitamin C extractions were made
with accelerated solvent extraction. All extractions were made just
before the injection. Extracts were kept cold and protected against
daylight during the sample preparation steps and analysis. Sample
preparation was done from each sample in duplicate, and each extract
was injected in triplicate. After extraction, samples were immediately
injected to eliminate the decomposition loss. Two separate HPLC
systems were used in the tocopherol and carotenoid analyses.
Tocopherols and carotenoids were extracted sequentially. To
eliminate the storage time effect on the analysis results, the first
system was dedicated to tocopherol analysis, and the second system
was dedicated to carotenoid analysis.

2.2.1 Vitamin C analysis

A novel extraction method was utilized for the vitamin C
content of mutant and control tomato lines. In the extraction of
vitamin C with an accelerated solvent extraction system (ASE)
(Dionex ASE 350 model), 5 g of frozen sample was weighed into a
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stainless steel 5 mL ASE cell and placed in the system. The samples
were extracted with an aqueous solution of metaphosphoric acid
(MPA) (3% w/v). It was carried out at ambient temperature under
high pressure (1500 psi) of nitrogen gas. Each sample was kept 5
min at static time and was subjected to two cycle extractions. After
collecting a known volume of extract in 90 seconds of purge time, it
was filtered to remove the suspended fruit debris through a 0.45 um
pore-sized hydrophilic membrane filter and then vialled (using
amber-colored vials) for further analysis. After two cycles of
extraction with ASE and purification with sodium sulphate
(NaSO4), the extract was immediately injected into HPLC to
prevent the decomposition of L-ascorbic acid into
dehydroascorbic acid. No other sample purification prior to
chromatographic determination was necessary. The recovery of
vitamin C extraction with ASE was validated with a synthetically
prepared sample and was found to be 97%. In the analysis, a Waters
HPLC system with a Waters 2695 Separations Module and a Waters
2996 Photodiode Array Detector controlled by Empower Pro®
software was used. The detector recorded the signals between 190
and 400 nm. However, the peak of vitamin C was extracted and
quantified at 243.8 nm. In the analysis, an EC 150/4.6 Nucleosil,
100-3 C18 Nautilus analytical column, and gradient elution with a
flow rate of 0.7 mL/min were applied. 10 puL of sample was
introduced into the column with the mobile phase of 1% (w/v)
KH,PO, in water and acetonitrile. Eluting conditions expressed as a
proportion of 1% KH,PO, in water are: 0.01-3 min: 99%, 10 min:
70%, 15 min: 60%, and 18-20 min: 99%. Standard L-ascorbic acid
(vitamin C) solutions were prepared in 3% MPA and injected to a
HPLC column under the same chromatographic conditions as in
the samples (Gnayfeed et al., 2001).

2.2.2 Carotenoid analysis

A homogenized sample (2.5 g) was weighed into a crucible
mortar and crushed with quartz sand. Then, 20 mL of methanol was
gradually added with continuous crushing. The supernatant was
carefully decanted. The residue was continuously crushed with the
gradual addition of a mixture of methanol and dichloroethane
(10:50, v/v) and was poured into the flask along with the previous
one. Approximately 3-5 mL of deionized water was added to the
flask and shaken. Then, the sample was gently transferred into the
separator funnel for liquid-liquid partitioning. The higher solvent
layer containing the carotenoids was separated, and residual water
was removed through an anhydrous sodium sulfate (Na,SO,)
column. The Na,SO, column was then washed with 5 mL of
dichloroethane. The solvent was evaporated under vacuum (100-
150 mBar) at 40°C by a rotary evaporator (Biichi Rotavapor® R-
210/R-215, Switzerland) until dryness was achieved. The residue
was dissolved in 5 mL of acetone and filtered using a 0.45 um-pore
membrane filter to remove the suspended solids, then filled into the
brown (amber-colored) vial for further analysis. A Varian ProStar
HPLC system and UV detector controlled with Varian
Workstation®
465, and 456 nm wavelengths were used to extract and quantify the

software were used for the carotenoid analysis. 475,

peaks of lycopene, lutein, and b-carotene from the sample
chromatogram, respectively. In the analysis, Nucleodur C18 Isis, a
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3, 150/4.6 mm analytical column, and gradient flow with a flow rate
of 0.7 mL/min were applied. 10 pL of sample moved into the
column with the mobile phases of deionized water and acetone.
Eluting conditions expressed as a proportion of deionized water:
0.01-3 min: 20%, 8-12 min: 12%, 20-25 min: 7%, 28-30 min: 20%
(Abushita et al., 2000).

2.2.3 Tocopherol analysis

The same extraction protocol for carotenoids was used for the
tocopherol extractions. The extracted lipid fraction was saponified
by refluxing with 5 mL of 30% (w/v) KOH in methanol and 20 mL
of methanol for 35 min at the boiling point of methanol in the
presence of 0.5 mg of L-ascorbic acid. After cooling, 15 mL of a 20%
(w/v) NaCl solution was added, and the analogues of tocopherol
were extracted twice with 40 mL of n-hexane in a separator funnel.
The n-hexane fractions were washed twice with deionized water and
dried over an anhydrous Na,SO, column, and then the Na,SO,
column was washed with 5 mL of n-hexane. The solvent was
evaporated under vacuum (100-150 mBar) at 40°C by a rotary
evaporator until it reached dryness. The residue was dissolved in 5
mL of n-hexane and filtered with a 0.45 um pore-sized hydrophobic
membrane filter to remove the suspended solids, then filled into the
brown vial. In the analysis, a Waters HPLC system with a Waters
2695 Separations Module and a Waters 2475 Multi-L Fluorescence
Detector controlled with Empower Pro® software were used. The
detector wavelength was adjusted to 295 and 320 nm for excitation
and emission, respectively. In the analysis, Nucleosil 100 silica (5
mm), 250/4.6 mm analytical column, and isocratic elution with a
flow rate of 0.9 mL/min were applied. 10 pL of sample was injected
into the column with the mobile phases of n-hexane and absolute
ethanol (500: 3.5; v:v). In the evaluation of the results, B-tocopherol
in samples was quantified as y-tocopherol equivalent and used as
specified in further discussions (Abushita et al., 2000).

2.2.4 Brix analysis

For the analysis, 75 fruits taken from each line at the same
maturity and development period were passed through a blender.
The fruit juice was filtered with coarse filter paper, the fruit juice
taken from the filtrate was measured using a Kriiss brand
refractometer, and the Brix value was read. Experiments were set
up with three replicates and nine samples for each replicate.

2.2.5 Fruit firmness analysis

At the same development and maturity stage, 75 fruits were
collected from each mutant line and control fruits. They were
measured with a penetrometer with 5 replications and 15 fruits in
each replication. The evaluation of the collected data was done
according to Kader et al. (1978).

2.2.6 Total soluble solid analysis

Seventy five fruits were passed through the blender for both
the control and 16 selected mutant lines. Samples (5 g) were
placed in 6 cm-diameter Pyrex Petri dishes with three replications
and 10 samples for each replication. After measuring the wet
weights of the samples in tared petri dishes, they were kept in
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ovens at 105 + 1°C. Dry sample weights were determined for the
samples that were completely dried after 24 h, and the total dry
matter amount was calculated proportionally.

2.2.7 Yield experiments

A randomized experimental plot design with three repetitions
and 100 plants in each replicate was used to set up the yield
experiments. Fruits were weighed after gradual collection over the
same maturation time to compare the yield values of the mutant
lines and the control.

2.2.8 Statistical analysis

ANOVA and Duncan’s MRT were used to evaluate the
chromatographic results statistically in terms of variance analysis
between groups. Experiments were set up in a completely
randomized way. Data on vitamin C, carotenoids, and
tocopherols, fruit firmness, brix, total soluble solids, and yield
were evaluated by the ANOVA statistical program under
MINITAB software, and differences in groups were determined
with Duncan’s MRT program under MSTATC at the p = 0.01 level.

3 Results and discussion

Shelf-life properties are the main concern for the tomato
industry and consumers, even when the phytonutrient quality is
high. Since both properties are desired, their improvement is
essential in the mutation breeding process. For this purpose, field-
grown tomato seeds were irradiated to generate the different mutant
lines and then planted for selection. At the M, stage, all genetically
modified properties were stabilized and ready for physical and
phytonutrient characterization studies. With this purpose,
phytonutrient capacity analyses of mutant lines were investigated
by HPLC, and the results were then statistically evaluated. In
addition to chemical tests, yield, fruit hardness, brix content, and
total soluble solid content of chosen mutant lines and control plants
were assessed.

3.1 Tocopherol analysis

The extraction protocol of Abushita (2000) was applied to all
stored mutant tomato lines for the analysis of o-, B-, v-, 8-
tocopherols. After extraction, samples were immediately injected
to eliminate the decomposition loss. All chromatograms were
quantified, and the extraction results and their statistical
evaluations were presented in Table 1. Tocopherol (alpha) values
of 28 samples were higher than those of the control. While o-
tocopherol contents in mutant tomato lines ranged between under
level of detection (LOD)-3.04 mg/100g, B-, y-, and d-tocopherol
contents in mutant tomato lines ranged between under LOD-1.06
mg/100g and under LOD-0.10 mg/100g, respectively. However, the
values of o-, B-, V-, and 8-tocopherols in the control were 0.14, 0.55,
0.55, and 0.06 mg/100g, respectively (Table 1).
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TABLE 1 Pythonutrient capacity of 29 mutant and 1 control tomato samples quantified by HPLC.

Line lycopene [B-caro- lutein a-tocopherol [3- tocopherol Y- tocopherol 8- tocopherol Vitamin
Code (mg/100g) tene (mg/ (mg/1009) (mg/100q) (mg/100g) (mg/1009) C
(mg/ 1009) (mg/
100g) 1009)
control 1591 c-i 0.96 c-g 0.29 a 0.14 kl 0.55b 0.55b 7.57 kl
8-159 13.18 f+j 1.27 a-d 0.46 a 0.15 kI 1.05a 1.05a 0.03 a 0.00 r
8-135 24.72 be 1.36 abc 0.63a 0.16 kI 1.06 a 1.06 a 0.08 a 9.0 jk
8-50 17.73 b-h 0.69 e-i 033a 0.15 kI 0.92a 0.92a 0.10 a 238 pq
8-87 14.85 d-j 0.55 f-i 031a 0.69 jkl 0.00 ¢ 0.00 ¢ 0.02a 2.68 pq
8-55 2242 b-e 0.80 c-i 033a 0.001 0.00 ¢ 0.00 ¢ 0.00 a 18.75 gh
8-49 14.11 e- 0.68 e-i 0342 1.63 c-i 0.02 ¢ 0.02 ¢ 0.02a 2322 f
8-96 22.48 b-e 1.23 a-e 0.52a 1.61 c-i 0.01 ¢ 0.01 ¢ 0.02 a 18.87 gh
9-22 17.06 b-h 1.01 b-f 039a 2.06 b-e 0.02 ¢ 0.02 ¢ 0.00 a 4.33 m-p
8-127 33.10 a 1.65a 047 a 1.77 b-g 0.02 ¢ 0.02 ¢ 0.00 a 1151
8-208 23.28 bed 1.55 ab 037 a 2.16 bed 0.06 ¢ 0.06 ¢ 0.02a 32.53 ¢
8-39 14.47 d-j 0.57 f-i 022a 1.01 g-j 0.05 ¢ 0.05 ¢ 0.00 a 223 q
8-86 17.78 b-h 0.78 d-i 038 a 1.97 b-f 0.05 ¢ 0.05 ¢ 0.04 a 34.46 b
8-89 18.77 b-g 0.69 e-i 031 a 1.69 c-h 0.05 ¢ 0.05 ¢ 0.03 a 2741 e
9-31 13.10 047 f-i 023a 257 ab 021 ¢ 021 ¢ 0.03 a 10.46 ij
8-52 18.70 b-g 0.89 c-h 029 a 3.04a 0.12 ¢ 0.12 ¢ 0.00 a 4.98 m-o
8-35 9.64 hij 0.57 f-i 021a 245 abc 0.18 ¢ 0.18 ¢ 0.04 a 5.88 Im
9-13 10.12 g+ 0.37 hi 0.12a 117 £ 0.19 ¢ 0.19 ¢ 0.03 a 196 g
8-88 19.82 b-f 0.98 c-g 042 a 1.85 b-g 0.01 ¢ 0.01 ¢ 0.00 a 3.05 0-q
8-90 25.88 ab 0.75 d-i 044 a 1.94 b-f 0.01 ¢ 0.01 ¢ 0.00 a 37.34a
8-43 7.39 ij 033 hi 0.14a 0.88 h-k 0.05 ¢ 0.05 ¢ 0.00v 25.03 f
8-60 1121 f§ 051 f-i 020 a 1.25 e-j 0.07 ¢ 0.07 ¢ 0.00 a 29.55d
8-82 9.81 g-j 0.51 f-i 0.15a 1.22 e-j 0.11 ¢ 0.11 ¢ 0.00 a 3045 d
8-66 17.54 b-h 0.61 f-i 022a L1 £ 0.07 ¢ 0.07 ¢ 0.00 a 29.62d
8-33 20.07 b-f 1.29 a-d 034a L1 £ 0.03 ¢ 0.03 ¢ 0.04 a 4.99 m-o
8-42 6.235 0.25 i 033a 0.78 i-l 0.04 ¢ 0.04 ¢ 0.02a 23.98 f
8-56 10.79 g-j 041 g-i 0.17 a 112 £ 0.09 ¢ 0.09 ¢ 0.02 a 5.16 mn
8-91 12.66 f- 0.58 f-i 0.18a 0.89 h-k 0.05 ¢ 0.05 ¢ 0.03 a 3.79 n-q
9-21 13.60 e-j 0.66 f-i 0.17 a 1.38 d-j 0.17 ¢ 0.17 ¢ 0.02a 1724 h
8-13 594 j 0.67 e-1 0.11a 2.19 bed 0.19 ¢ 0.19 ¢ 0.04 a 419 m-q
Sx 2598 0.1664 0.866 0.2540 0.1950 0.010 0.01 0.610

*Five replications with 15 fruits were sampled for each mutant line. After the fruits went through the blender for uniform sampling, the samples were combined. From each mutant’s sample, three

distinct homogenous samples were extracted. Each extracted sample was injected into HPLC three times. The nine averages obtained for each mutant line were used for statistical analysis.
Different letters determined the differences between means according to (p<0,01) the results of DUNCAN test. The bold letters denote the important line.

In the o-tocopherol analysis, 8-52 was found to have the highest
content when compared with the other lines and control (0.14 mg/
100 g), forming about 3.04 mg/100 g of the edible portion. In
addition, statistically significant differences were determined. 9-31
and 8-35 mutant lines were the next higher lines, with
phytonutrient capacities of 2.57 and 2.45 mg/100 g, respectively.
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05

- tocopherol and y- tocopherol analysis results were compared
with the control (0.55 mg/100 g), mutant lines of 8-135 (1.06 mg/
100 g), 8-159 (1.05 mg/100 g), and 8-50 (0.92 mg/100 g) were found
to be the highest content mutant lines, respectively. Mutant lines
were significantly different when compared with the control
(p<0.01). However, these results are statistically insignificant
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when compared between lines. When &- tocopherol results were
evaluated statistically, the differences between the results revealed
that either mutant lines or control line were insignificant (p>0.01).
This result indicated that tomato lines with different characteristics
(either positive or negative) were generated by radiation-
induced mutation.

3.2 Carotenoid analysis

Mutant tomato lines and control were analyzed by HPLC to
better understand the improvement in the carotenoid contents. In
this regard, all lines stored at -80°C were taken to extraction. After
extraction, samples were introduced to the HPLC system, and
results were summarized in Table 1. As could be seen from
Table 1, the lutein, B-carotene, and lycopene content values of the
control were 0.29, 0.96, and 15.91 mg/100 g of edible portion,
respectively. However, the lutein, B-carotene, and lycopene content
values of mutant tomato lines were in the range of 0.11-0.47, 0.25-
1.65, and 5.94-33.10 mg/100g of edible portion, respectively. The
carotenoid values of mutant lines of 17 of 29, 8 of 29, and 14 of 29
were compared with the control and were found to be higher values
for lutein, B-carotene, and lycopene, respectively. In Table 1, the
highest lycopene content of 33.10 mg/100 g of edible portion was
obtained at the 8-127 mutant line, which was more than twofold
that of the control, whereas the control was 15.91 mg/100 g of edible
portion. This mutant line also contained the highest content of -
carotene, which was about 1.65 mg/100g of edible portion. A
significant difference was found at the mutant 8-127 line. The
highest lycopene content was recorded in mutant lines 8-127
followed by 8-90 and 8-135. In contrast, the lowest lycopene
content was recorded in mutant lines 8-13 (5.94 mg/100g of
edible portion). Lutein results were evaluated statistically and the
differences between the results in both mutant lines and control
were found to be insignificant (Table 1). Petrov et al. (2013),
Tomlekova et al. (2009b) and Tomlekova et al. (2021) obtained
the same results on mutant pepper lines. On tomato mutant lines
that were examined for P-carotene capacity, results showed the
induced mutant lines have higher B-carotene content than control
(Tomlekova et al., 2014).

3.3 Vitamin C analysis

Vitamin C, analyzed by HPLC is one of the important major
phytonutrients in tomato. As it is well known, vitamin C is very
sensitive to daylight and oxygen. Therefore, the vitamin C
extraction and analysis period must be kept as short as possible.
The result of the ASE method utilized for vitamin C extraction
demonstrated that it had a faster extraction time than any other
extraction technique and significantly more stable vitamin C in
aqueous solution. The total elapsed time from the beginning to the
extraction and end of the analysis was about 30 minutes, with a
recovery rate of 97%. On the other hand, to differentiate and
quantify the L-ascorbic acid and the dehydroascorbic acid,
standard solutions of both acids were injected separately. But
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each peak was at the same retention time (3.41 min.) and both
overlapped. In the calculation of total vitamin C content, L-ascorbic
acid and dehydroascorbic acid were taken into account together and
added to the other quantities (Llyod et al., 1987). Therefore, the
peak extracted at 243.8 nm at the retention time of 3.41 min was
assumed to be the total vitamin C content containing both acid
quantities (Table 1). Vitamin C content in mutant tomato lines was
found to range between under LOD and 37.34 mg/100 g, while in
control it was 7.57 mg/100g of edible portion. On the other hand,
the world average of vitamin C content in tomato is in the range of
10-20 mg/100 g of edible portion (Rucker et al., 2001). The result
demonstrated that new varieties above control and the world
average were generated by radiation-induced mutations. In
Table 1, statistical significance with control was revealed by
mutants, and it was found that 8-90 had the highest vitamin C
content of 37.34 mg/100 g of edible portion, whereas control was
7.57 mg/100 g of edible portion. It was higher than the other mutant
lines. It was also found that their statistical differences were
significant. Mutant lines 8-86 and 8-208 were the next higher
mutant lines, with 34.46 and 32.53 mg/100 g of edible portion,
respectively. The differences between control and mutant lines were
significant in terms of vitamin C content (Table 1). The tomato
variety known as Co3 (MVD, 2023), which was created and
registered through mutation breeding, has high values in terms of
vitamin C content, according to an examination of the IAEA’s
mutant variety database. As a result, it is clear that it is a useful tool
because of the sensitivity of tomato to mutation to increase the
nutritional content.

After calculation of the phytonutrient contents of mutant lines and
controls, the values of control and highest content were summarized in
Table 2. An improvement in the phytonutrient capacity was achieved
through radiation-induced mutation presented in Table 2. In addition,
the number of positive and negative variations was also determined
and shown in Figure 1. In Figure 1, some of the 29 mutant lines had
higher and some had lower variations than the control. Wang et al.
(2022) reported that the expected vitamin C and lycopene content for a
standard tomato variety should be 12.7 mg/100 g and 20.54 mg/100 g,
respectively. In this study, it was determined that these values were
37.34 mg/100 g and 33.10 mg/100 g, respectively, in mutant lines
developed after mutation breeding (Table 3). This was the nature of
radiation-induced mutation breeding. Because radiation randomly

TABLE 2 Enhancement of the phytonutrient capacity of mutant lines.

Phytonutrient Control Highest level in Fold -
(mg/1009) Mutant Lines increase
(mg/100 g)

Vitamin C 7.57 37.34 493
Lutein 0.29 0.63 2.17
B-carotene 0.96 1.65 1.72
Lycopene 1591 33.10 2.08
a-tocopherol 0.14 3.04 21.71
Total tocopherol 0.55 1.06 1.93
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FIGURE 1
Number of negative and positive deviation of phytonutrient contents from control sample at M, stage.

interacts with genes and generates different varieties of mutant lines  control. No mutant line found exceeded the limit of the control sample
(Novak and Brunner, 1992; Tomlekova et al,, 2014). 16 lines were  for the amount of total soluble solid content.

chosen after the 29 lines' phytonutrient content was examined. Fruit A total of 26 mutant varieties that have been reported in the
hardness, yield, Brix, and the total soluble solids ratio were assessed in ~ online IAEA database (MVD, 2023) have been developed and
these 16 lines. According to Table 3, line 9-21 performed best in terms ~ registered, according to studies on tomato breeding by induced
of fruit hardness and Brix, although its Brix content was lower than that ~ mutation. It becomes clear that traits like yield (cv. Lunch 1, S12,
of the control. Fruit yield and fruit firmness were distinguishing  and Pusa Lal Meeruti, Bahar, Binatomato-13), transportation (fruit
characteristics of Line 9-22. The highest yield values were seen on  firmness) (cv. PKM1), total soluble solid (cv. Giron 50), fruit quality
mutant lines 8-127 and 8-135 compared to all other lines and the  (cv. Magine), disease tolerance (cv. Ryugyoku and Kagyoku),

TABLE 3 Yield, fruit firmness, brix and dry matter content results of 16 selected M4 stage mutants and control.

Lines Yield (kg) Fruit Firmness Brix Total Soluble Solid (%)
Control 741 e 5.159 i 6a 6.017 a
8-208 283 q 5.204 hi 488 i 4.803 def
8-135 1023 a 5.632 fgh 5.33 de 53 cd
8-159 311 p 6.174 cde 528 ef 5.137 cdef
8-127 946 b 6.397 ¢ 5.5 be 5.23 cde
9-31 676 i 8.789 a 56b 5.417 be
8-33 5411 6.137 cde 4.96 hi 5.170 cdef
9-34 454 m 5.344 hi 5.5 be 5.293 cd
8-50 627 j 6.330 cd 5h 4723 ef
8-55 678 h 5.637 fgh 52 fg 5.843 ab
8-88 740 f 5.445 ghi 5.5 be 5.073 cdef
8-90 565 k 5.922 def 513 g 5.810 ab
8-96 803 d 5.792 efg 5.6b 4.687 f
9-13 442 n 6.561 ¢ 5.23 efg 5.510 be
9-21 685 g 7.622 b 6.03 a 5.29 cd
9-22 855 ¢ 7.686 b 5.4 cd 5.127 cdef
9-24 4310 6.171 cde 55 be 5493 bc

*Different letters determine the differences between means according to (p<0,01) the results of DUNCAN test. The bold letters denote the important line.
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drought tolerance (cv. Domi and Maybel), heath stress (cv. Summer
King), Brix (cv. Giron 50 and Summer Star) (and earliness (cv.
Lufangie 7) are enhanced by mutation breeding (MVD, 2023; Sarsu
et al., 2023), which is an efficient breeding technique in this regard.

Levin et al. (2006) reported that there are so many number of
photomorphogenic mutants in tomato. These mutants have higher
pigmentation capacity than wild types. Also all these mutants have
higher level of carotenoids especially lycopene (Dono et al., 2022).
In tomato breeding studies, it has been found that breeding
materials with greater phytonutrient contents (such as lycopene
and betacarotene) are better able to assess biotic and abiotic stress
situations, and as a result, their yield value is higher (Cebolla-
Cornejo et al., 2013; Hanson, 2016). The results of this research,
whose conclusions we have reported, also show a similar parallelism
with these investigations.

4 Conclusions

In this study, M,-stage mutant lines were analyzed for the
determination of phytonutrient capacity by using an HPLC system
with different types of detectors depending on the analyses (vitamin
C, carotenoids, and tocopherols).The results showed that the induced
mutation resulted in some variations in the phytonutrient capacity
and other quality and yield parameters of mutant tomato lines. And
also, an improvement was observed in the mutant lines when
compared with the control. The average nutrient capacity was
rather above the standard control. Eleven mutant lines were
discovered to be significantly different from the control in terms of
these eight phytonutrients, with the exception of lutein and delta
tokoferol. The results showed that for the other quality
characteristics, the eleven mutant lines performed better than the
control and other selected lines. In mutation breeding studies, it is
desired that all improvements in the physical and phytonutrient
capacity of fruit be collected on a single genotype as much as possible.
In this regard, it was considered that 9-22, 8-55, 8-135, and 8-127
were the most promising mutant lines to commercialize among the
mutant lines. The findings of the research reported here and the
studies on tomatoes so far demonstrate that mutation breeding is a
successful tool, particularly for enhancing plant nutrients as well as
yield metrics for tomatoes.
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