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The article presents the variability in mutant generations of amaranth seed (Amaranthus hopochonacdrius L.) using different doses
of gamma radiation. The negative effect of gamma irradiation on amaranth field germination plants of M1 was proved, which
decreased with an increase in the mutagen dose (on average, it was 58-50% in the control variant, 49-55, and 2-3% respectively).
Plants M1, which grew from seeds treated with mutagen, were characterized by moderate and significant depression of growth
processes (a decrease in plant height and panicle length by an average of 10-15 cm compared to the control). Doses of gamma
radiation of 400 and 700 Gy induced chlorophyll changes (Albina type), which led to a complete disruption of chlorophyll synthesis
in plants. Gamma irradiation has been established to be one of the powerful factors that can significantly change the characteristics
of amaranth plants. The changes are manifested in the form of non-hereditary morphoses M1 and mutant plants of M2 and M3
generations. Mutants were isolated in the studied amaranth varieties with increased seed productivity (by weight 1000 and by
weight of seeds from a panicle, they exceeded the control by 0.07-0.12 g and 1.11 g, respectively). Mutations in the cultivars
studied under the influence of gamma irradiation (150 Gy) can be used as marker traits when mutating amaranth.
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Introduction

Mutations are the primary material for the natural selection and evolution of species. The mutational process saturates populations
with numerous changes, because of which such populations carry vast reserves of latent hereditary variability and maintain the
plasticity of the species, adaptability to unfavorable environmental conditions. A. Nadson and G. S. Filippov carried out the first
successful attempt to use radiation to obtain mutations in 1925 in fungi (Vasko et al., 2015; Nadson, 1920). However, the genetics
of fungi (yeast) was not studied at all, so the authors could not prove that the selection of forms they made is based on the
induction of hereditary mutations. World practice shows that most mutant varieties are created using physical mutagens (Vasko et
al., 2015; Vasilkivsky et al., 2012; Kozachenko, 2010). The most convincing mutagenic effect of X-ray radiation was demonstrated
by G. Maller (1926) using the example of Drosophila, L. Stadler (1928) on barley and corn, L. Delone (1957), and A. A. Sapegin
(1925)-on wheat. However, radiation selection began to develop only after available radiation sources (mainly X-rays, y-radiation)
appeared.

However, the lack of sufficient information on the effect of gamma irradiation on the variability of traits in amaranth mutant
generations now remains insufficiently studied (Goptsiy, 1999; Kapravius, 1997; Gupta, 1996; Greizerstein, 1992). Therefore, the
aim was to study the effect of gamma radiation optimally doze on the genetic effects after exposure to a mutagen on amaranth
seeds.

Materials and Methods

The experiments were carried out on the experimental fields of the V.V. Dokuchaev Kharkiv National Agrarian University in 2016
2018 2020. The starting material was three varieties of the amaranth A. hupochondriacus: Sam (AS No. 1474, 2001), Kharkiv-1,
Student (AS No. 03157, 2003). The seeds were exposed to gamma radiation. Source-Co60. Doses: 15, 30, 40, 150, 400, and 700
Gy. Place of processing-NSC Institute of Metrology. Installation-DETU 12-05-02. Irradiation conditions: ambient air temperature-12-
13°, relative air humidity-82%, atmospheric pressure-994 hPa, volumetric heterogeneity of the absorbed dose in the sample no
more than + 15%, absorbed dose rate 0.2-0.5 kGy/h, the method of irradiation is continuous under conditions of free penetration of
air into the irradiated sample from all sides. As a control, we used dry seeds of amaranth varieties Student, Kharkiv-1, and Sam
without treatment.

Each variant of the irradiated seeds was seeded in separate rows 1 m long, 10 rows per plot. In each variant M1, 100 plants were
self-pollinated. The seeds collected from the self-pollinated plants were sown individually in single-row plots, 20 plants per row. In
each family of M2, three to five plants were self-pollinated. The seeds of the self-pollinated plants were seeded in separate rows, 20
plants per row. Only morphologically altered plants were self-pollinated in the M3 family. Sowing was carried out manually at the
optimal time (second or third decade of May); the predecessor was winter wheat. The collection of mutant plants in the
experimental plots was carried out by cutting and threshing by hand threshing into separate bags (Kozachenko, 2010; Goptsiy,
1999). We used the classification of mutations proposed by V.V. Morgun and V.F. Logvinenko (Morgun, 1995).
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We studied the nature of the variability of quantitative (mass of seeds per panicle, the mass of 1000 seeds), biometric (plant height,
panicle length), morphological (change in color of panicle, seeds, leaf shape) characteristics of amaranth varieties during the
growing season. Observation, registration, and biometric measurements were carried out according to the "Methodology for the
examination of amaranth varieties (Amaranthus L.) for difference, uniformity, and stability" (International Union for the protection
of new varieties of plants, 2008), the weight of seeds from one panicle and the weight of 1000 seeds was determined according to
the State Standard GOST 2949-94 (Agricultural seeds, 1996).

Results

Features of the growth and development of amaranth varieties under gamma irradiation influence in M1 M3.

The main most reliable criteria for plant sensitivity to mutagenic action are laboratory and field germination of seeds, plant survival,
and the degree of inhibition of the growth of seedlings and adult plants. On amaranth varieties of A. Aupohondriacus Student,
Kharkiv-1, Sam, a decrease in field germination and plant survival in M1 was found, which occurred under the influence of gamma
rays as a result of an increase in radiation dose. Field germination averaged in the control variant 50-58%, under the influence of a
dose of 15 Gy 49-55%, 400 Gy 2-3% depending on the variety. The plant survival rate on average for the variants was 75-78% (15
Gy), 50-55% (150 Gy), compared to the control-78-80% (Fig. 1) (Gudym, 2014).
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Fig. 1. The effect of gamma irradiation on the field germination of amaranth seeds varieties in M1. 1) The difference with the
control is significant at P <0.05.

The M1 plants obtained from the seeds treated with mutagens were characterized by a moderate and significant depression of the
growth processes. The height of the plants in the treatment options decreased on average of 10-14 cm, the length of the panicle by
15 cm, and the weight of seeds per panicle by 1 to 3 g compared to the control, depending on the variety.

The growth and development of second-generation plants were characterized by a reduction in quantitative traits due to exposure
to gamma radiation. Plant height in M2 was lower in all variants of mutagen treatment as compared to the control. Student variety
in the variant without treatment (control) was 155 cm and at a dose of 150 g-145 cm. In the Kharkiv-1 and Sam, the plant
decreased by 5-13 cm, increasing the radiation dose, respectively (Table 1). The growth and development of plants M3, as well as
M1 and M2, was characterized by depression of the traits studied traits because of exposure to gamma radiation.

Table 1. The effect of gamma irradiation on the change in biometric parameters in amaranth plants in M1-M3

Mut. Student Kharkiv-1 Sam
eneratio i i i i i i
g Varian Plant Panicl Seed's Weigh Plant Panicl Seed's Weigh Plant Panicl Seed's Weigh
: t heigh weight 1990 Leight © weight t1990 oight © weight t 1000
9 length 9 seeds, 9 length 9 seeds, 9 length 9 seeds,
tcm cm 'r9 s CM r9 s CM r9
’ g s CM g s CM g
Control 145 30 4 0.81 143 35 5 0.83 142 33 4.5 0.79
15Gy 142 27 3.5 0.8 141 31 4.5 0.81 138 30 3.7 0.77
30 Gy. 140 25 3.8 0.74 138 28 3.5 0.76 136 29 3.4 0.72
M1
40 Gy 138 22 3 0.72 136 25 3 0.74 132 25 2.8 0.71
150 Gy 135 19 2.4 0.7 130 21 2.5 0.71 128 22 2.5 0.67
V+ 22+ 98+ 11,5+ 159+ 25+ 11.8+ 223+ 158+ 28= 12.1+ 148+ 16,5+
Sv,% 04 1.3 1.5 1.1 1.1 1.5 1.6 1.1 1.0 1.2 1.0 1.2
Control 155 40 4.5 0.81 153 45 5 0.83 152 43 5.5 0.8
15Gy 152 37 4.3 0.8 151 41 45 0.81 148 40 4.7 0.78
M2 30 Gy. 150 35 4 0.74 148 38 3.5 0.76 146 39 4.4 0.74
40 Gy 148 32 3.5 0.71 146 35 3 0.74 142 35 3.5 0.71
150 Gy 145 29 3 0.7 140 31 2.5 0.71 138 32 3.1 0.69
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M3

vV 48+ 148+ 185+ 168+ 45+ 136+ 213+ 163+ 47+ 128+ 135+ 16.8=%

Sv,% 1.0 1.2 1.3 1.0 1.2 1.6 1.4 1.2 1.0 1.1 0.9 1.2
Control 175 50 55 0.82 173 55 6 0.85 172 53 6.5 0.83
15Gy 172 47 53 0.8 171 51 5.5 0.82 168 50 5.7 0.8
30Gy. 170 45 5 0.75 168 48 4.5 0.78 166 49 5.4 0.76
40Gy 168 42 4.5 0.72 166 45 4 0.75 162 45 4.5 0.73
150 Gy 165 39 4 0.7 160 41 3.5 0.71 158 42 4.1 0.69
vV 42+ 95+ 118+ 134+ 49+ 99+ 144+ 181+ 41+ 193+ 137+ 125+
Sv,% 0.8 1.2 0.9 0.9 0.7 1.5 1.0 1.1 1.1 14 0.9 0.9

The effect of gamma irradiation on the phenotypic variability of traits in amaranth varieties in M1-M3.

As a result of irradiation in the generation of morphoses were obtained, associated with changes in the morphology of amaranth
plants (Fig. 2). The morphological changes identified in the mutant generations of amaranth plants were divided into three groups:
chlorophyll, morphological, and economically valuable. Each of these types was induced by specific doses of radiation. The highest
percentage of chlorophyll changes (84-92%) was manifested under the influence of 400 and 700 Gy; morphological changes were
induced by lower doses of radiation (30, 40, 150 Gy) and were in the range of 3.8-20.0%, depending on the variety. Changes in
economically valuable traits occurred under the influence of doses of 15 and 150 Gy and varied between 3.3 and 9.0% depending
on the variety (Gudym, 2015).

Fig. 2. Types of morphoses identified in the studied amaranth varieties amaranth under the influence of gamma irradiation in M1:
1) Branching of the main stem at the bottom; 2) Bifurcation of the panicle; 3) Fasciation of the panicle; 4) Change of color of the
panicle; 5) Branching of the main stem in the upper part; 6) Branching of the panicle; 7, 8) Change of the shape of the panicle.
Doses of gamma radiation of 400 and 700 Gy induced chlorophyll changes (Albina type), which led to a complete disruption of
chlorophyll synthesis in plants. The highest number of plants with chlorophyll changes was obtained after treatment with a dose of
700 Gy, 87% for Student's variety, 92% for Kharkiv-1 variety, and 90% for Sam variety (Table 2).

Table 2. The total frequency of the main types of altered plants induced by gamma radiation in M1.

Variety

Student Krarkiv-1 Sam
Variant

Contro 15 30 40 150 400 700 Contro 15 30 40 150 400 700 Contro 15 30 40 150 400 700

| Gy Gy Gy Gy Gy Gy | Gy Gy Gy Gy Gy Gy | Gy Gy Gy Gy Gy Gy
Total 5 5 6 7
frequency of 06 O. 8l 11, 30. 54. 87. 03 2. 2' 17. 35. 59. 92. 06 2. 6. 16. 41. 58 90
modified ' n g 8Y 5Y 0Y ob ™ 3.5 22 0Y o? o? 9 4, 2V 7v b D
plants, %
LSDgs 4.3 5 4.9
Chlorophyll, 2. 50 80 54. 87. 1. 7.0 10. 59. 92 2. 80 12. 58. 90,
% - - o Y 1) oY ob ° - o v oY oY ob ° b 0o v ov oY oV
LSDgs 2.3 2.4 2.3
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2. 3. 2. 5. 2. 5.

Morphologica 6.8 17. 7.5 19 8.8 20.

0.3 0 8 - - 0.3 3 2 - - 0.6 9 6 -
l, % 0 1 1) 5 1) DD 1) 0 1) D D 1) 0 1)
LSDgs 1.6 1.7 1.7

. 3.

Economically 0.3 3 . 50 i ) 27 60 ) ) o 9.7
valuable, % n b R Y
LSDgs 0.9 0.9 0.9

Note: 1)-the difference with the control is significant at P <0.05.

Table 3. Groups of plant changes induced by gamma irradiation in amaranth varieties in M2

Variety
Student Krarkiv-1 Sam

Groups of changes in

plants Control 15 30 40 150 Con 15 30 40 150 Con 15 30 40 .
Gy Gy Gy Gy ¢trol Gy Gy Gy Gy trol Gy Gy Gy

Stem changes, % 0.3 1.3 28 34 105 03 1.0 35 43 10.7 - 1.3 3.0 34 120

Leaf changes, % - - - - - - - - - 5.0 - - - - -

Panicle changes, % 0.3 03 38 46 113 - - - 35 11.0 - - - 3.7 115

Seeds changes, % - - - 07 3.0 - - - - - - - - 06 3.3

Physiological ~ changes 33 - i ) ) ) ) ) ) ) ) ) ) )

(early maturity), %

x 0.3 13 12 12 32 03 10 12 15 445 00 065 1.4 158 4.51
0.05 0.25 0.23 0.22 049 0.01 0.18 026 03 076 0.0 0.09 0.15 0.36 0.62

V, % 16.7 48.4 53.8 59.5 629 10.2 186 227 26.1 761 0.0 33.1 335 33.8 554

Changes in the M2 morphology of roots, stems, leaves, panicles, seeds, as well as changes in vegetation lines, were observed. The
selected changes were found in the amaranth varieties with different frequencies depending on the variety and

radiation dose. Changes were observed in the student variety's mutational populations: stems in 6.3-7.7% of plants at a dose of
150 Gy, panicles in 1.6% at 40 Gy, and 5.0% at 150 Gy; seeds in 4.0% at 150 Gy. 3.3% of plants in the treatment variant with a
dose of 15 Gy turned out to be maturing earlier. In mutant populations of the Kharkiv-1 variety, the following changes were
observed: stems in 7.0-9.0% at a dose of 150 Gy, panicles in 2.3-6.0% under the influence of a dose of 150 Gy, leaves in 5.0% of
plants at a dose of 150 gr. Changes were identified in mutant populations of the Sam variety: stems in 9.0% in the variant of
treatment with a dose of 150 Gy, panicles in 3.6-8.3% at 150 Gy, seeds in 4.0% at 150 Gy (Table 3).

All M3 varieties showed the same morphological mutations as in M2, but there were fewer of them in M3, especially changes in the
root and stem. Analysis of the spectrum and frequency of mutations in M3 plants showed a decrease in the number of altered plant
groups and their number in mutant populations. Thus, in the Student variety in M2 in the variant with a dose of 150 Gy, plants with
a change in panicle color were 5.0%, while in M3 they were in 3.3% of plants, the number of plants with seed mutations decreased
by 2% (from 4 to 2%). Physiological mutations were identified 1.0-3.0% (with 1.7-3.3% in M2) (Fig. 3) (Gudym et al., 2016).
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Student’s Krarkiv-1 Sam

|Ic°m:m1 15Gy 40Gy 150Gy | Control 40Gy 150 Gy | Control 40 Gy 1soG)T|

W Leaf changes % M Panicle changes, % M Seeds changes, % DPhysiological changes (early maturity), %

Fig. 3. Frequency of mutations in amaranth cultivars induced by various doses of gamma irradiation in M3.

Mutants induced by the 150 Gy irradiation dose of 150 Gy were characterized by an increase in quantitative traits indices in the
studied cultivars under the influence of gamma irradiation. In particular, in the Student variety, three plants were identified: two
with an increased weight of 1000 seeds (0.89 g, 0.95 g), one with an increased weight of seeds from one panicle (7.15 g), which
exceeded the control by 0.07, 0.13, and 1.11 g, respectively. In the Kharkiv-1 variety, two plants were isolated that exceeded the
control: one by the weight of 1000 seeds (by 0.04 g) and one by the length of the panicle (by 5 cm). In the Sam variety, three
plants were identified: one exceeded the control in plant height (by 8 cm), one in panicle length (by 12 cm), and one plant with an
increased weight of 1000 seeds (by 0.12 g) compared to the control (Fig. 4).

g T T T

7 i e
| Control  Mutant Mutant Mutant ‘ Control Mutant Mutant | Control Mutant  Mutant |
Student’s ‘ Krarkiv-1 | Sam

0,851 o ~6,5

® Seed’s weight, g = Weight 1000 seeds. g Panicle leagth, cm

Fig. 4. Characteristics of M3 mutants induced by gamma irradiation, according to the change in biometric parameters. 1) the
difference with the control is significant at P < 0.05.

Furthermore, mutations were isolated in the studied varieties under the influence of gamma irradiation, which can be used as
marker traits. In particular, the Student variety has a red panicle color, the Kharkiv-1 variety has corrugated leaves and pink panicle
tips, and the Sam variety has a pink panicle color.

Based on the studies carried out, mutant lines were isolated, which are a valuable starting material for amaranth breeding. Three
forms from the Student variety were selected: one was an early maturing form induced by a dose of 15 Gy, and two from the action
of a dose of 150 Gy-one with a red panicle, the other with black seeds. In the Kharkiv-1 variety, mutations were identified when
treated with a dose of 150 Gy: a corrugated leaf shape and a pink panicle. In the Sam variety, a dose of 150 Gy contributed to the
formation of the following changes: black seeds, a green panicle. The created mutant forms were transferred to the National Center
for Plant Genetic Resources of Ukraine and can be used in the breeding process.

Discussion

According to T. I. Goptsiy, in the case of gamma-ray treatment, as found in A. Aybridus (15 kR), the convergence was expected,
and, in terms of similarity, the research variants even exceeded the control ones. However, after a week, the situation of irradiation
led to a significant death of externally typical plants (Goptsiy, 1999). According to V.V. Kapraviy, depression in the growth of
amaranth plants is directly related to gamma irradiation. The stronger the depression in the growth of plants, the more they die. A
twofold decrease in M1 plants' height compared to the control increases their death by the same amount (Kapraviy, 1997).

Studies of the variability of morphological traits carried out by Hauptli and Jain have shown that grain amaranth species harvested
from their centers of origin (South and Central America) are characterized by a relatively high degree of homozygosity (Hauptli and
Jain, 1980; 1984). T.I. Goptsiy and A.N. Krivoruchenko found that irradiation at a dose of 30 kR given A. Aybridus reduced the
length of the roots compared to the control by 3.0 and 1.7 times. In the variants with the usage of gamma radiation at doses of 30
and 40 Kp in A. hybridus plants under field conditions, the development of the taproot stopped, the root became thicker, and the
plant began to spread (Goptsiy, Krivoruchenko, 2003).

Through the usage of mutagenesis, V. P. Holovin and B. A. Nedilko (1995) received one mutation (compact brush) in the Donetskii
variety, a tall mutation in the amaranth salad line, and a mutation in the caudate amaranth, based on which the amaranth medical
and food directional variety Herculesik was created. T.I. Goptsiy and the staff of Genetics, Breeding and Seed Production
Department, V.V. Dokuchaev Kharkiv National Agrarian University, using mutagenesis, created the Ultra variety, which is
characterized by ideal evenness, the short stature of 90-95 cm, early maturity (the length of the growing season is 90-95 days)
(Goptsiy et al., 2018).
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Conclusion

In summary of the results of our studies, the optimal mutagenic dose of seed treatment was determined in A. hypochondriacus
amaranth varieties in 150 Gy, which promoted the expansion of the spectrum and frequency of induced mutational variability and
the production of lines with valuable characteristics in terms of breeding. The phenotypic variability of amaranth varieties has been
proven, and mutations have been obtained under the influence of gamma radiation, which can be used as marker signs when
breeding this culture.

Mutant lines with an increased weight of 1000 seeds and a weight of seeds from one panicle were isolated, which constitute a
valuable starting material for breeding. The expediency of using radiation mutagenesis in amaranth to obtain mutants with altered
parameters of valuable economic traits necessary to expand the spectrum of the initial material in the breeding of this culture has
been substantiated.
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