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Abstract

Uhr, Z., Dimitrov, E., Chipilski, R., Angelova, T., Christov, N. K., Tsonev, S. & Todorovska, E. (2026). Introducing 
useful genetic variation in Bulgarian hexaploid wheat (cv. Fermer) through radiation mutagenesis approach. Bulg. 
J. Agric. Sci., 32(1), 159–172

Mutation is an effective strategy not only for creating novel variation into crop genome, but also for direct releasing 
adapted and high-yielding genotypes. In this study, radiation induced mutagenesis (gamma rays of 200 and 250 Gy) was 
applied, to develop new mutant lines of Bulgarian wheat cv. Fermer with improved agronomic characteristics, focused on 
higher biotic and abiotic stress tolerance, and bread making quality traits. The selection was carried out in the second season 
(M2-M4), according to morpho-physiological and yield characteristics: plant height; spike length; grain yield per spike and 
disease tolerance. Backcross of highly susceptible to P. graminis mutant plants (M2 generation) with parental genotype – 
cv. Fermer was performed for purifying selection of the mutant phenotype. In M 5, for the first year, the yield is monitored 
in a control experiment (10 m2 in 1 replication). By monitoring the traits of plant height, resistance to some economically 
important diseases and bread making quality traits. The reported studies are carried out in M5, when it is expected that we 
have conducted sufficiently long selection on the traits. The selected mutant lines (M5 generation) showed clear phenotype 
variations, including low and high plant height. For the complete evaluation, a physiological assessment was carried out, 
including chlorophyll content index (CCI) and photosynthesis activity measurements. Technological assessment for grain 
(sedimentation value; grain vitreousness; fermentation number; crude protein; wet gluten content; gluten release ; dry luten) 
and bread, and making strong index. Phytopathological evaluation was performed to establish the resistance of the mutant 
lines to economically important diseases (leaf rust (Puccinia recondite f.sp. tritici), yellow rust (Puccinia striiformis f.sp. 
tritici), powdery mildew (Blumeria graminis f. sp. tritici), septoria (Septoria tritici). The study confirms the usefulness of 
radiation induced mutagenesis as a promising tool to improve important agronomic traits in wheat. The obtained results 
highlighted the importance of these doses of applied mutagens to induce useful genetic variability in bread wheat, for im-
proving grain yield and contributing. 

The molecular characterization of M5 lines using SSR and other DNA markers identified mutant alleles in some of the 
selected lines, thus confirming that the observed phenotype differences reflect the changes at DNA level. Taken together, the 
presented results demonstrate that the applied doses of Gamma ray induced useful variation in wheat cv. Fermer at both phe-
notype and DNA level. Some of the mutant M5 lines showed improved agronomic and technological traits.
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Introduction

Bread wheat (Triticum aestivum L.), a major source of 
daily caloric intake, is grown in more than 60 countries on 
221.86 million ha, with an annual production of 775.8 mil-
lion metric tons (https://apps.fas.usda.gov/psdonline/circu-
lars/production.pdf) during 2020 – 2021. The most cultivat-
ed wheat is allohexaploid (2n = 6x, AABBDD) that harbors a 
large genome of the size ~17 Gb (Arumuganathan and Earle, 
1991), and was originated recently through polyploidization 
and hybridization of Triticum turgidum (tetraploid, AABB 
genome) and Aegilops tauschii (diploid, DD genome) (Mar-
cussen et al., 2014). Wheat production plays an important 
role in food supply both today and in the future, but this sec-
tor is highly sensitive to climate and environmental changes 
(Semenov and Stratonovich, 2013; Figueroa et al., 2018).

Extreme weather is more common due to the climate 
changes in many parts of the world, including changes in pre-
cipitation patterns. Decreased rainfall in combination with el-
evated air temperatures is the most important factor in limiting 
yields, and they threaten food security worldwide (Daryanto 
et al., 2017). Mutation breeding and plant mutagenesis play a 
significant role in increasing the genetic variability for desired 
traits in various food crops (Adamu and Aliyu, 2007; Mostafa, 
2011; Kozgar et al., 2012). Mutation breeding is one of the 
breeding tools based on artificially inducing hereditary chang-
es in plants, using either physical or chemical mutagens. This 
approach has been successfully used to develop diverse and 
valuable breeding materials in several crops with agronomical 
important traits (Thapa, 2004; Borzouei et al., 2010; Shah et 
al., 2012). Induced mutagenesis is one of the most efficient 
tools used for the identification of key regulatory genes and 
molecular mechanisms. It is a promising approach to develop 
new varieties with improved agronomic characteristics, such 
as higher stress tolerance potential (biotic and abiotic stress) 
and bio-fortification. Additionally, various mutagenesis ap-
proaches have been used to study the evolutionary relation-
ship as well as for the genetic improvement of many organ-
isms, including microbes, animals, and plants (Sikora et al., 
2011; Kodym and Afza, 2003). Technological advances in 
molecular biology have re-augmented the mutation breeding, 
making it more efficient than ever thought before. Therefore, 
mutagenesis is frequently applied to fix few blemishes in a 
cultivar, that has several agronomic traits preferable by farm-
er. In wheat breeding, Sakin et al. (2004; 2005) obtained su-
perior mutant types having better agronomic values in term 
of yield and yield components. Gamma rays in particular, is 
well known physical mutagen that is often used in mutation 
breeding programmes, to induce desirable mutations in vari-
ous crops (Konzak, 1987; Knott, 1991). 

Mutant screening is a process, involving selection of in-
dividuals from a large mutated population that meet specific 
selection criteria, e.g. early flowering, disease resistance as 
compared to the parent. However, these selections are often 
regarded as putative mutants or false mutants. Mutant con-
firmation, on the other hand, is the process of reevaluating 
the putative mutants under a controlled and replicated en-
vironment using large samples. Through this process, many 
putative mutants are revealed to be false mutants. In general, 
the mutations that are important in crop improvement, usu-
ally involve single bases and may, or may not affect protein 
synthesis (Mba, 2013).

Mutation breeding programmes have also been conduct-
ed in different European countries. For example, in Bulgaria, 
more than 76 new cultivars have been developed using in-
duced mutagenesis (Tomlekova, 2010; Oladosu et al., 2016). 
Rachovska worked on this method at IРGR, and besides 
the well-known 2 released varieties (Fermer and Guiness) 
of common winter wheat, a collection of mutant lines with 
valuable agronomic traits is still maintained in the institute 
(Vitanova and Rachovska, 2009; Rachovska, 2010). 

In this study, the beneficial genetic changes in Bulgarian 
hexaploid wheat (cv. Fermer) induced by gamma radiation 
mutagenesis, were investigated by phenotype assessment 
and molecular approaches.

Material and Methods

Plant material and mutants selection
To create novel genetic diversity, seeds of winter com-

mon wheat cv. Fermer were irradiated with two doses gam-
ma rays (200 and 250 Gy, respectively). The M1 plants 
grown after mutagenic treatment, were multiplied based 
on the spike progeny method in the field of IPGR Sadovo. 
The M2 seeds obtained from each spike were sown in rows. 
Mutant selection was performed in generations M2 and M3. 
The differences of M2 plants from the control (the parental 
variety Fermer was also planted after every twenty rows for 
comparison with M2), were recorded, and plants with the 
desired phenotypes were collected individually. In the next 
season, the M3 progeny from selected M2 plants were grown 
according to the pedigree selection procedure (Morgun 
and Logvinenko, 1995). Mutants were identified by visual 
screening for phenotype differences and confirmed at M3 
generation by measuring for one spike yield and grain yield 
from one plant in M2 and M3 generations. The selection of 
winter wheat mutants after the M4 generation was based on 
the following criteria: higher yield of 1 da (recalculated from 
7 m2), and low stem height. Two groups of mutant lines (M2-
M5- the selection starts from M2 and continues to M5 on 



161Introducing useful genetic variation in Bulgarian hexaploid wheat (cv. Fermer) through radiation...

different traits) were selected: with low stem and disease re-
sistance for further analyses. The mutant lines obtained were 
screened for improved agronomic traits focusing on high 
yield, higher tolerance to biotic and abiotic stress and quality 
traits for better bread production. 

Physiological measurements
A non-invasive field screening of 20 promissing wheat 

mutant lines and the standard cv. Sadovo 1 and parental cv. 
Fermer were performed by chlorophyll content index (CCI), 
and photosynthesis activity measurements with devices 
CCM200+ and LCpro T, manufactured by Opti science UK.

Technological assessment for grain and bread-making 
quality

Grain vitreousness (VG), particularly for grain quality in 
durum wheat was determined according to BSS 13378:1976, 
BSS EN 15 585:2008 (https://bds-bg.org/bg/project/show/
bds:proj:17689).

The Sedimentation Value (SdV) (Iced Acetic Acid Test – 
2%, (Pumpyanskiy, 1971) test was used to provide informa-
tion on the protein quality and baking properties of the wheat 
(Angelova et al., 2020; Galushko and Sokolenko, 2021; Uhr 
et al., 2023). 

The Fermentation Number (FN) – Pelschenke test was 
used to assess the fermentation capacity of the wheat, which 
is important for bread-making quality.The test is based on 
the retention of CO2 gases released during dough fermen-
tation. A 10 g sample of grain meal is mixed with a yeast 
solution (a biological product, representing a concentrat-
ed mass of yeast of the Saccharomyces cerevisiae species) 
in two replicates (Pelshenke et al., 1953). The experiment 
was carried out under controlled conditions (30oC – water 
thermostat). The longer the retention time of the sample on 
the water surface, the better the quality of the gluten. (An-
gelova et al., 2020; Galushko and Sokolenko, 2021; Uhr et 
al., 2023).

Gluten Content and Quality (WGC) (BSS EN ISO 21 
415-2:2008, BSS EN ISO 21415-1:2007) test was applied 
to determine gluten characteristics, which are critical for 
the end-use quality of wheat, gluten relaxation, mm (BDS 
13375:1990/Amendment 1: 1993) (https://bds-bg.org/bg/
project/show/bds:proj:17686).

Dry Gluten (DG) was done according to the ISO 21415-
3:2006, BSS EN ISO 21415-4:2007 standards, to further un-
derstand the protein quality of wheat samples (https://www.
iso.org/standard/35864.html).

Determination of nitrogen content and calculation of 
crude protein content (CP) – Part 1: Kjeldahl method (ISO 
5983-1:2005) (https://www.iso.org/standard/39145.html). 

*Legend for traits name: VG – Grain vitreousness; SdV – 
Sedimentation value; FN-Fermentation number; CP – Crude 
protein; Wet gluten content – WGC; Gluten release – RG; 
Dry Gluten – DG; bread making strong index – BMSI.

Phytopathological evaluation of mutant lines under field 
conditions

Phytopathological evaluation was carried out in the 
breeding field, and in the infectious section of the IPGR „K. 
Malkov. Disease assessment was done under natural field 
conditions without application of artificial infestation. The 
reporting of the reactions to the causative agents of brown 
rust, yellow rust and powdery mildew was carried out by 
determining the type of infection and degree of attack, using 
the following methodology for the individual diseases:

– brown rust – according to Dimov (1988); 
– yellow rust – according to Hayit et al. (2021);
– powdery mildew – according to Krivchenko (1980).
For the easier comparability of the results, an average 

coefficient of infection is calculated, or called adjusted rela-
tive attack rate P0. Depending on the obtained P0 values, the 
tested genotypes are grouped into 5 categories (Mihova et 
al., 1990):

I group – Highly resistant (HR), P0 = 0–0-5.99%;
II group – Resistant (R), P0 = 6.00–25.99%;
�III group – Moderately resistant (MR) (R), P0 = 26.00–
45.99%;
�IV group – Moderately susceptible (MS) (R), P0 = 46.00–
65.99%;
V group – Susceptible (S) (R), P0 = 66.00–100%.
The evaluation of the studied breeding lines towards the 

causative agent of septoriosis is according to the method of 
Sanin et al. (2015), and the resistance of the samples was 
based on the degree of attack expressed as a percentage, 
corresponding to the leaf area occupied by the pathogen. In 
order to unify the obtained results, the data on immune re-
sponses to economically important diseases are presented as 
a score.

Molecular analyses
Genomic DNA was extracted from silicagel dried leaf 

tissue collected form 10 plant/plot in the field, by using Ex-
gene™ Plant SV mini kit (Gene All, Korea) according to the 
manufacturer’s instructions. The quantity and quality of the 
extracted gDNA was determined by Nanodrop™ 1000 and 
TAE agarose electrophoresis.

RGA-profiling
A novel NBS-TRAP method was developed, optimized 

and employed for amplification of PCR fragments, potential-
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ly linked to RGA genes. In this method, the PCR reaction mix 
contained one degenerative primer targeted to NBS domains 
(Table 1) and one Start Codon Targeted (SCoT) primer (Col-
lard and Mackill, 2009). The PCR amplifications were con-
ducted by two-step PCR. In the first step, to enrich the PCR 
products with RGA genes, each 5 μL PCR mixture consisted 
of 2.5 μL MyTaq HS 2× PCR mix (Bioline, London, UK), 
30 ng of gDNA and 0.03 μL (10 μmol/L) of only the NGS 
primer. The cycling conditions included: initial denaturation 
for 3 min at 95°C; 35 cycles of 15 s at 95°C, 40 s at 50°C and 
2 min at 72°C; and final extension for 10 min at 72°C. Upon 
completion of the first PCR step, 5 μL of PCR mix consist-
ing of the same component as in the first PCR reaction, but 
supplemented with 0.4 μL (10 μmol/L) each of both NGS and 
SCoT primers was added, and the PCR was run for additional 
45 cycles with annealing temperature elevated to 55°C. The 
rest of the PCR cycling conditions were identical to those in 
the first PCR step. All PCR amplifications were performed 
on a Veriti 96 well Thermal Cycler (Thermo Fisher Scien-
tific, Waltham, MA, USA). The amplification products were 
separated on 2% TAE agarose electrophoresis, stained with 
GelRed™ and visualized on a UV transiluminator.

Microsatellite (SSR) analysis
Four Xgwm (Röder et al., 1998) and two Xwmc (Gup-

ta et al., 2002) microsatellite loci, selected for their genome 
location close to fungal disease resistance genes, were am-
plified in 6 μL PCR reactions containing 30 ng g DNA, 1х 
My Taq HS PCR master mix, 5 pM of each forward (F) and 
reverse (R) primer. The F primer in each PCR was labelled 
with FAM or АТТО565. The PCR amplifications were per-
formed on a Veriti 96 well Thermal Cycler (Thermo Fisher 
Scientific, Waltham, MA, USA), under the following cycling 
conditions: initial denaturation for 3 min at 95°C; 35 cycles 
of 15 s at 95°C, 60 s at a locus specific temperature °C and 
2 min at 72 °C; and final extension for 10 min at 72 °C. The 
PCR fragments were separated on a 3130 Genetic Analyzer 
(Applied Biosystems) and the SSR allele sizes were recorded 
using Genemapper v4.0 software (Applied Biosystems).

Statistical section
Statistical processing of the results was done using the 

program SPSS 19. Multivariate analysis of variance (ANO-

VA) was used to determine the sources of variation (Li-
dansky, 1988). Duncan’s test was used to detect significant 
differences between the variations at a significance level of 
p<0.05 (Duncan, 1955).

Results and Discussion 

Wheat mutant lines (М and М5 generations), obtained 
by radiation induced mutagenesis of Bulgarian 6x wheat cv. 
Fermer were screened in 2 subsequent years for improved 
agronomic traits focusing on high yield, higher tolerance to 
biotic and abiotic stress, and quality traits for better bread 
production. In addition, molecular approaches were used to 
determine the mutagenesis induced genetic diversity in the 
wild type (cv. Fermer), and to select the mutant phenotype 
BC of highly susceptible to P. graminis mutant plants (M2 
generation) and cv Fermer.

The selected mutant lines (M5 generation) showed valu-
able phenotype variation including low plant height, resis-
tance to some economically important diseases, improved 
yield and bread making quality traits. 

Chlorophyll content index
Higher value of CCI was measured in 80% of selected 

mutant lines in comparison to the standard cv. Sadovo 1 and 
the parental genotype  – cv. Fermer, in both low stem and 
resistant to diseases groups (Table 2 and Table 3). For the 
both crop seasons, the highest CCI index was determined 
in five mutant lines (№ 4, 5, 7, 9) and 10 belonging to low 
stem group and in five lines (№ 3, 4, 5, 8) and 10 originat-
ed from the group of resistant to diseases mutant lines. The 
observed relatively low CCI values were a result from the 
lack of drought stress before and during measurements. 
From these results it can be concluded that the low stemmed 
mutant lines № 4, 5, 9 and 10 (Table 2) and the diseases 
resistant lines № 3 and 8 (Table 3) possess high net photo-
synthetic rate and high chlorophyll content index. Le Roux 
Marlon-Schylor et al. (2020) reported that in mutant plants 
increased total chlorophyll and a higher photosynthesis rate 
compared to wild-type plants. Simova-Stoilova et al. (2020) 
established better reaction of seedlings originating from win-
ter wheat mutant line compared to the initial sensitive variety 
to drought stress.

Table 1. NBS specific degenerate primer sequences
Primer Sequence (5’-3’) Reference
NBS2 GTWGTYTTICCYRAICCISSCAT (Calenge et al., 2005)
NBS3 GTWGTYTTICCYRAICCISSCATICC (Calenge et al., 2005)
Nbs12-R YTTSARSGCTAAAGGRAGRCC (Verzaux et al., 2011)

Source: Authors’ own elaboration
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Yield, as a major breeding trait, is extremely complex 
and controlled by multiple genes. It has a low broad sense 
heritability coefficient due to strong influence of the envi-
ronmental conditions on its expression. The presence of an 
interaction makes selection difficult, as genotypes perform 
differently in different environments/years.

It is evident from Table 2 that five of the low stemmed 
mutants recorded for the 2 years period average grain yield 
lower than that of standard cv. Sadovo 1 (№ 1, 2, 5, 6 and 10). 
The mutant lines 9 and 7 are characterized by yields above 

4.7 t/ha), and they could be of interest for further breeding 
work. From the group of disease resistant mutants, lines № 
2, 5 and 8 produced yields over 4.0 t/ha, that was higher than 
that of the parental cv. Fermer (Table 3). The trials on this 
trait continued for the M6 progenies of these lines under the 
conditions of competitive varietal testing. 

The climatic conditions in the first year were not favour-
able for mass development of brown rust, yellow rust and 
powdery mildew. The lack of sufficient rainfall in the months 
of March, April, May and the high air temperatures in May 

Table 2. Chlorophyll content index, leaf gas exchange and grain yield parameters of low stem mutant lines for the two- 
year period
Low stem mutant lines CCI

index
A

µmol m-2 s-1
E

mmol m-2 s-1
Ci

vpm
Gs

mmol m-2 s-1
iWUE  
ratio

Yield,  
kg/da

St-Sadovo 1 29.3 a 8.10 a 1.47 a 270 c 0.13 a 5.51 a 380.0
Parental genotype cv. Fermer 33.6 ab 10.7 ab 1.61 ab 254 ab 0.15 ab 6.64 a 420.0
Mutant line 1 34.1 ab 11.5 ab 1.67 ab 252 ab 0.15 ab 6.89 ab 334.5
Mutant line 2 32.3 ab 11.0 ab 1.74 b 264 ab 0.16 ab 6.32 a 343.0
Mutant line3 32.9 ab 11.6 ab 1.76 b 269 ab 0.16 ab 6.59 a 425.5
Mutant line 4 39.4 c 12.4 b 1.81 b 248 a 0.16 ab 6.85 ab 404.5
Mutant line 5 37.6 c 13.0 b 1.68 ab 268 ab 0.17 b 7.74 b 347.0
Mutant line 6 33.4ab 9.80 a 1.74 b 280 c 0.14 a 5.63 a 352.0
Mutant line 7 35.8bc 11.2 ab 1.44 a 271 ab 0.16 ab 7.78 b 488.5
Mutant line 8 33.9ab 10.6 ab 1.55 ab 278 c 0.16 ab 6.84 a 405.0
Mutant line 9 38.0c 13.6 b 1.54 ab 242 a 0.16 ab 8.83 b 471.5
Mutant line 10 35.6bc 12.8 b 1.45 a 235 a 0.18 b 8.83 b 272.5

Letters indicate differences significant at P < 0.05
A – CO2 Photosynthetictic assimilation rate; E – H2O Transpiration rate (E); intercellular (sub-stomatal) CO2 concentration (Ci); stomatal conductance (Gs) 
and instantaneous water use efficiency (iWUE)
Source: Authors’ own elaboration

Table 3. Chlorophyll content index, leaf gas exchange and grain yield parameters of tolerant to diseases mutant lines 
for the two- year period
Resistant to diseases mutant 
lines

CCI
index

A
µmol m-2 s-1

E
mmol m-2 s-1

Ci Gs iWUE
ratio

Yield,  
kg/da

St-Sadovo 1 29.3a 8.10 a 1.47 a 270 bc 0.13 a 5.51 a 402.0
Parental genotype-cv. Fermer 33.6 ab 10.7 ab 1.61 b 254 b 0.15 ab 6.64 ab 440.0
Mutant line 1 30.1ab 9.10 a 1.54 ab 266 b 0.14 a 5.91 a 391.5
Mutant line 2 35.2 ab 9.80 ab 1.61 b 254 b 0.14 a 6.09 a 489.5
Mutant line 3 39.0 c 12.1 a 1.45 a 234 ab 0.18 b 8.34 b 300.0
Mutant line 4 36.7 bc 10.9 ab 1.48 a 264 b 0.15 ab 7.36 ab 386.0
Mutant line 5 36.7 bc 10.1 ab 1.51 ab 274 bc 0.15 ab 6.69 ab 414.0
Mutant line 6 33.3 ab 10.7 ab 1.44 a 267 b 0.15 ab 7.43 ab 368.5
Mutant line 7 31.4ab 8.50 a 1.51 ab 285 c 0.12 a 5.63 a 379.5
Mutant line 8 37.5 c 10.9 ab 1.59 ab 245 ab 0.16 ab 6.86 ab 529.0
Mutant line 9 36.2 bc 11.0 ab 1.43 a 183 a 0.16 ab 7.69 b 352.5
Mutant line10 36.7 bc 10.0 ab 1.33 a 258 b 0.17 b 7.52 ab 372.5

Letters indicate differences significant at P < 0.05
CO2 Photosynthetictic assimilation rate; E – H2O transpiration rate (E); intercellular (sub-stomatal) CO2 concentration (Ci); stomatal conductance (Gs) and 
instantaneous water use efficiency (iWUE)
Source: Authors’ own elaboration
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did not allow the natural multiplication and spread of the 
mentioned phytopathogens.

For this reason, low morbidity among the studied mutant 
groups to the studied pathogens was reported for this year (Ta-
ble 4). The only exception was observed when establishing the 
resistance of the studied breeding materials to Septoria, with 
80% of the lines showing moderate sensitivity to the pathogen.

The evaluation of the resistance to economically import-
ant diseases in the second-year show that no disease-resistant 
mutant groups were reported. Regarding the leaf rust, the 
weakest attack by the pathogen was observed in the group 
of resistant mutant lines, where a sensitive immune reaction 
was recorded only in two lines (№ 4 and 6).

Yellow rust attack was most noticeable in the group of 
low stemmed lines compared to the resistant lines group. In 
these two groups, disease susceptibility was present in ten 
plots. Higher susceptibility to Powdery mildew and Septoria 
was reported in the group low stemmed mutants compared to 
mutant lines originating from tolerant plants.

The phytopathological assessment allowed selection of 
mutant lines resistant to some economically important for 

Bulgaria and the Balkan Peninsula region diseases, as the 
lowest degree of attack and relatively good resistance to eco-
nomically important diseases were the following lines: mu-
tant lines № 2, 8 and 9 from the resistant group and line No 
5 of the low stemmed group. The resistance of mutant wheat 
lines to fungal pathogens has also been established by Boyd 
et al. (2006). For example, lines I3-48, I3-49 and I3-54 show 
resistance to yellow rust, and mutants I3-27, I3-30, I3-48 and 
I3-49 show resistance to leaf rust.

The results of the three-factorial ANOVA (Tables 5 and 
6) showed that the values of the factor „genotype“ ranged 
from 9.88% for BMSI (Table 6) to 35.6% for the DG (Table 
6). The factor „year“ (environmental conditions) shows the 
strongest effect for the trait FN (41.74%), followed by VG 
(40.51%), RG (38.7%) and BMSI (35.5%), but is non-sig-
nificant for the traits SdV (4.34%) and WGC (1.80%). The 
group (Resistant or Low stemmed) to which they belong, did 
not significantly influence the values, and its effect ranged 
from 0.0% for FN to 15.26% for WGC. The interaction of 
„genotype х group“ is strong for all studied parameters, being 
decisive for SdV (49.55%), DG (36.79%) and CP (22.83%).

Table 4. Phytopathological evaluation of mutant groups, for the two- year period

№ Group

Phytopathogen
Puccinia recondite f.sp. 

tritici
Puccinia striiformis f.sp. 

tritici
Blumeria graminis f. sp. 

tritici
Septoria tritici

I year II year I year II year I year II year I year II year
1

Resistant

7 3 9 3 9 3 3 3
2 9 3 9 3 9 3 3 3
3 9 3 9 1 7 3 3 3
4 7 1 9 3 7 3 1 1
5 9 3 9 3 7 3 3 1
6 7 1 9 3 7 1 3 3
7 9 3 7 1 7 1 3 3
8 9 3 9 3 9 3 3 3
9 9 3 9 3 9 3 3 3
10 9 3 7 3 9 3 3 3
1

Low 
stemed

9 3 7 1 5 3 3 3
2 9 3 7 1 7 3 3 3
3 7 1 7 1 5 1 3 3
4 7 1 9 1 7 3 1 3
5 7 3 9 3 7 3 3 1
6 9 3 9 1 7 1 3 3
7 7 1 9 1 9 3 3 3
8 7 3 9 1 9 3 3 1
9 7 1 9 1 9 3 3 3
10 9 3 9 3 9 1 1 3
Parental genotype-cv. 
Fermer

7 3 7 3 7 3 3 3

Legend: 9 (HR) – highly resistant; 7 (R) – resistant; 5 (MR) – moderately resistant; 3 (MS) – moderately susceptible; 1 (S) – highly susceptible
Source: Authors’ own elaboration
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The rest of the influence factors „genotype x year“(varies 
from 3.62% for the trait Sed. value to 13.84% for – BMSI). 
For „group х year is low from 0.30% for FN to 11.73% for 
CP, and „genotype х group х year (lowest at DG-1.5%, and 
highest at BMSI -16.19%). The influence of the three studied 
factors genotype, group, „year“ have minimal influence on 
the studied traits (Tables 5 and 6).

The induced mutations in wheat were also widespread 
employed to modify some protein subunits determining 
the grain quality (Kiribuchi-Otobe et al., 1998; Yasui et al., 
1998; Maluszynski et al., 2001). In the hybrid-mutant lines 
obtained with the help of chemically mutagenic sodium 
azide in a concentration of 1 mM on F2 seeds (Mangova 

and Rachovska 2004) in IРGR, Sadovo found differences in 
several technological characteristics. The values are positive 
and statistically significant.

Virtuousness (%) is an important quality trait. It is relat-
ed to the density of the grain and the way of structuring the 
starch-protein aggregates. The differences between floury 
and vitreous grains are significant. This trait is very variable 
and is directly dependent on the conditions of cultivation and, 
in particular, the diverse impact of the environment during 
pouring and ripening of the grain, the nitrogen content in the 
soil, soil and air moisture (Filipov, 2004). In our study, it was 
found that in the first year of the experiment, higher values 
of this trait were recorded in the tolerant to diseases group of 

Table 5. Three-factor ANOVA of the traits for the two- year period
Source Grain vitreousness Sedimentation value Fermentation number Crude protein

Type III 
Sum of 
Squares

Sig. Infl. Type III 
Sum of 
Squares

Sig. Infl. Type III 
Sum of 
Squares

Sig. Infl. Type III 
Sum of 
Squares

Sig. Infl.

Genotype 5745.1 0.000 12.3 14950.5 0.000 38.9 82982.7 0.000 19.5 47.4 0.000 18.7
Group 5031.1 0.000 10.8 114.0 0.000 0.3 1.2 0.283 0.0 16.4 0.000 6.4
Year 18825.1 0.000 40.5 1665.0 0.000 4.3 176947.2 0.000 41.7 31.2 0.000 12.3
„Genotype x 
Group“

9882.7 0.000 21.2 19028.1 0.000 49.5 98203.8 0.000 23.1 57.8 0.000 22.8

„Genotype x 
Year“

1962.7 0.000 4.2 1391.1 0.000 3.6 31282.8 0.000 7.3 35.1 0.000 13.8

„Group x Year“ 516.7 0.000 1.1 279.0 0.000 0.7 1267.5 0.000 0.3 29.7 0.000 11.7
„Genotype x 
Year x Group“

4437.1 0.000 9.5 905.1 0.000 2.3 33184.5 0.000 7.8 34.8 0.000 13.7

Error 68.0 0.1 72.0 0.1 82.0 0.02 0.7 0.2
Corrected Total 46468.3 100 38405.3 100 423951.7 100 253.3 100

Source: Authors’ own elaboration
Table 6. Three-factor ANOVA of the traits for the two- year period
Source Wet gluten yield Gluten release Bread making strong index Dry gluten

Type III 
Sum of 
Squares

Sig. Infl. Type III 
Sum of 
Squares

Sig. Infl. Type III Sum 
of Squares

Sig. Infl. Type III 
Sum of 
Squares

Sig. Infl.

Genotype 1093.4 0.000 34.5 423.7 0.000 13.4 1212.0 0.000 9.8 111.8 0.000 35.6
Group 482.8 0.000 15.2 362.2 0.000 11.5 226.8 0.000 1.8 33.9 0.000 10.8
Year 57.1 0.000 1.8 1219.2 0.000 38.7 4356.0 0.000 35.5 27.4 0.000 8.7
„Genotype x 
Group“

1013.1 0.000 32.0 356.4 0.000 11.3 2539.8 0.000 20.7 115.5 0.000 36.7

„Genotype x 
Year“

310.3 0.000 9.8 411.4 0.000 13.0 1698.6 0.000 13.8 16.3 0.000 5.2

„Group x Year“ 117.6 0.000 3.7 79.2 0.000 2.5 180.0 0.000 1.4 3.4 0.000 1.1
„Genotype x 
Year x Group“

90.0 0.000 2.8 245.7 0.000 7.8 1986.6 0.000 16.1 4.7 0.000 1.5

Error 0.6 0.02 52.2 1.6 72.0 0.5 0.703 0.2
Corrected Total 3165.2 100 3150.3 100 12272.3 100 314.0 100

Source: Authors’ own elaboration
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mutant lines, with an average of 58.2%. In the group of Low 
stemmed mutant lines, low values were observed in lines № 
3, 5, 7 and 8. In the second year, the VG was lower in both 
experimental treatments. The average % for the Resistant to 
diseases group of mutant lines was reported 47.7%, and for 
the Low stem mutant lines group 30.6%. The coefficient of 
variation in the Resistant to diseases group of mutant lines 

was 16.1% (medium), while for the Low stemmed group of 
mutant lines was significantly high 31.4% (Table 7).

The sedimentation value (cm3) is a method for studying 
the swelling of ground wheat grain products in water and 
weak acid solutions, which accurately indicates the quali-
ty of gluten and dough. It was found that the sedimentation 
value correlated with the gluten content, gluten quality and 

Table.7 Variance analysis of observed traits
Resistant group

Line number 1. VG 2. SdV 3. FN 4. CP 5.WGC 6. RG 7. BMSI 8. DG
Farmer 50 b 59.5 d 84.5 cd 14.31 d 35.1 bc 13 b 51 gf 11.54 bcd
1 51.5 c 74.5 g 138.5 j 9.78 a 39.4 h 10.3 a 59 i 12.76 f
2 38.0 a 35 a 35 a 10.57 b 31.5 a 19.0 e 42 a 9.52 a
3 61.0 e 55 b 98 g 11.77 cde 37.6 f 16.5 d 48.5 e 11.99 cde
4 56.0 d 58 c 100.5 h 11.17 bc 35.5 c 17.3 d 46.5 d 11.41 bc
5 61.0 e 67.5 e 93 e 12.46 ef 36.9 de 16.3 d 49 ef 11.01 b
6 61.5 e 76 h 96.5 f 12.77 f 38.4 g 14.5 c 51.5 h 12.19 e
7 51.0 c 56 b 50.5 b 11.97 de 36.5 d 14.5 c 50 fg 11.98 cde
8 64.5 f 69 f 124.5 i 10.58 b 34.7 b 12.5 b 52 h 11.17 b
9 67.0 g 78 i 85.5 d 11.37 cd 37.6 ef 18.8 e 43.5 b 12.14 de
10 70.0 h 79 i 83.5 c 11.97 de 37.6 ef 20.5 f 45 c 11.59 bcde
Mean 58.2 64.8 90.6 11.44 36.6 16.0 48.7 11.58
Minimum 38 35 35 9.78 31.5 10.3 42 9.52
Maximum 70 79 138.5 12.77 39.4 20.5 59 12.76
St. dev. 3.0 13.9 30.6 0.93 2.2 3.1 4.9 0.89
St. error 9.4 4.4 9.7 0.29 0.7 1.0 1.6 0.28
Coeff.var,% 16.1 21.4 33.8 8.1 6.1 19.6 10.1 7.7

Low stemmed group
Line number 1. VG 2. SdV 3. FN 4. CP 5.WGC 6. RG 7. BMSI 8. DG
Farmer 50 e 59.5 f 84.5 e 14.31 f 35.1 f 13 cde 51 d 11.54 c
1 65 h 82 i 147 h 12.97 de 37.9 gh 12.8 cd 52 de 12.85 e
2 60 g 89 k 152 i 13.47 e 37.5 g 12.0 c 53 e 12.13 d
3 30.5 b 48.5 d 45.5 c 11.27 ab 30.4 d 14.0 ef 49 c 9.61 b
4 50 f 84.5 j 99.5 f 12.97 de 38.6 hi 14.5 f 47.5 b 12.20 d
5 38.5 c 43 c 40 b 11.77 bc 28.4 c 16.0 g 45.5 a 9.02 b
6 48.5 e 75.5 g 72 d 13.57 e 34.6 f 13.0 cde 49.5 c 11.24 c
7 30.5 b 39.5 b 35.5 a 10.87 a 24.6 b 9.8 b 52.5 e 8.27 a
8 23.5 a 36 a 39.5 b 10.77 a 23.4 a 10.3 b 45.5 a 7.90 a
9 45.5 d 51.5 e 136.5 g 11.77 bc 31.2 e 8.5 a 69 f 9.54 b
10 60 g 79 h 136 g 12.37 cd 38.9 i 13.5 def 51 d 12.36 de
Mean 45.2 62.85 90.4 12.18 32.6 12.4 51.45 10.51
Minimum 23.5 36 35.5 10.77 23.4 8.5 45.5 7.90
Maximum 65 89 152 13.57 38.9 16 69 12.85
St. dev. 4.5 20.9 49.2 1.04 5.8 2.3 6.7 1.85
St. error 14.2 6.6 15.6 0.33 1.8 0.7 2.1 0.58
Coeff.var,% 31.4 33.3 54.5 8.5 17.9 18.6 13.1 17.6

*Mean values (in each column), followed by the same letters are not significantly different at p < 0.05 according to Duncan‘s multiplerange test
Legend for traits names: VG – Grain vitreousness; SdV – Sedimentation value; FN-Fermentation number; CP – Crude protein; Wet gluten content – WGC; 
Gluten release – RG; Dry Gluten – DG; bread making strong index – BMSI
Source: Authors’ own elaboration
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bread volume depended on the protein content (Boyadjieva 
and Mangova, 2007; Pshenichnaya and Dorokhov 2017; Ga-
lushko, et. al., 2021).

Therefore, measuring this value is extremely useful for 
grain quality. It has also been established that sedimentation 
value is influenced by heredity, and is determined mostly by 
genotype, but environmental factors are also of significant im-
portance (Lorenzo and Kronstad, 1987; Compbell et al., 1987; 
Grausgruber et al., 2000; Hruskova and Famera, 2003; Kibka-
lo, 2022). For the group of mutant lines Resistant to diseases, 
the mean values ranged from 35 cm3 to 79 cm3, with higher 
values in the first year of cultivation. For this period, six of 
the mutant lines exceeded the standard cultivar Sadovo1. For 
the low stemmed group of lines, five of the accessions had 
values above the standard for the study period, the mean val-
ues ranged significantly from 36 cm3 to 89 cm3, and remained 
high during the two-year period in mutant lines № 1, 2, 4, 
and 10. The coefficient of variation was high in both groups 
(21.4% in the resistant to diseases mutant lines and 33.3% in 
low stemmed mutants). The high values of sedimentation co-
efficient in the resistant to diseases mutant lines is a confirma-
tion of the very high wet gluten content in this group (Table 
7). Similar results were obtained in the studies by Rahemi et 
al. (2015) and Oğuz Bilgin et al. (2022)

The joint consideration of the trait sedimentation number 
together with the fermentation number of Pelshenke (min) 
(Pelshenke et al., 1953) of the magnitude of their values for 
the interdependence between the quality and quantity of glu-
ten (Hermuth, 2019; Angelova et al., 2020; Galushko and 
Sokolenko, 2021). The results obtained in the present study 
show high values of this trait in the first crop year. In the 
group of resistant to diseases eight mutant lines had higher 
values than the parental variety. On average, the maximum 
value for the mutant resistant to diseases was 132.2 min in the 
first year of cultivation, and 125.5 min for the low stemmed 
lines. For the second year, the values of the trait were lower 
below 100 min for both groups. In the resistant to diseases 
mutant lines only one line (No 8) was above the parental cv. 
Fermer, and in the group of low stemmed lines four. The 
mean values for the study period were similar for both exper-
imental treatments (90.6 min – in resistant to diseases mutant 
lines and 90.4 min in low stemmed mutant lines). The coeffi-
cient of variation for this trait was high for both groups (33.8 
% – in the resistant to diseases mutant lines and 54.5% – in 
low stemmed mutant) (Table 7).

The content of crude protein in wheat is the most import-
ant quality criteria. It plays key roles in determining the qual-
ity of wheat grain, and has a strong influence on the end-use 
products obtained from it (Balyan et al., 2013). For crude pro-
tein, the results obtained did not exceed the parental cv. Fer-

mer (14.31%). Mean values ranged from 9.78% to 12.77% for 
resistant to diseases mutant lines and from 10.77% to 13.57% 
for low stemmed group. The coefficient of variation was low 
in both groups of mutant lines (8.1% for the disease resistant 
group of mutant lines and 8.5% for low stemmed group) (Ta-
ble 7). The positive relationship between crude protein and 
wet gluten yield is confirmed by the studies of several authors 
Balyan et al. (2013), Laidig et al. (2017).

The quantity and quality of gluten are considered the 
most important quality parameters of wheat flour (grain). 
The gluten-forming proteins play an important role in the 
baking quality of wheat. They improve the extensibility and 
elasticity of the dough, as well as the ability to absorb wa-
ter (Wieser, 2007). The content of gluten is directly related 
to the content of protein in the grain, which is strongly in-
fluenced by the growing conditions, and especially, by the 
climatic conditions. However, wheat genotype appears to be 
the most important factor affecting gluten quality character-
istics (Simic et al., 2006). In our study, the mean wet gluten 
content-WGC values of eight of the group of Resistant mu-
tant lines exceeded those of the parental cv. Fermer (35.1%) 
(Table 7). The coefficient of variation for the group was 
low – 6.1%. For the Low stemmed group, six of the lines had 
period means below the parental genotype. In this group, the 
variance of the trait is average (17.9%). The gluten release 
(Table 7) in both studied groups had a mean variation (19.6% 
resistant to diseases and 18.6% for low stemmed). The bread 
making strength index (Table 7) also had a mean variation 
(10.1% for tolerant to diseases and 13.1% for low stemmed). 
For dry gluten, a low variation of values (7.7%) was ob-
served in the resistant to diseases mutant lines, but it was 
significant (average) – 17.6% in the group of low stemmed 
mutants. The gluten content (Table 7) is directly related to 
the protein content of the grain, which is strongly influenced 
by wheat genotype and growing conditions (Hajas et al., 
2018; Kenzhebayeva et al., 2018; Öztürk et al., 2020).

Molecular analyses 
1. RGA-profiling of M5 mutant lines
In total 94 combinations of 3 degenerate NBS primers 

(NBS2, NBS3 and NBS12) with 36 SCoT primers were tested 
for amplification of polymorphic fragments in bulk samples 
of ten M5 lines (10 Low stemmed, 10 Resistant and 10 Sus-
ceptible each) (Fig. 1). Only five of the tested primer combi-
nations produced polymorphic fragments in some of the bulk 
samples. The polymorphic fragments were confirmed by PCR 
amplification in individual M5 lines (Fig. 2). The AFLP based 
NBS-profiling method has been efficient for targeting RGA 
genes in potato (Calenge et al., 2005; Verzaux et al., 2011). 
Moreover, it has been demonstrated that NBS-profiling with 
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Fig. 1. Example of PCR 
screening using combi-

nations of different SCoT 
primers with the degen-
erative primer NBS12. 
Sh – bulk sample of 10 
low stemmed M5 lines, 

R – bulk sample of 10 Re-
sistant M5 lines, S – bulk 
sample of 10 Susceptible 
M5 lines, C – control cv. 
Fermer M – “100 bp +” 

DNA ladder. White arrow 
on the left shows polymor-
phic fragment amplified in 
the „R – bulk sample with 
primers NBS12/SCoT16

Source: Authors’ own  
elaboration

Fig. 2. Electrophore-
sis separation of PCR 

products amplified in 10 
Resistant and 10 Sus-
ceptible M5 lines with 

the primer combination 
NBS12/SCoT16 C – con-
trol cv. Fermer M – “100 
bp +” DNA ladder. White 
arrow on the left shows 
polymorphic fragment 

amplified in some of the 
resistant (tolerant) M5 

lines
Source: Authors’ own  

elaboration
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the same NBS primers, designed for potato, allowed identi-
fication of polymorphic amplified fragments of RGA genes 
in wheat (Tufan et al., 2019). Therefore, the newly developed 
RGA-profiling method, presented here is a promising ap-
proach to detect mutations in disease resistance genes.

2. Microsatellite (SSR) analysis
Thirty mutant M5 lines (10 Low stemmed, 10 Resistant 

and 10 Susceptible to fungal pathogens) were analysed at 
6 SSR loci (Xgwm389, Xgwm46, Xgwm513, Xgwm539, 
Xwmc44 и Xwmc607), that were previously reported to be 
linked to fungal pathogens resistance genes. On the locus 

Xgwm513 one sample (“Low stemmed №2”) showed null 
allele (“0”) and the other samples showed segregation of the 
two parental alleles. In all other analysed loci, mutant alleles 
were observed in some of the M5 lines (Table 8), suggesting 
the presence of induced mutations in the vicinity or inside 
the resistance genes. The SSR locus Xgwm389 has been 
mapped on chromosome 3BS at genetic distance of 2 cM 
from the yellow rust resistance gene Yr57 (Randhawa et al., 
2015). Notably, in the locus Xgwm389 lack of amplification 
product is observed in 60% of Susceptible and 50% of Low 
stemmed lines while only one of the tolerant lines (10%) 
shows null allele at this locus (Table 8). This result suggests 

Table 8. Microsatellite analysis of M5 mutant wheat lines.
Sample/ 
SSR alleles
(Resistance genes)

Xgwm389 
(Yr57, FHB, 

Septoria)

Xgwm46 (FHB) Xgwm513 
(Yr 62)

Xgwm539 
(FHB)

Xwmc44  
(Lr19)

Xwmc607  
(FHB)

Low stemmed 1 0 177 142 137 262/264 0
Low  stemmed 2 0 0 142 137 262/264 0
Low  stemmed 3 142 177 144 137 206/208 0
Low  stemmed 4 0 177 142 137 262/264 0
Low  stemmed 5 142 177 144 137 206/208 0
Low  stemmed 6 276 177 0 137 262/264 0
Low  stemmed 7 142 177 144 137 206 0
Low  stemmed 8 142 177 144 137 206 0
Low  stemmed 9 0 177 142 137 0 0
Low  stemmed 10 0 177 142 137 208/262/264 0
Resistant 1 120 177 142 137 262/264 0
Resistant  2 142 173 144 137/150/152 206/208 148
Resistant 3 121 173/175 142 137 206/208 146
Resistant 4 121 174/175 142 137 206/208 0
Resistant 5 121 177 144 137 208/256/258 144/146
Resistant 6 121 177 142 137 206/208/262/264 146
Resistant 7 0 177 142 137 206/208 0
Resistant 8 121 177 142 137 206/208 146
Resistant 9 121 177 142 0 206/208 146
Resistant 10 121 176/177 142 137 206 144
Susceptible 1 0 177 144 137 206 175
Susceptible 2 0 173 142 137 206 146
Susceptible 3 0 176/177 142 137 206 146
Susceptible 4 120 177 142 137 262/264 0
Susceptible 5 0 177 142 0 262 0
Susceptible 6 121 177 142 137 262/264 0
Susceptible 7 121 177/179 142/144 137 206/262 144
Susceptible 8 121 177 142 137 206/262 0
Susceptible 9 0 177 142 137 206 0
Susceptible 10 0 177 142 137/139 206 0
St Fermer 2 121 176/177 142/144 137 206/262/264 137/139/153/155
St Fermer 1-5 (bulk) 121 176/177 142 137 206/262/264 127/137/139/153/155

The length of mutant SSR alleles in bp is indicated in red. Lack of amplified SSR fragment is shown as „0”.
Source: Authors’ own elaboration
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a possible deletion of the chromosome region containing 
this SSR locus, as well as genes conferring multiple fungal 
pathogen resistances in the lines showing null alleles. How-
ever, further research is needed to confirm this hypothesis.

Conclusions 

The study of the mutant lines shows:
– mutant lines with low stem № 4, 5, 9 and 10 and № 3 

and 8 (Resistant to disease) possess high net photosynthetic 
rate and high chlorophyll content index.

Higher yielding lines were obtained compared to the par-
ent variety Fermer, with the highest yield for the period at № 
3, 7 and 9 (low-stemmed group) and at № 2, 5 and 8 (dis-
ease-resistant group).

Influence of genotype was the strongest for the trait DG 
(35.6%). For the factor year (environmental conditions), the 
influence was strongest for the trait FN (41.74%), followed 
by VG (40.51%), RG (38.7%) and BMSI (35.5%).

The factors genus*year, group*year, genus*group*year 
had minimal influence on the studied traits.

Presented results demonstrate that the applied doses of 
Gamma ray induced useful variation in wheat cv. Fermer at 
both phenotype and DNA level. 

The molecular characterization of M5 lines using SSR 
and other DNA markers identified mutant alleles in some of 
the selected lines thus confirming that the observed pheno-
type differences reflect the changes at DNA level.
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