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PlantGen2019

The Fifth International Scientific Conference 
“Plant Genetics, Genomics, Bioinformatics, and 
Biotechnology” (PlantGen2019) held in Novosibirsk 
on 24–29 June 2019 put together 353 scientists 
from 19 countries. The participants considered the 
most recent updates about the structural and func-
tional organization of plant genomes and how these 
data are and can further be used in plant breeding  
practice.

In 2010, when Novosibirsk was hosting the first 
PlantGen conference, most papers were about wheat. 
That was because the Institute of Cytology and Ge-
netics of the Siberian Branch of the Russian Academy 
of Sciences had obtained important wheat-related 
data and become a member of the International 
Wheat Genome Sequencing Consortium (IWGSC), 
wheat being an extremely important crop to humans.

With a decade gone since that event, the Confer-
ence’s scope has become broader. Now it covered 
quite a diverse range of crops, their use in plant 
breeding and functional nutrition, the assessment of 
plant resistance to biotic and abiotic stresses, the de-
velopment of plant biotechnology in the postgenomic 
era, plant systems biology, and digital technologies. 
Because separate methods like effective approaches 
to supporting plant selection deserved additional 
emphasis, special sessions related to plant selection 
in the XXI century, plant cytogenetics in the genomic 
and the postgenomic era, and genome-wide associa-
tion studies were arranged.

The world’s and Russia’s renowned experts in 
plant genetics and breeding took the floor as plenary 
speakers and keynote speakers.

Plant Genetic Resources for Breeding and Produc-
ing Functional Nutraceutical Food was the session 
related to the success and issues of the storage and use 
of plant collections in gene banks as study material. 
The main focus was placed on some most important 
trends in using plant collections for addressing 
genetic and selection problems, and developing 
functional foods.

Plant Resistance to Pathogens and Other Biotic 
Stresses was the session largely related to the search 
for new genes for resistance to biotic factors. 

Genetic and Epigenetic Mechanisms of Plant Re-
sistance to Abiotic Stresses was the session related to 
the mechanisms of acquiring resistance to drought, 
frost, lower temperatures, soil salinization and toxic 
metals. Special focus was given to the search for 
genetic and epigenetic factors controlling plant re-
sistance to abiotic stresses.

Because several approaches can be seen as being 
special in modern plant biotechnology seeking to 
develop new plants with improved properties, the 
session Plant Biotechnology in the Postgenomic 
Era was related to the approaches associated with 
methods for genetic, chromosome and cell engineer-
ing, and genome editing. Special focus was given 
to studies seeking to arrive at a rapid development 
of plants with desired genotypes using combined 
biotechnological approaches.

Plant Systems Biology and Digital Technologies 
was the session related to genomic and postgenomic 
approaches to analysis of the structural and functional 
organization of the genome and to the integration of 
knowledge into plant systems biology. During this 
session, the development and use of genetic models 
for systems biology were discussed. Special focus 
was given to the methods for bioinformatics analysis 
and the assembly of de novo sequenced plant ge-
nomes. In recent years, the range of whole-genome 
sequenced plants has expanded substantially. The 
question arises: how can these data be successfully 
integrated into the settings of systems biology so as 
to reach an understanding of patterns in the structural 
and functional organization of plant genomes exe-
cuting themselves during plant organisms’ develop-
ment and interactions with the environment? To 
address the question, systems biology methods were 
considered for use in plant organisms with different 
genome sizes and ploidy.

Plant Breeding in the 21st Century, a parallel 
session, was related to important problems in plant 
breeding and the ways to address them with reliance 
on marker-oriented selection, genome-based selec-
tion, and modern approaches to genome editing, 
for in recent years genetic technologies have been 
actively making their way to breeding processes.
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GWAS for Dissecting Traits and Pinpoint Candi-
date Genes was the session in which the importance 
of this approach to studying the genetic bases of 
commercially important traits was demonstrated. 
Genes that control commercially important traits 
can be identified using many ways. The session 
attendees were shown the most effective methods 
for plant genome-wide association mapping, and 
approaches to increasing the significance of the 
results being obtained.

In recent years, the uses of cytogenetic me-
thods for studying plant genomes have changed 

sub stantially due to the whole-genome sequencing 
of a broad range of plants. The parallel session Plant 
Cytogenetics in the Genomic and Postgenomic Era con-
sidered important trends in plant cytogenetics, factoring 
in the modern technologies of studying genetic material 
and new approaches to analysis of digital images.

As an important part of any conference is made up 
by socializing instances, which at times results in joint 
projects, so was with PlantGen2019, some of whose 
participants have come to important agreements.

A selection of the PlantGen2019’s best papers awaits 
ahead.
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1. Introduction
Archaeological data show that the food of the ancient people 
(the Acheulian culture, about 780 ka BP) was characterized 
by a significant variety of plant food sources (Melamed, 
2016), whereas the modern man receives about 75 % of the 
food resources using only 12 plant species (FAO.ftp://ftp.fao.
org/docrep/fao/007/y5609e/y5609e00.pdf). Among the fresh 
vegetables consumed by Russians, only 6 main crops − white 
cabbage, tomato, cucumber, carrots, table beet and onion − ac-
count for over 86 % vegetables eaten (Ryzhkova, Silko, 2015). 
Besides, in the second half of the 20th century, a significant 
decline in the nutritional quality of agricultural products was 
reported. Within 50 years (1950–1999) in the USA, the Ca 
content in the group of 16 vegetable crops decreased by 23 %, 
Fe − by 27 % (Davis et al., 2004). The reported rate of decrease 
in micronutrient concentration ranged from 0.2 % to 0.3 % 
per year. The changes that have occurred are global. In the 
soils and plants of the agrarian regions in the south of Siberia, 
Russia, the content of essential trace elements (Co, Cu, Mo 
and Zn) has decreased, as compared with the biogeochemical 
norm (Syso et al., 2016). In addition, significant intraspecific 
variability in the content of vitamins and mineral elements has 
been reported. The climatic conditions of the south of western 
Siberia, characterized by the considerable input of solar radia-
tion of about 100 kcal / cm2 per year and a significant number 
of hours of sunshine per year (2029), make cultivation of a 
wide range of species and varieties of warm-requiring veg-
etable plants possible. Recently, methodological approaches to 
the introduction of warm-requiring vegetable plants in Siberia 
(Fotev, 2018) and a concept of the Russian national system 
of functional foods have been proposed (Fotev et al., 2018). 
Given the narrow range of cultivated vegetable plant species 
in Russia and the worldwide trend of impoverishment of the 
biochemical composition of vegetables, simultaneously with 

Introduction in Siberia (Russia) of new vegetable species 
with a high biochemical value 
Y.V. Fotev1, 2 *, A.I. Syso3, O.M. Shevchuk4

1 Central Siberian Botanical Garden, SB RAS, Novosibirsk, Russia
2 Novosibirsk State Agrarian University, Novosibirsk, Russia
3 Institute of Soil Science and Agrochemistry, SB RAS, Novosibirsk, Russia 
4 Nikita Botanical Garden RAS, Republic of Crimea, Russia  

Abstract: Considering the narrow range of the cultivated vegetable species in Russia and 
the worldwide trend for impoverishment of the biochemical composition of cultivated 
vegetables, simultaneously with globalization of the vegetable crop production, it is 
necessary to search for plant species and forms characterized by a high content of functional 
food ingredients (FFI) in their composition,. Based on the methodological approaches to 
the introduction of initial material and cultivars of warm-requiring vegetable plants (Fotev, 
2018), cultivars, and selective forms of new for Russia vegetables characterized by a high 
content of FFI, a short growing season and a neutral reaction to the day length have been 
developed: asparagus vigna, kiwano, bitter melon, wax gourd, Chinese broccoli, and fish 
mint. The selected species, cultivars and forms of vegetables can be used as functional 
foods (FF).
Key words: Introduction; asparagus vigna; kiwano; bitter melon; wax gourd; Chinese 
broccoli; fish mint; biochemical value.

globalization of the crop production, it is necessary to search 
for those species and forms of plants that are high in FFI in 
their composition. 

2. Materials and methods
 Research was conducted from 1996 to 2017 on a large col-
lection of species and forms of warm-requiring vegetable 
plants in outdoor and indoor conditions in the Central Siberian 
Botanical Garden of the Siberian Branch of the Russian Acad-
emy of Sciences [CSBG SB RAS] (Novosibirsk, 54°N 83°E). 
We used the collection of vegetable plants (UNU “Collection 
of living plants in indoor and outdoor conditions” No. USU 
440534), including 134 species, 4 subspecies and 14 variet-
ies belonging to 44 genera and 13 families, represented in 
the Genbank of seeds containing 10,754 samples. The main 
new for Russia species studied in the CSBG SB RAS were 
asparagus vigna (Vigna unguiculata (L.) Walp.), bitter melon 
(Momordica charantia L.), kiwano (Cucumis metuliferus 
E. Mey. ex Naudin), wax gourd (Benincasa hispida (Thunb.) 
Cogn.), fish mint (Houttuynia cordata Thunb.) and Chinese 
broccoli or kai-lan (Brassica oleracea L. var. alboglabra 
(L.H. Bailey) Musil.). The content of macroelements (K, Na, 
Ca, Mg, Fe) in the seeds of V. unguiculata grown in CSBG SB 
RAS and Nikita Botanical Garden of the Russian Academy 
of Sciences (NBG RAS), the Republic of Crimea was deter-
mined by flame atomic absorption spectrometry (FAAS) on 
an Analyst400 spectrometer (PerkinElmer). Recommended 
methods of biochemical studies of plants were used (Ermakov,  
1987). 

3. Results and discussion
To select plant species to be introduced in Siberia and to make 
predictive evaluation of the results of working with them, a list 
of parameters was proposed: the biochemical composition, the 
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degree of genetic diversity of species, duration of the vegeta-
tion period, warmth demand, productivity, seed production 
efficiency, fruit quality, a need for growing seedlings, a need 
for glasshouse production, resistance to diseases and pests, 
simplicity and manufacturability of processing the products, 
conformity to traditional taste preferences of population of 
the Russian Federation (Fotev et al., 2009). New for Russia 
vegetables, their main FFI, their physiological effect on the 
human body (or animals) and first-breeding cultivars created 
in Siberia are shown in the table below. 

The fruits of the first created in Russia cultivar of asparagus 
vigna Yunnanskaya contain 83.9 mg% of ascorbic acid. The 
fruits of selected bitter melon forms have a high content 
of carotenoids (in the arillus of the fruits 68.9–177, in 
leaves 350.8–545.1 mg% (FW) and of ascorbic acid (72.5–
127.5 mg%). The high content of elements of the so-called 
“hematopoietic complex” (Fe, Mn, Cu, Co): Fe 45.2–141.6, 
Mn 9.8–18.7, Cu 2.0–5.4 and Co 0.03–0.05 µg/g was found 
in the fruits of cultivars and samples of bitter melon, kiwano 
and wax gourd (the respective content of these elements in the 
fruits of tomato, cultivar Delta 264 is, accordingly, 38.0; 7.8; 
1.7 and 0.03 µg/g). Increased concentrations of Zn in the fruits 
of bitter melon, asparagus vigna and kiwano (32.9–57.6 µg/g) 

were recorded, with the comparative content in tomato fruits 
being 18.5 µg/g. The fruits of the selected forms of asparagus 
vigna accumulate an increased amount of Mo (5,47 µg/g). 
Kiwano and asparagus vigna fruits have a high Mg content. 
The leaves of the sample of Houttuynia cordata accumulated 
Mn, Fe, and Cu, and the roots − Fe, Co, Cu, and Zn. The stem 
part of B. oleracea var. alboglabra (cv. “Siji Xianggu jie lan”) 
is a fairly good source of vitamin C, accumulating 32.0 ... 
46.2 mg%, also distinguished by increased concentration of K, 
Ca, Mg and Cu. To isolate species and forms that are stable on 
the basis of accumulation of FFI, evaluation of the biochemical 
composition of plants grown under environmentally different 
conditions is necessary. The smallest variability (Cv) of the 
content of 5 macroelements in the seeds (K, Na, Ca, Mg, Fe) of 
6 samples of asparagus vigna in the CSBG SB RAS and NBG 
RAS was observed in the cultivar Sibirskiy razmer − 14.6 %. 
In the future, it is promising to develop agrotechnologically 
advanced cultivars with a high FFI content. On the basis of 
biochemically valuable cultivars of asparagus vigna (Sibirskiy 
razmer and Yunnanskaya cultivars), symbiotic systems with 
strains of Bradyrhizobium sp., characterized by a high level of 
symbiotic nitrogen fixation, were created (Fotev et al., 2016). 
It is also important to study the presence and the amount 

Table 1 
New for Russia vegetables, their main FFI*, the physiological effect on the human body (or animals) and the first cultivars 
created in Siberia

Species Main FFI’s * Physiological effects First in Russia 
cultivars

Asparagus vigna 
Vigna unguiculata (L.) Walp., 
Fabaceae

Ascorbic acid, carotenoids, trace elements 
(Ca, Mg, Fe, Mo) (Fotev et al., 2013), 
proteins, antioxidants, polyphenols, 
chlorogenic acid, caffeic acid (Zia-Ul-Haq 
et al., 2013)

Antioxidant, antiradical effects (Zia-Ul-Haq 
et al., 2013), accelerates the elimination of 
harmful and radioactive substances (137Cs) 
by 29 % (Evtukhova et al., 2009)

Sibirskiy razmer, 
Yunnanskaya

Bitter melon 
Momordica charantia L., 
Cucurbitaceae

Carotenoids, ascorbic acid, catechins, 
pectins, trace elements (Fe, Zn, Mn, Cu, 
Ni, Co) (Fotev et al., 2013), glycoalkaloids 
(momorcharins) (Wang et al., 2017).

Antioxidant, antiviral effect, causes apoptosis 
of cancer cells (Dandawate et al., 2016), hypo-
glycemic effect in diabetes (Jia et al., 2017).

Gosha

Kiwano
Cucumis metuliferus E. Mey, 
Cucurbitaceae

Trace elements (Mg, Zn, Cu) (Fotev et al., 
2013), flavonoids, in a small amount – 
cucurbitacins (Aliero, Gumi, 2012).

Anti-inflammatory effect, increases the 
activity of enzymes – alkaline phosphatase, 
aspartate amino-transferase and alanine-
aminotransferase, platelet cyclooxygenase 
inhibition (Wannang et al., 2007).

Zeleniy drakon

Wax gourd Benincasa hispida 
(Thunb.) Cogn., Cucurbita-
ceae

Trace elements (Mn, Fe, Co, Cu) (Fotev et 
al., 2013), triterpenes — alnusenol and 
multiflorenol, sterols and glycosides (Zaini 
et al., 2011).

Antioxidant, antiallergic action (Park et al., 
2009), anti-ulcer effect (Rachchh, Jain, 2008), 
used in the treatment of helminth infections 
(Al-Snafi, 2013).

Akulina

Fish mint
Houttuynia cordata Thunb., 
Saururaceae

Ascorbic acid, trace elements (Co, Cu, Fe, 
Mn, Zn) (Fotev et al., 2017), flavonoids and 
other polyphenolic compounds, pyridine 
alkaloids, aporphine, organic and fatty 
acids, sterols (Fu et al., 2013).

It is used in the treatment of a significant 
number of human diseases, such as cardio-
vascular diseases, cancer, anemia, diabetes 
mellitus, dysentery, etc. (Rathi et al., 2013).

 

Chinese broccoli or kai-lan 
Brassica oleracea L. var. al-
boglabra (L.H.Bailey) Musil., 
Brassicaceae

Ascorbic acid, trace elements (K, Ca, 
Mg,Сu) (Fotev et al., 2018), antioxidants, 
polyphenolic compounds, glucosinolates 
(Wang et al., 2017).

Antioxidant, anti-inflammatory, antimicrobial, 
anti-carcinogenic effects (Cartea et al., 2010)

 

* FFI – functional food ingredients
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Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;12–14



14 Y.V. Fotev et al. Introduction in Siberia (Russia) of new vegetable species with a high biochemical value. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;12–14

of anti-nutrients (phytates, lectins, oxalates, tannins, some 
biogenic amines, etc.) in FFI source plants.

4. Conclusions
To select promising species and forms of vegetable plants in 
biochemical and nutritional terms, it is recommended to use 
a set of selection criteria describing the characteristics and 
properties which include, in addition to the high content of FFI, 
the possibility of implementing biochemical and productive 
qualities of the vegetables under conditions that differ from 
the natural habitat of the species.

The created cultivars and selected forms of new for Russia 
vegetables, like asparagus vigna, bitter melon, kiwano and 
wax gourd, have a high content of FFI, high productivity, 
a short growing season and a neutral response to the day 
length. Fish mint and Chinese broccoli cultivars, being also 
FF (FF – functional food), can be successfully grown in 
Siberia. Individual samples of asparagus cowpea, for example, 
cultivar Sibirskiy razmer are characterized by high stability of 
accumulation of macroelements in the phytomass.

The interest of the Russian consumers in healthy foods 
should naturally lead to accelerated creation of new varieties 
both by traditional breeding methods and new technologies 
based on genome editing. 
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1. Introduction
Anthocyanins are plant secondary metabolites, which are 
synthesized in different parts of plants, including cereal 
plants endosperm, aleurone, seed coat and pericarp (Ficco et 
al., 2014; Khlestkina et al., 2015). They are responsible for 
the diversity of colors observed in the nature. Besides the 
well-recognized role in the attraction of pollinators and seed 
dispersals, they participate in plant protection against adverse 
environmental factors, as well as in signaling (Landi et al., 
2015). Anthocyanins are widespread in angiosperms and oc-
cur in some gymnosperms, while they are absent from other 
taxa of plants that nevertheless contain colorless intermediates 
preceding anthocyanins. These pigments are the last to have 
appeared during land plant evolution (Rausher, 2006).
Both human and animal studies considering the main anthocy-
anins of berries demonstrated that these compounds have wide 
biological activities important for human health maintenance 
(Tsuda, 2012). Unlike berries, bread is a daily consumption 
food and enriching bakery products with such high nutritional 
value compounds as anthocyanins is reasonable. In respect to 
that, there is interest in data on different aspects of wheat grain 

Anthocyanins in wheat grain: genetic control, health benefit 
and bread-making quality
E.K. Khlestkina1, 2 *, O.Y. Shoeva2, E.I. Gordeeva2, Y.S. Otmakhova3, N.I. Usenko3, M.A. Tikhonova2, 4, M.V. Tenditnik4,  
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Abstract: Anthocyanins are plant secondary metabolites having multiple biological 
functions. In this paper, we summarize data on anthocyanins in wheat grain, including 
molecular-genetic mechanisms underlying the synthesis of anthocyanins in the grain 
pericarp, the effect of anthocyanins on bread-making quality and health benefit. 
Anthocyanin synthesis in wheat pericarp tissue is controlled by two complementary 
genes, Pp3/TaMyc1 and Pp-1, mapped to chromosome 2A and homologous group 7 
chromosomes, respectively. These genes encode transcription factors with the bHLH and 
R2R3-MYB-regulatory domains, respectively, which activate expression of the anthocyanin 
biosynthesis structural genes, encoding enzymes of the pathway, in a tissue-specific 
manner. A comprehensive study of the effect of wheat genes associated with the level 
of anthocyanins in grain on the preventive effect of grain products in neurodegenerative 
disorders was carried out. The use of near-isogenic lines (NILs) having almost similar 
genomes with the exception of a small part of chromosome 2A, which contains Pp3, has 
allowed relating the observed differences precisely with anthocyanin biosynthesis. As a 
result, it was revealed that the Pp3 gene is related to the production of dietary products 
preventing neurodegenerative changes caused by Alzheimer’s and Parkinson’s diseases and 
natural aging. The beneficial effect of a grain diet with a high content of anthocyanins on 
the working memory and molecular processes of neuroregeneration was shown on mice. 
The use of the same wheat NILs for testing bread-making quality showed the resistance of 
anthocyanins to the backing process and a better quality and organoleptic properties of 
bakery products made from anthocyanin-rich grains in comparison with products obtained 
from control grains. An optimal scheme for the accelerated creation of wheat breeding lines 
with a high content of anthocyanins in the grain pericarp is considered.
Key words: structural genes; regulatory genes; purple pericarp; blue aleurone; biological 
activity; breeding; flour confectionery products; whole-grained bread.

anthocyanins, including genetic control of their biosynthesis, 
health benefit and bread-making quality.

2. Regulation of anthocyanin biosynthesis 
in wheat pericarp
Anthocyanins belong to flavonoid compounds with a common 
15-carbon skeleton C6-C3-C6 consisting of two phenyl rings 
(A and B) and a heterocyclic ring (C). Different modifications 
of these rings determine the whole diversity of flavonoids that 
count more than 500 individual compounds (Andersen, Jord-
heim, 2006). Anthocyanins differ from the other flavonoids by 
a positive charge and a double bond present in C-ring. They 
are derived in course of the general phenylpropanoid and 
anthocyanin branch of the flavonoid biosynthesis pathways 
(Winkel-Shirley, 2001). At the first stage of synthesis, phenyl-
alanine is converted, in a stepwise manner, by phenylalanine 
ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H) and 
4-coumarate CoA ligase (4CL) into 4-coumaroyl-CoA. Then 
chalcone synthase (CHS), chalcone isomerase (CHI), flava-
none hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), 
flavonoid 3’, 5’-hydroxylase (F3’5’H), dihydroflavonol 4-re-  
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ductase (DFR) and anthocyanidin synthase (ANS) transform 
4-coumaroyl-CoA to anthocyanidins, which are finally modi-
fied by diverse transferases to individual anthocyanins. Tissue 
specific accumulation of anthocyanins is controlled by regu-
latory genes encoding transcription factors with the bHLH, 
R2R3-MYB regulatory domains and WD40 repeats, which 
are combined into the MYB-bHLH-WD40 (MBW) complex 
and activate transcription of the structural genes encoding 
enzymes of the biosynthesis.

In wheat grain, anthocyanins can be accumulated in peri-
carp and aleurone tissues. The most abundant anthocyanin 
in purple wheat is cyanidin 3-glucoside, while in blue one, it 
is delphinidin 3-glucoside (Abdel-Aal et al., 2006). The key 
structural genes were cloned in wheat unlike the genes for 
enzymes of final modifications that are represented by wide 
gene families and their identification is therefore hampered 
(Shoeva, Khlestkina, 2015). Two complementary genes Pp3/
TaMyc1 and Pp-1 control anthocyanin synthesis in the wheat 
pericarp. Pp3 (mapped to chromosome 2A) encodes a bHLH 
transcription factor (Shoeva et al., 2014). The Pp-1 genes 
(7A, 7B, 7D) encode R2R3-MYB-type transcription factors 
(Jiang et al., 2018). The Ba genes responsible for blue aleurone 
were transferred into cultivated wheat varieties from distant 
relatives such as Thinopyrum ponticum, Th. bessarabicum, 
T. boeoticum and T. monococcum (Zeven, 1991). The wheat 
grass ThMYC4E gene encoding the regulatory factor with the 
bHLH domain was identified as a candidate gene for Ba1 (Li 
et al., 2017).

3. Health benefit
Anthocyanins consumed with food may have positive effects 
on human health. Due to suppression of genes involved in fatty 
acid synthesis and inhibition of pancreatic amylase and intes-
tinal α-glucosidase, anthocyanins may have a hypoglycemic 
effect (Tsuda et al., 2003; Tadera et al., 2006; Shobana et al., 
2009). Anthocyanins and other flavonoids may be useful for 
the prevention of a variety of pathologies, including cardio-
vascular diseases (Howard, Kritchevsky, 1997; Lila, 2004). 
They demonstrate wide biological activities ranging from anti-
oxidation, anti-inflammatory, anti-cancer, anti-ageing effects 
to lipid-profile regulation, obesity and diabetes prevention, 
hyperglycemia and retinal protections (Tsuda, 2012). 

Some comparative studies were carried out to reveal effects 
of anthocyanin-rich wheat grain as a feed additive on growth 
characteristics of economically important animals. Inclusion 
of purple grains of a breeding line in the feed compound for 
high-yielding laying hens was demonstrated to improve lay-up 
parameters such as line egg weight, laying per hen and reduce 
feed compound consumption per unit of production. The yolk 
color of eggs laid by hens was not affected by the color of the 
grains eaten (Ruckschloss et al., 2010).

Feeding tests performed on fingerling carp showed the 
positive impact of purple grain of the wheat cultivar ‘Konini’ 
on the mass and length of carps compared with the control 
(Mareš et al., 2015).

The influence of wheat anthocyanins on antioxidant activity 
and liver functions was estimated in rats, chickens and fish 
(Mrkvicová et al., 2017). Significantly higher values of anti-

oxidant status were determined in the liver of rats fed purple 
grains. The chickens fed ‘Konini’ wheat showed significantly 
different values obtained by distinct methods for antioxidant 
status measurement. No significant differences were detected 
in the hepatopancreases of fish. Animals fed ‘Konini’ wheat 
showed a tendency to lower liver enzyme activities in general, 
but a significant difference was found only in gamma-glutamyl 
transferase activity in the chicken’s blood. The results sug-
gested that feeding anthocyanin-rich grain can improve anti-
oxidant activity and functions of liver tissue.

A comprehensive study of the effect of wheat genes associ-
ated with the level of anthocyanins in grain on the preventive 
effect of grain products in neurodegenerative disorders was 
carried out. The use of NILs having almost similar genomes 
with the exception of a small part of chromosome 2A, which 
contains the Pp3 gene, has allowed relating the observed dif-
ferences precisely with anthocyanin biosynthesis (Shoeva et 
al., 2014; Gordeeva et al., 2015). Using mice as a model for 
neurodegenerative changes caused by Alzheimer’s and Par-
kinson’s diseases and natural aging, we revealed a beneficial 
effect of a grain diet with a high content of anthocyanins on 
the working memory and molecular processes of neuroregen-
eration (Tenditnik et al., 2017).

4. Bread-making quality
Anthocyanin-rich bakery products are, first of all, the products 
obtained from bran or with the addition of bran. The grains 
of the above-mentioned wheat NILs differing in anthocyanin 
content in the pericarp were used for evaluation of anthocyanin 
content in the end-use product, as well as in mixtures of flour 
and bran used for baking and separately in the bran (Khlest-
kina et al., 2017). As a result, significant differences were 
detected in samples obtained from anthocyanin-rich grains, 
compared with the control including the products that had 
passed a full processing cycle. The extraction of anthocyanins 
in the conditions most similar to those in the stomach has al-
lowed assessing the amount of assimilable anthocyanins. The 
estimations have shown that one can get up to 1.03 mg of an-
thocyanins with 100 g of whole-grained bread produced from 
anthocyanin-rich wheat (Khlestkina et al., 2017). It was shown 
that bread-making quality and the organoleptic properties of 
bakery products made from anthocyanin-rich grains did not 
concede, or in some cases were higher than the correspond-
ing properties of products obtained from control NIL grains. 
In addition, it was found that the presence of anthocyanin 
increases the shelf life of bakery products and their resis-
tance to molding in provocative conditions (Khlestkina et al.,  
2017).

Later, flour and wheat bran with anthocyanins and the con-
trol group were used for the production of flour confectionery 
products (Usenko et al., 2018). The share of anthocyanins in 
the products obtained from anthocyanin-rich wheat was 2.5-
2.6 times higher than that in similar products obtained from 
control grains. The differences revealed between the grains of 
anthocyanin-rich and control wheat in the end-use products 
testify to the resistance of anthocyanins to technological pro-
cessing. It has been estimated that when eating 100 grams of 
biscuit made from flour with the addition of anthocyanin-rich 
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bran, the consumption of these beneficial substances will be 
up to 0.83 mg. Thus, a high content of anthocyanins in wheat 
bran allows producing enriched confectionery products with 
a high nutritional value (Usenko et al., 2018).

5. Marker-assisted breeding
Using DNA-markers for the Pp genes (Shoeva et al., 2014; 
Zong et al., 2017), we developed purple-grained breeding 
lines by crossing donor line producing anthocyanins in grain 
with elite wheat cultivars. The development of the breeding 
lines took 2 years (6 generations, including that in green-
houses) and required application of the DNA-markers twice. 
The markers linked to Pp-1 and Pp3 were used first to select 
homozygouse plants carrying dominant alleles of these genes 
in F2 generation. After three backcrosses of the selected plats 
to the parental cultivars, the resulted final purple-grained 
breeding lines homozygous to the markers linked to Pp-1 
and Pp3 were selected among BC3F2-3 progenies. The lines 
obtained according to this scheme are already used in field 
trials. Earlier, the marker-assisted backcrossing approach was 
used to develop a set of NILs carrying different combinations 
of the Pp alleles. The volume of plant material was reduced 
two-fold and the planting area was decreased ~70- fold due 
to the application of DNA-markers (Gordeeva et al., 2015).

6. Conclusions
The results of evaluation of end-use quality products com-
bined with the data about the beneficial health effects of 
anthocyanins form wheat grain suggest that wheat bakery 
and confectionery products made from anthocyanin-rich 
grains can be included to the list for dietary food. In order 
to accelerate the breeding of wheat for dietary purposes, we 
have used data on molecular-genetic mechanisms underlying 
anthocyanin synthesis in the wheat pericarp and developed an 
optimal scheme for the accelerated creation of breeding lines 
needed for further selection and registration of anthocyanin-
rich wheat varieties.
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1. Introduction
Despite the creation of a number of varieties of soft wheat 
combining high grain productivity and high grain quality, 
there are limitations on increasing protein and gluten contents. 
The initial plant material plays a key role in the efficiency 
of selection for grain quality. Screening of the VIR wheat 
collection grown in the forest-steppe zone of the Republic 
of Tatarstan revealed varieties with the highest protein and 
gluten content. They can serve as a starting material for the 
selection of high-quality varieties of soft wheat.

2. Materials and methods
Cultivation of wheat varieties was preformed in 2016–2018 
on TatSRIA’s experimental fields in the north of the Middle 
Volga Region, in the Republic of Tatarstan, Russia. The soil 
was gray-forest, well cultivated. The weather conditions 
during research were typical of the forest-steppe zone, with 
frequent summer droughts every year except 2017, when the 
rainy and cold summer resulted in prolonged vegetation. Col-
lection nurseries were established in accordance with classical 
methods of soft spring wheat selection. Wheat cultivation 
technology was traditional for the zone. 

The protein and gluten contents in the grain were assessed 
using an Infratec 1275 infrared analyzer (FOSS). The NIR ana-
lyzer is not an absolutely accurate device, but it allows mass 
analysis. We have investigated the wheat varieties provided by 
the All-Russian Institute of Plant Genetic Resources (VIR) as 
well as genotypes received through institute exchange. Plant 
material consists of T. aestivum L. (278 varieties), T. durum 
Desf. (27 varieties), T. dicoccum (Schrank) Schuebl. (15 va-
rieties), T. polonicum L. (3 varieties).

3. Results and discussion
The Middle Volga Region belongs to the areas where it is 
possible to guarantee the production of high quality wheat 
(Flaksberger, 1938; Vasilova, Askhadullin D-l., Askhadul-
lin D-r., 2016). The genotype of the variety plays a key role 
in the gross production of high-quality wheat. The high-
yielding varieties of strong wheat created and recommended 
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Abstract: Single examples of the creation of commercial varieties of soft wheat combining 
high potential productivity and grain quality indicate a strong conjugation of these systems. 
There is a limit to the increase in protein and gluten in soft wheat, the main elements 
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for cultivation in the Republic have limitations on increasing 
the protein and gluten content regardless of the cultivation 
technology. But there are reserves for increasing protein in 
grain in soft wheat while maintaining high productivity (Mi-
trofanova, Khakimova, 2016). Active use, in hybridization, 
of samples within the genus Triticum characterized by high 
protein content will increase the likelihood of creating highly 
productive varieties of spring wheat with protein content at 
the level of the best samples. 

The samples of T. aestivum L. available to us are diverse in 
protein and gluten content in grain. In high-protein samples. 
protein content in grain ranged from 14.7 to 18.7 %, gluten 
in grain from 32.8 to 38.1 % (see Table 1). Collection of 
pro tein per unit area is the most important indicator of the ef-
fectiveness of breeding. Wheat cultivars Pamyati Mai strenko 
(K- 65448, Russia, Omsk region) and Manu (K-66029, Fin-
land) were the best samples on this indicator. 

Protein and gluten levels of other tested species:
T. durum Desf. is widely used in hybridization with soft 

wheat and can be a source of high protein content. The 
maximum protein content was 16.4 % in the sample of Be-
zenchukskaya 182 (K-59890, Russia, Samara region), while 
in other tested samples this measure did not exceed 15 %. The 
T. dicoccum (Schrank) Schuebl. species are high in protein. 
High-protein commercial varieties were created by hybridiza-
tion with T. dicoccum (Lillian, Canada, etc.). Protein content 
in some samples reached 18.2 %, while the starch content 
was slightly lower than that of high-quality spring wheat. For 
protein content, K-7530 (Russia, Ulyanovsk region), K-10456 
(Russia, Tatarstan), and K-21961 (Germany) stand out.

Noteworthy is the use of interspecific crosses with T. po-
lonicum L. The protein content of T. polonicum L. reached 
17.8 %. The maximum protein and gluten content was in 
K-9277 (Israel) and Koko (K-62974, Syria) (see Table 2).

4. Conclusions
These data indicate a high level of protein and gluten in the 
species tested. Not a large set of samples can give a false 
result, but the use of samples of different origin levels it out. 
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The source of high content continues to be T. aestivum L., but 
in crossing programs, despite some difficulties, you can use 
other high-protein species.
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Table 1 
Characteristics of the best T. aestivum samples by protein and gluten content in grain, 2016–2018

№ cat. VIR Sample Protein content in grain, % Gluten content in grain, % Collecting protein, g/m2

65478 Krasnoufimskaya110, RUS: Sverdlovsk 15.7 34.9 36.8

65477 Ekaterina, RUS: Sverdlovsk 15.2 34.1 48.3

65448 Pamyati Maistrenko, RUS: Omsk 15.0 33.7 60.0

64856 Polyushko, RUS: Novosibirsk 14.7 33.3 47.9

65473 Long Fu 12, China 15.9 35.0 40.4

64977 АС Taho, Canada 15.9 34.2 45.0

66203 Lillian, Canada * 18.7 37.5 25.8

66204 Lovitt, Canada * 18 38.1 20.9

66033 Molera, Switzerland ** 16.5 36.9 59.1

66029 Manu, Finland ** 16 35.75 65.8

65851 Mayon 1, Syria ** 15.9 36.15 30.8

* tested only in 2018, ** tested in 2017–2018

Table 2
The limits of protein content and gluten in the samples tested, 2016–2018

Species Protein content of grain, % Gluten content in grain, %

T. durum Desf. Lim
11.9–16.4

Lim
22.7–35.7

T. dicoccum (Schrank) Schuebl. Lim
13.2–18.2

Lim
24.9–29.8

T. polonicum L. Lim
14.2–17.8

Lim
31.2–37.8
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1. Introduction
Worldwide, global climate change is objectively observed and 
projected. The Second National Communication on the UN 
Framework Convention on Climate Change of Kazakhstan 
indicates that the average temperature in the region has risen 
by more than 0.15 °C/10 years (Eserkepova et al., 2009). 
High temperature can be one of the main factors limiting 
the productivity of all agricultural crops, including wheat. 
Understanding the physiological problems associated with 
stress caused by high temperature is of great importance. 
Various physiological mechanisms contribute to the heat 
tolerance of plants. The canopy temperature is a function of 
many environmental factors: soil water status, air temperature, 
relative humidity, and radiation (Amani et al., 1996). Canopy 
temperature depression (CTD) is a good indicator of the 
genotypes’ relevance to a given environment. Experimental 
data showed a clear association of CTD with yield (Reynolds 
et al., 1998, 2001, 2007; Saint Pierre et al., 2010; Cossani, 
Reynolds, 2012; Pinto, Reynolds, 2015). Drought is a major 
factor limiting the yield of wheat throughout the world. The 
degree of modification depends on the variety, growth stage, 
duration and intensity of stress (Araus et al., 2002; Barnabas 
et al., 2008). The best option for increasing yields and crop 
stability is the development of drought-resistant crop variet-
ies (Fischer, Maurer, 1978; Rajaram, 1996). It has recently 
become possible to perform indirect assessments of agronomic 
and physiological features using spectral reflection methods 
associated with photosynthetic activity and plant productiv-
ity (Verhulst, Govaerts, 2010). Among the most widely used 
simple methods is the normalized differential vegetation in-
dex (NDVI). NDVI is a non-destructive method for effective 
assessment of total dry matter (TDM), leaf area index (LAI) 
in wheat and barley. NDVI positively correlates with grain 
yield and can serve as an indirect criterion for the selection 

Abstract: High temperature can be one of the main factors limiting the productivity of 
all agricultural crops, including wheat. In this regard, understanding the physiological 
problems associated with stress caused by high temperature is of great importance. 
The aim of the studies was to phenotype wheat germplasm (Triticum aestivum L.) to 
assess the potential of using the NDVI (normalized difference vegetation index) and CTD 
(canopy temperature depression) measurements to identify wheat genotypes that show 
a high correlation of productivity with heat tolerance (CTD) and drought resistance (NDVI) 
cultures in the foothill and dry-steppe zones of the Trans-Ili Alatau. A trend of increasing 
productivity with increasing CTD (r = 0.67) was revealed. Five winter wheat accessions were 
selected as sources of productivity and adaptability to high temperatures. Monitoring of 
the wheat gene pool using GreenSeeker, an optical sensor, showed a change in the plant 
biomass index (NDVI) value depending on the conditions of cultivation and the phase of 
development. An association (r = 0.64) between NDVI and the yield of winter wheat was 
established. For spring wheat, a high degree of NDVI correlation (r = 0.51–0.54) with spike 
length, number of spikelets, kernels and weight of kernels per spike was noted. 
Key words: winter and spring bread wheat; T. aestivum L.; yield productivity; biomass  
index.

of productive forms. These indicators are very useful for as-
sessing the photosynthetic ability of plants and yield (Sharma 
et al., 2011).

2. Materials and methods
Field experiments were conducted during the growing season 
of 2014/2016 on the experimental field plots of the gene pool 
department of Kazakh Research Institute of Agriculture and 
Plant Growing in 2 soil-climatic zones of the Trans-Ili Alatau 
(48°N, 77°E): 1) rain fed conditions of the foothill zone; 
2) semi-arid conditions of the dry-steppe zone.

In the crop rotation system, wheat was placed annually after 
a three-year alfalfa. Fertilizers, applied according to the tech-
nology adopted in the zone, herbicides, fungicides and insec-
ticides were used as needed to minimize the impact of weeds, 
diseases and insects. Material: The objects of the study were 
winter, facultative and spring bread wheat accessions from 
3 International nurseries of CIMMYT 1) Winter Wheat Eastern 
European Regional Yield Trial (WWEЕRYT); 2) Facultative 
and Winter Wheat Observation Nursery (FAWWON); 3) Ka-
zakhstan-Siberian Network on Wheat Improvement (KASIB). 
Methods: CTD was measured as the difference between air 
temperature and canopy temperature (Reynolds et al., 1998). 
NDVI measurements were conducted using GreenSeeker, a 
portable optical sensor unit (Trimble Navigation Limited, 
Sunnyvale, CA, USA). The stress susceptibility index (SSI) 
was calculated as follows: SSI = (Yp-Ys)/Yp*100, where Ys 
is the yield of the genotype under stressful conditions; Yp is 
the yield of the genotype in non-stressful conditions. The data 
were analyzed using STATISTICA 10 (StatSoft).

3. Results and discussion
The international exchange of varieties and breeding materials 
is of great practical value for the creation of new varieties. 
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For more than 20 years, Kazakhstan has been participating 
in the assessment of winter wheat nurseries formed by the 
International Program of CIMMYT. The meteorological 
conditions of the 2014/2016 research years were favorable 
both in thermal, water and energy terms. According to the 
CTD measurements, the detected genotypes of WWEERYT 
nurseries were divided into 3 groups: the warmest varieties 
were included in 1 and 2 groups (CTD = 11.4–12.8 °С) with 
the productivity scale from 225.0 to 610.0 g/m2. The most 
numerous were the 3rd group (69 pcs, CTD = 13.0–14.20 °C) 
with the yield from 460.0 to 910.0 g/m2. 17 high-yielding 
accessions (≥ 650 g/ m2) have been identified as promising. 
The coolest accession was KS89180B from the USA (CTD = 
= 14.2 °C, yielding 710.0 g/ m2).

The most productive in the group of cool accessions was a 
variety from Ukraine, ‘Kharkovskaya-106’ (CTD = 13.6 °C, 
yielding 910.0 g/m2). A trend to increase productivity with 
increasing CTD was revealed. A positive correlation is noted 
between CTD and average yield in 128 winter wheat variet-
ies and lines (r = 0.67). Five accessions of the WWEERYT 
nursery with a high correlation between CTD and productivity 
were identified as sources of productivity and adaptability 
to high temperatures (heat tolerance). The yield of any plant 
organism, including winter wheat, is considered as the end 
product of the photosynthetic ability, which begins with the 
process of photosynthesis. The leaf area index (LAI) for 
Kazakhstan breeding productive varieties ranged from 48.2 
to 71.2 thousand m2/ha (the absorption energy 1.94–2.41 % 
PAR). The total dry matter (TDM) ranged from 13.55 to 
16.85 t/ha (St = 12.74 t/ha), which ensured the grain yield 
from 5.12 to 7.41 t/ha. The largest LAI (71.2 thousand m2/ha) 
was with the variety ‘Kazakhstanskaya-16’, able to absorb and 
assimilate solar energy with a high efficiency (2.41 % PAR), 
which provided the formation of 16.85 t/ha of TDM and of 
7.41 t/ha of grain yield. 

Normalized Differential Vegetation Index (NDVI) measures 
the amount of green vegetation in the area. In this regard NDVI 
was used as an indirect criterion for the selection of productive 
forms. The NDVI values for winter wheat accessions in rainfed 
conditions of the Trans-Ili Alatau foothill zone varied from 
0.40 to 0.81. The relationships between NDVI, physiological 
features and productivity of Kazakhstan winter wheat variet-
ies are classified as average (r = 0.37–0.41). However, a high 
degree of correlation (r = 0.71) observed between NDVI and 
heading time (HT, the number of days from January 1) allowed 
us to reveal, within 6 HT groups of winter wheat accessions, 
a high degree of correlation (r = 0.64) between NDVI and 
productivity. NDVI measurements in the foothill zone on the 
spring bread wheat accessions from the KASIB international 
nursery showed the ability of the NDVI to differentiate wheat 
genotypes. High values of NDVI (0.70–0.75) were observed 
at the heading stage, which, as was established, can serve as 
an indicator of the good plant state before transition to the 
reproductive stage.

For spring wheat early maturing genotypes, there was a 
marked decrease in NDVI during transition from the heading 
stage to the grain filling period, Figure 1. It is hypothesized 

(Sharma et al., 2011) that early maturing genotypes with high 
values of NDVI (0.70–0.75) are important for early sowing, for 
they will better tolerate early drought, which occurs in the pre-
winter and early spring months in many parts of Central Asia. 
Twenty-eight medium maturity genotypes with stable NDVI 
values (0.70) keep green leaves for long and better tolerate 
terminal heat stress, which often occurs in the foothill zone 
of the Trans-Ili Alatau in the third decade of June and July. 
A high degree of correlation between NDVI and spike length 
(SL), number of spikelets (NSS), number of kernels (NKS), 
and weight of kernels (WKS) per spike (r = 0.54; 0.51; 0.55; 
0.51, respectively) were noted. 

Gene expression is not the same in different environmental 
conditions. The water and heat stress of the dry-steppe zone 
caused a decrease in the photosynthetic ability and, as a result, 
a decreased NDVI (0.20–0.79) (Figure 2).

The stress susceptibility index (SSI) determined by a 
comparative analysis of the spring wheat productivity traits 
in the conditions of the foothill and dry-steppe zones allowed 
indicating five accessions – ‘Lutescens 259’, ‘Erythrosper-
mum 55/94’, ‘Stepnaya 17’, ‘Samgau’, and ‘Alpha-79’ – with 
the lowest SSI for all analyzed traits. There are correlations 
of varying degrees between NDVI and PH (plant height), 
NSS, SL, WKS, NKS (r = 0.58; 0.50; 0.37; 0.30; and 0.20, 
respectively).

4. Conclusions
CTD is an integrated result of the environmental conditions 
affecting the absorption energy and the evaporation mecha-
nism (Amani et al., 1996). The research results showed the 
possibility of using the CTD method as an indirect selection 
criterion for heat tolerance in the southeastern part of Ka-
zakhstan: a high genetic correlation (r = 0.67) between CTD 
and productivity was established. Five accessions from the 
WWEERYT nursery, distinguished by a high correlation co-
efficient between the CTD index and productivity, have been 
transferred for use in breeding for productivity and heat toler-
ance. As a result of the research, the ability of NDVI to dif-
ferentiate wheat varieties at different stages of growth and the 
ability to use NDVI values as predictors of wheat yield were 
established. In the foothill zone of the Trans-Ili Alatau, within 
six marked ripeness groups, a connection (r = 0.64) between 
the grain yield of winter wheat and the NDVI was established.

For spring wheat, a marked high degree correlation of 
NDVI with SL, NSS, NKS and WKS (r = 0.54; 0.51; 0.55; 
0.51, respectively) was revealed. The results obtained in these 
experiments show that drought stress significantly reduced the 
NDVI. NDVI values varied from 0.20 to 0.79. The correlations 
of varying degrees between NDVI and PH, NSS, SL, WKS, 
and NKS (0.58; 0.50; 0.37; 0.30; and 0.20, respectively) are 
noted. The results show that the germplasm included in the 
study represents significant genotypic variations, which can 
be useful for programs to improve winter and spring wheat 
productivity and resistance to heat and drought. NDVI broad-
ens the understanding of various management methods within 
an agro-ecological environment and shows how management 
affects and determines the efficiency of the resource use.
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Figure 1. NDVI of spring bread wheat accessions from KASIB nursery 
under rainfed conditions at 2 growth stages (heading and grain filling 
stage), 2016.

Figure 2. The values of the NDVI measurements of the KASIB spring 
wheat nursery in the conditions of the foothill and dry-steppe zones of 
the Trans-Ili Alatau, 2016.
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1. Introduction
Producing commercial cultivars with significantly altered 
properties has always been the cherished desire of plant 
breeders. With intraspecific hybridization, significant changes 
are not achieved. Remote hybridization, genetic engineering 
methods, vaccinations, various types of mutagenesis, etc. 
are used to achieve this goal. Each of these methods has 
its advantages and disadvantages. Breeders widely use the 
method of remote hybridization of existing wheat cultivars 
with its wild relatives, in particular, with different species of 
wheatgrass to increase biodiversity and improve the quality of 
wheat. Wheatgrass has the following valuable characteristics: 
winter hardiness, salt and drought resistance, high content of 
protein and gluten in grains, strong root system, resistance 
to diseases, etc. (Tsitsin, 1981). It is desirable to transfer 
all these characteristics to the cultivated cereals. Work with 
wheatgrass has been going on for over 45 years in the Institute 
of Cytology and Genetics of the Siberian Branch of the RAS. 
The source material for the production of wheat-wheatgrass 
hybrids (WWHs) was the collection of seeds of wheatgrass 
Agropyron glaucum (syn. Elytrigia intermedium) collected 
in 1971 in East Kazakhstan in a wild-growing population, 
growing on a high and a low snow place. Such harsh growing 
conditions of wheatgrass plants caused, first of all, the pres-
ence of high frost resistance. Since 1985, we have been work-
ing on the creation of androgenic wheatgrass lines using the 
method of androgenesis in vitro and using these lines as donors 
of valuable traits for obtaining new forms of hybrid wheat. 
Using the haploid technology, we have created a collection of 
androgenic haploids, seed generation of doubled haploids as 
well as parental plants of wheatgrass, possessing high-quality 
androgenic characteristics and a number of other valuable 
features, among which the main ones can be distinguished: 
high cross-breeding with wheat and cold resistance (Raz-
makhnin, 2017). This made it possible to use – with high 
efficiency – the obtained lines in further work on the transfer 

Abstract: A technology has been developed for obtaining new forms of hybrid wheat by 
the method of remote hybridization with wheatgrass androgenic plants and an original 
leaf-nurse method. As the result of the application of this technology, 68 variety samples 
of hybrid winter wheat were obtained and brought to competitive tests. 30 promising 
genotypes exceeding in their characteristics the standard variety ‘Novosibirskaya-40’ were 
identified. 425 spring wheat-wheatgrass F4 hybrids were obtained. 129 best varieties were 
selected and tested.
Key words: spring and winter breed wheat; wheatgrass; remote hybridization; leaf nurse.

of valuable traits from wheatgrass to wheat using the method 
of remote hybridization and an original method of leaf nurse 
(Razmakhnin et al., 2012).

2. Materials and methods
The main methods that we used for creation of new forms of 
wheat were intraspecific and interspecific hybridization and 
the method of leaf nurse (LN-mehod) (Razmakhnin et al., 
2015). The winter wheat ‘Filativka’ and androgenic clones 
of wheatgrass were used for the development of WWHs. The 
winter wheat ‘Bagrationovka’ and leaves of soybean and frost-
resistant plants of wheatgrass were used for the development 
of LN-lines by the method of leaf nurse. Evaluation of frost 
resistance of wheatgrass and wheat plants was carried out by 
the laboratory express method (Razmakhnin et al., 2009). To 
reduce the height of the wheat lines developed and to improve 
their grain quality, we carried out their reciprocal crossing with 
the short-stem winter wheat variety ‘Lars’. Spring forms of 
WWHs were obtained by backcrossing the WWHs obtained to 
spring introgression lines of wheat resistant to brown rust. The 
best spring WWH genotypes were crossed among themselves 
and with the spring wheat varieties ‘Novosibirskaya-31’ and 
‘Omskaya-37’. The selection process took place in the field 
and in the greenhouse. 

3. Results and discussion

3.1 The results of the research on the creation  
of new genotypes of winter wheat using wheatgrass  
and soybean as a donor of valuable traits
In 2017, we carried out at competitive test of 68 promising 
genotypes of WWHs and LN-lines. Most of the genotypes 
had higher rates of productivity and quality of grain than the 
standard variety ‘Novosibirskaya-40’. Table 1 shows the re-
sults of the competitive test of 2017-2018 of the best varieties 
of WWHs and LN-lines. It is important to note that the root 
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Table 1
Comparative assessment of winter breed wheat lines of the 2017–2018 competition test

Cultivar, 
line

Winter  
hardiness, 
%

Plant 
height, 
cm

1000  
kernel-
weight, g

Nature, 
g/l Glassy, % Gluten, % Power of 

flour, e.a.

Bread 
volume, 
cm³/100 g

Overall  
baking  
assessment

Yield, t/ha

average +/– to st

Novosibir-
skaya-40 63.5 109 37.3 790 50 37 228 680 4.1 5.29 st

LN 7b 59.7 120 44.7 798 52 33.8 417 620 3.9 6.19 +0.9

WWH × 
Lars 2 65.7 118 44.7 802 60 34.4 269 740 4.1 5.90 +0.61

WWH 45c 61.0 130 43.1 792 55 32.8 302 600 4.1 5.98 +0.69

WWH 53 61.2 123 41.5 784 57 33.3 268 640 4.6 6.02 +0.72

DS 2 59.2 118 48.3 800 55 30.8 332 620 4.5 6.52 +1.22

WWH × 
Lars 9 64.2 121 39.1 774 52 27.9 193 720 4.4 6.56 +1.27

WWH × 
Lars 19 66.0 126 43.6 800 57 25.8 258 600 4.3 7.04 +1.75

WWH × 
Lars 18 60.5 96 37.9 768 54 23 205 600 4.4 6.29 +1.0

LN 20 61.7 117 47.2 800 54 29.9 277 560 4.0 6.01 +0.71

WWH × 
Lars 12 66.0 116 43.7 794 57 29.6 355 640 4.4 6.24 +0.95

WWH 48a 60.5 126 45.9 780 57 32.2 269 600 4.0 5.97 +0.68

WWH 48b 61.7 126 49.4 792 65 34.0 294 640 4.2 6.19 +0.90

WWH × 
Lars 11 63.7 116 47.6 786 66 31.2 292 800 4.6 5.82 +0.53

WWH × 
Lars 7 62.5 120 44.5 778 60 33.7 264 580 3.8 6.22 +0.93

WWH × 
Lars 15 62.5 117 44.5 770 69 31.6 318 560 4.0 5.78 +0.49

WWH × 
Lars 20 62.0 107 44 774 64 31.6 216 600 4.3 5.39 +0.1

LN ZS × 
soybean 1 61.5 110 47.8 782 64 33.0 284 700 4.4 5.7 +0.45

LN DS × 
soybean 2 61.7 113 48.3 780 64 33.0 336 600 4.2 5.5 +0.3

Table 2
The average weight of roots of winter bread wheat

Cultivar, lines Novosibirskaya-40 st WWH × 
Lars 11

WWH × 
Lars 12

WWH × 
Lars 19

LN ZS × 
soybean 

LN DS × 
soybean 

LN WWH 20× 
soybean 

weight of roots, g 0.49 0.88 1.38 1.43 1.0 0.93 1.2

% of standard (st) 100 180 282 291 201 190 244

E.P. Razmakhnin et al. Development of new forms of spring and winter wheat. 
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Figure 1. Spikes of the winter wheat 
‘Novosibirskaya-40’ and lines of new forms of 
winter wheat. 

Figure 2. Field competition test of developed 
WWHs and LN-lines.

Figure 3. Spikes of the spring wheat 
‘Omskaya-37’, ‘Novosibirskaya-31’ and 
developed lines of new forms of spring wheat. 

E.P. Razmakhnin et al. Development of new forms of spring and winter wheat. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;24–27
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system of the genotypes was significantly more developed 
(Table 2). This trait was clearly transmitted from wheatgrass, 
which has a powerful root system. 

Figure 1 shows spikes of the winter wheat ‘Novosibir-
skaya-40’ and developed lines of new forms of winter wheat. 
Figure 2 shows the field competition test of the developed 
WWHs and LN-lines in 2018. 

The results of the research on the creation of new genotypes 
of spring wheat using wheatgrass and soybean as donors of 
valuable traits

In 2017, 17 genotypes of spring WWHs and LN-lines out 
of 32 obtained in 2016 were tested. The spring wheat varieties 
‘Novosibirskaya-31’ and ‘Omskaya-37’ were taken as stan-
dards. Productivity and 1000-kernel weight of the majority 
of the samples studied exceeded grades-standards. In order 
to expand the genetic diversity and improve the quality of 
grain, the best samples were crossed with each other and with 
two varieties of spring wheat, ‘Novosibirskaya-31’ and ‘Om-
skaya-37’. As a result, 2563 grains of 91 reciprocal hybrids 
were developed. Selection, reproduction and structural analy-
sis of these variants were carried out during the two vegeta-
tion periods of 2017–2018 in the greenhouse. Figure 3 shows 
spikes of the spring wheat varieties ‘Omskaya-37’, ‘Novosi-
birskaya-31’ and lines of new forms of spring wheat. In 2019, 
5762 grains of 425 genotype variants were obtained. From 
these variants, 129 best genotypes were choose for breeding. 

4. Conclusion 
The results obtained prove the great prospects for the appli-
cation of the method of remote hybridization and the me-
thod of leaf nurse to create new forms of hybrid wheat with 

the use of wheatgrass and soybean as donors of valuable 
traits. The created collection of androgenic plants of wheat-
grass can serve as a good base for further breeding and genetic  
research.
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1. Introduction
Selection of soft spring wheat, in conditions with a pronounced 
aridity of the first half of the growing season, should be car-
ried out taking into account the creation of the source material 
based on the expanded genealogical tree of the parental forms. 
This allows you to identify lim-factors at the geographic 
points of their origin and to combine in the created hybrids 
resistance to their negative manifestation. Evaluation of the 
created breeding material for seven genetic- physiological sys-
tems allows objectively selecting the genotypes that are most 
adaptive to local conditions, high-yielding, with a complex of 
economically valuable traits and properties.

2. Material and methods
Experimental work was carried out on the experimental 
field of the Research Institute of Agriculture of the Northern 
Zauralye (a branch of the Tyumen Scientific Center of the 
Siberian Branch of the Russian Academy of Sciences), in the 
conditions of the northern forest-steppe zone, on dark gray 
soil, fertilized with N30P45K30 kg/ha. As the source material, 
the material of the VIR collection was studied in the amount 
of 1200 samples of various ecological and geographical origin 
(Guidelines …, 1985). Hybridization was carried out using the 
TV-method. F1, F2 and B1-B4 hybrids and breeding material 
were studied by the selection method (The program …, 2011). 
The selection of elite plants is after a series of stabilizing trans-
fers of hybrid populations against the background of typical 
dynamics of lim-factors of the environment. Competitive and 
environmental testing was carried out according to the method 
of GSI (Methods …, 1989).

3. Research results
The genealogical tree of parental components allows us to 
establish the geography of their origin and to reveal the dynam-
ics of lim-factors of the environment at various geographic 
points. The genealogical tree shows kinship in the dynamics 
of selection, which is “... evolution directed by the will of 
man” (Vavilov, 1935). The pedigree of the created varieties 
allows one to theoretically substantiate the selection of pairs 

Abstract:  When creating the initial breeding material, the use of the family tree of parental 
varieties allows you to establish the geography of their origin and determine the dynamics 
of lim-factors of the environment at these geographic points. Hence a possibility to transfer 
endurance to hybrids to lim-factors of the environment of this zone. The hereditary increase 
in drought tolerance is due to the ecological-genetic organization of the quantitative traits 
of the family-defined genetic and physiological systems (GFS) that determine the crop, 
of which the main ones are: attraction, microdistribution, attracted plastic substances, 
adaptability, horizontal immunity, tolerance to thickening. Evaluation of the breeding 
material for these GFS allowed us to distinguish the early maturing line Lutescens 506- 11, 
with their optimal manifestations and pronounced adaptability to the agroclimatic 
conditions of the Trans-Urals, which became the Grenada variety.
Key words: variety; family tree; lim-factor; environments; genetic-physiological system.

for crossing (Ushiyama et al., 2009; Witcombe, Virk, 2009; 
Novokhatin, 2016), to conduct a directed formative process 
and the selection of the necessary ecotypes (Novokhatin, 
2016). So the family tree of the mid-season, intensive variety 
Icarus (var. pyrotrix) consists of 59 varieties, which cover 
eight secondary centers of the evolutionary development 
of culture. In the pedigree of the newly registered variety 
Grenada, the family tree includes 69 varieties of various ge-
netic and ecological-geographical origin (Drahavtsev et al., 
1984). In the conditions of climate warming, in the Northern 
Trans-Urals during the past forty years, the average air tem-
perature has increased from 1.2 to 2.8 °C, and over the past 
10 years it increased to 3.1 °C. With an increase in positive 
active temperatures from 1847 to 2138 °C (SCC = 1.31) (No-
vokhatin, 2015), the question of adapting the selection to dry 
conditions is urgent. The climate of the region has significant 
differences from those of the surrounding areas, since it is 
largely determined by the Scandinavian warm anticyclone 
and impoverished western cyclones. Analysis of the data of 
the Tyumen HMS for 103 years shows that in the Northern 
Trans-Urals there were 46 % of years of droughts of varying 
degrees, of which 36 were significant, 11 years were dry and 
8 were very dry, and 26 years were wet (Novokhatin, 2015). 
Productivity – as a complex indicator – is determined by the 
ecological-genetic organization of quantitative traits (Dra-
havtsev et al., 1984). Under climate warming conditions, a 
hereditary increase in drought resistance is required, one of 
the main factors of adaptability (Drahavtsev, 2019), which 
causes a change in the spectra of the products of the genes 
determining yield (Drahavtsev et al., 1984). At the same time, 
drought resistance is determined by 22 components, each of 
which has a share of additive dispersion in a particular set 
of varieties. Based on the fact that plants have seven genetic 
and physiological systems (GFS) determining yield, the at-
traction of the microdistribution of traced plastic substances, 
adaptability, horizontal immunity, payment for dry biomass 
of the lim-factor of soil nutrition, tolerance to thickening and 
variability of ontogenesis phases (Drahavtsev et al., 2017) 
should be taken into account in the breeding work. Among 
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of drought tolerance and resistance to pathogens and pests. 
Drought tolerance and adaptability of wheat are enhanced by 
transgenesis, by introducing amphidiploid genes by inserting 
foreign DNA into the recipient’s genome. Breeding forms 
with triticale and sphaerococcum wheat were obtained. Newly 
created varieties should be resistant to lodging and to the pre-
harvest germination of grain in the ear. This is possible only 
when evaluating the breeding material in provocative condi-
tions. Thus, resistance to pre-harvest germination of grain in 
an ear is estimated by the activity of the α-amylase complex 
and pre-harvest germination of grain in an ear in provocative 
laboratory conditions.

4. Conclusions
The use of the genealogical tree of parental forms allows you 
to identify lim-factors of the environment at geographical 
points of their origin. This allows to create hybrids resis-
tant to environmens. Evaluation of breeding lines for seven 
genetic-physiological systems (GFS) allows to select produc-
tive genotypes, adaptive to local conditions, with a complex 
of agronomically valuable traits and properties. The analogue 
is the early ripe cultivar Grenada, created and registered in 
2019, with horizontal resistance to pathogens.
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them, one of the determining factors is the GFS of adaptability 
to common lim-factors in the zone: drought resistance, cold 
resistance, heat resistance, resistance to salinity and acidic 
soils, to lodging and to germination of grain in the ear. The 
rate of adaptability depends on the genotype-environment 
interaction (HCV), which varies with the productivity ranks 
of varieties. In the Northern Trans-Urals, out of 25 % of the 
genetic component, in the formation of yields (from 100 % 
phenotypic variability) about 20 % are caused by genotype-
environment interaction (HCV) (Novokhatin, Shelomentseva, 
2014), which is an important factor in increasing productivity. 
Among the 22 components of drought tolerance included in 
the seven HFS, an important component is the root system that 
changes in ontogenesis. A large embryo has well-differentiated 
elements, which makes it possible to select genotypes with 
5–6 actively growing germinal roots. At tillering, in rainfed 
conditions, the primary roots penetrate the soil by 50–70 cm, 
at earing stage – 130–150 cm and at full ripeness stage – 
170–185 cm, and on irrigation – 210–243 cm, the maximum 
was shown for Kazakhstanskaya 10 cultivar. In dry conditions, 
the primary root system determines grain yield for early rip-
ening varieties – 77–80 %, middle ripening – 67–69 % and 
late ripening – 53–56 %. It was found that the morphological 
index associated with drought tolerance is the magnitude of the 
removal of the spike (Novokhatin, 2015). It should be borne in 
mind that spring wheat hybrids obtained with the participation 
of winter forms have a more developed and deeper penetrat-
ing secondary root system. Complex, often changing climatic 
conditions require the creation of well-adapted, plastic variet-
ies. This is largely solvable when use in the breeding work 
all seven genetic-physiological systems (GFS) contributing 
to productivity. Evaluation of breeding lines on the main five 
GFS allowed identification, among them, of Lutescens 506- 11 
F5 [F1 (Kazakhstani early maturation × Tulunskaya 12) 
× Tulunskaya 12], which became the variety Grenada. In 
‘Grenada’, the attraction is well pronounced: the recycling of 
plastic substances from the stem and leaves into an ear. This 
provides a full-bodied, well-ribbed ear. The new variety shows 
resistance to early summer drought due to a well-developed 
root system and dense cuticular wax coating. The variety is 
able to develop well and form high quality grain on slightly 
acidic soils and in cool conditions. The GFS of polygenic im-
munity (horizontal stability) of ‘Grenada’ is caused by a strong 
cuticular wax coating of leaves and stem, a gray-blue color, 
which prevents germination of fungal spores – septarios, rust, 
powdery mildew. Dense pubescence of leaves and leaf sheaths 
limits the accumulation of spores on them, protects them from 
damage by stealth and leaf-eating pests, and as albedo protects 
plants from overheating. GFS tolerance to thickening is one 
of the main criteria for the creation of varieties for intensive 
farming. A productive cenosis should provide from 510 to 
560 productive tillers on 1 m2. With a grain mass from an ear 
of 1.1–1.2 (28–30 grains with a grain weight of 0.04 g), the 
biological yield is from 5.5 to 6.4 t/ ha, which is typical of the 
new variety Grenada. Improving Drought tolerance should 
be improved with the help of wild species. An example of 
those is the variety Serebrina, a somatic hybrid of intensive 
‘Kazakhstanskaya 10’ and non-extruded nuclear material 
of bluegrass meadowgrass, characterized by a combination 
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Abstract: The article presents of studying--under the conditions of the agriculturally risky 
Kulunda steppe—the ecological homeostasis of spring common wheat breeding lines 
created using remote hybridization. The studies were carried out at the breeding and seed 
sector of grain and feed crops of the Siberian Research Institute of Feed North-Kulunda 
Department. One of the important indicators characterizing the resistance of plants to 
adverse environmental factors is homeostasis, a universal property in the system of the 
relationship between the genotype and the environment. Homeostasis is the ability of 
the genotype to minimize the effects of adverse external conditions. Statistical processing 
was performed using a package of Snedecor applications. We carried out the analysis 
of the homeostasis of the selection lines according to the algorithms developed by 
S.P. Martynov, the yield variance analysis of multiyear experience according to Tomilov, and 
multidimensional ranking of varieties on the main breeding traits, which was designed by 
I.A. Uzhakov. A breeding line (1459-Е-06) of spring common wheat with high responsiveness 
to the environmental conditions and stable high yield was selected. This line was made by 
crossing spelt with durum wheat and further backcrossing with common wheat. This line 
is advisable for use as a source of high productivity of plants in the selection process, to 
obtain new genotypes with high adaptive properties and is recommended for transfer to 
the state strain testing. 
Key words: spring wheat; interspecific hybridization; homeostasis; agronomic traits.

1. Introduction
Interspecific hybridization is currently one of the most ef-
fective breeding methods. The hybridization of common 
wheat with the hexaploid species Triticum compactum Host 
and T. sphaerococcum Perc. is easy as these species are ge-
netically compatible. The use of wheat species in practical 
breeding is usually associated with the production of easily 
threshable forms.

Crossing of common wheat with T. sphaerococcum Perc. is 
promising, as it results in hybrids with high grain quality and 
early maturity. In addition to these properties, such hybridiza-
tion allows plants with a solid straw, drought resistance and 
frost resistance to be obtained (Dorofeev, 1987).

When crossing spelt with common wheat, new varieties 
are resistant to diseases. In the world of wheat breeding, spelt 
played an important role as the initial form for interspecific 
crosses. N.I. Vavilov in 1911–1913 found hybrids with re-
sistance to powdery mildew and brown rust. He considered 
promising the crossing of spelt with common and durum wheat 
cultivars (Vavilov, 1935). When inheriting signs of spelt, it 
dominates if it is taken as a mother plant.

2. Materials and methods
Modern breeding is based primarily on the use of the existing 
diversity of germplasm cultivated plants. And only carrying 
out distant hybridization with wild relatives allows makes 
it possible to increase it to an extent as well as to transfer it 
from some systematic units to other economically valuable 
traits or properties (Goncharov N.P., Goncharov P.L., 2018). 

Through the use of distant hybridization, the breeder is look-
ing for opportunities to expand the biodiversity of existing 
new economic plant species. In the Sector of Wheat Gene-
tics, N.P. Goncharov produced common wheat hybrids with 
T. compactum, T. sphaerococcum, T. dicoccum, T. durum, 
Aegilops squarrosa (Table 1).

In these hybrid combinations, individual selection was 
carried out on the basis of signs of the main spike (length, 
number of spikelets, number of grains, mass of grain), with 
using of a selection criterion according Nemtsev (1989). The 
lines selected were tested according to the basic breeding 
scheme. Field experiments, observations and processing of the 
results of the experiment were carried out according to Armor 
(1985), and analyes and accounting according to VIR methods 
(Fedin, 1985). Statistical processing was performed using the 
Snedecor application package (Yuzhakov, Sorokin, 2000).

3. Results and discussion
As a result of the long selection of breeding lines, four lines 
have been allocated for environmental testing at the North 
Kulunda Department of Siberian Research Institute of Feed, 
During selection, it was taken into account that the lines should 
be adapted to unfavorable growing conditions. Attention was 
paid to the survival of plants. Only those lines that had a strong 
stem were selected, because of the humid continental climate. 
Soils are poor chernozems often with a loamy composition; 
salt licks; marsh soils. The weather conditions of the growing 
seasons of 2016 and 2017 were dry in Bagan, the amount of 
precipitation did not reach the average multi-year norm; in 
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Table 1 
The origin of the lines

Breeding line Origin Generation (Progeny selection) Selection type Year

1459-E-06 ((BS1E T. dicoccum x # 668 T. durum) × Novosibirsk 29) × 
Novosibirsk 29

F18(F6) individual 2006

1486-E-10 [(Novosibirsk 20 × (k-23790 T. sphaerococcum India × 
CI3090 T. compactum USA)) × Novosibirsk 29] ×  
Novosibirsk 29

F16(F6) individual 2008

1488-E-09 (Bezostaya 1 × Siberian 62) × KU 221-24 (Vernal  
T. dicoccum × KU2074 Aegilops squarrosa)) ×  
(Bezostaya 1 × Siberian 62)]

F16(F7) individual 2009

1436-E-03 Novosibirsk 20 × Astella (Czech winter variety) F18(F3) individual 2003

Table 2
Structure of the harvest (2016–2018)
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1 Omskaya 36 (st) 191,5 250,8 1,3 73,7 6,5 9,5 24,1 0,90 35,0 2,33 75

2 1459-E-06 264,7 338,5 1,3 67,1 6,0 9,0 23,5 0,78 32,7 2,64 76

3 1486-E-10 277,6 314,0 1,2 64,4 5,1 9,0 20,6 0,60 29,0 1,97 75

4 1488-E-09 260,8 330,0 1,3 63,2 4,9 9,0 22,3 0,60 27,2 1,97 75

5 1436-E-03 185,7 263,4 1,5 68,7 6,4 10,3 22,8 0,72 31,5 2,04 75

NSR05 42,9 60,8 0,15 4,04 0,72 0,59 0,91 0,15 2,5 0,13 1,0

Bakery evaluation showed that line 1459-E-06 is the best and belongs to the group of strong wheat (Table 3).

Table 3 
Grain quality (2016–2018)

No.  
in order

Sort,  
hybrid

Natures,  
g/l

Vitreous-
ness (%)

Gluten  
wine

IDK-1, 
units ap-
pliance

Aveogramma
Volume 
of bread 
cm3/100 g

Total bak-
ery grade, 
score

Flour 
strength, 
e.a.

Dough 
elasticity, 
mm

P/L

1 Omskaya 36 (st) 759 50 28,2 60 511 103 1,28 760 4,1

2 1459-E-06 762 50 29,3 62 589 107 1,32 760 4,3

3 1486-E-10 702 50 36,6 74 277 46 0,22 660 3,8

4 1488-E-09 718 50 29,2 62 400 65 0,26 720 4,3

5 1436-E-03 706 56 30,5 72 299 57 0,32 620 4,0

The average 729,4 51,2 30,8 66,0 415,2 75,6 0,680 704,0 4,10

Standart 
deviation 25,95 2,40 3,01 5,80 120,18 24,78 0,507 55,71 0,19

Medium error 11,61 1,07 1,35 2,59 53,75 11,08 0,227 24,92 0,08
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2018, 204.4 % fell out during the growing season, and the 
average daily air temperature was 1.5 °C below the multiyear 
average.

Univariate analysis of variance of plants showed that line 
1459-E-06 was significantly superior to the standard: it had 
73.2 more plants per square meter, 87.7 more productive 
stems per square meter, its yield was increased by 0.31 t/ha, 
and the stems were 6.6 cm shorter. There were no significant 
differences in the rest of the signs (Table 2).Based on the 
above data, we carried out a multidimensional ranking of 
the varieties according to the main breeding characteristics 
developed by A.I. Yuzhakov. The program is designed for a 
multidimensional ranking of study objects (varieties of crops, 
animals, soil samples, etc.) according a set of features, the val-
ues of which, increasing from minimum to maximum, reflect 
their economic (or other) value. In fact, this is a method of an 
automatic classification of objects into three groups, accord-
ing to the principle of increasing the distance of objects from 
the origin of coordinates, expressed by a generalized rank.

Since signs can have different degrees of utility, it is pos-
sible to specify a certain system of weights for each attribute, 
in the form of numbers from –10.0 to 10.0 (a negative weight 
value is for signs reflecting negative, undesirable properties 
of objects); if you do not specify the weight, the program as-
sumes that all signs have an equal degree of utility (1.0). For 
the same data set, several rankings can be made by varying 
the weights system. According to the results of a comprehen-
sive assessment of traits with weights (+1.0) and only for the 
growing season (–1.0), line 1459-E-06 comes first (Table 4).

An important place in the selection of ecologically plastic 
varieties is occupied by the theory of homeostasis as the ability 

Table 4
Ranking of objects according a set of signs

Place of the object Sort, hybrid Sum of ranks Sum of weighted ranks Euclidean distance

1 1459-E-06 79,0 79,0 1311,7

2 Omskaya 36 (st) 69,5 64,5 1242,9

3 1436-E-03 60,5 55,5 1049,1

4 1488-E-09 48,0 43,0 1180,4

5 1486-E-10 43,0 38,0 1097,0

Table 5 
Evaluation of homeostasis varieties

No. in order Sort, hybrid Productivity, t/ha Homeostatism

1 1459-E-06 2,66 4,58 above the average

2 Omskaya 36 (st) 2,33 1,45 above the average

3 1436-E-03 2,04 -1,45 below the average

4 1486-E-10 1,97 -2,17 below the average

5 1488-E-09 1,96 -2,41 below the average

Medium index 2,189

NSR05 0,079

of plants to maintain internal balance and unleash the geneti-
cally determined potential of the variety at the phenotype level 
when conditions become abnormal (Yusufov, 1983). The state 
of homeostasis can be used as the main criterion for assessing 
the genotype. The measure of homeostasis of a variety is its 
ability to keep yield reductions to a minimum when conditions 
of cultivation deteriorate. The above is of great importance 
for obtaining not only maximum, but also stable yields in a 
wide range of growing conditions. Stable grain yield indicates 
high homeostasis. In contrast, large variability is indicative of 
a low homeostasis of the genotype with the same limiting envi-
ronmental factors (Sapega, 1988). It has been established that 
high homeostatic genotypes in agrocenoses give less varia-
tion in plant productivity and slightly reduce yield with thick 
sowing or a combination of adverse factors with thickening 
(Hangildin, Litvinenko, 1981). Homeostasis is associated with 
tolerance to adverse environmental factors (Allard, Bradshaw, 
1964).Analysis of the homeostasis of breeding lines according 
to the algorithm developed by S. S. Martynov was carried out. 
This program was designed to analyze the homeostasis of a 
certain set of varieties in an experiment performed in one of 
two ways: in growing conditions at several geographically 
dispersed points, or in different modes specially created in 
artificial growth chambers; for several years at one point, as 
in the present research.

4. Conclusions
Thus, the use of the existing set of techniques to identify po-
tential productivity of agricultural crops makes it possible to 
establish the reliability of the observed differences and obtain 
the necessary information for the selection of valuable start-
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ing material in the selection for adaptability. A selection line 
(1459-E-06) of spring soft wheat with high responsiveness 
to environmental conditions and stable yield was selected. 
This line was produced by crossing spelt with durum wheat 
and further backcrossing with common wheat. The line gave 
an increase in yield due to better survival of plants. This line 
is advisable to use as a source of high productivity of plants 
in the breeding process, to obtain new genotypes with high 
adaptive properties and is recommended for transfer to state  
trials.
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1. Introduction
One of the main parameters characterizing the functional 
properties of starch is the ratio of amylose / amylopectin. 
Biosynthesis of amylose is blocked partially or completely, if 
no GBSS enzyme is synthesized, for the production of which 
Waxy-genes are responsible. Non-functional alleles of Waxy-
genes cause synthesis disorders and changes in the localization 
of amylose in starch. Wheat samples carrying non-functional 
alleles at three loci are called ‘Waxy wheat’, and those carrying 
non-functional alleles at one or two loci are called ‘partially 
Waxy wheat’. The creation of Waxy wheat varieties makes it 
possible to open new directions in the use of wheat grain. The 
search for non-functional alleles of Waxy-genes in Russian 
wheat varieties showed that these mutations are extremely rare 
(Klimushina et al., 2012; Abdulina et al., 2013; Boboshina, 
Boronnikova, 2013; Netsvetaev et al., 2015). The null allele 
Wx-D1b was not found in Russian varieties. The aim of our 
research was to assess the agronomically valuable traits of 
our two promising lines of partially Waxy wheat combining 
the non-functional alleles Wx-A1b and Wx-B1b. 

2. Materials and methods
We obtained two promising lines of partial waxy wheat, which 
combine the non-functional alleles Wx-A1b and Wx-B1b. 
These lines were developed from hybridization of the winter 
wheat variety Starshina (has the non-functional allele Wx-A1b) 
and spring wheat line O-192-03-5 (has the non-functional 
allele Wx-B1b) and were designated as K-243-13Wx-2 and 
K-243-13Wx-6. 

The screening of wheat lines and varieties is performed with 
the molecular markers specific for the alleles of the analyzed 
gene loci (Table 1).

Nucleic acid extraction from wheat grains of milky-wax 
ripeness of the 2017 generation was performed using a com-
mercial set of ‘DNA-sorb C’ (Central Scientific Research 
Institute of Epidemiology, Russia) in accordance to the 
manufacturer’s instructions.

Evaluation of these lines was conducted in the Tatar Re-
search Institute of Agriculture in 2017-2018. The Tatar RIA 
is located in the northern part of the Middle Volga region of 
Russia.

Abstract: From crossing the winter wheat variety Starshina (has the non-functional allele 
Wx-A1b) and spring wheat line O-192-03-5 (has the non-functional allele Wx-B1b), we 
obtained two promising lines of partial waxy wheat, which combines the non-functional 
alleles Wx-A1b and Wx-B1b. These lines are K-243-13Wx-2 and K-243-13Wx-6. Evaluation 
of these lines was conducted in the Tatar Research Institute of Agriculture in 2017–2018. 
The analysis of agronomically valuable traits of the obtained lines of partial Waxy wheat 
indicates prospects for their use as prebreeding material for the development of spring 
wheat varieties with a modified composition of grain starch. 
Key words: wheat; waxy; non-functional alleles; disease resistance; productivity.
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Table 1
List of the primers, protocols of PCR amplification for the identification of alleles of wheat Waxy genes

Names and sequences of oligonucleotide primers Alleles Amplification protocols

4F: 5’-AAGAGCAACTACCAGT-3’
4R: 5’-TCGTACCCGTCGATGAAGTCGA-3’ (Vanzetti et al., 2009;  
McLauchlan et al., 2001)

Wx-A1
Wx-B1
Wx-D1

×1: 94 °С, 4 min. ×40: 94 °С, 30 sec; 58 °С, 30 sec; 
72 °С, 30 sec ×1: 72 °С, 7 min.

4F-c: 5’-CCCCCAAGAGCAACTACCAGT-3’
4R: 5’-TCGTACCCGTCGATGAAGTCGA-3’ (Vafin et al., 2015)

Wx-A1
Wx-B1
Wx-D1

×1: 94 °С, 4 min ×40: 94 °С, 30 sec; 64 °С, 30 sec; 
72 °С 30 sec ×1: 72 ºС, 7 min.

4F-c: 5’-CCCCCAAGAGCAACTACCAGT-3’
Wx-B2R: 5’-CGTTGACGATGCCGGTGTTG-3’ (Vafin et al., 2015, 2018 )

Wx-B1
(B1b)

×1: 94 °С, 4 min. ×40: 94 °С, 15 sec; 65 ºС, 
15 sec; 72 °С, 15 sec ×1: 72 °С, 7 min.

AFC: 5’-TCGTGTTCGTCGGCGCCGAGATGG-3’
AR2: 5’-CCGCGCTTGTAGCAGTGGAAGTACC-3’ (Nakamura et al., 2002)

Wx-A1
(A1b)

×1: 94 °С, 4 min. ×40: 94 °С, 30 sec; 65 °С, 30 sec; 
72 °С, 1 min ×1: 72 °С, 7 min.
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3. Results and discussion
The average yield of line K-243-13Wx-6 was 276 g/m2, 
which is much lower than that of the standard variety Yoldyz, 
550 g/  m2. Line K-243-13Wx-2 has an average yield of  
534 g/m2. The average weight of 1000 grains in K-243-13Wx-2 
is 49.6 g. In K-243-13Wx-2, the degree of lesion by leaf rust 
was 0–15 %, the degree of damage by stem rust was 15 %. This 
line is susceptible to powdery mildew, its resistance is 3 points 
(9 points is the maximum). Line K-243-13Wx-6 is susceptible 
to leaf rust, the degree of damage was 15–50 %. Line K- 243-
13Wx-6 is susceptible to stem rust, the degree of damage 
was 30–70 %. Resistance to powdery mildew of this line in 
epiphytotic 2017 was 4 points. In K-243-13Wx-2, the earing 
date is 1 day before that of O-192-03-5. In K-243-13Wx-6, 
the earing date is the same as in O-192-03-5. According to 
the analysis of the grain harvested in 2018, K- 243-13Wx-2 
and K-243-13Wx-6 have a high protein content in the grain of 
14.9 and 14.5 %, respectively, and have a high gluten content 
in the grain of 30.8 and 31.7 %, respectively.

4. Conclusions
The evaluation of agronomically valuable traits of the 
obtained lines of partial Waxy wheat (K-243-13Wx-2 and 
K- 243-13Wx-6) indicates prospects for their use as a starting 
prebreeding material for the development of spring wheat 
varieties with a modified composition of grain starch. In ad-
dition, the yield of line K-243-13Wx2 following two years 
of testing was not inferior or was higher than that of the sibs. 
The productivity of K-243-13Wx2 significantly exceeded the 
productivity of foreign varieties: Barunga, Ones 53, Renee, 
Adisiba, Sonora 37, all carrying the Wx-B1b allele. Their 
yield was 35–51 % of the yield of line K-243-13Wx2 carrying 
two Null-alleles. Whether line K-243-13Wx2 is suitable for 
industrial introduction will be shown by analysis of the the 
starch grain properties.
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Internal stem features of spring wheat varieties as factors 
determinig resistance to lodging
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Abstract: Using the anatomical method, the study of the main parameters of the internal 
stem structure of Russian spring bread wheat varieties was performed in order to assess 
their impact on resistance to lodging. An increase in the number of parenchyma vascular 
bundles from top to bottom was established. The decrease in the diameter of the vascular 
bundles is compensated for by an increase in their number. The diameter of vascular bundles 
in the internodes had a slight effect on resistance to lodging. The relationship between 
the numbers of bundles and stem diameter in both interstices was traced. Resistance to 
lodging correlated with the number of vascular bundles and the length of the internode 
EN1 and EN2. The number of vascular bundles, stem diameter and thickness of the primary 
cortex contribute to a high productivity of the ear. The study of anatomo-morphological 
traits allowed us to identify the cultivars ‘Novosibirskaya 31’, ‘Velut’ and ‘Bel’, which may be 
of interest for breeding for resistance to lodging.
Key words: resistance to lodging; stem; vascular bundles; parenchyma; internode; wheat.
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1. Introduction
Resistance to lodging is one of the important characteristics of 
modern varieties of bread wheat. Lodging results in a decline 
in yield and grain quality, and hampers mechanical harvesting. 
Resistance to lodging in plants is determined by anatomo-
morphological, physiological, and chemical parameters of 
stems (Packa et al., 2015). Anatomical characters usually 
include the length and diameter of the stem, the number and 
diameter of the vascular bundles, and the thickness of the pri-
mary cortex. However, now there is no consensus as to which 
parameters make the main contribution to lodging resistance. 
The aim of our study was to investigate the anatomo-morpho-
logical parameters of the stem in Russian varieties of bread  
wheat.

2. Materials and methods
Plant material incudes 11 Russian spring wheat varieties 
presented in Table 1. Plants were grown on the experimental 
field of Siberian Research Institute for Plant Industry and 
Breeding – Branch of the Institute of Cytology and Genetics 
SB RAS in 2018. For analysis of the stem anatomical structure, 
a technique developed at the All-Russian Research Institute 
of Grain Crops named after I.G. Kalinichenko (2009) for as-
sessment of the conductive system of the ear’s internode was 
used. Estimation of the internodes was carried out on the base 
of the method proposed by Lazarevich S.V. (1999), that is, 
from the internode under the ear to the internodes of the lower 
part of the stem. The internode under the ear was denoted 
‘EN1’ (entre-noeud), the second from the top, ‘EN2’ and etc. 
Particular attention in the study of the internal structures of 
the stem of spring bread wheat in internodes EN1 and EN2 in 
the varieties was given to the stem diameter, the thickness of 
the primary cortex, the number and diameter of the vascular 
parenchyma bundles. Resistance to lodging was scored by a 
five-point standard technique. For statistical processing, an 

ANOVA method were used (Dospekhov, 1985). Principal 
coordinate analysis of the total number of the traits was done 
with the use of the MRAN software Snedecor 5. The factor 
analysis was carried out using STATISTICA 8.

3. Results and discussion
The varieties ‘Saratovskaya 29’ and ‘Novosibirskaya 18’ 
were the most prone to lodging. Slightly sopping stems were 
observed in the ‘Novosibirskaya 29’, ‘Chernyava 13’ and 
‘Novosibirskaya 31’ genotypes. The remaining samples of 
the set do not lodge. The number of bundles in EN1 among 
the studied samples varied from 14 to 24, but in EN2, from 16 
to 33 (see Table 1). On average, an increase in their number 
from internode EN1 to internode EN2 was eight bundles. The 
varieties ‘Bel’ and ‘Velut’ stood out for these characters, in 
which 24 and 21 bundles were formed in the internode under 
the ear, but in the next internode, 33 and 29, respectively. 
The diameter of the vascular bundle in the upper internode 
did not exceed 260 μm, and in some genotypes it was below 
225 μm. The decrease in the diameter of vascular bundles in 
EN1 was compensated for by the increase in their number 
in ‘Novosibirskaya 18’ (224 μm, 18 bundles), ‘Obskaya 2’ 
(215 μm, 19 bundles), ‘Trizo’ (228 μm, 18 bundles) and 
‘Bel’ (228 μm, 24 bundles); in EN 2 in ‘Novosibirskaya 29’ 
(268 μm, 26 bundles), ‘Chernyava 13’ (270 μm, 28 bundles), 
‘Novosibirskaya 18’ (262 μm, 28 bundles) and ‘Velut’ 
(239 μm, 29 bundles).

The varieties ‘Bel’ (176 and 239 μm in EN1 and EN2, re-
spectively), ‘Velut’ (217 and 239 μm) and ‘Novosibirskaya 31’ 
(219 and 237 μm) were distinguished by the thickness of the 
primary cortex. The diameter of the internode under the ear 
was more than 3 mm. The largest diameter of EN1 was in 
‘Bel’ (4.82 mm), ‘Chernyava 13’ (4.04 mm), and ‘Novosi-
birskaya 31’ (4.07 mm). The diameter of EN2 varied from 
4.63 to 7.63 mm, which was 2.36 mm larger than the aver-
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age diameter of the upper internode among the samples. The 
variety ‘Bel’ was characterized by the thickest stem from the 
whole set, the diameter of EN2 was 7.63 mm. The thinnest 
stem was in ‘Saratovskaya 29’, 4.63 mm. 

In terms of all the features studied, the varieties ‘Velut’ 
(71.0), ‘Novosibirskaya 31’ (67.3) and ‘Bel’ (67.0) had the 
largest number of weighted ranks. The correlation analysis 
reflected the presence of significant correlations between 
the length of the stem and the length of the upper internode 
(r = 0.91). A positive correlation of the average degree 
(r = 0.59–0.37) was noted between the number of vascular 
parenchyma bundles and resistance to lodging. The correla-
tion between the stem diameter in EN1, EN2 and resistance 
to lodging did not exceed 0.21.

Estimation of the obtained data by the principal component 
analysis established that the first three components account for 
93.65 % of the total variance. Of these, 52.26 % is explained by 
the first component, 28.87 %, by the second, and 11.52 %, by 
the third. The first component is related to the main parameters 
of the stem in the internodes studied: the number of vascular 
bundles of the parenchyma, the diameter of the internode and 
the thickness of the primary cortex (Table 2). 

The relationship between the number of bundles and stem 
diameter in both internodes was established. At the same time, 
a decrease in the indices of these features results in an increase 
in the thickness of the primary cortex.

The leading role in the first component belonged to the 
stem diameter in EN2 (–0.901) and the number of vascular 

Table 2 
Results of factor analysis of anatomo-morphological features

Features PC1* PC2 PC3

The numbers of bundles of 
parenchyma EN1, pc. –0.899 0.170 –0.328

The diameter of bundles of 
parenchyma EN1 , μm 0.308 –0.870 0.336

The diameter stem EN1, mm –0.862 0.407 –0.076

The thickness of the primary 
cortex EN1, μm 0.619 –0.504 –0.467

The numbers bundles of paren-
chyma EN2, pc. –0.801 0.264 0.347

The diameter bundles of paren-
chyma EN2, μm 0.081 –0.864 0.194

The diameter stem EN2, mm –0.901 0.289 0.145

The thickness of the primary 
cortex EN2, μm 0.804 –0.451 –0.268

Resistance to lodging 0.469 0.080 0.718

* PC, principal component

Table 1 
Morphological stem indicators of spring bread wheat, 2018

The internode under the ear (EN1) The second upper internode (EN2)

Variety Number of 
bundles, pcs

Diameter of 
bundles, μm

Diameter of 
stem, mm

Thickness of 
the primary 
cortex, μm

Number of 
bundles, pcs

Diameter of 
bundles, μm

Diameter of 
stem, mm

Thickness of 
the primary 
cortex, μm

Novosibirskaya 15 14 259 3.22 164 25 275 5.81 205

Novosibirskaya 29 16 234 3.60 128 26 268 5.29 188

Bel 24 228 4.82 176 33 250 7.63 239

Chernyava 13 18 237 4.04 160 28 270 6.12 213

Saratovskaya 29 14 220 3.18 147 16 254 4.63 184

Obskaya 2 19 215 3.91 136 28 248 6.42 164

Novosibirskaya 18 18 224 3.61 169 28 262 6.01 206

Trizo 18 228 3.60 176 23 258 5.32 199

Novosibirskaya 31 23 245 4.07 219 25 280 6.42 237

Novosibirskaya 16 16 234 3.76 127 28 271 6.18 198

Velut 21 249 3.81 217 29 265 6.16 239

Mean 18 234 3.83 169 26 261 6.17 205

LSD0,05* 1.4 9 0.2 10 2.4 8 0.6 12

* Least Significant Difference
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parenchyma bundles in EN1 (–0.899). A number of authors 
claim that stem diameter and number of vascular bundles are 
related to the productivity of the ear (Skripka, 2012; Zakharov 
et al., 2014).

The second component is related to the diameter of the vas-
cular bundles of the parenchyma in the internodes studied. The 
analysis of this factor showed that it has a significant negative 
correlation with the diameter of the vascular bundles in EN1 
and EN2. It can be assumed that the selection of plants with 
a smaller diameter of the bundles of the parenchyma layer 
may be effective.

The greatest load of the third component is observed in 
resistance to lodging, in the thickness of the primary cortex 
in the upper internodes and in the number of vascular bundles 
in EN2, a significant positive relationship was noted only 
with resistance to lodging (0.718). The feature of resistance 
to lodging is positively correlated with the number of bundles 
of parenchyma in EN2 and with the diameter of the bundles 
in EN1, while an increase in the thickness of the primary 
cortex and the number of bundles in the upper internode have 
a negative effect on the resistance to lodging.

Anatomo-morphological features have been identified, 
which correlate with wheat resistance to lodging (number of 
vascular bundles, length of internodes EN1 and EN2) and can 
cause the implementation of high ear productivity (number of 
vascular bundles, stem diameter and thickness of the primary 
cortex). It was found that the varieties ‘Novosibirskaya 31’, 
‘Velut’ and ‘Bel’ are characterized by the most optimal com-

bination of parameters such as stem diameter, number of 
vascular bundles and resistance to lodging which allows us 
to recommend them for breeding.
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Application of ISSR markers for study of genetic polymorphism 
of dark grain maize varieties 
L.S. Valiyeva*, G.K. Rahimova, N.A. Nabiyeva

Genetic Resources Institute of the National Academy of Sciences of Azerbaijan, Baku, Azerbaijan

1. İntroduction
Maize (Zea mays L.) is an important cultivated cereal, the 
most common in world agriculture. It is a valuable food and 
technical plant, from which more than 500 main products 
and by-products have been obtained (Tsikov, 2003). Among 
other useful matters are dark-colored pigments – anthocya-
nins – which give the corresponding color to plant organs and 
possess high antioxidant, antimicrobial and anticarcinogenic 
properties. They accumulate to a high degree in leaves, stem 
and grains of certain forms of maize (Tretyakov et al., 2012; 
Adzhieva et al., 2015). Numerous epidemiological stud-
ies from different countries have established that regular 
consumption of food plants rich in anthocyanins leads to a 
significant decrease in many chronic diseases, such as dia-
betes, obesity, cardiovascular and oncological diseases. The 
properties of beneficial anthocyanins that reduce the risk of 
developing diseases and promote human health have been 
scientifically substantiated and confirmed (Fukamachi et 
al., 2008; Tsuda, 2012; Lago et al., 2013; Khlestkina, 2013.) 
Thus, along with the nutritional value, the combination of 
therapeutic and preventive properties of the dark-grain forms 
of maize allows their use as a functional food (Rodrıguez et 
al., 2013; Petroni et al., 2014; Dolmatova et al., 2016). In 
this connection, the directions of breeding for increasing the 
content of anthocyanins in the grains of maize are relevant. 
For the selection of valuable genotypes, their characterization 
and assessment using molecular technologies are important, 
which significantly reduces costs and time for developing 
hybrid combinations in breeding schemes (Khavkin, 2003). 
Highly informative ISSR markers have been successfully 
used to analyze the genetic diversity of maize (Sivolap et al., 
2001; Barakat et al., 2009; Salah et al., 2016). The purpose 
of this study was to assess the genetic diversity of samples of 
dark grain maize, including self-pollinated lines and hybrids 
from the collection of the National Genebank of Azerbaijan, 
using ISSR markers.

Abstract:  The grain of maize (Zea mays L.) can accumulate anthocyanins pigments belonging 
to the flavonoid groupings and possessing health benefits (antioxidant, antimicrobial, 
anti-carcinogenic). Numerous studies have found that regular consumption of food rich in 
anthocyanins leads to a significant decrease in the risk of diabetes, obesity, cardiovascular 
and oncological diseases. The combination of the nutritional and therapeutic values of 
the beneficial anthocyanins of maize is the main feature of the functional product. In this 
regard, breeding programs for increasing the content of anthocyanins in the grains become 
relevant. As a starting material, the genetic diversity of 38 maize samples with dark colored 
grains from the collection of the National Genbank of Azerbaijan was studied using 6 ISSR 
primers. On average, the level of polymorphism for all primers was 94.6 %, and the average 
value of the genetic diversity index was 0.92. The high level of genetic variability of the dark 
grain maize varieties is a successful platform for the selection of promising genotypes in 
this direction of selection.
Key words: maize anthocyanins; functional product; genetic diversity; ISSR analysis.

2. Materials and methods
The studies were carried out in the Laboratory of Biotechno-
logy of the Genetic Resources Institute (GRI of the National 
Academy of Sciences of Azerbaijan) in 2015-2019. The study 
object was seeds of 38 local dark-grain samples of maize 
from 3 varieties, 25 inbred lines, 10 interline, inter-variety 
and variety-linear hybrids. Total DNA was extracted from 
the leaves of maize using the modified CTAB method (Doyle 
et al., 1987). The concentration and quality of DNA was de-
termined by a spectrophotometric method using a Nanodrop 
tester (Thermo Scientific, 2000). The concentration of DNA 
solutions for PCR was 50 ng/mkl. As a result of preliminary 
studies, 6 primers were selected from 14 ISSR markers for 
the analysis, synthesizing clearly visible polymorphic alleles-
amplicons. The reaction mixture of ISSR-PCR with a volume 
of 20 mkl included: DNA of the analyzed sample (2 mkl), 
primer (Integrated DNA Technologies) (0.2 µM), mixture of 
deoxyribonucleotides of 4 types (Bioline) (0.2 µM of each), 
10x PCR buffer (0.2 μM), MgCI2 (1.5 mM), Taq DNA poly-
merase (1 unit) (all reagents are from SinaClon Bioscience) 
and distilled water until the given volume was reached. PCR 
was performed in the following mode: initial denaturation at 
94 °C for 5 min; 35 cycles: denaturation at 94 °C for 1 min, 
hybridization at the melting temperature of the primer for 
1 min, elongation at 72 °C for 2 min, and final elongation at 
72 °C for 7 min. The detection of PCR products was carried 
out by electrophoresis in a 1.5 % agarose gel with the addition 
of ethidium bromide (4 mkl/100 ml of gel), in 1xTAE-buffer at 
pH-8.0 for 50 min at a voltage of 120V. Amplicons after elec-
trophoresis were visualized in a transilluminator (Bio-Rad) by 
irradiating gels in ultraviolet rays and analyzed by the intensity 
of the glow of the complexes of ethidium bromide with DNA. 

The marker for determining the size of the amplified 
fragments was a 100-bp DNA ladder. For registration of the 
presence (1) or the absence (0) of fragments with the same 
molecular weight, we prepared binary matrices for each gel. 
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The number and proportion of polymorphic alleles were 
determined as indicators of genetic polymorphism. The 
genetic diversity index was calculated using Nei’s formula:  
H = 1 – ∑Pi2, where Pi is the frequency of the ith allele in 
relation to the total number of alleles (Nei et al., 1974). To 
establish the effectiveness of the selected marker system, the 
value of information polymorphism (рolymorphism informa-
tion content), PIC, was calculated (Chesnokov et al., 2015).

3. Results and discussion
The genetic diversity of 38 dark-grain maize genotypes was 
studied using 6 ISSR markers. In general, from among 63, 
59 polymorphic alleles (93.7 %) were amplified. On average, 
each locus has 9.8 polymorphic alleles (Table 1). 

The length of the synthesized DNA fragments varied within 
200-3000 base pairs, depending on the primer. Primer A1 

generated an effective marker profile for all maize genotypes. 
Primer A5 consisting of 6 repeats of the GAA motif revealed 
the highest number of polymorphic alleles, 16; primers A1 
and UBC-823 revealed 11 and 9 polymorphic alleles, respec-
tively; and primer UBC-817 showed the lowest number, 7. All 
markers used revealed a high level of polymorphism in both 
hybrids and constant forms, with an average of 94.6 %. The 
genetic diversity index calculated for all primers ranged from 
0.86 to 0.95, with an average of 0.92. These indicators showed 
a high level of variability in the genomes of the dark-grain 
maize samples. Primers A1, UBC-817 and UBC-840 revealed 
the highest level (100 %) of genetic polymorphism of the col-
lection studied, while the value of the genetic diversity index 
was also the highest, 0.95, 0.93 and 0.95, respectively. For 
each polymorphic locus, information polymorphism content 
(PIC) values were calculated (averaged for each primer), 

Figure 1. UPGMA dendrogram of 38 maize 
genotypes based on ISSR marker. 

Table 1
List of ISSR markers and their polymorphism

Primer name Sequence
5’  3'

Number of bands Polymorphism
% Н PIC

poly mono

A1 (AG)8T 11 0 100 0.95 0.29

A5 (GAA)6 16 2 88.8 0.91 0.37

UBC812 (GA) 8A 8 1 88.8 0.90 0.35

UBC817 (CA)8A 7 0 100 0.93 0.38

UBC823 (TC)8 9 1 90.0 0.86 0.27

UBC840 (GA)8AT 8 0 100 0.95 0.41

Average 9.8 0.6 94.6 0.92 0.35

L.S. Valiyeva et al. Application of ISSR markers for study of genetic polymorphism of dark grain maize varieties. 
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which were within the range of 0.29-0.41, 0.35 on average. The 
highest PIC value, 0.41, was detected for primer UBC- 840, 
and the minimum value, for UBC-823. These data make it 
possible to note the high information content of UBC-840 
for the detection of genomic differences and recommend its 
use in marker selection of maize. Our results of assessing the 
level of polymorphism generally agree with many studies on 
the molecular characterization of inbred lines and hybrids of 
maize using intermicrosatellite markers (Junior et al., 2011; 
Muhammad et al., 2016). According to the binary matrix of 
the presence or absence of amplicons with the same molecular 
weights, a genetic similarity matrix was constructed using 
the PAST computer program based on the Jaccard index. The 
coefficient of similarity between pairs of genotypes was in the 
range from 0.1315 to 0.7187. The highest coefficient value was 
found between samples UgSh7 and UgSh10, and the lowest 
similarity was found between genotypes KF94s and UgSh373. 
These results demonstrate a significant genetic diversity of 
the studied genotypes of dark-grain forms of maize. Using 
the cluster analysis based on the UPGMA method, a dendro-
gram was compiled showing the genetic distances between 
the maize samples studied (Figure 1). 

It shows that the maize samples were grouped in five 
main clusters. The largest of them – cluster №1 combines 
25 genotypes, in turn, divided into 2 subclusters. The first 
one includes two inbred lines, and the second many-item 
subcluster combines both hybrids and constant forms. Clus-
ters 2 and 5 included five samples from both categories. 
Two inbred lines, ЕНМ221 and ЕНМ249, formed Cluster 3. 
The complex hybrid KF60s has separated as an independent 
cluster, which indicates a difference in its genetic structure 
from those of the other forms. The knowledge of the cluster 
differentiation of the forms studied can be used for crossings 
in breeding programs. Samples belonging to the same cluster 
group or subgroup are genetically closer to each other; it is 
therefore advisable to involve them in crosses in pairs with 
samples from other clusters, but not among themselves. The 
distribution of the accessions in five cluster groups confirms 
significant genetic diversity. 

4. Conclusions
Being a natural source of food, dark-grain corn with regular 
inclusion in the diet can contribute to the preservation and 
improvement of health, due to the presence of anthocyanins 
(Tsuda, 2012; Petroni et al., 2014; Dolmatova, 2016). In this 
regard, the selection for increasing the content of useful an-
thocyanins in the maize grain is relevant. 

The study on molecular characterization revealed a signifi-
cant genetic diversity of 38 inbred lines and dark-grain maize 
hybrids, adapted to local conditions, from the National Gene 
Bank of Azerbaijan. High polymorphism values (94.6 %) of 
PCR products synthesized using six ISSR markers were ob-
tained. The genetic diversity index identified by markers A1, 
UBC-817 and UBC-840 (0.95, 0.93, and 0.95, respectively) 
suggests that they are most effective for studying the genetic 
diversity of maize. Cluster analysis revealed groups of geneti-

cally similar and differing samples. For increasing the content 
of useful anthocyanins in the grain, we identified the forms to 
be used as a starting material for maize breeding.
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Abstract: 72 grape accessions from the ampelographic collection of the Dagestan 
Experimental Station of VIR (DOS VIR, the North Caucasus) were evaluated with eight 
microsatellite markers that have been previously recommended for grape varietal 
identification. 132 alleles of the eight SSR loci were detected, their PIC varied in the range 
0.63-0.87. Four genetic clusters (K) were outlined in the assessed genetic diversity. Each 
of the first three clusters combined grape accessions of the same geographical origin 
and represents a distinct ecological-geographical group – convar. orientalis Negr., convar. 
occidentalis Negr. and convar. pontica Negr. The fourth cluster included mainly hybrids. 
Key words: grape germplasm collection; ex situ; microsatellites; genetic structure.

1. Introduction
The genome of Vitis vinifera L. contains a huge number of 
polymorphic microsatellite loci, the allelic diversity of which 
can be used to expose the genetic structure of grape germplasm 
collections maintained ex situ, as well as for detection of 
doublets and varietal identification (Dokupilová et al., 2013).

The objective of this study was to evaluate the genetic 
diversity of 72 grape accessions from the ampelographic col-
lection of the Dagestan Experimental Station of VIR (DOS 
VIR), which was established in 1975 and currently maintains 
320 cultivated grape varieties. For the ex situ collection, the 
genetic assessment of the accession diversity is important since 
so far only the traditional methods based on morphological 
trait evaluation were used to recognize grape varieties. In this 
study, the genetic diversity of the grape germplasm collec-
tion was explored by analysis of the polymorphism of eight 
microsatellite loci that have been previously recommended 
for the purpose of varietal identification. 
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2. Materials and methods
DNA was extracted from fresh leaves using the modified 
CTAB-method with 2-mercaptoethanol (Rahimah et al., 2006). 
Analysis of microsatellite loci was carried out on the basis of 
PCR with the primers that were previously reported. Sizes of 
the amplified alleles were estimated with the Genetic Ana-
lyzer Nanofor-05 (Syntol, Russia). Frequency-based analysis 
(F-statistics, heterozygosity, HWE) was performed using Ge-
nAlEx 6.2 (Peakall, Smouse, 2012). To investigate the genetic 
diversity and the population structure of the grape germplasm 
collection, the software Structure 2.3.4 was employed.

3. Results and discussion
72 grape accessions from the DOS VIR collection were 
analyzed with eight microsatellite loci: scu15vv, VVS 2, 
VVMD 27, VVMD 31, VVIH54, VVIP31, scu11vv, and 
VVIB01, which had previously been recommended for varietal 
identification of grapes (Thomas et al., 1993; Bowers et al., 

Table 1
Polymorphism of the microsatellite loci across 72 grape accessions of the DOS VIR collection

Loci scu15vv VVS 2 VVMD 27 VVMD 31 VVIH54 VVIP31 scu11vv VVIB01

No. of alleles 9 14 13 11 18 28 25 14

Size (bp) 182-198 121-153 171-212 198-250 143-183 164-197 213-293 284-324

Heterozygosity 0.760 0.863 0.841 0.762 0.844 0.945 0.874 0.755

PIC 0.835 0.835 0.753 0.767 0.671 0.87 0.630 0.726

conf.bionet.nsc.ru/plantgen2019/enPlant genetic resources for breeding  
and producing functional nutraceutical food
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Figure 1. The most likely number of genetic clusters (K) detected within 
the grape genetic diversity studied.

Figure 2. Structure of the genetic diversity of 72 grape accessions from 
the DOS VIR collection revealed with microsatellite loci.

1999). The number of detected alleles, heterozygosity (the 
percentage of identified heterozygotes out of the total number 
of plants analyzed), PIC (Polymorphic Information Content) 
for each microsatellite locus are presented in Table 1. 

In total, 132 alleles of the eight SSR loci were detected, 
their PIC varied in the range 0.63–0.87. 

The probability of the number of genetic clusters (K) among 
the studied accessions was estimated in the range from 1 to 5. 
Ten repeats of the analysis were conducted for each K value. 
The most likely number of clusters (K), that is, objectively 
isolated genetic groups in the representation studied, was 
determined according to the algorithm proposed by Evanno 
et al. (2005). Four genetic clusters (K) were outlined in the 
assessed genetic diversity of the grape accessions (Figure 1). 
Each of the first three clusters contains grape accessions of the 
same geographical origin and represents a distinct ecological-
geographical group, the fourth cluster included mainly hybrids 
(Figure 2).

The first (red) cluster comprises 28 grape varieties that 
mostly belong to convar. orientalis Negr. and represent an-
cient Dagestan aborigine varieties. The second cluster (green) 
combines 18 varieties of the West-European ecogeographic 
group (convar. occidentalis Negr.). Among them, there were 
some famous grape varieties such as ‘Riesling’ and ‘Aligoté’. 
The ancient autochthone grape varieties of the Black See ba-
sin (convar. pontica Negr.) were assigned to the third (blue) 
genetic cluster (see Figure 2).

In the ampelographic collection of the Dagestan Experi-
mental Station of VIR, accessions of 25 grape ecotypes are 
maintained, including both ancient Dagestan varieties and 

varieties of Western European and Asian origin. The collec-
tion also contains several samples of wild-growing Vitis spe-
cies which have been collected during the VIR expeditions 
to the Caucasus. To this day, no molecular studies have been 
conducted focusing on analysis of the genetic structure of 
this collection and its genetic diversity. Analysis of the allelic 
diversity of eight polymorphic microsatellite loci allowed us 
to evaluate the genetic structure and establish the relationship 
between the genotype of the grape accession and its origin.
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1. Introduction
Water caltrop (water chestnut) (Trapa L.) is a valuable aquatic 
plant. Its seeds are edible and rich in protein and starch. An-
timicrobial compounds are found in the seed coat and can be 
used in medicine. Water caltrop has been widely cultivated by 
people since the Neolithic; however, on the territory of Europe 
and Russia, its population has decreased dramatically over 
the last century. The plant has become very rare and is now 
included in the Red List of Threatened Species in 36 regions 
of Russia and protected in most of the EU countries. In the 
USSR, around 30 species of Trapa L. were distinguished 
on the basis of morphological characteristics (Kuluev et al., 
2017), but now most of them are considered synonyms. Mo-
lecular genetic methods, including AFLP, RAPD, and DNA 
sequencing were used to study Asian populations of water 
caltrop, and several species were described. In Europe, there 
is most probably only one polymorphic species, T. natans. 
Several poorly studied populations of water caltrop still re-
main in regions with the severe continental climate (Southern 
Urals and Siberia). It is not clear why it has been preserved 
on these territories. The diversity of Trapa L. is higher in the 
Russian Far East (Pshennikova, 2007; Bolotova, 2014). The 
study of the genetic and morphological diversity of water 
caltrop is important for the survival and recovery of the 
unique populations.

2. Materials and methods
Plant material was collected from four lakes in the Southern 
Urals (lakes Upkankul, Bilgilyar, Lebyazh’ye and Me-
dvezh’ye) and Skadar lake (Montenegro). Leaf samples from 
four lakes in the Russian Far East (Pshennikova, 2007; Bo-
lotova, 2014) and lake Solnechnoye in Siberia (Chepinoga 
et al., 2013) were provided by our colleagues. DNA was 
extracted from dried leaves by the CTAB method. We used 
universal RAPD primers AFK1, AFK3, OPAI-04, OPAI-05, 
OPC-06 and ISSR primers 814, ISSR11, ISSR16, ISSR22, 
ISSR24. Primer GGAAGTAAAAGTCGTAACAAG was 
used for ITS sequencing. The phylogenetic tree was gener-

ated using DNASTAR software and statistically analyzed 
by bootstrapping.

3. Results and discussion
There were morphological differences between the plants. 
For example, in lake Lebyazh’ye water caltrop was found at 
two points. At the first one, leaves were larger and thicker, 
just like those in lake Medvezh’ye; however, at the second 
point, leaf rosettes were smaller, just like those in lakes 
Upkankul and Bilgilyar. There were also some differences in 
fruit shape. In lake Upkankul, we found several seeds with 
bifurcated horns (Figure 1). These seeds were propagated 
in an aquarium for DNA analysis.

The greatest diversity of morphotypes was detected in 
the Far East. DNA samples of the putative species T. pseu-
doincisia, T. manshurica, T. maximowiczii, T. japonica and 
T. korshinskyi were compared with samples from Skadar 
lake, Southern Urals and Siberia using RAPD and ISSR 
analysis. ISSR analysis was never performed on water 
caltrop before. All primers described were applicable and 
stably gave at least eight bands. However, only the samples 
from two different lakes in the Far East, distinguished 
as T. maximowiczii, significantly differed from the other 
samples. This result was reproducible with all the primers. 
Genetic polymorphism between other samples was not 
detected (Figure 2).

DNA of the plants from each habitat (Europe, the 
Southern Urals, Siberia and the Far East) were picked for 
sequencing (Figure 3), which confirmed the result of RAPD 
and ISSR analyses. T. maximowiczii is significantly distant 
from the other samples on the phylogenetic tree, and rela-
tions between the other samples are rather complicated. 
Sequencing reveals genetic divergence between plants col-
lected at two different points of the same lake (Lebyazh’ye) 
and between plants with normal and deformed seeds from 
the same lake (Upkankul). However, this question requires 
further study. Without regard for deformed and probably 
mutant seeds (Figure 3(5)), it can be supposed that water 

Abstract: Water caltrop (water chestnut) (Trapa L.) is a valuable aquatic plant. Its seeds are 
edible and rich in protein and starch. The plant has become very rare and is now included 
in the Red List of Threatened Species in 36 regions of Russia and protected in most of the 
EU countries. The diversity of Trapa species is questionable, however, it is important for the 
protection of this plant. We studied genetic polymorphism of Russian populations and 
one of the largest European populations of Trapa L. in Skadar lake using different RAPD 
and ISSR primers and the sequencing of the ITS region of nuclear ribosomal DNA. In spite 
of morphological differences, especially in seed shape, only samples from the Far East, 
distinguished as T. maximowiczii, were significantly polymorphic.
Key words: Trapa natans; Trapa maximowiczii; water caltrop; water chestnut; RAPD;  
ISSR; ITS.
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caltrop from the Southern Urals is closer to the Siberian 
than to the  European population. Noteworthy, during the 
isolation of the ITS region, T. maximowiczii demonstrated a 
double-band electrophoretic pattern, while the other samples 
gave one band. This is indirectly indicative of recombination 
events, and so these plants could be hybrids.

4. Conclusions
We obtained interesting results on genetic variation in 
 several isolated Trapa L. populations. In general, samples 
from habitats with the severe continental climate (Southern 
Urals, Siberia) and samples from more favourable environ-
ments (Far East, Montenegro) demonstrate low levels of ge-
netic polymorphism. The only exception is T. maximowiczii. 
It is possible that water caltrop has a great potential to adapt 
to different climatic conditions and can be reintroduced to 
its previous habitats from the South and be used as a food 
source again.

Figure 1. Normal and deformed seeds of water caltrop from lake Upkankul, Southern Urals.

Figure 2. Results of DNA analysis with marker ISSR11. Sample 20: lake 
Lotos, Primorsky Krai, Russian Far East (T. maximowiczii); sample 21: no-
name lake, Amur oblast, Russian Far East (T. maximowiczii); 1–18: other 
samples. M1: 1-kb marker; M2: 100-bp marker; M3: 50-bp marker. 

Figure 3. Phylogenetic tree of Trapa samples on the basis of ITS region 
sequencing:
1: lake Lebyazh’ye (point 1), Southern Urals, Russia; 2: lake Lebyazh’ye 
(point 2), Southern Urals, Russia; 3: lake Medvezh’ye, Southern Urals, 
Russia; 4: lake Upkankul (normal), Southern Urals, Russia; 5: lake Up-
kankul (mutant), Southern Urals, Russia; 6: lake Solonechnoye, Siberia, 
Russia; 7: lake Skadar, Montenegro; 8: lake Lotos, Primorsky Krai, Rus-
sian Far East (T. maximowiczii); 9: no-name lake, Amur oblast, Russian 
Far East (T. maximowiczii).
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1. Introduction
Potato (Solanum tuberosum L.) is one of the most popular 
carbohydrate foods in industrialized and some developing 
countries, with its production in 2017 having reached 440 mil-
lion tons (according to FAOSTAT). In addition to vitamins, 
amino acids, microelements, and fiber, potato is a source of 
starch. Starch consists of polysaccharides, molecules that 
are composed of a number of monosaccharides (glucose) 
motives linked together with α-1,4 and/or α-1,6 linkages. 
There are two main structural types of starch polysaccharides: 
amylose, which is a linear α-1,4 molecule and typically con-
stitutes 15–20 % of starch, and amylopectin, which is a larger 
branched molecule with α-1,4 and α-1,6 linkages, a major 
component of starch.

Potato and potato products yield variable glycemic respons-
es. For example, the published glycemic index (GI) values for 
potato vary from very low (23 for an unspecified cultivar) to 
very high (144 for boiled Desiree) (Foster-Powell, 2002). The 
variation in the GI values of potato-products may be due to 
a number of factors such as potato genotype, maturity, starch 
structure, processing, and storage conditions (Lynch, 2007).

In terms of digestibility, starch is typically divided into 3 
fractions: rapidly digesting starch (RDS), slowly digesting 
starch (SDS), and resistant starch (RS). According to Eng-
lyst and others, RDS and SDS are the starch fractions that 
hydrolyze to dextrins by α-amylase and pullulanase enzymes 
within 20 to 120 min after ingestion, respectively. RS is the 
portion that is not hydrolyzed after 120 min and passes from 
the small to the large intestine (Englyst, 1992), where it is 
fermented by gut microflora (Nugent, 2005). Chemically RS 
is measured as the difference between total starch (TS) and 
the sum of RDS and SDS:

RS = TS – (RDS + SDS)
RDS + SDS = DS (digestible starch)

Potato starch resistivity as an inheritable trait 
L.M. Gvozdeva1 *, I.V. Rozanova1, 2, V.K. Khlestkin1, 3, E.K. Khlestkina1, 2
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Abstract: Potato is a significant crop in many countries. It is not only a source of vitamins, 
amino acids and fiber, but also of starch. Starch is an important source of energetic food for 
humans, as well as an important raw material of organic origin for biochemical industry. In 
terms of enzyme digestibility, starch is subdivided into 3 fractions: rapidly digestible (DS), 
slowly digestible, and resistant starches (RS). RS passes through the stomach and small 
intestine, remaining intact, and then enters the large intestine, where it is fermented into 
useful short-chain fatty acids (SCFA: acetate, propionate and butyrate) and serves as an 
excellent nutrient medium for intestinal microflora. Unlike normal starch, RS increases the 
body’s sensitivity to insulin and lowers blood glucose levels. Thus, a diet enriched for RS 
can be used both for weight maintenance / stabilization and for the treatment of obesity, 
diabetes, Crohn’s and Bechterew’s disease. Identification of genomic regions associated 
with potato starch resistivity indicates this property to be an inheritable trait. Data on the 
genomic regions will facilitate potato breeding for diverse purposes in human diet as well 
as in processing industry.
Key words: diabetes; digestible starch; genome-wide association studies; obesity; potato 
starch; resistant starch.

Thus, RS is considered excellent dietary fiber, which would 
be expected to confer benefits to gut health, particularly in the 
large intestine, where RS is fermented and can result in the 
release of gases (methane, hydrogen, carbon dioxide), short-
chain fatty acids, or SCFAs, (formate, acetate, propionate, 
butyrate and valerate) and smaller amounts of organic acids 
(lactate and succinate) and alcohols (methanol and ethanol). 
The SCFA butyrate is of particular interest given its role as 
fuel for the cells lining the colon (colonocytes) and there is 
growing interest in the potential influence of gut bacteria on 
health outcomes, both locally in the gut and systemically 
(Kataoka, 2016).

It should be noted that the amount of RS in a given food var-
ies for different individuals, as the exact time of the transition 
from the small to the large intestine fluctuates depending on 
an individual’s gastrointestinal functioning, the concentrations 
of endogenous carbohydrate digestion enzymes, viscosity of 
the gastric fluid, as well as the food matrix itself.

There are several factors described to affect starch resis-
tivity:
- amylose/amylopectin ratio; a high amylose content of 

starch is known to lower starch digestibility (Chung,  
2009);

- length and branching of amylopectin chains; long linear 
chains of amylopectin provide starch resistivity, and 
the branched chains of amylopectin, starch digestibility 
(Benmoussa, 2007);

- retrogradation of amylose; retrograded amylose in wheat, 
maize, peas, and potatoes was found to be highly resistant 
to digestion (Ring, 1988); 

- ions; potato starch gels showed a decreased yield of RS 
in the presence of ions like calcium and potassium, which 
may be reflected to the prevention of hydrogen bond for-
mation between amylopectin and amylose chains;
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- interaction of starch polysaccharides with proteins; a 
mixture of potato starch and albumin was autoclaved and 
then cooled to –20 °C; it was found that added albumin 
reduced RS content (Escarpa, 1997);

- enzyme inhibitors; enzyme inhibitors like phytic acid, 
polyphenols, and lectins present in leguminous seeds have 
been found to inhibit in vitro digestion and, consequently, 
the glycemic index of starch; since phytic acid inhibits 
amylolysis, an increase in phytate content decreases starch 
digestibility (Thompson, 1984);

- size, smoothness and intactness of the granules; large, 
smooth, undamaged starch granules are more protected 
from effects of enzymes, since they are difficult to attach 
to the granule and get inside (Blazek, 2010).

So, starch resistivity is caused by a complex of factors, 
which together influence the digestibility of starch.

RS values in raw, not cooked potato are very high (70 % on 
average). Thus, raw potato RS causes the following beneficial 
effects on health:
1) RS increases SCFAs production. The SCFA butyrate is 

the preferred fuel for colonocytes, increasing colonic 
blood flow, lowering luminal pH and helping prevent the 
development of abnormal colonic cell populations as well 
as facilitating the maintenance of epithelial integrity and 
regulating inflammation (Kataoka, 2016).

2) Raw potato starch dramatically induces changes in micro-
bial composition and microbial metabolites. Coprococcus, 
Ruminococcus, and Turicibacter (bacteria important for 
degradation of starch and SCFA production) increased 
significantly, while Sarcina and Clostridium decreased in 
relative abundances in the hindgut of pigs fed raw potato 
starch. Thus, raw potato starch not only alters the composi-
tion of the gut microbial community but also modulates the 
metabolic pathway of microbial metabolism (Sun, 2016).

3) RS consumption has been shown to improve glycemic 
control in both animal and human studies. Eating a RS-rich 
diet substantially increased the mobilization and use of fat 
stores as a consequence of reduction in insulin secretion. 
SCFAs are reported to inhibit adipose tissue lipolysis, and 
in the liver and muscles, particularly acetate was proposed 
to inhibit glycogenolysis, with the result of sparing carbo-
hydrate and increasing fat oxidation. Since RS almost does 
not split into glucose in the small intestine and improves 
insulin sensitivity, it can be useful in such serious diseases as 
type 2 diabetes and obesity (Tapsell, 2004; Canfora, 2015).

4) Consumption of RS is beneficial to cardiovascular diseases. 
Particularly, it has been shown that RS is associated with 
cardiovascular risk reduction (Bernstein, 2013).

5) Considerable evidence exists suggesting a protective role 
of high-fibre diets in colon cancer. Fibre is suggested to 
reduce colon cancer risk by increasing fecal bulk, reducing 
transit time and diluting fecal contents (Murphy, 2012). 
High butyrate production is reported to reduce colon cancer 
risk and butyrate treatment of cultured colon cancer cells 
can blunt the proliferation of the cancer cells and stimulate 
apoptosis (Macfarlane, 2003).
A number of studies revealed that RS could have a positive 

role in intestinal absorption of minerals. In humans, an RS-rich 
diet substantially increased the apparent absorption of calcium 

and iron compared with a completely DS diet (Morais, 1996). 
This is likely one of the reasons why supplementation with 
resistant starch can protect bone density during weight loss 
and positively affect the immune system.

2. Materials and methods
Starch and DNA were isolated from 90 potato varieties and 
hybrids from the ICG “GenAgro” collection. Starch was 
tested for resistance to enzymatic digestion by α-amylase. 
Genotyping data were obtained on a 22K Illumina Potato 
SNP-array. The association mapping was performed with the 
use of software products TASSEL, Structure, R.

3. Results and discussion
Schonhals et al. (2016) showed that SNPs in the candidate 
genes Pain-1, InvCD141 (invertases), SSIV (starch synthase), 
StCDF1 (transcription factor), LapN (leucine aminopepti-
dase), and cytoplasm type are associated with potato tuber 
yield, starch content and/or starch yield. 

Khlestkin et al. (2019) found several SNPs associated with 
starch amylopectin phosphorylation. 

It has been found that key genes for starch biosynthesis may 
affect factors, resulting in variations in starch resistivity. Thus, 
granule-bound starch synthase gene (GBSS) knockout drasti-
cally increases amylopectin content to up to > 98 %. When 
inhibited, the SBEI gene encoding the main starch branching 
enzyme does not increase amylose content in modified potato. 
But simultaneous inhibition of both SBEI and SBEII genes 
results in high (60–89 %) amylose starch with minor amylo-
pectin content. Elevation of SBEII expression allows obtain-
ing starch characterized by increased amylopectin branching 
with shorter end chains. In contrast, amylopectin from potato 
plants with inhibited SBE synthesis has longer polysaccharide 
chains with lower branching. GWD gene knockout results in 
amylopectin with reduced phosphate content and, accordingly, 
reduced viscosity gels from the modified starch. Low phos-
phate starch demonstrates also a reduced rate of biocatalytic 
hydrolysis. Overexpression of SSIV results in increased tuber 
starch content in both greenhouse and field grown plants. 
Starch granule morphology and crystallinity may be corrected 
at the genetic level as well (Khlestkin, 2017). 

We performed a genome-wide association study to search 
for SNPs responsible for potato starch resistivity. Samples 
of starch from 90 potato varieties and hybrids from the ICG 
“GenAgro” collection were tested for resistance to enzymatic 
digestion by α-amylase. The average starch resistivity value 
found was about 75 % of the total amount of starch. Contrast-
ing forms with low (40–52 %) and high (up to 99 %) resistance 
of starch to digestion were identified. The association mapping 
performed with the use of genotyping data obtained on the 
22K Illumina Potato SNP-array revealed significant region 
on chromosome 5. 

4. Conclusions
In conclusion, the potato tuber starch set studied contains 
starch samples with both high and low RS content, which 
makes it possible to differentiate potato varieties according to 
this trait. Resistance towards amylases is a very important trait 
related to starch as a tunable nutrient, probably connected to 
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several human diseases, and thus has to be carefully taken into 
account in diets for treatment and prophylactics of the diseases 
and comorbid states. Potato varieties with starch with the trait 
‘contrasting resistance’ were identified. The SNP found on 
chromosome 5 is associated with the trait ‘starch digestibility’ 
and reflects the participation of this chromosome in the forma-
tion of resistance of potato starch towards amylase digestion. 
Further research is being conducted on the identified genomic 
region, aimed at identifying a candidate gene and developing 
a convenient PCR marker for accelerated breeding of potatoes 
with different digestibility of starch.
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1. Introduction
Fagopyrum esculentum Moench is an important cereal and 
nectar-bearing crop widely cultivated in many countries of the 
world. The genus Fagopyrum Mill. possesses valuable nutrient 
and medical qualities. Representatives of the genus Fagopy-
rum are promising sources of flavonoids, among which the 
main is 3-O-rutinoside quercetin (rutin or vitamin P), which 
has antioxidant, angioprotective, antibacterial, and hepatopro-
tective properties (Klykov et al., 2018). The most important 
task of both foreign and Russian science is improvement of the 
existing varieties of F. esculentum and creation of new ones 
adapted to the growing conditions, diseases and pests and with 
high flavonoid content. A successful solution of the problem of 
this scale is possible on the basis of interdisciplinary research 
in the field of genetics, breeding, and biochemistry. 

Buckwheat, despite its popularity, is not a mass object of ge-
netic research. At the same time, the study of the intraspecific 
genetic diversity of F. esculentum is extremely relevant, due to 
the presence of a large number of varietal samples differing in 
the content of flavonoids. Inter-simple sequence (ISSR) repeat 
markers are widely used to detect intraspecific polymorphism, 
as well as variability in closely related genotypes of cultivated 
plants (Joshi et al., 2000; Sica et al., 2005). 

The aim of this study was to evaluate the genetic polymor-
phism of Fagopyrum esculentum varieties of different origin 
with high flavonoid content using molecular marking. 

2. Materials and methods
The plant material includes five varieties of F. esculentum –
Izumrud (Russia, Primorsky Krai), Kitavase soba 1 (Japan), 
Kitavase soba 2 (Japan), Cheremshanka (Russia, Republic 
of Tatarstan), and Bashkirskaya krasnostebelnaya (Russia, 
Republic of Bashkortostan) – isolated in the field conditions 
of Primorsky Krai for the flavonoid content in the above-
ground mass, fruits and other agronomically valuable traits 
(Klykov et al., 2018).

Ten seeds of each buckwheat variety were germinated in 
the conditions of the culture room. DNA was isolated from 
the leaves by the method of Aljanabi et al. (1997) with addi-
tional purification using a chloroform/isoamyl alcohol mixture 

Evaluation of genetic variability of buckwheat varieties 
(Fagopyrum esculentum) using ISSR-analysis
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Abstract: The article presents analysis of the genetic polymorphisim on ISSR primers 
of five varieties of buckwheat (Fagopyrum esculentum Moench) (Izumrud, Kitavase 
soba 1, Kitavase soba 2, Cheremshanka, Bashkirskaya krasnostebelnaya). The obtained 
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(24/1). The amount of DNA in the sample was determined 
using a BioSpec-Nano spectrophotometer (Shimadzu). PCR 
was carried out 2–3 times using four ISSR primers. We used 
the ready-to-use reaction mix BioMaster HS-Taq PCR-Color 
(Biolabmics) with the addition of magnesium chloride to a 
final concentration of 2.5–3.0 mM, depending on the primer. 
To control contamination and nonspecific hybridization of 
primers, there was used a blank sample containing a complete 
reaction mixture without adding DNA.

Amplification was performed in the MJ Mini amplifier 
(BioRad) with preliminary denaturation for 5 min at 94 °C 
followed by 40 cycles: 30 sec at 94 °C; 30 sec at 49–60 °C 
(depending on the primer, the annealing temperature was 
selected individually); 1 min at 72 °C. The reaction products 
were separated by electrophoresis in 2 % agarose gel, colored 
with ethidium bromide, in 0.5 X TBE buffer. Visualization 
was performed by irradiation of the gel with ultraviolet light 
using a Gel Doc XR+ (BioRad).

For each primer, binary matrices were constructed where 
the presence or absence of a fragment was marked as 1 or 0, 
respectively. Genetic distances and construction of dendro-
grams was carried out using the software package POPGENE 
and TFPGA.

3. Results and discussion
Studies have noted that the quantitative and qualitative yield 
of DNA from the tissues of buckwheat (freeze-dried leaves) 
is much lower than from the same number of tissues of other 
crops (soybeans, rice). When using green leaves, the situ-
ation improves, but the final concentration of total DNA is 
still lower. Perhaps this is due to the fact that buckwheat, 
compared with other crops, has the fewest chromosomes in 
the karyotype.

As a result, the PCR revealed 106 amplicons, 105 of 
which were polymorphic. Intravarietal polymorphism varied 
considerably, from a minimum of P = 50 % and 50.94 % in 
‘Izumrud’ and ‘Bashkirskaya krasnostebelnaya’, respectively, 
and to a maximum of P = 75.47 % in ‘Cheremshanka’. The 
varieties Kitawase soba 1 and Kitawase soba 2 have similar 
level of polymorphism, P = 65.09 and 64.15 %, respectively. 
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Nei’s genetic distances (DN) (Nei M. 1972) were calculated 
on the basis of ISSR analysis. The highest value of DN = 0.2430 
was found between ‘Izumrud’ and ‘Bashkirskaya krasnostebel-
naya’, the lowest DN = 0.0372 was between ‘Kitawase soba 1’ 
and ‘Kitawase soba 2’ (Table 1). 

To visualize genetic differences using the TFPGA software 
package, a phylogenetic relationship dendrogram was con-
structed using the pairwise intragroup unweighted (UPGMA) 
algorithm. The length of the branches reflects the level of 
genetic differences (Figure 1). ‘Kitawase soba 1’ and ‘Kita-
wase soba 2’ formed a cluster with the shortest branches, and 
‘Bashkirskaya krasnostebelnaya’, having the highest value of 
genetic distances in relation to the other cultivars, formed a 
separate cluster with the longest branch.

We calculated the population differentiation index (Gst), 
which shows the distribution of intra- and inter-population 
variability. The value of Gst = 0.3125 indicates the predomi-
nance of intra-population variability over inter-population 
variability, which may be a consequence of the peculiarities of 
the biological features of the crop under study, namely, cross-
pollination, a large number of different biotypes in the variety 
population, leading to an increase in population variability 
compared to self-pollinating crops (Klykov, 2011). In our early 

studies, there was defined a diagnostic trait (anthocyanin color 
of stem, flowers, root system, nuclei) which is efficient for 
use in breeding in order to create new varieties of Fagopyrum 
esculentum with high rutine contents (Klykov et al., 2018).

4. Conclusion
Thus, according to the results of ISSR analysis, the varieties 
Izumrud, Krasnoznamennaya Bashkirskaya and Kitawase 
soba 1, which have the greatest genetic differences were 
recommended for breeding process in order to create new 
genotypes with high flavonoid contents. In breeding, as the 
initial forms of selection, the choice of high-grade varieties 
with the highest level of differences, can lead to heterosis in 
hybrids. The data from ISSR analysis can be used to select the 
best plants within the hybrid buckwheat population.

The work was done in the framework of the complex pro-
gram of fundamental research of the FEB RAS “Far East” in 
2018-2020 project No. 18-5-025.
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Table 1
Genetic distances (DN) between the of F. esculentum varieties

Variety Izumrud Kitawase soba 1 Kitawase soba 2 Cheremshanka

Izumrud ***

Kitawase soba 1 0.1046 ***

Kitawase soba 2 0.1192 0.0372 ***

Cheremshanka 0.1196 0.0543 0.0577 ***

Bashkirskaya krasnostebelnaya 0.2430 0.1833 0.1791 0.1872

Figure 1. UPGMA dendrogram of phylogenetic relationships of buck-
wheat varieties constructed on the base of ISSR analysis.
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Abstract: 128 introgression lines of spring bread wheat developed by Agricultural Research 
Institute of the South-East Region and 11 cultivars cultivated in the Volga Region were 
analyzed for resistance to the Ug99 race group in Kenya (KARI). 10 immune lines (infection 
type 0) and 16 lines with moderate resistance (infection type MR) were identified. Cultivars 
and part of the lines (58 introgression lines) were assessed for resistance to Lysogorsk and 
Omsk stem rust pathogen populations and to stem rust isolates PgtZ1(TKSTF) and PgtF18.6 
(TKSTF+Sr33) and also analyzed for the presence of the known Sr resistance genes (Sr22, 
Sr25, Sr26, Sr31, Sr35, Sr36, Sr38, Sr39) using molecular markers. The Sr31/Lr26, Sr25/Lr19, 
Sr22, Sr35 and Sr38/Lr37 genes were identified in the introgression lines. All lines carrying 
Sr31/Lr26 and Sr22 were resistant to all local pathogen populations taken into analysis. The 
Sr26, Sr36 and Sr39 genes were not detected in the wheat lines analyzed.
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1. Introduction
Stem rust of wheat, caused by Puccinia graminis Pers. f. sp. 
tritici Eriks. and E. Henn., is one of the most devastating 
diseases of wheat worldwide. The emergence of a new highly 
aggressive stem rust race in Uganda in 1999, Ug99 (TTKSK), 
infecting wheat cultivars which contain the Sr31 gene (Preto-
rius et al., 2000) caused great concern in world wheat produc-
ers, because the epiphytotic development of this pathogen on 
susceptible cultivars can result in yield losses reaching 100 % 
(Hailu et al., 2015). On the other hand, new aggressive races 
of stem rust that differ from Ug99 have appeared in the world 
including Europe and the Russian Federation. In the Russian 
Federation, the epiphytotic development of the disease was 
noted in 2015, 2016, 2017 and 2018 in Western Siberia.

In the Lower Volga Region the strong epiphytotics of stem 
rust was observed in 2004 and 2006 (the severity of disease 
development was 50–60 %), in 2016 in the Saratov Region 
the degree of disease development reached 80 %, the yield 
losses were more than 50 %, and the weight of 1000 seeds was 
at the level of 18–19 grams (Sibikeev et al., 2017; Sibikeev, 
unpublished data). Furthermore, in 2016, the spread of stem 
rust on spring bread wheat cultivars during earing was noted 
throughout the Republic of Tatarstan (Vasilova et al., 2017).

It is a fact that as a result of breeding aimed at the produc-
tivity and quality of grain, there was a strong reduction in 
wheat genetic diversity in many aspects, including resistance 
to fungal diseases (Wulff, Moscou, 2014).

Thus, the expansion of the genetic basis of varieties, obtain-
ing breeding material, diverse in resistance genes is extremely 
important. The problem of searching for new resistance genes 
is successfully solved by application in the breeding alien 
wheat species from such genera as Aegilops, Secale and 
Agropyron (Rahmatov et al., 2016; Lapochkina et al., 2017; 
Kishii, 2019).

In the framework of our project, these are 128 introgression 
lines with genetic material from Tritcum durum, T. dicoccum, 
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T. kihara, T. persicum, T. timopheevii, T. compactum, Aegilops 
squarrosa, Ae. speltoides, Agropyron elongatum, Secale ce-
reale, Satu triticale, which gives a wide opportunity to identify 
known and search for new resistance genes. The Lower Volga 
region is one of the main bread wheat production zones.

Rust pathogen inoculum, in addition to the local population, 
is spread into the Lower Volga region from Western Europe, 
the North Caucasus, Central Asia, and North Africa through 
the Middle East (Iran) and the Caspian Sea, which greatly 
increases the likelihood of the spread of race Ug99 into the 
Russian Federation.Our study is devoted to evaluation of the 
genetic potential of wheat breeding material and the identifi-
cation of resistance genes that are effective not only against 
local populations of the pathogen, but also against Ug99 and its 
biotype, as well as against the aggressive races of P. graminis 
f. sp. tritici outside the Ug99 lineage. 

Therefore, the aims of this study were to (i) evaluate the 
resistance of introgression lines (128) and spring bread wheat 
cultivars to the stem rust race Ug99 lineage; (ii) evaluate 
resistance of introgression lines (58) and spring bread wheat 
cultivars (11) to the local population of stem rust and to 
identify Sr genes using available molecular markers. 

2. Materials and methods
The breeding material from the FSGFSI ARI of the South-East 
Region (128 introgression lines) and 11 cultivars of spring 
bread wheat cultivated in the Volga Region and related to the 
analyzed lines were used in the work. The lines were obtained 
with the participation of CIMMYT synthetics, durum wheat 
cultivars, direct crossing with alien species such as Agropyron 
elongatum, Ag. intermedium, different species of the genus 
Triticum L., Secale cereale and Satu triticale.

The Omsk and Lysogorsk populations of the pathogen, 
collected in 2018 from the wheat cultivar Favorit, which 
carries the 6Agi (6D) substitution, were used for laboratory 
assessment of resistance at the seedling stage. Also in analy-
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ses we used two stem rust isolates. PgtZ1 (TKSTF) from the 
Zernograd pathogen population and F18.6 (TKSTF+Sr33) 
from Lysogorsk populations of P. graminis f. sp. tritici. The 
virulence of the pathogen isolates was evaluated using a set 
of 20 differentiators (North American differential set) (Cereal 
Disease Laboratory) and near isogenic lines (24 lines). The 
cultivars Avrora (Sr31) and Khakasskaya (susceptible control) 
were also used in the analysis. Inoculation of plants was car-
ried out in accordance with the methods adopted in the world 
practice (Jin et al., 2007).

The reaction of seedlings to inoculation (IT) with the spore 
suspension of the stem rust pathogen was taken into account 
on the 12-14th day after infection on a standard scale (Stack-
man et al., 1962). Evaluation of the resistance of introgression 
lines to race Ug99 was conducted on the base of the Kenya 
Agricultural Research Institute (KARI) in 2018. The criteria 
for evaluation of adult plants’ resistance were the ITs and the 
degree of plant damage on the scale recommended by CIM-
MYT (Roelfs et al., 1992).

DNA was isolated from five-day wheat seedlings using 
cetyltrimethylammonium bromide (CTAB) (Murray, Thomp-
son, 1980). DNA markers recommended for marker-assisted 
selection (MAS https://maswheat.ucdavis.edu/) were used to 
identify resistance genes (Sr22, Sr25, Sr26, Sr31, Sr35, Sr36, 
Sr38, Sr39), separation of PCR products was carried out in 
2 % agarose gels. Near isogenic lines and cultivars with Sr 
genes served as the positive control, the susceptible cultivar 
Khakasskaya served as the negative control.

3. Results and discussion

3.1 Phytopathological analysis of resistance to Ug99 in Kenya
The prospect of the analyzed introgression wheat lines for 
resistance breeding was confirmed by the results of the 
analysis conducted on the base of the Kenya Agricultural 
Research Institute (KARI). The analysis was conducted 
against the background of a strong disease development (up 
to 90S on susceptible varieties). The racial composition of the 
pathogen population included races such as TTKSK (Ug99), 
TTKST (Ug99 + Sr24), TTTSK (Ug99 + Sr36), TTKTK 
(virulent to SrTmp), TTKTT (Sr24 and SrTmp). In the result, 
from the 128 introgression lines studied in Kenya, 10 lines 
were immune (reaction type 0).

Also, 16 lines showed reaction type 5MR, all the ten varieties 
tested (Saratovskaya 55, Saratovskaya 68, Saratovskaya 73, 
Albidum 32, Prokhorovka, Yugo-Vostochnaya 2, Dobrynya, 
Favorit, Voyevoda and Lebedushka) were not resistant to the 
Kenyan population of P. graminis. The lowest reaction types 
were 10M with ‘Favorit’ (Sr6Agi) and 20M with ‘Dobrynya’ 
(Sr25/Lr19).

3.2 Phytopathological analysis of resistance to stem rust  
at the seedling stage
At the next stage of work, 58 lines and 11 wheat cultivars 
were evaluated for resistance to the Saratov population of stem 
rust under field conditions and for resistance to the Omsk and 
Lysogorsk pathogen populations and to the two monopustule 
isolates (TKSTF, TKSTF+Sr33) at the seedling stage under 
laboratory conditions. All introgression lines were resistant 

to the Saratov population of stem rust in the field in 2018.
During evaluation at the seedling stage, 42 lines were 

resistant to the Omsk pathogen population and 32 lines 
were resistant to the Lysogorsk pathogen population. When 
evaluating resistance to isolates PgtZ1 (TKSTF avirulent to 
Sr11, Sr17, Sr24, Sr31) and PgtF18.6 (TKSTF+ virulent to 
Sr33), it was found that 15 lines were resistant and 7 were 
heterogeneous to PgtZ1, 15 lines were resistant and 5 were 
heterogeneous to PgtF18.6.

Only 11 lines were resistant to the Omsk and Lysogorsk 
pathogen populations and to both isolates of P. graminis 
used in analysis. During laboratory analysis of data on 11 
cultivars, the following results were obtained: ‘Prokhorovka’, 
‘Yugo-Vostochnaya 2’ and ‘Dobrynya’ were resistant to 
the Lysogorsk population of stem rust; ‘Prokhorovka’ and 
‘Yugo-Vostochnaya 2’ were resistant to the Omsk pathogen 
population. Also, only ‘Prokhorovka’ (Sr31), ‘Yugo-
Vostochnaya 2’ (Sr31) and ‘Lebyodushka’ (Sr25+Sr6Agi) 
are resistant to PgtF18.6, while ‘Prokhorovka’ and ‘Yugo-
Vostochnaya 2’ are resistant to PgtZ1. 

3.3 Identification of resistance genes
From the genes known to be ineffective against Ug99, but 
effective against local stem rust populations, the Sr31 gene 
in the introgression lines was identified. The Xscm9 marker, 
developed for the 1BL.1RS rye translocation carrying the 
resistant genes to stem (Sr31), leaf (Lr26) and yellow (Yr9) 
rust and powdery mildew (Pm8), was used to identify it.

The 1BL.1RS translocation (gene Sr31) was identified 
in 15 lines out of 58. All samples carrying the 1BL.1RS 
translocation were resistant to the Saratov population of 
stem rust during the field evaluation and to all the rest of the 
analyzed pathogen populations during resistance evaluation 
at the seedling stage.

It was also concluded that the Sr31 gene still retains its 
effectiveness toward local stem rust populations.

The Sr25/Lr19 gene was identified in 40 lines (69 %) using 
the Gb marker recommended for the marker-assisted selection. 
The combination of the Sr31/Lr26 and Sr25/Lr19 genes was 
identified in 12 wheat lines. The Sr38 gene was detected in 
two lines using the VENTRIUP-LN2 primers; at this stage, 
the combination of the Sr25/Lr19+Sr38/Lr37 genes was 
identified in these lines. The Sr22 gene was introgressed from 
T. monococcum L. ssp. Aegilopoides to wheat.

Among the analyzed set of introgression lines there were 
three in the pedigree of which was line W3435 carrying Sr22. 
For the identification of Sr22, three closely linked molecular 
markers, Xcfa2019, Xcfa2123 and Xwmc633, were used with 
the size of diagnostic fragments of 238, 234, and 117 bp, 
respectively.

In the analysis, line SWSR22TB containing the Sr22 gene 
and the parent line W3435 (Sr22) was used as a positive 
control. According to the results of PCR analysis, Sr22 can 
be postulated in two lines (L503 / W3534 // L503 / 3 / L503; 
L503 / W3534 // L503).

In both lines, a combination of the Sr25 / Lr19 + Sr22 genes 
was identified and both of these lines were resistant to the 
Omsk and Lysogorsk pathogen populations and to P. graminis 
f. sp. tritici isolates PgtZ1 and PgtF18.6. The Sr35 gene using 
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the Xcfa2170 marker was identified in one line, 1230/2 (L503 
/ Sr 35 // L503 / 3 / L503), obtained from crossing lines L503 
(Sr25) and Sr35. As the control, the parent line Sr35 and the 
line Marquis * 5 / G2919 (Sr35) were used. The Sr25/Lr19 and 
Sr35 genes were indentified in this line. Previously, line 1230-1 
(L503 / Sr 35 // L503 / 3 / L503) with a possible presence of 
the Sr35 gene was immune to Ug99 in Kenya.

The assumption of the presence of the Sr35 gene in line 
1230-1 was confirmed with the Xcfa2170 marker in the present 
work. Thus, a combination of the Sr35+Sr25/Lr19 genes was 
identified in this line. No known stem rust resistance genes 
from Ae. speltoides were identified in the introgression lines, 
although the presence of introgressions from this species in 
the lines suggested that genes such as Sr39/Lr35 could be  
present.

Thus, the Sr31/Lr26 and Sr25/Lr19 genes were mainly 
identified in the introgression lines. The combination of these 
genes (Sr31+Sr25) was found in 15 lines (26.3 %). The Sr26, 
Sr36 and Sr39 genes were not detected in the analyzed wheat 
lines.

The strategy of anticipatory breeding for immunity is 
based, on the one hand, on studying the pathogen population, 
identifying dangerous pathotypes capable of overcoming 
resistance genes used in cultivated varieties, and, on the 
other hand, on finding effective resistance genes for them 
and then introducing these genes into the local, well-adapted 
germplasm. Such a strategy will make it possible to obtain a 
source material for breeding that is resistant to leaf and stem 
rust, including Ug99, and adapted for the zone of the Lower 
Volga region.

This work is an ongoing study, the goal of which is to obtain 
initial material for stem rust resistant breeding, including 
Ug99, and adapted for the zone of the Lower Volga region. 
Previously, we identified Sr genes in 57 introgression lines 
(Baranova et al., 2019), and now in 58 lines.

On the whole, in the lines studied, we identified mainly the 
Sr31 and Sr25 genes and their combination. In two lines, we 
identified Sr22. Its presence in them is indirectly confirmed by 
the fact that these lines were resistant to the local populations 
of the pathogen and to fungal isolates PgtZ1 and PgtF18.6, 
which are avirulent to Sr22.

These lines were not evaluated for resistance to Ug99, 
which will be done later. In some lines resistant to Ug99 in 
Kenya, resistance genes were identified. Thus, the new high-
performance combinations are Sr25 / Lr19 + LrKuk / SrKuk, 
Sr25/ Lr19 + Sr31 / Lr26 + Sr28, Sr25 / Lr19 + Sr38/Lr37, 
and Sr25/Lr19 + Sr35. Of the 128 lines studied, 16 showed 
infection type 5MR.

Thus, the effectiveness of the above combinations has been 
confirmed, but line 11, apparently, still has unidentified Sr 
genes, since ‘Lebedushka’ with the identified Sr25/ Lr19 + 
Lr6Agi combination was at the level of 20MS. In addition, if 
the combinations coincide with infection types 0 and 5MR, 
it appears that the lines with infection type 0 have additional 
resistance genes, which will be tested in further studies.

4. Conclusions
From the 128 introgression lines studied in Kenya, 10 lines 
were found immune (infection type 0) and 16 lines showed 
reaction type 5MR. Gene combinations identified in these 
lines are Sr25 / Lr19 + LrKuk / SrKuk, Sr25/ Lr19 + Sr31 / 
Lr26 + Sr28, Sr25 / Lr19 + Sr38 / Lr37 and Sr25/Lr19 +Sr35. 
The Sr31/Lr26 and Sr25/Lr19 genes were mainly identified 
in the analyzed 58 introgression lines. The combination of 
these genes – Sr31/Lr26 + Sr25/Lr19 – was identified in 15 
lines (26.3 %) from 58. The combination of the Sr38/Lr37 + 
Sr25/Lr19 genes was identified in two lines; Sr25/Lr19 + 
Sr35, in two lines. A promising combination of genes, Sr22 + 
Sr25/Lr19, was identified in two lines.

These lines were resistant to all analyzed populations of 
the pathogen, which makes them promising for further use in 
breeding. All lines carrying Sr31/Lr26 and Sr22 were resistant 
to all local pathogen populations taken into analysis. The 
Sr26, Sr36 and Sr39 genes were not detected in the analyzed 
wheat lines.

It is also necessary to note promise for the use of the triticale 
cultivar Satu, which carries the linkage genes LrSatu/SrSatu, 
in protection against stem rust pathogen (McIntosh et al., 
1995). Two lines (Satu/С70//С74/3/С70/4/С70) and (Satu/
С70//С74/3/С74) were immune to Ug99 and its biotypes in  
Kenya.
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Abstract: Puccinia graminis f. sp. tritici is the causal agent of stem rust disease in wheat. 
The rust fungus has caused devastating epidemics of disease throughout history and is 
currently a potential threat to wheat production in some regions of Western Siberia. The 
samples were analyzed using 14 polymorphic simple sequence repeat (SSR) markers. The 
panels of specific SSR markers were suggested to distinguish the samples from different 
regions and single pustule isolates.  
Key words: SSR markers; Stem Rust; Western Siberia.

1. Introduction
The genetic diversity of Puccinia graminis is extremely high. 
Within the species, there are several special forms (f. sp) 
virulent to different cereals, and there is a differentiation of 
P. graminis f. sp. tritici (Pgt) determined by the resistance of 
wheat varieties. Single sequence repeat (SSR) markers are 
developed to target highly unstable parts within an organ-
ism’s genome. They present high levels of polymorphism due 
to high mutation rates e. g. caused by slippage during DNA 
replication. The advantage of using SSR markers in a dikary-
otic organism like P. graminis is that they are co-dominant 
and alleles from both nuclei can be detected. By using SSR 
markers, many samples can be processed and differences 
within one species or closely related species may be detected. 
Tri-nucleotide repeat SSR markers have been developed 
for Pgt and have been shown to be useful in distinguishing 
between race groups (Zhong et al., 2009). The objective of 
this study was to develop a panel of SSR markers to estimate 
the level of genetic diversity among the Siberian stem rust  
population.

2. Materials and methods
Sample collection and storage. Infected stems of the sus-
ceptible wheat cv. ‘Chernyava 13’ were collected in the No-
vosibirsk region (test fields of ICG SB RAS and test fields of 
SibRIPPB – Branch of ICG SB RAS) and in the Omsk region 
(Omsk State Agrarian University) in 2018. Single pustule 
isolates of Pgt from heterogeneous samples were multiplied 
and stored in a freezer at –80 °C at the ICG SB RAS.

SSR marker analysis. Fourteen of the SSR markers used 
in international rust laboratories (Zhong 2009; Berlin 2012, 
2017) were validated for Russian Pgt isolates. Genomic DNA 
was extracted from roughly 40 mg of tissue from germinated 
or ungerminated urediniospores, teliospores and aeciospores 
of stem rust fungus. Spore material was pulverized by using 
liquid nitrogen. DNA isolation directly from urediniospores 
was carried out according to the method described by Just-
esen et al. (2002), and DNA extraction from infected plant 
material, according to the method described by Plaschke et al.  
(2002). 
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The PCR reaction was performed in a volume of 13 μl. 
The reaction mixture contained of 30 ng DNA, 1.3 nmol of 
the M13-tailed forward and 13 nmol of the reverse primers, 
0.54 mM of each dNTP, 1 U/μl of HP-Taq DNA polymerase 
and buffer (67 mM Tris-HCl рН 8.8; 18 mM; 1.7 mM; 0.01 % 
Tween 20), 30 pmol of each the M13-tailed primer labeled 
with FAM.

We used touchdown PCR to increase specificity and reduce 
background amplification, which is essential to correct allele 
calling and critical when pooling markers. PCR conditions 
were as follows: initial denaturation at 95 °C followed by 12 
cycles (ramp annealing temperature 0.5 gr/cycle) of denatur-
ation for 30 s at 95 °C, annealing for 1 min 30 s at 63 °C and 
extension for 30 s at 72 °C; and initial denaturation at 95 °C, 
followed by 23 cycles of denaturation for 30 s at 95 °C, an-
nealing for 1 min 30 s at 57 °C and extension for 30 s at 72 °C; 
and a final extension for 10 min of 72 °C. The length of the 
amplicons was determined using an ABI 3130XL Genetic 
Analyzer (SB RAS Genomics Core Facility, Novosibirsk, 
Russia) and was scored using the Peak Scanner Software v1.0 
(Applied Biosystems).

3. Results and discussion
To develop the panel of SSR markers effective for use on the 
Siberian population of stem rust, it was important to find out 
about the marker resolution. 

The SSR-based profiles of Pgt samples from the same wheat 
cv. ‘Chernyava 13’, but collected in Omsk and Novosibirsk 
regions, showed difference when the following five markers 
were used: 109AGGF/R, 227AAGR/F, 293F/R, PgCAA8F1/
R1, CAA49F1/R1 (SSR panel#1). These results indicate 
that (1) two distant Pgt populations exist in these regions of 
Western Siberia; (2) the SSR markers listed as panel#1 are 
able to differentiate the geographical samples of the stem 
rust population.

Four SSR markers (SSR panel#2: 109AGGF/R, CAA98F1/
R1, CAA53F1/R1, CAA49F1/R1) were enough to differenti-
ate single-pustule isolates (sp isolates) from the Novosibirsk 
population. By using SSR markers, stable marker fragments 
were obtained. By using 109AGGF/R, the following four 
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marker fragments were obtained: 181, 187, 190, and 193 bp. 
One of them (190 bp) was polymorphic between single-pustule 
isolates. By using CAA98F1/R1, the following five marker 
fragments were obtained: 183, 189, 192, 195, and 198 bp. 
Two of them (189 and 195 bp) were polymorphic between 
single-pustule isolates. By using CAA53F1/R1, the follow-
ing five marker fragments were obtained: 229, 231, 234, 237, 
and 246 bp. One of them (246 bp) was polymorphic between 
single-pustule isolates. By using CAA49F1/R1, the following 
six marker fragments were obtained: 128, 131, 134, 146, 149, 
and 158 bp. Four of them (128, 146, 149, and 158 bp) were 
polymorphic between single-pustule isolates.

4. Conclusions
Validation of 14 SSR markers on the Siberian stem rust 
population allowed us to propose two SSR panels efficient 
for differentiation:
1) SSR panel#1: the geographical samples of the stem rust 

population (from Omsk and Novosibirsk regions);
2) SSR panel#2: single-pustule isolates of Pgt.

Table 1
Primer sequences and characteristics of the 14 SSR makers used among Siberian stem rust

Locus Primer name Forward primer (5’–3’) Revers primer (5’–3’) Size range, 
bp Motif Reference

Pgestssr021 21AAGF/R GTTTGCCTGATGATGGATGA CCGAATGCAGATTACCCTTG 260–271 AAG Stoxen S., 2012

Pgestrre024 24R/F TCATCGACCAAGAGCATCAG TTCGGGAGTGAGTCTCTGCT 166–178 CAT Stoxen S., 2012

Pgestssr109 109AGGF/R TCATCGACCAAGAGCATCAG TTCGGGAGTGAGTCTCTGCT 187–193 CCT Zhong et al., 2009

Pgestssr173 173R/F-ATC TCCCTTGACCTTTCTCAACG TCCATTGAGTTCCATCGTGA 195–213 ATC Zhong et al., 2009

Pgestssr227 227AAGR/F CACACGTCTCGAGGAACAGA CTCGTGGGATGAAGTCCATT 210–231 AAG Zhong et al., 2009

Pgestssr293 293F/R GAACCTTGGCCTGAGTGCTA GCAGCCTACAGCAAGAATCC 258–270 GGT Zhong et al., 2009

Pgestssr341 341AACR/F GATGTCGCACTCGGTTTCTT GGCCTTGGTACCCAATTTCT 232–235 TGG Zhong et al., 2009

Pgestssr353 353F/R TCGAATCCCAAGGAACAGAG ACGTCTTGGGTTTCTGTGGA 253–259 AGG Zhong et al., 2009

PgtCAA49 CAA49F1/R1 TCGTCTGATCGTGAGAAACG GACGATTGCTGAGGATTGCT 128–164 CAA Stoxen S., 2012

PgtCAA53 CAA53F1/R1 AGGCTCAACACCACCCATAC AGGAGGAGGTGAAGGGGATA 204–240 CAA Jin et al., 2009

PgtCAA93 CAA93F1/R1 CACTCTCGCCAAACCTCATT CGCCTGTGATGGTTGTATTG 176–262 CAA Jin et al., 2009

PgtCAA98 CAA98F1/R1 ATTCGGATGGTCCGTTACTG CCATCCCACTCAAATCATCC 183–198 CAA Jin et al., 2009

PgtGAA8 PgCAA8F1/R GGATGATCGGTCAGTTGGTT TGTCTGCCTGTCTGTCGAAC 198–228 CAA Stoxen S., 2012

PgtCAT4.2 PgCAT4F2/R1 CCGTGTCGATCCCAATAATC AGCAAGGTGAGAATCGGAAA 141–150 CAT Stoxen S., 2012
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1. Introduction
Leaf rust (Puccinia recondita Rob. ex Desm. f. sp. tritici 
Erikss.et Henn) is one of the most widespread and harmful 
diseases of wheat. The most effective way to control the in-
festation is by breeding resistant varieties. This work assumes 
the presence of a sufficient diversification of effective genes 
for resistance, including new ones. Of great interest are the 
species Triticum timopheevii Zhuk. (GGAA) and its natural 
mutant T. militinae Zhuk. et Migush., and Aegilops tauschii 
Coss. (DD) as sources of resistance to diseases (Friebe et 
al., 1996; McIntosh et al., 2005). The synthetic form T. mi-
guschovae (GGAtAtDD) was used as a “genetic bridge’ to 
transfer leaf rust resistance from these species to common 
wheat, where the D genome from Ae. tauschii was added to 
the AG genomes from T. militinae (Zhirov, 1980). To date, a 
large number of introgression lines and six varieties of winter 
common wheat have been obtained with the use of this form 
(Davoyan et al., 2012).

This article presents the results of the evaluation of 106 
T. aestivum/T. miguschovae introgression lines of common 
wheat for resistance to leaf rust, cytological stability and the 
identification of previously transferred effective genes, Lr39 
and Lr50.

2. Materials and methods
106 BC2F22-BC4F16 introgression lines of common wheat, 
obtained from crossing T. miguschovae with the varieties 
‘Bezostaya1’, ‘Kavkaz’ and ‘Skiphyanka’ (MB, МК and 
МКС lines) susceptible to leaf rust were used as objects of  
research.

The cytological analysis was performed by studying chro-
mosome paring in metaphase I of meiosis.

The reaction of plants to leaf rust infestation was evaluated 
using the international scale by Maines and Jackson in the field 
(Mains, Jackson, 1926). The plants with reaction types from 
0 to 2 were classified as resistant. Plants with intermediate 
reaction types, between 0 and 1, were designated as 01. Plants 
with reaction types 3 and 4 were considered susceptible. 

DNA of wheat was extracted from 5-7-day-old bleached-
out sprouts using a method by Plaschke with the coauthors 

(1995). Identification of genes was done with the use of mo-
lecular marker GDM-35 for Lr39 gene (Huang et al., 2001) 
and the GDM87 and WMS382 markers for the Lr50 gene 
(Brown-Guedira et al., 2003). Wheat lines KS86WGRC02 
and KS96WGRC36 with genes for resistance to leaf rust, 
Lr39 and Lr50, respectively, were used as positive controls 
for identification of known genes.

3. Results and discussion
As the main aim of the work was to transfer resistance to dis-
eases from T. miguschovae to common wheat, the lines were 
evaluated for resistance to one of the most widespread and 
harmful of them, leaf rust. The characteristics of the popula-
tion of lines assessed for resistance to this pathogen in 2016– 
2018 is presented in Table 1. The assessment of the lines 
revealed their difference in resistance to leaf rust in all com-
binations.

Highly resistant lines with reaction types 01 and 1, medium 
resistant (reaction type 2), medium susceptible (reaction 
type 3) and highly susceptible (reaction type 4) lines were 
identified.

Fifty-three lines showed high resistance to leaf rust. 23 lines 
were medium resistant and 22 lines were susceptible to a local 
population of leaf rust. Also, 8 lines with a heterogeneous reac-
tion type were revealed, where single pustules with treaction 
type 3 appeared on the background of high resistance (reaction 
type 1). Wide polymorphism of lines in resistance to leaf rust 
can indicate different introgressions of genetic material from 
T. miguschovae to the common wheat genome.

One of the basic conditions for the use of introgression lines 
as donors is their cytological stability, because it is closely 
connected with normal plant ontogenesis. Based on the fact 
that the lines analyzed were obtained by means of backcrosses 
from a large number of self-pollinating generations, it is very 
likely that they are meiotically stable. To acknowledge this, a 
cytological analysis of 20 resistant lines with reaction types 
01, 1 and 2 was performed. For the establishment of cytologi-
cal stability, chromosome pairing in metaphase I of meiosis 
in 3-4 plants from every line was studied. The number of the 
cells studied in each line varied from 100 to 140. The lines 
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Figure 1. Association of chromosomes in meta-
phase I of meiosis in lines МК509-21II (a) and 
МB1801-21II (b).

Figure 2. Products of amplification with the use 
of the GDM35-R and GDM35-L primer pairs to the 
diagnostic marker linked to Lr39, a gene for resis-
tance to leaf rust. 1, marker of length; 2, TcLr39; 
3,  variety ‘Avrora’; 4-23, lines; 24, T. miguschovae; 
18, line МК452; 20, line МКС985.

Figure 3. Products of amplification with the 
use of the GDM87-L/R primer pair to the diag-
nostic marker linked to the leaf rust resistance 
gene Lr50. 1, marker of length; 2, T. miguscho-
vae; 3, KS96WGRC36 (Lr50); 4, variety ‘Bezos-
taya 1’; 5-26, the lines obtained on the basis of 
T. miguschovae.

Table 1 
Characteristics of the population of T. aestivum/T. miguschovae introgression lines for resistance to leaf rust in 2016–2018

Cross combination Number of lines with reaction type to leaf rust
01 1 2 3-4 1/3

МB 5 6 6 4 3
МK 15 11 12 6 2
МКS 10 6 5 12 3
Total 30 23 23 22 8

E.R. Davoyan et al. Study of introgression lines of common wheat Triticum aestivum/Triticum miguschovae. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;58–60
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were cytologically stable where they had more than 90 % of 
cells with the bivalent (21II) configuration of chromosomes 
(Figure 1).

All lines analyzed formed the 21II bivalent and were cy-
tologically stable regardless of their origin and degree of 
resistance. The efficiency of selection for resistance to diseases 
depends on the presence of information about identification 
of genes. The genes the resistance to leaf rust Lr18 and Lr50 
were transferred from T. timopheevii to common wheat, and 
Lr21, Lr32, Lr39, Lr41, Lr42, Lr43 were transferred from 
Ae. tauschii (McIntosh, 2005). It is possible that T. miguscho-
vae and the lines obtained on its basis carry these genes. Of 
these resistance genes, Lr39 and Lr41 are effective and Lr50 
is partially effective in various regions of Russia nowadays 
(Zhemchuzina, Kurkova, 2010). At the same time, the identity 
of genes Lr39 and Lr41 was established (Singh, 2004). In this 
connection, a screening of 76 resistance lines with genetic 
material from T. miguschovae for the presence of molecular 

markers linked to the Lr39 and Lr50 genes was performed. 
For identification of Lr39, a gene for resistance to leaf rust, 
the microsatellite marker GDM35 was used. GDM35 is widely 
used for screening varieties and lines in the USA (Sun et al., 
2009). Specific fragments of amplification 190 bp to the diag-
nostic marker GDM35, linked to the Lr39 gene were detected 
in the positive control line KS86WGRC02, the synthetic form 
T. miguschovae, and two highly resistant lines, МК452 and 
МКС985 (Figure 2).

Identification of the leaf rust resistance gene Lr50 was done 
with two microsatellite markers, Xgwm382 and Xgdm87, 
which outflank the Lr50 locus at a distance of 6.7 and 9.4 сМ, 
respectively. The 110-bp fragment was determined after 
amplification with the use of the GDM87-L/R primers, and 
the 139-bp fragment appeared after amplification with the 
use of the WMS382-L/R primers. The presence of the Lr50 
gene in the diagnosed sample was established upon revealing 
fragments of amplification of both markers.
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The 110 bp fragment of amplification using the diagnostic 
marker GDM87 linked to the resistance gene Lr50 was 
identified in the positive control KS96WGRC36, the form 
T. miguschovae and in 32 resistance lines. The products 
of amplification of 22 lines are presented in Figure 3. The 
fragment specific to a marker linked to the Lr50 gene was 
revealed in lines МК295, МК425, МК538, МКS627, МB1681, 
МК1795, МB1885, МB2305, МК2497, and МB2519 (Nos. 8, 
9, 10, 12, 13, 15, 18, 19, 21, and 24, respectively).

4. Conclusions
The results obtained indicate the value of the studied lines 
for breeding for resistance to leaf rust. They are meiotically 
stable, different in resistance and can probably carry genes for 
resistance to leaf rust other than the effective genes Lr39 and 
Lr50. Genetic material from T. miguschovae was identified 
in introgression lines with the use of С-banding and FISH 
methods.

References
Brown-Guedira G., Singh S., Fritz A.K. Performance and mapping of 

leaf rust transferred to wheat from Triticum timopheevii subsp. ar-
meniacum. Phytopathol. 2003;93:784–789.

Davoyan R.O., Bebyakina I.V., Davoyan O.R., Zinchenko A.N., Da-
voyan E.R., Kravchenko A.M., Zubanova Y.S. The use of synthe-

tic forms in preservation and exploitation of the gene pool of wild 
common wheat relatives. Russian Journal of Genetics: Applied Re-
search. 2012;2(6):480–485.

Friebe B., Jiang J., Raupp W.J. Characterization of wheat-alien trans-
locations conferring resistance to diseases and pests: current status. 
Euphytica. 1996; 91:59–87.

Huang L. An RGA-like marker detects all known Lr21 leaf rust-resis-
tance gene family members in Aegilops tauschii and wheat. Theor. 
Appl. Genet.2001;103(6–7):1007–1013.

Mains E.B. Fhysiologic specialization in leaf rust of wheat, Puccinia 
triticiana Erikss. Phytopatol. 1926;16:89–120.

McIntosh R.A. Catalogue of gene symbols for wheat: 2005 supplement. 
Ann. Wheat Newslet. 2005;51:272–285.

Plaschke J., Ganal M.W., Röder M.S. Detection of genetic diversity 
in closely related bread wheat using microsatellite markers. Theor. 
Appl. Genet. 1995;91:1001–1007.

Singh S. Lr41, Lr39, and a leaf rust resistance gene from Aegilops cy-
lindrical may be allelic and are located on wheat chromosome 2DS. 
Theor. Appl. Genet. 2004;108:586–591.

Sun X., Bai G., Carver B.F. Molecular markers for wheat leaf rust resis-
tance gene Lr41. Mol. Breedingm. 2009;23:311–321.

Zhemchuzina A., Kurkova N. Structure of population of Puccinia tri-
ticina in various regions of Russia in 2006–2008. Proc. of the BGRI 
Technical Workshop. St. Petersburg, Russia. May 30-31, 2010:27.

Zhirov E.G. Synthesis of a new hexaploid wheat. Trudi po prikladnoi 
botanike, genetike, selektsii. 1980;68:14–16 (in Russian).

Conflict of interest. The authors declare no conflict of interest.

E.R. Davoyan et al. Study of introgression lines of common wheat Triticum aestivum/Triticum miguschovae. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;58–60



61

DOI 10.18699/ICG-PlantGen2019-18

© Autors, 2019

* e-mail: leonova@bionet.nsc.ru

Development and study of new spring wheat lines containing alien 
genetic material from Th. intermedium and Ae. speltoides
I.N. Leonova*, V.V. Piskarev, N.I. Boiko, A.I. Stasyuk, I.G. Adonina, E.A. Salina

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

1. Introduction
One of the important problems of modern breeding is the 
creation of new wheat cultivars carrying a complex of ag-
ronomically important traits. Wild wheat relatives such as 
wheatgrass (Thinopyrum ssp.) and goatgrass (Aegilops ssp.) 
are an inexhaustible source of widening the genetic diversity 
of bread wheat by genetic loci that determine resistance to 
biotic stress factors and adaptability. However, the alien 
genetic material of these species is transferred to the genome 
of common wheat in the form of extended translocations, or 
substitutions of whole chromosomes or their arms (Friebe et 
al., 1996; Petrash et al., 2016). Introgression of a large amount 
of foreign chromatin can lead to disruption of the function-
ing of the gene networks responsible for the formation of the 
traits. Therefore, when introducing disease resistance genes 
into commercial wheat cultivars, it is important to take into 
account the effects of alien translocations on such characters 
as heading date and yield. The purpose of this work was to 
create new resistant lines of bread wheat, differing in heading 
date and ripening. The selection of genotypes was carried out 
with the help of molecular markers that detect alien genetic 
material.

2. Materials and methods
For hybridization, we used four spring wheat varieties, Uda-
cha, Novosibirskaya 15 (N15), Novosibirskaya 31 (N31) and 
Sibirskaya 17, highly susceptible to leaf rust and belonging to 
different groups of ripeness (Piskarev et al., 2017). The wheat 
cultivars Tulaikovskaya 10 (T10, the Lr6Ai = 2 gene from 
Th. intermedium) and Chelyaba 75 (the LrSp2 gene from Ae. 
speltoides) were used as donors of leaf rust resistance genes. 
F0 and F1 hybrids were multiplicated under greenhouse condi-
tions to produce F2 plants; F2-4 progeny were estimated in field 
condition on the experimental plots of the Institute of Cyto logy 
and Genetics, SB RAS, in 2016–2018. The evaluation of resis-
tance to leaf rust was carried out at the adult plant stage under 

Abstract: This paper presents the results of the introduction of leaf rust resistance genes 
inherited from Th. intermedium and Ae. speltoides into the genome of spring wheat cultivars 
differing in the length of the vegetation period. A total of 409 F4 families from cross 
combinations with the early ripening cultivar Novosibirskaya 15, mid-early ‘Novosibirskaya 
31’, mid-ripening ‘Udacha’ and mid-late ‘Sibirskaya 17’ and the donors of Lr resistance genes 
‘Tulaikovskaya 10’ and ‘Chelyaba 75’ were studied for leaf rust resistance and the duration 
of vegetation period. A significant reduction in heading date was revealed in the F4 lines 
obtained on the base of the mid-late variety Sibirskaya 17. In contrast, the lines originating 
from of the ‘Udacha’ × ‘Chelyaba 75’ and ‘Novosibirskaya 15’ × ‘Tulaikovskaya 10’ crosses 
were characterized by an elongated period from germination to ear emergence. According 
to the results of molecular and phytopathological testing, breeding lines were selected that 
differ in pathogen resistance, length of vegetation period and productivity.
Key words: leaf rust; Lr gene; wheat varieties; heading date; Th. intermedium; Ae. speltoides.

local population of pathogen. The degree of susceptibility was 
assessed using a modified Cobb’s scale (Peterson et al., 1948). 
Screening of genotypes for the presence of the Lr6Ai = 2 
and LrSp2 genes was performed using the Xicg6Ai = 2 and 
Xksum73 markers as previously described (Leonova et al., 
2017; Adonina et al., 2018). Separation of PCR products was 
performed in 2 % agarose gel or on an ABI3130XL automatic 
sequencer in a 6 % denaturing polyacrylamide gel.

3. Results and discussion
A total of 409 recombinant F2 plants was studied, 110 of them 
from cross combinations with the early ripening cv. N15, 102 
plants with the mid-early cv. N31, 99 with the mid-ripening cv. 
Udacha and 98 with the mid-late cv. Sibirskaya 17. According 
to the results of the genotyping of the F2 progeny with primers 
to the Lr6Ai = 2 and LrSp2 genes, samples containing and not 
containing alien genetic material were selected. 

The evaluation of F4 families for the response to the leaf rust 
pathogen showed that the donors of resistance genes, ‘T10’ and 
‘Chelyaba 75’, exhibited from immune to medium-resistant 
(0R-10MR) reaction type, respectively. The parental variet-
ies of bread wheat were highly susceptible to the pathogen 
(70–90S). Among the F4 offspring, 312 lines were resistant to 
leaf rust (0R-20MR), including 116 obtained on the base of 
‘T10’, 196 lines with ‘Chelyaba 75’. The susceptible response 
was shown by 75 families from ‘T10’ cross combinations. It 
should be noted that among the offspring originating from 
‘Chelyaba 75’, plants susceptible to leaf rust were not detected. 
As was shown previously, this effect may be associated with 
the gametocidal action of the Ae. speltoides translocation 
containing the LrSp2 gene (Adonina et al., 2018).

Genotyping of F4 offspring using the Xksum73 marker, 
showed that in all samples obtained with the participation of 
‘Chelyaba 75’, a fragment of 194 bp, specific to Ae. speltoides, 
was amplified (Figure 1). When using the Xicg6Ai = 2 marker 
developed for the 6DL/6Ai translocation in ‘T10’, a fragment 
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specific to Th. intermedium chromatin was amplified in all 
resistant plants. The results indicate the effectiveness of the 
primers for screening plant material for the presence of trans-
locations inherited from the varieties Chelyaba 75 and T10.

A significant reduction was revealed in the length of head-
ing date of the F4 lines obtained on the base of the mid-late 
variety Sibirskaya 17 compared with all the paternal donor 
cultivars. Resistant and susceptible lines based on the early 
cultivar N15 moved to flowering 2.0 (‘N15’ × ‘T10’) and 4.1 
days (‘N15’ × ‘Chelyaba 75’) later than the maternal wheat 
cultivars. The heading date of the lines from the ‘N31’ × ‘T10’ 
cross combination was overall shorter than in ‘N15’, and a 
similar reaction was observed with the lines from the ‘Uda-
cha’ × ‘T10’ cross. In contrast, the lines of the ‘Udacha’ ×  
‘Chelyaba 75’ cross combination were characterized by an 
elongated period from germination to ear emergence in com-
parison with the maternal form.

A significant increase in the period from germination to 
maturation’ from 3.6 days (resistant lines Sibirskaya 17 × Che-
lyaba 75) to 16.7 days (resistant lines N31 × T10) was found. 
In general, the length of the vegetation period of resistant lines 
selected from combinations involving cultivars of the early 
and mid-early groups increased by 5.6 days (‘N31’ × ‘Che-
lyaba 75’) and 15.8 days (‘N31’ × ‘T10’) in comparison with 
the maternal wheat cultivars. The results also indicate that the 
susceptible F4 lines obtained in cross combinations with ‘T10’ 
are characterized by shortened periods ‘germination – ear 
emergence’ and ‘germination – maturation’ compared with 
the resistant ones. 

We have previously shown in cross combinations of winter 
wheats with spring donors of resistance genes that the use of 
the cv. T10 as a donor of the Lr6Ai = 2 gene increases head-
ing date of spring progenies (Stasyuk et al., 2017). However, 
this effect was not associated with the presence of fragments 
introgressed from an alien genome.

ANOVA analysis of heading date in resistant and suscep-
tible wheat lines obtained on the base of ‘T10’ indicates that 
the variance of the factors «genotypes of maternal wheat 
cultivar» (A), «resistance to leaf rust» (B) and «environ-
ments» (C) is reliable at the 1 % significance level. The effect 
of the environmental factor was 43.9 % in comparison with 
the factors «genotypes of maternal wheat cultivar» (31.4 %) 
and «resistance to leaf rust» (14.6 %) (Figure 2). Analysis 
of factors affecting the period from germination to ripening 
indicates that the main contribution is made by the genotype 
of the maternal wheat (46.1 %).

4. Conclusions
Thus, our study have shown that the use of donors of leaf 
rust resistance genes, originating from Th. intermedium and 
Ae. speltoides, in most cases leads to a prolongation of the 
developmental stages. It has been established that changes in 
the heading date is not always associated with the presence 
of alien translocations. The genotype of the maternal wheat 
variety makes a major contribution to the phenotypic mani-
festation of the trait “time from germination to ripening”. The 
results also indicated the effectiveness of the use of molecular 
markers specific for alien translocations to select genotypes 
for target loci at the early stages of breeding.
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Abstract: The present study was aimed at determining the presence of the Tsn1 (5BL) and 
Tsc2 (2BL) sensitivity genes in Triticum L. species and at assessing the response of wheat 
accessions to infection with Pyrenophora tritici-repentis isolates with the complementary 
effector genes ToxA and ToxB. It was shown that the diploid species T. urartu, T. boeoticum 
and T. monococcum (2n = 2x = 14, A genome) had no Tsn1 and Tsc2 genes and showed 
no susceptibility reaction. The gene-for-gene interaction of Tsc2-ToxB was observed for the 
tetraploid species T. aethiopicum and T. turgidum (2n = 4x = 28, AB). Despite the presence 
of the Tsc2 gene, the accessions of T. dicoccoides and T. dicoccum were resistant to the ToxB+ 
isolate. Different types of Tsc2-ToxB and Tsn1-ToxA interactions were detected for accessions 
of other tetraploid and hexaploid wheat species (2n = 6x = 42, ABD). The paper discusses 
possible causes of discrepancies between the observed and expected plant phenotypic 
reactions, which were determined by the interaction of the Tsn1 and Tsc2 sensitivity genes 
with the isolates containing the ToxA and ToxB effector genes.
Key words: wheat species; tan spot; effectors; Tsn1 and Tsc2 sensitivity genes; gene-for-
gene interactions.

1. Introduction
Tan spot caused by Pyrenophora tritici-repentis is a harmful 
disease spread worldwide. The three known genes of sensi-
tivity to PtrToxA, PtrToxB, and PtrToxC toxins in P. tritici-
repentis are Tsn1, Tsc2 and Tsc1, respectively. The Tsn1-Ptr 
ToxA, Tsc2-Ptr ToxB, and Tsc1-Ptr ToxC interactions have 
all been shown to play a significant role in the development 
of tan spot in common wheat (Triticum aestivum L.) (Faris et 
al., 2013; Kariyawasam et al., 2016).

The wheat sensitivity genes Tsn1 and Tsc2, as well as the 
ToxA and ToxB effector genes encoding PtrToxA and PtrToxB 
toxins, have been cloned and used for developing gene-specific 
primers (Faris et al., 2010; Abeysekara et al., 2010; Andrie 
et al., 2007).

The purpose of the present study was to identify the pres-
ence of the Tsn1 (5BL) and Tsc2 (2BL) sensitivity genes in 
Triticum L. species and to reveal their response to infection 
with isolates possessing the ToxA and ToxB complementary 
effector genes.

2. Materials and methods
All the 72 accessions representing 16 Triticum L. species from 
the VIR wheat collection were assessed for resistance to two 
isolates with ToxA (ToxA+) originating from Kazakhstan and 
Russia, and one ToxB+ from Greece. Pathogen specific prim-
ers were used for PCR detection of P. tritici-repentis isolates 
(Antoni et al., 2010). ToxA and ToxB identification in fungal 
isolates was performed using gene-specific primers (Andrie 
et al., 2007). The Tsn1 sensitivity gene was identified using 
functional allele-specific primers (Faris et al., 2010), and Tsc2, 
by using the XBE444541 marker (Abeysekara et al., 2010).

The procedure of resistance determination was based on 
determining the size of necrotic and chlorotic spots that formed 
after inoculation of seedling leaves with a conidial suspension. 
The detached leaf assays in benzimidazole (40 mg/l) were 

used. In the present work, the reaction of wheat accessions 
to the inoculation with ToxA+ isolates (necrosis) and to the 
ToxB+ isolate (chlorosis) below 2 points were considered as 
resistance.

3. Results and discussion
According to the gene-for-gene model, necrosis and/or chlo-
rosis are observed on wheat leaves when both the plant and 
pathogen have the dominant genes Tsn1/ToxA and/or Tsc2/
ToxB, respectively. Neither Tsn1 nor Tsc2 genes nor sensi-
tivity reactions have been detected in all accessions of the 
diploid species T. urartu, T. boeoticum and T. monococcum. 
The gene-for-gene Tsc2-ToxB interaction was observed in the 
tetraploid wheats T. aethiopicum and T. turgidum, as well as 
in most accessions of the hexaploid wheats T. sphaerococcum 
and T. compactum, which had Tsc2 and were sensitive to the 
ToxB+ isolate.

Out of 14 T. dicoccoides and T. dicoccum accessions, 
12 were resistant to the ToxB+ isolate despite the presence 
of the Tsc2 gene. Such a ‘gene/plant reaction’ link can be 
explained either by a mutation in the gene that disrupted its 
expression or by the presence in accessions of other gene(s) 
homologous to Tsc2.

When evaluating the Tsn1-ToxA interaction, 8 accessions 
of different tetra- and hexaploid wheats (T. aethiopicum, 
T. durum, T. sphaerococcum) aroused particular interest. The 
dominant allele Tsn1 was not detected in these accessions, 
but strong necrosis was observed after infection with the 
ToxA+ isolate, which is possibly due to the existence of other 
unknown susceptibility and effector genes. A number of ac-
cessions, in constrast, displayed the presence of Tsn1 and the 
absence of susceptibility reactions. The reasons may be the 
same as in the case with Tsc2/ToxB interaction in T. dicoc-
coides and T. dicoccum. The studied accessions of T. macha 
and T. spelta were resistant to the ToxA+ and ToxB+ isolates, 
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while no Tsn1 or Tsc2 genes were identified in them, with 
one exception.

Deviations from the expected gene-for-gene relationships 
in common wheat, which were observed among the cultivars 
of T. aestivum (Mironenko, Kovalenko, 2018), can have an 
explanation that the Tsn1-ToxA interaction may be epistatic 
to the production of other necrotrophic effectors, depending 
on the genetic background of the sensitive host (Manning, 
Ciuffetti, 2015). The authors believe that perhaps some wheat 
genotypes possess factors that lead to altered expression levels 
of the ToxA gene through epistasis, or in some way inhibit 
the recognition of ToxA by Tsn1 in plants inoculated with 
fungal spores.

The Tsc2-ToxB interaction is known to play a significant role 
in conferring susceptibility in tetraploid (Virdi et al., 2016) and 
hexaploid wheats (Abeysekara et al., 2010), while the Tsn1-
ToxA interaction is not a significant factor for the development 
of tan spot in durum cultivars (Virdi et al., 2016). According to 
some researchers, the Tsn1-ToxA interaction can play a major 
or a minor role, or have no effect at all for common wheat, 
depending on the genetic background (Faris et al., 2013).

The analyzed accessions of T. timopheevii and T. araraticum 
(2n = 4x = 28, GA genome) have Tsc2, but not Tsn1; they were 
found to be resistant to the ToxA+ and ToxB+ isolates, which 
suggests the presence of a gene (genes) homologous to Tsc2 
in these accessions. 

4. Conclusions
It is believed that the ToxA gene appeared in P. tritici-repentis 
as a result of horizontal transfer from another wheat pathogen, 
Stagonospora nodorum (Friesen et al., 2006). Therefore, Tsn1 
is the major determinant for sensitivity to both S. nodorum 
blotch (SNB) and tan spot. The ToxA gene in P. tritici-repentis 
is less expressed than the identical gene SnToxA in S. nodorum 
during wheat infection (Virdi et al., 2016). The high role of 
the Tsn1-ToxA interaction was shown for the SNB manifesta-
tion in both hexaploid and tetraploid wheat (Liu et al., 2006). 

According to our data, the Tsn1-ToxA interaction does not 
always play a significant role in conferring susceptibility to 
tan spot in hexaploid wheats in the wheat-P. tritici-repentis 
pathosystem, and has no effect on this disease manifestation 
in durum wheat, in contrast to the Tsn1-ToxA interaction in 
the wheat-S. nodorum pathosystem. We believe that one of 
the reasons for these differences may be the low expression of 
the ToxA gene in P. tritici-repentis, which was introduced into 
this pathogen as part of the alien translocation from another 
wheat pathogen, S. nodorum (Friesen et al., 2006).
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1. Introduction
Pyrenophora tritici-repentis (Died.) Drechsler is the causal 
agent of tan spot, a major foliar blight disease in wheat-
growing areas throughout the world (Duveiller et al., 1998). 
Yield losses can rise beyond 50 %. P. tritici-repentis pro-
duces multiple Host Selective Effectors (toxins) acting as 
pathogenicity/virulence factors. Five toxins (Ptr ToxA, B, C, 
and two toxins collectively known as Ptr ToxD) have been 
identified. The Tsn1-Ptr ToxA, Tsc2-Ptr ToxB, and Tsc1-Ptr 
ToxC interactions have all been shown to play significant roles 
in the development of tan spot in wheat (Faris et al., 2013). 
Molecular markers accelerated the characterization of wheat 
cultivars with superior resistance by rapid identification of 
related genes. Breeding for resistance to tan spot could be 
enhanced if additional resistance sources effective against 
multiple Ptr races were identified. The aim of this study was 
the identification of wheat genotypes resistant to P. tritici-
repentis race 1 and race 5 and their host-selective effectors 
(toxins) Ptr ToxA and Ptr ToxB. 

2. Materials and methods
A common wheat collection of 41 accessions was assayed 
in the greenhouse at the two-leaf seedlings stage. The plants 
were rated for disease, using the scale based on lesion type 
(Lamari, Bernier, 1989). Toxin infiltration using purified tox-
ins Ptr ToxA and Ptr ToxB was performed at the stage of two 
leaves (Xu et al., 2004). DNA was extracted from leaf powder 
following the protocol described by Riede and Anderson 
(1996). The wheat accessions were characterized using the 
molecular markers Xfcp623 and XBE4444541 diagnostic for 
the Tsn1 and Tsc2 genes conferring the sensitivity to fungal 
toxins. PCR was performed according to literature conditions 
(Zhang et al., 2009; Abeysekara et al., 2010). The amplification 
products were visualized by electrophoresis in 2 % agarose 
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gels in the TBE buffer with subsequent staining with ethi-
dium bromide and the use of the GelDoc BIO-PRINT MEGA 
for documentation of allele types in cultivars. Wheat entries 
6B662 and Glenlea served as positive and negative controls,  
respectively.

3. Results and discussion
Genotyping of wheat accessions using molecular markers was 
aimed at identifying the carriers of genes conferring sensitivity 
and resistance to HST Ptr ToxA and ToxB. The frequency of 
entries resistant to race 1 and race 5 in the wheat collection 
amounted to 78.95 %. Of greatest interest are 8 cultivars: Kok-
biday, 428g / MK-122A, Lutescens 90, Lazzat, Omskaya 28, 
Omskaya 36,  SOMO / SORA / ACTS5, BR14 / CEP847-1 
and BR14 / CEP847-2, which showed high resistance both 
to the two races (race 1 and race 5), and to the two toxins (Ptr 
ToxA and ToxB), and also confirmed insensitivity to the HST 
during molecular screening. A moderate degree of resistance 
to the P. tritici-repentis races and toxins was observed in 21 
wheat entries.

As an example, the results of the PCR amplification prod-
ucts, when the Xfcp623 primers were tested on 19 wheat geno-
types, are shown in Figure 1. The molecular marker Xfcp623 
linked the recessive tsn1 allele conferring insensitivity to Ptr 
ToxA. As shown in Figure 1, 12 out of 19 entries each had a 
polymorphic band identical to Xfcp623. The marker Xfcp623 
amplified a 380-bp fragment associated with the Tsn1 gene 
sensitive to Ptr ToxA in 8 wheat entries. 

In summary, the results of genotyping presented in this 
study indicate that the marker Xfcp623 had a null allele as-
sociated with insensitivity to the toxin in 30 out of 41 wheat 
accessions. The presence / absence of the marker Xfcp623 
absolutely (100 %) coincided with the sensitivity / resistance to 
race 1 and Ptr ToxA. It demonstrates the reliability of Xfcp623 
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Figure 1. DNA amplification products of wheat accessions using primers to the diagnostic marker Xfcp623 linked to the Tsn1 gene, controlling sensitivity to Ptr 
ToxA. Resolved in 2 % agarose gel.

Note: 1, 428/Umanka-17; 2, 428g/MK-122A; 3, Kokbiday; 4, Lazzat; 5, 428/Umanka-18; 6, Omskaya 28; 7, KR11-20; 8, Omskaya 36; 9, JAS58/JAS55//ALD/3/MRNG/4/
ALD; 10, Koksu; 11, ZM23524; 12, SOMO/SORO/ACTS5; 13, BR14/CEP847; 14, Astana; 15, Kazakhstanskaya 25; 16, Kazakhstanskaya Rannespelaya; 17, Keremet; 
18, Salamouni; 19, Glenlea, M, molecular weight marker (Gene-RulerTM; 100 bp DNA Ladder (Ferments, Lihuania)). 

as a diagnostic marker for identifying wheat genotypes with 
resistance to the fungus and insensitivity to Ptr ToxA. 

The marker XBE444541 amplified a 340-bp fragment as-
sociated with the Tsc2 gene, which is sensitive to Ptr ToxB 
in 8 wheat samples. Five of these entries were also sensitive 
to race 5. This marker amplified a 505-bp fragment associ-
ated with insensitivity to Ptr ToxB in 30 wheat entries. The 
coincidence of the marker XBE444541 was 92.11 % with 
resistance to race 5 and 97.37 % with resistance to Ptr ToxB. 

The study of the reaction of wheat germplasm to fungal 
inoculation and toxin infiltration showed that 30 genotypes 
(78 %) exhibited resistance to both race 1 and race 5, and 
insensitivity to Ptr ToxA and ToxB. Sensitivity to Ptr ToxB is 
not always correlated with susceptibility to race 5 and depends 
on the host’s genetic background of the wheat genotype, i. e. 
on the particular wheat genotype. 

Despite the fact that tan spot is one of the most important 
diseases of wheat, there are still insufficient publications on 
resistance to the prevailing P. tritici-repentis races of wheat 
varieties cultivated in Kazakhstan. Our study is one of the 
first in this region, including comprehensive screening using 
races and purified toxins, as well as molecular analysis for the 
presence of target disease resistance genes. Recently, studies 
aimed at assessing the resistance of wheat germplasm to tan 
spot have been conducted (Singh et al., 2016; Kokhmetova et 
al., 2017, 2018). Many studies have shown statistically signifi-
cant relationships between sensitivity to NE and susceptibility 
to P. tritici-repentis (Friesen, Faris, 2004; Abeysekara et al., 
2010). The problem of identifying sources of resistance to 
P. tritici-repentis in our study was solved by using isolates 
of races and the toxins Ptr ToxA and Ptr ToxB. Our data are 
consistent with the results of a number of studies, where it 
has been shown that sensitivity to NE does not always deter-
mine sensitivity to P. tritici-repentis, and the involvement of 
interactions in the development of the disease depends on the 
host’s genetic background (Kariyawasam et al., 2016). The 
results of the study are of interest for increasing the efficiency 
of breeding based on the elimination of the genotypes with 
the dominant alleles Tsn1 and Tsc2 sensitive to the toxins Ptr 

ToxA and ToxB. The genotypes will be used in breeding for 
resistance to tan spot.

4. Conclusions
The results of genotyping and screening using necrotrophic 
effectors are of interest for increasing the efficiency of breed-
ing on the basis of elimination of the carriers of the dominant 
alleles Tsn1 and Tsc2 controlling sensitivity to the toxins Ptr 
ToxA and ToxB from breeding material. All these data allow 
assuming that the carriers of the tsn1 and tsc2 genes conferring 
insensitivity to Ptr ToxA and ToxB can be used in breeding 
programs for the pyramiding of disease resistance genes. In-
ternational collaboration with the CIMMYT is of great impor-
tance for successful breeding for tan spot resistance. Sources 
from different countries with broad-spectrum resistance to tan 
spot may contribute to resistance observed in our study and can 
be utilized to develop cultivars with durable resistance to tan 
spot. Our study generally creates opportunities for transferring 
the breeding process in Kazakhstan to a new scientific level 
due to the application of molecular and pathological methods. 
The results are used in wheat breeding programs for tan spot 
resistance with the Marker Assisted Selection.
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1. Introduction
The fungus Stagonospora nodorum is the causal agent of 
Septoria nodorum blotch (SNB) of wheat. SNB is a major 
disease of durum and common wheat in many parts of the 
world. Resistance to SNB has been shown to be a complex 
quantitatively inherited trait and, until recently, the underlying 
mechanism of virulence and resistance was not understood 
(Oliver et al., 2012; Faris et al., 2013; McDonald, Solomon, 
2018). However, numerous recent studies to analyze wheat–
S. nodorum interactions have explained the genetic basis of 
this system at the classical and molecular levels. SNB is largely 
governed by a series of proteinaceous fungal necrotrophic 
effectors (NEs) (formerly referred to as host-specific (selec-
tive) toxins named SnToxN encoded by SnToxN genes), each 
of which interacts with a wheat susceptibility gene, SnnN. 
These interactions lead to the formation of necrosis and/or 
chlorosis on wheat (McDonald, Solomon, 2018). In contrast 
to the classical gene-for-gene hypothesis, where the interaction 
of effectors with host resistance (R)-gene complexes leads 
to resistance, necrotrophic effectors function in an ‘inverse’ 
manner. An interaction between a necrotrophic effector and 
the product of a host dominant sensitivity gene instead leads 
to disease. The lack of NE recognition by the host leads to 
resistance. Therefore, these host–pathogen interactions operate 
in an inverse gene-for-gene manner and the dominant alleles 
of the host NE recognition genes are considered susceptibility 
genes (Oliver et al., 2012; Faris et al., 2013).

2. Necrotrophic effectors of Stagonospora nodorum
The wheat–S. nodorum pathosystem is mediated by multiple 
fungal necrotrophic effector–host sensitivity gene interactions 
that include SnToxA–Tsn1, SnTox1–Snn1, SnTox3–Snn3 and 
others. SnToxA encodes a 13.2-kDa mature protein that causes 
necrosis on wheat varieties that contain Tsn1 (Oliver et al., 
2012; Shi et al., 2016). SnTox1 encodes a 10.3-kDa mature 
cysteine-rich protein with a chitin-like binding motif at the 
C-terminus. Sensitivity to SnTox1 is defined by the Snn1 gene 
located on wheat chromosome 1BS (Liu et al., 2012; Phan et 

Abstract:  For many years pathogen causal agent of wheat leaf blotch such as Stagonospora 
nodorum have remained poorly understood, because the genetics of host resistance to 
S. nodorum in seedlings and adult plants is complex. The most important factor of virulence 
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al., 2016). Both Tsn1 and Snn1 have been cloned and encode a 
serine/threonine protein kinase, nucleotide binding site leucine 
rich repeat protein (NB-LRR) and a wall-associated kinase 
protein (WAK), respectively (Shi et al., 2016;  McDonald, 
Solomon, 2018). SnTox3 is an intron-free gene that codes for 
a 18-kDa mature protein with six cysteine residues. SnTox3 
is synthesized as a prepropeptide and cleavage of the signal 
peptide and the prosequence leads to maturation of a small, 
17.5-kDa-long effector (Phan et al., 2016). Three disulfide 
bridges formed by six cysteine residues in SnTox3 are es-
sential for the structure and function of the effector protein 
(Winterberg et al., 2014; Phan et al., 2016). Sensitivity to 
SnTox3 is conferred by Snn3-B1 and Snn3-D1 located on 
wheat chromosomes 5BS and 5DS, respectively (Phan et 
al., 2016). In addition, QTL analyses have revealed that the 
S. nodorum–wheat interaction includes multiple effector–host 
sensitivity gene interactions such as SnTox2–Snn2, SnTox4–
Snn4 and SnTox5–Snn5, SnTox6–Snn6 and SnTox7–Snn7 
(Oliver et al., 2012; Phan et al., 2016). Genes that code for 
these fungal effectors and host dominant susceptibility genes 
remained unidentified.

3. SnTox1–Snn1 
The SnTox1–Snn1 interaction was the first interaction to be 
characterized. This interaction accounts for as much as 58 % of 
the disease variation (Oliver et al., 2012). The mode of action 
of SnTox1 is still under study. The SnTox1–Snn1 interaction 
is light-dependent. Light is necessary for the penetration and 
proliferation of the pathogen (Shi et al., 2016). Recently, chitin 
binding activity for SnTox1 has been visualized in vivo using 
a GFP-tagged version of the protein (Lui et al., 2012). It has 
been shown that SnTox1 binds to the surface of the hyphae 
particularly near the points of hyphal branching or plant 
penetration. Thus, chitin binding activity of SnTox1 was as-
sociated with the prevention of plant chitinases from binding 
with hyphae and degradation of the fungal cell wall and the 
release of chitin fragments into the apoplast. Consequently, the 
development of plant defense reactions was suppressed (Lui 
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et al., 2012). In addition, it was shown that the SnTox1–Snn1 
interaction caused the production of H2O2 and up-regulated 
transcription of genes of PR-protein and TaMAPK3 (Oliver 
et al., 2012; Shi et al., 2016).

4. SnToxA–Tsn1
The SnToxA–Tsn1 interaction leading to necrosis was associ-
ated with photosynthesis. Expression of Tsn1 was regulated 
by the circadian clock and light, and the SnToxA–Tsn1 inter-
action was light-dependent (Oliver et al., 2012; McDonald, 
Solomon, 2018). Penetrating into the plant cell, SnToxA was 
located within the chloroplast and has been reported to bind 
to plastocyanin, a component of photosystem II, and a protein 
known as Tox-ABP1 (Oliver et al., 2012). The SnToxA–Tsn1 
interaction results in photosystem perturbations leading to 
disruption of photosynthesis and cell death. Moreover, after 
SnToxA infiltration, a strong induction of secondary me-
tabolism was observed, including tryptophan and monoamine 
serotonin. SnToxA strongly induced the tryptophan pathway 
as evident from microarray analysis.

Metabolome analysis detected significant increases in tryp-
tophan, serotonin, two serotonin derivatives and the benzoxa-
zinoid 6-methoxy-2-benzoxazolinone (MBOA) synthesized 
from the tryptophan precursor indole-3-glycerolphosphate 
(Fall et al., 2013). Recently. a novel role of serotonin as a 
phytoalexin in wheat has been established and it has been 
demonstrated that serotonin strongly inhibited sporulation of 
S. nodorum (Fall et al., 2013). Microscopy revealed that se-
rotonin interferes with spore formation and maturation within 
pycnidial structures of the fungus. Subsequent analysis of S. 
nodorum exposed to serotonin revealed metabolite changes 
previously associated with sporulation, including trehalose 
and alternariol (Fall et al., 2013).

5. SnTox3–Snn3
The SnTox3–Snn3 interaction as well as the SnToxA–Tsn1 
interaction led to the collapse of photosynthesis (Winterberg et 
al., 2014). It was interesting that they did so through different 
means. Thus, the SnTox3–Snn3 interaction did not depend on 
light. SnTox3 leads to down-regulation of the light reaction 
(particularly, photosystem I, ATP synthase) (Winterberg et 
al., 2014). In addition, SnTox3-infiltrated wheat leaves also 
showed a strong induction of enzymes involved in primary me-
tabolism consistent with increases in hexoses, amino acids and 
organic acids as determined by primary metabolite profiling.

Careful scrutiny of both the microarray and proteomics 
data revealed impact on the secondary metabolism upon 
infiltration with SnTox3. Methionine and homocysteine 
metabolism was strongly induced upon exposure to SnTox3. 
Homocysteine S-methyltransferase, which catalyses synthesis 
of two methionine molecules from homocysteine and S-methyl 
methionine, was highly induced at the transcriptional level. 
Adenosylmethionine synthase, which catalyses the reaction 
from methionine to S-adenosyl methionine (SAM), responded 
positively at the transcriptional and the translational level upon 
SnTox3 exposure. Genes encoding aminocyclopropane (ACC) 
synthase and ACC oxidase, both involved in the synthesis of 
ethylene from SAM, were up-regulated in SnTox3-infiltrated 
plants (Winterberg et al., 2014). SAM is a direct precursor for 

ethylene biosynthesis and primary methyl donor for a variety 
of defense-related metabolites.

Recently, by applying inhibitory analysis to different wheat 
genotypes and using S. nodorum isolates expressing SnTox3 
(SnB) and not expressing SnTox3 (Sn4VD), we have shown 
that SnTox3 up-regulates the ethylene biosynthesis genes 
TaACS1, TaACO and genes for the primary response to 
ethylene, TaEIL1, TaPIE1 (TaERF1), through activation of 
genes of MPK3/MPK6 cascade and a significant increase of 
TaWRKY53b gene expression for regulating of redox-status 
of infected plants (Veselova et al., 2017; 2018a).

Furthermore, an inhibitory analysis showed that the ethy-
lene signalling pathway activated by SnTox3 negatively 
affected the reactive oxygen species (ROS) generation in 
infected wheat plants at the initial stage of pathogen deve-
lopment (24 hour) (Veselova et al., 2018b). As a result of the 
ethylene influence on the enzymes of the pro- and antioxidant 
system, O2

•ˉ content was reduced, and H2O2 generation was 
suppressed. Microscopy revealed that ethylene suppressing 
the oxidative burst at the pathogen penetration site provided 
appropriate conditions for the development of the pathogen 
in the wheat tissues (Veselova et al., 2018b).

6. New functions of necrotrophic effectors 
The members of the pathogenesis-related protein 1 (PR-1) 
family are among the most abundantly produced proteins in 
plants on pathogen attack, and PR-1 gene expression has long 
been used as a marker for salicylic acid (SA)- dependent dis-
ease resistance. However, despite significant interest shown to 
them over several decades, their role in plant defense remains 
poorly understood. Recently, it has been shown that PR-1 
proteins own sterol-binding activity, contain an embedded 
defense signaling peptide, CAPE1, and are targeted by ef-
fectors of plant pathogens during host infection (Breen et al., 
2017). It has been shown that SnToxA and SnTox3 directly 
interact with the PR-1 protein (Breen et al., 2017).

SnToxA was shown to interact with wheat’s PR-1-5, while 
SnTox3 was shown to interact with PR-1-1 as well as six other 
members from the PR-1 family (Breen et al., 2017). It has been 
identified that PR-1-derived defense signaling peptide from the 
C-terminus of TaPR-1-1, known as CAPE1, falls within the 
proposed SnTox3–TaPR-1 interaction surface and enhances 
the infection of wheat by S. nodorum in an SnTox3-dependent 
manner, but plays no role in SnToxA-mediated disease (Breen 
et al., 2017). This result indicates that CAPE1 may play an 
important role in the signal transduction pathway leading to 
disease for SnTox3 but not SnToxA. Nevertheless, it remains 
unknown how SnTox3 uses TaCAPE1 for this function and 
what role Snn3 plays in the interaction.
Certainly, many more questions await answers. How is CAPE1 
cleaved from PR-1 proteins? Could SnTox3 induce the cleav-
age of the TaCAPE1 peptide? What pathways act downstream 
of CAPE1 detection and/or accumulation? It is clear that 
both PR-1 proteins and CAPE1 peptides are important host 
defense molecules.

Our results showed that suppression of defense responses 
and development of large lesions in susceptible wheat geno-
types was associated with inhibition of the marker genes for 
transcription of the SA-signaling pathway, PR-1 and PR-2, at 
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the initial stage of infection (Veselova et al., 2016). In addition, 
it was proved that it was ethylene that suppressed the induction 
of SA-dependent defense response (Veselova et al., 2016).

7. Conclusions
Much progress has been made in describing and understanding 
the wheat–S. nodorum system over the past two decades. It is 
known that the fungus produces NEs, which, when recognized 
by specific host sensitivity genes, induce disease, and that 
these host–NEs relationships follow an inverse gene-for-gene 
model. However, the mechanisms of the interaction of wheat 
and S. nodorum is very complicated, race specific interaction 
explaining only 40 % of phenotypic expression (Faris et al., 
2013; Shi et al., 2016; McDonald, Solomon, 2018). It is known 
that race non-specific QTLs that confer broad-spectrum – and 
potentially durable – resistance exist. The genetic basis of host 
resistance to S. nodorum in seedlings and adult plants is com-
plex. SNB resistance has been reported to be quantitatively 
inherited in some instances (race-nonspecific resistance) and 
qualitatively inherited in others (race-specific gene-for-gene 
resistance). Resistance to this pathogen is controlled by a 
variety of mechanisms and, accordingly, a variety of genes. 
Therefore, the wheat–S. nodorum system is much more 
complex than currently described in the literature, and much 
additional work is needed to characterize this pathosystem.

Furthermore, relatively recently, over the past four years, 
the interaction of SnTox–Snn causing susceptibility has been 
shown to be targeted to manipulation of non-specific path-
ways of plant protection associated with redox-metabolism, 
se condary metabolites and pathogenesis-related proteins (Liu 
et al., 2012; Winterberg et al., 2014; McDonald, Solomon, 
2018; Veselova et al., 2018a; b).

More work to identify and characterize race non-specific 
resistance QTLs will also be useful. The molecular cloning 
of more NE sensitivity genes and race non-specific resistance 
QTLs will allow further characterization of wheat–S. nodorum 
interactions, and shed light on the relationship between host–
NEs interactions and race non-specific resistance mechanisms 
at the molecular level. It will also provide the tools necessary 
for the development of functional markers, which can be used 
to conduct highly efficient MAS for the pyramiding of NE 
insensitivity genes together with race non-specific resistance 
loci leading to the development of wheat with superior SNB 
resistance.
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1. Introduction
For a long time the Septoria infection of leaves and ears has 
been one of the most common and harmful diseases of spring 
wheat in all areas of its cultivation (Eyal, 1999; Robert et al., 
2004). With the wheat infection by Septoria, the leaves dry 
up prematurely, and the grain is formed only due to the stem 
and ear green parts. The grain is shriveled, with a low grain 
unit and a low 1000-grain weight. The spring wheat grain 
production falls by 25–60 %. The germination ability and ger-
mination energy of seeds are reduced by 7–12 % (Parker et al., 
2004; Robert et al., 2004). The causative agents of the disease 
are the fungi Parastagonospora nodorum (Berk.) Quaedvl. 
(teleomorph: genus Leptosphaeria), syn. Septoria nodorum 
(Berk.), and Septoria tritici Desm., syn. Mycosphaerella 
graminicola (Fuckel) J. Schröt. Of the two fungi on wheat, 
P. nodorum has a predominant distribution, differing in faster 
(8–10 times) germination of pycnospores and faster coloniza-
tion of the host plant tissue compared to S. tritici (Eyal, 1999). 
Also, the plant pathogen Phaeosphaeria avenaria f.sp. triticae 
Shoem. & C.E. Babc., syn. Septoria avenae f.sp. triticea, is 
observed on spring wheat in Siberia (Toropova et al., 2018). 
With the introduction of resource-saving tillage technologies, 
the frequency of Septoria epiphytotics in the West Siberian 
forest-steppe over the past 10 years has increased by 2.0–2.5 
times (Toropova et al., 2018). In the last decade, the transmis-
sion of P. nodorum with spring and winter wheat seeds has 
intensified, which creates prerequisites for the early formation 
of foci of the disease, causing an increase in the multiplicity of 
fungicide application (Nolan et al., 1999; Simón et al., 2003). 
In the systems of control of the Septoria disease of spring 
wheat leaves and ears, resistant varieties are an important 
element; they are designed to slow down the reproduction 
rate of Septoria causative agents and to slow down or stop 
the epiphytotic process.

2. Materials and methods
The studies were carried out in 2016–2018 in the West Sibe-
rian forest-steppe zone. The investigation of Septoria leaf and 

Abstract: Septoria blight of spring wheat leaves and ears is widespread in West Siberia, 
causing a decrease in yield by up to 50% or more with the deterioration in grain quality. The 
immunological assessment of a collection of 23 spring wheat varieties of different origin 
has shown no samples immune to Septoria. A differentiated manifestation of resistance to 
Septoria disease of leaves and ear has been established. Some varieties (‘Orenburgskaya 23’ 
and ‘Vyatchanka’ (Russia) as well as ‘Long Chun 7 Hao’ (China)) combine reduced susceptibi-
lity to Septoria disease of the leaves and ear. A study of a collection of varieties from three 
regions of Siberia in an epiphytotic year reveals the following trend: As compared with that 
in the Omsk and Kurgan regions, the transmission of the Septoria blotch causative agent is 
the most active with seeds of the Novosibirsk breeding lines. 
Key words: Septoria; spring wheat; variety.

ear blight was conducted using a collection of spring wheat 
varieties from the Institute of Cytology and Genetics of the 
Siberian Branch of the Russian Academy of Sciences. We 
used a standard international scale to detect Septoria blight 
and spot. The area under each variety (variety sample) ranged 
from 3 to 10 m2 in triplicate. In the northern forest-steppe of 
the Novosibirsk region, the year 2016 was dry, while 2017 
and 2018 were wet, which significantly affected the intensity 
of the natural infection background. 

3. Results and discussion
The monitoring of Septoria blight in 59 spring wheat cenoses 
in the Novosibirsk, Tomsk, Kemerovo, Kurgan, and Tyu-
men regions and the Altai Territory established a ubiquitous 
distribution of Septoria diseases in spring wheat varieties. 
The development of the disease was from 5 to 35 %, and 
the prevalence reached 90 %. The factors contributing to the 
development of Septoria were susceptible varieties; abundant 
precipitation during the critical period (spike formation–
flowering); high, close to 100 %, air humidity; the presence 
of infected plant debris in the field; and grass weeds (Nolan 
et al., 1999). The first Septoria foci on the lower leaves of 
susceptible spring wheat varieties were observed in 2016 and 
2017, in third decade of June, and in 2018, due to late sowing, 
in the first two decades of July. First, P. nodorum appeared 
(June–early July), and then, S. tritici (end of July–August). 
Septoria epiphytotics of moderate and significant intensity 
occurred when precipitation was from 76 to 111 mm and the 
air temperature was an average of 16.7 °C. The causative 
agents of the disease were P. nodorum, S. tritici, and S. avenae 
f.sp. triticea, and the species ratio varied with region, spring 
wheat variety, and plant organs. The obvious predominance 
of P. nodorum was revealed in the Novosibirsk region. In 
the Tyumen region, with the predominance of P. nodorum, 
the second position was taken by S. avenae f.sp. triticea, not 
S. tritici, as in the Novosibirsk region. In Altai, the predomi-
nance of P. nodorum was less significant, 15.3 % lower than 
in the Novosibirsk region. Also, S. tritici was encountered at 
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all points of reference, but the frequency of its occurrence was 
2 times higher than that in the Novosibirsk region. S. avenae 
f.sp. triticea was found in Altai 11.3 times more often than in 
the Novosibirsk region.

Additionally, differences were observed in the species 
composition of the causative agents of Septoria leaf blight in 
a collection of spring wheat varieties from the Novosibirsk 
district of the Novosibirsk region. The main causative agent 
of Septoria leaf and ear blight on all the wheat varieties was 
P. nodorum, which in two varieties made up 100 % of the 
pathogenic complex. Its average proportion on the leaves of 
the varieties studied was significant, 88.9 %. The second posi-
tion in the distribution on the leaves was taken by S. tritici, 
10.4 %, which reached a maximum of 20 % on the variety 
‘Altaiskaya 105’. S. avenae f.sp. triticea was detected only in 
two varieties, ‘Altaiskaya Stepnaya’ and ‘Novosibirskaya 15’.

An immunological evaluation of spring wheat varieties 
showed no plant forms immune to the causative agents of 
Septoria disease. A plant pathological analysis of a collection 
of 23 spring wheat varieties in 2017 and 2018 showed that, at 
the beginning of the filling stage, ears of susceptible varieties 
had already been affected by Septoria. All the studied variet-
ies of Novosibirsk selection, in which the spike was affected 
more than the leaves, were classified as the most susceptible. 
This creates a prerequisite for the transmission of P. nodorum 
with seeds and the early onset of the Septoria epiphytotic 
(Toropova et al., 2018). Eleven of 23 varieties (47.8 %) at the 
start of grain formation did not show spike damage. The best 
phytosanitary condition of all the considered wheat organs 
during the discussed phase was demonstrated by the varie-
ties ‘Orenburgskaya 23’ and ‘Tyumenochka’, which showed 
an insignificant flag leaf loss with completely healthy spikes. 
The remaining varieties were in a satisfactory phytosanitary 
condition: complete dying-off of the subflag leaves, moderate 
(below the threshold) damage to the flag leaves, and healthy 
or sporadically affected spikes.

At the milky ripeness stage, the prevalence of Septoria 
reached 100 % in all the varieties. Relative resistance to Septo-
ria leaf blight was shown by the varieties ‘Novosibirskaya 31’, 
‘Sibirskaya 17’, and ‘Obskaya 2’ with a strong development 
of Septoria spike spot. The domestic varieties ‘Tyumenochka’ 
and ‘Zauralochka’, as well as the NILs ‘Thatcher Lr2c’ 
(Canada), ‘UI Pettit’ (United States), ‘Kaiyr’ and ‘Dostyk’ 
(Kazakhstan), and ‘KWS Akvilon’ (Germany) showed rela-
tive resistance to Septoria blight. Reduced susceptibility was 
shown by the varieties ‘Orenburgskaya 23’ and ‘Vyatchanka’ 

as well as ‘Long Chun 7 Hao’ (China). They suffered moder-
ate (threshold level) damage of both the leaves and the spike.

4. Conclusions
Monitoring has revealed significant differences in the pres-
ence of Septoria pathogens in the regions. In the Novosibirsk 
region, the predominance of P. nodorum is observed. In the 
Tyumen region, the predominance of P. nodorum is not al-
ways the case, because at some geographical points S. tritici 
and S. avenae f.sp. triticea show a higher prevalence in the 
pathogenic complex of the Septoria disease of spring wheat. 
In Altai, P. nodorum predominates at all survey points, but to 
a smaller extent than in the Novosibirsk region, and coexists 
with widespread S. tritici. The average contribution of S. ave-
nae f.sp. triticea to the pathogenic complex of Septoria leaf 
blight in Altai is similar to that in the Tyumen region. The 
immunological assessment of the collection of spring wheat 
varieties has shown no forms completely immune to Septoria. 
A differentiated manifestation of resistance to Septoria leaf 
and ear disease has been established: Some varieties show 
resistance to the Septoria leaf blight with a strong ear spot 
incidence, while others, by contrast, are resistant to Septoria 
ear spot with strong damage to the leaf apparatus. Reduced 
susceptibility has been shown by the varieties ‘Orenburg-
skaya 23’ and ‘Vyatchanka’ as well as ‘Long Chun 7 Hao’ 
(China), which combined both positive qualities.

References
Eyal Z. The Septoria tritici and Stagonospora nodorum blotch diseases 

of wheat. European J Plant Pathol. 1999;105(7):629–641.
Nolan S. Studies on the interaction between Septoria tritici and Stago-

nospora nodorum in wheat / Nolan S., Cooke B.M., Monahan F.J. 
European J Plant Pathol. 1999;105(9):917–925.

Parker S.R., Welham S., Paveley N.D., Foulkes J., Scott R.K. Tole ran-
ce of Septoria leaf blotch in winter wheat. Plant Pathology. 2004; 
53(1):1–10.

Robert C. Analysis and modelling of effects of leaf rust and Septoria 
tritici blotch on wheat growth / Robert C., Bancal M.-O., Nicolas P., 
Lannou Ch., Ney B. J Experimental Bot. 2004;55(399):1079–1094.

Simón M.R. Influence of nitrogen supply on the susceptibility of 
wheat to Septoria tritici / Simón M.R., Cordo C.A., Perelló A.E., 
Struik P.C. J Phytopathol. 2003;151(5):283–289.

Toropova E.Yu., Kazakova O.A., Selyuk M.P., Insebaeva M.K., 
Kirichenko A.A., Filipchuk O.D., Kvitko A.V. Contamination of 
Wheat Seeds with Parastagonospora nodorum Berk. Achievements  
Sci Technol Agro-Industrial Complex. 2018;32(12):15–19 (in Rus-
sian).

Conflict of interest. The authors declare no conflict of interest.

E.Yu. Toropova et al. Septoria blight on spring wheat in West Siberia. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;72–73



74

DOI 10.18699/ICG-PlantGen2019-23

© Autors, 2019

* e-mail: Orlova.Lena10@yandex.ru 

Race composition of the loose smut (Ustilago tritici) 
in Western Siberia
E.A. Orlova, N.P. Beсhtold 

Siberian Research Institute for Plant Industry and Breeding – Branch of the Institute of Cytology and Genetics, SB RAS, Krasnoobsk,  
Novosibirsk region, Russia

1. Introduction
The development of resistant wheat varieties for production 
crops is one of the effective measures to wheat smut pathogen 
caused by Ustilago tritici (Pers.) Jens. This depends on data 
on the racе composition of the wheat smut pathogen, as well 
as on intrapopulation variability of fungus. The physiological 
race of smut pathogens is a sample or collection of chlamydo-
spores, which has relatively the same virulence in certain set 
of differential host varieties. Such a concept of “race” was 
introduced in accordance with the biological features of the 
order Ustilaginales and selection requirements, at the 6th In-
ternational Botanical Congress in Amsterdam in 1935 (quote 
from Krivchenko, 1984). Loose smut pathogen races were 
first postulated by Grevel (1930). He identified 4 races. Later, 
Hanna and Popp (1932), using a self-selected differential host 
lines set, isolated races in the U. tritici population that differ 
in virulence on the test varieties. In Russia, V.I. Krivchenko 
(1987) carried out extensive work on the study and identifica-
tion of physiological races of the loose smut. He compiled a 
differential host series of varieties, which was used in many 
research institutions of the USSR. This set contains 78 races 
of the loose smut (Druzhin, Krupnov, 2008). The Canadian 
set, created by J.J. Nielsen, P. Thomas, includes 19 wheat 
varieties. This set contains 44 races of the loose smut (Nielsen, 
Thomas, 1996).

For smut pathogens, the selective effect of genotypes is 
an important factor influencing the race variability. Based 

Abstract: The development of rational genetic protection for new varieties depends on 
data on the race composition of the wheat smut pathogen caused by Ustilago tritici, as 
well as on intrapopulation variability of fungus. The virulence of the isolates was estimated 
using a differential host series of varieties. Isolates of U. tritici were collected on the fields 
of the Novosibirsk and Omsk regions, as well as the Altai Krai in 2015–2018. Two sets of a 
differential host series were used for inoculation. The first one was developed in Russia by 
V. I. Krivchenko (1987) for identification of loose smut. This set consists of 9 wheat varieties: 
durum wheat (three entries) and bread wheat (six entries). The another set is Canadian and 
it’s used in foreign studies. It was made by J.J. Nielsen, P. Thomas. (1996) for identification 
of loose smut and consists of 19 wheat varieties, three of them are durum wheat (TD-1, 
TD-11, TD-19). A total of 15 isolates collected from different varieties of spring bread wheat 
were assessed for virulence. As an isolate, one smut spike per plant was taken. The isolate 
was considered as virulent to the differential host line if more than 10 % of the plants were 
infected. The races were identified by the key proposed by V.I. Krivchenko and J.J. Nielsen 
and P. Thomas. In the Novosibirsk region, the race 66 identified on the Russian set 
dominated. In the Canadian set, it is registered as T-8. The same race was noted in the Altai 
Krai. Also in these regions, the race 23 was identified. On the Canadian set, it is registered as 
T-18. The race 12 was identified in the Novosibirsk and Omsk regions. In addition, the race 
78 was identified in the Novosibirsk region, the race 58 was identified in the Altai Krai, and 
the race 1 was identified in the Omsk region. All races were specific for T. aestivum varieties 
and were not able to infect durum wheat varieties.
Key words: spring bred wheat; loose smut; pathogen races and population.

on this, we can assume the specific structure of the pathogen 
population in each zone sowing wheat. In this regard, we made 
an attempt to study and compare the race composition of the 
Novosibirsk, Omsk and Altai populations of the pathogen. 
This information may be of interest to both breeders and 
phytopathologists.

2. Materials and methods
The virulence of the isolates was estimated by infection types 
on differential set. Isolates were collected on the fields of 
the Novosibirsk and Omsk regions, as well as the Altai Krai 
in 2015–2018. As an isolate, one smut spike per plant was 
taken. A total of 15 isolates collected from different varieties 
of spring bread wheat were assessed for virulence.

Inoculation of plants was carried out during the most 
susceptible phase – the beginning of flowering, when single 
stamens appear on the ear, emerging from 1–2 spikelets. An 
aqueous suspension of smut spores was used to inoculate 
wheat ears. The suspension is prepared at the rate of 1 gram 
of spores per 1 liter of water. It is prepared immediately before 
infection of the plants. Inoculation of ears is carried out by 
the syringe method. In this case, approximately 0.05 ml of 
suspension is placed into each flower. A separate syringe is 
used for each isolate. Infected ears were marked with paper 
labels. Inoculated seeds were sown the following year. 

Two sets of differential host series of lines were used for 
inoculation. One of them was from Russia (Table 1). It was 
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Table 1
The Russian differential host series of varieties for determining the physiological races of loose smut of spring wheat

Differential designation Cultivar Variety type

D-1 Moscovka Graecum

D-2 Kota Erythrospermum

D-3 Preston Erythrospermum

D-4 Rümkers Dickkopf Lutescens

D-5 Reward Velutinum

D-6 Diamant Milturum

D-7 Akmolinka 5 Hordeiforme

D-8 Mindum Hordeiforme

D-9 Narodnay Hordeiforme

Table 2
The Canadian set of differential host lines for determining the physiological races of loose smut of spring wheat

Differential designation Variety or breeding line

TD -1 Mindum

TD -2 Renfrew

TD -3 Florence/Aurore

TD -4 Kota

TD-5 Little Club

TD-6 PJ 69282

TD-7 Reward

TD-8 Carma

TD-9 Kearney

TD-10 Red Bobs

TD-11 Pentad

TD-12 Thatcher/Regent

TD-13 PI 29854/ CI 7795

TD-14 Sonop

TD-15 H44/ Marquis

TD-16 Marroqui 588

TD-17 Marquillo/Waratah

TD-18 Manitau 2/Giza 144

TD-19 Wakooma

Table 3
Races of Ustilago tritici identified on the Russian set of differentiating varieties 

Race The reaction of varieties-differentiators

D-1 D-2 D-3 D-4 D-5 D-6 D-7 D-8 D-9

1 0 1 0 0 1 2 0 0 0

12 0 1 0 1-2 2 1-2 0 0 0

23 1 2 1 1 2 2 0 0 0

58 2 2 1 1 2 1 0 0 0

66 0 2 0 2 2 2 0 0 0

78 0 2 0 0 2 2 0 0 0

E.A. Orlova et al. Race composition of the loose smut (Ustilago tritici) in Western Siberia. 
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developed by V.I. Krivchenko (1987) for identification of 
loose smut. It consists of 9 wheat varieties, three of them are 
durum wheat (Mindum, Akmolinka 5 and Narodnaya). Dif-
ferentiation of resistance reactions was carried out on a scale 
of: 0 – no affection; 1 – affected up to 10 %, 2 – affected over 
10 %. The results were compared with a key to determine 
physiological races.

Since 2016, isolates of U. tritici have been inoculated with 
an additional differential host lines set – Canadian, created by 
Nielson, Thomas (1996) (Table 2). It uses for foreign studies 
and consists of 19 wheat varieties, three of them are durum 
wheat (TD-1, TD-11, TD-19). An isolate was considered 
virulent to the differential host line if more than 10 % of the 
line plants were affected.

3. Results and discussion
In the Russian set of test varieties from 15 isolates studied, 
6 varieties (40 %) were identified as race 66, 3 varieties 
(20 %) – as race 23, 2 varieties each (13.3 %) – as races 12 
and 58, 1 variety each – as races 1 and 78 (Table 3). The race 
66 was distinguished both among isolates collected in the No-
vosibirsk region and in the Altai Krai. It affected the varieties 
Kota, Rümkers Dikkopf, Reward, Diamant. On the Canadian 
set, the race was detected as T-8 and it virulent on the TD-4, 
TD-5, TD-7, TD-8, TD-9, TD-13, TD-15 lines.

Races 12 and 23 were found among isolates collected in 
breeding plots of Novosibirsk and Omsk. On the Russian 
set of differentiating varieties, they did not affect the variet-
ies Moskovka (D-1), Preston (D-3). The varieties Reward 
(D-5) and Diamant (D-6) were susceptible to them. On the 
Canadian set, the both races were detected as T-18 and they 

were virulent on the TD-4, TD-5, TD-7, TD-8, TD-9, TD-13 
lines. In addition, the race 78 was identified on the Russian 
set of differentiating varieties in the Novosibirsk region. Ac-
cording to the compatibility reaction, this race was similar to 
the race 23, which made it possible to combine them under 
one name. Race 58 was identified in a population of U. tritici 
collected from spring bread wheat in Altai Krai. Unlike the 
tested isolates, it is virulent for the Moskovka variety (D-1). 
Race 1 was found among isolates of the Omsk region. It had 
low virulence and the only the variety Diamant (D-7) from 
Russian differential set was affected. All isolated races were 
specific for T. aestivum varieties and were not able to infect 
durum wheat varieties. 
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Abstract: Viruses cause epiphytotics on all major cultures of agronomic importance, 
representing a serious danger to global food security. As strictly intracellular pathogens, 
they cannot be controlled chemically and prophylactic measures consist mainly in the 
destruction of infected plants and excessive pesticide applications to limit the population 
of vector organisms. An alternative antiviral strategy is associated with the use of microbial 
enzymes, which are less toxic and are readily decomposed without accumulation of harmful 
substances. Plant-growth promoting microorganisms (PGPR), especially endophytic strains, 
or their communities can promote plant defence against viral diseases via producing 
ribonucleases, which are capable of degrading viral RNA.
Key words: plant virus; PGPR; endophyte; ribonuclease; resistance.

Viruses cause epidemics in all major crops, threatening 
global food security. The development of efficient and du-
rable resistance able to withstand viral attacks represents a 
major challenge for agrobiology. Currently, viruses cannot 
be controlled with chemical pesticides, since known anti-
viral compounds are hazardous to people’s health, such as 
teratogenic ribaverine (1,beta-D-ribofuranosyl-l,2,4-triazole-
3-carboxamide), which significantly reduced TSWV content 
in tomato and tobacco plants, via blocking RNA-replication. 
At present, practical control measures include monitoring 
and chemical control of the vector causing the viral disease 
to reduce yield losses. In addition, viral resistance breeding 
is limited by the absence of resistance genes. Transformation-
based genetic engineering is restricted due to a large amount 
of time required for crossing in the field and environmental 
safety issues in many countries (Paudel, Sanfaçon, 2018). The 
application of systemic acquired resistance with non-specific 
elicitors or PGPR to manage viral diseases was recognized as 
a promising tool (Lee, Rui, 2016).

Hypersensitive response (HR), systemic acquired resis-
tance (SAR), and elaboration of the gene-for-gene resistance 
response are contemporary immune response paradigms that 
were discovered more than 50 years ago (Mandadi, Scholthof, 
2013). Accumulation of PR proteins is an integral component 
of innate immune responses in plants during viral attack. The 
PR-10 family, plant RNAses, are ubiquitous proteins that 
have been identified in a number of dicot and monocot plant 
species. They are small, slightly acidic and resistant to prote-
ases. PR-10 proteins are classified as intracellular PR (IPR) 
proteins and are present in the cytoplasm because they lack 
signal peptide (Jain, Kumar, 2015). Thus, phosphorylation 
leads to enhanced ribonucleolytic activity against viral RNAs 
upon Tobacco mosaic virus (TMV) infection showing direct 
involvement of ribonucleolytic activity in plant defense (Park 
et al., 2004). For buckwheat varieties with different resistance 
to the Buckwheat burn virus (BBV), a positive correlation 
between resistance to virus and RNase activity was shown, 
the authors have analyzed two varieties, Roksolana and Kara-
Dag (Sindarovska et al., 2014). Trifonova et al. (2018) have 
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proposed to use of the level of RNase activity in potato leaves 
as a selective marker for resistance to viruses.

Interestingly, Loring (1941) has shown, for the first time, 
the reversible inactivation of  TMV by exogenous crystal-
line ribonuclease and a decrease in the number of lesions on 
Nicotiana glutinosa and Phaseolus vulgaris leaves infected 
with RNAse-treated TMV. However, there is not a single 
preparation based on this technology, probably due to the 
lack of a “delivery agent”. Transformation-based genetic 
engineering was the first step towards solving this problem. 
Thus, approximately one third of tobacco transgenic lines 
containing betasatellite DNA associated with cotton leaf curl 
disease and barnase of B. amiloliquefaciens gene constructs 
were shown to be completely resistant to Tomato leaf curl 
virus (TLCV) infection. There was no expression of barnase 
in the absence of TLCV, but upon infection of the cell with 
the virus, release of the betasatellite/split barnase cassette 
as a replicating molecule results in the reconstitution and 
expression of an active barnase gene and the destruction of 
the infected cell (Pakniat-Jahromy et al., 2010). 

Thus, transgenic soybean lines constitutively expressing 
the double-strand RNA specific ribonuclease gene PAC1 from 
Schizosaccharomyces pombe exhibited less severe symptoms 
and enhanced resistance to Soybean mosaic virus (SC3 SC7, 
SC15, SC18 and SMV-R strains), and three isolates of Bean 
common mosaic virus (BCMV), Watermelon mosaic virus 
(WMV), and Bean pod mottle virus (BPMV) relative to WT 
plants (Yang et al., 2019).

Ribonuclease Cas13a was shown to provide immunity to 
a bacteriophage in Escherichia coli by interfering with the 
MS2 lytic ssRNA phage (Qi et al., 2013). CRISPR/Cas13a 
showed interference against green fluorescent protein (GFP)-
expressing TuMV in lines of Nicotiana benthamiana. Northern 
blots showed a clear reduction in the accumulation of the 
TuMV-GFP RNA genome using the crRNAs targeting HC-Pro 
or GFP2, indicative of targeted degradation of the TuMV-GFP 
genomic RNA via CRISPR/pCas13a (Aman et al., 2018).

Sugawara et al. (2016) generated transgenic Nicotiana taba-
cum plants expressing heterologous bovine pancreatic RNase. 
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Higher RNase levels in the apoplast resulted in increased 
resistance to both CMV (Bromoviridae, Cucumovirus) and 
TMV (Virgaviridae, Tobamovirus), indicating a role of RNA-
hydrolyzing enzymes in non-specific plant antiviral response. 

Research over the past decades provided substantial advanc-
es in the field of plant-miccrobe and plant-virus interactions. 
Remarkably, the advent of studies of plant interactions with 
plant-growth promoting rhizobacteria (PGPR), in particular, 
endophytic strains, has recently offered new strategies exploit-
able in the field. 

So, it suggests the need for a search for biocontrol agents 
that combine the follow properties: a) integrated biocidal ac-
tivities to spreading harmful organisms; b) the ability to induce 
plant immune reactions; c) environmental safety. Therefore, 
plant growth-promoting bacteria (PGPB), in particular, endo-
phytic PGPB, which belong to a beneficial and heterogeneous 
group of microorganisms, are of great interest (Khalaf et al., 
2018; Abdalla et al., 2017). 

Endophytic microorganisms live within the tissues of plants 
without causing any symptoms of disease. Endophytes should 
be a treasured biological resource for plant protection against 
pathogens and pests. Bacterial endophytes have an advantage 
over bacteria inhabiting the rhizo- or phyllosphere, since living 
within a plant’s tissues represents an opportunity to always 
be in “contact” with the plant’s cells and, therefore, to more 
readily exert a direct beneficial effect on plant hosts, and to 
reduce the influence of the environmental conditions on PGPB. 
It was shown (Araújo et al., 2015) that a number of Bacillus 
strains have fungicidal, insecticidal, aphycidal (Araújo et al., 
2015; Yang et al., 2017) and growth-promoting activities (Pie-
terse et al., 2014), synthesize antibiotics and biosurfactants 
(De Vleesschauwer, Höfte 2009), promote induced systemic 
resistance (ISR) against pathogens and pests (Rashid, Chung 
2017). There is a wealth of data on endophyte influence 
on plant viability, and the most recent are investigations of 
the problem of artificial plant microbial community on the 
basis of growth-promoting bacteria (Moronta-Barrios et al.,  
2018).

The PGPR Bacillus polymixa and Pseudomonas fluorescens 
mix with chitosan application delayed symptom development 
and reduced disease severity as well as the titer of Squash 
mosaic virus (SqMV) at the generative phase of cucumber 
plants (Firmansyah et al., 2017). The mixture containing 
B. amyloliquefaciens IN937a, B. pumilus SE34 and B. pumi-
lus T4 promotes tomato and papaya plants’ resistance to To-
mato chlorotic spot virus (TCSV) and Papaya ringspot virus 
(PRSV- W), respectively (Abdalla et al., 2017).

For instance, Piriformospora indica (Hymenomycetes: 
Basidiomycota), an endophytic root-colonizing fungal spe-
cies, has been shown to repress Pepino mosaic virus (PMV), 
which is found widely in tomato greenhouses in many parts 
of the world, especially at high light intensities (Fakhro et 
al., 2010). Replication of Iris yellow spot virus (IYSV) was 
significantly reduced in endophytic fungus Hypocrea lixii-
colonized onion plants as compared to endophyte free plants 
(Muvea et al., 2018). Arabidopsis thaliana ecotype columbia 
plants (Col- 0) treated with S. marcescens 90-66 and B. pumi-
lis strain SE-34 significantly reduced the symptom severity 
caused by Cucumber mosaic virus (CMV) (Ryu et al., 2004). 

In a study by Harish et al. (2008), two endophytic bacterial 
strains belonging to Bacillus spp. (EPB22) and Pseudomonas 
spp. (EPB5) promoted banana resistance against Banana 
bunchy top virus (BBTV).

Bacteria, fungi and their metabolites can bind and destruct 
viral particles directly, through the synthesis of proteases, 
nucleases and lipopeptides. To date, 20 extracellular nucleases 
which have been characterized for Bacillus spp. B. amylolique-
faciens, B. pumilus and B. licheniformis produce extracellular 
RNAses, called ‘barnase’, ‘binase’ and ‘balifase’, respectively 
(Ulyanova et al., 2011, 2016; Ilinskaya et al., 2018). Among 
endophytic bacteria which were isolated from plants of the 
family Cucurbitacea, 73 % of Bacillus spp., 27 % of Pae-
nibacillus spp., 30 % of Enterobacteriaceae, all isolates of 
Cronobacter, Pantoea, Microbacterium and Staphylococcus 
showed RNAse activity (Khalaf, Raizada, 2018). 

Bacillus pumilus ribonuclease possesses antiviral activity 
against plant RNA-viruses RCMV (Red clover mottle virus), 
PVX (Potato virus X) and AMV (Alfalfa mosaic virus). 
The maximum inhibitory effect against actively replicating 
viruses is observed when plants are treated with the enzyme 
at a concentration of 100 ug/ml prior to infection (Sharipova 
et al., 2015).

Bacillus cereus ZH14, which was isolated from Chinese 
Anxi oolong tea, secreted antiviral substances having 94.2 % 
virus inhibition when the bacterial culture filtrate and TMV 
extract were mixed at a ratio of 1:1 and had the ability to 
degrade ribonucleic acid (Zhou et al., 2008).

Thus, the search for endophytic microorganisms that can 
produce RNAses directly in plant tissues is a promising area 
of the development of the set of activities required to for 
defending plants against viral diseases. 
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1. Introduction
Sorghum is a valuable thermophilic spring-planted cereal 
culture, which resembles in appearance corn and is not infe-
rior to it in terms of nutritious properties. Four main sorghum 
species are distinguished: grainy, sweet, grassy and broomy. 
The homeland to sorghum is Northeast Africa and Equato-
rial Africa, particularly Ethiopia and Sudan; it has also been 
cultivated in China and India since long time ago. Therefore 
sweet sorghum (Sorghum saccharatum Pers.) is the most 
drought-resistant culture. Sweet sorghum is characterized by 
the fact that, unlike grainy and broomy sorghum, the juice of 
its stem contains more than 10–20 % of soluble sugars. In the 
nature, there is no other plant which could synthesize sucrose 
so quickly as sweet sorghum does. As it can be cultivated in 
southern droughty areas, where growing sugar beet is unprof-
itable or impossible, interest to sweet sorghum is very high. 
Sweet sorghum is a perspective crop for multi-purpose use. 
Sweet sorghum is used in bread baking and in production 
of forages and cardboard. Nowadays the biotechnological 
aspects of cultivation of sweet sorghum cells in vitro for the 
extension of genetic diversity are being studied (Baskaran et 
al., 2005; Dora et al., 2014; Teingham, Borde, 2017; Omer et 
al., 2018). Research in the genetic engineering of sorghum is 
intensive (Guel et al., 2009).

Factors affecting the quality of cellular juice and the power 
value of sweet sorghum depending on terms of sowing, depth 
of seed embedding and the use of nitrogen fertilizers were 
studied (Maw et al., 2016). Special attention was given to 
studying the cultivars and hybrids of sweet sorghum with a 
high content of sugar for bioethanol production. Molecular 
mechanisms of the resistance of sweet sorghum to biotic and 
abiotic stressful environmental factors were studied (Anami 
et al., 2015). At the same time, for cultivation of sweet sor-
ghum, it is necessary to study factors that ffect the viability of 
seeds and productivity. One of the limiting factors affecting 
the viability of seeds in sweet sorghum is the injury of seed 

material with fungus and bacterial microflora. In this regard, 
the level of injury of seeds of sweet sorghum (Sorghum bi-
color L.) cultivated in the conditions of the southeastern part 
of Kazakhstan were studied by us.

2. Materials and methods
The sweet sorghum genotypes SAB-1, SAB-2, SAB-3, SAB-4, 
SAB- 5, SAB-6, SAB-8, SAB-9, B-10, SAB-11 and SAB-12 
were used as material for our research. During the analysis of 
seeds of different genotypes of sweet sorghum, their sowing 
qualities, such as germination energy on the 4th day and the 
laboratory germination viability on the 8th day,  were estimated 
against state standard specifications. Fifty seeds of each 
genotype in 3-fold repetition were taken to determine their 
sowing qualities in the conditions of the moisture chambers. 
The number of infected seeds and sprouts was also noticed. 
Microflora was placed on the nutrient medium made of potato 
agar (PA). During this analysis, the lack of microflora was 
designated as (-), weak growth, as (+), the average growth, 
as (++), and intensive growth, as (+++). The identification of 
fungus and bacterial microflora was carried out by morpho-
logical and cultural features of colonies of fungi and bacteria 
and their pure cultures. Morphological features of fungi were 
investigated by microscopy according to their spore form-
ing. Bacterial microflora was selected into a pure culture and 
checked for pathogenicity using test objects such as a room 
geranium and tubers of potatoes. It was noted that pathogenic 
species of bacteria on geranium leaves caused a reaction of 
supersensitivity in the form of necrosis; on tubers of potatoes, 
it caused tissue maceration (rotting). Statistical analysis of the 
results obtained was carried out using the standard technique.

3. Results and discussion
Before sowing the various genotypes of sorghum in field 
conditions, the seed viability of sweet sorghum in vitro was 
studied. The seed viability of sorghum was affected by such 

Abstract: It was revealed that the sowing material of sweet sorghum (Sorghum bicolor L.) 
was injured with fungus and bacterial microflora. Studying the seed material of sweet sor-
ghum demonstrated that it was injured with microflora, belonging to the genera Fusarium, 
Alternaria, Penicillium, Aspergillus, Mucor and Helminthosporium causing seed moulding and 
rotting. The genotypes and seed material of sweet sorghum most injured with fungus and 
bacterial microflora were determined. The germination energy and seed viability of various 
genotypes of sweet sorghum were determined. The infection rate of seed material con-
siderably influenced the germination energy and seed viability of sweet sorghum. The in-
jury of seeds by fungus and bacterial microflora is an important indicator defining the field 
viability of seeds and affecting the productivity of sweet sorghum.
Key words: swet sorghum; Sorghum bicolor L.; fungus and bacterial microflora; Fusarium; 
Alternaria; Penicillium; Aspergillus; Mucor; Helminthosporium.
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factors as the initial cultivar genotype, periods of seed stor-
age and the recontamination of sorghum grains by various 
microorganisms.

It was revealed that on the 4th day amicable and full-fledged 
sprouts were noted in genotypes SAB-1, 2, 4, 8, 9, 10 and 11 
(78; 76; 88.6; 81.3; 100; 96.6 and 98 %, respectively). The 
germination energy of genotypes SAB-5, 6, 7 and 11 was 
45.3, 45.0, 36.6, and 32.0 %, respectively; genotype SAB-3 
possessed weak viability, only 2.0 % (Table 1).

According to data from Table 1, on the 4th day amicable and 
full-fledged shoots were noted in genotypes SAB-1, 2, 4, 8, 9, 
10 and 12. They were 78; 76; 88.6; 81.3; 100; 96.6 and 98 %, 
respectively. The germination energy in genotypes SAB-5, 6, 
7 and 11 was 45.3, 45.0, 36.6 and 32.0 %, respectively, and 
genotype SAB-3 possessed weak viability, about 2.0 %.

Germination on the 8th day in genotypes SAB-8, 9, 10 
and 12 corresponded to the standards of the original and 
elite cultivars. The viability of genotypes SAB-1 and SAB-2 
corresponded to the standards of reproductive cultivars for 
production: 78 and 79.3 %, respectively. Other seeds showed a 
very low germination: 32.0–53.3 %. The viability of genotype 
SAB-3 was only 2.6%.

Strong damage to seeds and sprouts caused by diseases was 
also noted (Figure 1). The greatest number of infected seeds 
and sprouts in genotypes SAB-1, 2, 3, 7, 11 and 12 reached 
100, 78.6, 93.3, 73.3, 100 and 88 %, respectively. In other 
variants, infection varied from 3.3 to 56.4 %.

Studying the level of injury of sweet sorghum seeds by 
fungus and bacterial microflora was carried out on potato 
agar. The results of these studies are presented in Table 2. 
According to data from the Table 2, in all tests of seeds after 
surface sterilization on the nutrient medium fungus and bacte-
rial infections were revealed (Figure 2). The highest rates of 

Table 2 
Phytoexamination of sweet sorghum seeds,  
laboratory experiment, nutrient medium, 2018
№ Crops, 

cultivar
Number of 
the infected 
seeds and 
sprouts, %

Infection by microflora

fungus bacterial

days of observation

3rd 5th 3rd 5th 

1 SAB-1 100.0 +++ +++ +++ +++

2 SAB-2 100.0 ++ ++ +++ +++

3 SAB-3 92.8 + ++ ++ +++

4 SAB-4 100.0 - ++ ++ ++

5 SAB-5 100.0 + + ++ ++

6 SAB-6 100.0 + + ++ +

7 SAB-7 100.0 + + ++ ++

8 SAB-8 100.0 + ++ + +++

9 SAB-9 100.0 - ++ ++ +++

10 SAB-10 92.8 + ++ ++ +++

11 SAB-11 100.0 +++ +++ +++ +++

12 SAB-12 98.6 + + ++ +
Note. Microflora growth: weak (+), average (++), intensive (+++)

Table 1 
Sowing qualities of seeds of sweet sorghum,  
laboratory experiment, the moisture chamber
№ Crop, 

cultivar 
(genotype)

Germination 
energy, %

Laboratory 
germination 
energy, %

Number of 
infected seeds 
and sprouts, 
%days of observation

4th 8th 

1 SAB-1 78.0 78.0 100

2 SAB-2 76.0 79.3 78.6

3 SAB-3 2.0 2.6 93.3

4 SAB-4 88.6 90.6 14.0

5 SAB-5 45.3 53.3 14.0

6 SAB-6 45.0 43.5 56.4

7 SAB-7 36.6 40.6 73.3

8 SAB-8 81.3 88.0 3.3

9 SAB-9 100 100 30.6

10 SAB-10 96.6 98.0 25.3

11 SAB-11 32.0 32.0 100

12 SAB-12 98.0 98.6 88.0

injury by fungus and bacterial microflora were found in two 
sorghum genotypes, SAB-1 and SAB-11. Two other sweet 
sorghum genotypes, SAB-6 and SAB-12, demonstrated weak 
infection by fungus and bacterial microflora.

Based on the morphological features of their colonies and 
according to a microscopic analysis of their spore formation, 
the fungi revealed were in the species Fusarium, Alternaria, 
Penicillium, Aspergillus, Mucor and Helminthosporium caus-
ing seed moulding and rotting and also causing the rot of the 
root system.

Results of identification of bacteria on the basis of mor-
phological features of their colonies on the nutrient medium 
and checking their pathogenic features on the test objects, a 
room geranium and tubers of potatoes, demonstrated their 
identity with phytopathogenic bacteria in the genera Erwinia 
and Pseudomonas causing different types of bacterioses.

On the basis of the phytoexamination carried out on sweet 
sorghum seeds, it was established that not every sample of 
seed material of the genotypes of this crop conformed to the 
State standard requirements in terms of sowing qualities. Ad-
ditionally, their affection by a wide range of saprotrophic and 
pathogenic microflora was revealed.

4. Conclusions
As a result of the laboratory and field studies carried out, it 
was established that not all studied samples of seed material 
of sweet sorghum (Sorghum bicolor L.) conformed to the 
State standard requirements in terms of sowing qualities. 
Additionally, their affection by a wide range of saprotrophic 
and pathogenic microflora was revealed.

During the study of seed germination of sorghum of original 
and elite cultivars, it was revealed that not all the genotypes of 
sugar sorghum demonstrated a high level of viability. It was 
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revealed that the laboratory viability of tgenotypes SAB-8, 9, 
10 and 12 were consistent with the standards of the original and 
elite cultivars. The respective viabilities of genotype SAB-1 
was 78 % and SAB-2 was 79.3 % consistent with the standards 
of reproductive cultivars for production. Other seed material 
demonstrated a very low laboratory viability, 32.0–53.3 %. 
The viability of genotype SAB-3 was only 2.6 %.

Strong injury of seeds and sprouts by diseases was also 
noted. The greatest number of infected seeds and sprouts was 
revealed in genotypes SAB-1, 2, 3, 7, 11 and 12 (100, 78.6, 
93.3, 73.3, 100 and 88 %, respectively). In other experimental 
variants, the infection level varied from 3.3 to 56.4 %.

Studies the seeds of sweet sorghum for fungal and bacterial 
infection rates were carried out on potato agar. At the same 
time, in all test samples of seeds after surface sterilization 
on the nutrient medium fungus and bacterial infections were 
revealed. Based on the morphological features of their colo-
nies and according to a microscopic analysis of their spore 
formation, the fungi revealed were in the species Fusarium, 
Alternaria, Penicillium, Aspergillus, Mucor and Helmintho-
sporium, which are able to cause seed molding and rotting 
and also root rots.

In the result of the study conducted, the genotypes and seed 
material of sweet sorghum most infected with fungus and 
bacterial microflora were determined. The energy of germina-
tion and viability of seeds of the various genotypes of sweet 
sorghum were also determined. The germination energy and 
seed viability of sweet sorghum were considerably affected by 
the infection rate of seed material. Studying the infection rate 

of seeds by fungus and bacterial microflora is an important 
indicator of the field viability of seeds and productivity of 
sweet sorghum (Sorghum bicolor L.).
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Figure 1. The seeds of sweet sorghum injured 
with fungus and bacterial microflora, laboratory 
experiment, 2018; genotypes SAB-2 and SAB-3.
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1. Introduction
Flax (Linum usitatissimum L.) is a crop that is a source of 
fiber and flaxseed (Singh et al., 2011; Goyal et al., 2014). 
Fusarium oxysporum f. sp. lini is the most harmful pathogen 
that decreases the quality of flax products (Rashid, 2003). The 
molecular mechanisms of the resistance of L. usitatissimum 
to F. oxysporum are still unclear, and the search for genes 
involved in the response of flax to the pathogen is the main 
purpose of the study. The involvement of proteins associated 
with pathogenesis in the flax response to F. oxysporum infec-
tion was revealed (Wrobel-Kwiatkowska et al., 2004; Wojtasik 
et al., 2014; Galindo-Gonzalez, Deyholos, 2016).

In response to the infection with the fungus Fusarium 
oxysporum, cell walls are lignified. Many genes are involved 
in the process of lignin biosynthesis, including cinnamoyl 
CoA reductase (CCR), caffeoyl-CoA O-methyltransferase 
(CCoAOMT), catechol-O-methyltransferase (COMT), 4-cou-
maric acid: coenzyme A ligase (4CL). Each of these genes has 
homologs located on different chromosomes (Wojtasik et al., 
2015; Boba et al., 2016; Wojtasik et al., 2016).

Plants with reduced regulation of these genes were less 
likely to tolerate the disease caused by F. oxysporum (Hano 
et al., 2006). In the present work, we evaluated expression 
alterations of CCR, CCoAOMT, COMT, and 4CL gene families 
under F. oxysporum infection using RNA-Seq data for resistant 
and susceptible flax varieties. This made it possible to deter-
mine the general trends in the response of Linum usitatissimum 
to the pathogen and genotype-specific changes in expression.

2. Materials and methods
As the experimental material, resistant (3896 and ‘Dakota’) 
and susceptible (TOST and AP5) flax varieties were used, 
as well as their stable BC2F5 hybrids (3896 × AP5, recurrent 
parent AP5, and ‘Dakota’ × AP5, recurrent parent AP5). Seed 

Abstract: Flax (Linum usitatissimum L.) is an important crop used in various industries. 
Fusarium oxysporum is the causative agent of Fusarium wilt, and this disease is the most 
harmful for flax. The most effective way to control this pathogen is to develop resistant 
varieties. The mechanisms of flax resistance to F. oxysporum are still unclear. In our work, 
we analyzed the data obtained by transcriptome sequencing of resistant and susceptible 
flax varieties grown under control conditions and after inoculation with F. oxysporum. We 
evaluated expression alterations of CCR, CCoAOMT, COMT, and 4CL gene families, which are 
involved in lignin biosynthesis, and revealed their significant upregulation in flax varieties 
in response to F. oxysporum.
Key words: flax; Linum usitatissimum; resistant cultivars; Fusarium oxysporum; RNA-Seq; 
transcriptome; CCR; CCoAOMT; COMT; 4CL.

material was provided by the Institute for Flax (Torzhok, 
Russia). For seed sterilization, rinsing with 70 % ethanol for 
1 minute and 1 % sodium hypochlorite for 20 minutes were 
used. For growing flax plants from seeds, Murashige-Skoog 
medium poured into 15-ml glass tubes was used.

The tubes with the medium and seeds were incubated at 
22 °C with a photoperiod of 16-hour day/8-hour night for 
seven days. After a week, half of the samples were infected 
with the most pathogenic isolate, F. oxysporum isolate #39, 
from the phytopathogen collection of the Institute for Flax. 
The second half of the non-infected plants acted as the control. 
After 48 hours, 240 plants were removed from the tubes and 
the tips of the roots were collected followed by freezing in 
liquid nitrogen. RNA was then extracted from plant pools of 
10-12 plants using the RNeasy Plant Mini Kit (Qiagen, USA).

As a result, we obtained 24 samples of RNA: TOST, AP5, 
3896, ‘Dakota’, 3896 × AP5, ‘Dakota’ × AP5 under control and 
experimental conditions in duplicate. Using an Agilent 2100 
bioanalyzer (Agilent Technologies, USA) and a Qubit 2.0 fluo-
rometer (Life Technologies, USA), we evaluated the quality 
and quantity of the RNA obtained. To obtain a cDNA library, 
a TruSeq Stranded Total RNA Sample Prep Kit (Illumina, 
USA) was used. Sequencing was performed on NextSeq500 
(Illumina) with 80-nucleotide paired-end reads. The Trim-
momatic program (Bolger et al., 2014) was used for trimming 
reads. Then, filtration was carried out with the Fusarium oxy-
sporum reference genome and the rest reads were mapped to 
the L. usitatissimum reference genome (GenBank assembly 
GCA_000224295.2) using STAR (Dobin et al., 2013) and 
quantified using BEDTools (Quinlan and Hall, 2010).

The CPM values were determined for each gene for each 
variety under control and infection conditions. After that, the 
log (CPM Fusarium / CPM control) value was calculated for 
each variety and the BC2F5 population. This work was done 
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using the equipment of the Genome Center of the Engelhardt 
Institute of Molecular Biology (http://www.eimb.ru/rus/ckp/
ccu_genome_c.php).

3. Results and discussion
To identify genes in the CCR, CCoAOMT, COMT, and 4CL 
families, we took the sequences of these genes and used NCBI 
BLAST to find homologous sequences in the reference Linum 
usitatissimum genome. As a result, we identified the numbers 
of homologs of the genes on different chromosomes: 2 for 
CCR, 2 for CCoAOMT, 2 for COMT, and 4 for 4CL. To denote 
the chromosome number, we used the designation “(Lu#)”, 
where “#” is the number of the chromosome according to the 
reference assembly.

For each gene, the expression was evaluated on the basis 
of RNA-Seq data obtained for six varieties and populations 
of flax that were grown under control conditions or with Fu-
sarium oxysporum isolate #39 (Dmitriev et al., 2017). Results 
are shown in Table 1, where log (CPM Fusarium/CPM control) 
values for each gene studied are presented for resistant (3896, 
‘Dakota’, 3896 × AP5, ‘Dakota’ × AP5) and susceptible (TOST 
and AP5) genotypes under control conditions and 48 hours 
after inoculation with Fusarium oxysporum.

A statistically significant increase in expression in flax va-
rieties under F. oxysporum infection compared to the control 
conditions was observed for all studied genes except 4CL 
(Lu4) (p < 0.05, Mann-Whitney test). The most significant 
increase in expression was detected for CCoAOMT (Lu8), 
COMT (Lu1), COMT (Lu14), and 4CL (Lu13) genes – more 
than 2-fold upregulation on average. There were no statisti-
cally significant differences in expression alterations between 
resistant and susceptible genotypes.

4. Conclusions
The search for genes with diverse expression changes in re-
sistant and susceptible genotypes under Fusarium oxysporum 
infection is important for identifying resistance genes. In the 

present work, we used our RNA-Seq data for flax genotypes 
resistant (3896, ‘Dakota’, 3896 × АР5, ‘Dakota’ × АР5) and 
susceptible (TOST and AP5) to F. oxysporum in control condi-
tions or 48 hours after inoculation with F. oxysporum to evalu-
ate the expression of 10 homologs of the CCR, CCoAOMT, 
COMT, and 4CL genes involved in lignin biosynthesis. We 
revealed that 9 of these genes were characterized by upregula-
tion upon infection with the pathogen in all the genotypes stu-
died. However, no genotype-specific changes were observed. 
The results of this work indicate the involvement of the CCR, 
CCoAOMT, COMT, and 4CL gene families in the response 
to Fusarium oxysporum infection. Our data also contribute to 
the understanding of the role of the CCR, CCoAOMT, COMT, 
and 4CL genes in the stress response and resistance.
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1. Introduction
According to the priority directions in the study of agricul-
tural plants put forward in 2011 by EPIC, an international 
consortium of plant epigenetics for the next decade, included 
a paragraph of the need to understand the molecular basis 
of the interaction of genotype and environment, change the 
characteristics of plants in different conditions (Epic Planning 
Committee, 2012). It is believed that “the chromatin matrix 
is a physiologically important substrate on which remodel-
ing and the transcription mechanism are deployed” (Allis et 
al., 2007). The most significant discoveries currently include 
finding out the location of chromosomes in interphase nuclei 
and that their structure is controlled by both genetic and en-
vironmental factors (Pawlowski, 2010; Tiang, et al., 2012). 
In order to understand the basic features of these patterns, 
effective information and computing technologies are be-
ing developed. In some of these works, their block-modular 
arrangement is virtually distinguished, where the blocks of 
gene networks interconnected by signaling molecules form a 
hierarchical structure. Currently, methodological progress has 
greatly advanced the understanding of the molecular-genetic 
organization of the interphase nucleus. It becomes obvious 
that the functional dynamics of the domain topology of in-
terphase chromatin is involved in controlling the regulation 
of various interrelated basic processes in certain regions of 
the nucleus. We assumed that one of the mechanisms in the 
reorganization of the chromatin matrix can perform Arg-X 
protease processing. This assumption is based on the fact 
that the chromatin of the nucleus is rich in arginine, and, of 
all the amino acids, only it is able to bind to certain purine 
and pyrimidine bases of DNA. The purpose of this work was 
to examine the karyogenomic analysis of the localization of 
Arg-X processing in topologically associated super-blocks of 
the hexaploid system of interphase chromatin in mature wheat 
germ adapted to cold stress.

Abstract: In the present work, it was shown that in the process of initiating the growth 
morphogenesis of mature wheat germ spring (Artyomovka) and the winter derived from 
it, (Mironovskaya 808), the mechanisms of spatial-temporal reorganization of chromatin 
structures with the participation of the Arg-X proteolysis function. The features of the 
proteomic dynamics of bioheteropolymer structures (nucleoplasm, chromatin, nuclear 
matrix) of interphase nuclei in periods G1 (0h → 3h → 6h) revealed a change in the 
localization of the Arg-X zones of proteolytic activity in histones and nonhistones, which 
can to be associated with changes in the density of tension and changes in the structure 
of chromatin and to represent the epigenetic mechanisms of the karyogenic system of 
mature wheat germ, derived under conditions of cold stress.
Key words: Triticum aestivum L.; cold stress; cell nucleus; nucleoplasm; chromatin; nuclear 
matrix; non-histones; histones; Arg-X (arginine-protein)-processing.

2. Mateials and methods
The object of the study was the seeds of wheat superelite 
(Triticum aestivum L.) varieties: Artemovka (spring) and 
derived from it, Mironovskaya 808 (winter), obtained from 
the collection of the All-Russian Institute of Plant Industry 
named. N.I. Vavilova. Experimental work was carried out 
on the basis of our own patents: 1) on the assessment of the 
morphophysiological state of the nucleated embryos, 2) cell 
nuclei isolated from them and 3) supramolecular structures, 
and 4) non-histone (Ngb) and histone proteins, in which, 
5) lacalization of Arg-X protease processing was revealed. The 
methodical part of the work is presented in detail in the articles 
(Ivanova et al., 2014; 2015; Ivanova, 2017). The condition 
of air-dry seed and embryo (in a state of biological rest), we 
conditionally took for 0h. Seed soaking was carried out for 
3 hours. The end of this period is marked as 3h. From air-dried 
seeds (0h), swollen (3h) and germinated for 6h initiated to 
grow, separated from the endosperm, cell nuclei were isolated 
from which supramolecular structures were fractionated into 
a “labile chromatin” nucleoplasm (Np), chromatin fragile 
(Chr-I) and firmly (Chr-II) associated with the nuclear matrix 
(NM) and the NM itself. The Arg-X protease activity in the 
suprastructures of cell nuclei was assessed by the cleavage of 
the Arg-X bonds in the arginine-enriched protein, protamine 
Salmine-A-I (“Merk”).

3. Results and discussion
Currently, some progress has been made in the study of chro-
matin structure on the scale of a whole nucleus. In this paper, 
the study of the features of the structural reorganization of 
the interphase chromatin G1 phase of the cell cycle of spring 
and winter wheat was conducted against the background of 
the formed physiological features of the seeds of their mature 
embryos. It is known that the winter variety Mironovskaya 
808 was derived by the method of multiple-group selection 
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of highly productive, morphologically aligned homogeneous 
plants from the Artemovka variety (with exact indication of 
the best families, minimum temperature on the soil surface 
during wintering over 7 years). The result was that, up to the 
present, the Mironovskaya 808 is considered a masterpiece 
of world selection.

There are three regulatory levels in eukaryotic chromatin or 
genome. The first presents three classes of genetic elements 
that regulate gene blocks: 1) LCR (locus control regions); 
2) enhancers, promoters; 3) insulators. The second level is 
chromatin, where regulation is carried out by modifying the 
crustal histones. At this level, the ATP-dependent chromatin 
remodeling system and the corresponding enzymes are in-
volved. The first and second levels are interrelated. The third 
is the level of organization of the interphase core – 3D. It is 
proved that the nuclear level chromosomes are not randomly 
located inside the nucleus, each of them occupies a certain ter-
ritory. It is noteworthy that unstructured amino-terminal tails 
that carry the guanidine group of arginine-enriched (H3 + H4) 
and moderately lysine-enriched (H2A + H2B) histones that 
make up the nucleosome protrude from the nucleosome core. 
These tails undergo active modification and internucleosomal 
interactions. 

In space-time intervals, heteropolymer blocks were selected 
on the protein surface of which the interphase chromatin reor-
ganization occurred and the chromatin matrix conformation 
changed, with the participation of the Arg-X protease system 
responsible for protein folding. It is possible that the foregoing 
is associated with epigenetic mechanisms under the influence 
of environmental factors. 

The Arg-X protease system of Ngb and histone blocks of 
supramolecular structures is silent in the suprablocks of the 
total karyogenomic chromatin matrix of winter wheat mature 
germ nuclei during 0h physiological state.However, in the pro-
cess of seed swelling (3h), Arg-X of protease-sensitive zones 
in the linker histone-HI is exposed at the level of the nuclear 
matrix and in the Ngb chromatin of unbroken (Chr-I) with NM.

During the period of morphogenetic processes activation 
in total chromatin suprablocks (6h), Ngb exhibits enhanced 
exposure at the NM, Chr-I, Chr-II level, as well as in the core 
histones H2A + H2B of the nuclear matrix; in contrast to the 
spring variety Artyomovka, where the relatively uniform ex-
posure of Arg-X activity of the H3 + H4 histone core occurs 
only in the Hn nucleoplasm (0h → 3h → 6h). Nucleoplasm 
performs active nuclear-cytoplasmic relations (due to signal-
ing systems entering the nucleus) and is rich in chaperones 
that participate in the assembly of nucleosomes. It is possible 
that the labile chromatin system is the physiological basis of 
functioning in the spring wheat variety. Arg-X manifestation 
of nuclear activity at the NM level is explained by the fact that 
the nuclear matrix is   considered as an active dynamic structure 
that participates in the formation of large enzymatic and regu-
latory complexes controlling the topology and DNA function.

Not only purely cognitive, but also practical results for 
biotechnology are expected from progress in understanding 
morphogenesis. Perhaps the molecular-genetic mechanisms of 

adaptation of winter wheat are associated with the organization 
of the nuclear matrix, where Arg-X and hypersensitive sites 
are formed. Maybe this: LCR – locus control regions. As it is 
known, an organism is an integrated network of biochemical 
processes that are in constant dynamics and change as a result 
of exposure to internal and external conditions. In this regard, 
supramolecular descriptions of morphogenetic processes are 
valuable because they already integrate the interactions of 
many macromolecules and the mechanisms of epigenetic 
regulation.

4. Conclusions
In the present work, it was shown that in the process of 
initiating the growth morphogenesis of the mature wheat 
germs of the spring Artyomovka and the winter derived from 
it, Mironovskaya 808, the mechanisms of spatial-temporal 
reorganization of chromatin structures with the participation 
of the Arg-X proteolysis function. Features of the proteomic 
dynamics of bioheteropolymer structures (nucleoplasm-labile 
chromatin, fragile and strongly bonded with NM, and also NM 
itself) interphase nuclei, in periods G1 (0h → 3h → 6h) of the 
cell cycle phase, revealed a change in the localization of the 
Arg-X zones of proteolytic activity in histones and nonhis-
tones, which may be associated with changes in the density of 
tension and changes in the structure of chromatin and represent 
the epigenetic mechanisms of the karyogenomic system of 
mature wheat germ, derived under conditions of cold stress.
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1. Introduction
The black color of seeds associated with melanins has been 
described in many plant species (Britton, 1983). These pig-
ments are formed by oxidation of phenolic compounds to 
quinones by polyphenol oxidases followed by their polymer-
ization to black high molecular-weight polymers (Nicolas et 
al., 1994). Melanins accumulating in covering grain tissues 
reportedly strengthen seed envelopes and protect in this way 
the developing embryo against mechanical injury, affect-
ing seeds’ longevity and germination rate as well as confer 
an increased resistance on plants under pathogen invasions 
and unfavorable conditions (Rogers, Kreitner 1983; Duran, 
Retamal, 1989; Debeaujon et al., 2002; Downie et al., 2003; 
Loskutov et al., 2016).

In barley (Hordeum vulgare L.), the black-spiked genotypes 
with melanins accumulated in hull and grain pericarp were 
described (Harlan, 1914). The trait is under the control of the 
Blp locus, which was mapped on chromosome 1H (Costa 
et al., 2001). To date, the locus has been narrowed down to 
21 genes, but the candidate gene has not been identified yet 
(Long et al., 2019). 

Black-seeded barleys are considered to be more drought 
and cold tolerant, more vigorous at the early stages of growth, 
more prostrate, taller, earlier in maturity than yellow-seeded 
types (Ceccarelli et al., 1987) as well as more resistant to Fu-
sarium diseases (Choo et al., 2005, 2015). Although the trait 
has agricultural importance, the precise chemical structure of 
plant melanins is far from being clear (Jana, 2014), as well as 
the genes associated with the biosynthesis of black pigments 
are still remain unknown. To determine the specific genes 
for melanin biosynthesis, it is important to fully understand 
features of the trait. 

In the current study, a comparative analysis of near-isogenic 
lines (NILs) carrying different alleles of the Blp locus was 
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Abstract: The black color of seeds is a ubiquitous trait among plants. Black pigments are 
caused by polyphenolic polymeric compounds called melanins. The study of plant melanin 
is hampered because of its complex structure and chemical inertness. At the same time, 
an adaptive role of black pigments in unfavorable environments has been previously 
demonstrated. The aim of the current work was to compare near-isogenic barley lines 
carrying different alleles of the Blp locus controlling accumulation of melanins in the hull 
and grain pericarp under salinity, drought and cadmium toxicity. It was demonstrated 
that the lines did not differ in germination rate while they responded differently to stress 
exposures at the seedling stage. The pronounced decline in root and shoot length in the 
black-spiked line compared with the yellow-spiked one was observed under drought stress 
conditions, while under salinity and cadmium toxicity, slightly increased values of the 
relative shoot length of the black- and yellow-spiked lines were observed, respectively. The 
data obtained demonstrated that neither the Blp gene nor black pigmentation controlled 
by this gene confer any advantages on barley plants at the seedling stage under stress 
conditions tested.
Key words: melanin; grain; seedlings; germination; salinity; drought; cadmium toxicity.

performed to determine role of the Blp locus in grain germi-
nation as well as in the plant response to abiotic stresses at 
the seedlings stage.

2. Materials and methods

2.1 Plant material
The barley NILs i:BwBlp (NGB20470) with the black color 
of seeds and their parental cultivar ‘Bowman’ (NGB22812) 
characterized by uncolored seeds were used in the study. The 
lines were provided by the Nordic Gene Bank (NGB, www.
nordgen.org) and previously genotyped by microsatellite 
markers. The only chromosome segment in 1HL was different 
in the lines (Druka et al. 2011; Shoeva et al., 2016). 

2.2 Germination test
To compare the melanins impact on germination, the seeds 
were placed on filter paper moistened with distilled water and 
kept for 48 h at 4 °C without light to synchronize germina-
tion. Thereafter the seeds were transferred to a RUMED® 
climate chamber (Rubarth Apparate GmbH) at 20 °C and 
12 h light/12 h darkness daily cycle. The start of germination, 
appearance of roots and shoots were observed. The experiment 
was performed in three replicates for each genotype, with one 
hundred seeds per replica. The seeds were harvested after the 
field vegetation season of 2016 and stored for two years at 
room temperature until tested. 

2.3 Stress exposure
The comparative study of the NILs was performed at the 
seedling stage under laboratory conditions modeling salini-
ty, drought and cadmium toxicity. Salt stress was induced 
by NaCl at eight different concentrations varying from 10 
to 150 mM. To model the drought stress, the 15, 20, 30, 
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and 40 % solutions of PEG6000 were used. Six concentra-
tions of CdCl2 varying from 0.3 to 20 mM were used in the 
experiment with cadmium stress. The seeds were placed on 
filter paper moistened with distilled water and kept for 48 h 
at 4 °C without light to synchronize germination. Thereafter 
the seeds were transferred to a RUMED® climate chamber 
at 20 °C and 12 h light/12 h darkness daily cycle. After 24 h, 
the seeds were exposed to the corresponding stress treatment. 
Distilled water was added to the control. The experiment was 
performed in three replicates for each concentration and each 
genotype, with fifteen seeds per replica. The root and shoot 
lengths of each seedling were measured at the fifth day after 
germination. The significance of differences between the 
treated and control samples of the NILs was assessed using 
Student’s t-test, taking p ≤ 0.05 as significant. Changes in root 
and shoot lengths were calculated as follows: length under 
stress condition/length in control*100 %.

3. Results and discussion

3.1 Germination test
We have observed an earlier germination start in the i:BwBlp 
line compared to ‘Bowman’ ( p ≤ 0.05). However, there were 
no significant differences between NILs in root and shoot 
appearance ( p > 0.05), and subsequently differences in ger-
mination rate between the lines were not observed. 

An effect of black pigments on seed germination had been 
reported previously. For instance, although the seed coat 
structure (epidermis, macrosclereid cells, pigmented cells and 
aleurone-like cells) did not differ significantly between red 
and black seeds of wild mustard, the germination of red seeds 
was higher than that of black seeds (Duran, Retamal, 1989). 
Tomato mutants accumulating melanins in testa displayed poor 
germination rates on both water and gibberellin compared 
with the wild-type seeds without the pigments (Downie et 
al., 2003). Although tests for germination rates performed on 
two-year-old grains did not reveal any differences between 
yellow and black grains of barley, the results did not deny 
the possibility that some differences could be detected after 
a longer period of dormancy. A similar germination rate of 
black and yellow grains allows using them in comparative 
studies under stress conditions.

3.2 Stress exposure
Osmotic stress was induced by different concentrations of 
NaCl and PEG6000. From among the concentrations tested, 
the ones that caused a significant reduction in root and shoot 
lengths compared with the control and were low enough to 
reveal differences between the NILs were selected for further 
experiments. The following concentrations were chosen: 50, 
100 and 150 mM NaCl and 20, 30 and 40 % PEG6000.

In the salt stress experiment, we observed that treatment 
by NaCl mostly affected the development of roots rather than 
shoots in both NILs (Figure 1, a). The root length varied from 
40 % to 70 % relative to the control, while the shoot length did 
not fall below 70 % relative to the control. We have revealed 
slight differences between the NILs in shoot length with an 
increased values in the i:BwBlp line at all salt concentrations 
tested, but not in root length.

In contrast to osmotic stress caused by NaCl, PEG treat-
ments affected mostly shoot growth in both NILs rather than 
roots (Figure 1, b). At 30 and 40 % PEG concentrations, the 
shoot length was only 10–30 % of the control, while the root 
length reached about 50 % of the control in both ‘Bowman’ 
and i:BwBlp. Probably, there are different osmotic stress 
responsive mechanisms in the different parts of seedlings. 
A pronounced decline in seedling length in the i:BwBlp line 
compared with ‘Bowman’ was observed at all concentrations 
of PEG6000 tested with more drastic differences at 20 % and 
30 % PEG, while under 40% they were not so strong.

To test the involvement of the Blp locus in cadmium stress 
resistance, 0.3 and 0.5 mM CdCl2 solutions were selected 
from among all the concentrations tested. Cadmium, similar 

Figure 1. Changes in shoot and root length of ‘Bowman’ and i;BwBlp 
(BLP) line under salinity (a), drought (b) and cadmium (c) relative to the 
control (%).
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to NaCl, mostly affected root length rather than shoots under 
the same treatment conditions (Figure 1, c). We observed a 
slight increment in relative root and shoot length in ‘Bowman’ 
compared to i:BwBlp. However, there were no significant 
differences between the NILs in absolute values.

The pigments present in seed envelopes can reportedly 
grant some advantages to plants under stress conditions. For 
instance, in comparative studies of the wheat NILs developed 
for grain anthocyanin pigmentation, it was demonstrated that 
at the seedling stage anthocyanins present in wheat grain 
positively affected roots elongation under drought conditions 
in comparison with non-pigmented line (Shoeva et al., 2017). 
The data obtained here demonstrated that neither the Blp 
gene nor black pigmentation controlled by this gene confer 
any advantages on barley plants at the seedling stage under 
stress conditions tested. Moreover, a pronounced decline in 
seedling length in the black-spiked line compared with the 
yellow-spiked one under PEG treatment was detected. Simi-
lar, susceptibility to water deficiency during germination and 
emergence was observed in Iraqi local barley cultivar ‘Black’ 
compared to yellow-grained cultivars, but it developed resis-
tance during vegetation growth and yield formation (Yassen, 
Al-Omary, 1994). The data allows assuming the presence of 
a gene linked to Blp conferring drought resistance on ‘Bow-
man’ plants as well as Iraqi local barley cultivar mentioned.

4. Conclusions
Substances present in grain tissue not only can affect their 
germination but can also confer increased resistance under 
biotic and abiotic stress conditions. Using a precise genetic 
model of near-isogenic lines, we did not detect any significant 
positive effect of the dominant allele of the Blp gene on barley 
seedling growth or development under salinity, drought and 
heavy metal toxicity. These findings allow us to suggest that 
the Blp locus affects specifically the pigmentation of barley 
spike, while it has no effect on plant development at the seed-
ling stage even under stress conditions. This feature of the Blp 
locus should be taken into account in further studies aimed at 
revealing a potential candidate gene for Blp.
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1. Introduction
Genetic erosion of plants leads to a reduction in the number 
of cultivars and, therefore, to a decrease in the productivity of 
agrocenoses in changing environmental conditions (Aleksan-
yan, 2007; Mark van de Wouw, 2009). In this regard, the key 
role is given to the genetic diversity of plants, for widening of 
which creation of induced mutants are promising in breeding 
programs. Cultivars increase biodiversity, provide the source 
material for selection, which contributes to the conservation 
and an efficient use of plant genetic resources. The use of 
induced mutants in selection programs led to the creation of 
3222 cultivars of 170 plant species in more than 60 countries 
of the world (FAO, 2015). High results were achieved using 
well-known chemical mutagens (DMS, HMM, HEM, EI, 
etc.). The significance of research in this area considerably 
increases with the induction of mutations by means of a new 
or an insufficiently studied mutagenic factor. This is especially 
important for the northern regions characterized by harsh (of-
ten extreme) soil and climatic conditions and limited resources 
of cultivated plant species.

The aim of our research is to develop the scientific basis 
for the use of the Phosphemidum chemical mutagen in the 
treatment of barley (Hordeum vulgare L.) and flax (Linum 
usitatissimum L.) seeds.

2. Materials and methods
The objects of the study are three barley samples: Zernograd-
sky 813 (k-30453, Russia, var. erectum), Dz02-129 (k-22934, 
Ethiopia, var. nigripallidum), C.I. 10995 (k-30630, Peru, 
var. sinicum), and three varieties of flax: Yarok (k-8282, 
Belarus), Ottava 770 B See (k-4035, Canada), Velizhzhsky 
Kriazh (k- 5398, Russia), differing in origin, morphological 
characters and biological properties. Dry seeds were treated 
with an aqueous solution of Phosphemidum (diethylenimide 
2-amidopyrimidyl phosphoric acid) at the following concen-

Abstract: The effectiveness of barley and flax seed treatment with the chemical mutagen 
Phosphemidum has been studied for sensitivity in the first generation (M1) and for the 
mutability in the second (M2) and third generations (M3). Optimal concentrations of the 
mutagen for treatment of barley (0.002, 0.01 %) and flax (0.005, 0.01 %) seeds for obtaining 
mutant populations were determined. The change in chlorophyll content in leaves 
measured by a SPAD 502 optical meter (Minolta Camera Co., Ltd., Tokyo, Japan) during 
different phenological phases was the informative criterion for evaluating the response of 
the species studied to the effect of the mutagenic factor. It has been shown that chlorophyll 
accumulation in the leaves of plants in the control and experimental variants is similar and 
continues until the stage of milky ripeness in barley and flowering phase in flax. Chlorophyll 
degradation is accelerated by Phosphemidum.
Key words: barley; flax; mutant population; mutagen concentration; sensitivity; mutability.
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trations: barley, 0.002 % (2·10–3 М) and 0.01 % (1·10–2 М); flax, 
0.005 % (5·10–3 М), 0.01 % (1·10–2 М) and 0.1 % (1·10–1 М), 
with exposure for 3 hours. Then the seeds were washed in 
running tap water for 40 minutes (Weisfeld, 2010, 2016). 
300 seeds of each barley sample and 200 seeds of each flax 
sample were treated by the mutagen. Seeds kept in distilled 
water were used as the control. Sowing in the field to obtain 
the first generation (M1) was carried out in blocks for each 
variant of seeds in four repeats. M1 plants were harvested 
individually. Sowing of the second generation (M2) was 
carried out by families (the offspring of inflorescences from 
M1 plants). The modified forms according to morphological 
characters and biological properties were selected from the 
control and mutagen-treated populations by means of visual 
observations and descriptions of M2 plants during the grow-
ing season. In the third generation (M3), seeds collected from 
plants with phenotypic deviations from the initial sample in 
M2 were sown by families, and the percentage of families, 
in which the altered character was inherited, was calculated.

Statistical processing of experimental data was performed 
using STATGRAPHICS, STATISTICA 7 (StatSoft) software. 
The standard error of means (Sx) and the significance of dif-
ferences according to Student’s criterion were calculated. The 
“box-whiskers” diagrams were constructed according to the 
method of John Tukey (Field et al., 2012).

3. Results and discussion
The effectiveness of the mutagenic factor was determined 
according to the sensitivity of barley and flax to the effects of 
Phosphemidum in seed treatment in the first generation (M1), 
the mutation frequency and spectrum in the second (M2) and 
third (M3) mutant generations in controlled laboratory condi-
tions (thermostat, climate chamber, vegetation shelves) and 
in the field experiment. Although new molecular methods for 
detecting mutant forms have been developed (e. g., the TILL-
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ING method) (Till et al., 2003, 2006), a prerequisite for their 
use is the presence of a mutant population, the size of which 
depends on the type of mutagen, its concentration, time and 
conditions of explant treatment.

The analysis of field germination of seeds and plant survival 
of barley and flax of the M1 generation allowed us to determine 
the concentrations of Phosphemidum optimal for the growth 
and development of barley (C.I. 10995), 0.002 and 0.01 %, 
and of flax (Yarok, Velizhzhsky Kriazh), 0.005 and 0.01 %. 
Semi-lethal concentrations include: 0.01 % for barley samples 
(Dz02-129, Zernogradsky 813) and 0.1 % for flax varieties 
(Ottava 770 B See), since seed germination after treatment 
with Phosphemidum was below 50 %.

The physiological status of seeds and the variability of plant 
morphometric parameters in ontogenesis are found to be the 
informative criteria. The express diagnostics of chlorophyll 
content in the leaves of plants at different stages of ontogenesis 
was tested. Based on the readings of the SPAD 502 chlorophyll 
optical counter (Minolta Camera Co., Ltd., Tokyo, Japan), 
significant differences were found in the accumulation and 
degradation of chlorophyll in the control and variants with 
Phosphemidum (Figure 1).

Positive correlations of chlorophyll content in leaves with 
other selection-valuable characters (plant height, leaf area, 
yield, biological properties of seeds) provide more complete 
information about the interaction of the factors ‘genotype’ 
and ‘environment’ and their contribution to the overall 
phenotypic variability. The genetic activity of a mutagen is 
determined by the frequency and spectrum of mutations. In 
our study, mutational changes that occur under the effect of 

Phosphemidum were diverse in their display and affected the 
stem, leaves, ear, physiological parameters of plant growth and 
development; system mutations were encountered as well. In 
the studied species, induction of plants with early ripening, 
large inflorescence, and an increase in the length of the stem 
were most frequently observed. The specificity of mutational 
changes was noticed. For example, only in barley sample C.I. 
10995 the mutagen treatment led to the emergence of a new 
variety. In variants with a mutagen concentration of 0.01 %, 
stunted forms of plants with high resistance to lodging were 
obtained (9 points). In flax cultivars in variants with the 
mutagen, plants with a stem mass substantially exceeding 
the control were found. Using Phosphemidum allowed us to 
obtain plant forms with an increased number of seeds in a cap-
sule. We consider mutational changes in the color of flowers 
(from white to shades of pink and blue), the seed coat (from 
yellow with different shades to dark brown), the shape and 
degree of opening of the box as a promising starting material 
for flax selection.

4. Conclusion
Reducing plant genetic diversity decreases the possibilities 
of the population supply with a variety of high-quality food 
products (McCouch et al., 2013). Therefore, the identifica-
tion of new resources to increase the genetic diversity of 
cultivated plants and reduce their vulnerability to changing 
environmental conditions is extremely important. It is evident 
that the further development of mutation selection is largely 
determined by the search for new mutagens and the develop-
ment of the technology for their application in plants. The 

Figure1. Accumulation and degradation of chlorophyll in barley (A) and flax (B) leaves in control and mutant populations.
Stages of barley plant development: 1, tillering; 2, stem elongation; 3, milky ripeness; 4, wax ripeness; 5, full ripeness. 
a, control; b, 0.002 %; c, 0.01 %.
Stages of flax plant development: 1, germs; 2, start of leaf spiral; 3, quick growth; 4, budding; 5, flowering; 6, green ripening.
a, control; b, 0.005 %; c, 0.01%; d, 0.1%. 
Notation: “─”, arithmetic mean; “□” is the standard error, ±; “˩” is the minimum value of the attribute (min); “˥” is the maximum value of the attribute (max). 
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task of selecting the optimal concentrations of the mutagen 
solution, providing the maximum possible yield of mutant 
forms with selection-valuable characters remains difficult to 
solve. The damaging action of the mutagen, leading to loss 
of seed viability, death of seedlings or mature plants, is often 
the obstacle to solve this task. This may be due to differences 
in the chromosome set (Hordeum vulgare L., 2n = 14; Linum 
usitatissimum L., 2n = 30), which should be taken into account 
in experimental studies.

Phosphemidum contains two Ethyleneimine groups, and is 
a derivative of Ethyleneimine, a known and widely used mu-
tagen. Our results suggest that Phosphemidum is an effective 
chemical mutagen for producing plants with new or improved 
characters (Bome et al., 2017; Korolyov, Bome, 2018; Ko-
rolyov et al., 2019). The created mutant forms are a valuable 
source material for selection and genetic programs and for 
enriching the genetic diversity of agricultural plants. Identi-
fication of barley sample C.I. 10995 plants with a complex of 
new morphological characters that determine their belonging 
to another variety, the breadth of variation in flower color and 
the structure of the capsule in flax confirm the hypothesis by 
I.A. Rapoport (1993) on a high efficiency of chemical muta-
gens, especially alkylation compounds (Ethyleneimine and its 
derivatives), in the creation of rare mutations. 
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Functional characterization of drought resistance  
in peach (Prunus petsica (L.) Batsch) cultivars damaged  
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Abstract: The article presents a comparative analysis of resistance to air and soil drought 
on the South Сoast of the Crimea in healthy Prunus persica (L.) Batsch plants and ones 
infected with Plum pox virus. The degree of damage to tree crowns varied from 10 % to 
80 %. Structural differences in virus-free and infected plants were revealed: a decrease in leaf 
thickness and palisade index, the formation of large intercellular spaces in spongy tissue, 
necrotization in palisade chlorenchyma and a greater number of crystalline inclusions in the 
cell cytoplasm. Under optimal conditions, the cultivars with the water-holding capacity of 
leaf tissues changing at infection were determined. The summer drought caused a decrease 
in the total water content in the leaf tissues; the total water content in asymptomatic plants 
was 59–70  %; in those affected, it decreased to 55 %, while the water deficit increased 
to 31 %. Thus, PPV damages significantly reduced plant resistance to abiotic stress of the 
summer period in the cultivars ‘Karnavalniy’, ‘Pushistiy Ranniy’, ‘Demerdzhinskiy’.
Key words: drought tolerance; Prunus persica L.; Sharka disease; virus resistance; peach.

1. Introduction
Peach is one of the economically most valuable fruits, the 
world production of which is more than 24 tons per year. A ma-
jor with growing Prunus L. cultivars is that they are damaged 
by Sharka disease (Plum pox virus, PPV) (Mitrofanova et al., 
2000; Garcia and Cambra, 2007; Chirkov and Prikhod’ko, 
2015; Mitrofanova et al., 2017; Shevchenko et al., 2017). The 
infected plants were characterized by disturbed metabolic and 
growth processes that affected their fruiting (Mitrofanova et 
al., 2014; Brailko et al., 2015; Buntsevich et al., 2016). PPV-
infected plants were more affected by adverse environmental 
conditions. The disease was a cause of yield losses of up to 
85–100 % due to fruit quality deterioration and their premature 
fall (Mitrofanova et al., 2014; Clente-Moreno et al., 2015).

The aim of our study was to identify structural and phy-
siological changes in the peach leaf tissues under PPV in-
fection. To achieve the goal, histological and physiological 
analyses of the leaf blades from healthy and damaged peach 
trees in the open-field collection of the Nikita Botanical 
Gardens – National Scientific Center (NBG-NSC) were 
performed.

2. Materials and methods
Twelve peach cultivars were studied: ‘Demerdzhinskiy’, 
‘Krymskiy Shedevr’, ‘Lakomiy’, ‘Mechta’, ‘Podarok Ne-
veste’, ‘Pushistiy Ranniy’, ‘Strelets’, ‘Karnavalniy’ (NBG-
NSC breeding), ‘Ambergold’, ‘Dixired’, ‘Tulip’, ‘Cardinal’ 
(introduced cultivars). The particular value of these genotypes 
is in their early maturity (fruits of the cultivars ‘Krymskiy 
Shedevr’, ‘Podarok Neveste’ ripen in the second decade of 
July), their better transportability (‘Cardinal’), high flavour 
qualities (‘Demerdzhinskiy’, ‘Lakomiy’) and frost resis-
tance (characteristic of the cultivars ‘Demerdzhinskiy’ and 
‘Pushistiy Ranniy’). Anatomical studies were performed on 

temporary slides (Pausheva, 1990), which were analyzed 
using an AxioScope A.1 microscope (Zeiss, Germany) and 
AxioVisionRel 4.8.2. software. Micrographs were taken with 
an Axio CamERc5s digital camera.

Changes in the water regime were assessed by the follow-
ing parameters: total water content, water deficiency, water-
holding capacity of leaf tissues (Lishchuk, 1991).

Statistical analysis of the data was made with STATIS-
TICA 6.0.

3. Results and discussion
Due to the monitoring of peach collection plots, cultivars 
and hybrid forms with Sharka disease (PPV) symptoms were 
identified. On the leaf blades of the damaged plants, patterns 
of narrow, blurred stripes were observed, more rarely light-
yellow or yellow rings, which were clearly visible in the light. 
Among the symptoms, wrinkled leaves should also be noted. 
The degrees of tree crown damage were different: less than 
10 % leaf damage was observed in ‘Podarok Neveste’; from 
10 to 40 %, in ‘Demerdzhinskiy’, ‘Strelets’, ‘Karnavalniy’, 
‘Krymskiy Shedevr’, ‘Dixired’, ‘Ambergold’, ‘Tulip’, and 
‘Cardinal’; and from 40 to 80 % of leaves were infected in 
‘Lakomiy’, ‘Pushistiy Ranniy’, and ‘Mechta’. During fruit 
ripening, color necrotic spots appeared on the leaves.

The leaf blades of these cultivars have a complex of com-
mon anatomical and morphological characteristics which are 
typical of the peach culture in general (Sokolova, Schoferistov, 
1991). The leaves are bifacial, hypostomatic, their thickness is 
from 145 to 192 µm (Figure 1, b), covered with a thick cuticle 
on both adaxial and abaxial surfaces (cuticle thickness from 6 
to 18 µm). The mesophyll is dense, consisting of 5–8 layers, 
sometimes isopalisade. The leaf petiole on the cross section 
has a rounded-triangular shape; the vascular bundle is collat-
eral closed, has the shape of a regular arc (Figure 1, a). The 
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epidermis is one cell layer thick; cell thickness is 31–48 μm 
on the adaxial side and 12–16 μm on the abaxial side. In terms 
of form, they are 5–7 angular, large on the adaxial leaf surface 
and small, elongated on the abaxial one (Figure 1, c, d). The 
stomatal apparatus of the anomocytic type, their number var-
ies from 73 to 192 stomata/mm2. The length of the stomatal 
pore is 25–32 µm.

The leaf blades of the damaged trees had a number of struc-
tural differences, compared with asymptomatic ones (see Fi-
gure 2, a, b), such as: a decrease in leaf thickness (by 8–12 %, 
noted in ‘Lakomiy’ and ‘Krymskiy Shedevr’); a decrease in 
palisade index (in ‘Lakomiy’), large intercellular spaces ap-
peared in the spongy tissue; in most of the damaged leaves, 
no matter what cultivar, chloroplasts destruction began in the 
mesophyll layers adjacent to cover tissues and further through 
the mesophyll; necrosis began in palisade chlorenchyma; in 
the cell cytoplasm, a number of crystalline inclusions (calcium 
oxalate druses) significantly increased; the number of stomata 
in PPV-infected leaves significantly increased (1.2-2-fold) 
in ‘Tulip’ and ‘Podarok Neveste’. Many authors who have 
studied the anatomical structure of leaves in various fruit 
crops note that drought-resistant plants are characterized by 
an isolateral small cell structure with tightly closed mesophyll 
cells (Sokolova, Shoferistov, 1991; Golubkova, 2014) Thus, 
the structural changes revealed can reduce the xerophytic 
properties of peach leaves in damaged cultivars.

Some authors (Elmanova, Opanasenko, 2010; Smykov et 
al., 2013; Drahavtseva et al., 2014) noticed a high drought 
tolerance of peach trees. In order to determine its degree, we 
assessed the water regime during the conditionally optimal 
and extreme vegetation periods of 2017 and 2018 (the weather 
conditions in summer 2017 did not have significant differences 
from the average long-term meteorological data, while in 2018 
there were two peaks of hydrothermal stress: the maximum air 
temperature was 34 °С, relative humidity decreased to 23 %, 
the non-rainfall period before sampling lasted from 21 to 26 
days during the extreme period). In optimal moisture condi-

tions, the leaves were characterized with high water content 
(69–76 %). It should be noted that the value of the total water 
content in the leaves in May-June correlated with the amount 
of precipitation (r = 0.41 ... 0.52). Water deficit at that time 
ranged from 4 % (‘Podarok Neveste’, ‘Krymskiy Shedevr’, 
‘Ambergold’) to 15 % (damaged leaves in ‘Karnavalniy’, 
‘Mechta’). With the presented cultivar difference, in the op-
timal conditions of the growing season beginning, cultivars 
demonstrated changes in water regime when infection were 
revealed: ‘Mechta’, ‘Pushistiy Ranniy’, ‘Cardinal’. Their 
water holding capacity decreased by 18–30 % compared to 
asymptomatic leaves. Summer drought resulted in a decrease 
in the total water content in the leaf tissues; in asymptomatic 
plants, the water content was 59–70 %; in those affected, it 
decreased to 55 % (‘Karnavalniy’, ‘Pushistiy Ranniy’, ‘Am-
bergold’). A direct correlation of water content with relative 
air humidity (r = 0.59 ... 0.83) was noted. Water deficit was 
12–26 % in healthy plants and 20–31 % in affected ones (the 
maximum was in ‘Karnavalniy’, ‘Ambergold’ and ‘Cardi-
nal’). The correlation of water deficiency with average daily 
air temperature (r = 0.59 ... 0.78) and relative air humidity 
(r = –0.47 ... –0.71) was revealed. In the infected plants of the 
cultivars ‘Mechta’, ‘Karnavalniy’, ‘Ambergold’ and ‘Cardinal’ 
sublethal water deficit was reached.

4. Conclusions
Thus, our research demonstrated that high drought tolerance 
is generally characteristic of the cultivars ‘Krymskiy She-
devr’, ‘Dixired’, ‘Tulip’ and ‘Podarok Neveste’. PPV damage 
resulted in structural and functional changes that reduce resis-
tance to abiotic stress (drought) in the cultivars ‘Karnavalniy’, 
‘Pushistiy Ranniy’ and ‘Demerdzhinskiy’.
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1. Introduction
The growing season duration for potato plants is one of the key 
criteria for their regionalization in a certain climate zone. For 
the Siberian region characterized by a short summer season, 
early-maturing varieties are most preferred. However, the 
increase in saline areas sets priority on salt tolerance varieties. 
Salinization negatively affects the implementation of many 
physiological processes in plants, largely due to the generation 
of reactive oxygen species and the development of oxidative 
stress, which leads to disruption of the photosynthetic appa-
ratus, a decrease in the intensity of photosynthesis and, as a 
consequence, a decrease in the productivity of plants; induc-
tion of aging or premature death of the plant. In response to 
the oxidative stress progress and metabolic disturbances, the 
plant responds by activating the cellular antioxidant system, 
which includes antioxidant enzymes (catalases, peroxidases, 
superoxide dismutases (SOD), etc.) and low-molecular-weight 
organic compounds with antioxidant properties (proline, phe-
nolic compounds, carotenoids). In this article, the functioning 
of the antioxidant system for early- and mid-season varieties 
potato plants based on the proline content and antioxidant 
enzymes activity was studied. Also, gene expression levels of 
the enzymatic (APX1, APX3) and the non-enzymatic (P5CS1, 
P5CR, PDH) plant protection systems under chloride salinity 
were discussed. 

2. Materials and methods
The study was carried out on Solanum tuberosum L. plants 
of the early-season cv. ‘Zhukovsky’ and the mid-season cv. 
‘Lugovskoy’. Virus-free in vitro potato regenerants were cul-
tivated for 21 days on the half-strength Murashige and Skoog 
(½ MS) agar medium, after that the roots of the plants were 
washed from the agar medium and grown for three weeks on 
a ½ MS liquid medium. To model salt stress, the plants were 
transferred for 7 days to ½ MS with the addition of 100 mM 
NaCl. Half-strength MS medium without NaCl was used as 
a reference. Evaluation of physiological characteristics was 
performed according to the methods described previously 
(Efimova et al., 2018). Total RNA from leaf tissue was iso-

Abstract: The mechanisms of potato (Solanum tuberosum L.) plants’ tolerance to chloride 
salinity were investigated in the early-season cv. ‘Zhukovsky’ and the mid-season cv. 
‘Lugovskoy’. At an age of 6 weeks, the plants were exposed to 100 mM NaCl stress for 7 days. 
Plant response to salt stress was estimated by physiological parameters (content of proline 
and activity of antioxidant enzymes) and the gene expression level for enzymatic and non-
enzymatic antioxidant system. Early- and mid-ripening varieties of potato, in response to 
potato salinity, have differences in activity of guaiacol-dependent peroxidase, levels of 
gene expression of ascorbate peroxidase, and also accumulate toxic ions in leaves and 
roots, which has for the first time been shown in this study.
Key words: Solanum tuberosum L.; salt tolerance; antioxidant system.

lated using Manickavelu`s method (Manickavelu et al., 2007). 
Cyclofilin and elongation factor 1-α were used as reference 
genes. Le vels of gene transcript contents were determined by 
real-time PCR (SYBRGreen I dye) using the LightCycler 96 
System (Roche, Switzerland).

Our experiments were carried out in three biological repli-
cates. The figures present the mean values and their standard 
errors (SE). The means were compared using ANOVA on 
Ranks (Kruskal-Wallis criterion). 

3. Results and discussion
Plant adaptation to a disturbance of water status and a toxic 
effect of salinity mostly depends on compatible osmolytes 
acting as chemical chaperones. We revealed that accumulation 
of the universal compatible osmolyte proline in potato plants 
is species specific. Figure 1a shows that the content of this 
osmoprotector in the leaves ‘Zhukovsky’ is two times higher 
than in ‘Lugovskoy’. 

In response to salinity (100 мМ NaCl), plants showed a 
six- and sevenfold increase in proline content in the leaves of 
the early- and the mid-season variety, respectively.

To determine the mechanisms of proline accumulation in 
the leaves of plants, the expression of genes for proline syn-
thesis (P5CS1 and P5CR) and proline degradation (PDH) was 
analyzed (Figure 1, b, c, d ). In the absence of a stressor, the 
level of transcripts for proline synthesis genes was the same 
for both varieties, while the level of PDH gene expression in 
‘Zhukovsky’ was two times higher than in ‘Lugovskoy’. The 
variability of proline metabolism transcription genes under 
salinity was noted. ‘Zhukovsky’ plants responded to the 
stressor by inhibiting proline synthesis gene expression, while 
in ‘Lugovskoy’, an increase in P5CS1 and PDH expression 
was observed (see Figure 1, b, c, d ). 

To reduce the negative effects of oxidative stress triggered 
by NaCl, the enzymatic antioxidant defense systems in plants 
can be activated. The superoxide radical is known to be a pri-
mary product of one-electron reduction of molecular oxygen 
and a precursor of other, frequently more aggressive ROS. 
Therefore, superoxide dismutase-catalyzed conversion of 
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Figure 1. Effect of 100 mM NaCl on proline content (а) and transcript levels of P5CS1 (b), P5CR (c) and PDH (d) genes in 
S. tuberosum leaves. Letters indicate significant differences (p < 0.05) between the experiment variants.

Figure 2. Effect of 100 mM NaCl on superoxide dismutase (a) and peroxidase activity (b), transcript levels of APX1 (c) and 
APX3 (d) in S. tuberosum leaves. Letters indicate significant differences (p < 0.05) between the experiment variants.

O.K. Murgan et al. Response of the antioxidant system of two varieties of potatoes to salt stress.
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O2
– into H2O2 plays a key role in plant cell protection against 

oxidative destruction (Kartashov et al., 2008). 
Guaiacol-dependent peroxidase catalyses the conversion 

of hydrogen peroxide into water. The activity of superoxide 
dismutase and peroxidase in the leaves of plants of the early- 
and the mid-season potato variety was evaluated (Figure 2, 
a, b). It has been shown that, under optimal conditions, 
‘Zhukovsky’ had higher SOD activity and lower peroxidase 
activity compared with ‘Lugovskoy’. During salinity, SOD 
and peroxidase activity increased 1.8 and 1.3 times, respec-
tively, in ‘Lugovskoy’ leaves; while the plants of the early-
ripening variety responded to stress by a 1.5-fold increase in 
SOD activity and a 1.4-fold decrease in peroxidase activity 
(see Figure 2, a, b). 

An important role in the regulation of the level of hydro-
gen peroxide in plant cells is played by ascorbate peroxidase 
(APX), which catalyzes the conversion of hydrogen peroxide 
into water with the participation of ascorbic acid. Ascorbic acid 
is dehydrolized to dehydroascorbate and acts as a substrate 
of reactions involving guaiacol-dependent peroxidase (Yang 
et al., 2018). We studied the expression level of the cyto-
solic ascorbate peroxidase gene APX1 and the peroxisomal 
ascorbate peroxidase gene APX3 (see Figure 2, c, d ). The 
transcript level of the two APX genes was 1.5-1.9 times higher 
in ‘Zhukovsky’ than ‘Lugovskoy’ leaves. Transcript levels of 
the APX1 and APX3 genes in ‘Zhukovsky’ in stress condition 
decreased 1.6-2.6 times compared to the control variant, while 
‘Lugovskoy’ plants kept the transcript levels for both genes 
at the control level (see Figure 2, c, d ). Assay of the weight 
content of sodium and chlorine ions during salinization by 
the method of energy dispersive analysis on the Quanta 200 
3D EDAX scanning electron microscope (Netherlands) 
showed that the mid-ripening potato variety ‘Lugovskoy’ 
response to NaCl was characterized by a smaller accumula-
tion of toxic sodium and chlorine ions in the leaves and roots 
than the ‘Zhukovsky’ response, which indicates a higher salt 
tolerance of the mid-ripening variety (data not shown).

4. Conclusions
For the first time, the causes of potato plant resistance to 
NaCl action for the varieties analyzed were identified and a 
detailed comparison of the functioning of the protective sys-
tems of potato plants depending on the maturation period was  
made. We have shown that, in the case of chloride saliniza-

tion, the early- and middle-ripening varieties regulated the 
functioning of the antioxidant system of plants by different 
ways. Thus, the early-ripening variety ‘Zhukovsky’ under 
the action of NaCl accumulates proline in the leaves and in-
creases the activity of superoxide dismutase; at the same time, 
peroxidase activity decreases and the levels of the APX1 and 
APX3 genes are reduced. ‘Lugovskoy’ plants respond to the 
action of the stressor by a greater accumulation of proline, an 
increase in SOD and guaiacol-dependent peroxidase activi-
ties. It is considered that the activity of guaiacol-dependent 
peroxidase was to a much greater degree correlated with the 
plant capability of adaptation than proline accumulation and 
SOD activity (Kartashov et al., 2008). These data indicate a 
higher antioxidant activity for ‘Lugovskoy’ plants. In addition, 
plants of this variety accumulate less toxic ions of sodium and 
chlorine in the leaves and roots under stress condition than 
‘Zhukovsky’ plants. The high salt tolerance of ‘Lugovskoy’ 
plants can be caused not only by increased antioxidant activ-
ity, but also by the reduced salt-absorbing capacity of root 
cells, as well as by controlled selective transport of ions to 
the aboveground organs.

References
Efimova M.V., Kolomeichuk L.V., Boyko E.V., Malofii M.K., Vider-

shpun A.N., Plusnin I.N., Golovatskaya, I.F., Murgan O.K., Kuz-
netsov V.V. Physiological Mechanisms of Solanum tuberosum L. 
Plants’ Tolerance to Chloride Salinity. Russian J Plant Physiol. 
2018;65(3):394–403. DOI 10.1134/S1021443718030020.

Manickavelu A. et al. Colloids and Surfaces B: Biointerfaces. 2007; 
54:254–258.

Nicot N., Hausman J.F., Hoffmann L., Evers D. Housekeeping gene 
selection for real-time RT-PCR normalization in potato during bio-
tic and abiotic stress. J Experimental Bot. 2005;56(42):2907–2914. 
https://doi.org/10.1093/jxb/eri285. 

Kartashov A.V., Radyukina N.L., Ivanov Yu.V., Pashkovskii P.P., 
Shevyakova N.I., Kuznetsov V.V. Role of antioxidant systems in 
wild plant adaptation to salt stress. Russian Journal of Plant Phy-
siology. 2008;55(4):463-468. DOI 10.1134/S1021443708040055.

Yang Y., Guo Y. Elucidating the molecular mechanisms mediating 
plant salt-stress responses. New Phytol. 2018;217(2):523–539.DOI 
10.1111/nph.14920

Acknowledgements. The work is supported by the granting program 
of Russian Foundation for Basic Research project No.  17-54-61017- 
Egypt_a.

Conflict of interest. The authors declare no conflict of interest.

O.K. Murgan et al. Response of the antioxidant system of two varieties of potatoes to salt stress.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;98–100



101

Mechanism of plant adaptation to changing illumination 
by rearrangements of their photosynthetic apparatus
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Abstract: In this review, the mechanism and the physiology of the state transition process 
are overviewed. This mechanism allows plants to adapt their photosynthetic apparatus 
to changes in light conditions. State transitions are possible due to the specific structure 
of the photosystem II external light-harvesting antenna, which is able to move between 
photosystems II and I. As a result, the electron flow rate in the electron-transport chain 
of chloroplasts changes. The structure of photosystems II and I and the composition of 
photosystem II supercomplexes are described.
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DOI 10.18699/ICG-PlantGen2019-32

© Autors, 2019

* e-mail: anvad.irk@rambler.ru

1. Introduction
Light is the most important environmental factor for photo-
synthetic organisms. This is a variable and unstable factor. 
For this reason, plants have developed appropriate adaptation 
mechanisms. There are short-term and long-term responses 
occurring in plants under shifts of illuminance quality and 
intensity (Dietzel et al., 2008). Short-term responses (a few 
seconds or minutes) induce lumen protonation and phos-
phorylation of various chloroplast proteins. These responses 
lead to non-photochemical quenching and the state transitions 
process. Long-term responses emerge after relatively long 
periods of time (hours or days, or during seasonal changes) 
and lead to sustainable changes in the content of chloroplast 
components (chlorophyll a/b ratio, photosystem proteins and 
light-harvesting complexes) through changes in the expression 
of the corresponding genes (Dietzel et al., 2015).

Light reactions in plant chloroplasts are provided by four 
major complexes located in the thylakoid membrane: pho-
tosystem I (PSI), photosystem II (PSII), cytb6/f complex 
and ATP synthase. The understanding of the state transition 
mechanism is related to the study of the structure of the ex-
ternal antenna of PSII, which is represented by proteins of 
light-harvesting complex II (LHCII). A part of the external 
PSII antenna is mobile and can move between two photosys-
tems. This mobility is the basis of the state transitions process. 
Thus, the state transitions process is one of ways to adapt to 
light fluctuations (Caffarri et al., 2015). 

2. Structure of photosystems in plants
PSII is mostly located in grana stacks, whereas PSI is located 
in stroma lamellae (Albertsson, 2001; Dekker, Boekema, 
2005). Both photosystems have similar structures and consist 
of two parts, a core protein complex and a light-harvesting 
antenna (light-harvesting complex I (LHCI) for PSI and light-
harvesting complex II (LHCII) for PSII, respectively). The 
core complex is mostly represented by conservative proteins, 
which are largely similar in prokaryotes and eukaryotes except 
for small differences – the sites of photochemical reactions. In 
contrast, the structure of light-harvesting antennas (especially 
external antennas) in different photosynthetic organisms is not 

the same. External antenna proteins are responsible for light 
absorption and regulation of the photosynthetic processes 
(Horton et al., 1996).

The reaction center (RC) of PSII is a heterodimer, composed 
of the PsbA (D1), PsbD (D2) proteins and associated with 6 
chlorophyll a and two pheophytins (Umena et al., 2011). There 
are many small protein subunits of the Psb family, which are 
associated with the RC. The core proteins of PSII are linked 
to the internal antenna (represented by the CP47 (PsbB) and 
CP43 (PsbC) proteins, which are associated with 16 and 13 
chlorophyll a molecules, respectively) and a number of small 
subunits (Shi et al., 2012). The association of the PsbA, PsbD, 
PsbB and PsbC proteins in higher plants is called the Core 
of PSII (C). This core is connected with a system of external 
antennas, which consists of light-harvesting complex proteins 
associated with chlorophylls a/b and are represented by the 
Lhcb1-6 subunits. This external antenna complex consists of 
trimers of Lhcb1-3 subunits, which are associated with the 
core complex by the minor subunits of Lhcb4-6 (Gao et al., 
2018). The union of the core with the external LHC antenna 
is called the ‘PSII supercomplex’. 

It should be noted that the qualitative composition of the 
PSII supercomplex is not constant, and depends on the light-
harvesting antenna size. The PSII supercomplex includes C 
and strongly (S), moderately (M) and loosely (L) bound LHCII 
trimers. LHCII-S connection is provided by association of 
LHCII proteins with PsbC and Lhcb5; LHCII-M connec-
tion, by the Lhcb6 and Lhcb4 proteins, which are located on 
a part of the PsbB protein. There are different variations of 
supercomplexes formed in thylakoid membranes (C2S, C2M, 
C2S2, C2SM, C2S2M, C2S2M2 and the C2S2M2L2 megacomplex) 
(Nosek et al., 2017). C2S is the smallest supercomplex, which 
contains the core dimer of PSII, the Lhcb4 and Lhcb5 proteins 
and one LHCII trimer (Rantala et al., 2017). С2Ѕ2М2 is the most 
common type of supercomplexes. In addition, the formation 
of C and CS complexes was also observed (Bielcznski et al., 
2016). It was established that the external antenna of LHCII 
can migrate in the thylakoid membrane.

PSI consists of about 15 subunits. The RC of PSI is repre-
sented by the PsaA and PsaB proteins. The external antenna 
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of PSI consists of four Lhca1-4 proteins, each of which is 
associated with ~100 molecules of chlorophylls a/b and xan-
thophylls. The proteins of the external antenna extend around 
the RC of PSI. The structure of PSI included minor proteins 
(PsaC, PsaD, PsaE, PsaG, PsaK, PsaO, PsaH), which are 
involved in the docking with plastocyanine and ferredoxin, 
and also stabilize the LHCI antenna and the formation of a 
binding site with the LHCII protein. It is believed that the 
external antenna of LHCI is not able to move in the thylakoid 
membrane. In addition, PSI can be associated with the NADH 
dehydrogenase-like complex (NDH) resulting in the formation 
of a specific supercomplex involved in the cyclic electron flow 
(Yadav et al., 2017).

3. The mechanism of state transitions
State transitions is a mechanism of an absorbed light ener gy 
redistribution between two photosystems based on the revers-
ible movement of LHCII trimers from PSII to PSI (Gold-
schmidt-Clermont, Bassi, 2015). According to this model, the 
excess of chlorophyll fluorescence is reduced (Bonaventura 
et al., 1969) and the electron flux of the electron-transport 
chain is stabilized (Dietzel et al., 2008). When PSII is over-
excited, phosphorylation of LHCII (P-LHCII) occurs. These 
P-LHCII are dissociated from PSII and move from the stacks 
of thylakoids to lamellae where PSI is localized (State 2). 
As a result, the formation of state transitions supercomplex 
PSI-LHCI-LHCII occurs (Caffarri et al., 2014). When PSI is 
overexcited, P-LHCII is dephosphorylated by Protein Phos-
phatase1/Thylakoid-Associated Phosphatase PPH1/TAP38 
and migrates back to PSII (State 1) (Kono et al., 2014). It 
was found that the LHCII proteins are phosphorylated in the 
N-terminal part. Hence, conformational changes of LHCII 
proteins occur and their affinity to PSII disappears (Nilson et 
al., 1997). Analysis of various mutants showed that the PsaH 
subunit of PSI is responsible for the physical placement of 
LHCII in PSI, and the PsaL, PsaO and PsaP subunits of PSI 
provide these interactions (Caffarri, 2015).

About 20 % of LHCII proteins are involved in the transfer 
form PSII to PSI in Arabidopsis thaliana (Allen, 1992), while 
the figure for algae and cyanobacteria is up to 80 %, since 
this process is associated with switching between cyclic and 
linear electron transport (Goldschmidt-Clermont, Bass, 2015).

4. Regulation of state transitions
The state transition process is regulated through changes 
in the redox state of the plastoquinone pool. When PSII is 
excited, lastoquinone (PQ) reduces to plastoquinol (PQH2). 
PQH2 associates with a complex of cytb6/f and this interac-
tion leads to activation of the protein kinase State Transition 7 
(STN7). STN7 phosphorylates LHCII proteins (mostly Lhcb2 
isoforms) and initiates state transition from State 1 to State 2 
(Bellafiore et al., 2005; Longoni et al., 2017). This kinase 
functions as a dimer associated with the cytb6/f complex 
(Wunder et al., 2013). STN7 kinase has a transmembrane 
domain, which is located in the N-terminal part (on the lumen 
side), and a catalytic domain located on the stroma side of the 
thylakoid membrane.

In 2011, a model of STN7 regulation by ferredoxin/thiore-
doxin was proposed (Puthiyveetil, 2011). According to this 

model, when PSII is excited, PQH2 restores the disulfide 
bond in STN7 cysteines located on the lumen side and acti-
vates STN7. In high-light conditions, STN7 is inhibited by 
ferredoxin/thioredoxin signals.

5. Conclusion
At present, the structure of the PSII supercomplexes, the 
composition and location of their subunits are under study. 
The formation of these supercomplexes leads to the efficient 
usage of absorbed light energy. State transitions lead to the 
reversible movement of LHCII proteins between both photo-
systems. It is a subtle adaptation mechanism that allows plants 
to respond to changes in light conditions. In the evolutionary 
context, this mechanism was formed in cyanobacteria, algae 
and higher plants. It was established that the regulation of this 
process depends on the rate of electron flow in the electron-
transport chain as well as protein kinases and phosphatases 
activity. Thus, the study of the processes of regulation of 
protein kinases and phosphatases can contribute to the further 
study of plant adaptation mechanisms.
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Abstract: Data on the involvement of miRNA in the plant response to stress factors 
are considered. The MYB family of transcription factors plays a great role in the plant 
development, metabolism and responses to biotic and abiotic stress. The free energy 
of miRNA binding, the value of free energy of interaction, the position and schemes of 
potential binding sites were calculated using the MirTarget program. To identify miRNAs 
whose targets are genes in the MYB family, a search for binding sites of 738 miRNAs in 
mRNAs of 124 MYB family genes of Oryza sativa was performed. 16 genes were identified 
as targets for 11 miRNAs. The results show that miRNA can regulate the expression of most 
MYB genes and thus affect productivity and sustainability.
Key words: miRNA; mRNA; genes; transcription factors; rice; stress.
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Features of the interaction of miRNAs with genes 
of the rice MYB family under stress
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1. Introduction
Rice is one of the main food crops. According to the Food 
and Agriculture Organization of the United Nations, rice is 
the staple food for more than half of the world’s population. 
MYB proteins constitute one of the largest transcription 
factor families in the plant kingdom, members of which are 
key factors in regulatory networks controlling development, 
metabolism and responses to biotic and abiotic stresses in the 
plant genome (Shushi et al., 2015). In agricultural produc-
tion, abiotic stresses are known as the main causes leading to 
lower yields (Hoang et al., 2017). The plants have developed 
complex mechanisms for overcoming various stresses (Jian 
et al., 2010). Recent evidence suggests that miRNAs are 
involved in the regulation of gene expression, which affects 
the post-transcriptional stage of gene expression and relates 
to biotic and abiotic stress reactions in plants (Bari et al., 
2014). Stress in plants causes an increase or decrease in the 
expression of certain miRNAs or the synthesis of new miR-
NAs (Varsha et al., 2016). Several stress-regulated miRNAs 
have been found in plants under various biotic and abiotic 
stressful conditions, including nutrient deficiency (Fujii et al., 
2005), drought (Zhao et al., 2007; Liu et al., 2008; Zhou et al., 
2010), low temperatures (Zho et al., 2008), salinity (Sunkar 
et al., 2008), bacterial infection (Navarro et al., 2006), UV-B 
radiation (Zhou et al., 2007), and mechanical stress (Lu et al., 
2005). These studies suggest that miRNA is regulated in vari-
ous ways in response to stress. However, limited studies have 
reported an association of miRNA with the expression of plant 
MYB genes. In the present work, the task was set to identify, 
using bioinformatics approaches, miRNAs that can bind to 
mRNA genes of the MYB family of rice and regulate their  
expression.

2. Materials and methods
The object of the study was the completely sequenced O. sa-
tiva genome. The nucleotide sequences of the mRNA genes 
of the MYB family were obtained from PlantTFDB, a plant 
transcription factor database (planttfdb.cbi.pku.edu.cn/). The 
miRNA nucleotide sequences were borrowed from miRBase 

(http://www.mirbase.org/). The free energy (ΔG) of miRNA 
binding, the position and schemes of potential binding sites 
were calculated using the MirTarget program (Ivashchenko 
et al., 2016). ΔGm for miRNA was defined as the free energy 
of miRNA binding with its fully complementary nucleotide 
sequence. The miRNA binding sites with mRNA were se-
lected with the ΔG/ΔGm ratio being more than 90 %. Unique 
features of the MirTarget program include the consideration 
of the nucleotide interaction in miRNA with the mRNA of 
target genes not only between adenine (A) and uracil (U), 
guanine (G) and cytosine (C), G-U, but also between A and 
C through a single hydrogen bond based on the fact that the 
distance between A and C is equal to the distance between 
the nucleotides G-C, A-U, G-U (Leontis et al., 2002; Kool 
et al., 2001).

3. Results and discussion
В The study of the binding of 738 miRNA to mRNA of 124 
genes of the MYB O. sativa family revealed that only 16 
genes were targets for 11 miRNA (Table 1). 

Four miRNA of the miR159c,d,e,f-3p family had the largest 
number of binding sites which were associated with mRNA 
genes (LOC_Os06g40330.1, LOC_Os01g59660.1, LOC_
Os05g41166.1, LOC_Os03g38210.1, LOC_Os04g46384.1) 
of the MYB family with the ΔG/ΔGm value from 90 to 96 %. 
Therefore, miR159 involved in the response to stress (Var-
sha et al., 2016) can affect the expression of the rice genes 
studied. miR2102-5p was binding with mRNA genes (LOC_
Os03g26130.1, LOC_Os01g64360.1, LOC_Os01g62410.1, 
LOC_Os03g25550.1) with the energy from -110 kJ/mole to 
–113 kJ/mole and the degree of complementarity (ΔG/ΔGm) 
91 % and 93 %. miR5075-3p had two binding sites in the 
mRNA of MYB genes. miR171d-5p, miR172d-5p; miR5827-
5p had only one target gene (LOC_Os03g27090.1, LOC_
Os04g42950.1, LOC_Os06g02250.1, LOC_Os06g46560.1, 
LOC_Os01g18240.1) with the value of ΔG/ΔGm from 91 to 
93 %. The miRNA binding sites in the mRNA genes of the 
MYB O. sativa family were located in the protein coding 
region.
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Table 1
Characteristics of miRNA BSs in the coding region mRNA of MYB transcription factors genes of O. sativa

Gene miRNA Start ΔG, kJ/mole ΔG/ΔGm, %

LOC_Os06g40330.1 miR159c-3p 1418 –102 92
LOC_Os01g59660.1 miR159c-3p 1343 –102 92
LOC_Os05g41166.1 miR159c-3p 878 –106 96
LOC_Os03g38210.1 miR159d-3p 938 –102 91
LOC_Os05g41166.1 miR159d-3p 878 –104 92
LOC_Os05g41166.1 miR159e-3p 878 –102 92
LOC_Os06g40330.1 miR159f-3p 1418 –100 90
LOC_Os04g46384.1 miR159f-3p 199 –100 90
LOC_Os01g59660.1 miR159f-3p 1343 –104 94
LOC_Os03g27090.1 miR171d-5p 369 –106 91
LOC_Os04g42950.1 miR172d-5p 995 –96 90
LOC_Os03g26130.1 miR2102-5p 661 –110 91
LOC_Os01g64360.1 miR2102-5p 453 –110 91
LOC_Os01g62410.1 miR2102-5p 441 –110 91
LOC_Os03g25550.1 miR2102-5p 804 –113 93
LOC_Os04g38740.1 miR5075-3p 727 –113 91
LOC_Os08g34960.1 miR5075-3p 553 –117 95
LOC_Os06g02250.1 miR528-5p 523 –106 91
LOC_Os06g46560.1 miR5819-5p 777 –115 93
LOC_Os01g18240.1 miR5827-5p 604 –98 92

Interaction schemes of miRNA with the MYB O. sativa 
mRNA genes (Figure 1), obtained using the miRTarget pro-
gram, clearly show connections between their complementary 
nucleotides. Above each scheme is the name of the gene, the 
name of miRNA, the position of the beginning of the binding 
site (nt), the binding energy (kJ/mol), the value ΔG/ΔGm (%) 
and the length of mRNA (nt). The upper and lower nucleotide 
sequences indicate mRNA and miRNA, respectively.

4. Conclusions
As a result of the research for each miRNA, groups of target 
genes of MYB transcription factors were established. The 
schemes of interaction of the nucleotide sequences of the 
studied miRNAs with the nucleotide sequences of the mRNA 
genes of the transcription factors of the MYB family were con-
structed. The associations found between miRNAs and genes 
can be used as markers of control of physiological processes 
in selection and regulation of growth of plant that are highly 
productive and resistant to abiotic and biotic stresses.
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1. Introduction
Plants growth under environmental conditions in the assessed 
climate and landscape is constantly subject to different en-
vironmental factors whcih, when rapid and extreme, can be 
recognized as stresses. Among the stresses the plants are con-
stantly confronted with are both biotic (hormones, pests and 
insects) and abiotic (osmtic, temperature fluctuations, drought, 
radiofrequency, metal and microelemens) environmental im-
pact factors, which seriously reduce crop productivity and the 
quality of pasture plants. Plant responses to the abiotic stresses, 
such as salt, drought, extreme temperatures, and human-made 
extremely high frequencies, are complex and involve numer-
ous physiological, cellular and molecular adaptations. 

2. Epigenetic changes in model plants  
under some abiotic stresses
Plants have a special system to adjust themselves to extreme 
external stressful conditions through instantly transmitting 
signals. Plant cells receiving signals from external stimuli 
through fluctuations in cytosolic concentrations decode them 
using their own machinery to the secondary messenger. Ca2+ 
is encoded in various stimuli of abiotic and biotic stresses.Re-
cently, the Calcineurin B-like (CBL) protein-CBL-interacting 
protein kinase (CIPK) complex has been widely accepted as a 

Abstract: In the last few years, special importance has been given to the study of the 
population of pasture plants, since environmental pollution through animal food can be 
transmitted to humans. Due to these circumstances, it is imperative to regularly monitor 
pasture plants, both for relocating animals to more environmentally friendly meadows 
and as environmental protection measures aimed at improving damaged pastures. 
A great number of biotic and abiotic factors affect plant growth under natural growing 
conditions. No DNA sequence carries the complete information necessary to determine 
the phenotype of the organism. DNA methylation controls genomic integration, regulates 
genome expression and cell differentiation as well as the plant response to biotic and 
abiotic stresses. Epigenetic regulation involves various reversible chemical modifications 
occurring on both the DNA itself and the proteins interacting with it, affecting the chromatin 
structure and function without, however, altering the sequence of nucleic residues in the 
DNA. Epigenetics holds promise to explain at least a part of the influences the environment 
has on plants` phenotypes. Among pasture plants are widely distributed Bromus inermis, 
Medicago sativa, Onobrychis arenaria, Agropyron pectinoforme, etc. We have studied DNA 
methylation in esparcet (Onobrichis arenaria) and crested wheat grass (Agropyron cristatum) 
from the Kazakh Steppe and discuss the environmental factors that can led to changes 
in epigenetics marks. The data obtained on epigenetic changes in the plants studied will 
improve the methods of pasture monitoring, taking into account the ecological, climatic 
conditions of the regions and the agricultural sector of the countries’ economies. Below is 
summarized literature data-based evidence about the sensitivity of DNA methylation and 
its use as a biomarker for ecological epigenetics. Data sets for model plants under different 
abiotic factors and non-model plants established for ecological epigenetics are provided. 
Key words: epigenetics; DNA methylation; biomarkers; abiotic stress factors.

Ca2+ signaling mechanism, which is involved in the response 
to different external stress signals, including mm-wave impact 
(Manik et al., 2015; Pall, 2016). Exposure of 3-week tomato 
seeds to a high- frequency, low-amplitude electromagnetic 
field leads to altered expressions of at least five stress-related 
genes (Vian et al., 2016).

Under different abiotic and biotic stress factors, plant 
experience the alteration of many processes. It is known 
that at least four different regulons act in response to abiotic 
stresses. Dehydration-responsive element binding protein 1 
(DREB1)/C-repeat binding factor (CBF) acts in response to 
cold stress. In response to heat stress, DREB2 regulons start to 
act influencing ABA-independent gene expression.The ABA-
responsive element (ABRE) binding protein (AREB)/ABRE 
binding factor (ABF0 regulon functions in ABA-dependent 
gene expression under osmotic stress conditions (Ciarmiello 
et al., 2014).

In addition, there are NAC and MYB/MYC regulons in-
volved in stress response gene expression. Expression profiling 
from 23 selected T. aestivum NAC genes at the developmental 
stages in field drought conditions identified seven with leaf-
specific expression and five with a grain-specific expression, 
the profiles of which depended on the genotype (Gueґrin et 
al., 2019). 
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Recent studies shows a positive effect of a combination 
of biotic and abiotic stresses on plant performance, reduc-
ing sensitivity to biotic stress. The interaction between both 
types of stress points to a crosstalk between their conformable 
signaling pathways. Such crosstalk may be synergistic and/or 
antagonistic and may include, among others, the involvement 
of phytohormones, transcription factors, kinase cascades and 
reactive oxygen species, which can lead to an enhancement in 
plant resistance against pathogens (Rejeb et al., 2014).

Multiple studies of model plants provide evidence that, 
in response to different abiotic and biotic stresses, epigen-
etic modifications in gene expression take place, which are 
heritable changes and are not encoded by a DNA sequence 
(Yong-Villalobos et al., 2015; Yong et al., 2016; Banerjee, 
Roychoudhury, 2018).

Although DNA methylation is only a minor chemical 
modification of cytosin residues, it is an important epigen-
etic modification, which carries valuable information for 
properly regulating gene expression and, therefore, a broad 
range of biological processes and diseases. DNA methylation 
is tissue-specific, dynamic, sequence-context-dependent and 
trans-generationally heritable, and these complex patterns 
of methylation highlight the significance of profiling DNA 
methylation to answer biological questions (Yong et al., 2016). 
Epigenetic modifications in the model plant characterized 
by genome-wide DNA methylation, histone modification, 
histone variant deposition, various classes of small RNAs, 
nucleosomal positioning, and chromatin modifications have 
a transgenerational adaptive response to biotic and abiotic 
environmental stresses (Dukowic-Shulz et al., 2018; Kumar 
et al., 2018; Wakeel et al., 2018; Weinhold, 2018).

3. Epigenetic alterations in non-model plants
The ecological and evolutionary significance of natural epi-
genetic variation commonly depends critically on whether 
epigenetic states are transmitted from parents to offspring. 
Although little is known about epigenetic inheritance in 
non-model plants, it has been shown that DNA methylation 
mediates the inherited genotype-specific effects of drought 
stress in P. persicaria (Herman, 2016).

The study showed that the genotype, epigenotype, and 
parental soil-moisture environment interact with systems, 
including drought, nutrient limitation, pathogen infection, 
high salinity, temperature shock, and UV radiation. Such DNA 
methylation changes have been associated with the induced 
expression of critical stress-response genes, thus implicating 
DNA methylation in the expression of adaptive phenotypic 
plasticity (Herman, 2016). The extensive transgenerational 
transmission of genome-wide global cytosine methylation 
and anonymous epigenetic markers in the non-model species 
L. latifollia was revealed (Herrera et al., 2017).

Analysis of methylation-sensitive amplification polymor-
phism (MSAP) has been often used to assess methyl-cytosine 
changes in response to stress treatment and, quite lately, in 
ecological studies of wild plant populations. The paper sum-
marizes literature data on global DNA methylation in wild 
plants populations, analyzes the relationship between MSAP 
results and the percentage of global cytosine methylation in 
genomic DNA obtained by HPLC analysis (Alonso et al., 

2016). Notably, that environmentally induced epigenetic ef-
fects may be either transient or persistent across generations, 
and heritable changes may be either selected or linked to 
something that is selected. Future analyses should consider 
that part of the epigenetic variation is similar to phenotypic 
variation, and carefully designed experiments are necessary 
to characterize both genetic and environmental contributions 
to epigenetic variation (Richards et al., 2017). 

4. Conclusion
The obtained data on epigenetic changes оf the pasture plants 
will improve the methods of monitoring pastures used for 
agricultural purposes, taking into account the ecological, 
climatic conditions of the regions and the agricultural sector 
of the countries’ economies.

The results of such studies will help to rank the popula-
tions of forage plants according to the rate of formation of 
microevolutions and will contribute to the improvement of 
traditional methods of agricultural technology. For natural 
pastures, one must also take into account the fact that the most 
important factor leading to the dynamical epigenetic changes 
in the populations of wild plants is climate change.
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Abstract: Nanocomposite substances based on natural matrices – arabinogalactan, 
starch, carrageenan – were used in the work. Studies have been conducted on the effect 
of nanocomposites on the pathogen of ring rot of potatoes, as well as the growth and 
development of plants in vitro. The data obtained did not show a negative effect on plants, 
but showed an antibacterial effect on the growth and biofilm formation of bacteria.
Key words: nanocomposite substances; ring rot; plants in vitro.

1. Introduction
Potato plants are susceptible to various bacterial diseases that 
have a negative impact on yield (Anisimov et al., 2009). One 
such disease is ring rot caused by the bacterium Clavibacter 
michiganensis ssp. sepedonicus. The disease is characterized 
by withering of plants at the stage of vegetation, metabolic 
disorders. Bacteria have the ability to overwinter in the af-
fected tubers and are not stored in the soil, but can be stored 
for several years in the form of dried mucus on the surface 
of the container, on the harvesting equipment and in storage 
facilities. All known measures to combat the disease are re-
duced to disinfection with aggressive reagents (Eichenlaub et 
al., 2011). Therefore, it became necessary to search for safe 
resources of control and such resources are nanocomposite 
substances in a polysaccharide matrix containing selenium. 

2. Materials and methods
The paper used potato plants in vitro, variety Lukyanovsky, 
which is susceptible to ring rot of potatoes (Romanenko et 
al., 1999), nanocomposites with selenium (NC) in the natural 
polysaccharide matrices arabinogalactan (AG), starch (St), 
carrageenan (Car), as well as bacteria Clavibacter michi-
ganensis ssp. sepedonicus (Сms) strain Ac-1405 obtained 
from the All-Russian Collection of Microorganisms, Push-
chino, Moscow region. Plants were propagated by cuttings on 
microclonal apparitional nutrient Murashige-Skoog medium 
(4.2 g/l) supplemented with 30 g/l sucrose. The plants were 
cultivated for 20 days at 26 °C and 5-6 KLC illumination. 
A liquid culture for Cms to investigate bacteriostatic activity 
with selenium nanocomposite against ring rot of potatoes 
was grown in the dark at 26 °C on a rocker (80 rpm) in flasks 
containing a GPY nutrient medium, pH 7.2 (Roozen et al., 
1991). When considering the effect of NC on the plants we 
investigated the following biometric indicators: the growth 
rate of plants, growth of leaves of plants, increase in root 
mass of plants, the growth of the ground part of the plant, the 
activity of the enzyme peroxidase in plant tissues, and the 
content of active forms of oxygen in the tissues of plant roots. 
The effect of NC on the causative agent of the disease was 
checked using the method of optical density measurement of 
bacterial suspension and biofilm formation.

For experiments, we used solutions of nanocomposites, in 
which the content of selenium was 0.000625 %. All nanocom-

posites were synthesized at the Irkutsk Institute of Chemistry. 
All synthesized substances are highly soluble in water and 
easy to use their aqueous solutions. Synthesis of NC Se was 
performed by oxidation of readily available sodium with 
hydrogen peroxide. The synthesis process was described in 
detail previously (Rodionova et al., 2015).

3. Results and discussion 
As a result of the experiments conducted on bacteria, bac-
tericidal and bacteriostatic effects were found in NС Se/AG 
(6.4 % Se), compared with other starch- and carrageenan-
based nanocomposites. This nanocomposite inhibited the 
growth of bacterial suspension, reduced the formation of 
biofilms, one of the important abilities of bacteria (Figure 1). 

Furthermore, when studying the effect of nanocomposites 
on potato plants, no negative effect was observed. During the 
observation it was found that there was no stretching of the 
plant. Next, we examined the effects of NC at the infection of 
plants by the pathogen. A closer examination of the indicators 
revealed a stimulating effect in all the studied nanocomposites, 
both in infection and without. NC Se/St and NC Se/Car had a 
more pronounced effect (Figure 2).

During incubation of plants with NC Se/AG and Cms a 
decrease was found in the activity of peroxidase in relation to 
control plants, which indicates a decrease in stress in plants 
during infection. The accumulation of Se in plant tissues a day 
after NC treatment by the method of x-ray energy dispersive 
microanalysis (ReDMA) was also investigated. The analysis 
showed the absence of selenium within the detection limits 
of the device (Table 1). The effect of NK on soil bacteria was 
also studied. A pronounced negative effect of the duration of 
the experiment was not revealed.

4. Conclusions 
The experiments revealed bacteriostatic and bacteriological 
effects of the selected selenium-containing nanocomposites. 
Experiments have shown the effect on the important ability 
of bacteria to form biofilms. NC Se prevents the formation of 
biofilms. NC Se/AG has a pronounced effect. It was shown that 
selenium does not accumulate in plant tissues after treatment 
with nanocomposites and infection. It helps cope with the dis-
ease (reduces the biometric index of plant activity peroxidase, 
one of the indicators of stress). These experimental results 
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allow us to consider these nanocomposite saline substances 
as an environmentally safe means to combat bacterial diseases 
of agricultural plants.
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Table 1
The results of x-ray energy-dispersive spectral microanalysis of potatoes plant tissue after processing on nanocomposites 

Element Norm. C [wt.%] Atom. C [at.%] Error [%]

Oxygen 45.77 39.54 5.1

Carbon 45.36 52.19 5.0

Nitrogen 7.92 7.82 1.1

Phosphorus 0.69 0.31 0.1

Magnesium 0.26 0.15 0.0

Sodium 0.00 0.00 0.0

Selenium 0.00 0.00 0.0

Total: 100.0 100.0

Figure 1. Effect of nanocomposites of selenium (NC Se) and arabino-
galactan (AG), starch (St) and carrageenan (Car).

Figure 2. Effect of selenium nanocomposites (NC Se) in infection  
(Cms+NC Se) and without it (AG, arabinogalactan; St, starch; Car, carra-
geenan).
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Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;110–111



Plant Biotechnology  
in the Postgenomic Era

conf.bionet.nsc.ru/plantgen2019/en



113

DOI 10.18699/ICG-PlantGen2019-36

© Autors, 2019

* e-mail:  gen_o.kersh@mail.ru

1. Introduction
CRISPR/Cas9 is an RNA-regulated protection mechanism in 
bacteria and archaea. It is a new popular technology of gene 
editing in humans, animals and higher plants. The CRISPR/
Cas9 system is a simple, inexpensive and versatile tool for 
genome editing, resulting in a groundswell of research based 
on the technique, of which the popularity over the past 6 years 
has become known as the ‘CRISPR craze’ (Feng et al., 2013; 
Brooks et al., 2014; Doudna, Charpentier, 2014; Svitashev et 
al., 2015; Chandrasekaran et al., 2016; Khlestkina, Shumny, 
2016; Gerasimova et al., 2017; Mushtaq et al., 2019). Unlike 
its predecessors, ZFNs or TALENs, the CRISPR/Cas9 system 
does not require any protein engineering steps, making it 
much more straightforward to test multiple gRNAs for each 
target gene. The CRISPR/Cas9 system consists of a single 
monomeric protein and a chimeric RNA. A 20-nt sequence 
in the gRNA confers sequence specificity and cleavage is 
mediated by the Cas9 protein. Watson – Crick base pairing 
with the target DNA sequence is the basis for gRNA-based 
cleavage. CRISPR is now proving useful as a powerful tool 
for the improvement of agricultural crops. It is estimated 
that up to 40 % of harvest is lost worldwide to pests/diseases 
threatening our food supply. The major crops–wheat, rice, 
barley–are susceptible to many viral and fungal diseases, 
which can result in a drastically reduced yield and poor qual-
ity grain. Crop cultivars with improved resistance to fungal 
or viral pathogens will benefit farmers and the local economy 
by increasing harvest yields and grain quality. The purpose 
of our research is: elaboration and establishment of a new 
breakthrough CRISPR/Cas9 biotechnology of genome editing 
for the creation of elite disease-resistant local barley varieties 
in Kazakhstan. In this review, some of the first steps in barley 
CRISPR/Cas9 genome editing for fungal and viral disease 
resistance are briefly discussed. 

2. Materials and methods
Plant material: Five local cultivated Kazakhstan barley variet-
ies, differing in yield and resistance to stress. Two of them are 
brewing barley, and three are feed barley.

Modern CRISPR/Cas9 biotechnology is a current challenge 
to create elite disease resistant crops cultivars
O.I. Kershanskaya, D.S. Nelidova, G.L. Esenbaeva, G.S. Mukiyanova, S.N. Nelidov 

Institute Plant Biology and Biotechnology SC, MES RK, Almaty, Kazakhstan

Abstract: The technology, a genome-editing tool called CRISPR-Cas9, revolutionized the life 
sciences when it appeared on the market in 2013. CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeats) associated with protein 9 (Cas9) is an RNA-regulated protection 
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advances in many fields; now it has been shown that crop research can also benefit from 
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improve crop efficiency. 
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Genetic material: target genes, constructs for transformation 
are: Ac-gene from Amaranthus caudatus, chitinase; CRISPR 
is a plant construction for barley genome editing by modifi-
cation or knockout of eIF4E gene, the eukaryotic translation 
initiation factor that is required by many viruses for multi-
plication. eIF4E is a plant cellular translation factor essential 
for the Potyviridae life cycle, and natural point mutations in 
this gene can confer resistance to potyviruses.
Methods: 
I. Gene molecular cloning techniques.
II. Procedure of CRISPR/Cas9 genome editing method:
1. Design sgRNA using the CRISPRdirect website. Requires 

the identification of target sites with specific sequence 
criteria, while also avoiding potential off-target effects.

2. Transcribe and screen sgRNA in vitro.
3. Design CRISPR-plant plasmid and constructs for target 

gene modification.
4. Preparation of Agrobacterium tumefaciens electro‐com-

petent cells.
5. Transformation of Agrobacterium tumefaciens competent 

cells with CRISPR‐Cas9 plasmid.
6. Clone confirmation.
7. Deliver sgRNAs and Cas9 to the cell. There are several 

options for delivering sgRNAs and Cas9 to target cells.
We are developing a method for rapid genotype-indepen-

dent delivery of genetic material using Agrobacterium pipet-
ting, similar to a pollen-transfection method for other cereals 
and close to conventional cross-hybridization that requires no 
tissue culture steps. It is also effective to use bombardment, 
that is, bioballistic transformation using Bio-Rad’ Gen Gun, 
USA. For S. pyogenes Cas9, the NGG PAM is required im-
mediately downstream of the target site. The two strands of 
DNA are cut by the HNH and RuvC nuclease domains of Cas9. 
8. Detection of Cas9 protein and confirmation of gene editing. 

Confirm that Cas9 protein is being expressed in target cells. 
9. PCR screening. 10. Genotype determination. If there are 

indels on one or both copies of the target gene, Cas9/
sgRNA-mediated in vitro cleavage reaction can accurately 
determine the cell’s genotype after gene editing. 
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3. Results 
The mechanism of genomic editing using CRISPR/Cas9 
includes the next points. For genome editing purposes, genera-
tion of a targeted double‐strand DNA break (DSB) is the key 
event that opens up multiple repair options both for the cell 
and the genome engineer. Such breaks are generally repaired 
by one of two pathways, homology‐directed repair (HDR) or 
non‐homologous end joining (NHEJ). Cells use NHEJ more 
frequently than HDR because the latter requires a template 
homologous to the regions flanking the break and to inser-
tions or deletions (INDELs) at its position which can result 
in functional knock out of a gene.

In all phases of the cell cycle other than S phase, a ho-
mologous region of the chromosome is rarely in close enough 
proximity to act as this template, and thus NHEJ acts as a stop 
gap to quickly repair the break and maintain chromosomal 
integrity. NHEJ is an error‐prone process that uses ligases, 
nucleases and polymerases to reseal a break, and generally 
results in nucleotides being inserted or deleted (indels) in an 
unpredictable process. If the break occurs in a protein‐coding 
region, these indels will often result in a frame shift muta-
tion and subsequent premature stop codon, abrogating the 
protein’s function.

The magic of CRISPR is in its ability to force a DSB event. 
Cells must repair DSBs, otherwise there is a risk that cells will 
die. NHEJ typically leads to a knockout of the targeted genetic 
element’s function. The process of monocots genomic editing 
includes the following stages: 1) selection of target sequences 
and design of sgRNA; 2) constructing of genetic vectors car-
rying the nuclease Cas9, sgRNA; 3) delivery of the “editing 
tools” to plant cells; 4) detection of changes in genomic DNA; 
5) clean the expression cassette with foreign DNA. 

To determine the nucleotide sequence of the target sgRNA, 
the following web resources in silico were used: CRISPRdi-
rect, CRISPR-PLANT, CRISPR RGEN, etc. The best was 
CRISPRdirect. The sgRNA sequence for the eIF4E gene in 
barley (Hordeum vulgare mRNA for eukaryotic translation 
initiation factor 4E biomaterial PI 39500, Gene Bank accession 
no. FM244906.2) was selected as AAGGCAGGCCCGCCT. 
Cas9/sgRNA construct to target the barley eIF4E gene that 
was expected to disrupt the intact eIF4E protein had been 
designed. Other sgRNA2 that permit translation of two‐thirds 
of the eIF4E gene protein products will be elaborated soon.

The sgRNA, Cas9 nuclease, promoters, marker genes were 
used for constructing genetic vectors. Cassettes of expression 
of specific sgRNA included the promoter of ubiquitin 6 (U6) 
from Zea maize L. for sgRNA expression. The start for tran-
scription initiation from the U6 promoter was G nucleotide. 
Cassettes for Cas9 expression consisted of the 35S promoter 
adapted to the Cas9 coding sequence. The plant selection 
markers included the hygromycin B resistance gene and the 
neomycin phosphotransferase gene; the necessary sites of re-
striction of CRISPR/Cas9 constructs for use in barley is shown 
in Figure 1, a. The size of one sgRNA expression cassette was 
about 500 kb. The total size of the plasmid was 13300 kb. 

As is known, Cas9 has been successfully used to edit the 
genomes of a number of plants, including barley (Khlestkina, 
Shumny, 2016; Gerasimova et al., 2017; Mushtaq et al., 2019). 

Many genes of Gramineae family plants are characterized by 
an increased GC-content of the 5’ region of the coding part. 
Cas9, according to the GC-content, corresponding to the struc-
ture of the cereal genes (62.5 %), with a total GC-content of 
54.2 %, demonstrated a high efficiency of genome editing. In 
monocot plants, the promoters of ubiquitin genes of maize or 
rice have been successfully used for Cas9 expression.

Optimally composed expression cassettes made it possible 
to achieve 90 % of the editing efficiency in T0. Genes of re-
sistance to hygromycin (HPT), under the control of the 35S 
promoter from Cauliflower mosaic virus, are often used as 
selective markers for editing the genomes of monocotyledon-
ous plants. We have studied knock out and modification of epi-
genetic factor of virus eIF4E (eukaryotic factor of translation 
initiation), caused many virus translation initiation in barley. 
RNAi silencing of eIF4E has conferred resistance to multiple 
viruses in melon, broad spectrum resistance to potyviruses in 
tomato and cucumber (Chandrasekaran et al., 2016). More 
recently, Arabidopsis complete resistance to Turnip Mosaic 
Virus has been successfully engineered by editing eIF4E using 
the CRISPR/Cas9 tool. 

For delivery of editing tools with an expression cassette 
into barley cells we have developed and patented a method 
of barley germ-line genetic transformation through pipetting 
with Agrobacterium tumefaciens, strain EHA105, the expres-
sion cassette carrying sgRNA and Cas9 nuclease, to stigma of 
barley flowers’ pistils, exactly before anthesis. Pollen tubes 
were used as a delivery vector of the targeted construct into 
mature, but not divided yet, zygote. The method is genotype 
independent, simple, does not require the tissue culture step, 
effective at up to 20 % of transformation frequency in the first 
generation of edited plants.

Confirmation of cloning CRISPR-plant construct and de-
tection of edited events in barley were carried out by PCR, 
DNA sequencing with using Serial Cloner Program. For PCR 
screening of monocot CRISPR constructs, we have elaborated 
the forward primer 5’-GACCAAGCCCGTTATTCTGAC‐3’ 
and the reverse primer 5’-AAGTCTGATGCAGCAAGC-
GAG‐3’ to amplify the monocot fragment U6‐sgRNA (305 bp) 
to confirm that the selected clones contain U6-sgRNA. The 
PCR amplification conditions were: 95 oC for 2 min for initial 
denaturation; 30 cycles of 95 oC/30 seconds, 60 oC/30 sec, and 
72 oC/30 sec; 1 cycle of 72 oC/5 min. 

Using CRISPR/Cas9 editing technology, we have de-
veloped eIF4E non‐transgenic barley mutants that exhibit 
resistance to three economically important viruses. In Agro-
bacterium‐transformed T0 lines, we found deletions in 
the eIF4E target gene in 8 lines out of 50 (see Figure 1, b). The 
same mutations were observed in the T1 generation, which 
implies a heterozygous mono‐allellic T0 plant, as observed 
in tomato (Brooks et al., 2014) rice (Zhang et al., 2014) and 
cucumber (Chandrasekaran et al., 2016). In transgenic lines 
4-6, progeny from the T1 generations showed partial cleavage 
activity of Cas9.

CRISPR/Cas9 tool editing of eIF4E gene has been suc-
cessfully engineered in 5 local commercial Kazakhstan barley 
cultivars, not only in ‘Golden Promise’ cultivar which is 
widely popular around the world. 
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4. Discussion
About 6 years ago the first results on genome editing were 
achieved on plants, thanks to the use of the relatively simple 
and convenient CRISPR/Cas9 system, there was a sharp in-
crease in the number of published works reporting successful 
plant genome editing, including the directed modification of 
economically valuable genes of cultivated plants: potatoes, 
cabbage, tomato, maize, rice, wheat, barley, soybeans, sor-
ghum (Feng et al., 2013; Brooks et al., 2014; Svitashev et al., 
2015; Khlestkina, Shumny, 2016; Gerasimova et al., 2017). 
Published works demonstrate the possibility of obtaining non-
transgenic plants using the CRISPR/Cas9 system with specific 
predetermined mutations stably inherited in generations.

The potential efficiency of CRISPR/Cas9 technology is 
much higher than that of traditional breeding approaches, and 
excludes the residual portion of the donor genome in editing 
crops. The average term for the creation of a stable genotype 
by CRISPR/Cas9 is 2 years, which is a third or a forth as 
long as the 10–12 years required by backcross methods of 
conventional breeding or half or a third as long as the time 
required by modern methods of marker-assisted selection 
(MAS) + marker double haploid (MDG) + backcross (BC) or 
obtaining double haploid hybrids. Studies of 145 target genes 
in 15 crops obtained for 5 years demonstrated the possibility 
of obtaining modified non-transgenic plants. Editing of 37 
genes was accompanied with the improvement of crop yield 
and stress resistance (Brooks et al., 2014; Khlestkina, Shumny, 
2016; Gerasimova et al., 2017). The practical advantage of 
CRISPR/Cas9 is the ease of multiplexing. The simultaneous 
introduction of DSBs at multiple sites can be used to edit 
several genes at once and can be particularly useful to knock 
out redundant genes or parallel pathways. The same strategy 
can be used to engineer large genomic deletions or inversions 
by targeting two widely spaced cleavage sites on the same 
chromosome (Khlestkina, Shumny, 2016). It is possible to 
edit several genes simultaneously by introducing multiple or 
long DNA breaks in the genome to embed a whole complex 
of useful genes that will be transmitted in the offspring as a 
single locus. Generally, the CRISPR/Cas9 system for plant 
genome editing is a breakthrough technology in breeding and a 

prospect for the creation of elite high yielding crops today and 
in the nearest future with great social and economic benefit. In 
the case of using CRISPR/Cas9, several methods are possible 
for creating of non-transgenic modified plants:
1) by using programmable nucleases, for example, by tempo-

rary expression of nuclease components using agroinfiltra-
tion or viral vectors, or by direct delivery of components in 
the form of functional gRNA and Cas9 protein;

2) by integrating the transgenes gRNA and Cas9 protein into 
a chromosome different from that of the edited gene, so 
as to get rid of transgenic structures due to independent 
inheritance in the offspring;

3) transient expression of structures carrying elements of 
the CRISPR/Cas9 system, without integrating them into 
genomic DNA. It is assumed that the temporary presence 
of nucleases and gRNA in the cell may be sufficient to in-
troduce the necessary changes to the genome. It was shown 
that this principle can work on monocot plants.
Although the European regulatory framework for geneti-

cally modified crops focuses on the process and not the product 
(that is why two identical plants produced by conventional 
mutagenesis and genetic engineering would be regulated 
differently under the current guidelines), there is hope and 
confidence that plants altered by the excision of a few nucleo-
tides using genome editing tools such as CRISPR/Cas9 would 
not be classified as genetically modified organisms. Removal 
of undesirable plasmid DNA including Cas9 and guide RNA 
achieved following segregation and screening of ‘clean’ 
plants in the next generation that carry only the edited event. 
The classification of genome edited plants is currently under 
review to decide whether new breeding technologies includ-
ing CRISPR/Cas9 are exempt from GM classification. In the 
United States, a product-oriented concept has been adopted 
and it is established that CRISPR/Cas genome edited plants 
are not GMOs, as they contain no recombinant foreign DNA. 
Successful results of using CRISPR/Cas 9 technology in 
agriculture that have been achieved up to this day represent 
only the very first, initial uses of this exciting technology. 
Therefore, we can expect many more valuable opportunities 
for agriculture in the near future. 

Figure 1. Schematic of the CRISPR-Cas9 construct for Agrobacterium-mediated plant transformation (a), PCR restriction analysis of Cas9/sgRNA eIF4E 
barley mutants (top) and transgene insertion (bottom) in 8 out of 50 edited barley plants and wild-type controls (b).

a b
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5. Conclusions
CRISPR/Cas9 technology has revolutionized gene manipula-
tion capabilities in many species including crops. The multiple 
functions that can be performed with CRISPR/Cas9 and its 
many derivatives make it a molecular tool that will open new 
opportunities in a complex world of plant-pathogen interac-
tions and help design durable crop resistance to pathogens. 

The CRISPR/Cas9 system for plant genome editing is 
a prospect for application of breakthrough technologies in 
breeding.
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1. Introduction
Despite the advances in and decreasing the cost of next-gen-
eration sequencing and bioinformatics tools, whole genome 
sequencing is not practical for most studies. The whole ge-
nome sequencing with high level of coverage and resolution 
is not enough to detect all changes in complex samples. To 
reduce the complexity of genomes in large or polyploid 
plants, the strategy of targeted enrichment is used. Targeted 
sequencing includes 3 stages: selection of the DNA fraction 
of interest (enrichment of samples), sequencing and analysis 
of the results obtained. The method starts with shearing total 
genomic DNA into fragments and hybridizing target-specific 
probes to the regions of interest. Then, the selected fragments 
are extracted and amplified by PCR before sequencing. As 
well-annotated genomes improve probe design, high-quality 
reference genomes reduce the risk of false-positive results or 
missing important variants in the generated data set (Chamala 
et al., 2015; Warr et al., 2015). 

The wheat reference cultivar ‘Chinese Spring’ genome 
published by the International Wheat Genome Sequencing 
Consortium (IWGSC, 2018) and SNP markers associated 
with economically valuable genes in wheat varieties and lines 
will contribute to solving important problems in genetics and 
breeding. To date, more than 30 genes that control a number 
of morphological and quantitative traits, resistance to abiotic 
and biotic environmental factors have been mapped on wheat 
chromosome 5B. Of particular interest is the distal region of 
its short arm (5BS), in which genes for resistance against leaf 
rust (Lr52), septoria brown blotch (Snn3), rhizoctonia net 
blotch (QSe.jaas-5BS), yellow rust (Yr47), loose smut of wheat 
(UtBW278) and Hessian fly (H31) are presumably located. 
The mapping of DNA markers linked to the resistance genes 
on the 5BS reference pseudomolecule (RefSeq v1.0) allows 
the region where these genes reside to be identified. Our study 
was aimed to approbate targeted sequencing for analysis of 
chromosome 5BS region with a length of about 26.6 Mb using 
lines with and without the Lr52 gene.

Abstract: Despite the increasing use of high‐throughput sequencing resulting from re-
duced cost and effort, large and complex genomes still pose a challenge in crop genomics. 
Bread wheat has a genome size of over 17 Gb, which makes targeted capture an invaluable 
tool for a wide range of studies. To capture and sequence the 26.6-Mb wheat chromosome 
5BS region associated to leaf rust resistant genes, custom hybridization probes was created 
using information from the reference wheat genome (‘Chinese Spring’). We show that this 
chromosomal region of leaf rust resistance and susceptible wheat lines were efficiently cap-
tured with sufficient coverage.
Key words: bread wheat genome; chromosome 5BS; leaf rust resistance genes; Lr52 gene; 
targeted sequencing.
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2. Materials and methods

2.1 Plant material
Mapping population F4 (lines from the cross LrW(52) × hy-
brid_215) was developed for chosen plants which are differ 
to resistant genes against fungal diseases located on target 
region of 5BS. We selected 5 plants with Lr52 and 5 plants 
without Lr52 according to data of KASP and SSR geno- 
typing together with screening for resistance (benzimidazole 
(0.035 % w/v)).

2.2 DNA extraction
Genomic DNA was isolated from the young leaves of indi-
vidual plants using the Kleargene plant 96-well plate DNA 
extraction kit (LGC Group), following the manufacturer’s pro-
tocol. The isolated DNA was resuspended in 74 μl of TE buffer. 
The measurement of DNA concentration was performed on a 
NanoDrop M2000 instrument (Thermo Scientific). 

2.3 Targeted sequencing 
To enrich a 26.6 Mb of chromosome 5BS, a 1-μg portion of 
genomic DNA, in a total volume of 55 μl, was sheared for 2 × 
60 s using a Covaris M220 focused-ultrasonicator (an average 
fragment size of 600 bp). Genomic libraries were constructed 
with the KAPA HyperPlus Library Preparation Kit accord-
ing to the manufacturer’s instructions (KAPA Biosystems). 
Equal amounts of 10 libraries were pooled and subjected to 
in-solution target enrichment using the SeqCap EZ Target 
Enrichment System (Roche). Enrichment and hybridization of 
the samples were carried out according to the manufacturer’s 
proposed protocol using Qubit 2.0 (Life Technologies) for 
DNA concentration measuring, SimpliAmp (Applied Bio-
systems) for the DNA library amplification and the Agilent 
2100 Bioanalazer (Agilent Technologies) for quality control 
and the final library size determination. The 150-bp paired-
end sequencing of the obtained library was performed on an 
Illumina NextSeq 550 platform (ICG SBRAS).
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3. Results and discussion 
Over the past few years, the efficiency of target enrichment 
has been proven for the study of the nucleotide diversity of 
polyploid species with a large, repetitive and heterozygous 
genome (Bragina et al., 2019). This method has been used in 
various crops, including in the study of ecological adaptation 
in barley (Russell et al., 2016), the identification of wheat dis-
ease resistance genes (Steuernagel et al., 2016), the cataloging 
of mutations in rice (Henry et al., 2014). 

At present, two main technologies are used for hybrid-
capture applications for plants: solid-based and liquid-based 
hybridization (I. Terracciano et al., 2016). The most reliable 
commercial kits in studies on plant species were provided 
by Agilent Technologies (SureSelect), Roche NimbleGen  
(SeqCap EZ), MYcroarray (MYbaits) and Ion Torrent (Tar-
getSeq).

For our study, Roche developed two types of probe design 
to cover 26.6 Mb of chromosome 5BS (Table 1). Type 1 is 
a standard design in which probes can be mapped to target 
region of the genome up to 20 times. Moreover, the algorithm 
for probe selection has two stages. At the first stage, the most 
specific probes are selected (up to 3 coincidences per target 
region) and less specific probes are superimposed on this re-
gion to increase coverage. But our region of interest contains 
the vast majority of repetitive regions, and the developers 
have created a second design to increase the % of covered 
regions. Type 2 is a design in which probes can be mapped 
to target region of the genome up to 50 times. As a result, the 
maximum number of covered region with a length of 26.6 Mb 
was about 8 Mb mainly due to repeats as well as due to the 
incompleteness of the reference genome. For our study, the 
second type of probe design was chosen. 

Although the probes were designed for ‘Chinese Spring’, 
the low specificity of the probes allows this method to be used 
for ours wheat lines as well. Probes with low specificity have 
been successfully utilized in studies on divergent taxa, but 

they usually produce fewer variants than the taxon‐specific 
probes (Bragg et al., 2016; Chau et al., 2018).

The wheat lines of population F4 (lines from the cross 
LrW(52) × hybrid_215) were captured with probes developed 
by Roche to cover the region under study on the basis of the 
reference genome.

As a result of sequencing, an average of 4.28 Gb and 
3.51 Gb of reads was obtained for the wheat lines with Lr52 
and without Lr52, respectively. The total size of data obtained 
was about 39 Gb. The proportions of sequences with Q > 30 
were 78.95 and 78.52 %, and the mean quality score Q va-
lues were 31.44 and 31.35 for the wheat lines with Lr52 and 
samples without Lr52, respectively. The sequencing quality 
was estimated using the MAQ software (http://maq.source-
forge.net), a value of 30 and higher indicates a high quality 
of the sequences and unambiguous mapping with a small 
number of mismatches.

After preprocessing and quality control using the FASTX-
toolkit utility (http://hannonlab.cshl.edu/fastx_toolkit/), the 
reads obtained were mapped onto the studied region of the 
wheat reference genome using the bwa‐short algorithm in the 
short‐read mapping software bwa (Li and Durbin, 2009). On 
average, 72.97 % of the sequenced reads were not mapped, 
7.50 % were mapped one time and 19.53 %, more than once 
for samples with Lr52. For samples without Lr52, these 
parameters were 70.06, 9.26 and 20.69 %, respectively. The 
average alignment levels were 42 % and 46 % for resistant 
and susceptible samples, respectively. But in spite of the large 
number of unmapped sequences, the remaining reads allow 
us to study the region of interest.

Alignment of the reads to the wheat genome showed a 
high level of on-target enrichment efficiency. The 19923 baits 
designed correspond to a total of 8 Mb of genomic regions, 
associated with the Lr52 gene. The number of baits per mil-
lion base-pairs ranged from 505 to 1076, with an average 
of 749. On average, 94.9 and 94.4 % of base pairs in the bait 

Table 1
Characterization of probe designs developed by Roche to cover 26.2 Mb of chromosome 5BS 

Length of regions (bp) 26 622 901

Design 1 Design 2

Statistics Probe_Coverage Probe_Coverage 

Target Bases Covered 7 065 602 8 095 379 

% Target Bases Covered 26.5 30.4 

Targets with no coverage 0 0 

Target Bases Not Covered 19 557 299 18 527 522 

 Due to N’s 873 054 873 054 

 Due to repeats 17 525 323 17 096 460 

% Target Bases Not Covered 73.5 69.6 

 Due to N’s 3.3 3.3 

 Due to repeats 65.8 64.2 

Total capture targets 17 734 19 923 

Total capture space (bp) 7 065 602 8 095 379 
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regions of resistant and susceptible plants, respectively, were 
covered by uniquely mapped reads at ≥ 5× depth. Due to the 
variable length of sheared DNA fragments in the prepped 
library and because the median length of the sheared frag-
ments was greater than the length of the baits, we acquired 
additional coverage in regions adjacent to the baits. In the 
target regions, 10 wheat plants had narrow mean coverage 
ranges, 40× and 48×, for the leaf rust resistant and susceptible 
samples, respectively. 

The data obtained are in a good agreement with the results 
of other groups. For example, in a work by Gardiner et al. 
(2016), a 110-MB NimbleGen capture probe set was used to 
enrich and sequence a doubled haploid mapping population of 
hexaploid wheat derived from the cross ‘Avalon’ × ‘Cadenza’. 
An average depth of coverage of 45× was seen in the parental 
lines and 60× in the P1 bulk with an average of 98 % of the 
reference sequence being mapped to uniquely. In 2019, two 
gold standard capture probe sets for a gene and a putative 
promoter capture of hexaploid bread wheat were presented 
and validated, which are designed using recently developed 
genome sequence and annotation resources. Researchers 
demonstrate that the capture probe sets effectively enrich the 
high-confidence genes and putative promoter regions that 
were identified in the genome alongside a large proportion 
of low-confidence genes and associated promoters (Gardiner 
et al., 2019).
Our results suggest that sequence capture is a reliable approach 
to study and annotate of the chromosome region in both the 
gene space and non-repetitive intergenic regions.

4. Conclusions
The goal of this study was to test in-solution sequence capture 
of a 26.6-Mb region of chromosome 5BS of leaf rust resistant 
and susceptible wheat plants. We have demonstrate that the 
capture probe sets that have been designed against the hexa-
ploid wheat cv. ‘Chinese Spring’ to enrich the genic portion 
of a mapping population, F4 (lines from the cross_LrW(52) × 
hybrid_215), effectively enrich the region of interest, provid-
ing an average gain of 40× mapping coverage. Our results 
show that in-solution sequence capture is a reliable method 
to enrich the gene space in complex plant genomes. The ap-
proach used here is general and the developed probes provide 
large amounts of genomic data to be used in many downstream 
analyses.
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Intergenomic substitutions and translocations in wheat-alien 
lines and their use in studying the characteristics that determine 
adaptation and stress resistance
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Abstract: The authors have created new genetic models of common wheat with differ-
ent types of intergenomic chromosome substitution or translocation that include genetic 
materials of taxonomically unrelated species (S. сereale, Ag. elongatum, Ag. intermedium, 
H. marinum) for the introgression of genes that control adaptation and resistance to biotic 
and abiotic stress factors, along with the studying of homology between chromosomes. For 
the identification of rye, barley and wheatgrass chromosomes in the genome of common 
wheat, the authors used the molecular-cytological analysis of lines based on the genomic 
in situ hybridization and PCR analysis with the use of specific primers. The genetic relations 
have been studied in terms of the degree of substitution and compensation ability of par-
ticular chromosomes. To study the homology and homeology of chromosomes and control 
the peculiar features of alien chromosome transmission and elimination via gametes, the 
authors performed an analysis on chromosomes’ synapsis and assortment in the offspring 
of wheat-alien substitution lines. Newly created models were examined to identify and lo-
calize the genes or gene alleles in chromosomes of different genomes and homeologous 
groups, which control such traits as the type of development and heading stage, and resis-
tance to the impact of unfavorable weather conditions (winter- cold tolerance, stem and 
leaf rust and powdery mildew tolerance).
Key words: common wheat; rye; wild barley; precise genetic stocks; chromosome substitu-
tion; isogenic lines;introgression; in situ hybridization; PCR analysis; adaptation; biotic and 
abiotic stress.

1. Introduction
Polyploidy of Triticum aestivum L. provides new opportu-
nities for cytogenetic research, which allows for targeted 
intravarietal and alien substitution of chromosomes or their 
parts and examination of the effects of these chromosomes on 
the manifestation of a complex of traits (Sears, 1952, 1972). 
Diploid and polyploid species of Triticeae relative to com-
mon wheat contain the genomes that are not homologous to 
the A, B or D genomes of wheat. The examples of such gene 
pools are diploid and polyploid species of Aegilops, Thino-
pyrum, Secale and Hordeum. The genomes of these species 
are homologous to the genomes of common wheat. An alien 
chromosome belonging to the same homeologous group can 
compensate for the corresponding chromosome of wheat as 
a result of a substitution or a translocation. 

Chromosome engineering describes the technologies that 
allow for manipulating specific chromosomes or their seg-
ments and obtain new wheat genetic lines (Qi et al., 2007; 
Chan, 2010). A successful transfer of alien genes based on 
the homeologous recombination depends on the Ph system. 
There are two known base loci of the Ph system: Ph1 is located 
on the long arm of chromosome 5B, and Ph2 is located on 
chromosome 3DS (Sears, 1972). The Ph1 gene of common 
wheat to a significant extent prevents homeologous pairing, 
thus, only homologous chromosomes pair up and recombine, 
which results in the formation of bivalents in Metaphase I of 
common wheat meiosis. Homeologous pairing of chromo-
somes may occur either due to the nullisomy or deletion of 
Ph1 or the recessive mutation of ph1b.

Researchers have described several methods that allow 
for chromosome or chromosome segment transferring from 
related species to wheat: 1) the use of ionizing radiation 
(Sears, 1956); 2) the use of homeologous recombination 
between chromosomes based on chromosome 5B with Ph1 
gene elimination or use of ph1b mutation (Sears, 1972); 3) the 
use of the univalent chromosomes trend to misdivision (Sears, 
1952); 4) the use of gametocidal chromosomes (Gc) (Endo, 
Gill, 1996).

The genetic models obtained and applied for the studying of 
common wheat can be divided into several types. First, there 
are various types of aneuploid lines, which were first obtained 
by E.R. Sears (1952, 1966) in the cv. ‘Chinese Spring’. They 
include full sets of monosomic, nullisomic-tetrasomic, tetra-
somic, ditelosomic and monotelosomic lines. He developed 
new cytogenetic methods of common wheat analysis with the 
use of different types of aneuploids. 

Another group of genetic models is represented by the 
wheat-alien substitution and addition lines, as well as the lines 
with alien translocations. The cytogenetic research based on 
the common wheat aneuploids has shown that in most cases 
an alien chromosome replaces wheat chromosomes of only 
one homeologous group. In some cases the alien chromosome 
is capable of replacing chromosomes from different homeolo-
gous groups, which indicates the presence of chromosome 
structural changes of different character. At the same time, the 
higher the compensation effect in the intergenome substitu-
tion, the closer the genetic affinity of genomes. Those genetic 
models that include lines with chromosome substitution and 
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translocation, introgressive lines and synthetic wheats with the 
participation of Triticeae species, provide for the enrichment 
of the common wheat gene pool and play an important role 
in selection concerning the biotic and abiotic stress resistance 
(Jiang et al., 1994); with their help, scientists study the home-
ology of wheat chromosomes and genomes with other species 
of grasses (Qi et al., 2007; Chan, 2010) and specificities of 
chromosome behavior during the meiosis in the process of 
selection. Therefore, the researchers’ interest in obtaining new 
wheat-alien lines is still intense, and new species are used as 
a source of new genes (Jiang et al., 1994; Friebe et al., 2001; 
Qi et al., 2011). 

We have created new genetic models represented by near 
isogenic, introgressive and substitution lines, which possess 
a set of unique combinations of alien genetic material of 
different origin, to identify the influence imposed by donor 
chromosomes on stress resistance and adaptation to new en-
vironmental conditions. The results of this study are presented 
in the article.

2. Alien substitution lines
For the first time we obtained wheat-barley substitution lines 
(T. aestivum-H. marinum ssp. gussoneanum Hudson 4х) for 
the chromosomes of homeologous group 7, in which common 
wheat chromosomes 7A, 7B and 7D are substituted by barley 
H. marinum telocentric chromosome 7HLmar (Efremova et al., 
2013, 2018). The analysis of the meiosis Metaphase I (MI) has 
shown that the ditelosomic (DT) lines obtained are character-
ized by cytologically stable meiosis, and most plants in each 
line have the following chromosome configuration: 20”+t”. 
The GISH-analysis of substitution lines has shown that they 
bear a pair of barley telocentric chromosomes. The diteloso-
mic analysis allowed us to define the lines as DT7HLmar(7A) 
and DT7Hmar(7B). On the basis of the compensation test and 
studying of the substitution lines’ meiotic stability, we deter-
mined that H. marinum chromosome 7HLmar is homeologous 
to the common wheat chromosomes of the seventh group 
(Efremova et al., 2018).

In order to increase the adaptive potential of plants, we 
created the wheat-rye 5R(5A) substitution lines based on the 
winter wheat cv. ‘Filatovka’ and cv. ‘Ulʼynovka’ to identify 
the role of rye chromosome 5R in controlling the winter-cold-
resistance feature. It is important to point out that as of today 
there are almost no research papers referring to the influence of 
rye chromosome 5R on the plants’ winter resistance. Field tests 
performed in winter of 2017/2018 have shown that 90–100 % 
of wheat-rye 5R(5A) substitution lines survive the winter in 
the conditions of the Novosibirsk Region. 

3. Introgression lines
Modern biotechnological methods are aimed at reducing the 
share of alien material in the cultivated grasses’ genomes; thus, 
the studying of methods of inducing the chromosome homeo-
logous recombination for acquiring translocations with the 
genes responsible for valuable traits of wild species has great 
practical and theoretical value (Qi et al., 2011). In order to 
find the combinations of crossing that induce a high frequency 
of chromosomes with translocations, we studied monosomic 
wheat-rye 5R(5A) and 5R(5D) substitution lines and their 

hybrids with line L2075. The cytologic analysis has shown 
that rye chromosome 5R rather frequently undergoes misdi-
vision both at the self-fertilization of monosomic alien lines 
and in F1–4 hybrid offspring [5R(5A) × L2075] and [5R(5D) × 
L2075] at the self-fertilization of dimonosomics with the 
chromosome configuration of 20”+1’+1’. In the MI meiosis, 
as a rule, chromosomes in the wheat-rye dimonosomics 5R-
5A and 5R-5D are represented as univalents. However, within 
each hybrid combination from 15 to 18 % of plants with a 
telocentric chromosome were selected. We have also found 
that univalent chromosomes 5A and 5D differ in the frequency 
of telocentric chromosome formation. Univalent chromosome 
5A undergoes misdivision with high frequency (19 %) in 
comparison with chromosome 5D (0.46 %). As a result, based 
on in situ hybridization, among F4 [5R(5A) × L2075] hybrid 
plants we selected plants with the 5AS.5RL translocation, and 
among [5R(5D) × L2075] hybrids we detected no such wheat-
rye translocation. This translocation might have appeared in 
the case of the simultaneous presence, in the hybrids, of two 
univalents and a spontaneous misdivision process in the rye 
and wheat chromosomes followed by telocentric fusion. Thus, 
the mechanism of Robertsonian translocation formation in 
the offspring of dimonosomics can be used for transferring 
an alien chromosome arm to the wheat genome.

We obtained two wheat-rye lines identified as T5AS.5RL + 
T1RS.1BL and 5R(5D) + T1RS.1BL. The rye chromosomes 
are of different origin: 5R originates from the spring rye cv. 
‘Onohoskaya’, and 1RS from the winter rye cv. ‘Saratov-
skaya 5’. Based on in situ hybridization and C-banding, we 
found that one line had a Robertsonian translocation, so that 
the short arm of wheat chromosome 5AS had been transferred 
to the long arm of rye chromosome 5RL. We found no such 
translocation in the second line: the obtained lines have the 
5R(5D) substitution. To identify chromosomes 1RS and 5RL, 
we used rye-specific markers. The field tests of adult plants 
and sprouts tolerance analysis have shown that the T5AS.5RL 
+ T1RS.1BL and 5R(5D) + T1RS.1BL lines possess leaf rust 
and powdery mildew tolerance, as well as moderate stem 
rust tolerance in conditions of Western Siberia (Efremova et 
al., 2014). 

We created the introgressive lines of common wheat that 
possess a complex of useful traits that were transferred from 
phylogenetically distant species (Ag. elongatum, Ag. inter-
medium, S. сereale) united in a single genotype. These new 
genetic models include several alien genes which control 
diseases tolerance (a pyramid of rye and wheatgrass genes: 
Lr26/Pm8/Sr31+Lr19/Sr25+Lr6Ai/Sr6Ai/Pm6Ai), various 
grain colors (a combination of wheatgrass and common wheat 
genes, Ba1 and Pp-1/Pp3), and winter development type (the 
rye gene vrn-R1), for studying the peculiarities of development 
of traits under examination depending on the combination of 
alien chromosomes or their segments. A combination of two/
three complex genetic systems responsible for stability, adap-
tation and morphobiological traits in one genotype is a rather 
complicated issue. One of the most promising approaches to its 
solution is to combine classic cytogenetic methods and MAS 
selection methods. The selection of a homozygous form with 
the combination of genes that controls disease tolerance, grain 
color and winter type of development has been performed 
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based on phenotypic markers and molecular analysis with the 
help of PCR with specific primers. We performed phenotypic 
tests on the introgressive lines for disease tolerance in a field 
test and selected the plants that are tolerant to leaf rust.

Among the genes under examination we also studied the 
Ba1 gene which controls blue grain color. Using the genetic 
models with colored grain, we create new lines with the combi-
nation of genes that control the blue color of the aleuron layer 
and complex disease tolerance. In parallel, we are working 
on obtaining lines with a combination of genes that control 
purple pericarp and blue aleuron layer color in the genotype 
of the cv. ‘Saratovskaya 29’ (‘S29’) to increase the amount 
of anthocyanin in grains.

As a result of kernel section analysis and visual estimation 
of grain color in F3 hybrids, we managed to select individual 
plants with brown grain, purple pericarp and blue aleuron 
layer. Among F4-hybrids we selected, as a result, homozygous 
S29 lines Рр-1Рр3PF/Ва1, S29Ва1/Рр-1Рр3PFand S29Ва1/
Рр1Рр3P which have shown no grain color splitting. Grains 
are dark-brown. Among F3–4-hybrids of S29 Рр-1Рр3P/Ва1 
we continued to select homozygous forms. It was shown that 
the strength of kernel color may be different, which probably 
depends on the presence of genes in the plant genotype and 
their status. We can assume that the combinations of differ-
ent alleles of the Pp-1/Pp3 and Ba1 loci are expressed in 
different ways. 

We tested three samples of flour for the anthocyanin content. 
The estimation of total content of anthocyanins in hydrolis-
ates of three flour samples has shown that original isogenic 
lines differ in content of anthocyanins; for the line with blue 
grain (S29 4Ag(4B)), this parameter exceeds the parameter of 
the purple-grain line (i:S29Pp-1Pp3PF ), 135.2 mg/100 g and 
81.1 mg/100 g correspondingly. The content of anthocyanins 
in the new line, S29 Рр1Рр3PF/Ва1, exceeds that in the iso-
genic lines (166.2 mg/100 g).

Thus, the ‘S29’ lines obtained possess the complementary 
genes Рр-1/Рр3 which control the purple color of the grain 
pericarp (the donors are the common wheat cv. ‘Purple Feed’ 
and cv. ‘Purple’) and the Ва1 gene, which is responsible for 
the blue color of the aleuron layer (the donor is the wheatgrass 
Ag. elongatum). These lines contain larger amounts of antho-
cyanins than red-grained and blue-grained samples. 

4. Near-isogenic lines
The existing allele differences of Vrn genes are basic for 
the wide area of wheatgrass cultivation and the high level 
of  adaptation to environmental conditions. Noteworthy, all 
studies of structural-functional regulation of the duration of 
the wheat vegetation period are connected with the determina-
tion and description of the new allelic variants of the VRN-1 
gene, but do not refer to the influence of structural changes in 
the regulatory parts of the VRN-1 gene on earliness. We have 
created the near-isogenic lines of the common winter wheat 
cv. ‘Bezostaya 1’ with different alleles of the VRN-1 gene and 
with their help performed an experimental study of the role 
that VRN-1 allele polymorphism has in the regulation of the 
duration of the vegetation period and the duration of particular 
phases of development for the first time (Efremova et al., 2011; 
Emtseva et al., 2013). We found that the isogenic line with 

the Vrn-A1а allele has a shorter “tillering – first node” phase 
in comparison with the lines with the Vrn-B1c and Vrn-B1a 
alleles. This line approached the heading stage earlier than 
the other isogenic lines. The same result was obtained earlier 
during the study of these lines in greenhouse conditions. This 
fact testifies one more time that gene Vrn-A1 has the strongest 
effect on the duration of the tillering stage and controls the 
heading stage in plants. Under the conditions of the naturally 
long day in the Novosibirsk Region, we found no difference 
between the isogenic lines with the Vrn-B1c and Vrn-B1a al-
leles in the duration of the “tillering – first node” phase, and 
the difference in the duration of the heading stage was 2 days. 
However, under the conditions of a short day in a greenhouse, 
the difference in the duration of the tillering phase between 
the Vrn-B1c and Vrn-B1a alleles appeared to be 12 days, and 
the difference in heading stage duration was 35 days (Emtseva 
et al., 2013). Based on these results, we can assume that the 
winter wheat cv. ‘Bezostaya 1’ has a weak response to the 
photoperiod. It is known that not only the effects of Vrn genes, 
but also the Ppd genes that control photoperiod response, 
impose a significant influence on the developmental phases. 
Thus, under short day conditions, the effect of the Vrn-B1c 
and Vrn-B1a gene alleles in the genetic background of cv. 
‘Bezostaya 1’ manifests in the increase of vegetation period 
duration, especially the “tillering – first node” phase between 
the lines. Under ong day conditions, we observed no differ-
ences between the Vrn-B1c and Vrn-B1a alleles. 
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1. Introduction
The VRN1 genes are major determinants of such agronomi-
cally valuable traits of wheat as growth habit and flowering 
time. The dominant alleles of these genes contain mutations 
within the promoter region and in the first intron, determining 
spring growth habit and early flowering of wheat.

The hexaploid wheat of T. spelta belongs to the Triticum 
dicoccum lineage and was derived from hybridization events 
between the domesticated hulled tetraploid wheat T. dicoc-
cum and free-threshing hexaploid wheat T. aestivum. The 
dominant Vrn-A1b.2 allele is one of major determinants of 
the spring growth habit in T. dicoccum and T. spelta (Muterko 
et al., 2016).

Previously the copy number variation (CNV) of the reces-
sive vrn-A1 allele was shown for hexaploid wheat (Diaz et 
al., 2012, Würschum et al., 2015, Muterko and Salina 2017, 
Muterko and Salina 2018). However, this polymorphism was 
not analyzed in tetraploid wheat and hexaploid wheat with 
the dominant Vrn-A1 alleles. In the present study, the CNV 
of VRN1 genes was investigated in accessions of tetraploid 
wheat T. dicoccum and spring accessions of hexaploid wheat 
T. spelta.

2. Materials and methods
Total nucleic acids were extracted from seedlings and leaves 
using CTAB lysis buffer, chloroform extraction and isopro-
panol precipitation. 

PCR was carried with the VRN1ex4F (agttgcagcaactg-
gagcag) and VRN1ex6R (tattctcctcctgcagtgac) primer pair. 
Both primers are annealed on all three homeologous VRN1 
genes, producing fragments of similar lengths (470, 476 and 
468 bp fragments for the VRN-A1, VRN-B1 and VRN-D1 
genes). However, since the polymorphism of these fragments 
is localized within the A-tract rich region this accompanied 
the modulation of curvature of the DNA molecules. The DNA 
template was fragmented by temperature and PCR was car-
ried out only for 24 cycles to quantify target amplicons at the 
exponential phase of amplification.

Abstract: In the present study the copy number variation of VRN1 was analyzed in 
accessions of tetraploid wheat T. dicoccum and hexaploid wheat T. spelta. For this purpose, 
a PCR approach based on end-point quantification was developed and the results obtained 
were confirmed in a qPCR assay. The duplication of the vrn-Ab.3 and Vrn-A1b.2 alleles in 
T. dicoccum and T. spelta has been shown for the first time. Furthermore, in accessions of 
T. spelta the duplication of Vrn-A1b.2 was strongly associated with the awnless spikes and 
Vrn-B1c genotype, indicating a likely common origin of these accessions. Variation of the 
Vrn-A1b.2 haploid copy number can provide additional advantages in manipulation of 
flowering time of wheat.
Key words: wheat; emmer; spelt; flowering time; copy number variation; genetic diversity.

The horizontal electrophoresis was carried out on half 
of microscopic glass slides at 6–8 °C in ultrathin (0.5 mm) 
non-denaturing polyacrylamide gels in discontinuous buffer 
system Tris-HCl / Tris-Borate. Gels were stained in ethidium 
bromide and visualized under UV light. The ratios of peak 
intensities of the VRN-A1 (A1), VRN-B1 (B1) and VRN-D1 
(D1) fragments were used to quantify the relative copy number 
of the corresponding genes. In this approach the principles of 
isotachophoresis are used to preconcentration of DNA frag-
ments and obtain very thin bands, producing the sharpened 
peaks of fluorescence intensity, which are suitable for proper 
quantification.

Quantitative PCR was performed using TaqMan probes for 
the VRN-A1 and CONSTANS genes (Würschum et al., 2015). 
Sanger sequencing was carried out using a BigDye Termina-
tor v3.1 sequencing kit with subsequent analysis on an ABI 
3130xl Genetic Analyzer (SB RAS Genomics Core Facility).

3. Results and discussion
The VRN1-ratio test optimized as described in the Methods 
section was applied to the accessions of T. dicoccum and 
T. spelta carrying the dominant Vrn-A1 allele and found varia-
tion in VRN-A1 copy number, but not in VRN-B1 or VRN-D1.

The A1/B1 ratio for accessions of T. dicoccum with the 
recessive (intact) vrn-A1 as well as the dominant Vrn-A1a, 
Vrn-A1b.2, Vrn-A1e and Vrn-A1k alleles was 0.8, indicating a 
single haploiod copy of VRN-A1. However, in two accessions 
from Israel and Palestine, the intensity ratio of the VRN-A1 
PCR fragments to VRN-B1 results in an average value of 1.6 
(1.5–1.7), suggesting a duplication of VRN-A1. To confirm 
this assumption, the qPCR was carried out, where the CON-
STANS genes were used, as the endogenous control, instead 
of VRN-B1. The results of both VRN1-ratio test and qPCR 
were consistent (Figure 1). Sequence analysis of the VRN-A1 
promoter region showed that both of these T. dicoccum acces-
sions carry vrn-A1b.3.

The VRN1-ratio test divided accessions of T. spelta with the 
Vrn-A1b allele into two groups. It one of them, the average 
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A1/ B1 and A1/D1 ratios were 0.7 and 1, respectively, while in 
the other, 1.4 and 2. The D1/B1 ratio for both groups was 0.8. 
The results obtained assuming single and two haploid copies of 
VRN-A1 for these groups, respectively, and the copy number 
of VRN-A1 was confirmed using a qPCR assay (see Figure 1).

Interestingly, that duplication of Vrn-A1b.2 in accessions of 
T. spelta was strongly associated with the Vrn-B1c genotype 

and awnless spikes, while accessions containing a single 
haploid copy of this allele were awned and carried recessive 
vrn-B1 with the VRN-B1s haplotype. These observations are 
likely related to the different origin of the T. spelta accessions 
analyzed. In fact, almost all accessions of T. spelta carrying 
a single haploid copy of Vrn-A1b.2 originate from Italy (as-
sumed Asturian spelt).

It is known that gene dosage of the dominant VRN1 al-
leles positively correlates with early flowering of polyploid 
wheat. On the other hand, multiplication of the recessive 
vrn-A1 allele is associated with later flowering. In any case, 
the effect of the Vrn-A1b.2 duplication on phenotype provides 
additional advantages in the manipulation of flowering time of  
wheat.

4. Conclusions
Copy number variation of the VRN1 genes was investigated 
in accessions of tetraploid wheat T. dicoccum and hexaploid 
wheat T. spelta. The duplication of vrn-A1b.3 in T. dicoccum 
as well as vrn-A1b.3 and the Vrn-A1b.2 alleles in T. spelta was 
shown for the first time. In the European population of spring 
spelt wheat, the duplication of Vrn-A1b.2 is associated with 
the awnless spikes and the Vrn-B1c genotype.
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Figure 1. Quantification of the VRN-A1 copies in accessions of T dicoccum 
and T. spelta during the (A) VRN1-ratio test and (B) qPCR assays. 
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1. Introduction
The complementing of the traditional breeding approaches 
with the modern biotechnologies opens the possibility to 
enhance genetic variation in wheat. Different new breeding 
technologies (NBTs) such as haploid production, genetic 
engineering, or plant genome editing strongly depend on 
the availability of cultivars demonstrating efficient in vitro 
plants regeneration. In last decades, the application of NBTs 
to genetically improve the diversity of the wheat genome was 
repeatedly reported (Shrawat, Armstrong, 2018; Borisjuk et 
al., 2019). However, most of the researches were mostly car-
ried out using ‘model’ cultivars, while the application of NBTs 
to high-quality local cultivars has a more practical perspective.

In wheat, plant regeneration can be achieved through 
embryogenesis or organogenesis induced by the culturing 
of isolated immature zygotic embryos on a medium supple-
mented with auxins (Delporte et al., 2014). Our previous 
results showed that the 4-week culture of immature tissues on 
a media containing 2,4-D (2,4-dichlorophenoxyacetic acid) 
under darkness with the subsequent plant differentiation under 
light on media without phytohormones could be good starting 
practice for testing various wheat cultivars and species for 
regeneration abilities (Alikina et al., 2016). In this study, Si-
berian cultivars of bread wheat adapted to local environments 
were investigated for their ability to induce embryogenic calli 
and produce plants in vitro.

2. Materials and methods
Three different samples of bread wheat (Triticum aesti-
vum L.) – cv. ‘Novosibirskaya-40’ (winter), cv. ‘Novosi-
birskaya-61’ (spring) and line ‘Velut’ (spring) – were tested. 
The wheat samples differ in genomic composition. In contrast 
to cv ‘Novosibirskaya-40’ the other two wheat samples have 
translocation from wild species: cv. Novosibirskaya-61 –  from 
Agropyron and line ‘Velut’ – from rye and Aegilops spelto-
dies (Salina, unpublished). The donor plants growing and the 

Abstract: The regeneration ability of three Siberian bread wheat cultivars, ‘Novosibir-
skaya-40’, ‘Novosibirskaya-61’ and ‘Velut’, has been studied. Embryogenic callus formation 
and shoot regeneration were successfully achieved from the isolated immature zygotic em-
bryos using a two-step regeneration protocol. Embryogenic calli were induced by cultur-
ing immature embryos on a medium supplemented with 2,4-dichlorophenoxyacetic acid 
(2,4-D). During the first step of culture, all the cultivars were able to produce embryogenic 
calli with a high frequency varying from 87.1 % (‘Novosibirskaya-40’) to 95.5 % (‘Novosi-
birskaya-61’). Upon withdrawal from auxin, differentiation of embryogenic structures into 
green plantlets was achieved. The ability to regenerate plants in vitro differed among the 
wheat cultivars tested, the highest was observed for ‘Velut’ (13.7 plantlets per morphogenic 
explant) and the lowest, for ‘Novosibirskaya-40’ (5.7 plantlets per morphogenic explant).
Key words: Triticum aestivum L.; immature embryos; somatic embryogenesis; plant rege-
neration.

immature embryos isolation were performed as described 
(Alikina et al., 2016). To ensure a sufficient number (not less 
than 60 in general) of embryogenic calli formed and used to 
regenerate plants, 115–135 initial explants for each variety 
were placed on the induction medium. 

Callus induction media used in this study consisted of MS 
macro- and microelements and vitamins (Murashige and 
Skoog, 1962), 2 mg/L 2,4-D, 150 mg/L L-asparagine, 3 % 
(w/v) sucrose, and were solidified with 7 g/L agar, pH 5.8. 
The frequencies of embryogenic callus formation from im-
mature embryos were calculated after 1 month of culture. For 
plant regeneration, embryogenic calli produced by immature 
embryos were transferred into culture flasks on a hormone-
free medium containing MS mineral salts and vitamins, 20 g/L 
sucrose, and 7 g/L agar. At the end of culturing, the number of 
plantlets regenerated from embryogenic calli was calculated. 

3. Results and discussion
An important prerequisite for the production of transgenic 
or genome-edited wheat plants is the availability of a target 
tissue competent for plant regeneration. In wheat, the most 
popular explants routinely used to induce plant regeneration 
are immature zygotic tissues (Shrawat, Armstrong, 2018). For 
many cultivars of polyploid wheat, it is usually sufficient to 
use the supplement of 2-3 mg/l of 2,4-D to induce somatic 
embryogenesis from isolated immature zygotic embryos (Del-
porte et al., 2014). In some cases, certain germplasms display 
significant recalcitrance in vitro, so optimization is required 
to achieve an appreciable level of morphogenic response with 
regard to the choice of auxin type and its proper concentration 
(Miroshnichenko et al., 2016, 2017). In the present study, we 
have made an attempt to study the morphogenic efficiency 
of three local wheat cultivars, ‘Novosibirskaya-40’, ‘No-
vosibirskaya-61’ and ‘Velut’. Since the in vitro response of 
zygotic tissues in wheat strictly depends on the genotype, this 
research was aimed to clarify which of the cultivars could be 
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directly used for the NBT programs, and which require the 
further optimization of the in vitro morphogenesis protocol. 

Within two weeks of cultivation, the formation of embryo-
genic callus surrounded by translucent non-embryogenic 
callus was observed in all cultivars. Taking into account the ef-
ficiency of callogenesis and embryogenesis (Table 1), no clear 
differences were found between cultivars. All the cultivars 
studied displayed a high ability to form embryogenic struc-
tures, varying from 87.1 % (‘Novosibirskaya-40’) to 95.5 % 
(‘Novosibirskaya-61’). However, the pattern of the formation 
of the morphogenic structures differed in the cultivars studied. 

‘Novosibirskaya-61’ and especially ‘Novosibirskaya-40’ ex-
plants formed mostly scattered embryogenic structures (Figu-
re 1, a, b), while the entire explant surface of ‘Velut’ was usual-
ly covered with numerous embryogenic structures at the end of 
culture period on auxin-containing medium (see Figure 1, c). 

The difference in the density of morphogenic structure 
formation significantly influenced the regeneration capacity 
of the cultivars. After transfer onto the medium lacking plant 
growth regulators, morphogenic explants of ‘Velut’ displayed 
high conversion into plantlets (Figure 1, d ) – they reached 
the figure of 13.7 plantlets per explant (Table 1). In contrast, 

Table 1
In vitro culture response of immature embryo tissue of three Siberian wheat cultivars

Cultivar Callus induction*,
(%)

Embryogenic callus induction**, 
(%) No. of regenerated shoots***

Novosibirskaya-40 94.0 ± 5.5 87.1 ± 9.6 5.7 ± 0.9

Novosibirskaya-61 99.3 ± 1.8 95.5 ± 5.6 8.0 ± 1.2

Velut 97.4 ± 2.5 93.9 ± 8.7 13.7 ± 1.9

    * Percentage of initial explants producing callus 
  ** Percentage of initial explants producing embryogenic callus  
*** Number of regenerated plantlets per embryogenic callus

Figure 1. Embryogenic callus formation from immature embryo tissues of ‘Novosibirskaya-61’ (a), Novosibir-
skaya-40’ (b), ‘Velut’ (c) on the medium supplemented with 2 mg/L 2,4-D after 4 weeks of culture, and regene-
ration of plants from embryogenic callus of ‘Velut’ (d) after 30 days of culture on medium without growth regu-
lators. 

D.N. Miroshnichenko et al. Evaluation of in vitro plant regeneration efficiency in Siberian wheat cultivars. 
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embryogenic callus of ‘Novosibirskaya-40’ and ‘Novosi-
birskaya-61’ generated only 5.7 and 8.0 plantlets, respectively. 
Despite the difference in the number of plants produced, none 
of the cultivars showed the formation of albino individuals 
among regenerated plants, a phenomenon previously reported 
for polyploid wheat germplasms belonging to T. kiharae, 
T. timopheevii, T. carthlicum and T. compactum (Alikina et 
al., 2016; Miroshnichenko et al., 2016). 

Regenerated shoots of ‘Novosibirskaya-40’, ‘Novosibir-
skaya-61’ and ‘Velut’ with prominent roots were further trans-
ferred into the greenhouse. All plantlets that had been trans-
ferred to soil survived the greenhouse conditions and grew 
into morphologically normal and fertile plants.

4. Conclusions
The two-step protocol based on 2,4-D as the main exogenous 
inducer for the in vitro response of local Siberian cultivars of 
bread wheat can be successfully used to generate a sustainable 
supply of morphogenic material from immature embryos for 
the application in various NBT programs. All cultivars studied 
demonstrated an appreciable ability to produce embryogenic 
callus, which is the main target for delivering constructs en-
coding genome editing components or transgenic sequences. 
Some modifications of the protocol, however, should be 
recommended to control more efficiently the conversion 
of morphogenic structures into the whole plants in ‘Novo-
sibirskaya-40’ and ‘Novosibirskaya-61’. As an example, a 
combination of various plant growth regulators displaying 
distinctive biological activities (Miroshnichenko et al., 2017) 

could be simultaneously used for promoting a higher rate of 
morphogenesis in these wheat cultivars.
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1. Introduction
One of the promising areas of biotechnology is the improve-
ment of the nutritional value of grain. This task is particularly 
important for sorghum, a high-yielding drought-tolerant ce-
real, which is a source of feed and food for millions of people 
in many countries around the world. However, compared to 
other cereals, the majority of sorghum cultivars are character-
ized by a number of nutritional constrains, such as a lower 
digestibility of seed storage proteins (kafirins) and starch, a 
poor nutritional value of kafirins, which have a low content 
of essential amino acids.

Among the factors that cause or may effect this phenomenon 
are the chemical structure of kafirins, which are abundant 
with sulphur-containing amino acids capable to form S–S 
bonds resistant to protease digestion; interactions of kafirins 
with non-kafirin proteins and non-protein components such 
as polyphenols and polysaccharides; the spatial organization 
of different kafirins in the protein bodies of endosperm cells 
(Belton et al., 2006). It is generally accepted that the peripheral 
disposition of γ-kafirin, which is considered as the most stable 
against protease digestion reduces digestibility of α-kafirin, 
the major sorghum seed storage protein located centrally in 
protein bodies and comprising up to 80 % of the total endo-
sperm kafirins. In addition, γ-kafirin is characterized by the 
ability to form oligo- or polymers of high molecular weight, 
which are resistant to protease digestion.

In this paper, we summarized some experiments on biofor-
tification of sorghum with amino acids and micronutrients and 
on improving digestibility of kafirins using genetic engineer-
ing approaches and outlined their importance for practical 
sorghum breeding.

Improvement of sorghum grain quality 
using modern genetic tools
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Abstract: A review of the studies on the improvement of the nutritional value of sorghum 
grain by genetic engineering tools is presented. These studies include biofortification 
of sorghum with amino acids and micronutrients and improving digestibility of seed 
storage proteins (kafirins) via RNA interference and genome editing. Transgenic sorghum 
harboring the genetic constructs inducing RNA silencing of kafirins are characterized by 
an increased in vitro digestibility of endosperm proteins, an increased proportion of lysine, 
and modification of endosperm texture, which becomes floury devoid of the vitreous 
layer. In some cases transgenic events with vitreous endosperm and a high digestibility of 
kafirins were obtained, which may be of interest for practical sorghum breeding. There are 
evidences that genetic constructs for RNA silencing may be unstable in the plant genome 
and their expression may be influenced by the environment. Induction of mutations that 
disrupt the functioning of the kafirin genes using genome editing may be a more effective 
approach for improving the digestibility of kafirins and increasing the nutritional value of 
sorghum grain. 
Key words: kafirins; endosperm; in vitro protein digestibility; RNAi; CRISPR/Cas9; Sorghum 
bicolor.

2. Sorghum biofortification with amino acids  
and micronutrients
Numerous researches published up to date clearly demon-
strate that genetic engineering techniques are quite promising 
for enrichment of cereal grain with essential amino acids, 
i. e. lysine, tryptophan, methionine, and micronutrients. 
By using endosperm-specific promoters, expression of the 
desired genes may be provided exactly in the kernels, rather 
than in somatic tissues. Sorghum grain has a low content of 
lysine and β-carotene (provitamin A), which are highly im-
portant for human health.

There are reports on obtaining transgenic sorghum plants 
with an increased content of lysine (up to 40–60 %) (Zhao et 
al., 2010) and β-carotene (up to 7.3–12.3 μg/g vs. 0.5 μg/g in 
non-transgenic control seeds). In order to increase β-carotene 
content in sorghum grain and ensure its stability during grain 
storage, the introduction of five genetic constructs encoding 
enzymes involved in the carotenoid biosynthesis pathway and 
preventing its oxidative degradation was performed (Che et 
al., 2016).

This research is a shining example of the effectiveness of the 
genetic engineering approach for modifying plant metabolism 
to meet human needs. 

3.  Increase in seed storage protein digestibility 
using RNA-silencing technology
In recent years, RNA interference technology has been inten-
sively used to suppress the synthesis of seed storage proteins 
in different species of cereals including wheat, rice and maize. 
These experiments contributed to obtaining new information 
on the mechanisms of protein body formation, as well as the 

conf.bionet.nsc.ru/plantgen2019/enPlant biotechnology  
in the postgenomic era



130

role of various classes of prolamins and glutenins in the de-
velopment of endosperm and their effect on the technological 
properties of flour.

In sorghum, intensive studies on the induction of RNA-
silencing of the kafirin genes have been undertaken by several 
research groups (DaSilva et al., 2011; Kumar et al., 2012; 
Grootboom et al., 2014). The main goal of these experiments 
was the improvement of in vitro protein digestibility as a result 
of suppressing synthesis of different kafirin sub-classes. In 
these experiments, RNAi-constructs differ in the number of 
targeted kafirin genes, the nature of intron separated inverted 
repeats of kafirin genes, and promoters driving these constructs.

In the experiments of each of these groups, lines of transgen-
ic sorghum with suppressed synthesis of γ- and/ or α-kafirins 
and a floury type of endosperm were obtained. Unfortunately, 
the presence of floury endosperm is a disadvantage of these 
lines, since the absence of a vitreous layer increases the fra-
gility of the grain and reduces their resistance to damage by 
fungal diseases. 

Remarkably, in our experiments with genetic constructs for 
the silencing of only the γ-kafirin gene (Elkonin et al., 2016) 
we have obtained transgenic plants, which had kernels with 
normal vitreous endosperm, as well as with a thin vitreous 
endosperm layer, with floury or modified endosperm types. 
In kernels with the modified endosperm type, the vitreous 
layer was significantly reduced and developed as sectors 
or patches surrounded by floury endosperm. These kernels 
resemble the kernels of recombinant sorghum lines obtained 
by hybridization of a highly digestible mutant with floury 
endosperm (hdhl) with ordinary sorghum lines with vitreous 
endosperm (Tesso et al., 2006).

Previously, transgenic plants with patches of vitreous en-
dosperm surrounded by floury endosperm were also observed 
in ‘Tx430’ containing a genetic construct for silencing α- and 
γ-kafirins, while co-suppression of δ-kafirin and γ-kafirin 
subclasses did not change the endosperm phenotype in this 
line (DaSilva, 2012). Apparently, the formation of different 
endosperm types results from peculiarities of expression of 
the genetic constructs in the genome of the recipient line.

The most important effect of kafirin silencing in transgenic 
plants was an increased protein digestibility in both cooked 
and raw sorghum flour. For example, transgenic plants of 
‘Tx430’ carrying the genetic construct for silencing of α- 
and γ-kafirin sub-classes were characterized by an improved 
in vitro protein digestibility of both raw and cooked grain 
flour: 78 and 61 %, respectively; while in the non-transgenic 
control these figures were 40–50 and 34–40 %, respectively 
(DaSilva et al., 2011).

The genetic construct for silencing only δ- and γ-kafirins 
also caused an improvement of in vitro protein digestibility 
of raw flour, but did not affect the digestibility of cooked 
flour (DaSilva, 2012). In experiments by Kumar et al. (2012), 
cooked flour obtained from transgenic plants carrying genetic 
constructs for silencing γ-kafirin did not differ from the non-
transgenic control, while the silencing of α-kafirin improved 
the protein digestibility of cooked flour.

Transgenic plants obtained in our experiments also had a 
significantly improved in vitro digestibility of endosperm pro-

teins (Elkonin et al., 2016). A comparison of electrophoretic 
spectra before and after pepsin digestion revealed that the 
amount of undigested α-kafirin monomers and total undigested 
protein was significantly lower (1.7–1.9 times, according to 
quantitative analysis of SDS-PAGE) in the transgenic plant 
than in the original non-transgenic line.

The digestibility value reached 85.4 %, while in original 
line this value was about 60 %. Remarkably, in the kernels of 
transgenic plant #94-3-08 (T2) with thick vitreous endosperm, 
the differences in kafirin digestion were more pronounced: 
the amount of undigested monomers was 17.5 as low, and the 
amount of total undigested protein was 4.7 as low as those in 
the original line. The digestibility value reached 92 %.

Plants from T3 generation inherited the improved digest-
ibility of kafirins. In these plants, kernels had either floury or 
modified endosperm or endosperm with a vitreous layer. The 
level of digestibility of endosperm proteins in these plants 
was 83–90 %, significantly differing from the digestibility 
of proteins in the original non-transgenic line. Apparently, a 
decrease in γ-kafirin increases the digestibility of α-kafirins. 
This increase may be due to chemical reasons (reduction of 
polymerization) and/or physical reasons (change in the spatial 
arrangement of α-kafirins in the protein bodies that increase 
their availability to pepsin digestion).

The effect of increased protein digestibility was also ob-
served in some plants from T4 generation, while in others it 
disappeared owing to the instability of the RNAi construct 
(see section 5).

4. Rebalancing of the seed proteome  
and improvement of the nutritional value  
of sorghum grain by silencing kafirin genes
An important consequence of silencing of prolamine genes in 
cereals is the enhancement of the synthesis of other proteins, 
including those that have a higher content of essential amino 
acids, lysine and threonine. Maize plants with silenced α-zeins 
were characterized by a doubled content of the essential amino 
acids tryptophan and lysine (Huang et al., 2006).

In rice, it has been shown that gene silencing of a 13 kDa 
prolamine increases the total lysine content up to 56 % as a 
result of a compensatory rise in the synthesis of lysine-rich 
glutelins, globulins and chaperones (Kawakatsu et al., 2010). 
A significant increase in lysine content (up to 3.3 g/100 g 
protein in comparison with 2.1 g/100g protein in the non-
transgenic control) was found in transgenic sorghum plants 
carrying complex genetic constructs for RNAi silencing of the 
α-, γ-, δ-kafirin genes and lysine-ketoglutarate reductase gene, 
which control the catabolism of free lysine (DaSilva, 2012). 

In our studies, in the kernels of transgenic plants from T2 
generation with high in vitro protein digestibility, the total 
amino acid content was significantly reduced to 22.8–40.2 %, 
in comparison with the original non-transgenic line (Elkonin 
et al., 2016). At the same time, the relative content of two 
major essential amino acids, lysine and threonine, significantly 
increased. The lysine proportion increased 1.6-1.7 times: 
from 1.54 % of the total amino acid content in the flour of the 
original non-transgenic line to 2.41–2.63 % in the transgenic 
plants. Such an increase, coupled with a significant reduc-

L.A. Elkonin et al. Improvement of sorghum grain quality using modern genetic tools. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;129–132



131

tion in the total level of amino acids, was presumably caused 
by a decrease in the content of α-kafirins poor in lysine and 
threonine, while the synthesis of other proteins remained un-
disturbed. Consequently, the relative proportions of lysine and 
threonine increased. Perhaps, the suppression of the γ-kafirin 
synthesis prevents the accumulation of α-kafirins, but does 
not affect the synthesis of other proteins richer in lysine and  
threonine.

Such a rebalancing of the seed proteome is a common 
phenomenon for transgenic plants with genetic constructs for 
RNA silencing of major seed storage proteins. For maize, it 
was suggested that developing kernels possess compensatory 
mechanisms that sense protein content when zein synthesis is 
interrupted, leading to translation of other mRNAs instead of 
zein mRNAs (Wu, Messing, 2014).

Remarkably, in knockdown mutant lines of soybean with 
suppressed synthesis of major storage proteins, the seeds main-
tained nearly identical levels of total protein compared to the 
untransformed soybean cultivars (Schmidt et al., 2011). These 
data suggest that proteome rebalancing in seeds might be a 
rather common event, providing a constant sink for reduced 
nitrogen during seed maturation.

5.  Instability of genetic constructs  
for RNA silencing of γ-kafirin gene
In our experiments, we found that the progeny of transgenic 
plants with high in vitro protein digestibility sometimes lost 
this trait. Even different panicles of one and the same plant 
had different values of in vitro protein digestibility. PCR 
analysis of plants from the late generations (T4, T5) showed 
elimination of the construct for RNA silencing in the course 
of plant ontogenesis. Nevertheless, in some plants from the 
same progeny the construct was stable. 

In addition, in some plants from T4 generations, we found 
elimination of the nos-promoter governing the marker bar 
gene from the transgenic construct for silencing the γ-kafirin 
gene. Therefore, these plants, in fact, turned to be functionally 
marker-free transgenic plants.

6. Editing of nucleotide sequences  
of kafirin genes
In above examples, suppressing the synthesis of kafirins is 
performed by small interfering RNAs (siRNAs) and subse-
quent mRNA cleavage and translational inhibition, which 
are important epigenetic mechanisms in plants. However, 
epigenetic mechanisms in plants are known to be sensitive to 
growing conditions and environmental factors (temperature, 
soil moisture and air, etc.). There are reports that temperature 
can have a major impact on the extent of gene silencing. 
Recently it has been shown that miRNA-mediated mRNA 
cleavage and translational inhibition are dependent on plant 
growth temperature (von Born et al., 2018). Therefore, the 
effectiveness of suppression of kafirin synthesis by RNAi 
constructs might be sensitive to plant growing conditions. In 
addition, genetic construct for RNA silencing may be unstable 
in the plant genome. In this regard, induction of mutations that 
disrupt the functioning of the kafirin genes at the genetic level 
may be a more effective approach for altering kafirin levels.

Recently, using the CRISPR/Cas9 gene editing tool Li et al. 
(2018) induced mutations in a conserved region encoding the 
endoplasmic reticulum signal peptide of α-kafirins. 

The target site mutations occurring in each k1C gene include 
small deletions as well as a low frequency of small insertions. 
T1 and T2 seeds showed reduced α-kafirin levels, an altered 
protein body microstructure, and selected T2 events showed 
a significantly increased grain protein digestibility and lysine 
content. These data open new prospects for improving the 
nutritional value of sorghum grain using biotechnological 
approaches.
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Abstract: In a previous study we found that Stellaria media plants are the source of effective 
pro-SmAMP1 and pro-SmAMP2 promoters for plant biotechnology. A low level of polymor-
phism between nucleotide sequences of these promoters makes it possible to identify point 
mutations resulting in differences in their properties. A high degree of identity between 
pro-SmAMP1 and pro-SmAMP2 impedes the simultaneous employment of both promoters 
in one genetic construct for plant transformation. To create novel regulatory elements, we 
cloned the promoters of the α-harpinine gene and of the defensine gene from chickweed. 
These novel promoters do not have a homology with any other known promoter and have 
the same or a greater efficiency as the CaMV35S promoter in transient expression. 
Key words: promoters; gene expression; reporter genes; transient expression.
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1. Introduction
At the present time in plant biotechnology there is a deficit 
of regulatory elements for effective expression of recombi-
nant genes due, first, to the lack of native promoters of plant 
genes with necessary parameters (Naqvi et al., 2010) and, 
secondly, to complexity in using available promoters for 
coordinated transcriptional control (Shrestha et al., 2018). 
We had previously found that hevein-like peptide genes 
from chickweed (Stellaria media) are a source of strong 
constitutive promoters for biotechnology of cultivated plants 
(Shukurov et al., 2012; Komakhin et al., 2016; Vysotskii et al., 
2016; Vetchinkina et al., 2016). E. g., in transient expression 
experiments in Nicotiana benthamiana pro-SmAMP1 and 
pro-SmAMP2 promoters were 2–4 times more effective than 
the CaMV35S promoter; in rape (Brassica napus) and sugar 
beet (Beta vulgaris) plants pro-SmAMP1 and pro-SmAMP2 
were comparable to CaMV35S (Madzharova et al., 2018). The 
functionality of the pro-SmAMP2 promoter was shown in the 
calluses of flax (Linum usitatissimum). In the homozygous 
lines of transgenic tobacco (Nicotiana tabacum), the pro-
SmAMP1 and pro-SmAMP2 promoters are twice as strong 
as the CaMV35S promoter. The both promoters are at least as 
effective as the duplicated CaMV35S promoter for neomycin 
phosphotransferase II (nptII ) gene control in the selection 
of transgenic tobacco and Arabidopsis plants on media with 
the antibiotic kanamycin at recommended concentrations. 
In the present research we focused on the fact that the pro-
SmAMP1 and pro-SmAMP2 promoters are 94 % identical, 
but differ significantly in their properties in plant cells. In 
transient expression in N. benthamiana the deletion variant 
(-442 bp) of the pro-SmAMP1 promoter was approximately 
1.5 times stronger than the deletion variant (-455 bp) of the 
pro-SmAMP2 promoter. At the same time, in the medium with 
excess kanamycin (350 mg/L), the effectiveness of selection 
of tobacco cells with the use of pro-SmAMP1 was a third as 
high as with pro-SmAMP2.

2. Materials and methods
Plants for experiments comprised tobaccos (N. benthamiana 
(Domin) and N. tabacum L. cultivar Samsun-NN). The plants 

were grown at 16/8-h illumination and 18−22 °C. Cells of 
Agrobacterium tumefaciens strain GV3101 were used for 
infiltration, and strain AGL0, for genetic transformation. 
Agrobacterial strain GV2260/C58C1 with genetic construct 
pLH7000 containing the gene of p19 tobusvirus suppressor 
protein was used for the agroinfiltration of N. benthamiana 
plants to suppress RNA interference. The strains were injected 
into leaves with a needle-free syringe. Agrobacterial trans-
formation of plants was performed by the “lawn” method, 
which had been used earlier (Komakhin et al., 2016). Genetic 
constructs for transient expression containing the reporter 
gene gus controlled by the plant promoters were incorporated 
into plasmid pCambia1381Z (Cambia, Australia). Genetic 
constructs for plant transformation containing the nptII gene 
controlled by the plant promoters were incorporated into 
plasmid pCambia2300 (Cambia, Australia).

3. Results and discussion
Our results suggest that 25 point mutations between the 
sequences of the pro-SmAMP1 and pro-SmAMP2 promot-
ers (amounting to only 6 % of their length) account for their 
different effectiveness in plant cells. However, it is not clear 
which of them are functional in the -455- and -442- bp dele-
tion variants. Thus, to clarify the principles of functioning 
of regulatory elements, we first found minimal promoters 
comprising only cis-elements essential for functioning. 

The search for minimal promoters was carried out via 
consecutive deletion analysis starting from the 5′ end avoid-
ing fractures within cis-acting elements found in silico. As a 
result, nine new deletion variants from -443 to -76 bp in size 
were prepared for each promoter. We established that the 
minimal nucleotide sequences of both promoters are nearly 
120-bp long and comprise the identical transcription start 
sites (TSS) and cis-element TATA box, CAAT box, G box and 
ABRE. The presence of the CAAT box, G box and ABRE is 
necessary for activity of both core promoters including the 
TATA box and TSS. Nucleotide sequences were found to be 
94 % identical and having differences in their properties. 
On shortening the sequence down to the minimal size, the 
effectiveness of pro-SmAMP1 in the transient expression of 
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the gus gene in N. benthamiana plants somewhat increased, 
while in the case of pro-SmAMP2 it somewhat decreased, 
and the effectiveness ratio pro-SmAMP1 : pro-SmAMP2 
reached 1.5–1.6. In the medium with excess kanamycin, the 
effectiveness of selection of transgenic tobacco cells with the 
use of nptII gene under control of pro-SmAMP1 was much 
lower than with pro-SmAMP2. In the case of minimal promot-
ers, the differences in their properties are governed by only 
7–9 point mutations; their functionality will be studied with 
a site-directed mutagenesis technique. 

A significant similarity of nucleotide sequences in the pro-
moters of hevein-like genes precludes their joint use within 
the same genetic construct to prevent recombination between 
the repeats. To create novel regulatory elements, we cloned 
the promoters of the α-harpinine gene ( pro-SmAMP-X) and 
defensine gene ( pro-SmAMP-D1) from chickweed using the 
genome walking method (Pogorelko and Fursova, 2008). No 
homology of nucleotide sequences of the novel promoters, 
pro-SmAMP-X and pro-SmAMP-D1, with other known pro-
moters was. In the chickweed genome, there are at least two 
versions of each new promoter, which are 83–93 % identical. 
All new promoters are functional in the transient expression 
of the gus gene in N. benthamiana plants and are either as ef-
fective as virus promoter CaMV35S or substantially stronger 
than it (Figure 1).

As in the case with the promoters of the hevein-like peptide 
genes, point polymorphisms between two versions of the 
same promoter, pro-SmAMP-X and pro-SmAMP-D1, are 

functional and govern the difference in their effectiveness. In 
particular, one version of pro-SmAMP-D1 is approximately 
thrice stronger than the other one and the CaMV35S promoter.

4. Conclusions
Our results show that the gene promoters of various families of 
antimicrobial peptides from chickweed (S. media) are effective 
in transgenic plants for controling recombinant genes and may 
be successfully used in plant biotechnology. Lack of homology 
between different promoters provides the possibility of their 
simultaneous employment within a single genetic construct 
for plant transformation. Nucleotide polymorphism between 
the sequences of related promoters is functional and governs 
a different character of their activity in the cells of transgenic 
plants. Elucidation of the role of functional polymorphisms 
should pave the way for the production of new synthetic 
promoters featuring the best properties of native promoters.
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Figure 1. GUS activity in leaves of N. benthamiana plants at transient ex-
pression using plant promoters from S. media and virus CaMV35S pro-
moter. Vertical lines indicate the standard error. Horizontal numbers show 
an individual version of plant promoters. * values that are significantly 
different from the control at a 5% significance level. Gus activity was mea-
sured fluorimetrically, using 4-methylumbelliferyl-D-glucuronide (4-MU) 
as a substrate.
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1. Introduction
Expansins are a group of proteins that are capable to modify 
the mechanical properties of plant cell walls by a nonen-
zymatic mechanism. These proteins are encoded by large 
multigene families and are widely distributed in plant species 
(Kuluev et al., 2016). Expansins are implicated in the growth 
responses of plants to adverse environments (Gao et al., 
2010; Han et al., 2012; Lu et al., 2013). The enzymes of the 
xyloglucan endotransglycosylase family can potentially have 
two distinct catalytic activities, with radically different effects 
on xyloglucan: xyloglucan endo-transglycosylase (XET) 
activity results in the nonhydrolytic cleavage and ligation of 
xyloglucan chains, whereas xyloglucan endo-hydrolase (XEH) 
activity yields irreversible chain shortening (Rose et al., 2002). 
In angiosperms, XET/XTHs are typically encoded by large 
multigene families (Rose et al., 2002). There is information 
about the participation of XET/XTHs in providing tolerance 
to water deficit caused by drought and salinity (Choi et al., 
2011). It has been shown that XET/XTHs expression has been 
induced by a broad spectrum of abiotic stresses, including 
drought, high salinity, and cold temperature (Kuluev et al., 
2017). The aim of our study was to elucidate the molecular 
mechanisms of expression regulation of expansins and xylo-
glucan endotransglycosylases under changing environmental 
conditions and to determine the role of these proteins in ensur-
ing growth and productivity, both under normal conditions 
and under the action of drought and hypothermia. Tobacco 
was chosen as a model object, including the transgenic lines 
of this plant expressing expansins and XTHs genes.

Abstract: The divergence of cellulose microfibrils during cell expansion is achieved by three 
basic mechanisms: hydrolysis of a part of binding glycans with endoglycanases, cutting and 
new crosslinking of glycans with xyloglucan endo-transglycosylases/hydrolases (XTHs), 
and the breaking of hydrogen bonds between the microfibrils of cellulose and glycan 
chains, which is carried out by expansins. We have created transgenic tobacco plants 
with the genes encoding tobacco expansins: NtEXPA1, NtEXPA4, NtEXPA5 and a gene that 
encodes tobacco xyloglucan endotransglycosylase, NtEXGT. Increased expression of the 
NtEXPA1 and NtEXPA5 expansin genes led to an increase in growth rate and root length 
both under normal conditions and at 12 °C and 50 mM NaCl. Increased expression of the 
expansin genes influenced changes in the fresh and dry mass of a shoot, leading to an 
increase in their exposure to hypothermia. Overexpression of the NtEXGT gene promoted 
tobacco root growth in a medium containing 50 mM NaCl. In wild-type tobacco plants, 
transcript levels of the NtEXPA1, NtEXPA4, NtEXPA5, and NtEXGT genes were increased in 
response to abiotic stress treatment. Overall, data obtained may indicate the involvement 
of the NtEXPA1, NtEXPA4, NtEXPA5, and NtEXGT genes in the regulation of tobacco growth 
under hypothermia, drought, and salinity.
Key words: drought tolerance; expansin; xyloglucan; endotransglycosylase genes; 
N. tabacum

2. Materials and methods
Plants of the N. tabacum cv. ‘Petit Havana SR1’ were grown 
in 450-ml pots filled with universal soil substrate “Terra vita” 
in a greenhouse at +27 °C under 140 mmol m–2 s–1 photon 
flux density and photoperiod of 16/8 hours (day/night) within 
40 days (twelve leaves stage) and then subjected to stress 
treatments. Cadmium stress was induced by exposing plants 
to 100 μM cadmium supplied as Cd(CH3COO)2 for 16 h. 
For freezing and cold treatments, plants were exposed to a 
temperature of 0 or 10 °C for 6 h and 8 h, respectively. Heat 
stress treatment was performed by incubating tobacco plants 
at 42 °C for 6 h. Drought stress was induced by withholding 
water supply for 2 days. For salt stress treatment, tobacco 
plants were germinated on universal soil for 40 days, then 
roots were carefully washed and plants were transferred for 
5 days on hydroponics solution (10 % Hoagland-Arnon so-
lution). After that, plants were incubated for 2 h at different 
concentrations of NaCl (20, 80, 170, 250, 350, and 850 mM). 
After stress treatments, leaves were frozen in liquid nitrogen 
and used to isolate total RNA. Untreated plants served as 
controls. Expansin genes were used as target genes: NtEXPA1, 
NtEXPA4, NtEXPA5 and NtEXPA6 of tobacco, as well as the 
NtEXGT gene encoding one of the xyloglucan endotrans-
glycosylases of tobacco. When conducting our research, we 
also used T1 lines 35S::NtEXPA5, DMV::NtEXPA1, NtEXPA4i 
(NtEXPA4-silenced), XVE::NtEXPA1, 35S::NtEXGT of the 
previously created transgenic tobacco Nicotiana tabacum L. 
var. ‘Petit Havana SR1’.
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3. Results and discussion
Transcript levels of the NtEXPA1, NtEXPA4, and NtEXPA5 
genes were increased in response to NaCl, drought, cold, heat, 
and 10 μM abscisic acid (ABA) treatments but were reduced in 
response to more severe stresses, i. e. cadmium, freezing, and 
100 μM ABA. In contrast, no changes were found in NtEXPA6 
transcript level after all stress treatments. The NtEXGT gene 
was also up-regulated by salinity, drought, cold, cadmium 
and 10 μM abscisic acid treatments and down-regulated in 
response to 0 °C and 100 μM abscisic acid. Based on the data 
obtained, it was possible to suggest that the genes studied are 
involved in the regulation and maintenance of growth under 
the action of abiotic stress factors. In addition, we examined 
the involvement of tobacco expansins and XTHs in the regu-
lation of abiotic stress tolerance by transgenic approaches. 
Transgenic tobacco plants with constitutive expression of 
NtEXPA1 and NtEXPA5 exhibited improved tolerance to salt 
stress: these plants showed higher growth indices after NaCl 
treatment and minimized water loss by reducing stomatal 
density. In contrast, NtEXPA4-silenced plants were charac-
terized by a considerable growth reduction under salinity 
and enhanced water loss. Root growth and stress tolerance 
of transgenic tobacco plants with constitutive expression of 
the NtEXPA1 and NtEXPA5 genes, as well as with reduced 
expression of the NtEXPA4 gene with prolonged cultivation 
under drought, salinity and low positive temperatures, were 
investigated. Increased expression of expansin genes led to 
an increase in the growth rate and the length of the roots, both 
under normal growing conditions and following exposure to 
a temperature of +12 ºС and 50 mM NaCl. Also, increased 
expression of expansin genes influenced the change in fresh 
and dry weight of the shoot, leading to their increase when 
they were exposed to hypothermia. Transgenic plants with a 
reduced level of expression of the expansin NtEXPA4 gene 
were characterized by a decrease in the fresh and dry weight 
of the shoot under the action of drought and low positive tem-
peratures. 35S::NtEXGT tobacco plants also showed higher 
rates of root growth under salt-stress conditions, greater frost 
and heat tolerance as compared with the wild-type tobacco  
plants.

4. Conclusions
Overall, data obtain may indicate the involvement of the 
NtEXPA1, NtEXPA4, NtEXPA5 and NtEXGT genes of to-
bacco in growth regulation under the action of hypothermia, 
drought and salinization. We suppose that genes can be used 
to improve root growth, as well as to increase the productiv-
ity of transgenic plants under the action of hypothermia and 
moderate salinity. 
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1. Introduction
To solve the problem of larch species propagation, a number 
of programmers for microcloning via somatic embryogenesis 
have been developed (Park, 2004, 2014). The genetic instabil-
ity of larch species in vitro cultures as well as of other plant 
taxa is well known (von Aderkas, Anderson, 1993; Burg et 
al., 2007). Nevertheless, some studies indicate that during so-
matic embryogenesis in some Pinaceae species genetic varia-
tion was not detected and regenerant genetics was the same 
as in the original explant (Mo et al., 1989; Hеlmersson et al., 
2004; Arrillaga et al., 2014; Cabezas et al., 2016; Ahn, Choi,  
2017).

The aim of this paper is to study of the genetic variability 
of long-proliferating cell lines producing somatic embryos for 
decades and cloned trees.

2. Materials and methods
Larix sibirica cones were collected to mid-July 2008–2018 
from open- and cross-pollinated mother tree A4 in the arbore-
tum of the V.N. Sukachev Institute of Forests (Krasnoyarsk). 
Eight embryogenic cell lines were obtained from immature 
zygotic embryos at the pre-cotyledonary stages: Cl4 (2009), 
Cl6 (2011), Cl107 (2013), Cl16.28 (2015), Cl 18.3 (2018) by 
open pollination; Cl5 (2009), by cross-pollination between 
L. sibirica Ledeb. and L. sukaczewii; Cl 17.7 (2017), by cross-
pollination between L. sibirica and L. sibirica.

Explants were placed on the AI medium (Tretyakova, 2012) 
with sucrose (30 g L–1), 2 mg L–1 2.4-D and 0.5 / 1 mg L–1 

Abstract: The quality of proliferative embryogenic cultures (ECs) and the genetic changes 
associated with somaclonal variations in the cell lines (Cls) and cloned plants of Larix sibirica 
were studied. Cls were obtained from zygotic embryos on medium AI, supplemented by 
plant growth regulators: (2,4-D:6-BAP, 2:0,5 and 2:1). All Cls actively formed embryonal-
suspensor mass (ESM), in which globular embryos propagated through cleavage, budding 
formation and proliferation of embryonic tubes of the suspensor. Cytogenetic studies of 
proliferating Cls of Siberian larch showed that the cells of young cell lines (aged 1–2 years) 
contained mainly cells with the normal number of chromosomes for this species (2n = 24). 
Analysis of long-cultivated (7–9 years) Cls showed that their majority were genetically 
unstable and only one (Cl6) was characterized as being stability. The genetic stability of this 
line was confirmed by a microsatellite analysis of nine microsatellite loci. Molecular genetic 
studies of proliferating Cls, conducted using RAPD analysis, allowed us to obtain diversified 
line-specific PCR spectra that can be used as markers of ECs. Somatic embryos matured on 
the nutrient medium AI with ABA (32 mg L–1). The number of mature somatic embryos in 
different cell lines varied from 9 (Cl 16.19) up to 1220 (Cl4) per gram of fresh weight of ESM. 
Somatic embryos germinated on the medium AI without hormones and rooted (5–15 %). 
Stable maturation and germination of SEs was observed in Cl6. For 7 years, cloned trees 
have been growing at the station “Pogorelsky Bor” IF SB RAS successfully. Microsatellite 
analysis of clones showed their full compliance to Cl6.
Key words: molecular-genetic markers; somatic embryogenesis; Larix sibirica.

6-BAP. For proliferation of the obtained ESM, the basic 
AI nutrient medium, containing 2,4-D (2 mg L–1), 6-BAP 
(0.5 mg L–1) and sucrose (20 g L–1) was used. The culture was 
incubated in the darkness at 24 ± 1 °С. 

Experiments with maturating somatic embryos were carried 
out using the AI basic medium, containing 40 g L–1 sucrose, 
32 mg L–1 abscisic acid (ABA), 0.2 mg L–1 indolebutyric acid 
(IBA) and 10 % polyethyleneglycol (PEG 8000). Gelrite 
(4 g L–1) was used as a gelling agent. For germination of 
somatic embryos, hormone-free AI basic medium was used. 
Plantlets were transferred into glass flasks containing sterile 
soil substrate (sand/vermiculate/peat; 1:1:1; volume to volu-
me), moistened with one-fourth strength AI media. Cultivation 
was carried out in the growth chamber.

Cytogenetic analyses were carried out using globular SEs 
at the proliferation stage. The material was treated with 0.2 % 
colchicine, was fixed in ethanol–acetic acid mixture (3:1) and 
was stained in 1 % aceto-hematoxylin solution. The cover 
glass was placed on the sample, avoiding the formation of 
bubbles and examined on a MIKMED-6 microscope (LOMO, 
Russia).

To genotype the microsatellite loci, DNA was isolated 
from needles of maternal trees A4, ESM and needles of 16 
cloning trees. DNA was extracted using the СТAВ method 
(Devey et al., 1996). The quality and quantity of the material 
obtained were checked using a Qubit 2 fluorimeter (Invitro-
gen, USA). The isolated DNA was used for PCR with 9 pairs 
of oligonucleotides designed previously for the microsatel-
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lite genotyping of different larch species (Krutovsky et al.,  
2014). 

Statistical data analyses were carried out using standard 
techniques (Shmidt, 1984) by Microsoft Excel (Microsoft 
Corporation, USA) and STATISTICA 6.0 (Tulsa Scientific, 
USA). The reliability of the data obtained was assessed using 
one-way ANOVA test.

3. Results and discussion
Zygotic embryos of Larix sibirica from A4 genotypes obtained 
after open and cross-pollinations were introduced into the 
culture on the nutrient medium AI supplemented by growth 
regulators in 2009–2018. A cytological study demonstrated 
that ECs of larch included embryonal heads of globular 
somatic embryos and embryonal tubes (suspensors) (Figure 
1, а, b). The number of globular SEs in the Cls tested in this 
study varied from 2040 (Cl6) to 4000 (Cl107) per gram fresh 
weight of ESM. Multiplication of somatic embryos has gone 
through the cleavage, budding of suspensor cells and suspen-
sor protrusion.

Molecular genetic studies of proliferating Cls, conducted 
using RAPD analysis, allowed us to obtain diversified line-
specific PCR spectra that can be used as markers of ECs. 

Microsatellite analysis performed on nine loci showed 
a weak genetic variability of Cls. Cytogenetic studies 
showed that younger cell lines (Cl17.7 and Cl16.28) have 
the somatic chromosome number typical of Larix sibirica 
(2n = 24). The analysis of long-cultivated Cls (Cl5, Cl4, Cl12 
and Cl107) showed them cytogenetically instable and only 
Cl6 remained cytogenetically stable throughout 7 years of 
cultivation. Somatic embryos were allowed to mature on the 
AI media with ABA for 20–60 days. 

After one week of maturation, somatic embryos of Cls 
separated from polyembryogenic complexes. Changes in ana-
tomical structure were clearly visible after two to three weeks 
of maturation. Suspensors degenerated during maturation of 
somatic embryos at the cotyledonary stage of embryogenesis 
via the programmed cell death (PCD) mechanism. Somatic 
embryos having reached 1.1–1.5 mm in size and having a 
bipolar structure were considered mature (Figure 1, c). Dif-
ferent types of morphogenetic changes were observed during 
the maturation of somatic embryos. Well-developed somatic 
embryos were observed in Cl4; most of them (83.3 %) formed 
roots which stopped growing after 14 days. All embryos ob-
tained from the maturation experiments have been used for 
germination tests. For 5 weeks, the regenerants elongated, 

Figure 1. Larix sibirica Ledeb. plant regeneration via somatic embryogenesis: proliferating embryonal-suspensor mass (a), the multiplica-
tion of globular somatic embryos by cleavage (b), maturation of somatic embryos (c), plantlets derived via SE (d), cloned plants of L. sibirica 
in the greenhouse (e).
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formed cotyledons, hypocotyls and roots (Figure 1, d ). Plant-
lets without developmental deviations (5 to 15% of total Cls) 
were cultivated using a soil substrate in growth chambers. CL6 
demonstrated stable maturation and germination of embryos 
(13 regenerants 1 g–1, ESM).

CL6 cloned trees are growing successfully in the soil of 
the nursery of the Pogorelsky Bor of the Institute of Forest 
(Figure 1, e) during 7-years. These somatic plants are geneti-
cally stable and can be recommended as planting material for 
the plantation growing of larch in Siberia.

4. Conclusions
Our observations generally show that the obtained Cls of 
Siberian larch has been successfully proliferating on the AI 
medium for nine years. Microsatellite analysis of proliferating 
Cls showed their low variability. According to cytogenetic 
studies, only young (one- to two-year-old) cell lines were 
genetically stable. The genotyping of seven-year-old cloned 
larch trees showed full compliance with Cl6 from which they 
were obtained.
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1. Introduction
Agrobacterium-mediated transformation is a common method 
to generate transgenic plants. However, transgene silencing is 
a serious restriction occurring in plants and plant cell cultures, 
frequently correlating with a high transgene copy number, the 
use of strong promoters, insertion locations of transgenes, 
occurring during integration (Butaye et al., 2005). Studies 
concerning the mechanisms leading to transgene silencing 
revealed that RNA interference is a key regulator of both 
endogenous and introduced gene sequences at transcriptional 
gene silencing (TGS) and post-transcriptional gene silencing 
levels (PTGS; Law, Jacobsen, 2010). This complex system 
involving short non-coding RNA to suppress exogenous se-
quences seems to be a result of a long co-evolution of plants 
and phytoviruses (Pumplin, Voinnet, 2013). Among the other 
phytoviruses, Cucumber mosaic virus (CMV) in the genus 
Cucumovirus of the family Bromoviridae has the broadest 
spectrum of known plant hosts, including more than 1200 spe-
cies of herbaceous plants, shrubs, and trees referring to more 
than 100 different families (Rossinck, 2002). Multiple studies 
concerning the virulence of CMV strains assigned protein 2b 
to be the key factor responsible for induction of symptoms, 
systemic necrosis, and synergic symptom induction by other 
viruses in the case of co-infection (Rossinck, 2002). More-
over, protein 2b was shown to counter basal mechanisms of 
plant pathogen defense, including RNA silencing (Lewsey et 
al., 2010). Possessing two nuclear localization signals, CMV 
protein 2b was shown to bind with double-stranded RNAs 
in the nucleus, which is required for a proper RNA-induced 
silencing complex (RISC) assembly and targeting. Moreover, 
2b of the CMV isolate Fny is able to block the PAZ domain 
of Argonaut 1 (AGO1), a RNA-slicing protein, a critical part 
of the plant RISC complex (Zhang et al., 2006). 

Abstract: Since transgene silencing in genetically transformed plants is a serious limitation 
for a wide application of genetic engineering techniques, studying mechanisms  ensuring 
stability of transgene expression is vital. Multiple investigations concerning viral suppres-
sors of gene silencing revealed that protein 2b from Cucumovirus (CMV) effectively re-
presses the RNA-induced silencing complex. The current study presents unique data on 
using the 2b gene from the CMV isolate NK for a transgene silencing reduction in A. thaliana 
plants earlier transformed with VaSTS1 from Vitis amurensis Rupr. In our study, two VaSTS1 
transgenic lines with decreased expression of VaSTS1 increased transgene expression up to 
3.0-fold upon retransformation with 2b from CMV NK. Thus, 2b from CMV NK can reactivate 
a silenced transgene.
Key words: protein 2b; Cucumovirus; stilbenes; stilbene synthase; t-resveratrol; transgene 
silencing.

Taking into consideration the fact that the suppression of 
transgenes introduced into plant genomes is associated with 
RNA silencing, the further development of genetic transfor-
mation techniques will overall benefit from the use of viral 
suppressors of silencing. Our recent study conducted on the 
rolB-transgenic cell culture VB2 of the wild-growing grape 
Vitis amurensis Rupr., which showed a significant reduction 
in rolB expression, revealed that transgene expression can be 
restored by retransformation with 2b from the CMV isolate NK 
even after 10 years of continuous subcultivation (Dubrovina, 
Kiselev, 2012; Tyunin et al., 2019). Furthermore, retransfor-
mation with 2b from CMV NK significantly enhanced the 
production level of pharmaceutically-valuable t-resveratrol in 
2b-retransformed callus cell line VB2 by induction of stilbene 
synthase (VaSTS) genes encoding t-resveratrol biosynthesis 
enzymes.

In order to find an alternative biological model for the 
production of valuable t-resveratrol, Arabidopsis thaliana 
plants were transformed with the VaSTS1 gene responsible 
for t-resveratrol biosynthesis in V. amurensis (Tyunin et al., 
2018). The derived homozygous A. thaliana transgenic lines, 
ST1-1 and ST1-3, demonstrated different levels of VaSTS1 
transgene expression after several generations, suggesting 
transgene sequence silencing due to the RNAi mechanism. In 
the course of the current study, both ST1-1 and ST1-3 plants 
were retransformed with 2b from CMV NK, and homozy-
gous transformants were selected and analyzed for VaSTS1 
transgene expression and the cytosine DNA methylation 
level within the VaSTS1 nucleotide sequence. Our data show 
a strong negative correlation between the transgene expres-
sion and the level of cytosine methylation within the VaSTS1 
sequence. Furthermore, our data show the reactivation of 
VaSTS1 expression in response to retransformation with 2b 
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from CMV due to a decrease in the level of VaSTS1 cytosine 
methylation.

2. Materials and methods
A. thaliana transgenic lines ST1-1 and ST1-3 were obtained 
using the method of dipping inflorescences into the agro-
bacteria suspension as described previously (Dubrovina et 
al., 2017). Binary vector constructs contained the gene of 
interest and an antibiotic resistance gene on the double 35s 
CaMV promoter.

A. thaliana transgenic lines KA-0 and VaSTS1 were trans-
formed in the current study with Agrobacterium tumefaciens 
strain GV3101::pMP90 containing binary vector construct 
pZP-RCS2-2b-hpt. The selection of the obtained 2b trangenic 
lines was performed on W0 media with kanamycin and hy-
gromycin.

Transgenic lines KA-0, ST1-1 and ST1-3 were obtained 
by inoculation of wild-type A. thaliana (ecotype: Columbia) 
with A. tumefaciens strains GV3101::pMP90 containing bi-
nary vector constructs pZP-RCS2-nptII (empty vector) and 
pZP-RCS2-VaSTS1-nptII, respectively.

The A. thaliana transgenic plants were grown in planting 
pots using a commercially available universal potting mix in 
a climatic chamber (Panasonic MLR-352, Japan) at 22 °C 
under day (16 h)/night (8 h) conditions at an illumination of 
~120 μmoL m–2 s–1.

DNA and RNA were extracted from the 2b transgenic lines 
and cDNA was obtained from RNA as previously described 
(Tyunin et al., 2019). Expression analysis of the VaSTS1 and 
2b genes in A. thaliana was performed using real-time PCR 
(RT-PCR) according to the SYBR Green method.

Data on the level of cytosine methylation of the nucleotide 
sequence in the VaSTS1 transgenic lines were obtained by 
bisulfite sequencing as described previously (Kiselev et al., 
2015).

3. Results and discussion
In the course of our study, A. thaliana transgenic plants 
ST1-1 and ST1-3 overexpressing VaSTS1 from V. amurensis 
were tested for the transgene expression level by qRT-PCR 

and compared to the control line KA-0 transformed with an 
empty vector (Table 1). 

The data demonstrated a high level of VaSTS1 expression 
for ST1-1 plants, while in ST1-3 plants it was one-third as 
high. In order to test if retransformation with 2b from CMV is 
able to restore VaSTS1 expression in ST1-3 transgenic plants, 
all lines mentioned were retransformed, and homozygous 
A. thaliana plants were analyzed (Table 1).

According to the data obtained, retransformation of ST1- 1 
plants had no significant effect on VaSTS1 expression, with 
the exception of line ST1-1-2b-Ic-1p, which showed a non-
significant decrease in the level of VaSTS1 expression. How-
ever, retransformation of ST1-3 plants led to a strong increase 
in VaSTS1 expression in line ST1-3-2b-IIb-3p, reaching a 
level comparable with that of the high-expression line ST1-1.

According to the data on the level of cytosine methylation 
within the 3’ end of the VaSTS1 transgene presented in Table 
1, both initial lines show comparable levels of methylated 
cytosines from 17.7 to 13.4 % of the total amount of cytosine 
residues.

However, strong induction of VaSTS1 expression in ST1-
3-2b-IIb-3p plants after retransformation with 2b seems to be 
the result of the demethylation process within the 3’ end of the 
transgene sequence, as the total level of methylated cytosines 
was reduced to 1.0 %.

4. Conclusions
Our data show that retransformation with 2b from CMV can 
reactivate expression of a silenced transgene in model Arabi-
dopsis thaliana plants. Reactivation of transgene expression 
is strongly connected to demethylation of cytosine residues 
within the nucleotide sequences of a reactivating transgene.
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Abstract: A new method of improving potato plants from a viral infection has been proposed. 
DNA fragments containing the full coding sequence of PVS 25K protein in sense and antisense 
orientations were cloned from 5’ and 3’ ends of intron I of Ricinus communis catalase gene 
cat1 Ricinus communis into binary agrobacterial vector pCAMBIA2300 under control of 35S 
CaMV promoter and terminator of nopalin synthase gene. Using the recombinant DNA as a 
transgene, transformation of six varieties of test-tube potato plants, which were infected with 
PVM, PVS and/or PVY individually or in complex, was carried out. Further field trials of 2017-
2018 allowed us to select four promising transgenic lines that were free from viral infection.
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1. Introduction
The main focus of potato protection against viral diseases is 
on the creation of resistant varieties using traditional breeding 
methods, the recovery of seed material and the protection of 
planting against reinfection. The existing technologies for 
obtaining virus-free seed, both using the method of cultivation 
of apical meristem and using chemo- and heat therapy, as well 
as cryotherapy, are still expensive and time-consuming and, as 
a rule, do not eliminate the possibility of secondary infection 
of plants in the soil. In this regard, potato varieties with 
genetically fixed resistance to viral diseases are of particular 
importance. The creation of such varieties by traditional 
methods of breeding requires decades; moreover, donors of 
genes for resistance to viral diseases are mostly wild plant 
species that cannot always be crossed with cultivated varieties 
using classical methods of selection.

The resistance of transgenic plants to viral infections is 
considered as a separate type of specific plant resistance 
(pathogen-derived resistance, PDR). It is known that this kind 
of resistance is due to the mechanisms of RNA interference (or 
post-transcriptional gene silencing, PTGS or RNA silencing) 
and is characterized by highly specific degradation of viral 
RNA when interacting with transgenic RNA (Simon-Mateo 
and Garcia, 2011). For this aim, transgenes having a high 
degree of homology with the nucleotide sequences of the 
viral gRNA are used.

It was shown that transforming plants containing sense 
and antisense orientation of the transgene coding sequence, 
separated by an intron sequence, the so-called “hairpin” 
structure, is more resistant to viral infection than plants 
transformed with a vector that carries only a sense or an 
antisense sequence (Smith et al., 2000; Wesley et al., 2001). 
The introduction of such “hairpin” structures into cells leads 
to the formation of double-stranded RNA (dsRNA), which 
actually trigger the RNA interference mechanism in order 
to degrade foreign viral RNA in the event of a pathogen 
penetration (Moissiard and Voinnet, 2004).

Potato viruses M and S (PVM and PVS) are the most 
common viruses in Kazakhstan (Loebenstein and Manadilova, 

2003; Khassanov, Vologin, 2018; Alexandrova et al., 2018). 
Until now, no resistance gene donors have been detected for 
viral diseases caused by these viruses. PVS is a representative 
of the group Carlaviruses of the family Betaflexiviridae (King 
et al. 2011). The virus is carried by aphids in a non-persistent 
manner and infects plants of the families Solanaceae and 
Chenopodiaceae. Genomic RNA (gRNA) of the virus is 
represented by positively charged single-stranded mRNA of 
about 8535 nucleotides in length and has a cap structure at 
the 5ʹ end and a poly (A) tail at the 3ʹ end (Monis et al., 1987; 
Mackenzie et al., 1989). Six reading frames were found inside 
the gRNA. ORF1 encodes a polypeptide of 223K in size, 
inside of which are coding sequences of methyltransferase, 
peptidase, helicase, and RNA-dependent RNA polymerase. 
ORF2, ORF3 and ORF4 encode 25K, 12K and 7K proteins 
that are included in the triple gene block (TGB), characteristic 
of all Carlaviruses (Morozov et al., 1989; Matoušek et al., 
2005). These proteins are responsible for the spread of the 
virus from one cell to the next and have a region of significant 
homology with the sequences of the representatives of the 
potexvirus group. ORF5 encodes a 34K coat protein (CP), 
and ORF6 encodes a cysteine-rich 11K protein, which has 
RNA-binding activity.

A method for the eradication of viral material was proposed 
in the framework of this study, based on the use of source 
material infected with one or more viruses to create transgenic 
potato plants capable of expressing a “hairpin” structure with 
the coding sequence of the PVS 25K protein.

2. Materials and methods
The 35S CaMV promoter and terminator of the nopaline 
synthase gene (nos) were cloned from transient expression 
vector pBI221 (NCBI GenBank acc. No: AF501128) into 
binary agrobacterial vector pCAMBIA 2300 (NCBI GenBank 
acc. No: AF234315) between HindIII and BamHI, SacI and 
EcoRI, respectively.

The coding sequence of the PVS 25K protein in two 
orientations (sense and antisense) was inserted into secondary 
plasmid vector pRAJ17 created on the basis of pBluescriptII 
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KS+ and containing intron 1 of the I catalase cat1 Ricinus 
communis catalase gene cat1 between the BamHI / NcoI 
and SalI / SacI restriction sites. The following primers were 
selected for cloning the coding sequence of 25K protein in 
sense (# 306 and # 308) or into antisense orientation (# 307 
and # 309) (the restriction sites are underlined, restrictase 
names are shown to the right):

#306 5ʹ- cgtaggatcc ttaggcggcg tgtaagtgg -3ʹ   NcoI
#307 5ʹ- cgtagagctc atgaggatat ttgatagctt -3ʹ    SacI
#308 5ʹ- cgtaggatcc atgaggatat ttgatagctt -3ʹ    BamHI
#309 5ʹ- cgtagtcgac ttaggcggcg gtgtaagtgg -3ʹ SalI
The sense or antisense sequences of the 25K protein 

cloned into pRAJ17 using BamHI and NcoI (located on the 
5’ end of the intron) or SalI и SacI (on 3’ end of the intron). 
Then the DNA fragment from BamHI and SacI was recloned 
into pCAMBIA 2300 with the 35S CaMV promoter and the 
nos-terminator. As a result, recombinant DNA with the [35S 
CaMV – 25K Sense – intron – 25K Asense – nos] cassette was 
created (Figure 1). 

Potato plant transformation was carried out according to 
a standard method (Raldugina et al., 2011). DNA and RNA 
from transgenic plant leaves were isolated by a standard 
method using Trizol according to the manufacturer’s rec-
ommendations (Sigma). Amplification of DNA fragments 
was performed  using Pwo polymerase (Roche) according to 
the manufacturer’s method. The program for amplification: 
stage 1: 5 min at 94 ºС, 1 cycle; stage 2: 30 sec at 94 ºС, 
30 sec at 54 ºС, 1 min 30 seconds at 72 ºС, 30 cycles; stage 3: 
5 min at 72 ºС, 1 cycle. The presence of PVS, PVM and PVY 
infection was determined by the standard DAS-ELISA method 
using commercial kits from BIOREBA as recommended by 
the manufacturer. The measurements were carried out on a 
Stat Fax 2100 photometer (Awareness) at 405 nm. 

3. Results and discussion
The presence of the 25K protein is characteristic of all Carla-
viruses, its coding sequence is known as part of the TGB. The 
property of the PVM 25K protein is its ability to suppress RNA 
silencing (Senshu et al., 2011). In this study, DNA fragments 
containing the full coding sequence of the PVS 25K protein 
were cloned from the 5’ and 3’ ends relative to the intron I of 
the Ricinus communis catalase gene cat1 in the sense (Sense) 
and antisense (Asense) orientations into binary agrobacterial 
vector pCAMBIA 2300 under the control of the 35S CaMV 
promoter and the nos-terminator (Figure 1). 

Potato plants of the varieties ‘Dunyasha’, ‘Zeren’, ‘Kormi-
litsa’, ‘Albinka’, ‘Fortune’, ‘Picasso’, ‘Santa’, ‘Tien-Shansky’ 
and ‘Tokhtar’ which were free from viral infection or infected 
with PVM, PVS and/or PVY alone or in complex were trans-
formed by cocultivation with agrobacteria carrying the created 
recombinant DNA. The transformation efficiency for each 
variety was evaluated by the number of the regenerants con-
taining the transgene (Table 1). Normal shoots were obtained 
only in ‘Albinka’, ‘Dunyasha’, ‘Zeren’ and ‘Kormilitsa’ after 
regeneration and transformation. 

The plants were analyzed for the presence of recombinant 
DNA constructs, as well as RNA transcripts corresponding 
to the transgene. Transgenic plants that showed a positive 
response during these analyses were grown in soil and fur-

ther tested for the presence of viruses using the DAS-ELISA 
method. According to our observations, a decrease in ELISA 
 readings from a high value at the moment of planting into the 
soil to fewer readings during the first six months of observa-
tions was caused not only by the successful triggered RNA 
interference in cells during further plant development after 
transformation, but also by laboratory manipulations. The 
viruses did not have time to accumulate in the shoots of tube-
test plants during grafting when the continuous intensive apical 
growth occurred. Therefore, there was a decrease in ELISA 
values even in untransformed plant regenerants which was 
observed, for example, for ‘Zeren’ and ‘Dunyasha’ infected 
with PVM. However, samples of these plants taken later again 
revealed the presence of viral infection after growing for two 
months in the soil in the greenhouse. That was the reason for 
the prolonged observation of the lines that had gone through 
the eradication procedure.

It was also noted that the original ‘Zeren’ plants which 
initially carried PVM + PVS + PVY infection had no more 
PVM during field trials, although this variety gave a posi-
tive response to the presence of this virus during the first six 
months after transformation. As a rule, several viruses in one 
plant can coexist if they belong to different groups. Moreover, 
if the titer of a more virulent pathogen remains at the same 
level, the titer of a less virulent pathogen grows during the 
growing season of the plant (Nyalugwe et al., 2012; Hameed 
et al., 2014). The results presented here are not consistent with 
the previous findings. 

The enzyme immunoassay was performed every 30 days for 
6 months after the transfer of transgenic plants to the soil in 
the greenhouse. Transgenic lines TL-59, TL-44, TL-62, TL-  65 
and all ‘Albinka’ lines had no changes and were infected by 
PVM and PVY as before transformation. As for the other 
varieties, there were lines that showed a decrease in ELISA 
value up to the complete absence of a positive response. As 
a result, the 4 transgenic lines were selected as being free 
of virus. TL-61 and TL-67 (‘Dunyasha’), as well as TL-103 
(‘Kormilitsa’) infected with PVM before transformation had a 
negative response. Moreover, complex infection with PVM + 
PVS + PVY was eliminated in TL-119 (‘Zeren’). 

In 2017 and 2018, microtubers of 14 transgenic lines TL- 39, 
TL-43, TL-46, TL-48, TL-74 and TL-159 (‘Albinka’), TL-59 
and TL-119 (‘Zeren’), TL-44, TL-61, TL-62, TL-65, TL-67 
(‘Dunyasha’) and TL-103 (‘Kormilitsa’) were planted in the 
field. Besides transgenic plants, the plants infected by diff erent 
viruses (Table 1) and control virus-free plants of the same 
varieties were also grown to create a viral background and to 
check the rates of virus contamination. The presence of PVM, 
PVS and/or PVY had already been seen in virus-free control 
plants after the first ELISA in 2017. 

During each season, leaf samples were collected from each 
plant three times for ELISA 1, 2 and 3 months after plant-
ing. Lines TL-103, TL-44, TL-61 and TL-67 remained free 
of PVM. PVM, PVS and PVY were eliminated in TL-119  
plants. 

Virus-free tubers were used for planting in 2018. After 
ELISA analysis, PVM and PVS were not detected in TL-103 
and TL-119. PVM was not found in TL-61 and TL-67. TL-119 
showed eradication of three viruses after the first six months 

A.M. Alexandrova et al. Development of a new method for eradication of viruses.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;143–145



145

in the greenhouse. However, during field trials, a positive 
response to PVY was shown in 2017 by one out of five plants 
planted and in 2018 by seven out of 9 plants planted. PVY 
belongs to Potyvirus, PVS and PVM are Carlaviruses. The 
recombinant DNA construct developed was directed against 
PVS, but in the case of PVM it could be a trigger of RNA 
interference due to homology between genomic sequences. 
Although the amino acid sequences of the 25K proteins of 
PVS, PVM and PVX have more differences than capsid 
proteins, conservative domains about 20 amino acids in size 
were found at the N-terminus of these proteins.

4. Conclusion
The problem of multiple infections in potato fields in Ka-
zakhstan still persists. A new methods of treatment of plants 
infected with related and unrelated viruses is proposed with 
the example of a transgene carrying the complete coding se-
quence of the PVS 25K protein in two orientations and able 
to induce RNA interference in plant cells. As a result, four 
virus-free lines were obtained. Thus, it has been proven that 
the coding sequence of the PVS 25K protein is a good target 
for the action of RNA interference. 
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Figure 1. Scheme of the recombinant DNA cassette created as part of agrobacterial plasmid vector pCAMBIA2300 and used as a transgene  
for potato plant transformation.

Table 1 
Transformation efficiency of various potato varieties
Name of varieties Virus infection Number of regenerants (units) Number of transgenic shoots (units) Transformation efficiency, %
‘Albinka’ PVM, PVY 18 8 44.4
‘Dunyasha’ PVM 13 5 38.5
‘Zeren’ PVM, PVS, PVY 15 4 26.7
‘Kormilitsa’ PVM 5 1 20.0
‘Picasso’ PVM, PVY 0 0 0
‘Santa’ PVM, PVY 0 0 0
‘Tokhtar’ PVM 0 0 0
‘Tien-Shansky’ PVM 1 0 0
‘Fortune’ PVM, PVS 0 0 0

A.M. Alexandrova et al. Development of a new method for eradication of viruses.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;143–145



146

DOI 10.18699/ICG-PlantGen2019-47

© Autors, 2019

* e-mail: mashinmail@mail.ru

Up-regulation of the vacuolar invertase TAI gene may contribute 
to the accumulation of carotenoids in tomato fruits 
M.A. Slugina1*, E.A. Dzhos1, 2, A.V. Shchennikova1, E.Z. Kochieva1, 3 

1 Institute of Bioengineering, Research Center of Biotechnology, RAS, Moscow, Russia  
2 Lomonosov Moscow State University, Moscow, Russia 
3 State Scientific Institution, All-Russian Research Institute for Selection and Seed Production of Vegetable Crops, RAS, Moscow, Russia

1. Introduction
Solanum section Lycopersicon includes the cultivated tomato 
S. lycopersicum and its 12 wild relatives that differ significant-
ly in fruit physiology, biochemistry and morphology (Peralta 
et al., 2008). This makes tomato species an attractive model 
for studying the mechanism of fleshy fruit development from 
initiation to full maturity.

Ripening, converting mature fruit from inedible to edible 
form, is an irreversible process associated with perceptible 
organoleptic and visible alterations in texture, flavor, aroma, 
color, and size, due to dramatic molecular, metabolic, bio-
chemical and physiological changes driven by internal and 
external signaling (Seymour et al., 2013). Ripening determines 
crop yield, shelf life, and fruit quality traits, including dry 
matter amount, content, and nutritional value (Li, Van Eck, 
2007). The recently evolved so-called red-fruited tomato spe-
cies (S. lycopersicum, S. pimpinellifolium, S. cheesmaniae, 
S. galapagense) have a yellow to red color of ripe fruits due 
to carotenoid synthesis (mainly beta-carotene and lycopene) 
and chlorophyll degradation (Llorente et al., 2016). Ripe fruits, 
formed by more ancient green-fruited tomato species, do not 
accumulate carotenoids and, as a result, stay green (Kilambi 
et al., 2017). The basic mechanisms of ripening are similar 
in both sets of tomato species and accompanied by high eth-
ylene biosynthesis, fruit softening, and sugar content incre-
ment. However, they differ in sugar composition in ripening 
fruits: red-fruited species accumulate glucose and fructose, 
and green-fruited tomatoes contain sucrose (Beckles et al., 
2012). The exact molecular mechanisms of mutual regulation 
of sugar metabolism and fruit pigmentation have not yet been 

Abstract: Generally, fleshy fruit ripening is accompanied by its sweetening and color change 
caused by dramatic molecular, biochemical and physiological conversions. Species of the 
tomato clade differ in color of ripe fruits. Carotenoids accumulate in the fruit chromoplasts of 
red-fruited species, and the fruits of primitive green-fruited tomato species remain green due 
to the numerous blocks of carotenogenesis. In this study, the sugar and carotenoid content, as 
well as the expression patterns of the four genes encoding main fruit-specific sucrose cleavage 
enzymes TAI, SUS1, NI2 and LIN5, were characterized in immature green, mature green and 
ripe fruits of S. lycopersicum cultivars and the wild green-fruited tomato species S. habrochaites 
and S. peruvianum. An analysis of the sugar and carotenoid content confirmed that carotenoids 
and hexoses accumulate in the ripe fruits of the red-fruited S. lycopersicum cultivars, while 
green-fruited tomatoes produce fruits enriched for sucrose and containing only trace amounts 
of carotenoids. The SUS1, LIN5 and NI2 expression showed no correlation with fruit color and 
hexose content. In fruits of green-fruited species, all analyzed genes were expressed in a similar 
way. TAI expression was extremely specific for cultivars, being maximal in ripe fruit, characterized 
by carotenoid and hexose accumulation in fruits. The findings suggest that vacuolar invertase 
TAI, rather than apoplastic invertase LIN5 or cytoplasmic sucrose synthase SUS1 and invertase 
NI2, may specify sugar composition in ripe fruits.
Key words: sucrose hydrolysis genes; red- and green-fruited tomato species; carotenoid 
biosynthesis.

fully understood. There is some evidence that sugars can act 
as signaling molecules to activate carotenoid biosynthesis and, 
as a result, the fruit acquires a different color. For example, 
changing the sugar concentration in mandarin (Citrus unshiu), 
watermelon (Citrullus lanatus) and tomato fruits alters their 
pigmentation (Iglesias et al., 2001; Telef et al., 2006; Zhang 
et al., 2017). Thus, a connection can be proposed between 
the sucrose-hexose ratio and the synthesis of carotenoids. In 
carbohydrate metabolism, glucose is the central molecule, 
sucrose is the most common form of translocated sugar, and 
sucrose-hexose interconversion is one of the main reactions 
(Winter, Huber, 2000). In plants, four sucrose cleavage en-
zymes are known: cytoplasmic sucrose synthase (SUS), and 
three invertases, acid vacuolar (TAI), acid apoplastic (LIN) 
and neutral cytoplasmic (NI) (Winter, Huber, 2000). 

In this study, new data were obtained on the possible rela-
tionships between carbohydrate and carotenoid metabolism 
by analyzing fruit-specific expression patterns of SUS1, TAI, 
LIN5 and NI2 and fruit biochemical composition (sugars, 
carotenoids) during ripening in green- and red-fruited tomato 
species. 

2. Materials and methods
Accessions of cultivated (S. lycopersicum cv. Silvestre Re-
cordo, Red Cherry and Fioletovii) and wild (S. habrochaites 
and S. peruvianum) tomato species (Solanum section Lycop-
ersicon) were provided by the N. I. Vavilov Institute of Plant 
Genetic Resources (St.-Petersburg, Russia) and grown in a 
greenhouse with a 16-h/8-h (28 °C/23 °C) light-dark cycle 
(light intensity, 300–400 μmol m–2 s–1). 
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Total RNA was extracted from immature green (IF), mature 
green (MF) and fully ripe (RF) fruits using the RNeasy Plant 
Mini Kit (QIAGEN, Hilden, Germany) and analyzed by gel 
electrophoresis and fluorimetry (Qubit® Fluorometer, Thermo 
Fisher Scientific, Waltham, MA, USA). First-strand cDNA was 
synthesized using the Reverse Transcription System (Promega, 
Madison, WI, USA) and an oligo-dT primer and quantified by 
fluorimetry. Gene-specific primers separated by at least one big 
intron were designed to amplify fragments of coding sequenc-
es: SUSrtF (5ʹ-GATTTCGAGCCTTTCACTGC-3ʹ)/SUSrtR 
(5ʹ-AGGTATTCCTCTGCCTTCC-3ʹ) (for SUS1 gene), 
TAIrtF (5ʹ-GAGGCTCCGGGAGTTGGTAA-3ʹ)/TAIrtR 
(5ʹ-CC AAATCTTGACGGAGGCAG-3ʹ) (for TAI ), LIN5rtF 
(5ʹ-TGTCAAGAATGTTCATAGAACTC-3ʹ)/LIN5rtR 
(5ʹ-TGAATGAGCCCAAATAATATTGC-3ʹ) (for LIN5) 
and NI2rtF (5ʹ-ACTCTTGCTGCTAATGATCCTAA-3ʹ)/ 
NI2rtR (5ʹ-ACTTCTTCATATTTGTTATCATCGAG-3ʹ) (for 
NI2). Quantitative real-time PCR (qPCR) was performed in 
two biological and three technical replicates using 2.5 ng 
of cDNA, developed primers, and SYBR Green and ROX 
RT-PCR mixture (Syntol, Moscow, Russia) at the following 
conditions: denaturation at 95 °C for 5 min, and 40 cycles at 
95 °C for 15 s and 60 °C for 40 s. The expression levels were 
normalized to that of the tomato reference genes Expressed 
and Actin 2/7 (Expósito-Rodríguez et al., 2008; Bemer et 
al., 2012). Statistical analysis was performed using Graph 
Pad Prism version 7.02 (San Diego, CA, USA; https://www.
graphpad.com/scientifc-software/prism/). 

Biochemical analysis was performed in two biological 
replicates. To assess sucrose, glucose and fructose content, 1 
g of fruit material was ground in liquid nitrogen, diluted with 
10 ml of 80 % ethanol, centrifuged at 10,000 rpm for 15 min, 
and analyzed by HPLC (Varian ProStar, VARIAN INC., Palo 
Alto, CA, USA) using an HPLC Refractive Index Detector 
102M (Stayer, Moscow, Russia) and an Agilent Carbohydrate 
Analysis Column (150 mm × 4.6 mm, 5 μM); isocratic elution 
was performed with 75 % v/w acetonitrile as a mobile phase; 
the flow rate was maintained at 1.5 ml/min and the tempera-
ture, at 30 °C. Total carotenoids content was measured by 
Nagata and Yamashita equation (Nagata, Yamashita, 1992).

3. Results and discussion
Three S. lycopersicum cultivars and two wild tomato species, 
S. habrochaites and S. peruvianum, considered in this study 
represent two diverse groups varying in fruit pigmentation 
and sugar composition (Table 1). The same fruit samples of 
examined accessions were taken at three time points, includ-
ing growth (IF), mature (MF) and ripe (RF) stages, both for 
biochemical and qPCR analyses. 

An analysis of the sugar and carotenoid contents confirmed 
that carotenoids and hexoses accumulate in ripe fruits of the 
red-fruited S. lycopersicum cultivars, while green-fruited 
tomatoes produce fruits enriched for sucrose and containing 
trace amounts of carotenoids (see Table 1). The obtained data 
are fully consistent with the previously observed carbohydrate 
biochemistry of fruits in red- and green-fruited tomatoes (Pe-
ralta et al., 2008; Beckles et al., 2012) and suggest a negative 
correlation between the accumulation of monosaccharides and 
the presence of carotenoids. 

To find out the possible factors influencing the difference in 
carbohydrate composition and, likely, in the implementation of 
the carotenoid biosynthesis in tomato fruits, SUS1, TAI, LIN5 
and NI2 expression patterns were determined and compared 
in ripening fruits of red-fruited cultivars Silvestre Recordo, 
Red Cherry and Fioletovii and the green-fruited species 
S. habrochaites and S. peruvianum (Figure 1). These genes 
were selected for analysis among their paralogs because their 
products were shown to have fruit-specific activity (Winter, 
Huber, 2000; Baxter et al., 2005). 

The transcription levels of the analyzed genes varied con-
siderably relative to each other (see Figure 1). The SUS1, 
LIN5 and NI2 transcripts were found in fruits of both red- and 
green-fruited tomatoes, which indicates the absence of any 
correlation of their expression with fruit color. 

In fruits of green-fruited species, all analyzed genes were 
expressed in a similar way. The LIN5 transcription level was 
the highest in mature green fruit and absent in ripe fruit. 
SUS1 transcription was maximal in immature green fruits 
and decreased during the transition from stage IF to stage RF. 

Our observations suggest that primitive green-fruited spe-
cies may have retained an ancestral expression pattern for each 
analyzed sucrose cleavage gene, as was also demonstrated for 
carotenoid metabolism genes (Kilambi et al., 2017).

In contrast, the SUS1 and LIN5 transcription varied between 
cultivars of the red-fruited species without correlation with 
the sugar and carotenoid content in ripe fruit.

Thus, S. lycopersicum cultivars, which, due to intensive 
tomato breeding, differ significantly in fruit color, sweetness 
and other related traits, may have diversified expression of su-
crose catabolism genes with a unique pattern for each cultivar. 

Unlike these genes, TAI expression was extremely specific 
to cultivars, being maximal in ripe fruit, characterized by 
carotenoid and hexose accumulation in fruits. Our observa-
tion is consistent with previous data on TAI expression in ripe 
fruits of other red-fruited tomato species (Slugina et al., 2017). 

TAI activity in the vacuole may lead to accumulation of 
symplastic glucose in the cell, which may stimulate chromo-
plast formation, as shown for watermelon (Zhang et al., 2017).

Differences in fruit color in tomato species and cultivars 
may indicate the uniqueness of carotenoid biosynthesis regula-
tion in each genotype.

Fruits of red-fruited species accumulate carotenoids at 
high levels in carotenoid sequestering substructures inside 
chromoplasts (Li, Van Eck, 2007). Fruit carotenogenesis 
coincides with the chloroplast into chromoplast transforma-
tion (Kilambi et al., 2017). In green-fruited species, fruits 
do not have orange/red color due to the numerous blocks of 
fruit-specific chromoplast formation and carotenoid synthesis 
(Kilambi et al., 2017). 

4. Conclusions
The findings suggest that vacuolar invertase TAI, rather than 
apoplastic invertase LIN5 or cytoplasmic proteins, sucrose 
synthase SUS1 and invertase NI2, may be a key enzyme in 
determining sugar composition in ripe fruit. The role of cyto-
plasmic and apoplastic sucrose hydrolysis probably consists 
in maintaining the basic sucrose-hexose balance in the cells 
and in supplying dividing and expanding cells with energy 
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Table 1
Sugar and carotenoid content in immature green (IF), mature green (MF) and ripe (RF) fruits of S. lycopersicum cultivars and two wild 
tomato species

Accession Fruit stage Glucose, mg/g fresh 
weight

Fructose, mg/g fresh 
weight

Sucrose, mg/g fresh 
weight

Β-carotene, mg/g 
fresh weight

S. habrochaites IF 0.313 0.373 0.174

MF 0.3865 0.493 0.4375

RF
0.2285 0.339 1.5845

< 0.001

S. peruvianum IF 0.551 0.749 0.246

MF 0.628 0.842 0.3125

RF 0.024 0.399 1.328 < 0.001 

S. lycopersicum cv. 
Silvestre Recordo

IF 0.837 0.812 0.181

MF 0.9885 1.2075 0.149

RF 1.3205 1.702 0.099 0.098

S. lycopersicum cv. 
Red Cherry

IF 0.916 0.952 0.172

MF 0.818 0.917 0.201

RF 0.893 1.203 0.055 0.08

S. lycopersicum cv. 
Fioletovii

IF 0.938 0.998 0.096

MF 0.987 1.160 0.184

RF 1.069 1.324 0.044 0.091

Figure 1. Expression patterns of TAI (a), LIN5 (b), SUS1 (c) and NI2 (d) in immature green, mature green and ripe fruits of S. lycoper-
sicum cultivars and two wild tomato species. 
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and carbon to synthesize the necessary compounds during 
fruit growth up to the stage of maturation. 

Given the available evidence of a positive correlation be-
tween the sugar content and carotenoids in fruits, studying the 
genetic networks of fruit-specific carbohydrate metabolism 
may contribute to new alternative approaches to the manipula-
tion of carotenoid levels in food crops.
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1. Introduction
Maize is one of the important food, feed and industrial plants. 
Breeding new varieties adapted to different environmental 
condition is necessary for practical use of maize and expand-
ing its production. Particularly relevant is the breeding of new 
highly productive and environmentally plastic varieties and 
lines for growing in temperate latitudes, since their genetic 
diversity is limited.

Biotechnological and genetic engineering methods can 
significantly accelerate the selection process. Plant regenera-
tion in vitro can occur both through direct organogenesis and 
through callus cultures with the subsequent development of 
de novo embryoids and shoots. Regeneration through callus 
cultures is often accompanied by somaclonal variability, which 
is undesirable when cloning unique genotypes and carrying 
out genetic engineering research. Plant regeneration through 
direct organogenesis, eliminating the stage of callus formation, 
can minimize the risk of somaclonal variability. Currently, 
considerable experience has been accumulated in the induc-
tion of somatic embryogenesis in maize when the explants are 
represented by immature and mature embryos (Huang, Wei, 
2004; Rakshit et al., 2010; Joshi et al., 2014), unfertilized 
ovaries (Alatortseva, Tyrnov, 2003), fertilized ovules (Tang 
et al., 2006), anthers (Obert et al., 2004), seedling segments 
(Santos et al., 1984), leaves (Ahmadabadi et al., 2007), etc. 
However, induction of direct organogenesis was performed 
only for single genotypes (Mushke et al., 2016; Ahmad et al., 
2017; Ovchinnikova et al., Humood et al., 2018; Olawuyi et 
al., 2019). It is known that the ability of regeneration in vitro 
largely depends on the plant genotype. It is believed that in 
maize only a small number of genotypes have regenerative 
capacities (Armstrong, Green, 1985). In this connection, the 
search for a new maize genotypes “responsive” to the in vitro 
culture and the induction of direct organogenesis in them is 
relevant.

The objective of the present study was to induce a direct 
organogenesis from mature embryos of maize. 

Induction of in vitro propagation in mature embrios of maize
B.M.H. Humood*, O.I. Yudakova

Saratov State University, Saratov, Russia

Abstract: An efficient and reproducible regeneration protocol via direct organogenesis 
has been established using mature embryos as explants for three maize lines: BM (Brown 
marker), AT-TM (bm, wx, y) and AT-TM (lg, y). The seeds were sterilized by ‘Domestos’, 
70 % ethyl alcohol and 0.1 % mercuric chloride. The different mediums for initiation, 
micropropagation and rooting were tested. The best results were obtained on MS medium 
supplemented with 2.0 mg/l BAP. The 3-5 axillary shoots developed in the basal parts of 
the explant after 3–4 weeks of cultivation. Microshoots were elongated on MS medium 
supplemented with 0.2 mg/l BAP. Microshoots in length were rooted on MS medium 
without hormones.
Key words: clonal micropropagation; in vitro cultivation; mature embryo culture; direct 
organogenesis; maize; Zea mays.

2. Materials and methods
The materials of the present study are maize lines: BM (Brown 
marker), AT-TM (bm, wx, y) and AT-TM (lg, y). Lines AT-TM 
(bm, wx, y) and AT-TM (lg, y) were developed at the Saratov 
State University (Gutorova et al., 2016).

The mature embryos were used as primary explants. 
The seeds were soaked in distilled water for 24 hours and 
surface- sterilized with ‘Domestos’, 70 % ethyl alcohol and 
0.1 % mercuric chloride for 5 min and rinsed four times with 
double distilled water. Embryos were isolated from the seeds 
and transferred onto nutrient medium for initiation of a sterile 
culture. The following media were tested: 1) starvation agar; 
2) Murashige-Skuga (MS) (Murashige, Skoog, 1962) with 
the addition of vitamins according to the prescribed medium, 
20 mg/l sucrose, 7 g/l agar (PanReac), without the addition 
of hormones; 3) MS supplemented with 0.5 mg/l 6-benzyl-
aminopurine (BAP). MS medium supplemented with differ-
ent concentrations of BAP (0.5 and 2.0 mg/l) were used for 
micropropagation. The medium was autoclaved for 20 min at 
120 °C. The cultures were maintained at 24 °C under a 16-h 
photoperiod in the Sanyo MLR-352 climatic chamber.

Statistical processing of the results was carried out using 
Microsoft Office Excel 2010 and AGROS programs.

3. Results and discussion
Isolated embryos germinated with a frequency of about 90 % 
in all approved variants of medium. However, vitrification 
of seedling tissues took place on starvation agar. Various 
morphoses (coleoptile underdevelopment, leaf curling and 
others) were observed on the medium supplemented with 
0.5 mg/l BAP. Normal viable seedlings were obtained only 
on MS medium without hormones.

Seedlings after 7 days of cultivation were transferred to MS 
medium with 0.5 or 2.0 mg/l BAP. The frequency of explant 
survival was 55.4, 40.6 and 92.0 % in lines BM, ATTM (bm, 
wx, y) and AT-TM (lg, y), respectively. An effect of the geno-
type on the survival of the explants was revealed.
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Callus did not form both on medium supplemented with 
0.5 mg/l and 2.0 mg/l BAP. Seedling after 3–4 weeks of 
cultivation on MS medium with 0.5 mg/l BAP consisted of 
several short internodes and 4–5 leaves. From 1 to 3 axillary 
buds were found in the node after the leaves were removed 
from the seedling. Axillary buds germinated in shoots after 
5–7 weeks of cultivation. They had a length of 2–3 mm and 
were usually covered with a sheet vagina. In this regard, the 
explant visually looked like one primary shoot.

The process of axillary shoot formation was accelerated 
on MS medium with 2.0 mg/l BAP. The buds were formed 
in the first and second weeks of cultivation. Axillary shoots 
developed after 3–4 weeks of cultivation (Figure 1, a, b). Their 
number increased to 3–5. Regenerants looked like bundles of 
shortened shoots after 5 weeks of cultivation (Figure 1, c). 
The axillary shoot reached 10–15 mm in length. 

The explants were transferred to MS medium without 
hormones or MS with 0.2 mg/l BAP for elongation of axil-
lary shoots. Microshoots did not lengthen and turned yellow 
on medium without hormones. The elongation of the shoots 
was observed only on MS medium with 0.2 mg/l BAP. This 
made it possible to separate shoots and transfer them on MS 
medium supplemented with auxins for rooting. It should be 

Figure 1. Regenerants of maize line AT-TM (bm, wx, y). a–c: on MS medium with 2.0 mg/l BAP after 3 (a), 4 (b) 
and 5 (c) weeks of cultivation; d: a shoot with spontaneously developed roots on MS medium with 0.2 mg/l BAP 
after 10 days of cultivation.

noted that some shoots spontaneously rooted on MS medium 
with 0.2 mg/l BAP (Figure 1, d ).

4. Conclusions
Thus, we successfully carried out the induction of direct or-
ganogenesis for three maize genotypes. Previously successful 
induction of direct shoot organogenesis in some maize lines 
was carried out using BAP in combination with other hor-
mones (IAA, GA3) (Ahmad et al., 2017). BAP is one of the 
most important cytokinins which play an important role in the 
multiplication and micropropagation of the plants. Only BAP 
was sufficient for shoot multiplication in the lines studied by 
us. The absence of the effect of the genotype on the number 
of developing axillary shoots and the influence of BAP con-
centration in the medium on this indicator were established. 

The results obtained open up prospects for the use of the 
developed technology in gene engineering studies with the 
lines studied. 
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1. Introduction
Sequencing technologies have become an ideal approach 
to study genetic variation in key genes in several metabolic 
pathways in plants. DNA polymorphisms are important mark-
ers in genetic analyses and can be detected by using genome 
resequencing. However, using polymorphisms in modern 
genetic applications requires low-error high-throughput 
analytical strategies that can be limited by the presence of 
repetitive sequences and structural variants that lead to false 
positive results in the identification of polymorphic alleles 
(Qi et al., 2014). Moreover, high-throughput sequencing 
technologies have become a powerful and informative tool for 
single nucleotide polymorphism (SNP) discovery that leads 
to the identification of genetic variations in particular genes. 
However, although the sequencing of individual cultivar may 
be cost-effective, the sequencing of many cultivars for the 
assessment of genetic variations is both expensive and dif-
ficult to achieve. To circumvent these issues, the targeted deep 
sequencing of amplicons can be used as a powerful approach 
for the rapid phylogenetic classification and characterization 
of several hundreds to thousands of plant cultivars. Here, we 
describe an analysis strategy that allows assessment of the 
polymorphism in key genes of the metabolic pathway that can 
be used in the development of new cultivars. For this study, 
we analyzed the biosynthetic pathway of fatty acids (FAs) 
in flax, as flax seed is a very rich source of omega-3 FAs, to 
which several health benefits have been attributed. The key 
enzymes involved in FA biosynthesis are fatty acid desaturases 
and elongases (Warude et al., 2006). The desaturation of FAs 
is an important step as it determines the saturated to unsatu-
rated fatty acid ratio and, ultimately, the end-use of the oil as 
a food source or for industrial applications (Lee et al., 2016). 
Genes involved in the desaturation of FAs in flax have been 
identified (Green, 1986; Fofana et al., 2004, 2006; Vrinten 
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et al., 2005; Banik et al., 2011). Stearoyl-ACP desaturases 
(SAD) introduce the first double bond at the ∆9 position 
(Ohlrogge and Browse, 1995; Post-Beittenmiller et al., 1992) 
and the fatty acid desaturases (FAD) introduce an additional 
double bond in the FAs. Two paralogous of SAD loci, SAD1 
and SAD2, have been identified in flax ( Singh et al., 1994; 
Fofana et al., 2004). Two closely related FAD2 genes, FAD2a 
and FAD2b, encoding the proteins responsible for desaturation 
of oleic acid into linoleic acid by addition of a double bond 
at the ∆12 position have been identified in flax ( Krasowska 
et al., 2007; Khadake et al., 2009). Other FAD genes (FAD3 
genes) that encode proteins responsible for the desaturation 
of linoleic acid into linolenic acid by adding a double bond 
at the ∆15 position have also been identified. More specifi-
cally, three FAD3 genes were identified in the flax genome: 
FAD3a, FAD3b (Vrinten et al., 2005), and FAD3c (Banik et 
al., 2011). Given the advantages of amplicon sequencing, in 
this study, we describe the workflow for preparation of DNA 
libraries for targeted amplicon sequencing of SAD, FAD2,  
and FAD3.

2. Materials and methods
A total of 288 flax cultivars with different FA compositions, 
obtained from the Institute for Flax (Torzhok, Russia), were 
grown in a Petri dish for 5–7 days. DNA was extracted from 
the pools of seedlings (about 50 plants from each cultivar) 
with a modified CTAB method, as cetyltrimethylammonium 
bromide (CTAB) is a surfactant useful for isolation of DNA 
from tissues containing high amounts of polysaccharides 
(Clarke, 2009). The quality and quantity of the extracted 
DNA were assessed using gel electrophoresis, fluorometric 
analysis using Qubit 2.0 (Life Technologies, USA), and PCR 
analysis. The extracted DNA was purified using CleanMag 
DNA (Evrogen, Russia). For the preparation of SAD, FAD2, 
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and FAD3 libraries, we modified the protocol for targeted 
amplicon sequencing on the Illumina platform (https://support.
illumina.com/content/dam/illumina-support/documents/docu-
mentation/chemistry_documentation/16s/16s-metagenomic-
library-prep-guide-15044223-b.pdf).

3. Results and discussion
For sample preparation, we used two-stage PCR, which allows 
adding the nucleotide sequences necessary for subsequent 
sequencing and sample barcoding to the target amplicons. 
This approach does not require the use of special kits but 
requires only specific primers and high-precision polymerase. 
Such sample preparation can significantly reduce the cost 
per sample. As recommended in the Illumina protocol, we 
defined forward and reverse primers that are complementary 
upstream and downstream of the region of interest, designed 
with overhang adapters, and used them to amplify templates 
from genomic DNA. For the regions of interest in this study 
(SAD, FAD2, FAD3 genes), we analyzed the sequences from 
GenBank, found conservative domains, and designed primers 
for overlapping amplicons (400–520 nt in length) covering 
the gene region and additional 500–1000 bp in the promoter 
region and 100–200 bp at the end of the gene using NCBI 
Primer-BLAST and the MEGA software. As a result, we 
designed 12 primer pairs for SAD genes, 10 for FAD2 genes, 
and 16 for FAD3 genes. The primers were purchased from the 
Evrogen company.

The first-stage PCRs were carried out in a final volume of 
10 μl containing 5 ng of total genomic DNA, 0.5 μM of each 
primer (forward and reverse), 1x Tersus PCR buffer (Evro-
gen), 0.2 mM dNTPs (Evrogen), and 1x Tersus polymerase 
(Evrogen). To increase the sensitivity, specificity, and yield, 
touchdown PCR was used, so the PCRs were performed on 
a GeneAmp PCR System 9700 (Applied Biosystems, USA) 
using the following conditions: an initial denaturation for 
3 min at 95 °C followed by 10 cycles at 95 °C for 15 s, 65 °C 
minus 1 °C after each step for 30 s, 72 °C for 30 s and a sub-
sequent run  of 30 cycles at 95 °C for 15 s, 55 °C for 30 s, 
72 °C for 30 s, and a final extension for 3 min at 72 °C. The 
PCR products were purified using paramagnetic beads from 
a CleanMag DNA kit (Evrogen), which allowed us to remove 
primer dimers and other contaminations.

In the second-stage PCR, we used a unique combination 
of forward and reverse Nextera XT v2 index primers for each 
sample that allowed double indexing, thus reducing the cost 
of sample preparation of the various amplicons, as the index 
primers allow amplification of any amplicons containing the 
universal adapters. Thus, the set of index primers is the same 
for different applications. For each gene studied, the ampli-
cons were combined for each flax cultivar by taking 4 μl per 
sample before the second-stage PCR. The PCRs were carried 
out in a final volume of 30 μl containing 3 μl of the purified 
first-stage PCR product, 0.3 μM of each primer, 1x Tersus 
PCR buffer (Evrogen), 0.2 mM dNTPs (Evrogen), and 2x 
Tersus polymerase (Evrogen). The following conditions were 
used: an initial denaturation for 3 min at 95 °C followed by 
10 cycles at 95 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min, 
and a final extension for 3 min at 72 °C.

The second-stage PCR products were purified two times 
with CleanMag DNA (Evrogen) to remove short DNA frag-
ments and any contaminations before sequencing. The quantity 
and quality were assessed by Qubit 2.0 (Life Technologies) 
and an Agilent 2100 bioanalyzer (Agilent, USA). The mean 
length of DNA libraries was about 550–600 bp, corresponding 
to the expected length. The DNA libraries were normalized 
to 4 nM and pooled before sequencing on MiSeq Illumina  
(USA).

Briefly, the method used to prepare the DNA libraries for 
targeted amplicon sequencing makes the construction of DNA 
libraries possible with the introduction of adapter and index 
sequences to the locus-specific sequence being studied, thus 
allowing the sequencing of many samples simultaneously.

4. Conclusions
A simple and flexible method of library preparation is reported 
in this study that can accelerate genetic variation studies in 
target key genes involved in metabolic pathways. In this 
study, the genes examined are involved in FA biosynthesis in 
flaxseed, which is a major source of beneficial omega-3 FAs. 
The approaches reported in this study not only allow one to 
reduce the cost by sample with the two-step PCR with Nextera 
Illumina indexes but also allow flexibility for a wide range of 
experimental designs.
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1. Introduction
Iris scariosa and I. pumila are two rare species of Iris found in 
the steppes of the Southern Urals. Both of them are included 
in the Red Data Book of the Russian Federation. I. pumila 
is an ancestor of many modern cultivars, and I. scariosa is 
known for its drought and salt tolerance and can also be used 
in breeding. I. pumila is reported to have 30, 31, or 32 chro-
mosomes, and I. scariosa has a chromosome count of 2n = 24 
(Randolph, Mitra, 1961) and rarely 2n = 40. The Republic of 
Bashkortostan and Orenburg Oblast are situated on the eastern 
border of the I. pumila habitat and the western border of the 
I. scariosa habitat, so the Southern Urals is the area where 
these two species co exist. Both species demonstrate pheno-
typical variability on this territory (Kryukova et al., 2018). 
Therefore, it is important to study these unique populations, 
their morphological and genetic diversity and possibilities 
of hybridization. RAPD analysis was successfully used on 
Siberian and Far Eastern Iris species and allowed inter- and 
intraspecific polymorphism to be detected (Makarevitch et al., 
2003). However, molecular analysis was never performed on 
Iris species in the Southern Urals. Here we present the first 
attempt to study the genetic diversity of I. pumila and I. scari-
osa in the area of their coexistence.

2. Materials and methods
The survey was carried out in the Southern Urals on the ter-
ritory of Orenburg Oblast and the Republic of Bashkortostan. 
Leaves were collected from plants of Iris and dried in silica 
gel. DNA was extracted from these leaves using the salt 
method. RAPD primers OPD-08 (GTGTGCCCCA), OPD-11 
(AGCGCCATTG), OPD-13 (GGGGTGACGA) and OPB-12 
(CCTTGACGCA) were used according to Makarevitch et al. 
(2003). In addition, there were chosen universal RAPD pri-
mers AFK1 (ACGGTGGACG), OPC-06 (GAACGGACTC) 
and OPAI-05 (GTCGTAGCGG) and two ISSR primers 814 
(CTCTCTCTCTCTCTCTTG) and IS3 (GAGAGAGAGA-
GAGAGAC).

PCR was performed in a 30-μl mixture including 5U 
TaqDNA polymerase, 3 μl of 10x Taq buffer, 250 μM dNTP, 
5 mM MgCl2, 20 pmol of primer and iris DNA. RAPD analysis 

Abstract: Iris scariosa and I. pumila are two rare species of Iris found in the steppes of the 
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was carried out using the following protocol: initial denatu-
ration at 94 °C for 3 min followed by 35 cycles of denatur-
ation each for 50 sec at 94 °C, annealing for 1 min 10 sec at 
30 °C, and elongation for 1 min 40 sec at 72 °C. The final 
elongation step was for 7 min at 72 °C. ISSR analysis was 
carried out using the following protocol: initial denaturation 
for 5 min at 94 °C followed by 35 cycles of denaturation each 
for 50 sec at 94 °C, annealing for 50 sec at 50 °C, and elonga-
tion for 1 min 50 sec at 72 °C. The final elongation step was 
for 7 min at 72 °C. Results were analyzed using ImageLab  
software.

3. Results and discussion
29 populations of Iris were discovered in Orenburg Oblast 
and the Republic of Bashkortostan (Figure 1). Plants from 15 
populations were distinguished as I. pumila, and plants from 
14 populations were distinguished as I. scariosa on the basis 
of morphological characteristics. Leaves were collected from 
19 populations and used for DNA analysis.

Noteworthy, both species were detected at location 24. 
Closely located populations 13 and 20 as well as 11 and 21 
could also be hybridization zones. Primers OPD08, OPD11, 
OPD13 and OPB12 gave stable, well-reproducible, species-
specific patterns for the Siberian and Far Eastern Iris species 
with no variation between individuals (Makarevitch et al., 
2003). However, these primers were not just as representative 
for I. pumila and I. scariosa. OPD-08, OPD-11 and OPD-13 
gave a small number of bands, and OPB-12 gave good bands 
with some variation within populations (Figure 2). However, 
there were clear patterns for each species, and it can be seen 
from the electropherogram that both of them are present at 
location 25 (Figure 2 (6, 7)) and the sample from location 
24 (Figure 2 (5)) cannot be clearly associated with either of 
these patterns.

Bands specific for either I. pumila or I. scariosa were also 
detected with other ISSR and RAPD primers we used. The 
best results were obtained with ISSR primer 814 (Figure 3), 
which averagely produced 13 amplicons from I. scariosa DNA 
and 9 from I. pumila DNA. Six of them were present in both 
species, the others were polymorphic. In the populations that 
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were considered to be pure, variation between individuals 
was minimal.

Again, both patterns were present at location 25. Although 
plants from this population were distinguished as I. scariosa 
on the basis of morphological characteristics, some of them 
genetically were closer to I. pumila. They could either belong 
to this species or be hybrids. Bands specific for I. scariosa 
were detected in several samples from locations 13 and 14. 
The possibility of hybridization in these populations should 
also be considered. However, RAPD and ISSR are not accurate 
methods, though they can be used for primary screening of 
large numbers of samples. This approach has been success-
fully used to search for hybrids between Brassicaceae species 
several times (Mikhaylova, 2018). It may as well be applied 
to the species of Iris. However, our hypothesis must be con-
firmed by sequencing and chromosome analysis. After that 
our samples can also be compared with Siberian, Far Eastern 
and many other well studied Iris populations.

4. Conclusions
Both I. scariosa and I. pumila are reported to have unstable 
chromosome number, so the genetic diversity we observed 
in Southern Urals is understandable. Hybridization also can 
occur within the genus of Iris. I. pumila itself is considered 
to be a natural hybrid between I. pseudopumila and I. attica. 
Our investigation of unique populations of I. pumila and 
I. scariosa in the area of their coexistence in Southern Urals 
gave promising results. Hybrids between these species were 
never searched for and never found before. Such hybrids can 
be used in breeding of drought and salt tolerant cultivars of 
irises. Continuation of this research is important for the pres-
ervation of rare Iris species in the Southern Urals.

Figure 1. Location of the Iris populations studied (1–29) on the map 
of Orenburg Oblast and the Republic of Bashkortostan. Populations 
marked in white were chosen for DNA analysis.

Figure 2. Results of DNA analysis using primer OPB-12 (1,2: location 3; 
3: location 13; 4: location 14; 5: location 24; 6,7: location 25; 8: location 29; 
9, 10: location 28).

Figure 3. Results of DNA analysis using primer 814 (12 samples from 
location 29 (I. scariosa) on the left side of the 1-kb DNA marker, and 11 
samples from location 6 (I. pumila) on the right side).
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1. Introduction
Genomic studies can be used to address problems both in 
applied and basic research. Plant genomes compared to the 
human genome and other animals’ genomes are much more 
complex, which makes their analysis more problematic. Plants 
have the largest genomes compared to other living organisms – 
from 61 Mb (Genlisea tuberosa) (Fleischmann et al., 2014) 
to 152 Gb (Paris japonica) (Pellicer et al., 2010) – which is 
almost 50 times the size of the human genome. Moreover, 
plant genomes exhibit a wide range of ploidy (the presence 
of more than two genomes (genome duplication) per cell), 
contain regions with a high GC content and regions with trans-
posable elements. These structural features of plant genomes 
represent a severe problem of a whole genome assembly us-
ing short reads produced by sequencing platforms generating 
reads with an average read length of 300–1000 bp. However, 
improvements in sequencing technology with the Nanopore 
platform have made it possible to obtain reads with a length 
of about 100 thousand nucleotides (van Dijk et al., 2014). This 
allows one not only to simplify and accelerate the assembly 
of previously unpublished genomes, but also to improve the 
already existing assemblies. Nanopore sequencing technology 
requires high-quality DNA. However, extracting pure high-
molecular-weight DNA from plant cells is difficult because 
of a high level of storage substances, such as polysaccharides 
and secondary metabolites, for example, alkaloids, phenolics, 
terpenes, which not only interfere with DNA isolation, but also 
adversely affect its quality, as well as Nanopore sequencing 
quality. Moreover, these metabolites vary considerably, which 
makes it impossible to use a universal DNA isolation protocol. 
Our study was aimed to optimize the isolation protocol of pure 
high- molecular-weight genomic DNA from poplar plants 
for Nanopore sequencing. Poplar (Populus trichocarpa) is a 
model object for genetic studies in trees (Ellis et al., 2010). 
That was the first tree, whose genome was sequenced entirely 
in 2006 (Tuskan et al., 2006). At present, there is a reference 
genome assembly for P. trichocarpa; however, this assembly 
continues to be refined and changed. The complete genome 

Abstract: Poplar (Populus trichocarpa) is a model object for genetic studies in trees. The 
extraction of pure high-molecular-weight DNA from plant cells is difficult because of a 
high level of storage substances that adversely affect Nanopore sequencing quality. We 
developed and optimized a methodology for isolation of pure genomic DNA from poplar 
plants using modified CTAB buffer, QIAGEN Genomic-tip 20/G, and AMPure XP beads. The 
developed method allowed us to isolate pure DNA samples with the A260/280 ratio in the 
range of 1.8–1.9, the A260/230 ratio in the range of 2.2–2.6, and a length of about 50 kb. The 
obtained DNA can be used for sequencing on a Nanopore platform as well as for a wide 
range of molecular studies.
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assemblies of poplar species will help geneticists and breeders 
in developing tree cultivars with desired properties.

2. Materials and methods

2.1 Plant material
The material was obtained in the flowering period from the 
leaves of Populus × sibirica, the most common poplar in 
Moscow. We chose young, partially expanded leaves, which 
provide the highest quantity of DNA per unit of tissue volume.

2.2 DNA extraction
The leaf material was lysed in a modified Carlson buffer taken 
from the Nanopore protocol (100 mM Tris-HCl, pH 9.5; 2 % 
CTAB; 1.4 M NaCl; 1 % PEG 8000; 20 mM EDTA) with 
the addition of 0.04 M β-mercaptoethanol (BioRad, USA), 
1 % PVP (BioChemica PanReac AppliChem, Germany). The 
homogenate was incubated in the Dwarf thermostat (DNA 
Technology, Russia).

For DNA purification, chloroform (Acros Organics, USA) 
was added to the homogenate and centrifuged in IEC Micro-
max (Thermo Fisher Scientific, USA); and the aqueous phase 
was collected. For further purification from polysaccharides, 
5× CTAB buffer (5 % CTAB, 350 mM EDTA) was added to 
the aqueous phase. For the precipitation of DNA, we used a 
precipitation buffer (1 % CTAB, 50 mM Tris-HCl, pH 8.0, 
10 mM EDTA). Purification of the obtained DNA was per-
formed using QIAGEN Genomic-tip 20/G (Germany). DNA 
was dissolved in TE buffer (Evrogen, Russia) and further 
purified using AMPure XP beads (Beckman Coulter, UK). The 
purity and quality of the DNA were assessed using a Nano-
Drop 2000C spectrophotometer (Thermo Fisher Scientific, 
USA). The electrophoretic analysis was performed in an SE.1 
electrophoretic tank (Helicon, Russia) with the Elf-4 power 
source (DNA Technology, Russia) using a 0.8 % agarose 
(Helicon, Russia). The DNA concentration was measured on 
the Qubit 2.0 fluorometer (Invitrogen, USA) using a dsDNA 
high-sensitivity (HS) assay kit (Invitrogen, USA).
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3. Results and discussion

3.1 Extraction of high-molecular-weight DNA from poplars
The first step to obtain a high-quality pure DNA is to destroy 
the cell wall, which we performed by physical tissue destruc-
tion – grinding with a pestle in liquid nitrogen, which enables 
cell destruction thus inhibiting any biochemical and physical 
processes that could damage the DNA. We poured liquid ni-
trogen into the mortar and 0.2 g of leaf material was pounded 
with a pestle to a flour-like consistency. We concluded that 
plant material used for DNA extraction should be less than 
200–300 mg in weght; otherwise, we would fail to avoid the 
adverse effects of polyphenols, polysaccharides, and others. 
Next, we chemically acted on the plant cells using one of the 
most widely used methods based on the CTAB buffer (Mur-
ray and Thompson, 1980). However, the standard method 
did not meet the requirements for the quality and purity of 
the DNA, so we modified and changed the composition of 
the Carlson buffer in order to obtain high-quality DNA. Cell 
lysis was performed in 5 ml of Carlson buffer with 12.5 μl 
β-mercaptoethanol and 1 % PVP. The homogenate was in-
cubated at 65 °C for 1 hour mixing the sample by inversion 
halfway through. The cationic surfactant, cetyltrimethylam-
monium bromide (CTAB) Included in the buffer lyses the cell 
wall. Mercaptoethanol destroys disulfide bridges, including 
those in proteins, breaking down their tertiary and quaternary 
structures, and also acts as a natural antioxidant inhibiting 
the oxidation processes that directly or indirectly damage the 
DNA. The chaotropic agents present in the extraction buffer, 
such as salts, denature macromolecules breaking hydrogen 
bonds, hydrophobic interactions, and van der Waals forces. 
High salt concentration, for example, precipitates polysaccha-
rides, which otherwise may form a jelly complex with DNA. 
The presence of EDTA, a chelating agent binding metal ions 
(Mg2+, Ca2+, Fe3+, etc.) enables deactivation of metal-depen-
dent enzymes located in plant extracts, including nucleases 
that destroy DNA. Polyvinylpyrrolidone (PVP), which is also 
present in the extraction buffer, binds with phenols preventing 
the formation of their complexes with DNA. We continued 
our DNA extraction with chloroform, which helps remove 
proteins, polysaccharides, and phenol residues. After incuba-
tion, we let the samples cool to room temperature and added 
1 volume of chloroform. The sample was vortexed for two 
pulses of 5 s each and centrifuged at 5500 g for 10 min at room 
temperature. Then, we carefully transferred the top (aqueous) 
phase to a new tube without disturbing the interphase. How-
ever, even after modifying the stage of chemical cell lysis, 
we were unable to get rid of polysaccharides completely. To 
remove polysaccharide residues during the extraction step 
with chloroform, we collected the aqueous phase and added 
0.2 volumes of 5× CTAB buffer and incubated it at 65 °C for 
10 minutes. Then, we repeated the chloroform extraction. 
If the solution becomes distinctively cloudy, indicating the 
presence of polysaccharides, we recommend to repeat the 
chloroform extraction with the addition of 0.2 volumes of 
5× CTAB buffer. Next, we added 2 volumes of precipitation 
buffer to the top phase and mixed it thoroughly by inverting the 
tube 10 times. Then, the samples were incubated for 1 hour at 
room temperature and centrifuged at 10 000 g for 15 minutes 

at room temperature. We carefully discarded the supernatant 
without disturbing the pellet.

At this stage, the amount of isolated DNA was sufficient, ap-
proximately 5 µg; however, the DNA purity and the presence 
of proteins and RNA in the sample did not meet the require-
ments of sequencing on the Nanopore platform. We decided 
to carry out the post-treatment stage on the QIAGEN DNeasy 
Plant Mini Kit columns. Unfortunately, after testing this kit, 
we were faced with large losses of material and low-quality 
DNA. The length of high-molecular DNA after the columns 
was about 40 kb, which was not that we wanted. We decided 
to try cleaning on QIAGEN Genomic-tip 20/G columns.

3.2 Purification of high-molecular-weight DNA  
from poplar plants with QIAGEN Genomic-tip 20/G
The precipitate of the high-molecular-weight DNA obtained 
at the previous step was dissolved in 2 ml of G lysis buffer 
supplemented with 4 µl of RNase A (100 mg/ml), which 
contributed to RNA hydrolysis. RNA removal is a crucial 
stage in DNA isolation for sequencing with the Nanopore 
platform, since hairpin RNA structures significantly reduce the 
quality of sequencing and clog the protein pores in the flow 
cell. We incubated the sample at 37 °C for 30 minutes and 
then added 100 µl of alkaline protease K and incubated the 
sample at 50 °C for 30 minutes. Protease hydrolyzes proteins, 
including histones associated with the DNA, and effectively 
inactivates nucleases. DNA samples were then deposited to 
a column using the kit protocol. The method is based on ion-
exchange chromatography and is implemented by binding a 
positively charged resin in a column with negatively charged 
DNA. Elution from the matrix is carried out by decreasing salt 
concentration. Proteins and RNA at low salt concentrations are 
easily separated from the matrix, while DNA is more tightly 
bound to the support and is eluted at lower concentrations. 
After appropriate purification from RNA and proteins, the 
parameter A260/280 of dissolved DNA samples was about 1.8, 
and the concentration was about 400 ng/µl. However, the 
concentration of the DNA assessed by Qubit 2.0 was about 
250 ng/µl. This discrepancy in values may indicate remaining 
contamination in the sample. We decided to add an additional 
stage of purification on magnetic beads.

3.3 DNA purification after columns  
with AMPure XP beads
The DNA sample obtained was diluted to a concentration of 
60 ng/µl in a final volume of 50 µl with TE buffer of pH 8. 
Then, DNA was purified again using AMPure XP beads in a 
ratio of 1:0.7. We chose 1:0.7, for its provides the best selec-
tion for DNA fragments > 2 kb. We incubated the sample for 
10 minutes at room temperature, placed the tube on a magnetic 
stand, and discarded the supernatant. Keeping the tubes on 
the magnetic stand, we washed beads 2 times with 200 µl of 
freshly prepared 70 % ethanol without disturbing the pellet. 
Then, we air dried the sample for 30 seconds, removed the 
tubes from the magnetic stand and resuspended beads in 40 µl 
of TE buffer. The sample was incubated for 3 min at 50 °C 
and then for 5 min at room temperature. At this stage, we 
increased the incubation time at 50 °C from 1 minute to 3 mi-
nutes. This contributed to a better DNA yield. The principle 
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of this method is based on a reversible binding of DNA on 
the surface of magnetic particles, which are easily precipitated 
from the suspension using a magnetic stand. Thus, during the 
cleaning with beads, we remove various impurities, such as  
salts etc.

3.4 Quality control of isolated genomic DNA
The quantity and quality of the isolated DNA were evaluated 
by the A260/280 and A260/230 ratios used to assess the amount of 
protein and metabolite contamination left after the nucleic acid 
isolation process. The recommended A260/280 and A260/230 ratios 
before Nanopore sequencing are 1.80 and 2.0–2.2, respective-
ly. Before measuring the absorbance of samples at 280, 260, 
and 230 nm, it is necessary to calibrate the spectrophotometer 
using a solution (not containing DNA) in which the DNA is 
resuspended. Also, we do not recommend using samples with 
concentrations below 50 ng/μl, as it may lead to incorrect 
values. The A260/280 ratio for the poplar high-molecular-weight 
genomic DNA samples was about 1.8, which corresponds 
to the recommended value. Its reduction indicates protein 
and phenol contamination, since these compounds have an 
absorption maximum at 280 nm. The increased A260/280 ratio 
indicates the contamination of the DNA sample with RNA 
molecules. The A260/230 ratio for the DNA samples was about 
2.4. Absorption at a wavelength of 230 nm can be caused 
by contamination with phenolates, thiocyanates, and other 
organic compounds. The concentration of the DNA samples 
was also assessed during the evaluation of the A260/280 and 
A260/230 ratios using a spectrophotometer. Next, we measured 
the DNA concentration using a fluorometer, which confirmed 
the concentration value obtained by the spectrophotometer. 
This suggests that the obtained high-molecular-weight DNA 
is of good quality and purity. This is an important step of 
DNA purity control because if the values from the two instru-
ments were to diverge by more than 2-fold, it would indicate 
the presence of various contaminants (mentioned above). 
Therefore, we would recommend adding a purification step. 
To further assess the quality and size of the isolated DNA, an 
electrophoretic analysis was performed in a 0.8 % agarose gel. 
As a control, pure high-molecular-weight DNA from phage λ 
at different concentrations was used. The electropherogram 
showed a clear band whose length corresponded to the length 
of the control DNA, approximately 50 kb, indicating that the 
isolated high-molecular-weight DNA was not degraded. In 
addition, we compared the isolated DNA with phage λ DNA 
at varying concentrations regarding luminescence intensity 
determining the amount of the DNA in an aliquot. As a result 

of the work, we would like to especially emphasize the im-
portance of the sample preparation stage for sequencing on 
the Nanopore platform. The key to success lies in optimizing 
the DNA isolation and purification protocol for each object 
individually, as well as a correct and accurate assessment of 
the purity, amount, and size of DNA. Using the DNA obtained 
with the protocol developed, we obtained 9 Gb of sequenc-
ing data per run of Nanopore MinION with R9.4.1 flow cell.

4. Conclusion
During this study, we developed and optimized a methodology 
of isolation of pure high-molecular- weight genomic DNA 
from poplar plants that can be sequenced using the Nano-
pore platform. We selected conditions for cell lysis and DNA 
purification using QIAGEN Genomic-tip 20/G and AMPure 
XP beads, which allowed us to dispose of main plant storage 
substances such as polysaccharides and secondary metabolites, 
for instance, alkaloids, phenolics, terpenes. The developed 
method of isolation and purification of DNA allowed us to 
isolate pure DNA samples with the A260/280 ratio in the range 
of 1.8–1.9, the A260/230 ratio in the range of 2.2–2.6, a concen-
tration of about 300 ng/µl, and a length of about 50 kbp. The 
obtained pure DNA can be used for sequencing on a Nanopore 
platform as well as for a wide range of molecular research.
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1. Introduction
Chlorophylls are green plant pigments that play a key part in 
photosynthesis. In plant cells, chlorophylls a and b are located 
in plastids, on the membrane of thylakoids, where they form 
complex structures with a large number of so-called Chloro-
phyll Binding Proteins and other photosynthesis-related pro-
teins. The plastid genome (‘plastome’) is highly reduced and 
usually contains 100–120 genes (Börner et al., 2015), while 
the proteome of plastids may contain around 3000 proteins 
(Zoschke, Bock, 2018). Thus, the majority of the proteins 
presented in the plastids are encoded by nuclear genes (Khan 
et al., 2013). This requires a precise coordination of nuclear 
and plastid genomes for the proper functioning of the photo-
synthetic machinery (Liebers et al., 2017). It is known that the 
plastid-to-nucleus communication is mediated by signaling 
molecules, for example, Mg-protoporphyrin IX (Chan et al., 
2016). However, the details of plastid-to-nucleus crosstalk is 
poorly understood.

A promising model for studying specific aspects of such 
crosstalk are plants with partial albinism. They provide materi-
als for studying signaling components and pathways between 
plastid and nucleus (Arisha et al., 2015). The near-isogenic 
line (NIL) i:BwAlm of barley (Hordeum vulgare L.) is a 
plant model of this kind. Plants of this line have chlorophyll-
deficient lemma and pericarp and nodes. i:BwAlm contains 
a recessive mutation in the Alm gene, which is located on 
chromosome 3HS (Costa et al., 2001). The Alm gene itself 
has not yet been identified, and its protein product, molecular 
function and mechanism of action are unknown.

Recently we performed an analysis of the transcriptome of 
the barley NILs i:BwAlm (NGB20419) with partial albinism 
of spike and stem nodes and its parental NIL ‘Bowman’ 
(NGB22812) with normal phenotype. Using an approach 
based on read alignment to the reference genome, we identi-
fied several genes encoded in the nuclear genome and related 
to photosynthesis with differential expression between the 
lines i:BwAlm and ‘Bowman’ (Shmakov et al., 2016). In 
this work, we extended our analysis to identify possible 
genes related to the plastid-to-nucleus communication us-

Abstract: Plastids are semi-autonomous organoids that give plant cells the ability to 
photosynthesize. They retain their own genome which works in tight coordination 
with the nuclear genome of the plant cells. Many aspects of such coordination are still 
unclear. A fitting model to study specifics of nucleus-plastid interactions are plants with 
partial albinism. The near-isogenic barley line i:BwAlm with partial albinism was studied 
using RNA- seq technology. De novo transcriptome reconstruction was performed, and 
transcriptomes of lines i:BwAlm and ‘Bowman’ were compared. A contig was identified that 
appears in i:BwAlm, but not in the isogenic line ‘Bowman’.
Key words: plant albinism; transcriptome reconstruction; transcript annotation; transcript 
localization.

ing de novo assembled transcripts from a previous RNA-seq  
experiment.

2. Materials and methods

2.1 Plant material
The barley NILs i:BwAlm (NGB20419) with partial albinism 
of spike and stem nodes and its parental cultivar ‘Bowman’ 
(NGB22812) were used in the RNA-seq analysis. The lines 
were provided by the Nordic Gene Bank (NGB, www.nordgen.
org). These lines were previously genotyped by microsatellite 
markers. The only chromosome segment different between 
the NILs is a segment in chromosome 3HS that contains the 
Alm gene. To localize the contig of interest in the H. vulgare 
genome, a set of wheat-barley addition lines and the parental 
wheat ‘Chinese Spring’ and barley ‘Betzes’ cultivars were 
used.

2.2 Bioinformatic analysis: libraries preprocessing
Six short-read libraries were obtained by IonTorrent sequenc-
ing as described in Shmakov et al. (2016). The libraries were 
filtered using PrinSeq-lite v 0.20.4 (Schmieder, Edwards, 
2011). Reads shorter than 50 nucleotides, longer than 
270 nucleotides, and reads with mean quality below 20 were 
removed. Non-coding RNA contamination was identified 
using read alignment to non-coding RNA sequences of H. vul-
gare (Ensembl plants database, v. 42) by Bowtie2 v. 2.3.4 
(Langmead, Salzberg, 2012): reads that successfully mapped 
to the ncRNA sequences were discarded. Clean libraries were 
mapped to the genome of H. vulgare (Ensembl plants data-
base, v. 42) using Dart v. 1.3.2 (Lin, Hsu, 2018). These align-  
ments were later used to perform genome-guided transcrip-
tome assembly.

2.3 Bioinformatic analysis: transcriptome assembly
De novo assembly was performed for the libraries from two 
lines separately. Transcripts were assembled using three tools: 
rnaSpades v. 3.12.0 (Bushmanova et al., 2018) with default 
parameters, Trinity v. 2.2.0 (Grabherr et al., 2013) with default 
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parameters and trans-ABySS v. 2.0.1 (Robertson et al., 2010) 
with k-mer values set at 24, 48 and 64. Three assemblies 
obtained with trans-ABySS were then merged together using 
the transabyss-merge utility. Additionally, genome-guided 
assembly was performed using Trinity, and read alignments 
produced by Dart were used for assembly. The tr2aacds.pl tool 
of Evidential Gene pipeline v. ‘18may07’ (Gilbert, 2013) was 
used to remove redundancy in the assemblies and to identify 
open reading frames and amino acid sequences encoded by 
the contigs. Contigs without ORFs or those encoding amino 
acid products less than 30 aa in length were excluded from 
further analysis.

Two barley line transcriptomes were obtained by merging 
transcripts from different assembling methods and remov-
ing redundancy. Finally, the unified transcriptome was built 
by merging line transcriptomes and removing redundant 
sequences. To evaluate the quality of the contigs, they were 
analyzed with BUSCO software (Simão et al., 2015) v. 3.0.2.

Kallisto software v. 0.45.0 (Bray et al., 2016) was used to 
quantify the expression values of contigs. The unified tran-
scriptome was used as a reference. Contigs with expression 

values of less than 1 TPM (Transcripts Per Million reads, 
normalized measure of expression) were excluded from 
further analysis.

Two unified line-specific assemblies and a unified tran-
scriptome assembly were analyzed using rnaQUAST v 1.5.1 
software (Bushmanova et al., 2016) using H. vulgare genome 
v. 41 as a reference. This tool performs transcript to reference 
alignment by GMAP (Wu, Watanabe, 2005) and makes it 
possible to identify RNA sequences absent in the current ver-
sion of the barley genome. Putative protein products of these 
contigs were then aligned to the NCBI nr protein database 
using the ublast tool from Usearch software (Edgar, 2010) 
v 8.1.1756_i86linux32. The e-value threshold for significant 
homology identification was set at 10–50. Contigs with the 
best hit to the sequences of other than plant species origins 
were removed as contaminants. The remaining contigs were 
analyzed more closely.

2.4 Contig localization
To localize the contig of interest on barley chromosomes, the 
set of wheat-barley addition lines (Islam et al., 1981) and the 

Table 1
Metrics of the six barley libraries before and after preprocessing and mapping

Library Raw reads, millions Clean reads, % Mapped, %
i:BwAlm1 4.6 84.3 98.7
i:BwAlm2 3.0 86.6 98.8
i:BwAlm3 5.8 92.6 98.9
Bowman1 4.1 92.0 99.1
Bowman2 4.0 59.6 97.8
Bowman3 6.9 96.6 99.0

Table 2
Metrics for line-specific and unified transcriptomes

Assembly
Metrics of assembled transcriptomes
No. of raw contigs No. of nr contigs N50

i:BwAlm 110,387 49,186 1026
Bowman 106,078 44,326 1050
Unified 93,512 58,049 940

Figure 1. The domain structure of the putative protein encoded by contig DN5639c0g1t1 from line i:BwAlm. The ruler shows amino acid numbering. 
Domains are shown schematically on the yellow bar.

Figure 2. PCR profile of the DN contig in ge-
nomic DNA of barley NILs and wheat-barley 
addition lines.

N.A. Shmakov et al. Novel genomic marker for the Alm locus in barley identified based on transcriptome analysis.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;162–165



164

parental wheat cv. ‘Chinese Spring’ and barley cv. ‘Betzes’ 
were used. The primers (forward 5’GAGGACTTGGAT 
GAGAG3’ and reverse 5’GCATTCCTGTTATCTTG3’) were 
constructed using online service IDT PrimerQuest software 
(http://eu.idtdna.com/PrimerQuest/Home/).

3. Results and discussion

3.1 Library preprocessing
Filtering of the libraries removed ~15 % of all reads. Addition-
ally, ~8 % of the remaining reads were removed as potential 
rRNA contamination. Of the remaining reads, ~98.5 % were 
successfully mapped to the H. vulgare genome. Table 1 con-
tains metrics of library filtering and mapping.

After length and quality filtering and ncRNA contamina-
tion removal, a total of 24,913,867 reads remained in the six 
libraries, of which 22,636,345 were mapped to the reference 
genome and were later used for genome-guided transcriptome 
assembly.

3.2 Transcriptome reconstruction
Assembly was performed for two lines in separate, then a 
unified assembly of the H. vulgare lemma transcriptome 
was obtained. Table 2 shows several metrics of assembled 
transcriptomes for both lines separately and for the uni-
fied transcriptome. BUSCO analysis demonstrated that all 
transcriptomes contain 43–47 % of transcripts which have 
full-length alignment with BUSCO sequences, 25–27 % of 
them aligned partially and 26–30 % were not found among 
the BUSCO sequence set. Unified assembly has a greater 
percentage of full and fragmented BUSCO sequences than 
both line-specific assemblies.

54,875 contigs in the unified assembly have expression 
le vels > 1 TPM. rnaQuast analysis identified 508 contigs 
from the i:BwAlm assembly, 405 contigs from the ‘Bow-
man’ assembly and 788 contigs from the unified assembly 
which are absent in the barley reference genome. The search 
of homologs for the unaligned sequences from the unified 
assembly in the NCBI nr database yielded similar sequences 
for 15 contigs. One of them is a DN5639c0g1t1 contig, which 
originated from the i:BwAlm transcriptome, and no significant 
homology to this transcript was found among the ‘Bowman’ 
transcripts. It has a length of 691 nucleotides, and an amino 
acid product 196 aa in length is predicted to be encoded by 
this contig; it has expression levels of ~6 TPM in the i:BwAlm 
libraries. The best hit for the putative protein sequence en-
coded by DN5639c0g1t1 in the NCBI nr database is sequence 
BAK08282.1 from H. vulgare (e-value 4e-77). This is a 
predicted protein with an unknown function. The domain 
structure of the putative protein product of DN5639c0g1t1 is 
shown in Figure 1 as identified by the CDD/SPARCLE NCBI 
online service (Marchler-Bauer et al., 2017). It contains the 
SPFH_prohibitin (e-value = 4.2e-13), Band_7 (e-value = 
9.8e- 5) and PHB (e-value = 2e-3) domains in the middle 
part of the amino acid sequence. The translated amino acid 
sequence of contig DN5639c0g1t1 also has a homology to 
the Solanum pennellii prohibitin-1, mitochondria-like protein 
(NCBI protein accession number XP_015060913.1). The 
e- value of this homology is 3·10–20.

Contig localization in the barley genome
The presence of length polymorphism between barley (amp-
licon length, 356 bp) and wheat (amplicon length, ~400 bp) 
in the amplified region allows us to localize DN5639c0g1t1 
in the barley genome on chromosome 3HS (Figure 2) using 
wheat-barley addition lines. Since the only genome fragment 
that differs between the ‘Bowman’ and i:BwAlm genomes is 
situated on the short arm of chromosome 3H, it can be specu-
lated that this gene is situated inside this genome fragment 
and, thus, close to the Alm gene.

Resequencing of the contig from genomic DNA of line 
i:BwAlm was performed. The sequenced fragment has a length 
of 311 nucleotides and contains an insert 102 nt in length, 
which presumably is an intron. Aside from this insert, its se-
quence is identical to the sequence of contig DN5639c0g1t1. 
This implies that the designed pair of primers is specific to 
the transcript of interest.

4. Conclusions
A contig was identified through RNA-seq analysis that is pres-
ent in the NIL i:BwAlm genome. At the same time, it either is 
absent in the genome of the isogenic line ‘Bowman’ or has a 
polymorphic region that forbids amplification of a fragment 
from the designed pair of primers. This contig is located 
on the short arm of barley chromosome 3H. The translated 
amino acid sequence of the contig has a weak homology to 
S. pennellii prohibitin-1 protein. Since this contig is present 
in the ‘Betzes’ genome, it is unlikely that it has any effect on 
the formation of the specific Alm phenotype. However, this 
gene can still be used to further narrow down the Alm locus 
in future experiments with segregating populations.
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Abstract: Long-term conservation of plants in vitro means setting up conditions in which 
plants slow down their growth, which reduces the frequency of subculture needed to keep 
the material alive. Fall of cultivation temperature is frequently used for preservation of 
ornamental plants’ cultures and of lilac’s cultivars as well. For a better understanding of 
processes in in vitro culture, a comparative transcriptome analysis of vegetative apices of 
Syringa vulgaris L. during dormancy or in the phase of active growth in vivo and in vitro was 
carried out. A pairwise comparison of samples showed that a decrease in the temperature 
of lilac’s microshoot cultivation down to +10 °C leads to the formation of a response similar 
to the response to oxidative stress. The changes in gene expression similar to such stress 
response persist within active shoots growth in sterile culture after their transfer to standard 
cultivation conditions (+22 °C).
Key words: in vitro conservation; transcriptome; lilac; apex; ornamental plants.
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1. Introduction
Long-term conservation of plants in vitro means setting up 
conditions in which plants slow down their growth, which 
reduces the frequency of subculture needed to keep the mate-
rial alive. Such an effect can be achieved through different 
approaches. The most common is by decreasing the tempera-
ture of cultivation, which leads to a strong slowdown of plant 
growth (up to its complete stop) and thus makes it possible to 
reduce the frequency of subculture. This way is widely used 
for ornamental plants as well (Ozudogru et al., 2010). Differ-
ent types of explants can be placed into slow growth storage: 
microshoots or their parts, for example single-noded grafts, 
buds encapsulated in alginate beads.

Lilac is a widespread ornamental shrub. Nowadays, accord-
ing to the International Lilac Society, there are more than 2000 
cultivars of this genus in the world. The methods of microclo-
nal propagation are being developed and constantly improved 
for it (Molkanova et al., 2002; Gabryszewska, 2011). It was 
showed that at a temperature of +15 °C the growth of lilac 
microshoots in vitro is slowing down (Gabryszewska, 2011). 
While creating the meristem’s alginate beads, it is possible to 
conserve them at a temperature of +4 °C (Refouvelet et al., 
1998). We showed that at a temperature of 10 °C the growth of 
lilac microshoots practically stopped. For all that the reaction 
to low positive temperature turned out to be cultivar-specific 
(Churikova, Krinitsina, 2018). In nature, lilac buds pass by 
autumn to endodormancy. The decrease in temperature leads 
to this state when during further transfer to normal conditions 
active growth begins.

The understanding of peculiarities of lilac apexes’ state in 
slow-growth culture is possible by comparison of the levels of 
expression of their genes in slow-growth conditions with those 
in conditions of natural (in vivo) dormancy and conditions of 

dormancy release. For this, it was necessary to assemble de 
novo the reference transriptome of Syringa vulgaris and to 
reveal possible differences in expression profiles in explants 
in vivo and in vitro. 

2. Materials and methods
Two lilac cultivars were used for the experiment: ‘P.P. Kon-
chalovsky’ and ‘Velikaya Pobeda’. Both cultivars belong to D 
IV-III group (double, bluish), but ‘P.P. Konchalovsky’ has the 
corolla consisting of four petal circles, and ‘Velikaya Pobeda’, 
of two. Extraction of RNA for the reference transcriptome 
was carried out from ‘P.P. Konchalovsky’ apical complexes 
of vegetative shoots (apex with 2 leaf primordia) of this year 
when their active growth begins, and from the flowers at the 
stage of uncolored corolla. Samples (not less than 30 apexes 
for one sample) were fixed in RNA-later (Sigma). Also, data 
on the RNA sequence from apical complexes of vegetative 
buds during physiological dormancy were used. 

For comparison of lilac’s apexes in slow-growth culture 
(in vitro), during physiological dormancy (in vivo) and during 
active growth of plants on its end one-noded grafts of both 
cultivars were placed into slow-growth storage conditions 
(+10 °C) on MS medium with 1.5 mg/l 2-ip and 20 g/l sucrose 
for 270 days.

For transcriptome analysis, apexes of one half of shoots 
were cut off and fixed in RNA-later. The remaining shoots 
were transferred to normal condition and allowed to grow for 
28 days, after that active growth microshoot apexes were cut 
off and fixed in RNA-later, too. Likewise, the vegetative apices 
of adult S. vulgaris shrubs were collected under dormancy (in 
winter) and from active growth (in springtime).

The total RNA was purified with an RNeasy Plant Mini 
Kit (Qiagen) from 20 mg of each fixed sample. The libraries 
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were prepared using a NEBNext® Poly(A) mRNA Magnetic 
Isolation Module and a NEBNext®Ultra RNA Library Prep 
Kit for Illumina (NEB) and sequenced using a HiSeq 2500 
System. The reference transcriptome was assembled by Trin-
ity (Haas et al., 2013), transcript quantification was made by 
Salmon. For annotation, transcripts were searched against the 
NCBI non-redundant (NR) protein database using BlastX, 
with a cut-off E-value of 10–5. Gene ontology (GO) terms were 
extracted from the annotation of high-score BLAST matches 
in the NCBI NR proteins database (E-value ≤ 1.0 × 10–5) us-
ing Blast2GO (Conesa et al., 2005). Differential expression 
analyses were conducted using edgeR, a correction via false 
discovery rate (FDR) estimation was made.

3. Results and discussion
Using the Illumina RNA-seq technique, 263 million raw reads 
were obtained and 46.3 % of them remained after adapter 
and quality filtering. The final de novo assemblies consisted 
of 281,159 transcripts. The length distribution of transcripts 
was as follows: 19 transcripts were longer than 1000 b.p. 
(3 of them are unique), 84,556 transcripts were in the range 
of 1000–9999 b.p. (10,429 of them are unique), 196,584 
transcripts, in the range of 100–999 b.p. (28,308 of them are 
unique). 182,177 transcripts had blast hits, for 112,741 of them 
GO annotations were obtained.

Transcripts were categorized into 38 functional groups 
based on gene ontology categorization. Some of them belong 
to more than one group. Within this group, assignments to the 
molecular function category was highest with 80 %, followed 
by the biological process category (69.5 %) and the cellular 
component category (58.3 %). Under the molecular function 
category, binding (59.78 %) and catalytic activity (64.77 %) 
were the most common. A moderate number of transcripts 
(10 %) belong to the transporter activity group. A very small 
number of transcripts were associated with metallochaperone 
(0.03 %) and antioxidant (0.02 %) activity.

Among the biological process categories, metabolic process 
(75.14 %) and cellular process (72.07 %) were prominently 
represented. A moderate number of transcripts were also 
involved in the biological regulation (19.07 %), localization 
(17.39 %), regulation of biological process (16.66 %), re-
sponse to stimulus (13.01 %), cellular component organization 
(12.79 %), cellular component biogenesis (2.5 %) and rhyth-
mic process (2 %) categories, while only a limited number 
were associated with multi-organism process (0.9 %), develop-
ment (0.2 %) biological adhesion (0.1 %), cell killing (0.1 %), 
growth (0.08 %), reproduction (0.05 %), locomotion (0.05 %), 
signaling (0.05 %) and reproductive process (0.05 %). 

For the cellular component category, the majority of the 
transcripts were assigned to the cell (60.09 %), membrane 
(58.52 %) and organelle (45.31 %) categories. A moderate 
number of transcripts (19.78 % and 10 %) belong to the 
protein-containing and macromolecular complexes.

A pairwise comparison of samples showed differences in 
the level of transcription of two β-glucosidase isoforms, five 
superoxide dismutase isoforms, four peroxidase isoforms and 
three xyloglucan xylo-glucosyltransferase isoforms in slow-
growth condition in vitro vs. endodormant lilac’s plant apices 

in vivo. Differences in the level of transcription were identified 
for seven superoxide dismutase isoforms, three β-glucosidase 
isoforms and cytochrome p450 isoforms in lilac’s shoot apices 
of active growth plants in vivo vs. in vitro. 

β-glucosidase activity is connected with the response to 
abiotic stress through accumulation of antioxidant flavonols 
(Singh et al., 2015; Baba et al., 2017). Сhange in superoxide 
dismutase and peroxidase gene expression takes place during 
oxidative stress (Raychaudhur, Deng, 2000; Li et al., 2004). 
However, there were no differences in the expression of 
glutathione-S-transferases, other limitation oxidative stress 
proteins, which play a role in plant growth in vivo and shoot 
morphogenesis in vitro in Arabidopsis thaliana (Gong et al., 
2005). Glutathione peroxidase was also absent among differ-
entially expressed genes. They are considered to be important 
in plant growth and oxidative stress response (Bela et al., 
2015). We think that differentially expressed thioredoxin in 
our case can compensate function of plant glutathione per-
oxidases due to similar molecular activities (Herbette et al.,  
2002).

4. Conclusions
Thus, a decrease in the temperature of lilac microshoot culti-
vation in sterile conditions down to +10 °C leads to the same 
response as the response to oxidative stress. It keeps during 
active growth of shoots in sterile culture after transfer to 
standard conditions of cultivation (+22 °C).
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Overexpression of RPOTmp, an Arabidopsis RNA-polymerase  
with dual-targeting, influences plant growth and transcriptome
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1. Introduction
In a number of dicotyledonous plants, including Arabidopsis, 
transcription of organellar genes is performed by three nuclear-
encoded RNA polymerases, RPOTm, RPOTmp, and RPOTp. 
RPOTm performs the main function in plant mitochondria; 
RPOTp, along with PEP, a plastid-encoded RNA polymerase, 
plays a similar role in plastids. RPOTmp is localized in mito-
chondria as well as in chloroplasts and presumably participates 
in the control of gene expression of both organelles. The role 
of RPOTmp in mitochondrial transcription is confirmed by 
many studies (Emanuel et al., 2006; Courtois et al., 2007; 
Kühn et al., 2009). The absence of RPOTmp in Arabidopsis 
leads to a decrease in the transcription of genes encoding the 
subunits of respiratory complexes I and IV. Despite the obvi-
ous, though not fully understood role of RPOTmp in mito-
chondrial transcription, the function of this NEP polymerase 
in dicotyledonous chloroplasts is still under discussion. Many 
genetic elements in plastids and mitochondria are regulated 
by different types of promoters, implying competing or coop-
erative transcription of genes by different types of enzymes. 
Transcription of the plastid genome of lower plants, includ-
ing algae, with the possible exception of Physicomitrella, 
is carried out only by PEP. In contrast, the benefits of using 
phage-type NEP polymerase by angiosperms, and even two 
of them by eudicots, remain unknown. 

Since the localization and activity of RPOTmp is associated 
with two organelles, very different in their functions and type 
of gene expression, elucidation of specific functions of this 
RNA polymerase in each of the organelles is of considerable 
interest. Earlier (Tarasenko et al., 2016) we obtained two 
genetic constructs in which the gene sequence of the cata-
lytic part of the Arabidopsis rpot2 gene was combined with 
the sequence encoding the transit peptide of mitochondrial 
RNA polymerase (RPOTm) (mtTmp-pBI121) or with the 
sequence encoding the transit peptide of chloroplast RPOTp 
(ptTmp-pBI121) (Figure 1, a and b). These genetic constructs 
were used for agrobacterial transformation of Arabidopsis 
inflorescences (Clough, Bent, 1998) of the wild type or of the 

Abstract: In dicot plants, RPOTmp is a dual targeting protein, which is presumably involved 
in gene transcription in both mitochondria and chloroplasts. The Arabidopsis rpotmp 
knockout line has retarded growth and development, changed expression of mitochondrial 
genes and decreased activities of the mitochondrial respiratory complexes. However, the 
particular importance of RPOTmp as a part of the mitochondrial and plastid transcription 
machinery remains unclear. In the current study, we used RPOTmp overexpressor lines with 
changed enzyme targeting directing either into mitochondria or chloroplasts, to study 
the particular role of this RNA polymerase in organelle gene expression and its plausible 
involvement in retrograde regulation. We have shown that RPOTmp overexpression 
influences plant growth and development and leads to significant changes in transcriptome.
Key words: Arabidopsis thaliana; RPOTmp; mitochondria; chloroplast; gene expression.

rpotmp knockout line. The following variants of transgenic 
plants were obtained (Figure 1, c): wild-type plants expressing 
recombinant protein RPOTmp targeted (1) to mitochondria 
(Col-M) or (2) to chloroplasts (Col-P); plants of the rpotmp 
mutant line, expressing recombinant protein targeted (3) to 
mitochondria (Tmp-M) or (4) to chloroplasts (Tmp-P). 

The aim of this study was to find out more detail about the 
role RPOTmp plays in the regulation of organelle transcription 
and possibly in retrograde regulation of organelle functions.

2. Materials and methods

2.1 Plant material and growth conditions
Wild-type Arabidopsis thaliana (L.) Heynh plants (Col-0) 
and mutant line GABI_286E07 from the collection of GABI-
Kat insertion mutants (Rosso et al., 2003) were used. In the 
mutant line, a T-DNA insert is located in the first exon of the 
rpot2 gene, preventing the formation of a functional RPOTmp 
protein (Kühn et al., 2009). After 3 days at 4 °C, plants were 
grown in pots at 24 °С day/21 °С night, a 16-h photoperiod and 
irradiance of 150 µmol m–2 s–1 in a KBW 720 growth chamber 
(Binder, Germany). A mixture of compost and Vermiculite 
(1:1) was used as a substrate. At least 50 plants of each line 
were used to estimate growth characteristics. 

2.2 Microarray analysis
Total RNA samples were extracted from rosette leaves of 
12-day-old plants using a Qiagen RNeasy Plant Mini Kit 
(Qiagen). RNA samples were labeled with a Low Input Quick 
Amp Labeling Kit, two-color, (Agilent Technologies) and an 
Agilent RNA Spike-In Kit, two-color, (Agilent Technologies). 
The cRNAs samples of Col-0 and transgenic lines were labeled 
with Cy3 and Cy5 fluorescent dyes, respectively. Microarray 
analysis was performed by hybridizing four arrays in a single 
Arabidopsis (V4) Gene Expression Microarray slide (4×44K; 
Agilent Technologies) with a mixture of the Cy3- and Cy5-
labeled cRNAs. After hybridization using a Gene Expression 
Hybridization Kit (Agilent Technologies), the microarray slide 
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was scanned using a scanner model G2539A with scan control 
A.8.5.1 (Agilent Technologies). Data analysis was performed 
using Feature Extraction 10.10.1.1 (Agilent Technologies) and 
GeneSpring GX 12.6.1 (Agilent Technologies). The p-value of 
each gene was calculated by two-way ANOVA and corrected 
by the Benjamini and Hochberg false discovery rate (FDR) 
method. Differential expression between samples was consi-
dered to be statistically significant at p < 0.05 and FDR < 0.1. 

3. Results and discussion

3.1 Phenotypic characteristics of Arabidopsis RPOTmp  
overexpressor lines
The seeds of several homozygous lines with overexpression of 
RNA polymerase RPOTmp (Col-M and Col-P) were planted 
on Phytagel and on soil. The rate of seed germination, growth 
and development, the appearance of plants of Col-M lines were 
similar to those of the wild-type plants (Figure 1, d ). The Col- P 
lines showed some differences from the wild-type plants. One 
out of six Col-P lines studied, Col-P12, was characterized 
by somewhat accelerated growth on the solid medium and 
on the soil and by a significantly ( p < 0.05) earlier onset of 
flowering compared to the wild-type line. In contrast, three 
lines, Col-P5, Col-P8, and Col-P18, had a tendency for slow 
growth. Delayed seed germination and growth were expressed 
to a much greater extent in one of the lines, Col-P5 (see Fi gu-
re 1, d ). Also, plants of this line showed a pronounced delay 
in flowering, demonstrating in this respect a similarity with 
the rpotmp mutant plants. In addition, it can be noted that the 
plants of this line had the yellowish color of the first pair of 
true leaves at the time of their formation (a unique feature, 
not marked in any of the other lines studied), increased leaf 
folding in mature rosettes, a more rounded and curled shape 
of the leaves. The latter features also resemble the phenotype 
of the rpotmp mutant plants with inactivated expression of 
RPOTmp. 

3.2 Transcriptome analysis of Arabidopsis RPOTmp  
overexpressor lines
Using the DNA microarray method, we performed a genome-
wide analysis of changes in the level of nuclear, chloroplast 
and mitochondrial gene transcripts in rpotmp mutant lines, 
lines overexpressing RPOTmp with mitochondrial or chloro-
plast targeting (Col-M15, Col-M20, Col-5, Col-P12), and in 
lines with complementation of RPOTmp functions in mito-
chondria (Tmp-M3, Tmp-M11) or in chloroplasts (Tmp-P1), 
in comparison with the wild-type plants. Total RNA extracted 
from 12-day-old seedlings was used for the analysis. Three 
biological repeats of RNA preparations obtained from several 
independently grown plants were used for analysis. From the 
resulting dataset, the genes, the expression level of which 
was statistically significant ( p < 0.05) and at least two-fold 
different from the expression level of the wild-type plants, 
were selected for analysis. For each of the lines studied, 
several hundred genes met these criteria, which indicates that 
either the absence of RPOTmp in both (the rpotmp mutant) or 
one (the Tmp-M and Tmp-P lines) cell compartment, or the 
overexpression of the RNA polymerase leads to a significant 
response at the transcriptome level. Remarkably, most of the 

genes with altered expression were nuclear ones, showing 
that the observed changes can be attributed to retrograde 
regulation, that is, being dependent on the changes occurring 
in the organelles. 

From the obtained it was clear that the expression changes 
in the rpotmp knockout line were similar to a high degree to 
that observed in the Tmp-P1 line (Figure 2), indicating that 
RPOTmp targeting to chloroplasts does not lead to compensa-
tion of defects characteristic of the mutant. In Tmp-M3 and 
Tmp-M11 lines, the number of genes with altered expression is 
the lowest; in this respect, these lines are close to the Col-P12 
line with RPOTmp overexpression in chloroplasts, but not to 
the Col-P5 line. The Col-M15 line transcriptome was enriched 
for genes with an increased level of expression, which stand 
out in a separate cluster (Figure 2).

In addition, genes encoded in chloroplast and mitochondrial 
genomes were analyzed. It is interesting to note that none of 
the chloroplast genes were represented among genes with 
significantly altered expression in eight lines studied, which 
also indicates against any significant role RPOTmp can play 
in the transcription of the chloroplast genome. In contrast, 
the expression level of a number of mitochondrial genes was 
significantly altered. The data obtained using DNA microchips 
confirmed a decrease in the expression in the rpotmp mutant 
for all mitochondrial genes (such as rps4, matR, cox1, nad1, 
nad5, nad4, nad6, ccb256) shown previously by Kühn et 
al. (2009). In addition, several mitochondrial genes whose 
transcript levels in the absence of RPOTmp either decrease 
(orf100c, orf106d, orf107f, orf109, orf143, orf153a, orf215a, 
orf313, orfFX) or increase (orf110b, orf107c, orf111b, orf139a, 
orf141, orf184, orf240a) have been identified by our analysis 
for the first time.

4. Conclusion
Analysis of changes in the level of mitochondrial gene tran-
scripts allows us to draw conclusions about the almost com-
plete identity of expression changes in the rpotmp and Tmp-P1 
lines, and, conversely, a significant degree of compensation for 
these changes in the lines with RPOTmp complementation in 
mitochondria (Tmp-M3, Tmp-M11). The expression analysis 
of the mitochondrial genes in plants with RPOTmp overex-
pression showed a somewhat surprising picture. While the 
content of the mitochondrial gene transcripts in the Col-P12 
line was close to that in the wild-type plants (which was to be 
expected in the line overexpressing RPOTmp with chloroplast 
targeting), the other line, Col-P5, was very close in this respect 
to the rpotmp knockout line. This fact correlates well with the 
phenotypic appearance and the level of mitochondrial genome 
copy number of plants of this line (the data are not shown). 
Analysis of the level of mitochondrial transcripts in the lines 
overexpressing RPOTmp with mitochondrial targeting (Col-
M15, Col-M20) also showed significant differences between 
these lines. While the Col-M15 line was characterized by an 
increased level of most mitochondrial transcripts, the content 
of many transcripts in the Col-M20 line, in contrast, was re-
duced, and the character of the changes was similar to that of 
the rpotmp and Col-P5 lines. It is interesting to note that the 
phenotype of these plants did not differ significantly from the 
phenotype of the wild-type plants. 
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Figure 2. Dendrogram representing the clustering of genes differentially expressed in Arabidopsis lines overexpressing RPOTmp with mitochondrial or 
chloroplast targeting (Col-M, Col-P), in the rpotmp mutant line and in plants with RPOTmp complementation in mitochondria and chloroplasts (Tmp-M 
and Tmp-P). Red color means an increase in the level of gene expression compared to the level in the wild-type plants; blue represents a decrease. 
Genes whose expression levels differ at least two-fold from the level in wild-type plants (p < 0.05, n = 3) are presented.

Figure 1. Transgenic Arabidopsis lines overexpressing RPOTmp with mitochondrial or chloroplast targeting. (a) Schematic representation of gene 
structures encoding three Arabidopsis RPOT polymerases. (b) Scheme of obtained genetic constructs (from Tarasenko et al., 2016). (c) Schematic 
representation of native and recombinant RPOTmp localization in cellular organelles. tr(m), tr(p), tr(mp): sequences encoding transit peptides of 
the Arabidopsis rpotm, rpotp and rpotmp genes, respectively. (d) Appearance of Arabidopsis wild-type plants (Col-0), rpotmp mutant line and lines 
overexpressing RPOTmp with mitochondrial (Col-M15) or chloroplast (Col-P5) targeting.
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It should also be noted that the increase in the expression 
of RPOTmp caused a change in the expression of many tran-
scription factors belonging to certain classes (data not shown). 
Our task in subsequent studies will be to test the expression 
of selected genes encoding transcription factors of these po-
tentially interesting classes. 

Although we cannot, at the moment, make a definite con-
clusion about the reasons for the observed diversity of gene 
expression responses in the lines studied, it is obvious that 
the absence and increase in RPOTmp content produces dif-
ferent signals that lead to changes in expression in other cell 
compartments. At the same time, it seems that the change in 
the expression of the mitochondrial genome and/or the func-
tional state of the mitochondria is one of the main sources and 
intermediaries in the transmission of this signal. 
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Finding genetic markers that reflect adaptation of plants 
to certain ecological niches is an important task with many 
possible practical outcomes. This field of plant molecular 
ecology is vast. Modern methods of genetic analysis applied 
to plants proved fruitful in solving many ecological problems: 
findings such as conditional expression and methylation 
changes led to insights into the genetic basis of adaptation to 
many stress factors: drought (Cortés et al., 2012; Shi et al., 
2013; Rico et al., 2014), herbivorous insects (Smith, Clement, 
2012; Eyres et al., 2016), cold hardiness (Gusta, Wisniewski, 
2013), salinity (Hasegawa, 2013), soil acidity (Kochian et al., 
2015) and others.

Light intensity is one of the most important abiotic factors 
in plant life. Plants mostly growing in shady habitats can be 
either shade-loving (sciophilous) or just shade-tolerant. Shade-
tolerant plants, or scioheliophytes, can cope with low light 
levels but are also able to grow in more or less open habitats 
with some degree of direct sunlight, while shade-loving plants 
stunt their growth or get sunburns if exposed to direct sun.

It is not yet fully known what genetic factors determine the 
development of shade tolerance, but certain data suggest that 
these traits may be inherited and are under natural selection. 
In the recently sequenced Panax ginseng genome, there is 
an amplification of chlorophyll a/b proteins (CAB), which is 
proposed to be a shade adaptation (Kim et al., 2018). There 
are also works that show some genetic basis for shade-loving 
and shade-tolerance predisposition in tomato (Sulistyowati et 
al., 2016; Ritonga et al., 2018).

Species in the genus Allium are adapted to habitats with 
a wide range of light intensity, from shady forests to open 
habitats like meadows, steppes and deserts. We have analyzed 

Abstract: We have analyzed plastome sequences of twelve Allium species and found 
certain features reflecting evolutionary processes in the genus. The A. paradoxum plastome 
sequence differed markedly from other Allium species by a large 4,825 bp long inversion in 
the SSC region and pseudogenization of all genes encoding the NADH complex. The NADH 
complex is presumably required to optimize photosynthesis. In ndh defective plants the 
photosynthesis rate decreases under excess light. We assume that the natural distribution 
of A. paradoxum, restricted to shady forests, is linked to ndh genes’ impairment. No other 
analyzed Allium species demonstrated these features, not even the phylogenetically close 
shade-tolerant A. ursinum.
Key words: Allium; plastome; shaded environments; adaptation; NDH  genes; gene loss; 
pseudogenization.

plastome sequences of twelve wild and cultivated Allium 
species. Ten of them, namely A. ursinum, A. paradoxum 
(MH053150), A. macleanii, A. nutans, A. platyspathum, 
A. schoenoprasum, A. pskemense, A. obliquum (MH157875), 
A. fistulosum, A. victorialis were sequenced, assembled and 
annotated in our lab. Sequences for A. cepa (KF728080) and 
A. sativum (KX683282) were obtained from works of von 
Kohn et al. (2013) and Filyushin et al. (2016).

A wealth of data regarding higher plants’ plastide genomes 
is available at present. Full plastomes of more than 8000 plant 
species have been currently analyzed, of which more than 10 
belong to the genus Allium (for several Allium species, no final 
annotations have been published yet and we are not analyz-
ing them in this work). The plastomes of all studied Allium 
species contain the same number of tRNA genes (30 in total, 
of them 9 are represented by two copies in IR) and rRNA 
(8 genes, all 4 are represented by two copies in IR), 79 genes 
encode proteins. In general, the Allium plastomes analyzed 
had similar numbers, arrangement and orientation of genes 
(data not published). Yet some of the analyzed species proved 
to have deletions of certain genes, e. g. the small ribosome 
subunit gene rps16 (Belenikin et al., 2016).

The A. paradoxum plastome was quite distinct from other 
species in that all its ndh genes were subject either to dele-
tion or to pseudogenization. It also had a large (4 825 kB) 
inversion in the SSC region. A number of other distinctions 
in the plastome structure of the species have been identified 
(Omelchenko et al., 2019, in press). All other analyzed Allium 
species did not have any alterations in the structure of the ndh 
gene family. The NADH-dehydrogenase complex protects 
plants in stress conditions, preventing oxidative stress, partici-
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pating in electron cyclic transport and chloroplast respiration 
at night. It is divided into five subcomplexes, of which only 
one, the membrane subcomplex, is encoded by plastome genes 
only, while the others are encoded by nuclear or both nuclear 
and plastome genes. Genes of the NADH-dehydrogenase 
complex are also found in the mitochondrial genome, but 
they are of a different origin compared to plastome ones (ac-
cording to Onoiko, Zolotareva, 2014). The proteins of the 
membrane NADH-dehydrogenase complex in the plastome 
are encoded by 11 ndh genes (ndhA–K). Deletion of different 
plastome genes is sometimes accompanied by their transfer to 
the mitochondrial or nuclear genome (Logacheva et al., 2016; 
Lin et al., 2017). In some representatives of Pinaceae (Picea 
abies and Pinus massoniana), non-functioning fragments of 
ndh genes were found in the nuclear genome (Ranade et al., 
2016; Ni et al., 2017), and in several Orchidaceae, their cop-
ies were found in mitochondrial genomes (Lin et al., 2015). 
Deletion or pseudogenization of plastome ndh genes is not 
always accompanied by their copies appearing elsewhere, e. g. 
in many orchids, despite the loss of ndh plastome genes, they 
were not found in their nuclear genome either (Cai, 2015; Lin 
et al., 2017). Ruhlman et al. (2015) have analyzed transcrip-
tomes of both flowering plants and gymnosperms (Pinaceae, 
Gnetales, Geraniaceae and Orchidaceae) that had lost plastome 
ndh genes and did not found any functional copies of these  
genes.

In a considerable number of plant species belonging to 
unrelated taxonomic groups some ndh genes are deleted, 
while the others had become pseudogenes (e. g. Pinaceae 
(Ranade et al., 2016; Ni et al., 2017), Gnetales (Ranade et 
al., 2016), Orchidaceae (Chang et al., 2005; Lin et al., 2017) 
and others). In all cases mentioned above, all ndh plastome 
genes had lost their function. It is possible that this deletion 
is linked to operon organization of plastome genes (Sander-
son, 2015). In particular, ndh genes are also organized into 
an operon (Maier et al., 1995; del Campo et al., 2005). Loss 
of ndh genes is considered to be an ancient trait, common to 
all Pinaceae (Lin et al., 2010; Wu et al., 2011). On the other 
hand, deletions of ndh genes in Orchidaceae had most likely 
occurred independently in several taxonomic lines in the fa-
mily (Lin et al., 2015).

Considering that many unrelated taxa had lost their plas-
tome ndh genes independently, we can speculate that this 
feature is a consequence of convergent evolution. An indirect 
confirmation of ndh gene defunctionalization being an adap-
tive event can be found in the fact that it occurs in plants as 
primitive as Marchantiophyta (Wickett et al., 2008). 

Mutant ndh gene types are almost never affecting the 
phenotype if the plant is growing in its optimal conditions, 
but these plants are less stress tolerant. It is possible that 
electron cyclic transport is required for photosynthesis to be 
effective in stress conditions, such as drought, heat, high light 
intensity (Horvath et al., 2000; Wang et al., 2006; Sanderson 
et al., 2015; Yamori et al., 2015), and also in low light levels, 
as the NADH-dehydrogenase complex is known to mediate 
the minor pathway of electron cyclic transport in photo- 
system I. Analysis of ecological and trophic preferences of 
plants with ndh deletions has shown that it is common in plants 
with some degree of heterotrophy (Wicke et al., 2011; Petersen 

et al., 2015; Silva et al., 2016, 2018; Shin, Lee, 2018). On the 
other hand, hemiparasitic plants do not always defunctionalize 
their ndh genes. All ndh genes are functional in the plastome 
of Aureolaria virginica belonging to Orobanchaceae, a family 
characterized by a different level of ndh gene pseudogeniza-
tion (Frailey et al., 2018).

Nevertheless, a full loss of all ndh genes can be found not 
only in plants with various degrees of heterotrophy, but also 
in obligate autotrophic species. Besides Allium paradoxum 
it was found in some Pinaceae (Ni et al., 2017), in Erodium 
(Blazier et al., 2011), in the monotypic genera Circaeaster 
and Kingdonia (Circaeasteraceae), and even in Cactaceae in 
Carnegiea gigantea (Sanderson et al., 2015). 

At least some events of ndh pseudogenization may be 
possibly linked to light intensity adaptations. As was men-
tioned before, a properly functioning NADH-dehydrogenase 
complex allows plants to adapt flexibly to light intensities 
that are far from optimal, while defects in it may influence 
plant reactions to both high (800 μmol photons m−2 s−1) and 
low (200 μmol photons m−2 s−1) light intensity (Yamori et al., 
2015; Ruhlman et al., 2015).

As the loss of ndh genes makes intense light a stress 
factor, we suppose that ndh gene defunctionalization and 
shade-loving habit are linked in Allium paradoxum. All the 
species in the study that are related to A. paradoxum had a full 
functioning set of ndh genes. Its closest relative in the study, 
A. ursinum, is a representative of the same evolutionary line 
(first) and the same subgenus. On a phylogenetic tree, these 
species are in neighboring clades (Hanelt, 1996; Friesen, 
Fritsch, 2006). A. ursinum also prefers forest habitats, but it 
requires rather high light conditions, starting to grow before 
canopy closure, and its distribution is thought to be limited 
mostly by water availability, as it can grow successfully in 
open habitats if precipitation is high and evenly distributed 
or in the vicinity of rivers and streams (Oborny et al., 2011). 
Thus we can suppose that historically both understorey Allium 
species were shade-tolerant, but after the loss of functionality 
of its ndh genes A. paradoxum became a shade-loving species 
and lost the ability to grow in open habitats.

Nevertheless, several species with the defunctionalization 
of ndh genes grow in mesic or arid open habitats and do not 
suffer from intense light (Carnegiea, Pinus, Circaeaster and 
Kingdonia), and thus had supposedly developed a different 
mechanism of light stress tolerance than the NADH gene 
complex.
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1. Introduction
The Chernobyl exclusion zone is a unique area for accessing 
the effects of ionizing radiation on the abundance, distribu-
tion, life history, and molecular changes caused on different 
plant species. Scots pine (Pinus sylvestris L.) is one of the 
most widespread tree species across Europe and Northern 
Asia, being a promising organism for radiation-related studies 
because of its high radiosensitivity (ICRP, 2008). Intending 
to gain insight into the ability of plants to withstand chronic 
radiation exposure, we evaluated the transcriptome profiles 
of Scots pine trees from four populations growing at clean 
and radioactively contaminated territories. This work has 
been recently accepted for publication (Duarte et al., 2019).

2. Materials and methods
The sample plots are located in the Bryansk region of Rus-
sian Federation and in the Gomel region of Belarus Republic. 
The reference plot (Ref) and the low-contaminated Zabor’e 
plot (Zab) are both located in the Bryansk region. The highly 
contaminated Kulazhin (Kul) and Masany (Mas) plots are 
situated in the Chernobyl exclusion zone. To perform the 
transcriptome analysis, we sampled pine needles from nine 
individual trees at each experimental plot. RNA of three pooled 
samples from a plot was sequenced using the Illumina HiSeq 
2500 technology. The de novo transcriptome assembly was 
performed using BinPacker (Liu et al., 2016), SOAPdenovo-
Trans (Xie et al., 2014) and Trinity (Grabherr et al., 2011). 
The transcriptome annotation was conducted with Trinotate 
(Bryant et al., 2017) and InterProScan (Jones et al., 2014). 
The detailed description of the RNA sequencing procedures 
and bioinformatics analyses are available (Duarte et al., 2019; 
Duarte et al., forthcoming). 

Abstract: Radioactive contamination of natural areas is one of the most long-lasting 
anthropogenic impacts on the environment. Scots pine (Pinus sylvestris L.) is an important 
species for radiation protection of biota because of its high radiosensitivity. We conducted 
the de novo transcriptome analysis of Scots pine populations growing in the Chernobyl-
affected zone, which is still today contaminated with radionuclides. The transcriptional 
response involved modulation of the cellular redox system and ion balance, and enhanced 
expression of chaperones and histones. Our data suggest that the modulation of ROS level 
occurs mainly through the control of glutathione- and thioredoxin-related responses and 
most likely involves a fine-tuning of ROS-generating processes, which might be related to 
the control of gas exchanges via stomata. It is interesting to note that the stress response 
profile identified does not rely on the modulation of ABA biosynthesis or catabolism genes. 
These adaptive responses are triggered by radiation doses 30 times lower than the one 
accepted as safe for biota species by international regulations. These findings suggest that 
the environmental management in radiation protection should be reviewed.
Key words: radiation exposure; scot pine; Pinus sylvestris L.; transcriptome.

3. Results and discussion
The gene expression profile of the four studied populations 
correlated to the radiation levels at the sample plots. The 
clustering analysis of the expression profiles grouped the 
two highly contaminated populations (Mas and Kul); the low 
contaminated population (Zab) did not differ significantly 
from the reference. Nevertheless, the transcriptome profile 
of Zab population revealed the same regulation pattern of 
stress-related genes that were also identified for the high-dose 
irradiated populations, Mas and Kul. Only seven transcripts 
were commonly regulated among the three contaminated 
sample plots. Four of them were related to stress responses: 
a transcript for an anionic peroxidase related to cell death 
responses (WUN1_SOLTU), and three abscisic acid (ABA)-
responsive transcripts (CIPKK_ARATH, CIPKA_ARATH, 
and SLAC1_ARATH). Among the ABA-related genes, it is 
interesting to single out the down-regulation of the F-box 
protein PP2-B11 (P2B11_ARATH), which has been described 
as an attenuator of ABA responses (Cheng et al., 2017). 

The functional analysis of the differentially expressed 
transcripts did not evidence a classical stress response signa-
ture (e. g. heat, hypoxia, cold, etc.). The response to chronic 
radiation exposure also did not resemble one to acute radia-
tion, suggesting that the adaptation process to the former is 
rather unique. Those few genes that overlap between acute 
and chronic irradiation conditions showed inverse expression 
patterns. Short-term experiments also showed that the response 
pattern changes according to the radiation exposure duration 
(Kovalchuck et al., 2007). 

The transcriptional profiles evaluated in our work suggest 
that the adaptation to chronic radiation exposure involves: 
(1) modulation of ROS accumulation through balancing of 
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ROS-generating processes and antioxidant molecules; (2) con-
trol of cellular damage by enhanced expression of chaperones 
and histones, along with the modulation of ions balance, to 
counteract the damaging effects of a higher ROS basal level 
on proteins activity, DNA, and membranes; (3) control of the 
activity of transposable elements (TEs). 

The production of ROS is an inherent consequence of the 
exposure to radiation (Szumiel, 2015). During oxidative stress, 
plants activate antioxidant mechanisms including enzymes 
(superoxide dismutase, catalases, peroxidases, and enzymes 
of ascorbate-glutathione cycle) and accumulate low molecular 
weight antioxidants for minimizing the damage (Sewelam et 
al., 2016). On the other hand, ROS are also central signalling 
molecules during stress responses (Sewelam et al., 2016). 
Apparently, organisms under chronic radiation exposure 
have to adapt to a different ROS threshold, which would al-
low them to balance the buffering of ROS without blocking 
their signalling function. Our data suggest that the ROS level 
modulation occurs mainly through the control of glutathione- 
and thioredoxin-related responses and most likely involves a 
fine-tuning of ROS-generating processes. 

ROS-generating processes were repressed, while an enrich-
ment of processes related to the control of gas exchanges via 
stomata was also observed. This observation suggests that the 
photosynthesis rate, which is a major ROS source, might be 
under a fine-tuning. It is interesting to note that the control of 
stomata movement seems not to involve the modulation of 
ABA levels. Conversely, the gene expression pattern suggests 
the control of the sensitivity of the pathway, for instance via the 
repression of PP2-B11, a SnRK2 negative regulator. A perspec-
tive for future work is the confirmation of ABA attenuation and 
of the control of photosynthesis rate on chronic irradiated plants.

Interestingly, the transcriptome analysis revealed the ab-
sence of activation of repair processes in the populations under 
chronic radiation exposure, responses that are known to occur 
during acute radiation stress condition (Culligan et al., 2006). 
This observation can be understood as another evidence of the 
adaptation of the evaluated populations to the chronic stress, 
being the expression of the repair machinery below the detec-
tion threshold. Nevertheless, the constant exposure to ionizing 
radiation imposes a permanent risk for the integrity of the 
molecules in the cells, including DNA single- and double-
strand breaks (Caplin and Willey, 2018). In this context, our 
analyses indicate that the strategy adopted by the evaluated 
populations is to increase the maintenance of the integrity of 
the molecules in the cell, which could be explained by the 
enhanced expression of chaperones and histones.

Finally, the control of TEs activity, which is also a source 
of DNA damage, is also evident in all chronically irradiated 
populations. However, the activity of the TEs was inversely 
correlated to the radiation dose exposure. While more active 
TE families were identified in the low-dose exposed individuals 
from Zab, the opposite trend was shown for Kul individuals. 

4. Conclusions
Radioactive contamination of the natural areas is one of the 
most long-lasting anthropogenic impacts on the environment. 
Scots pine (Pinus sylvestris L.) is a promising organism for 
radiation-related research because of its high radiosensiti-

vity, but the genome size of Pinacea species has imposed 
obstacles for high-throughput studies so far. In this work, we 
conducted the analysis of the de novo assembled transcriptome 
of Scots pine populations growing in the Chernobyl-affected 
zone, which is still today contaminated with radionuclides 
because of the accident at the nuclear power plant in 1986. 
The transcriptome profiles indicate a clear pattern of adap-
tive stress response, which seems to be dose-dependent. The 
transcriptional response indicates a continuous modulation 
of the cellular redox system, enhanced expression of chap-
erones and histones, along with the control of ion balance. 
Interestingly, the activity of transposable element families is 
inversely correlated to the exposure levels to radiation. These 
adaptive responses, which are triggered by radiation doses 
30 times lower than the one accepted as safe for biota species 
by international regulations, suggest that the environmental 
management in radiation protection should be reviewed.
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1. Introduction
Flax is a valuable crop which has been attracting more and 
more attention in recent years. Flax fiber is used to produce 
high-quality fabrics and composite materials (Costa et al., 
2018). Flax seed has a complex of useful properties and is 
used in the pharmaceutical and food industries, as well as in 
the production of feed, high-quality paints, and polymeric 
materials (Singh et al., 2011). Diseases, primarily caused by 
fungal pathogens, lead to significant crop losses and reduce 
product quality. The main pathogens of flax are Fusarium 
oxysporum, Melampsora lini, Colletotrichum lini, Septoria 
linicola, and Aureobasidium pullulans (Muir, Westcott,  
2003).

To combat flax diseases, effective measures are necessary, 
among which the identification of pathogen for choosing 
plant protection actions is an important one. Molecular mark-
ers are an effective tool for identifying pathogens (Crous et 
al., 2015), but the choice of nucleotide sequences that will 
be used for genetic diagnosis of pathogens is crucial. In the 
present work, the method for assessment of polymorphism 
of particular genes in fungal pathogens of flax using deep 
sequencing was proposed.

2. Materials and methods
Strains of F. oxysporum, M. lini, C. lini, S. linicola, A. pul-
lulans, Fusarium moniliforme, Fusarium solani, Fusarium 
culmorum, Fusarium gibbosum, Fusarium sporotrichiella, Fu-
sarium avenaceum, and Fusarium semitectum were obtained 
from the Institute for Flax (Torzhok, Russia). To isolate the 
DNA, the fungal samples were ground using a MagNA Lyser 
homogenizer (Roche, Switzerland) in a CTAB buffer and 
phenol-chloroform purification was performed. One hundred 
DNA samples were isolated, the quality and concentration of 
which were determined by agarose gel electrophoresis and a 
Qubit 2.0 fluorometer (Life Technologies, USA). The internal 

Abstract: Pathogens decrease flax yield and reduce product quality. The development of 
molecular markers is necessary for fungus identification and application of proper defense 
actions. In our work, we present the method based on deep sequencing for studying 
the genetic diversity of fungal pathogens of flax. ITS regions of rRNA genes and regions 
of genes encoding beta-tubulin (tub2), translation elongation factor 1-alpha (tef1), and 
RNA polymerase II subunits (RPB1 and RPB2) were studied using deep sequencing in 100 
pathogen strains of Fusarium, Colletotrichum, Melampsora, Aureobasidium, and Septoria. 
Our method can be used for the characterization of genetic diversity of pathogens and 
determination of DNA sequences that are the most suitable for identification of fungus 
using molecular markers.
Key words: deep sequencing; flax pathogens; genetic diversity.

transcribed spacer (ITS) regions of the rRNA genes and re-
gions of genes encoding beta-tubulin (tub2), translation elon-
gation factor 1-alpha (tef1), and RNA polymerase II subunits 
(RPB1 and RPB2) were chosen to study the genetic diversity 
of flax pathogens with. The analysis of the literature data was 
performed and the sequences of primers that allow amplifica-
tion of selected sequences from various species and genera 
of pathogens causing fungal plant diseases and are actively 
used in phylogenetic studies were found (Raja et al., 2017). To 
prepare DNA libraries of selected genes for deep sequencing, 
universal adapters were added to the target-specific primers. 
This is necessary for sequencing and performing the second 
PCR, which is needed for indexing the samples and adding 
the sequences required for sequencing. The Illumina protocol 
was taken as a basis (support.illumina.com/downloads/16s_
metagenomic_sequencing_library_preparation.html).

For the second PCR, universal Nextera XT v2 primers 
were used. The PCR conditions were optimized with selected 
primer pairs. The best results were obtained with amplification 
in 20 μl of the reaction mixture containing 2 units of high-
precision Tersus polymerase (Evrogen, Russia), 1× Tersus 
polymerase buffer (Evrogen), 200 µM dNTP (Thermo Fisher 
Scientific, USA), 0.5 µM of each primer (Evrogen), and 20 ng 
of DNA under the following conditions: 3 min at 95 °C; 
35 cycles for the first PCR and 12 cycles for the second PCR: 
15 s at 95 °C, 30 s at 58 °C, 30 s at 72 °C; 3 min at 72 °C. 
After the first PCR and after the second PCR, purification of 
PCR products using CleanMag DNA (Evrogen) magnetic 
beads was performed. According to the developed method, 
ITS, tub2, tef1, RPB1, and RPB2 sequences were amplified 
for 100 samples of pathogens causing fungal flax diseases, 
and DNA libraries were prepared for deep sequencing. The 
quality and concentration of the obtained DNA libraries were 
evaluated on an Agilent 2100 bioanalyzer (Agilent, USA) and 
a Qubit 2.0 fluorometer. The described sample preparation 
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allowed us to obtain high-quality DNA libraries, which were 
equimolarly mixed before sequencing.

Using the MiSeq sequencer (Illumina, USA), we performed 
sequencing of ITS and tub2, tef1, RPB1, and RPB2 genes for 
100 samples of the fungal flax pathogens: F. oxysporum, F. av-
enaceum, F. culmorum, F. moniliforme, F. gibbosum, F. semi-
tectum, F. sporotrichiella, F. solani, M. lini, C. lini, S. linicola, 
and A. pullulans. The read length was 300 + 300 nucleotides. 
The pipeline was developed for the analysis of the sequencing 
data. This work was performed using the equipment of “Ge-
nome” Center of Engelhardt Institute of Molecular Biology 
(http://www.eimb.ru/rus/ckp/ccu_genome_ce.php).

3. Results and discussion
Although the use of ITS to determine the species of fungi is 
the most promising approach (Pryce et al., 2003; Schoch et 
al., 2012), sometimes the use of only these sequences has an 
insufficient resolution. In this case, it is advisable to use them 
in combination with protein-coding genes, such as tub2 and 
tef1, and to perform an additional analysis of RPB1 and RPB2 
also having a high interspecific diversity but poorly amplified 
for a number of fungi (Schoch et al., 2012; Crous et al., 2015; 
Raja et al., 2017).

Approaches for identifying fungal pathogens are be-
ing actively developed and used for different plant species 
( McCartney et al., 2003; Atkins, Clark, 2004; Divakara et 
al., 2014). However, for pathogens of flax, such work has 
not yet been performed. This is largely due to the lack of 
data on polymorphism of nucleotide sequences that are the 
most suitable for the identification of pathogens. The data on 
polymorphism of such genes on representative sample sets 
of strains of fungi of various species would allow molecular 
diagnostics of flax pathogens.

The proposed approach based on deep sequencing enables 
the analysis of up to 384 pathogen samples in one run of a 
high-throughput sequencer. The samples will be separated 
by bioinformatics analysis due to the presence of double in-
dexes. The approach is especially effective when sequencing 
several amplicons for a large number of samples takes place 
(in our case, 5 amplicons for 100 samples). This allows one 
to reduce both financial and labor costs, as well as to obtain a 
high coverage (a thousand-fold or more) to accurately identify 
DNA polymorphism.

4. Conclusions
The approach based on deep sequencing makes it possible to 
effectively assess the genetic diversity of pathogens causing 
fungal flax diseases and to determine DNA sequences that are 
the most promising for use as genetic markers for identifica-
tion of plant pathogens.
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Abstract: Regression models that connect agronomic traits to climatic factors provide valu-
able insights into phenological characteristics of cultivars. The genotype-by-environment 
interactions are modeled by a weighted sum of pairwise products between a control func-
tions and group indicator variables. In contrast to existing modeling frameworks in our 
 approach the analytic form of a control function, regression coefficients and a set of predic-
tors are inferred by stochastic minimization of the deviation of the model output from data. 
The approach was successfully applied to the three datasets for soybean and chickpea to 
predict time to flowering with coefficient of determination 0.45-0.97.
Key words: mathematical modeling; regression; agroclimatic factors.

1. Introduction
Plants react to climate change with changing phenotype inte-
grating climate-biospheric interactions (Morisette et al., 2009). 
Though mathematical modeling is one of the most important 
tools for prediction of phenologiclal traits the  accuracy re-
mains a problem (Richardson et al., 2012). The duration of 
developmental stages must closely coincide with the avail-
able season for acceptable results. Widely used methods for 
prediction of phenological traits are calculation of the sum of 
temperatures above the temperature minimum and regression 
models (Major et al., 1975; Pedersen et al., 2004; Setiyono 
et al., 2007). Several successful crop simulation models like 
SSM (Soltani et al., 2006a, 2006b), DSSAT (Boote et al., 
2013; Jones et al., 2003, 2017a), APSIM (Keating et al., 2003) 
and others (Battisti et al., 2018; Williams et al., 1989) have 
been developed for legumes. Biophysical and biochemical 
processes are described with differential equations problem-
specific parameters for genotype, soil, weather and economic 
factors. Developed in the absence of genomic information, 
these models considered genotype influence at best as a set of 
given “genetic coefficients” that do not correspond to actual 
genes (Hwang et al., 2017). Consequently, the inability of these 
models to take gene-by-environment interactions into account 
restricts the prediction of phenological traits of cultivars across 
different geographical locations and genotypes (Vadez et al., 
2013). We propose a more general approach implemented in 
the computer program called ‘nlreg’, in which the analytic 
form of a control function together with regression coef-
ficients and a set of predictors are inferred automatically by 
stochastic minimization of the deviation of the model output  
from data.

2. Materials and methods
The interactions between factors and K different geographi-
cal locations or genotypes is modeled by a weighted sum of 
pairwise products between the control functions Fn and the 
group indicator variables di

k such that di
k=1, for plant i from 

group k and =0 otherwise. Thus, for a set of data records (yi, 
Xi), where yi is the phenotype and Xi is the vector of climatic 

factors for plant i, the computer program presented here con-
structs Model (1).

where βn and ζk∙N+n are the regression coefficients, N is the 
number of functions Fn, and εi is the standard error.

The analytic form of function Fn is constructed from the 
vector of codons of length M using Grammatical Evolution 
(GE) (Noorian et al., 2016; O’Neill and Ryan, 2001) which 
utilizes a context-free grammar (CFG). The CFG is defined 
by the 4-tuple of a finite set of terminal symbols, non-terminal 
symbols, the production rule set and the start symbol (Aho et 
al., 2006). In our approach, non-terminal symbols are defined 
as arithmetic operations “+”, “–”, “*”, “/” or expressions X, 
(X – Const), or 1/(X – Const) where the members of termi-
nals set X and Const denote a name of the predictor and the 
constants, respectively.

The model is further built using the LASSO algorithm 
(Tibshirani, 1996) which minimizes the sum of squared dif-
ferences between model output and data and penalizes the sum 
of absolute values of regression coefficients βn, thus reducing 
non-important ones to 0.

The vector of codons is determined by minimizing the ap-
proximation error using the stochastic optimization technique 
called the Differential Evolution Entirely Parallel (DEEP) 
method (Kozlov and Samsonov, 2011; Kozlov et al., 2016). 
Differential Evolution (DE) was proposed in 1995 (Storn, 
1995, 1997). DEEP incorporates several recent enhancements 
(Fan and Lampinen, 2003; Kozlov et al., 2016; Zaharie, 2002). 
DEEP employs the pool of worker threads with an asynchro-
nous queue of tasks to evaluate the individual solutions in 
parallel. The code is available on GitLab (https://gitlab.com/
mackoel/deepmethod).

Although a few GE implementations are freely available 
(Noorian et al., 2016; Peter Harrington, 2018), they either 
lack a specific set of expressions or show low performance 
in our tasks. We implemented GE in C++ using Armadillo 
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(Sanderson and Curtin, 2016), mlpack (Curtin et al., 2013), 
HDF5, HighFive (The Blue Brain Project, 2018) and Qt for 
efficient matrix operations, the LASSO method, data input-
output and utility functions, respectively. The code is available 
on GitLab (https://gitlab.com/mackoel/nlreg) and can be com-
piled for GNU\Linux or MS Windows 8.1 and 10 operating  
systems.

The program is accessed using a command line interface 
that accepts several options. Tabular data is read from a HDF5 
file and parameters are supplied in a file in INI-format. To fa-
cilitate high-performance computing, the program can utilize 
OpenMP and MPI parallelization technologies.

3. Results and discussion
The approach was successfully applied to the three datasets 
for soybean and chickpea to predict time to flowering. For a 
dataset that comprises 379 plants of 9 different soybean ac-
cessions phenotyped at Pushkin VIR stations in 1999-2013, 
the method constructed a more accurate model (coefficient of 
determination R2 = 0.60) than the previous one in (Kozlov et 
al., 2018; Seferova and Novikova, 2015). 

The models for chickpea VIR landraces from Turkey 
(R2 = 0.45) and Ethiopia (R2 = 0.52) were built in (Kozlov 
et al., 2019b). The comparison of model predictions with 
experimental data is presented in Figure 1. Modeling revealed 
the difference in the impacts of temperature and precipitation. 
The impact of temperature was 60 and 48 % for Turkey and 
Ethiopia, respectively. The impact of precipitation was esti-
mated at 86 and 89 % for Turkey and Ethiopia, respectively.

The model for wild chickpea collected by von Wettberg et 
al. (2018) (R2 = 0.97) showed that the genotype-by-environ-
ment interactions accounted for about 17.2 % of variation in 
time to flowering (Kozlov et al., 2019a).

To access the practical identifiability of model parameters, 
we applied a bootstrap approach (Mudelsee, 2010) and per-
formed 1999 runs with sampled datasets (Efron and Tibshirani, 
1993). Confidence intervals for the 95 % significance level for 
the intercept and 5 regression coefficients for functions Fn are 
presented in Figure 2. Five out of six coefficients are consid-
ered identifiable as their confidence intervals do not contain 
zeroes. Genotype-by-environment interactions were signifi-
cantly non-zero (P < 0.05 in t-test) for 56 out 90 combinations 
of functions Fn with allele combinations at 6 SNP positions.

4. Conclusions
In contrast to existing modeling frameworks, in our approach 
control functions are automatically composed in analytic 
form that allows a wider range of non-linear dependencies 
between the phenotype and climatic factors to be explored. 
The results of numerical experiments with the wild chickpea 
dataset showed that certain environmental variables differ-
ently affect the flowering time of different genotypes. The 
analysis revealed that the 95 % confidence intervals for five 
out of six regression coefficients did not contain zeroes and 
thus represent a well-established influence of the climatic 
factor on time to flowering. 56 regression coefficients of 
genotype-by-environment interactions are significantly non-
zero. Consequently, the computer program developed is a 

Figure 1. Comparison of model predictions with experimental data for 
models for chickpea VIR landraces from Turkey and Ethiopia.

Figure 2. Confidence intervals for the 95 % significance level for the 
intercept and 5 regression coefficients for functions Fn.
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useful tool for mathematical modeling of phenological traits 
like flowering time and the investigation of genotype-by-
environment interactions.
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1. Introduction
Bacteria that cause plant diseases are called phytopathogenic. 
They have different degrees of pathogenicity and belong 
to different genera: Erwinia, Pseudomonas, Xanthomonas, 
Agrobacterium, Pectobacterium, Rhizobium, and others. Plant 
diseases caused by bacteria are called bacterioses, which are 
divided into 3 groups: general (vascular), local (parenchymal) 
or tumors. With a general lesion, the pathogen penetrates into 
the vascular system of the roots, the disease is accompanied 
by wilting of leaves and stems, and leads to the death of the 
plant. A typical example of vascular bacteriosis is potato ring 
rot. Tumor formations on plants are cancer and tuberculosis. 
In the case of cancer tumors, the growth of tissue is observed; 
in the case of tuberculosis, cavities are filled with bacterial 
mucus and then are formed in the expanding tissue. The 
virulence factors of phytopathogenic bacteria are toxins and 
enzymes. Toxins interact with plant cell enzymes, inactivate 
them, causing the cells to die. Under the action of a number 
of enzymes (pectolytic, proteolytic, cellulolytic), the plant cell 
wall substances are split and, as a result, the pathogens freely 
enter cells and destroy them (Bolotin et al., 2005).

Various chemical pesticides and biological preparations 
are used to combat these pathogens. However, due to the 
environmental hazards of these drugs and the growing re-
sistance of bacteria to them, it becomes necessary to look 
for new  methods and approaches to overcome them. The 
research of the  CRISPR/Cas-systems of bacteria is one of 
the breakthrough trends in biology, agriculture, and medicine 

Abstract:  The phytopathogenic bacteria of the species Agrobacterium fabrum, which is one 
of the eleven species of the Agrobacterium tumefaciens complex, have become important 
plant pathogens in the recent years. They penetrate the crown, roots and stems of plants 
through wounds, causing tumors in the roots. They are also optional pathogens for humans 
and animals. Various chemical pesticides and biological preparations are used to combat 
these pathogens. However, due to their environmental hazards and multiple resistance to 
them, it becomes necessary to look for new methods and approaches to combat them. 
The research into bacterial CRISPR/Cas-systems has become one of the breakthrough 
trends in biology, agriculture and medicine today. Due to the large number of decoded 
bacterial genomes, as well as computer and software technologies, it becomes possible to 
conduct model studies on the search for and analysis of the diversity of all forms of bacterial 
activity. This study presents the results of a bioinformatics search for and analysis of loci 
and structures of CRISPR/Cas-systems in the genome of Agrobacterium fabrum str. C58 
presented in the GenBank database. Here are presented some software and an algorithm 
for searching for CRISPR/Cas-systems and screening bacteriophages identical to the spacer 
sequences of CRISPR-arrays. The results were obtained on the structure of their CRISPR-
arrays, the diversity of CAS-proteins and phage strains detected through spacer sequences.
Key words: phytopathogenic bacteria; bioinformatics analysis; CRISPR/CAS-systems; 
CRISPR–arrays; cas-protein; phage strains.

which effectively use it nowadays. The CRISPR/Cas-system 
(Clustered Regularly Interspaced Short Palindromic Repeats/
CRISPR-associated proteins, or short palindromic repeats, 
regularly arranged by groups with CRISPR-associated pro-
teins) is a specific adaptive protective system of prokaryotes 
against foreign genetic material (Gasiunas et al., 2014). 
CRISPR-arrays are a set of short palindromic repeats of 
21–47 nucleotide pairs (b.p.) separated by unique spacer sites. 
Spacers complementally correspond to the gene segments of 
bacteriophages and plasmids to which the bacterium demon-
strates resistance and carry information about the meetings 
of the bacterium with them during the evolutionary process 
(Bolotin et al., 2005). There are cas-genes nearby, whose 
products ensure the functioning of the CRISPR loci. There 
are 3 types of CRISPR/Cas-systems, differing in cas-genes 
and the mechanism of action of the system (Kloepper et al., 
1992; Makarova et al., 2006).

In recent years, the genes and genomes of many bacte-
rial species have been decoded. Bioinformatics methods 
are widely used for processing the information related to a 
DNA. They allow the genomes to detect and to determine 
the structure of nucleotide repeats of CRISPR/Cas-systems 
(Makarova et al., 2011). A screening of spacers using these 
methods makes it possible to determine the degree of bacterial 
resistance to specific phages and plasmids. Research in this 
direction is relevant both for the study of intraspecific and 
interspecific evolutionary processes, and for solving practical 
problems in the treatment of human and plant infectious dis-
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eases (Abedon et al., 2011). The aim of this work is to search 
for and to analyze loci and structures of CRISPR/Cas-systems 
in the genome of Agrobacterium fabrum str. C58 present in 
the GenBank database through the developed bioinformatics 
algorithm of the programs, as well as screening phage strains 
through CRISPR-arrays.

2. Materials and methods
The object of the study is strain 58 of Agrobacterium fabrum 
(included in the Agrobacterium tumefaciens complex), present 
in the GenBank database (No. NC_003062.2). To search for 
CRISPR/Cas-systems, the methods of systems modeling 
MacSyFinder (Macromolecular System Finder, ver. 1.0.2) 
(Abby et al., 2014) were used. The search for structural 
and functional characteristics of cas-genes was carried out 
using auxiliary software packages makeblastdb (ver. 2.2.28) 
and HMMER (ver.3.0) (Biswas et al., 2014). To search for 
CRISPR-arrays in the genome of the strain, five bioinformatic 
software search algorithms were used:
1) PILER-CR: CRISPR repeats (http://www.drive5.com/

pilercr),
2) CRISPI: a CRISPR Interactive database (http://crispi.

genouest),
3) CRISPRFinder (http://crispr.u-psud.fr/Server),
4) CRT: CRISPR recognition tool (http://www.room220.

com/crt),
5) CRISPRDetect(http://brownlabtools.Otago.ac.nz/ 

 CRISPRDetect/predict_crispr_array.html).
Phage detection through the decoded spacers for the identi-

fied CRISPR-arrays was performed using BLASTn programs 
from the GenBank-Phage database, where the following 
programs were used: CRISPRTarget (http://bioanalysis.
Otago.ac.nz/CRISPRTarget/crispr_analysis.html), Mycobac-
teriophage Database (http: //phagesdb.org/blast) and Phages 
database (http: //www.phantome. org /PhageSeed / Phage.cgi).

3. Results and discussion
To sum up, the result of our analysis is identification of cas3 
(class I) and cas4 (class I-II) genes and their structural and 
functional characterization. Based on program matches for 
each site, two CRISPR-arrays were detected in the genome 
of A. fabrum str. C58. One CRISPR-array consists of three 
spacer sequences ranging in size from 28 to 44 nucleotide 
bases (b.p.) and separated by four repeats each 9 b.p. in length 
(CCTCCTCCC). The other CRISPR-array consists of two 
spacers ranging in size from 15 to 27 b.p. and separated by 
three repeats each 9 b.p. in length (TATCGCCAT). Using the 
structures of the spacers in the identified CRISPR-array, the 
phage strains identified, which are likely infected the A. fa-
brum str. C58 strain during its evolution. The known phage 
strains were identified as representatives of the bacterial genera 
Mycobacterium, Streptomyces, Gordonia, and Arthrobacter.

4. Conclusions
Thus, the developed bioinformatical software algorithm used 
in our work makes it possible to search for loci and describe 
the structures of the CRISPR/Cas-system of bacteria, and 
also makes it possible to assess the degree of their resistance 
to phages and plasmids. Using A. fabrum str. C58 strain as 
an example, it was shown that it has two CRISPR-arrays and 
cas-genes in its genome and that this strain is highly resistant 
to various types of alien phages. 

Also, the number of spacers and the degree of their identity 
to the phage protospacers indicate the level of their impact on 
the strain during evolution. Therefore, the development and 
selection of high-quality software methods and their algo-
rithmic constructions make it possible to identify the specific 
features of the studied strain that could not be noticed by other 
methods. The obtained information, in a long term, will allow 
selecting target phages for carrying out strain-specific phage 
therapy of plant diseases caused by phytopathogens.
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Abstract: This paper discusses the outcomes of a long-running plant breeding work that 
began in 1968 and was aimed at the development of spring bread wheat varieties. It is 
reported that over the 37-year period (1968–2005), 67 varieties have been developed 
and sent for the State Variety Testing; 30 varieties have at various times been included in 
the State Register and stayed listed for periods from 4 to 25 years. Currently, there are 19 
varieties listed in the State Register; most of them (63 %) belong to strong wheat. The plant 
breeding programs aimed at the development of new varieties in West Siberia place high 
emphasis on breeding for resistance to leaf pathogens. The results of using alloplasmic 
genotypes (H. vulgare)-T. aestivum and DH-lines with a fixed combination of fungal disease 
resistance genes are discussed.
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1. Introduction
Variety is not only one of the main factors of sustainable 
production of wheat grain, but it also accumulates and inte-
grates achievements in various fields of science. The dynamic 
replacement of old varieties with new ones that are more pro-
ductive and resistant to unfavorable biotic and abiotic environ-
mental factors ensures increased yielding capacity and gross 
grain yields. No other section of crop production ensures such 
a substantial return as selective plant breeding does. According 
to Nettevich (2000), owing to selective breeding, wheat yields 
were increased by 32–52 %. In Western Siberia, due to the 
achievements of breeding and the development of new variet-
ies, the yield of bread wheat increased by 45 % (Suslyakov, 
1994), and durum wheat – by 50 % (Evdokimov, 2006).

2. Materials and methods
Work on the development and evaluation of breeding material 
is carried out according to the complete plant breeding scheme. 
The monitoring and counts were conducted in accordance with 
the “Methods of state variety testing of agricultural crops” 
(1985). All collection accessions, breeding lines and varieties 
were evaluated for their resistance to leaf pathogens both at the 
seedling stage and at the adult plant stage (Methods ..., 1988; 
Mikhaylova and Kvitko, 1970). In the field, the counts were 
conducted 3–4 times every 6–8 days after the onset of disease 
manifestation. For the varieties that retarded the development 
of pathogens, the resistance index (RI) was determined (Kova-
lenko et al., 2012). The breeding lines and varieties selected in 
the field were evaluated in the Grain Technology Laboratory 
for 18 indices of grain, flour and bread quality.

3. Results and discussion
The development of a new variety begins with the selection 
of parents and hybridization. At present, the varieties whose 

hybrid populations were obtained from 2000 through 2005 are 
included in the State Register and sent in for the State Variety 
Testing (SVT). The Table presents data for the period of the 
variety development since 1968, which shows a significant 
progress in breeding work. Overall, 1,211,308 hybrid grains 
in 1688 combinations were obtained over 37 years. The 
Table shows that the number of varieties included in the State 
Register depends on the number of combinations but not on 
the number of hybrid grains obtained per 1 combination. 
Over this period, 66 varieties of various ripeness groups and 
purposes were sent for variety testing. Of those, 30 varieties 
were grown in the West Siberian region and stayed listed in 
the State Register within the period of 4 to 25 years. As of 
2019, 19 varieties are included in the State Register of the 
Russian Federation, 12 varieties are grown in the Republic of 
Kazakhstan, and five varieties are under State Variety Testing. 
Of those 19, six were developed in the 1970s and 1980s, and 
13, in the 1990s and 2000s (Table 1). The varieties developed 
are grown in five regions of the Russian Federation (from 
the Middle Volga to the Russian Far Eastern regions) and in 
four regions of Kazakhstan (Akmola, Kostanay, Pavlodar and 
North Kazakhstan).

In recent years (2015–2018), one of the main factors of 
wheat yield reduction has been a large-scale spread of brown 
and stem rust. Susceptible varieties had significantly lowered 
yields, but the absolute yield increase in new middle-early 
varieties with low resistance amounted to 0.46 t/ha and the 
growth coefficient made 1.18. The mid-ripening varieties 
‘Omskaya 38’, ‘Sigma’, ‘Kazanskaya yubileynaya’, ‘Ura-
losibirskaya 2’ characterized by a high resistance level (RL) 
(RL < 0.35), had a yield increase from 0.58 to 1.01 t/ha, i. e. 
they increased yields 1.32 times as compared to susceptible 
varieties. The new middle-late varieties ‘Omskaya 37’, ‘Ura-
losibskaya’ and ‘Omskaya 42’ are characterized by a high 



188

resistance level. The absolute yield increase in these varie-
ties ranged from 0.86 to 1.23 t/ha, and the growth coefficient 
made 1.49.

Grain quality tests are run at all stages of the breeding pro-
cess beginning with early nurseries. Under laboratory condi-
tions, complete tests for 18 indices of grain, flour and bread 
quality are performed. The tests in the competitive variety trial 
nurseries ensure strict selection regarding 7 indices of grain 
quality, such as grain-unit (at least 730 g/L), grain gluten con-
tent (no less than 25 %), flour strength (above 280 alveograph 
units), dough dilution (no more than 60 farinograph units), 
valorimetric evaluation (no less than 70 valorimeter units) and 
loaf volume (no less than 1100 points). The varieties defined as 
strong and valuable wheat are sent to the State Variety Testing. 
Of the 19 varieties included in the State Register, 12 varieties 
were classified as strong ones (63 %). According to the Grain 

Table1
The outcomes of spring bread wheat variety development, FSBSI Omsk Agricultural Scientific Center, 1968–2005

Year
Average number, units

Develo
ped varieties

Included in the State Register

Combi nations Hybrid grains Total As of 2019

1968–1970 129 20 8 4 1

1971–1975 235 173 7 2 1

1976–1980 301 203 6 2 1

1981–1985 310 158 2 1 1

1986–1990 380 62 7 5 3

1991–1995 457 57 13 6 4

1996–2000 481 32 10 7 6

2001–2005 475 33 13 3 2 + 5 at SVT

Total 13587 1094929 66 30 19

The scheme for development of spring bread wheat varieties using alloplasmic                                                         
DH-17 line (H. vulgare) -T. aestivum

DH-17(H.vulgare)-T.aestivum × Com 37-1RS.1BL

Hybrid population  L-311/00-22 – 1RS.1BL  

Alloplasmic introgression lines – 1RS.1BL

Selection of lines for resistance to fungal pathogens, yield 
and grain quality

L-311/00-22-5         L-311/00-22-4         L-311/00-22-6       L-194/10-12 × L 311/00-22-3

Varieties of spring bread wheat

Sigma Uralosibirskaya 2     Ishimskaya 11 Karavai
2012                      2015                              2017                    2018

Figure 1. The scheme for development  
of spring bread wheat varieties.

Quality Laboratory, to stabilize the production of strong and 
valuable grain under the conditions of the southern part of West 
Siberia, the varieties ‘Omskaya 38’ and ‘Omskaya 37’ may 
be promising ones as they form a strong grain at a frequency 
of 50...70 % (Pakhotina et al., 2018).

The main strategy of developing new varieties with multiple 
resistance to adverse biotic and abiotic factors is a broader 
use of wheat wild relatives and other cultivated cereals as the 
sources of new genes for spring bread wheat.

Due to a large-scale spread of fungal pathogens, the task 
before plant breeders is to develop highly productive and 
stress-resistant varieties. In our works, introgressive wheat 
lines and wheat relatives – T. durum, T. dicoccum, T. dicoc-
coides, Agr. elongatum, Agr. intermediate, T. timopheevii, 
S. cereale – are involved in hybridization as the carriers of 
genetic material to provide source material. Owing to inclusion 
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of alien genetic material, the varieties that inhibit the develop-
ment of leaf pathogens were obtained: ‘Omskaya 37’, ‘Om-
skaya 38’, ‘Omskaya 41’, ‘Sigma 2’, ‘Pamyati May strenko’, 
and ‘Uralosibirskaya’. One of the directions of our work is 
the use of alloplasmic genotypes (H. vulgare) – T. aestivum 
and DH-lines with a fixed combination of resistance genes of 
different origin (Figure 1). 

For instance, the hybrid form 311/00-22 developed from the 
crossing of the alloplasmic line DH(1)-17 with line Com 37 
(CIMMYT), and the 1RS.1BL translocation source proved 
to be promising for breeding. Lines L-311-22-1 through 
L-311-22-6 showed an advantage over the standard varieties 
regarding resistance to leaf and stem rust, yield and grain 
quality. As a result of breeding tests of the alloplasmic lines 
L-311-22-5, L-311-22-4, and L-311-22-6, the spring bread 
wheat varieties ‘Sigma’, ‘Uralosibirskaya 2’ and ‘Ishim-
skaya 11’ were obtained, respectively. L-311-22-3 became the 
parentage of the new variety Karavay. These results confirm 
the fact that the Sr31 gene remains effective for protection 
against stem rust in the Omsk, Kurgan and Tyumen Regions, 
and Bashkortostan. The DH-lines that combine the genes for 
resistance to powdery mildew, leaf and stem rust have been 
studied. The new lines are evaluated for resistance to Ug99 
and yellow rust in Kenya (KARI). 

Since 2000, within the framework of an international coop-
eration, the Laboratory has been participating in the Kazakh-
stan-Siberian Network (KASIB) on breeding improvement of 
spring wheat. The evaluation of the best lines in terms of yield 
and quality is carried out for resistance to stem and yellow 
rust against a specialized infectious background in Kenya.

The increased grain yield in ‘Sigma’ is determined by the 
density of the productive plant stand, ear length, and thousand-
kernel weight. When studying plants at 9 sites of the Republic 
of Kazakhstan and at 7 sites of the Russian Federation within 
the framework of the KASIB program (2015 and 2016), out 
of 49 varieties and lines studied, regarding productive plant 
stand, ‘Sigma’ was ranked 8th for productive plant stand, 2nd 
for ear length, 3rd for spikelet number per ear, and was the 
best in terms of thousand-kernel weight. The yield of ‘Sigma’ 
was at the level of the mid-season standard. The maximum 
yield was obtained at the site Otar, 8.2 t/ha, while the standard 
produced 4.2 t/ha. The variety was successfully introduced 
into commercial production in West Siberia. Its commercial 
seed production was organized.

An important role in improving the efficiency of breeding 
belongs to the cooperation with the following institutions: 
Institute of Cytology and Genetics, N.I. Vavilov All-Russian 
Research Institute of Plant Industry, All-Russian Research 
Institute of Plant Protection, OOO “Kurgansemena”, Bashkir 
State Agricultural University, Tatar Research Institute of Ag-
riculture, Institute of Plant Industry named after V.Ya. Yuryev 

of Natl. Acad. of Agr. Sci. of Ukraine, and CIMMYT (Interna-
tional Maize and Wheat Improvement Center). The results of 
the team work are the jointly developed varieties ‘Kazanskaya 
yubileynaya’, ‘Omskaya 35’, ‘Omskaya 36’, ‘Boyevchanka’, 
‘Omskaya 38’, ‘Gerakl’, ‘Pamyati Maystrenko’, ‘Uralosi-
birskaya 2’, ‘Omskaya krasa’, ‘Sigma’, ‘Sigma 2’, ‘Ishim-
skaya 11’ and ‘Uralosibirskaya’.

4. Conclusions
Summarizing the data of analysis for the period from 1968 
through 2018, the following may be concluded:

it has been shown that new varieties with high and medium 
levels of resistance during large-scale spreads of brown and 
stem rust produce yields 0.88–1.43 times higher as compared 
to susceptible varieties;

the following varieties are of particular interest for plant 
breeders: the middle-early variety ‘Boyevchanka’, the mid-rip-
ening varieties ‘Sigma’, ‘Uralosibirskaya 2’, and ‘Kazanskaya 
yubileynaya’; and the middle-late varieties ‘Uralosibirskaya’ 
and ‘Omskaya 42’.
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Abstract: Introduction of dwarfing genes into wheat varieties is a way for improvement 
of lodging resistance and increasing grain yield. Recently, the Rht-B1p allele (formerly 
designated as ‘Rht17’) associated with reduced plant height has been sequenced. However, 
the PCR markers developed previously for its detection were not perfect, and sometimes 
gave confusing results. In this work, we designed new primers for detection of the Rht-B1p 
allele and optimized PCR conditions for them. The new PCR marker can confidently detect 
the Rht-B1p allele in common wheat.
Key words: plant height; wheat; molecular markers; PCR; Rht17; Rht-B1p.

1. Introduction
Introduction of dwarfing genes into cereal crop varieties was 
crucial for increasing food production in the last 40 years of 
the XX century (Hedden, 2003). Irrigation and application of 
higher doses of fertilizers mainly increase yield. However, in 
the case of tall wheat varieties, these practices cause lodging, 
leading to heavy economic losses. Semi-dwarf wheat plants 
possessing shorter and stronger stalks are more resistant to 
lodging. Semi-dwarf wheat varieties make it possible to obtain 
higher yields under conditions of intensive agriculture.

The semi-dwarf plant height of contemporary wheat was 
achieved mainly due to the gibberellin-insensitive dwarfing 
genes Rht1 (the modern designation “Rht-B1b”) and Rht2 
(“Rht-D1b”), which were introduced into American and Euro-
pean varieties from the Japanese variety ‘Norin 10’ (Borojevic, 
Borojevic, 2005). The advantage of the gibberellin-insensitive 
dwarfing genes is that they not only increase resistance to 
lodging, but also have a positive effect on the partitioning of 
the assimilates towards the developing ear, thereby further 
increasing grain yield. However, these genes have some dis-
advantages, for example, increased susceptibility to Fusarium 
head blight and shortening of the coleoptile of the seedlings, 
leading to a decrease in germination rate under conditions of 
deep sowing (Srinivasachary et al., 2008; Grover et al., 2018).

In addition to Rht-B1b and Rht-D1b, there are several other 
alleles of these genes that cause plant height reduction. At the 
same time, it is known that different alleles, despite the same 
molecular mechanism of their action, can affect the height and 
other economically valuable traits to slightly varying degrees. 
This can be caused by differences in their overall level of ex-
pression, and in expression patterns in different plant tissues. 
For example, it is known that the Rht-D1b allele has a greater 
effect on susceptibility to Fusarium head blight than Rht-B1b 
(Srinivasachary et al., 2008), and the allele Rht-B1e (previ-
ously referred to as “Rht11”) reduces plant height slightly 
stronger than Rht-B1b (Divashuk et al., 2012).

The effect of the Rht-B1p allele (previously designated as 
“Rht17”) on the economically valuable traits of wheat has 
not yet been studied as sufficiently as those of other reduced-
height alleles (Bazhenov et al., 2015). In this regard, reliable 
molecular markers for its identification are required. The 
dominant markers previously developed by us for identifica-

tion of Rht-B1p in some cases give difficult-to-interpret results. 
Thus, we re-developed the primers and optimized the PCR 
conditions for reliable identification of the Rht-B1p allele (or 
its lack) in common wheat. 

2. Materials and Methods
The following common wheat accessions with known 
reduced-height genes were used as a plant material: ‘Novo-
sibirskaya 67’ (Rht-B1a), PI518620 (Rht-B1b), ‘Karlik-1’ 
(Rht-B1e), and ‘Chris Mutant’ (Rht-B1p). F3 lines of the 
‘Chris Mutant’/’Novosibirskaya 67’ intercross were used for 
validation of the markers. 

DNA samples were isolated from seedlings using the CTAB 
protocol (Doyle, 1991). 

Primers for detection of the Rht-B1p allele were designed 
based on the known sequence (GenBank: KT013263.1) 
for combined use with the BF primer: 5ʹGGTAGGGAGG 
CGAGAGGCGAG3ʹ (Ellis et al., 2002). The primer length 
was chosen based on its calculated melting temperature. The 
melting temperatures of the primers were calculated accord-
ing to the method of Santa Lucia (Santa Lucia, 1998) using 
Primer-BLAST (NCBI).

For detection of the Rht-B1p allele, we designed the Rht-
B1p-R primer: 5ʹ-CCATCTCCAGCTGCTCCAGCTTATA-3ʹ, 
and for detection of any of the other alleles, the Rht-B1a-R 
primer: 5ʹ-CCATCTCCAGCTGCTCCAGCTTATG-3ʹ. To 
enhance annealing specificity, we incorporated noncomple-
mentary nucleotides (underlined) near the 3ʹ ends of the 
primers. The positions of the primers on the sequence of the 
gene are shown in Figure 1.

The PCR was performed using a GeneAmp PCR System 
9700 (Applied Biosystems) in 25-µL reaction volumes 
containing 70 mM Tris–HCl buffer (pH 8.6), 16.6 mM 
(NH4)2SO4, 2.5 or 1.5 mM MgCl2, 0.2 mM of each dNTP, 
0.3 µM of forward and reverse primers, 1.25 U of Taq-poly-
merase (Sileks), and 100 ng of template DNA.

During optimization of the PCR conditions, we tested two 
concentrations of MgCl2 (2.5 and 1.5 mM), and a range of 
annealing temperatures, 56–64 °C, in the main cycle.

The optimized PCR conditions were as follows: (1) 95 °C 
for 10 minutes; (2) 5 cycles at 94 °C for 30 seconds, 67 °C 
with a 1 °C drop every next cycle for 60 s, 72 °C for 80 s; 
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(3) 30 cycles at 94 °C for 30 seconds, 62 °C for 30 s, 72 °C 
for 50 s; (4) 72 °C for 10 min.

The PCR products were subjected to electrophoresis in a 
1.5 % agarose gel run with TBE buffer with the addition of 
ethidium bromide. The gels were visualized using a Gel Doc 
XR+ gel imaging system (Bio-Rad).

3. Results and Discussion
Introduction of 5 touchdown cycles at the beginning of the 
PCR allowed us, on the one hand, to enhance the specificity 
of the annealing of the primers and, on the other hand, to 
increase the amount of the resulting PCR product. As our 
experiments showed, further amplification could be conducted 
at a broad range of temperatures (56 to 63 °C). We established 
the optimal annealing temperature in the main PCR cycles to 
be 62 °C for both primer pairs.

Separately, the markers obtained using each primer pair are 
dominant. However, the PCRs conducted with both primer 
pairs in combination can easily distinguish between the ho-
mozygous and heterozygous genotypes of the plants in the 
crosses of wheat accessions with the Rht-B1a and Rht-B1p 
alleles (Figure 2).

Compared to our previous primers for detection of Rht-B1p 
(Bazhenov et al., 2015), our new ones being used under op-
timal conditions do not give any byproducts that can confuse 
the researcher. Testing our new primers on accessions with 
different Rht-B1 alleles showed that the BF/Rht-B1p-R primer 

pair is perfectly specific for the Rht-B1p allele. However, the 
BF/Rht-B1a-R primer pair gives only a faint PCR-product 
when the Rht-B1b allele is present. Thus, in cannot perfectly 
detect the absence of the Rht-B1p allele, if Rht-B1b is present. 
To analyze the genotypes of the plants in the populations that 
segregate for Rht-B1p and Rht-B1b alleles, we recommend to 
use the BF/Rht-B1p-R primer pair for the Rht-B1p allele, and 
the BF/MR1 primer pair proposed for detection of Rht-B1b 
by Ellis et al. (2002). 

4. Conclusions
Our new PCR markers, used under optimized conditions, can 
confidently detect the Rht-B1p allele in common wheat and 
discriminate its homozygous and heterozygous genotypes. 
Application of these markers will facilitate introduction of 
the Rht-B1p dwarfing allele to new wheat varieties. 
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1. Introduction
Spring soft wheat is the main crop in West Siberia, having 
more than 50 % of the land area under crops and pulse crops. 
The first priority of spring soft wheat breeding is the deve-
lopment of high-yield cultivars with resistance to biotic and 
abiotic environmental factors. To this end, the breeders search 
for, find and use donors of important traits in crosses. The 
good choice is soft winter wheat, which has advantages over 
spring wheat in terms of yield. Identification of homozygous 
spring wheat plants resulting from crosses between winter and 
spring wheats requires large timescales. The use of molecular 
markers can make the search for genotypes of interest less 
time- and labor-consuming. In our study, the winter wheat 
cultivars ‘Biyskaya ozimaya’, ‘Filatovka’, ‘Novosibirskaya 3’ 
and ‘Novosibirskaya 40’ adapted to West Siberia were used as 
the maternal forms. The spring wheat introgression line 21-4 
with a translocation on the long arm of Ae. Speltoides chromo-
some 5B carrying the LrAsp5 gene was used the pollinator. 
The aim of our work was to identify, using molecular mar kers, 
soft wheat plants with a spring growth habit in the hybrid 
population and to assess the quality of their agronomically 
important traits.

2. Materials and methods
The material used were hybrid plants derived from crosses 
between each of the soft winter wheat cultivars ‘Biyskaya 
ozimaya’, ‘Filatovka’, ‘Novosibirskaya 3’ and ‘Novosibir-
skaya 40’ and the spring wheat introgression line 21-4 (T. aes-
tivum/Ae. speltoides) carrying the LrAsp5 locus for resistance 
to leaf rust. We were searching the F2 population for spring 
and winter growth-habit plants using allele-specific markers 
for the Vrn-A1, Vrn-B1 and Vrn-D1 genes as described in a 
work by Likhenko et al. (2015). To identify plants carrying 
the LrAsp5 gene from Ae. speltoides, the Pr1 and Pr5 primers 
were used, their structure and PCR conditions for them as 
described in a work by Leonova et al. (2017). Agriculturally 
important traits were assessed in F3 plants on an experimental 

Abstract: The effectiveness of the use of marker-assisted selection for identification of 
spring growth-habit genotypes derived from crosses between soft winter wheat cultivars 
and the spring wheat introgression line 21-4 carrying the Ae. speltoides LrAsp5 gene for 
resistance to leaf rust has been demonstrated. The duration of the period from sprouting 
to heading has been shown to vary across the hybrids in both directions relative to the 
parental line, even though the allelic compositions of the VRN-1 genes were identical. The 
presence of foreign genetic material has no effect on heading date. Plants with LrAsp5 are 
highly resistant to leaf rust. The expression of the quantitative traits follows an individual 
pattern in each line, irrespective of the presence of alien translocations.
Key words: spring soft wheat; VRN-1 genes; Lr genes; marker-assisted selection; yield-
related traits.

field (Michurinskiy Settlement, Novosibirsk Region) in 2018. 
The parental spring wheat line 21-4 was used as the control. 
The traits assessed were: number of days from sprouting to 
heading, resistance to leaf rust, grain number per spike, grain 
weight per spike and 1000-grain weight. Resistance to leaf 
rust was assessed using the 0–4 scale by Mains and Jackson 
(Mains, Jackson, 1926). Differences between the mean values 
of two samples were tested for significance using Student’s 
t-criterion.

3. Results and discussion
Crosses between each of the winter soft wheat cultivars ‘Biy-
skaya ozimaya’, ‘Filatovka’, ‘Novosibirskaya 3’ and ‘No-
vosibirskaya 40’ and wheat introgression line 21-4 resulted 
in 303 hybrid plants, from among which 90 homozygous 
spring-habit F2 plants were identified using molecular mar kers 
linked to the VRN-1 genes. Of them, 24 had translocations 
from Ae. speltoides, detected with the use of the molecular 
markers Pr1 and Pr5. 

Agronomically valuable traits were analyzed in three 
‘Biyskaya ozimaya’ × 21-4 hybrid plants, of which two had 
Ae. speltoides translocations, 18 ‘Filatovka’ × 21-4 hybrid 
plants, of which five had Ae. speltoides translocations, 
15 ‘Novosibirskaya 3’ × 21-4 hybrid plants, of which four had 
Ae. speltoides translocations and 28 ‘Novosibirskaya 40’ × 
21-4 hybrid plants, of which ten had Ae. speltoides translo-
cations. The parental spring wheat line 21-4 was used as the 
control.

Heading date was substantially influenced by the allelic 
composition of the VRN-1 genes controlling growth habit 
(Stelmakh, 1993; Trevaskis et al., 2007). Our analysis of 
these genes showed that all spring growth-habit progeny of 
the crosses between each of the soft winter wheat cultivars 
and the spring line had the same allelic combination as had 
the parental line 21-4 – Vrn-A1a, vrn-B1, and vrn-D1. In line 
21-4, the number of days from sprouting to heading was 41.1. 
In the ‘Biyskaya ozimaya’ × 21-4 progeny, three out of 13 lines 
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were later in ear emergence than line 21-4. Line 77–10 with an 
alien translocation was the latest – it was 1.2 days later than 
the control (Table 1). Other three lines were earlier than the 
control. Line 77-7 with a translocation was the earliest – it 
was 1.7 days earlier than the parental line. No other line was 
different from line 21-4. In the ‘Filatovka’ × 21-4 progeny, 
only line 85-1 was later than the parental line – 2.9 days 
later. Five lines were earlier than the control, with line 86-2 
being the earliest – it was 2.8 days earlier. All the other lines, 
including those with translocations, in this hybrid population 
were similar to the control. In the ‘Novosibirskaya 3’ × 21-4 
hybrid population, only two lines, 31-12 and 32-7, had the 
same heading date as the parental line 21-4. All the other 
lines in this hybrid population were earlier than their spring 
growth-habit parent. Line 35-12 was the earliest – it was 4.3 
days earlier than the control. In the ‘Novosibirskaya 40’ × 21-4 
progeny, four lines were later than, 12 were earlier than and 12 
were not different from the parental line 21-4. Line 56-8 with 
a translocation was the latest – it was 2.2 days later than the 
control. Line 53-10 with a translocation was the earliest – it 
was 3.3 days earlier than the control.

Heading dates in the lines with foreign genetic material in 
their genomes were shown to be earlier than, equal to or later 

than that in the control line 21-4. The same was true of the lines 
without alien introgressions. It can therefore be concluded that 
the translocation from Ae. speltoides has no effect on head-
ing date in soft wheat. It had previously been demonstrated 
that hybrid plants derived from crosses between winter and 
spring wheats were later in ear emergence than the spring 
growth-habit parent, even though the allelic compositions of 
the VRN-1 genes were identical (Stasyuk et al., 2017). The 
hybrid plants resulting from the crosses between each of the 
winter cultivars and line 21-4 had the same allelic composition 
of the VRN-1 genes as had the parental line, but their head-
ing dates varied in both directions relative to the control. It 
is likely that the differences in heading date are explained by 
factors other than VRN-1.

Scoring the severity of leaf rust showed that all the lines 
that had translocations from Ae. speltoides were immune or 
slightly susceptible (Table 1). Lines without LrAsp5 were 
highly susceptible and had infection type 4 on the 0-4 scale 
by Mains and Jackson, with pustules covering up to 100 % 
of the leaf area.

Analysis of yield components showed that, in the ‘Biyskaya 
ozimaya’ × 21-4 progeny, grain number per main spike was 
similar to that in the parental line in almost all lines, except for 

Table 1
Number of days from sprouting to heading and leaf rust resistance in lines with LrAsp5

Cross Line Sprouting to heading, days
x ± sx

Leaf rust resistance

Infection type1 Percent leaf area infected

Line 21-4 Control 41.1 ± 0.2 1 5

Biyskaya ozimaya × 21-4 77-7 39.4 ± 0.2* 1 10

77-10 42.3 ± 0.3* 0 0

Filatovka × 21-4 83-3 39.4 ± 0.2* 0 0

83-10 41.4 ± 0.2 0 0

83-11 41.4 ± 0.2 1 15

84-14 41.1 ± 0.3 0 0

87-8 40.1 ± 0.4 1 5

Novosibirskaya 3 × 21-4 31-8 38.5 ± 0.1* 2 20

31-14 38.2 ± 0.3* 2 30

32-10 39.3 ± 0.3* 1 20

34-12 40.3 ± 0.2* 1 10

Novosibirskaya 40 × 21-4 53-1 41.2 ± 0.3 2 50

53-10 37.8 ± 0.3* 2 40

54-6 42.7 ± 0.4* 0 0

54-7 41.0 ± 0.2 0 0

54-10 39.8 ± 0.3* 2 30

54-14 42.3 ± 0.2* 2 30

56-8 43.3 ± 0.4* 0 0

57-5 40.4 ± 0.4 1 10

57-8 39.9 ± 0.3* 0 0

57-11 39.4 ± 0.2* 2 30

* Differences between the hybrid lines and the parental line are significant at p < 0.05. 
1 On the 0–4 scale after Mains and Jackson.

A.I. Stasyuk et al. Marker-assisted selection and yield component assessment of spring wheat plants.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;193–195
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line 74-8 without translocations and line 77-7 with a transloca-
tion from Ae. speltoides, which were inferior to the control. 
In the ‘Filatovka’ × 21-4 progeny, ten lines were equal to line 
21-4, and eight lines, including line 83-10 with a translocation, 
were inferior to the control. In the ‘Novosibirskaya 3’ × 21-4 
progeny, line 36-3 without translocations was superior and 
five lines, including two with translocations, were inferior to 
the control. In the ‘Novosibirskaya 40’ × 21-4 progeny, five 
lines, of which two had foreign genetic material, were inferior 
to the control. No other line was different from the spring 
growth-habit parent.

Grain weight per spike in the ‘Biyskaya ozimaya’ × 21-4 
progeny was not significantly different from the control, except 
for line 74-8, which was inferior. An line with an Ae. speltoi-
des introgression, 83-3, which was superior to the parental 
line, was identified among the ‘Filatovka’ × 21-4 hybrids. 
Seven lines, of which one had a translocation, were inferior 
to the control, while the others were similar to the spring 
growth-habit parent. Two ‘Novosibirskaya 3’ × 21-4 hybrid 
lines without translocations were significantly superior to the 
control, and four were inferior in terms of grain weight per 
spike. The other nine lines in that progeny were not different 
from the parent. In the ‘Novosibirskaya 40’ × 21-4 progeny, 
seven lines, including three with translocations, were inferior 
to the parental line, while the others were not different from 
the control. 

1000-grain weight in line 75-13 without translocations and 
line 77-7 with a translocation from cross ‘Biyskaya ozimaya’ × 
21-4 was significantly higher than in the control, three lines 
were inferior and the other eight were similar to the control 
in terms of this measure. In the ‘Filatovka’ × 21-4 progeny, 
four lines were superior and four were inferior to the control. 
In either case, one of the lines had a translocation. The other 
lines in that population were not significantly different from 
the control. In the ‘Novosibirskaya 3’ × 21-4 progeny, five 
lines, including one with a translocation, were superior, three 
were inferior, and seven were similar to the control. In the 
‘Novosibirskaya 40’ × 21-4 progeny, four lines, of which two 
had translocations, were superior to the control. Three lines, 
of which one had a translocation, were significantly inferior 
and 21 were significantly similar to the control. 

The assessment of the quantitative traits showed that the 
lines with translocations from Ae. speltoides were superior, 
equal or inferior to the control in terms of those traits. It can 
therefore be concluded that the expression of the quantitative 
traits in each line follows an individual pattern, irrespective of 

the presence of alien translocations. Based on the assessment 
of yield components, lines 75–13, 83–3, 84–10, 31–15, 35–3, 
36–3, 36–6, 54–2, 56–7, 57–8, and 57–11 were significantly 
superior to the parental line 21–4 in terms of 1000-grain weight 
or grain number per main stem spike and grain weight per 
main stem spike. These lines can be recommended for use 
in breeding work.

4. Conclusions
Our results show the effectiveness of marker-assisted selec-
tion, with which we identified among F2 plants those that had a 
spring growth habit and carried a translocation with the LrAsp5 
gene from Ae. speltoides. A field experiment demonstrated that 
plants with translocations were highly resistant to the West 
Siberian population of Puccinia triticina Erikss., the causative 
agent of leaf rust. Variation in heading date is probably not 
only due to the VRN-1, genes, but also due to the genetic 
background of the winter wheat varieties used. The expres-
sion of the quantitative traits follows an individual pattern in 
each line, irrespective of the presence of alien translocations.
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1. Introduction 
Wild relatives have been employed successfully in common 
wheat breeding programmes to introgress agronomically 
important genes (Ceoloni et al., 2014). Sea barley (Hordeum 
marinum subsp. gussoneanum, 2n = 28) has potentially useful 
traits such as resistance to abiotic stresses, including high salt 
tolerance (Garthwaite et al., 2005), waterlogging (Garthwaite 
et al., 2005), and tolerance to combined salinity and waterlog-
ging resulting in low O2 concentrations (Malik et al., 2009). 
These resistance traits may have been transferred to wheat due 
to the crossability of wild barley with bread wheat. Chromo-
somes from H. marinum could be introduced into common 
wheat through wheat-barley hybrids and back crossing to 
wheat (Pershina et al., 2009; Trubacheeva et al., 2009). In-
trogressed segments can be assessed by in situ hybridisation, 
which readily distinguishes H. marinum chromosomes from 
those of wheat (Trubacheeva et al., 2009). Molecular markers 
capable of detecting small segments of H. marinum chromatin 
in a wheat background would also enhance the use of this 
wild species to increase wheat genetic resources. The aim of 
this work was to study the amplification of EST markers of 
barley H. vulgare in the genome of the wild barley H. marinum 
ssp. gussoneanum and to assess their use for detecting barley 
chromatin segments in the alloplasmic bread wheat-H. mari-
num subsp. gussoneanum introgression lines.

2. Materials and methods
The accessions of the barley H. marinum ssp. gussoneanum 
Hudson (2n = 4x = 28), H. vulgare cv. ‘Nepolegaushii’ (2n = 
2x = 14), and bread wheat T. aestivum cv. ‘Pyrotrix 28’ were 
used for the initial transferability analysis of 78 EST markers. 
Alloplasmic (with the cytoplasm of H. marinum) wheat-barley 
introgression lines were studied using GISH, C-banding and 
EST analysis. A set of 78 EST-SSR markers developed by 
Hagras et al. (2005) and uniformly distributed across the 
H. vulgare chromosomes were tested for amplification of 
H.  marinum ssp. gussoneanum DNA. PCR conditions fol-
lowed a touch-down protocol as described by Hagras et al. 
(2005). Amplified products were separated in 1.5 % agarose 

Abstract: We evaluated the applicability of seventy-eight H. vulgare EST markers for 
studying bread wheat-H. marinum subsp. gussoneanum substitution and addition lines. Of 
all the markers studied, thirty-six (46%) were amplified in H. marinum ssp. gussoneanum and 
wheat introgression lines. The identification of wild barley chromosomes using EST markers 
confirmed the GISH and C-banding data. Thus, it was established that the H. vulgare EST 
markers can be successfully used to identify the chromosomes of H. marinum subsp. 
gussoneanum in introgression lines of wheat.
Key words: EST markers; introgression alloplasmic lines; wild barkey.

gels, stained with ethidium bromide and photographed in 
ultraviolet light. 

3. Results and discussion
The transferability of 85 H. vulgare EST markers, which 
were from all the seven homoeologous groups of barley, 
to the chromosomes of H. marinum ssp. gussoneanum was 
examined. Forty-two markers, i. e., 49 %, did not amplify 
fragments in H. marinum ssp. gussoneanum. Two markers 
were not polymorphic between H. vulgare, H. marinum ssp. 
gussoneanum and T. aestivum and therefore could not be used. 
These 44 markers were not applicable for analysing lines with 
chromosomes of H. marinum ssp. gussoneanum. Forty-one 
EST markers, i.e., 48%, showed a clear single band of the same 
size in H. vulgare and H. marinum ssp. gussoneanum but failed 
to amplify or amplified a fragment of different sizes in wheat. 
Thus, these 41 EST markers of H. vulgare were transferable 
to H. marinum ssp. gussoneanum and would be useful in 
identifying H. marinum ssp. gussoneanum chromosomes in 
bread wheat backgrounds. 

The presence of barley chromosomes in the alloplasmic 
lines was detected using GISH analysis and C-banding of 
chromosomes. GISH was performed to reveal the chromosome 
configuration and the presence of H. marinum ssp. gussonea-
num chromosomes in alloplasmic bread wheat-H. marinum 
subsp. gussoneanum lines. It was established that all the lines 
studied carry H. marinum ssp. gussoneanum chromosomes and 
are either substitution or addition lines. We found a disomic 
substitution line with 2n = 40w + 2Hmar, a ditelosomic addi-
tion line with 2n = 42w + 2tHmar and a disomic addition line 
with 2n = 42w + 2Hmar (Figure 1, a). In the line derived from 
incomplete amphiploid (2n = 54), 12 wild barley chromo-
somes were added to 42 wheat chromosomes (42w + 12Hmar) 
(Figu re 1, b). Two lines were multiple addition lines carrying 
two pairs of H. marinum ssp. gussoneanum chromosomes 
(2n = 42w + 4Hmar) and one line was a multiple substitution 
line (2n = 36w + 6Hmar). C-banding confirmed the number of 
chromosomes in the lines studied and determined the types of 
substitutions in the alloplasmic wheat-barley substitution lines. 
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The following types of substitutions have been identified: 
7HmarL (7D), 7Hmar (7D), 7Hmar (7B), and one line contained 
three chromosome substitutions, 1Hmar (1B), 5Hmar (5D) and 
7Hmar (7D). We identified the addition lines with a pair of 
telocentric chromosomes for the long arm of chromosome 
7Hmar, a pair of telocentric chromosomes for the short arm of 
7Hmar and the line with 42 chromosomes of wheat and a pair 
of chromosomes 7Hmar.

There is a lack of molecular markers for wild species such 
as H. marinum subsp. gussoneanum, and the transfer of mar-
kers to them from related crop species is a feasible method 
for genetic analysis (Hagras et al., 2005). Therefore, EST 
markers of H. vulgare were used because cultivated barley 
is a closely related species of wild barley. The transferable 
EST markers of all chromosomes were amplified, except for 
5Hmar, in the line with 42w + 12Hmar. All markers specific for 
H. vulgare chromosomes 1H, 5H and 7H were successfully 
amplified in the wheat-barley substitution line with three wild 
barley chromosomes, 1Hmar, 5Hmar, and 7Hmar. In the lines that 
were disomic for the 7Hmar(7D) and 7Hmar(7B) substitutions, 
as well as in the addition line for 7Hmar, five markers for 7H 
were amplified (Figure 2). 

In the line with chromosomes 1Hmar and 4Hmar and with 
chromosomes 1Hmar and 7Hmar, markers located in the ho-
moeologous chromosomes of H. vulgare were also amplified. 
Thus, according to the results of EST analysis, transferable 
markers of chromosomes 1H, 4H, 5H and 7H are localized on 

the homoeologous chromosomes of wild barley H. marinum. 
Localization of EST markers on homoeologous chromosomes 
in related species was also demonstrated in (Hagras, 2005), 
where it was found that 90 % of the studied EST markers of 
cultivated barley are localized on homoeologous H. chilense 
chromosomes. The authors explain this by the fact that EST 
sequences have a unique character in the genome and are 
highly conserved. At the same time, the absence of amplifi-
cation products in H. marinum ssp. gussoneanum with 54 % 
of the H. vulgare markers used indicates that the genomes of 
the two barley species have undergone significant changes 
in evolution. These two species of barley are known to be 
phylogenetically distant and belong to different subgenera of 
the genus Hordeum (Blattner 2015). 

4. Conclusion 
In our work, a combination of cytogenetic and molecular 
genetic approaches were used for characterization of bread 
wheat-H. marinum ssp. gussoneanum introgression lines. The 
results showed that transferable H. vulgare EST mar kers can 
be successfully used to identify the chromosomes of H. mari-
num ssp. gussoneanum.
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Figure 1. Genomic in situ hybridization with H. marinum ssp. gussoneanum genomic DNA (green) probes to mitotic metaphase 
chromosomes.

Figure 2. Example of a PCR amplification profile used for identifying chromosome 7НmarS with EST marker k4573. 1, H. vulgare; 
2, H.  marinum ssp. gussoneanum; 3, T. aestivum; 4, 7Hmar (7D) disomic substitution line; 5, 7Hmar (7B) disomic substitution line; 
6,  1Hmar(1B), 5Hmar(5D), 7Hmar(7D) multiple substitution line; 7, 7НmarS ditelosomic addition line; 8, 7Hmar disomic addition line; 
9, 1Hmar+7Hmar multiple addition line. 
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Abstract: We studied the synthetic forms Triticum miguschovae (GGAtAtDD) and Avrodes 
(BBAASS), as well as introgression lines of common wheat obtained with their participation 
from allelic variants of the Wx genes with the use of molecular markers. It was revealed 
that most of the lines carry wild-type alleles Wx-A1a, Wx-B1a and Wx-D1a, which were 
transferred from the recipient varieties. A fragment of amplification that is not typical of 
the Wx-B1a allele was found in line 393. The alleles of the Wx-A1 and Wx-B1 genes in the 
synthetic form of T. miguschovae are different from those in common wheat, and may have 
different phenotypic manifestations on the formation of starch. The lack of amplification 
from the D genome in the synthetic form Avrodes is associated with the substitution of 
wheat chromosome 7D with its homoeologous chromosome from Ae. speltoides.
Key words: common wheat; synthetic forms; introgression lines; molecular markers; 
Wx- genes.
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1. Introduction
The study of allelic variants of Wx genes is important for 
breeding aimed at creating varieties of bread wheat (Triti-
cum aestivum L.) with a modified starch composition. The 
starch macromolecule consists of two types of glucose 
polymers: amylose and amylopectin. The ratio of amylose 
to amylopectin affects the properties of starch, which are the 
determining factors of its quality and end-use direction (Zeng 
et al., 1997). The enzyme responsible for the biosynthesis of 
amylose in wheat is the starch synthase GBSSI associated 
with granules encoded by the three homoeologous genes, 
Wx-A1, Wx-D1 and Wx-B1 (Nakamura et al., 1995). Each 
of these genes has several allelic variants. Wild-type alleles, 
Wx-A1a, Wx-B1a and Wx-D1a, do not carry mutations and 
actively express the GBSSI protein (Yamamori et al., 1994). 
Another type of allele is nonfunctional (null allele) and leads 
to a decrease in amylose content in starch. Polymorphism of 
allelic variants of Wx genes was studied for common and the 
hard wheat Triticum durum (Rodrígez-Quijano et al., 1998). 
As a result, it became possible to identify different alleles 
of the Wx genes, including null alleles, which were used as 
the basis for breeding programs aimed at producing wheat 
varieties with a modified starch composition (Nakamura et 
al., 1995). Recently, such studies have been carried out on 
wild relatives of common wheat (Guzman et al., 2011). In 
this regard, species of the genus Aegilops such as Aegilops 
tauschii Coss. (DD) and Aegilops speltoides Tausch. (SS) 
are of great interest, for they may be sources of new alleles 
of Wx genes with different enzymatic activity and have the 
potential to increase the genetic diversity of bread wheat for 
this trait. For transmission of common wheat valuable traits 
from wild relatives, the genome-substituted synthetic form 
Avrodes and the genome-added form T. miguschovae were 
used (Zhirov et al., 1984; Ivanov, 1984). When using these 
forms, introgression lines of common wheat were obtained, 

characterized by disease resistance, high protein content and 
other morphobiological features that are interesting for selec-
tion (Davoyan et al., 2012). Presumably, these lines can carry 
both known and new alleles of Wx genes.

2. Materials and methods
The objects of the study were the synthetic forms T. miguscho-
vae and Avrodes, as well as 14 introgression lines of common 
wheat obtained with their participation. Commercial common 
wheat varieties Avrora, Mironovskaya 808, Echo, Bezostaya 1, 
Fisht, Grom, Vostorg, and Kavkaz were used as recipients. 
The synthetic forms and lines studied were obtained from the 
Department of Biotechnology of the National Center of Grain 
named after P.P. Lukyanenko. DNA isolation was performed 
by boiling in alkali. Evaluation of the lines for an allelic variant 
of Wx genes was performed with the use of PCR. Primers were 
selected on the basis of literature data, their names, sources 
and amplification conditions are presented in the Table 1. 

3. Results and discussion
To study the samples for the allelic state of the Wx-A1 gene, 
we used a code-marker created by Nakamura et al. (2002), 
which amplified fragments from all homeologous alleles of 
the Wx genes. In samples with wild-type alleles Wx-A1a, am-
plification of two fragments, 410 bp and 389 bp in length, and 
in the presence of the null allele Wx-A1b, 410 bp and 370 bp, 
is observed. In the majority of the lines studied, as well as in 
the synthetic form Avrodes, the wild-type allele Wx-A1a was 
identified (Figure 1). In line 393 obtained with the participa-
tion of T. miguschovae, heterogeneity was revealed, there is 
no amplification from the A genome in lane 8.2 (389-bp frag-
ment). One bend was amplified with a different size from the 
410-bp fragment in the synthetic form T. miguschovae, which 
is characteristic of common wheat, and also in line 393 there 
is no amplification from the A genome.
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McLauchlan et al. (2001) developed a molecular labeling 
system for the Wx-B1 gene which amplify fragments from 
all three loci. Three DNA fragments (299, 255, 227 bp) are 
amplified in samples with a wild-type allele. Two fragments 
(fragment of 227 bp is absent) are synthesize in forms with a 
null allele (Figure 2). In the majority of the lines studied, the 
wild type allele Wx-B1a was detected. In the synthetic form 
T. miguschovae, the amplification fragment from the B genome 
differed in size from the 227-bp fragment characteristic of 
common wheat. Avrodes revealed no amplification from the 
D genome (299-bp amplification fragment). At the same time, 
the fragment characteristic of the genome B (257 bp) differed 
in intensity from the others. In the first case that was due to 
the replacement of the D genome of bread wheat with the 
S genome from Ae. speltoides and in the second, probably, 
due to double amplification from the B genome. Line 393 is 
heterogeneous, plants were identified with both amplification 
fragments typical of common wheat and different from it. 
So in Figure 2, in sample 8.2, there is no amplification from 
the A genome and an additional fragment is found which is 
similar in size to the fragment from the B genome (227 bp).

Identification of the allelic state of the Wx-D1 gene was 
carried out using a marker developed by Shariflou et al. 
(2001). This marker amplifies 279 bp fragment in the case of 

null allele for the Wx-D1 gene; in the presence of the wild-
type allele – 910 bp fragment. A fragment specific for the 
wild-type allele Wx-D1a was detected in the studied lines 
and in T. miguschovae. There was no amplification from the 
D genome in the synthetic form. 

4. Conclusions
It was revealed that the majority of the lines studied present 
typical wild-type alleles for the common wheat genes Wx-A1a, 
Wx-B1a and Wx-D1a as a result of the work carried out with 
the help of molecular markers. The wild-type alleles Wx-B1a 
and Wx-D1a were transmitted from the recipient varieties 
in the case of lines derived from Avrodes, and the Wx-A1a 
allele could be transmitted from both the recipient varieties 
and Avrodes. The Wx-A1a, Wx-B1a alleles were transmitted 
from the recipient varieties in the lines obtained with the 
participation of T. miguschovae. Heterogeneity in line 393 is 
apparently related to the ongoing formative process. Probably, 
chromosome 7A from common wheat was replaced in this 
line by its homoeologous chromosome from T. miguschovae, 
hence no amplification from the A genome, and the reason 
why an additional fragment has been identified. The alleles 
of the Wx-A1 and Wx-B1 genes are different from those in 
common wheat in the synthetic form T. miguschovae, and may 

Figure 1. Electrophoregram of PCR products with primers AFC and AR2: 1: T. miguschovae; 2: Avrodes; 
3: 241; 4: D16/1; 5: D16/2; 6: D16/4; 7: 1381; 8: 393; 9: 7; 10: 2269; 11: 1453; 12: variety ‘Aurora’; M: marker 
length of DNA fragments.

Figure 2. Electrophoregram  of PCR products with primers 4F and 4R 1: T. miguschovae; 2: Avrodes; 
3: 241; 4: D16/1; 5: D16/2; 6: D16/4; 7: 1381; 8: 393; 9: 7; 10: 2269; 11: 1453; 12: variety Aurora; M: marker 
length of DNA fragments.

E.R. Davoyan et al. Study of introgression lines of common wheat obtained with the participation of the synthetic forms.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;199–201

410 bp
389 bp

299 bp
255 bp
227 bp

Table 1
PCR conditions and primer names used to identify the corresponding alleles

Primers Loci of genes (alleles) Annealing temperature, ºC Source

AFC/AR2 Wx-A1 (A1b) 65 Nakamura et al., 2002

4F/4R Wx-A1, Wx-B1, Wx-D1 58 McLauchlan et al., 2001

Wx-D1-2F/Wx-D1-2R Wx-D1 (D1b) 55 Shariflou et al., 2001
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have a different phenotypic manifestation on the formation 
of starch. Thus, the selected molecular markers developed 
for identifying the null alleles of the Wx genes of bread 
wheat can also be used to identify the alleles of the Wx genes 
carried by T. miguschovae, Avrodes and the lines derived 
from them and for marker-assisted selection. The synthetic 
forms T. miguschovae and Avrodes, as well as line 393, carry 
alleles different from wild-type ones and are interesting for 
studying the polymorphism of allelic variants of Wx genes and 
their influence on the technological properties of wheat flour.
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1. Introduction
Currently, wheat (Triticum L.) is an important cereal in the 
agriculture, one of the first that was domesticated (Purug-
ganan, Fuller, 2009). Along with spike shape, threshability 
and spring growth habit, spike brittleness is one of the key 
domestication traits (Goncharov, 2012). It has been shown 
that the mutation of the Non-brittle rachis 1-A (Btr1-А) gene 
controls the brittle/non-brittle spike trait in Triticum species 
(Zhao et al., 2019). Pourkheirandish et al. (2018) found that the 
non-synonymous change at the coding region of Btr1-A (G to 
A, A119T) leads to non-brittle rachis formation in the diploid 
einkorn wheat Triticum monococcum, compared to its wild 
progenitor Triticum boeoticum with a brittle rachis spike. In 
cultivated polyploid wheat species, the Btr1-А gene contains 
a 2-bp deletion in the coding region, forming a premature stop 
codon and resulting in a non-functional protein (Zhao et al., 
2019). Moreover, the transgenic wheat lines created by Zhao 
et al. (2019) made it possible to establish that the Btr1-A gene 
was associated with spike density, grain size and grain yield. 
In the present study we investigated the genetic variability of 
the Btr1-А gene from di- and hexaploid wheat species includ-
ing four endemics.

2. Materials and methods
The germplasm of di- and hexaploid wheat species was grown 
under standard greenhouse conditions. The brittle/non-brittle 
spike trait was determined visually. The list of wheat acces-
sions analyzed in this study is presented in Table 1. Total 
DNA was isolated from 100 mg of leaves using a DNeasy 
Plant Mini Kit (QIAGEN) according to the manufacturer’s 
protocol. The Btr1-A sequences of T. monococcum and 
T. boeoticum (MG596311-MG596321) and whole genome 
sequences (WGS) of Triticum dicoccoides (LSYQ02000006), 
Triticum aestivum (OETA01178479) (B-genome), T. aestivum 
(OETA01219489) and Aegilops tauschii (NWVB01000003) 
(D-genome) were used to design genome-specific primers to 

Abstract: Spike brittleness is one of the key domestication traits in Triticum species. In 
the recent studies it was found that the Non-brittle rachis 1-A (Btr1-А) gene involved in the 
regulation of the brittle/non-brittle spike trait. Here we investigated the genetic variability 
of the Btr1-А gene from 13 accessions of Triticum monococcum L., T. urartu Thum. ex Gandil., 
T. boeoticum Boiss., T. macha Decapr. et Menabde, T. aestivum ssp. petropavlovskyi (Udacz. et 
Migusch.) N.P. Gontsch., T. spelta L., T. spelta ssp. yunnanense (King ex S.L. Chen) N.P. Gontsch., 
T. vavilovii (Thum.) Jakibz. and T. tibetanum Shao. The Btr1-A sequences for T. aestivum ssp. 
petropavlovskyi and T. vavilovii were obtained for the first time. Hexaploid wheat accessions 
analyzed were characterized by a 2-bp deletion in the Btr1-A coding region (positions 
291- 299). The presence of this deletion leads to the formation of a nonfunctional protein 
(97 instead of 196 amino acids). Additional investigations are required to establish the 
potential relationship between Btr1-A and other genes that regulate the brittle/non-brittle 
spike trait in Triticum species.
Key words: wheat; Triticum; spike morphology; brittle rachis; Btr1-A gene.

amplify the Btr1-A gene from di- and hexaploid wheat species. 
The primer pair Btr-A1-F/ Btr-A1-R 5ʹ-CGAGCTTGACCT 
CATGTAAC-3ʹ/ 5ʹ-CTACTGCATCATCAGTCCATC-3ʹ 
amplifies partial upstream and downstream parts and the cod-
ing region of Btr1-A. PCR was performed in a 20-μl volume 
containing 20 ng of genomic DNA, 10 mM Tris-HCl (pH 8.9), 
1 mM (NH4)2SO4, 1.5 mM MgCl2, 200 μM dNTPs, 0.5 μM 
primers, and 0.25 U of Taq DNA polymerase. PCR products 
were separated by agarose gel electrophoresis and purified us-
ing a QIAquick Gel Extraction Kit (QIAGEN). For all wheat 
accessions purified PCR products were sequenced. Sequencing 
reactions were performed with 20 ng of the PCR product and 
an ABI BigDye Terminator Kit on an ABI 3130XL Genetic 
Analyser (Applied Biosystems) in the SB RAS Genomics 
Core Facility (http://www.niboch.nsc.ru/doku.php/corefaci-
lity). Nucleotide and amino acid sequences were aligned using 
AliView v. 1.18.1. 

3. Results and discussion
We obtained the Btr1-A gene sequences for three diploid and 
five hexaploid wheat species (Table 1). For diploid wheat 
accessions, the length of the Btr1-A sequences obtained was 
902 bp. In the case of all hexaploid wheat accessions inves-
tigated, the length of the gene sequences was 899 bp (a 1-bp 
deletion in the upstream and a 2-bp deletion in the coding 
region of the Btr1-A gene compared with diploids).

Comparative analyses allowed us to determine that the 
Btr1-A gene sequences of T. monococcum (PI-266844) and 
T. boeoticum (K-18399) were identical with T. monococcum 
(MG596319, MG596320) and T. boeoticum (MG596311-
MG596313, MG596315, MG596317-MG596318), respec-
tively. The T. urartu (Ig-110784) sequence contained an ad-
ditional substitution at position 125 (T to A, L42Q) compared 
to the data presented by Zhao et al. (2019) (Figure 1). The 
2-bp deletion in the Btr1-A coding region of T. spelta and 
T. spelta ssp. yunnanense (non-brittle rachis), T. tibetanum and 



203

Table 1
Wheat species used in the study and their phenotypes

Species Accession Phenotype

Triticum monococcum L. PI-266844 Non-brittle rachis

T. urartu Thum. ex Gandil. Ig-110784 Brittle rachis

T. boeoticum Boiss. K-18399 Brittle rachis

T. macha Decapr. et Menabde K-31689 Brittle rachis*

T. macha Decapr. et Menabde K-58671 Brittle rachis*

T. aestivum ssp. petropavlovskyi (Udacz. et Migusch.) N.P. Gontsch. KU502 Non-brittle rachis

T. aestivum ssp. petropavlovskyi (Udacz. et Migusch.) N.P. Gontsch. K-43351 Non-brittle rachis

T. spelta L. K-53364 Non-brittle rachis

T. spelta ssp. yunnanense (King ex S.L. Chen) N.P. Gontsch. KU506 Non-brittle rachis

T. spelta ssp. yunnanense (King ex S.L. Chen) N.P. Gontsch. KU509 Non-brittle rachis

T. vavilovii (Thum.) Jakibz. Tri9416 Non-brittle rachis

T. tibetanum Shao KU510 Brittle rachis*

T. tibetanum Shao KU515 Brittle rachis*

* the spike is separated from the whole straw, rarely without breaking into spikelets (Dorofeev et al., 1979)

Figure 1. Alignment of the BTR1 protein of the di- and hexaploid wheat accessions analyzed in this study. The length of the BTR1 protein is 196 and 
97 amino acids for the diploids and the hexaploids, respectively.

V. Vavilova et al. Non-brittle rachis 1-A (Btr1-A) gene in di- and hexaploid wheat species. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;202–204
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T. macha (brittle rachis) was previously detected by Zhao et al. 
(2019). The T. aestivum ssp. petropavlovskyi and T. vavilovii 
accessions with non-brittle rachis that were investigated in 
this study also contain that deletion. This deletion formed a 
premature stop codon and resulted in a nonfunctional protein 
(Figure 1). The 1-bp deletion at position -97 from the start 
codon for all hexaploid wheat accessions was detected for the 
first time in the present study.

4. Conclusions
In the present study we investigated the genetic variability of 
the Btr1-А gene from several Triticum species including four 
endemics. All hexaploid wheat accessions were characterized 
by a 2-bp deletion in the Btr1-A coding region, leading to the 
formation of a nonfunctional protein (97 amino acids instead 
of 196 in diploids). The Btr1-A sequences for T. aestivum ssp. 
petropavlovskyi and T. vavilovii were established for the first 
time in this study. Nevertheless, further investigations are 
required to understand the potential relationship between the 
Btr1 and Q genes, regulating spike morphology traits such as 
spike density, brittleness and grain weight.
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1. Introduction
Introgressive hybridization is the basic method for increasing 
the genetic diversity of cultivated plants (Gill et al., 2011). An 
additional source of biodiversity can also be alloplasmic lines 
(allo-lines) with restored fertility (Liu et al., 2016), which are 
formed as a result of the replacement of the cytoplasm with an 
alien one. New intergenomic interactions in these lines may 
cause epigenetic modification of nuclear genes (Soltani et al., 
2016) and changes in the manifestation of signs (Liu et al., 
2002). We have developed an approach to obtain introgressive 
doubled haploid (DH) allo-lines of bread wheat which are used 
in genetic studies (Trubacheeva et al., 2012) and in breeding 
(Pershina et al., 2018). It was shown that one of the limita-
tions in obtaining the genetic diversity of DH lines of triticale 
via anther culture is the development of a large number of 
clones among androgenic regenerants (Oleszczuk et al., 2014). 
How often clones are formed as a result of the cultivation 
of anthers of other genotypes is not known, since the works 
where this problem has been studied are few. In this report, 
the results of studying this phenomenon in anther culture of 
introgression allo-lines of bread wheat with the cytoplasm of 
H. vulgare and H. marinum ssp. gussoneanum (2n = 28) are  
presented.

2. Materials and methods
The formation of single seedlings and their families was 
studied in anther culture of nine introgression allo-lines with 
the cytoplasm of H. vulgare and three introgression euplasmic 
lines of bread wheat. All these lines have different combina-
tions of genes for resistance to fungal pathogens, introgressed 
into wheat from its wild relatives. In addition, two allo-lines 
with the cytoplasm of H. marinum and chromosome 7Hmar 

were used. Anther culture was performed according to previ-
ously used methods (Osadchaya et al., 2017). The frequency 
of individual embryo-like structures which are sources for 
regeneration of individual seedlings and their families was 
analyzed. 

Abstract: The peculiarities of the development of embryo-like structures and regenerants in 
anther culture of introgression alloplasmic lines of common wheat carrying the cytoplasm 
of barley were compared with euplasmic lines. In all genotypes, the predominant formation 
of polyembryoids was found, out of which seedling families developed. According to 
a study of phenotypic traits and the level of fertility in androgenic regenerants with a 
spontaneously doubled number of chromosomes and restored fertility, about 80 % of 
families contained clones. Sister DH lines formed from clones and included in breeding are 
simultaneously tested in different ecological zones.
Key words: alloplasmic lines; androgenesis; doubled haploid; clones.

3. Results and discussion 
In the anther culture of all studied lines, embryo-like struc-
tures were formed from microspores (Figure 1, a). Separate 
embryo-like structures are formed into polyembryos. The 
family of seedlings developed from one polyembryoid (see 
Figure 1, b). The family of albinos and the family of green 
seedlings are presented in Figure 1, c and d. The formation of 
androgenic polyembryos was described for certain varieties 
of bread wheat (Seldimirova et al., 2016). In our work, it has 
been shown that in the studied introgressive allo-lines and 
euplasmic lines polyembryoids are formed predominantly. 

In total, in all the lines 208 androgenic embryo-like struc-
tures have shown the ability to regenerate green seedlings. Of 
these, 174 (83.6 %) embryo-like structures resulted in seedling 
families. In allo-lines with the cytoplasm of H. vulgare the 
frequency of embryo-like structures, from which the family of 
green seedlings developed, was 81.8 % with the variation of 
this indicator in different lines from 63.6 to 100 %. In allo-lines 
with the cytoplasm of H. marinum 90.4 % of the embryo-like 
structures gave the families of regenerants. In euplasmic lines, 
the value of this indicator is 87.5 %. 

Thus, regardless of the origin of alloplasmic and euplasmic 
introgressive lines via anther culture polyembryoids mainly 
formed, of which families involving from two to 22 seedlings 
were developed. Among the 34 single androgenic plants that 
reached heading, 24 (70.5 %) were completely sterile, three 
plants set single seeds and seven plants were fertile with a seed 
set between 15 and 35 per ear. Phenotypic traits and fertility 
levels were studied in plants of 121 families of allo-lines. 
Within 99 families, the plants were phenotypically identical 
and did not differ from each other in fertility. Plants within 
these families can be assigned to clones. Most families, 68 out 
of 90 (75.5 %), had either completely sterile plants (53 fami-
lies), or besides completely sterile plants, included plants with 
single grains (from 1 to 3) (15 families). Plants from these 
families are of lower growth than the original plants, anther 
donors, and they can be assigned to haploids. 
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Of these, 53 families (53.5 %) had only sterile plants and 
15 families, in addition to completely sterile plants, included 
separate plants with single grains (from 1 to 3). Sterile plants 
in these families are identical in phenotype, and they can 
be assigned to haploids compared to taller and fertile donor 
plants. Due to the spontaneous doubling of the number of 
chromosomes via androgenesis, plants of 31 families were 
fertile. In four families, the plants set from 5 to 10 grains per 
ear; in five families, from 10 to 20 grains per ear. Plants in 
22 families contained from 20 to more than 30 grains per ear 
(see Figure 1, e). 

The remaining 22 families out of 121 studied included 
plants that differed in fertility and phenotypic traits. These 
families included completely sterile plants, plants with low 
and high levels of fertility. Based on a comparison of fertility 
and phenotypic traits, it can be assumed that in 99 families 
out of 121 studied clones were formed, the frequency being 
81.8 %. From the seeds of individual fertile plants and plants 
from families, DH lines are formed, which are included in 
cytogenetic and molecular analysis for a more detailed study 
of the putative clones and families with plants of different 
fertility.

4. Conclusions
Our results showed that, regardless of the origin of the cy-
toplasm, introgression lines of common wheat in the anther 
culture of individual microspores form not individual andro-
genic embryoids, but polyembryoids from which plant families 
(clusters) develop. According to phenotypic characteristics and 
fertility levels, families of regenerants, which are considered 
as clones, have been previously isolated. A more detailed 
analysis of these families will determine how effective the 
selection of clones by phenotype and level of fertility is. The 
sister DH lines included in breeding are simultaneously tested 
for resistance to fungal pathogens and agronomically valuable 
traits in different ecological zones. The results of such tests 
will determine the expediency of the practical use of clones 
to obtain DH lines. 

References
Gill B.S., Friebe B.R., Frank F. White F.F. Alien introgressions repre-

sent a rich source of genes for crop improvement. PNAS. 2011;19: 
7657–7658. DOI 10.1073/pnas.1104845108.

Liu C.G., Wu Y.W., Hou H., Zhang C., Zhang Y., McIntosh R.A. Value 
and utilization of alloplasmic common wheats with Aegilops crassa 
cytoplasm. Plant Breed. 2002;121(5):407–410. DOI 10.1046/j. 
1439-0523.2002.755374.x.

Liu Y., Tang L., Xu Q., Ma D., Zhao M., Sun J., Chen W. Experimental 
and genomic evidence for the indica-type cytoplasmic effect in Ory-
za sativa L. ssp. japonica. J Integrative Agriculture. 2016;15(10): 
2183–2191. DOI 10.1016/S2095-3119(15)61190-X.

Oleszczuk S., Tyrka M., Zimny J. The origin of clones among andro-
genic regenerants of hexaploid triticale. Euphytica. 2014:198(3): 
325–336. DOI 10.1007/s10681-014-1109-1.

Osadchaya T.S., Trubacheeva N.V., Kravtsova L.A., Belan I.A., Ros-
seeva L.P., Pershina L.A. Study of fertility and cytogenetic variabil-
ity in androgenic plants (R0 and R1) of the alloplasmic introgres-
sion lines of common wheat. Russian J Genetics: Applied Research. 
2017:7(3):318–326. DOI 10.1134/S2079059717030121.

Pershina L.A., Belova L.I., Trubacheeva N.V., Osadсhaya T.S., Shum-
ny V.K., Belan I.A., Rosseeva L.P., Nemchenko V.V., Abaku-
mov S.N. Alloplasmic recombinant lines (H. vulgare)-T. aestivum 
with 1RS.1BL translocation: initial genotypes for production of 
common wheat varieties. Vavilov J Gen Breed. 2018;22(5):544–552. 
DOI 10.18699/VJ18.393.

 Seldimirova O.A., Titova G.T., Kruglova N.N. A complex morpho-
histological approach to the in vitro study of morphogenic struc-
tures in a wheat anther culture. Biol Bull. 2016:43(2):121–126. DOI 
10.1134/S1062359016020084.

Soltani A., Kumar A., Mergoum M., Pirseyedi S.M., Hegstad J.B., 
Mazaheri M., Kianian S.F. Novel nuclear-cytoplasmic interaction 
in wheat (Triticum aestivum) induces vigorous plants. Funct Integr 
Gen. 2016;16(2):171–182. DOI 10.1007/s10142-016-0475-2.

Trubacheeva N.V., Kravtsova L.A., Devyatkina E.P., Efremova T.T., 
Sinyavskaya M.G., Shumny V.K., Pershina L.A. Heteroplasmic and 
homoplasmic states of mitochondrial and chloroplast DNA regions 
in progenies of distant common wheat hybrids of different origins. 
Russ. J. Genet.: Appl. Res. 2012:2(6):494–500. 

Acknowledgements. The work is supported by project No. 0324-2019-
0039, RFBR grant No. 17-04-01738.

Conflict of interest. The authors declare no conflict of interest.

Figure 1. The embryo-like structures in anther 
culture (a); the regeneration of the seedlings 
from a polyembryoids (b); the family of albi-
no (c) and green (d) seedlings; ears of sister re-
generants from the same family with restored 
fertility (e). 
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1. Introduction
Durum wheat acreage in Russia is 0.6–0.7 million ha and 
0.7–0.9 million tons of grain is produced (data for the past 
5 years), which is one-third as much as 30 years ago. The 
decline in durum wheat production took place at the transition 
of the economy towards market relations and was determined 
by a lower efficiency of its cultivation (demands in high agro-
nomic requirements, decreased tolerance to stresses, necessity 
of additional inputs) compared to other cereals. Breeding can 
solve the problems to a large extent. Over the past decade, an 
increase in durum wheat cultivation area has been observed 
(Figure 1).

2. Breeding rates 
At the moment, 45 cultivars are included in the State Register 
of Protected Breeding Achievements of Russia. Over the past 
10 years, 14 cultivars have been registered, which is compa-
rable to the results of the previous 10 years, when 16 varieties 
were registered. Thus, the intensity of the breeding process 
were not changed for long periods. This is because of the 
practices used (methods of traditional breeding) and the lack 
of increase in breeding scale (number of laboratories, volume 
of breeding material). Acceleration and the enhancement of 
breeding output are possible through the wide utilization of 
diploid technology of germplasm development and applica-
tion of methods of marker-assisted selection (Leonova, 2013).

3. Breeding activities

3.1 Adaptivity and stability of grain yield 
In Russia, durum wheat breeding has gone through several 
stages: from the first breeding cultivars selected from local 
landraces through the period of monopolistic cultivars cul-
tivated in several regions on large areas (‘Melanomus 69’, 

Abstract: Favorable soil and climatic environments of Russia are not sufficiently used for 
the production of high-quality grain of durum wheat. It is caused by a lower efficiency 
of its cultivation compared to other cereals. The development of varieties adapted to 
environmental fluctuations in the zones of their cultivation, with high grain quality, is 
taken as one of the major factor to solve the problem. Based on many-year experiments a 
breeding strategy for adaptation is suggested. It roots in the possibility to reinforce specific 
(regional) homeostasis with the genetic systems of cultivars living on a vast area, which are 
carriers of non-specific homeostasis, as well to increase resistance to diseases (foliar blights, 
blotches, stem rust, powdery mildew) and to lodging. Ways to enhance grain quality due 
to the use of germplasm with high levels of protein, gluten and carotenoid content are put 
forward. Problems of strengthening gluten quality of Russian durum wheat cultivars are 
discussed. For these purposes, cultivars from Italy, Canada and Australia should be widely 
used as basic material and the corresponding biochemical markers of the GLi-B1d, Glu-B1d, 
Glu-A3d loci would be quite valuable. 
Key words: durum wheat; homeostasis; gluten quality; biochemical markers.

‘Hordeiforme 10’, ‘Hordeiforme 189’, ‘Kharkovskaya 46’, 
‘Bezenchukskaya 139’, and ‘Altaika’) and up to the modern 
stage of the formation of local systems of cultivars. The first 
and foremost task of the perspective development of breeding 
is the improvement of the systems. The strategy is based on 
the use of cultivars living on a vast area, which carry gene 
blocks for adaptation and non-specific homeostasis, as basic 
genotypes. At the same time, regional cultivars of local value 
should be used as donors of genes for specific homeostasis 
(optimal vegetation period for the zone, stem parameters, 
heat- and drought tolerance, response to soil environments 
etc.). An ecological and geographic study of nurseries of the 
Kazakhstan-Siberian net of wheat improvement (KASIB), 
which consisted of the genotypes developed in Russia and Ka-
zakhstan, was carried out at 9 ecological sites in 2015–2017. 
It appeared that 13 cultivars of different origin should be 
considered as forms living on a vast area. They are ‘Leucu-
rum 1307d-54’, ‘Leucurum 1469d-21’, ‘Leucurum 1594d-3’, 
‘Leucurum 1429d-10’, ‘Leucurum 1506d-36’, ‘Hordeiforme 
1591d-21’ (Samara Research Institute of Agriculture), ‘Hor-
deiforme 18585-2’ (Scientific and Production Center of Soil 
Management and Plant Science), ‘Hordeiforme 950/899’ 
(Karabalyk Agricultural Research Station), ‘Hordeiforme 
01-115-5’, ‘Hordeiforme 05-42-12’ (Omsk Agrarian Scientific 
Center), ‘Kargala 66’, ‘Kargala 223’ (Aktyubinsk Agricultural 
Research Station), ‘Hordeiforme 178-05-2’ (Scientific and 
Production Center of Grain Farming) (Mal’chikov, Rozova 
et al., 2018).

3.2 Resistance to diseases 
The following diseases are common to the Russian regions 
where durum wheat is cultivated: foliar blights (Septoria, Py-
renophora, Bipolaris, Alternaria, Fusarium, powdery mildew 
(Blumeria graminis), stem rust (Puccinia graminis f.sp.tritici), 
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Figure 1. Dynamics of durum wheat sowing 
area in 1966–2018.

leaf rust (Puccinia triticina Eriks.), Fusarium head blight 
(Fusarium spp.), black point (Alternaria alternata, Alternaria 
tenuis, Bipolaris sorokiniana) (Koishibaev, 2018). Pathogen 
species mostly have regional localization. Septoria spp., Puc-
cinia graminis f.sp.tritici, Bipolaris sorokiniana, the agents of 
black points, occur more often in Western Siberia and in Altai. 
In the Volga region, epiphytoties of foliar diseases caused by 
Fusarium spp. and Pyrenophora occur frequently. In these 
regions, an effective breeding is carried out to develop resis-
tance to the complexes of pathogens based on the formation 
of corresponding QTLs. Breeding on resistance to powdery 
mildew is effective in all breeding centers. Genetic donors 
of the trait are forms of durum wheat with translocations 
from another wheat species (Tr. dicoccum, Tr. timopheevii) 
and introgression of resistance from foreign cultivars (Italy, 
 CIMMYT etc.). The problem of durum wheat resistance to leaf 
rust is most relevant for North-Caucasus region (Al’derov et 
al., 2000). The hazard of the disease in steppe regions seldom 
reaches the economic threshold, even in epiphytotic years. 
A sufficient number of resistant sources can be identified 
among local breeding lines and released cultivars adapted to 
local environmental constrains. The development of stem rust 
resistant cultivars is aggravated by the deficiency of a suf-
ficient set of adapted parental stock at breeders’ disposal. To 
solve the matter, donors from CIMMYT and possibilities of 
the KASIB program (the study and identification of resistant 
genotypes) have been involved. 

3.3 Incorporation of Rht genetic systems 
At present, in the State Register of Protected Breeding 
Achievements of Russia, the drought-tolerant reduced-height 
cultivars ‘Bezenchukskaya zolotistaya’ and ‘Bezenchuk-
skaya 210’ are included. They carry the gene for plant height 
reduction RhtAnh (Anhinga, CIMMYT), which decreases the 
height by 15 %. The genetic system of plant height reduction 
in ‘Omskaya yantarnaya’ and ‘Yasenka’ has a similar effect. 
‘Bezenchukskaya 209’ and the Italian cultivar ‘Rusticano’ 
carry a strong gene, RhtB1b. A new short-statue variety, 
‘Triada’ (RhtB1b), is promising for North-Caucasus, Central-
Chernozem regions and for Siberia (Mal’chikov, Sidorenko et 
al., 2017). Taking this into account, there is a real perspective 
to decrease durum wheat plant height almost in all regions of 
its breeding and cultivation (Table 1). 

3.4 Grain protein content 
This characteristic is in close correlation with gluten con-
tent and it determines 40 % of the overall grain quality. It is 
controlled by the polygenic systems and depends to a great 
extent on environments. In the majority of Russian regions 
where durum wheat is cultivated, climate and soils enable the 
accumulation of more than 14 % of protein in grain (Rozova, 
Mukhin, 2015; Mal’chikov et al., 2017). In favorable envi-
ronments, for the trait to happen, this level can be reached by 
almost all cultivars. The problem of protein content in wheat 
grain as a breeding trait becomes more complicated for its 
negative correlation with grain yield. Nevertheless, there is 
a varietal differentiation. Mapping of the large-effect QTL 
on the 6B chromosome transferred from Tr. dicoccoides al-
lowed analogues QTL to be identified in some other varieties 
(Joppa, Cantrell, 1990; Joppa et al., 1997). A possible way 
to overcome or to weaken the sharp contradiction of the trait 
with yield can be through the inclusion of “strong” gene blocks 
covering high protein content. Among modern Russian com-
mercial cultivars, ‘Solnechnaya 573’, ‘Oazis’, ‘Saratovskaya 
zolotistaya’, ‘Pamyatie Yanchenko’, ‘Salyut Altaya’, ‘Omsky 
korund’, ‘Bezenchukskaya krepost’’, ‘Altaiskaya niva’ stably 
form grains with a high protein content (Mal’chikov, Rozova 
et al., 2017). It is assumed that the cultivars carry a block of 
genes from Tr. dicoccum or local varieties (landraces) and its 
effect can be similar to that of QTL on 6B chromosome of 
Tr. dicoccoides. 

3.5 Gluten quality
Allele “c” (according to the catalogue developed by A.M. Kud-
ryavtsev, 1994) of the Gli-B1d locus containing electrophoretic 
component γ-45, closely linked with low-molecular glutenin 
of the second type (LMW-2), which functionally provides a 
good quality of gluten, occurs in the population of Russian 
commercial cultivars at a frequency of 0.46 %. This complex 
enables the formation of gluten strength at a value of 35–45 ml 
after the SDS-sedimentation, test depending on environments. 
But the gluten index of such cultivars does not exceed 65 %, 
which does not correspond to the demands of modern indus-
trial production of high quality pasta. Genetic systems, which 
include alleles 7+8 and 6+8 at the Glu-B1d locus responsible 
for high-molecular subunits of glutenin, in combination with 
allele “a” (after the nomenclature by Nieto – Taladriz et al., 
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1997) in the Glu-A3d locus responsible for the low-molecular 
subunits of glutenin, allow the gluten index to be increased 
to 70–85 % (Porceddu, Blanco, 2014). There is no published 
information on gluten indexes or on the profile of the Glu-A3, 
Glu-B1 allele loci of modern Russian cultivars (Shevchenko, 
Mal’chikov et al., 2018). Therefore, it is necessary to study 
the matters and to transfer effective alleles from cultivars of 
Italy, Canada and Australia. 

3.6 Carotenoid content in grain
Russian commercial cultivars include an essential part of 
genotypes with high contents of carotenoid pigments. In 
environments of Volga region, the cultivars ‘Saratovskaya 
zolotistaya’, ‘Bezenchukskaya zolotistaya’, and ‘Bezenchuk-
skaya krepost’’ accumulate 5.5–9.0 ρρm of yellow pigment, 
which is significantly more than do foreign varieties from Italy, 
Canada and Austria (Table 2). Nowadays, intensive breeding 
on the base of Russian original material is being carried out 

in a number of laboratories of Russian scientific centers: the 
Research Institute of Agriculture of the South-East (Saratov), 
the Samara Research Institute of Agriculture (Bezenchuk), 
Federal Altai Scientific Centre of Agro-BioTechnologies 
(Barnaul), Omsk Agrarian Scientific Center. To enhance the 
efficiency of the breeding direction, it is necessary to identify 
and to marker the corresponding QTL for the substantiation 
and application of MAS technologies.
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Saratovskaya zolotistaya Saratov 7.3 83.5

Bezenchukskaya 210 Samara 6.47 74.4

Elizavetinskaya Saratov 7.25 83.3
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1. Introduction
There are three levels of ploidy of a synthetic wheat-rye allo-
polyploid or triticale (× Triticosecale sp. Wittmack). They are 
tetraploid (4x), hexaploid (6x) and octaploid (8x). Although a 
lot of triticale varieties are of 6x level of ploidy, some octaploid 
triticale varieties were made in China (Zhi-Jun Cheng, Minoru 
Murata, 2002). According to the lifestyle and the type of plant 
development, there are winter, spring and winter-spring or 
alternative triticales. The spring- type development and the 
duration of the “shoots-earing” interphase are determined 
by dominant Vrn genes located on wheat chromosomes 5A, 
5B and 5D (Fu et al., 2005; Yoshida et al., 2010) and on rye 
chromosome 5R (Plaschke et al., 1993). In this report, some 
results of studying 8x and 6x triticales with dominant Vrn 
genes are given and discussed.

2. Materials and methods
Triticale (Trl) of two ploidy levels was created and studied in 
the Siberian Research Institute of Plant Growing and Breed-
ing, a branch of the Institute of Cytology and Genetics, SB 
RAS. In the octaploid (8x) triticale nursery in 2018, we stud-
ied 4 forms of primary 8x wheat-rye amphidiploids (WRA): 
8хVrnA1 (genotype VrnA1VrnA1 vrnB1vrnB1 vrnD1vrnD1 
vrnD4vrnD4), 8хVrnD1 (genotype vrnA1vrnA1 vrnB1vrnB1 
VrnD1VrnD1 vrnD4vrnD4), 8хVrnВ1 (genotype vrnA1vrnA1 
VrnB1VrnB1 vrnD1vrnD1 vrnD4vrnD4) and 8xVrnD4 (geno-
type vrnA1vrnA1 vrnB1vrnB1 vrnD1vrnD1 VrnD4VrnD4) 
created by the artificial doubling of chromosome number of 
wheat-rye hybrids from crosses between the winter rye variety 
‘Korotkostebelnaya 69’ (genotype vrnR1) and four soft wheat 
lines, ‘Triple Dirk D’, ‘Triple Dirk B’, ‘Triple Dirk E’ and 
‘Triple Dirk F’ as donors of four different dominant genes, 
Vrn – Vrn A1, Vrn B1, Vrn D1 and Vrn D4, correspondently 
(Stepochkin, 2009). In the nursery of hexaploid (6x) triticale, 
we studied F6 hybrids obtained from crosses, in 2014, between 
four primary octaploid triticale (8xVrnA1, 8xVrnD1, 8хVrnВ1 
and 8xVrnD4) and the winter hexaploid triticale ‘Sirs 57’ (6x 
winter Trl) bearing recessive vrn genes. In this nursery, we 

Abstract: Secondary hexaploid (6x) triticale plants made by hybridization of a 6x winter 
triticale variety with octaploid (8x) triticale plants bearing the dominant Vrn1 gene have 
different “shoots – earing” interphase period durations, which forms the following series: 
6xVrnD4 ≥ 6xVrnB1 > 6xVrnD1 ≥ 6xVrnA1. Plants of 8x triticale compared with 6x ones have 
denser spikes and a higher seed set. Plants of line 8xVrnD4 had the longest “shoots – earing” 
interphase period (74.3 ± 1.7 days) among all 8x triticale studied in 2018, while 8xVrnD1 
triticale plants had the shortest one (49.5 ± 2.6 days). Plants of 6xVrnA1 triticale had the 
shortest “shoots-earing” interphase period (47.4 ± 0.9 days) among all 6x triticale studied. 
Plants of the triticale 8xVrnD1 and 6xVrnD1 inherited, from the wheat ‘Triple Dirk E’, the Ne1 
and Ne2 genes that accounted for the manifestation of leaf hybrid necrosis and a low seed 
set. Secondary 6x triticale with the dominant VrnA1 gene possesses the shortest “shoots – 
earing” interphase period and a good seed set and is used in triticale breeding programs.
Key words: octaploid; hexaploid; triticale; Vrn genes; interphase period. 

also studied the 6x triticale forms 6xVrnA1, 6xVrnB1, 6xVrnD1 
and 6xVrnD4 derived from the populations of 8x triticale 
with dominant Vrn genes. During the vegetation period from 
shooting to ripening, we carried out phenological observations. 
Qualitative and quantitative traits were studied. 

3. Results and discussion
Spikes of 6x triticale morphologically differ from those of 8x 
triticale and are close to those in rye (Figure 1). 

Their ears are denser than those of the original 8x WRA 
and their seed set is almost two times higher than that of 8x 
triticale (Table 1). For these traits, the hexaploid triticale plants 
of both groups do not differ significantly from each other 
except for 6x VrnD1. Plants of this WRA, as well as those 
of the F6 hybrid (8хVrnD1 × 6x winter Trl) and the octaploid 
WRA 8хVrnD1 have two qualitative traits, leaf necrosis and 
hairy glumes, inherited from the initial wheat line ‘Triple Dirk 
E’, the maternal parental form and the donor of the dominant 
VrnD1 gene for producing the 8x VrnD1 triticale (Stepochkin, 
2009). Leaf necrosis, perhaps, led to the low seed set in the 
spikes of plants of the WRA made on the basis the wheat line 
‘Triple Dirk E’. It is known that a hybrid leaf necrosis caused 
by a complementary action of the Ne1 and Ne2 genes leads to 
grain production problems in wheats developed by interspe-
cies crosses or crosses between a winter and a spring variety 
(Hermsen, 1963). The wheat line ‘Triple Dirk E’ is of hybrid 
origin (Goncharov, 2012).

Triticale plants bearing the dominant VrnA1 or VrnD1 gene 
have a shorter “shoots – earing” interphase period than those 
that bear the dominant VrnB1 or VrnD4 gene. The plants that 
have the dominant VrnD4 gene show the longest duration 
of this period. Both the hexaploid triticale and the primary 
octaploid triticale plants bearing the dominant Vrn gene have 
“shoots – earing” interphase period duration that forms the 
following series: Trl VrnD4 > Trl VrnB1 > Trl VrnD1> Trl 
VrnA1. Plants of line 8xVrnD4 had the longest “shoots – ear-
ing” period (74.3 ± 1.7 days) among all 8x triticale studied, 
while 8xVrnD1 triticale plants had the shortest one (49.5 ± 2.6 
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days). Hexaploid triticales derived from octaploid WRA 
populations as a result of spontaneous depolyploidization and 
elimination of 14 chromosomes of the D genome (Stepochkin, 
1978; Zhi-Jun Cheng, Minoru Murata, 2002; Li et al., 2015). 
They are of breeding interest. Plants of 6xVrnA1 triticale had 
the shortest “shoots – earing” interphase period (47.4 ± 0.9 
days) among all 6x triticale studied. The F6 hybrid lines from 
cross of 8хVrnА1 × 6x winter triticale showed the shortest 
“shoots – earing” interphase period and a good seed set among 
all triticales studied, which also makes it promising for further 
breeding programs.

4. Conclusions
The results of the study of two-level ploidy triticales showed 
that the secondary hexaploid triticale plants made by hybrid-
ization of a 6x winter triticale variety with octaploid triticale 
plants bearing the dominant Vrn1 gene have different “shoots –

earing” interphase period durations and form the following 
series: 6xVrnD4 ≥ 6xVrnB1 > 6xVrnD1 > 6xVrnA1. Plants 
of 8x triticale compared with 6x ones have denser spikes 
and a higher seed set. Plants of line 8xVrnD4 had the longest 
“shoots – earing” period (74.3 ± 1.7 days) among all 8x triticale 
studied in 2018, while 8xVrnD1 triticale plants had the shortest 
one (49.5 ± 2.6 days). Plants of 6xVrnA1 triticale derived from 
the population of 8x triticale as a result of spontaneous de-
polyploidization and elimination of D-genome chromosomes 
had the shortest “shoots – earing” interphase period (47.4 ± 0.9 
days) among all 6x triticale studied. 8xVrnD1 and 6xVrnD1 
triticale plants inherited the Ne1 and Ne2 genes from the wheat 
‘Triple Dirk E’, which accounted for the manifestation of 
leaf hybrid necrosis and a low seed set. As the secondary 6x 
triticale with the dominant VrnA1 gene combines the shortest 
“shoots – earing” interphase period and a good seed set, it is 
used in triticale breeding programs.

Figure 1. Spikes of common wheat ‘Triple 
Dirk D’ (a), winter rye ‘Korotkostebelnaya’ 
(b), 8x triticale 8xVrnA1 (c) and 6x triticale 
6xVrnA1.

a b c d

Table 1
Duration of the “shoots – earing” period, spike density and spike grain number of 8x and 6x triticales with dominant Vrn genes

Names of triticale Duration of the “shoots – earing” 
period, days

Spike density, number  
of spikelets / length of spike Spike grain number

8хVrnA1 51.0 ± 1.8 1.89 ± 0.02 22.5 ± 0.6

8хVrnD1 49.5 ± 2.6 1.74 ± 0.03 7.8* ± 1.3

8хVrnB1 71.2 ± 4.3 1.87 ± 0.03 12.3 ± 1.1

8xVrnD4 74.3* ± 1.7 1.85 ± 0.02 11.0 ± 0.7

8хVrnА1 × 6x winter Trl 45.1 ± 2.5 2.93 ± 0.05 38.9 ± 3.0

8хVrnD1 × 6x winter Trl 55.2 ± 6.7 2.98 ± 0.06 27.4* ± 2.7

8хVrnВ1 × 6x winter Trl 56.4 ± 2.1 2.97 ± 0.06 42.9 ± 1.7

8хVrnD4 × 6x winter Trl 67.0 ± 5.2 2.85 ± 0.13 42.0 ± 3.6

6хVrnA1 47.4 ± 0.9 3.00 ± 0.06 38.0 ± 2.6

6хVrnD1 49.2 ± 0.6 3.17* ± 0.04 28.0* ± 1.5

6хVrnB1 58.9 ± 0.4 2.95 ± 0.04 35.0 ± 1.6

6xVrnD4 70.8* ± 0.7 2.90 ± 0.06 42.8 ± 2.7

* Significant difference at p < 0.05.

P.I. Stepochkin. Study of 8x and 6x triticale with dominant Vrn genes. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;211–213
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1. Introduction
There are around 240 wild Solanum species that produce 
tubers and that can be exploited for enrichment of the potato 
(Solanum tuberosum L.) gene pool (Hawkes 1990). The first 
important trait that was introduced to the cultivated potato 
from its wild relatives already in the beginning of the XX 
century was late blight resistance. The hexaploid wild spe-
cies Solanum demissum was the source of the first 11 genes 
for resistance to Phytophthora infestans (Mont.) de Bary 
(Rpi genes: R1-R11) (Black 1952). The resistance provided 
by some of those genes (R1, R3, R4, R10 and R11) that were 
widely used in potato cultivars soon turned ineffective as new 
races of P. infestans quickly evolved. Since then, many new 
Rpi genes have been discovered in species such as: S. bulbo-
castanum, S. pinnatisectum, S. berthaultii, S. microdontum, 
S. stoloniferum, S. venturii and S. mochiquense, among others. 
New strategies have been proposed for applying those genes 
into practice in ways that should extend the durability of the 
provided resistance and prevent quick evolution of compatible 
P. infestans strains. Three most important ones are: 1. pyramid-
ing several Rpi genes in single potato cultivars, 2. growing 
mixtures of breeding lines/cultivars with different Rpi genes, 
3. growing cultivars with different Rpi genes, or better: gene 
pyramids, in different growing seasons so the P. infestans 
strains selected to overcome the resistance of a certain gene 
pyramid would perish in a next season when other Rpi genes 
are in action. All those strategies are based on the access to 
multiple Rpi genes and methods for their quick introduction 
to potato breeding lines such as marker-assisted selection 
(MAS). Here we present the history of the search for Rpi genes 
among wild potato relatives, their mapping and exploitation 
in potato breeding in Plant Breeding and Acclimatization 
Institute – National Research Institute, Poland.

2. Materials and methods
The sources of resistance were: 

A hybrid of S. phureja × S. stenotomum obtained from the 
International Potato Centre (CIP, Lima, Peru) carrying the 
Rpi-phu1 gene (Śliwka et al., 2006, Foster et al., 2009).

Abstract:  Potato (Solanum tuberosum L.) is the fourth most important crop plant worldwide 
and its economically most important disease, late blight, is caused by an Oomycete, 
Phytophthora infestans (Mont.) de Bary. Breeding potatoes resistant to the disease is a valid 
and environment-friendly alternative to the currently applied intensive chemical control. 
The pathogen is fast-evolving and can quickly adapt and infect new resistant cultivars of 
the host. Therefore new strategies of using late blight resistance (Rpi) genes in improving 
durability of the resistance are developed. The history of the search for Rpi genes, their 
mapping in Plant Breeding and Acclimatization Institute - National Research Institute and 
our current research are reported here.
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Solanum michoacanum (Zoteyeva et al., 2012) obtained 
from the N.I. Vavilov Institute for Plant Genetic Resources 
(VIR), (Saint Petersburg, Russia) carrying the Rpi-mch1 gene 
(Śliwka et al., 2012a).

Solanum ruiz-ceballosii Cárd. (Zoteyeva et al., 2012), 
obtained from the N.I. Vavilov Institute for Plant Genetic 
Resources (VIR), (Saint Petersburg, Russia), carrying the 
Rpi-rzc1 gene (Śliwka et al., 2012b).

Cultivar Sárpo Mira from Hungarian breeding program, 
registered in UK in 2002, with at least five genes for late 
blight resistance: R3a, R3b, R4, Rpi-Smira1 and Rpi-Smira2/
R8 (Tomczyńska et al., 2014).

For screening for resistance and evaluation of mapping 
populations, detached leaflet, whole tuber and tubers slice tests 
were performed in laboratory conditions and with standardized 
inoculum. Selected genotypes were tested in the field under 
natural infection pressure. Virulence of Polish P. infestans 
population was monitored using detached leaflet tests. For 
mapping, targeted PCR markers (in the case of the Rpi-phu1, 
Rpi-Smira1 genes) or Diversity Array Technology (DArT) 
markers (Rpi-mch1 and Rpi-rzc1) were used. For MAS, closely 
linked (Rpi-rzc1, Rpi-mch1, Rpi-Smira1) or gene-derived 
(Rpi-phu1, R8) PCR markers were used.

3. Results and discussion
The spectrum and durability of resistance provided by dif-
ferent Rpi genes are monitored in the Polish population of 
P. infestans in virulence detached leaflet tests. Each year we 
collected 100-200 isolates of the pathogen and on the basis 
of Simple Sequence Repeat (SSR) markers their diversity is 
assessed and a representative sample is chosen. The results 
of the virulence tests of 70 P. infestans isolates representative 
for 2017 are shown in Figure 1. Black’s differential R9, dif-
ferentials with Rpi-phu1 and Rpi-rzc1 genes, as well as the 
potato cultivars ‘Carolus’ (Netherlands 2013), ‘Alouette’ (with 
the Rpi-vnt1 gene, Netherlands 2014) and ‘Gardena’ (Poland, 
2018) are infected by only a few (0-7) P. infestans isolates, 
indicating that genes underlying the resistance of those potato 
genotypes are still useful for breeding purposes.
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The use of genetic markers such as RenSeq1812 linked to 
the Rpi-rzc1 gene within 0.4 cM (Figure 2, a) or the S2FS5R 
located within the Rpi-phu1 gene (Figure 2, b) allows MAS 
and pyramiding of the resistance genes even when the dif-
ferential P. infestans isolates are not available, as well as 
it can make the breeding process faster and cheaper. The 
conventional pre-breeding and breeding process is extremely 
long when Solanum spp. other than S. tuberosum are used as 
resistance donors. It is well illustrated by an example of the 
Rpi-phu1 gene which was obtained from CIP in 1970, and 
although we mapped it in 2006 and sequenced it in 2009, only 
in 2018 the cultivar ‘Gardena’ carrying that was registered by 
Zamarte Potato Breeding Ltd. – Group IHAR. The Rpi-phu1 
gene was pyramided with late blight resistance originating 
from the cultivar ‘Sárpo Mira’ using MAS for the Rpi-phu1 

gene, Rpi-Smira1 (Tomczyńska et al., 2014), and recently 
also using markers for R8/Rpi-Smira2. To learn more about 
how Rpi genes function, we performed an expression study in 
compatible and incompatible interactions between plants with 
the Rpi-phu1 gene and P. infestans. The results showed that 
when avirulent isolates were used, the Rpi-phu1 expression 
remained stable and low, while when the virulent isolates were 
infecting the plants, the expression of the resistance gene was 
enhanced, which may help the plant to defend itself in field 
conditions (Stefańczyk et al., 2017).

Our current research focuses on marker-assisted pyramiding 
of the Rpi-phu1 and Rpi-rzc1 genes at diploid and tetraploid 
levels. We used three segregating diploid populations to test 
marker specificities and we performed interploid crosses. 
The presence of the Rpi-phu1 homologs in the Rpi-rzc1 do-
nor plants resulted in false positive results and required an 
adjustment of the Rpi-phu1 gene-derived marker to enhance 
its specificity.

4. Conclusions
The major genes for late blight resistance provide high le-
vels of disease resistance and can be introduced into potato 
cultivars. Careful choice of effective Rpi genes and gene 
pyramiding can extend the durability of such resistance. 
Recently a number of new, highly resistant potato cultivars 
(e. g. ‘Carolus’, ‘Alouette’, ‘Gardena’) have been registered, 
offering potato growers an environment-friendly alternative 
for control of late blight. A conventional breeding process of 
exploiting various Solanum species is laborious and long. It 
could be accelerated by transfer of the Rpi genes using ge-
netic modifications, if only this technique were to be broadly 
accepted. 

Figure 1. Virulence of 70 representative P. infestans isolates collected in Poland in 2017 on Black’s differential set (R1-R11), new resistant cultivars and 
breeding lines carrying the Rpi-phu1, Rpi-rzc1 and Rpi-mch1 genes for late blight resistance. Results of detached leaflet assays. 

Figure 2. Marker-Assisted Selection of plants with the Rpi-rzc1 and Rpi-
phu1 genes.

J. Śliwka et al. Breeding of potato resistant to late blight using genetic resources and DNA markers.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;214–216
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1. Introduction
Potato (Solanum tuberosum L.) is one of the world’s main 
crops for food and industrial applications. Potato is a food 
crop with a global production of 388 million tons in 2017 
(http://www.fao.org/faostat/en/#data/QC). The starch gran-
ules consist of amylose and amylopectin polymer molecules 
consisting of glucose residuals’ monomers. There are several 
possible ways of starch industrial application. First, such ap-
plications may be based on the polymeric nature of starch: for 
food industry as a thickener, texturant, extender, low-calorie 
snacks; for paper industry: beater sizing, surface sizing, coat-
ing; for textile utilization: wrap sizing, finishing, printing; 
for polymer applying: absorbents, adhesives, biodegradable 
plastics. Second, starch may be applied after hydrolysis of 
its polymer molecules. Hydrolysis gives glucose, maltose 
or dextrins required by food industries as sweeteners or 
stabilizing agents; by fermentation process as a feedstock to 
produce ethanol, liquors, spirits, beer, etc.; by pharmaceutical 
application as a feedstock to produce drugs and medicine; 
by chemical industry as a feedstock to produce organic sol-
vents or acids (Jansson et al., 1997; Geigenberger, Fernie,  
2012). 

2. Granule morphology is related  
with starch properties
Starch granules’ shape and size can affect starch properties. 
Industries require starch with granules of certain shape and 
size. It is known that the paper industry requires that granules 
be uniform in size and spherical in shape. There is the absence 

Search for genomic regions associated with potato 
starch granules morphology of Solanum tuberosum L.
T.V. Erst1 *, I.V. Rozanova1, 2, V.K. Khlestkin1, 3, E.K. Khlestkina1, 2
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Abstract: Potato (Solanum tuberosum L.) is one of the world’s main crops for food and 
industrial applications. Potato starch consists of two types of glucose polymers, essentially 
linear amylose and highly branched amylopectin. Polymers comprising raw starch granules 
are packed in a layered structure consisting of alternating crystalline and amorphous 
layers. Average granule shape and size parameters vary for various varieties. The study 
of the morphological parameters of granules can provide a deeper understanding of the 
biochemical mechanisms of their formation and reactivity in (bio)chemical transformations. 
The morphology of starch granules are supposed to be primarily determined by starch 
biosynthesis genes, in particular, by genes that encode SBEI and SBEII enzymes (Starch 
Branching Enzyme). However, the set of genes affecting granule morphology is probably 
much wider. Different starch applications may require certain shapes and size of starch 
granules. To reveal genetic control of starch granule morphology, genome-wide association 
studies (GWAS) have been performed. For the morphological trait called the ”circularity” 
character data analysis with the use of a Generalized Linear Model with Principal 
Component Analysis (GLM + PCA) revealed a significant association with a SNP located on 
chromosome 11. A detailed study of the identified genomic region is being conducted in 
order to design a proper diagnostic DNA-marker for further accelerated selection of plants 
with the required values of morphological starch granule parameters.
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of such uniform characteristics in native starch and to avoid 
further granule modification it is possible to cultivate certain 
granule shape and size variety (Guo et al., 2010). Viscosity 
of a starch paste is mainly a function of the size of swollen 
granules (Grommers, Krogt, 2009). Starch content increases 
with tuber growth. This increase is caused both by an increase 
in the number of granules and by an enlargement of granules. 
The size of potato starch granules in a mature tuber may range 
from 5 µm to about 120 µm. The largest granules are often 
present in the large cells of the perimedullary zone. Small 
granules largely occur in the tissue around the vascular ring. 
The cells of the cortex contain the largest number of granules 
per cell; the smallest number of cells are found in pith and 
medullary rays. (Grommers, Krogt, 2009).

Considering the process of enzymatic hydrolysis of starch, 
in particular, the process of digestion in humans and other 
mammals, it is known that the rate of the process is affected 
by several factors. For example, high-amylose starches are 
more resistant to hydrolysis (Morita et al., 2007) in com-
parison to normal starches, where the percentage of amylose 
varies within 20–30 %. Crystallinity is generally considered 
to restrict hydrolysis (Ring et al., 1988; Planchot et al., 1997; 
Dhital et al., 2010), supramolecular structures such as amylose 
lipid complexes (Karkalas et al., 1992; Lauro et al., 1999) 
and phosphorylation of amylopectin (Sitohy et al., 2001) 
also affect the hydrolysis process. Starches of different potato 
varieties are similar in composition and structure. Thus, the 
size of the granules is the main morphological factor affecting 
starch degradation. On the one hand, if the processed starches 
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are used in the human diet, then morphological factors be-
come more or less unimportant for digestion. On the other 
hand, raw native starch contained in meals from unprocessed 
potatoes also presents in human nutrition. In addition, some 
products and therapies do contain native starches to control 
the release of glucose (Qi, Tester, 2005; Correia et al., 2008). 
Such products are designed to release glucose into the blood 
stream slowly with a decreased initial glucose spike (Qi, Tes-
ter, 2005; Correia et al., 2008). Besides size, some features 
of the surface of the granules affect the enzymatic hydrolysis 
of starch. Granule shape peculiarities affect the way enzymes 
attach and accelerate granules hydrolysis (Colonna et al., 
1992). Starches consisting of small granules are digested in 
the human intestine to glucose faster than larger ones (Qi, 
Tester, 2005). Eating large starch granules can cause lesions 
in the intestine (Calvert et al., 1989). Therefore, the use of 
such large granules for food is undesirable. 

3. Genetic mechanisms  
underlying granule morphology
Starch granule morphology and crystallinity are regulated 
by starch biosynthesis genes (Yamamori et al., 2000). It is 
known that amylopectin chains branching, size (Hofvander 
et al., 2004) and irregular granule shape (Schwall et al., 2000) 
are affected by the SBE I and SBE II genes (starch branching 
enzyme). Tuber starch content and irregular granule shape 
(Schwall et al., 2000) are likely to be affected by SSI–SSIV 
(starch synthases). However, it can be assumed that the set of 
genes affecting the morphology of the granules is wider than 
just the structural genes of starch biosynthesis.

The search for genomic regions associated with potato 
starch granule morphology can be provided in several ways: 
as quantitative trait locus (QTL) analysis (Werij et al., 2012) 
or genome-wide association studies (GWAS). In our research, 
we used the second approach.

Starch of 90 potato cultivars and hybrids from the collec-
tion of the Genetic Control Center «GenAgro» (IC&G SB 
RAS) was extracted using a routine procedure described by 
Khlestkin, Erst (2017). Starch granule size and shape were 
measured, and the mean values were calculated. For example, 
the “circularity” trait (describes granule shape from 1 (ideal 
circle) to 0 (rectangle)) varies in the selection from 0.79 (cul-
tivar ‘Ladozhsky’) to 0.87 (perspective line G.3-43-6). Thus, 
contrast phenotype samples were found. The set of 90 cultivars 
and lines was genotyped using the Illumina 22K SNP potato 
array (GGP Potato V3). Genotyping and phenotyping data were 
analyzed using Microsoft Excel, Tassel 5, and the R package. 
As a result, SNPs significant for starch granule morphology 
have been revealed on chromosomes 2, 4, 7, and 11. 

4. Conclusions
Our study demonstrated genetic diversity within the panel 
analyzed for starch granule morphology. Based on GWAS, 
significant SNPs were found on chromosomes 2, 4, 7, and 
11. In the regions associated with starch granule morphology 
variation, candidate genes can be found in the future. Genetic 
markers found to be associated with certain traits of starch 
granules are important for further accelerated breeding of 
cultivars with the required starch properties.

References
Calvert R.J., Otsuka M., Satchithanandam S. Consumption of raw po-

tato starch alters intestinal function and colonic cell proliferation in 
the rat. J. Nutr. 1989;1610–1616.

Colonna P., Leloup V., Buleon A., Limiting factors of starch hydrolysis. 
Eur. J. Clin. Nutr. 1992;46:S17–S32.

Correia C.E., Bhattacharya K., Lee P J., Shuster J.J. et al. Use ofmodi-
fied cornstarch therapy to extend fasting in glycogen storage disease 
types Ia and Ib. Am J. Clin Nutr. 2008;88:1272–1276.

Dhital S., Shrestha A.K., Gidley M.J., Relationship between granule 
size and in vitro digestibility of maize and potato starches. Carbo-
hydr. Polym. 2010;82:480–488.

Geigenberger P., Fernie A.R. Starch Synthesis in the Potato Tuber. 
Food Biochemistry and Food Processing. 2012:613–626.

Grommers H.E., van der Krogt D.A. Potato Starch: Production, Modifica-
tions and Uses. In: Miller J., Whistler R. (Eds.). Starch Chemistry Tech-
nol. 3rd Edn. Elsevier Inc. 2009;511–539. ISBN: 978-0-12-746275-2.

Guo S., Tang J., Deng Y. et al. BMC Genomics. 2010;11(Suppl 2): S13. 
DOI 10.1186/1471-2164-11-S2-S13.

Hofvander P., Andersson M., Larsson C.-T., Larsson H. Field perfor-
mance and starch characteristics of high amylose potatoes obtained 
by antisense gene targeting of two branching enzymes. Plant Biotech-
nol. J. 2004;2:311–320. DOI 10.1111/j.1467-7652.2004.00073.x.

Jansson C. et al. Cloning, characterisation and modification of genes 
encoding starch branching enzymes in barley. In: Frazier P.J. et al. 
(Eds.). Starch Structure and Functionality. The Royal Society of 
Chemistry, Cambridge. 1997;196–203.

Karkalas J., Tester R.F., Morrison W.R., Properties of damaged starch 
granules. I. Comparison of a micromethod for the enzymic deter-
mination of damaged starch with the standard AACC and Farrand 
methods. J. Cereal Sci. 1992;16:237–251.

Khlestkin V.K., Erst T.V. A practical guide to the starch granules’ 
morphology study by microscopy. Vavilovskii Zhurnal Genetiki i 
Selektsii = Vavilov Journal of Genetics and Breeding. 2017;21(6): 
728–734. DOI 10.18699/VJ17.290 (in Russian).

Lauro M., Forssell P.M., Suortti M.T., Hulleman S.H.D., Poute-
nen K.S., Alpha-amylolysis of large barley starch granules. Cereal 
Chem. 1999;76:925–930.

Morita T., Ito Y., Brown I.L., Ando R., Kiriyama S. In vitro and in vivo 
digestibility of native maize starch granules varying in amylose con-
tents. J. AOAC Int. 2007;90:1628–1634.

Planchot V., Colonna P., Buleon A., Gallant D.J. In: Frazier P.J., Do-
nald A.M., Richmond P. (Eds.). Starch: Structure and Functionality, 
The Royal Society of Chemistry, Cambridge, UK, 1997;141–152.

Qi X., Tester R. T., Effect of native starch granule size on susceptibil-
ity to amylase hydrolysis. Starch = Stärke. 2016;68(9–10):807–810. 
DOI 10.1002/star.201500360.

Ring S.G., Gee J.M., Whittam M., Orford P., Johnson I.T. Resistant 
starch: Its chemical form in foodstuffs and effect on digestibility in 
vitro. Food Chem. 1988;28:97–109.

Schwall G.P., Safford R., Westcott R.J., Jeffcoat R., Tayal A., Shi Y.- Ch., 
Gidley M.J., Jobling S.A. Production of very-high-amylose pota-
tostarch by inhibition of SBE A and B. Nat. Biotechnol. 2000;18: 
551–554. DOI 10.1038/75427.

Sitohy M.Z, Ramadan M.F. Degradability of different phosphorylated 
starches and thermoplastic films prepared from corn starch phospho-
monoesters. Starch = Stärke. 2001;53:317–322.

Werij J.S., Furrer H., van Eck H.J., Visser R.G.F., Bachem C.W.B. 
A limited set of starch related genes explain several interrelated traits 
in potato. Euphytica. 2012;186:501–516. DOI 10.1007/s10681-012-
0651-y.

Yamamori M., Fujita S., Hayakawa K., Matsuki J., Yasui T. Genetic 
elimination of a starch granule protein, SGP-1, of wheat generates an 
altered starch with apparent high amylose. Theor. Appl. Genet. 2000; 
101:21–29. DOI 10.1007/s001220051444.

Acknowledgements. The work supported by a grant from the RFBR 
(No. 17-29-08006).

Conflict of interest. The authors declare no conflict of interest.

T.V. Erst et al. Search for genomic regions associated with potato starch granules morphology of Solanum tuberosum L.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;217–218



219conf.bionet.nsc.ru/plantgen2019/enPlant breeding in the 21st century

DOI 10.18699/ICG-PlantGen2019-71

© Autors, 2019

* e-mail: o.e.yakubenko@yandex.ru

Comprehensive evaluation of the Siberian gene pool of common 
bean (Phaseolus vulgaris L.) in the conditions of Western Siberia
O.E. Yakubenko1, 2 *, O.V. Parkina2

1 Institute of Cytology of Genetics, SB RAS, Novosibirsk, Russia 
2 Novosibirsk State Agrarian University, Russia 

1. Introduction
Common bean (Phaseolus vulgaris L.) is the most important 
food culture in the genus Phaseolus of the family Legumi-
nosae, which includes more than 200 species and only 20 
species are cultural, the others are wild. Functional products 
have a special value for human food. Cereals and legumes are 
of special interest. Common bean has a unique and balanced 
composition of seeds and green beans with high protein, 
vitamins, macro- and micro- element content. In many count-
ries, common bean is the primary source of protein; common 
bean occupies the second place in area among grain crops in 
the world. In the Siberian region, vegetable beans are grown 
mainly in home gardens. One of the reasons for their low-scale 
production is the absence of high-yielding varieties consistent 
with industrial cultivation technology. 

A feature of common beans is that among the most impor-
tant food crops it has a high polymorphism of morphological 
characteristics and properties. Of great importance for creation 
of new varieties is the use of collection material of different 
ecological and geographic origin. 

It is necessary to study and to replenish the gene pool of 
common bean for selection of source and donors of impor-
tance traits. 

The purpose of the study is to evaluate of the gene pool 
and to select genetic sources of common bean by primary 
agronomic traits in the conditions of Western Siberia. 

2. Materials and methods
For complex evaluation of variety samples of common bean, 
a collection nursery was laid on the experimental field of the 
training and production farm in the Novosibirsk SAU. A plot 
is located in Novosibirsk on the right bank of the Ob River. 

The soil of the experimental plot is gray forest heavy loamy 
on carbon-free heavy loam. The climate is continental.

From 1997 to the present in the base department of breed-
ing, genetics and forestry of Novosibirsk SAU, more than 
150 breeding samples with various ecological and geographic 
origin were studied. The studied samples of a variety of veg-
etable bean are divided by origin as follows: most (51 %) are 
introduced, including 47 % of European origin and 4 % of 

Abstract: Evaluation of the gene pool of common beans for the main economically 
valuable traits in the conditions of Western Siberia was conducted. The object of research is 
57 varieties of common bean vegetables and grain of various ecological and geographical 
origin. According to the results of research, genetic sources of economically valuable 
traits were identified: high yield, quality of the beans (color, shape of the bean), presence 
or absence of the parchment layer. The result of the research identified the most valuable 
common bean samples adapted to the conditions of Western Siberia. 
Key words: common bean; Phaseolus vulgaris L.; agronomic traits.

Asian origin, the others are of hybrid origin, obtained  using 
the ecological-geographical principle. Breeding samples 
studied by primary agriculture traits: the length of the veg-
etation period, the nature of growth (type of growth), plant 
height and attachment of the lower beans, the shape, length 
and color of the beans, the presence of the parchment layer 
and fiber in the seam.

Object of research: 23 variety samples of vegetable bean 
and 34 samples of haricot bean. Standard for vegetable bean 
is the variety Solnishko of Siberian selection, standard for 
haricot bean is the variety Zolotistaya. Sowing was conducted 
in the second decade of May. Planting was by hand, by the 
wide-row method with a 70-cm row spacing. Seeding quantity 
was 22 pieces/m2.

Accounting of the yield of green beans was carried out in 
dynamics every 7 days three times during the growing season.

Observations, accountings and analyses were conducted 
using “Guidelines for the study of the collection of grain 
legumes”,“ Guidelines for the study of samples of the world 
bean collection” and “Guidelines for the use of the classifier 
Phaseolus L. (Haricot)”.

Harvesting was conducted separately, the plants were up-
rooted and placed in rolls. After ripening, beans were threshed.

3. Results and discussion
To meet the needs of the consumer and the manufacturer, the 
breeder must consider the following parameters: plants in the 
form of a bush must be compact, with a height of attachment 
of the lower bean not less than 12 cm, green or yellow color 
of the beans. All studied varieties had a compact deterministic 
bush form. Plant height varied from 37 (‘Daria’) to 51 cm 
(‘Olhensia’). The height of attachment of the lower bean varied 
from 8 (‘Cinderella’) to 16 cm (‘Yellow Octave’). More than 
85 % of the samples had a bottom bean attachment height 
of more than 12 cm. The coefficient of variation is 12.6 %. 
Based on the duration of the vegetation period, the varieties 
were divided into 4 groups of ripeness (early maturing, 7 % 
of which can be distinguished very early: ‘Ukrainka’, ‘G32’, 
‘Nika’, ‘Sekunda’, ‘Maxi’; 43 %, medium early: ‘Sunny’, 
‘G135’; 37 %, middle ripening: ‘Viola’, ‘G171’; and 13 %, 
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late ripening). The color of beans is of commercial interest 
for the producers. 

The results of the study show that five samples had yellow 
beans, one purple beans, and the others green beans. The cross-
sectional shape of the studied samples was observed rounded 
in 47 % of the samples, flat-round in 40 % of the varieties and 
flat in 13 %. The length of the beans varied from 8.2 (‘Slav’) 
to 17.9 cm (‘Purple baby’). More than 80 % of the samples 
match the production requirements for the optimal length of 
a bean of 10–13 cm. The coefficient of variation was 19.1 %.

The largest quantities of formed beans was in ‘Sunray’ 
(31 pcs), while ‘Magura’ and ‘Delinel’ (17 pcs) had the small-
est quantities of formed beans. The coefficient of variation 
was 32.9 %. The samples of ‘Sekunda’ (9.8 g) had the largest 
mass of 1 bean, the lowest one was with ‘Ukrainka’ (4.6 g). 
The coefficient of variation was 17.3 %. The average number 
of formed beans per plant was 21 and the average weight of 
1 bean per plant was 6.2 g.

The most productive was the sample of ‘Sunray’ (3.3 kg/  

m2), and the low productive was ‘Magura’ (1.9 kg/m2). The 
coefficient of variation was 27.5 %.

The results of the investigation show that the number of 
seeds per plant varied from 26 (‘Ruby’) to 44 pieces (‘Bom-
ba’). The coefficient of variation is 18.4 %. The seed mass per 
plant varied from 12.8 g (‘Golden’) to 23.6 g (‘Red – motley’), 
the coefficient of variation was 19.4 %. The mass of 1000 seeds 
varied from 183.65 g (Sinelnikovskaya) to 662.45 g (‘Zusha 
motley’). The coefficient of variation is 35.6 %. The seed yield 
varied from 62.7 g/m2 (‘Motolskaya white’) to 281.64 g/m2 
(‘Motley Romano’). The coefficient of variation is 23.8 %. 
The average yield by the varieties studied was 191.1 g/m2.

4. Conclusions
On the base of results of a complex assessment of vegetable 
beans, samples were selected for the main economic and 
agriculture traits:
1. By precocity: early maturing: Magura, Daria, Orbel yel-

low; mid-season: Ukrainka, Sekunda, Slavyanka, Jubilee, 
Golden Mountain, Olhensia, Rocquentcant, Delinel.

2. By the height of attachment of the lower bean (more than 
12 cm): Magura, Daria, Orbel yellow, Sekunda, Slavyanka, 
Jubilee, Golden Mountain, Olhensia, Rocquentcant, Deli-
nel, Purple Baby.

3. By the quantities and weight of the beans from the plant 
samples: Sekunda, Sunray, Morena, Jubilee, Rocquentcant.

4. By the technical quality of green pods: 17 varieties had 
green beans and 5, yellow beans; the absence of fiber in the 
seam: all the studied samples, except for Moscow green-
hand, Morena, Magura.

5. By the yield of beans: more than 2.7 kg/m2: Golden Moun-
tain, Rocquentcant, Sunray, Daria, Sekunda, Morena, 
Jubilee.

6. For a set of economically valuable traits, samples identified 
were Rocquentcant, Daria, Sekunda.

7. For a set of economically valuable traits: samples of grain 
beans: Stringless, Black, Zusha motley, Oran, Rubin and 
Sinelnikovskaya, which can be recommended for inclusion 
in breeding programs and for cultivation in the conditions 
of Western Siberia.
The creation of varieties with a complex of certain breeding 

traits based on the available breeding samples of the Siberian 
gene pool for specific soil and climatic conditions will ensure 
high rates of productivity and quality.

References
Agoyi E.E., Mohammed K.E., Odong T.L., Tumuhairwe J.B., Chige-

za G., Tukamuhabwa P. Mode of inheritance of promiscuous nodu-
lation and combining abilities in soybean genotypes. Int. J. Agron. 
Agric. Res. 2016;9:73–82.

Belarmino D. Inheritance of resistance to common bacterial blight 
(Xanthomonas campestris pv. phaseoli) disease and yield of com-
mon bean. Master thesis. Makerere University, 2015.

Bernado R. Breeding for quantitative traits in plants. Stemma Press, 
Minnesota, 2010.

Guidelines for the study of the collection of grain legumes. SPb, 1974. 
60 p.

Guidelines for the study of samples of the world collection of beans – 
St. Petersburg, 1987. 60 p.

Singh S.P., Miklas P.N. Breeding common bean for resistance to com-
mon blight: A review. Crop Sci. 2015;55:971–984.

Trindade R.D.S., Rodrigues R., do Amaral Jùnior A.T., Gonçal-
ves L.S.A., Viana J.M.S., Sudré C.P. Combining ability for common 
bacterial blight resistance in snap and dry bean (Phaseolus vulga-
ris L.). Acta Sci. Agron. 2014;37:37–43.

Zapata M., Beaver J.S., Porch T.G. Dominant gene for common bean 
resistance to common bacterial blight caused by Xanthomonas axo-
nopodis pv. phaseoli. Euphytica. 2011;179:373–382.

 
Conflict of interest. The authors declare no conflict of interest.

O.E. Yakubenko et al. Comprehensive evaluation of the Siberian gene pool of common bean.
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;219–220



221conf.bionet.nsc.ru/plantgen2019/enPlant breeding in the 21st century

Peculiarities of heterosis manifested by yield  
and fruit quality traits in pepper F1 hybrids developed  
using classical and MAS methods 
O.G. Babak1 *, T.V. Nikitinskaya1, N.A. Nevestenko2, I.G. Puhacheva2, M.M. Dobrodkin2, L.V. Khotyleva1, A.V. Kilchevsky1

1 Institute of Genetics and Cytology, NASB, Minsk, Belarus 
2 Belarusian State Agricultural Academy, Gorki, Belarus

Abstract: Results of a three-year-long assessment of heterosis manifestation peculiarities 
in F1 C. annum hybrids based on fruit quality traits are presented. The selection of parental 
forms was carried out using forms with various alleles determining fruit quality (Ccs, Cl, norc, 
APRR-2) and disease resistance (Me-1, pm). Analysis of high heterosis in the hybrids revealed 
its diversified character for the majority of the signs studied, depending on the vegetation 
period conditions. According to the three-year average, the most frequent inheritance of 
yield was the dominance and overdominance followed by an increase in trait, whereas 
the inheritance of most biochemical characteristic have intermediate and overdominance 
types accompanied by a decrease in indicators. Based on the test results, we were able to 
identify hybrids that combine a high yielding capacity, a biological value of fruits and a high 
heterotic effect.
Key words: pepper; heterosis; yield and fruit quality.

1. Introduction
C. annuum fruits contain a large number of biologically ac-
tive substances, so this culture is important as the functional 
foods of people. An important direction in the breeding and 
genetics of this culture is the development of varieties and 
hybrids with a high yielding capacity and better biochemical 
characteristics. Considering that yielding capacity is a quan-
titative trait, where a summing effect of alleles leads to a high 
heterotic effect and quality traits are determined by a small 
number of alleles, some aspects of heterosis manifested by 
yield and fruit quality traits in F1 C. annum hybrids are given 
a brief overview in our research.

2. Materials and methods
As an experimental material, 9 parental forms and 16 F1 
hybrids of sweet pepper (crossing schemes 8 × 1 and 1 × 8) 
were studied in plastic unheated greenhouses (Table 1). Each 
line was selected using MAS methods with a specific set of 
genes for fruit quality and disease resistance: L 45-11 (1, ccs/
cl/norc427/pm), ‘Zholty buket’ (2, ZB, ccs/Сl/norc424/pm), 
L 160-10 (3, Сcs/Сl/norc427/Me1/pm), ‘Shokoladnaya krasa-
vitsa’ (4, SK, cl/Ccs/Me1/pm/norc427), ‘Cherniy Krasavec’ 
(5, CK, Сl/Сcs/pm/norc427), ‘Oranzhevoe naslаzhdenie’ (6, 
ON, ccs/Cl/norc427/Me1 /pm), ‘Sireneviy’ (7, Si, ccs/Cl/
norc424/APRR-2-likewh/pm), L-80 (8, Ccs/Cl/norc427/pm), 
and L 140/10 (9, Ccs/Cl /norc427/pm). The Ccs allele provides 
for capsanthin and capsorubin accumulation in fruits, while 
ccs ensures their absence (Lang et al., 2004). The cl allele 
slows down the destruction of chlorophyll (Borovsky et al., 
2008); norc affects ontogenetic stages (Babak et al., 2019). 
The APRR-like (white) allele is associated with the low accu-
mulation of pigments in fruits (Pan et al., 2013). The pm allele 
provides for resistance to powdery mildew (Paran et al., 2009) 
and the Me1 allele determines nematode resistance (Fazari et 
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al., 2012). The features of the traits’ manifestation in hybrids 
were evaluated during a three-year period (2016–2018) by 
the value of a dominance degree (Hp, Zhuchenko, 1980). As 
a standard, the pepper variety ‘Troika’ was used. 

3. Results and discussion
Fruit yield value is shown in Table 1.

Based on the data presented, three hybrids surpassed the 
standard variety ‘Troika’ for their early yield and 10 hybrids, 
for their commercial and total yielding capacity. The fruit mass 
of all test forms was higher than that of the standard. Hetero-
sis values in the hybrids varied depending on the conditions 
during the year. At the same time, according to average yield 
values, most hybrids showed dominance and overdominance 
towards the increased trait values, which is well illustrated 
by the peculiarities of the Нр value distribution in Figure 1.

Figure 2 shows the values of the measures reflecting the 
biochemical composition of the fruits.

By the content of dry matter, soluble carbohydrates and vi-
tamin C, most hybrids were not comparable with the standard 
variety, but they were inferior to the standard by a carotenoid 
content. Based on the three-year test results, valuable F1 hy-
brids were identified (L45-11 × ‘Shokoladnaya krasavitsa’, 
L45-11 × ‘Zhelty buket’, L45-11 × L140/0, L140/0 × L45-11), 
with a dry matter content of 8.18-8.77 %; carotene, 19.95-
32.73 mg/kg; vitamin C, 112.49-144.4 mg/kg; and soluble 
carbohydrates, 4.36–4.77 %. 

Figure 3 shows the inheritance of phenotypic manifesta-
tion of biochemical traits. According to the figures presented, 
heterosis effects in the hybrids studied are multidirectional, 
which is, in our opinion, determined by different compositions 
of fruit quality alleles. Furthermore, accumulation of dry mat-
ter and carotene in 50 % of the hybrids was inherited inter- 
mediately. 
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Table 1
Yield traits of pepper parental forms and their F1 hybrids (the average for 2016-2018).

N Sample designation Fruit yield, kg/m2 Fw*, g

Y* C* G*

1 L4511 0.15 2.93 3.01 113.7

2 ZB 0.41 3.76 3.93 120.3

3 L160/10 0.25 3.78 3.94 144.2

4 SK 0.11 4.69 4.77 155.1

5 CK 0.37 1.85 1.93 94.2

6 ON 0.53 3.61 3.72 118.6

7 Si 0.04 4.61 4.76 131.7

8 L80 0.24 3.50 3.64 157.3

9 L140/0 0.35 3.95 4.12 147.3

10 L4511 × L80 0.13 2.53 2.63 172.8

11 L4511 × ON 0.93 4.33 4.43 146.7

12 L4511 × Si 0.34 2.76 2.83 115.8

13 L4511 × SK 0.68 4.16 4.27 162.1

14 L4511 × L160/10 0.77 4.97 5.01 175.4

15 L4511 × CK 0.38 3.20 3.27 147.9

16 L4511 × ZB 0.69 3.63 3.79 127.8

17 L4511 × L140/0 0.29 3.55 3.71 154.9

18 L80 × L4511 0.60 4.11 4.22 164.9

19 L140/0 × L4511 0.74 4.23 4.40 136.6

20 ON × L4511 0.08 4.37 4.45 128.7

21 Si × L4511 0.23 3.43 3.49 136.9

22 SK × L4511 0.57 4.81 4.94 169.0

23 L160/10 × L4511 0.37 5.70 5.89 158.8

24 CK × L4511 0.91 4.21 4.23 122.4

25 ZB × L4511 0.91 3.76 3.92 136.5

26 Troika (st) 0.82 3.98 4.12 88.5

* Y: yearly’ C: commercial’ G: gross; Fw: fruit weight.

Figure 1. Peculiarities of dominance degree (Hp) manifestation in pepper 
hybrids by yield traits (average for 2016–2018 in %).

Figure 2. Manifestation of biochemical traits of the pepper parental 
forms and their F1 hybrids (the average for 2016-2018). Numbering of 
samples as in Table 1.

Fruit weightGross fruit yield

Yearly fruit yield Dry matter, % Carotene, mg/kgCommercial fruit yield

Vitamin C, mg/100g 
Soluble carbohydrates, %
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4. Conclusions
Our investigations generally show that, according to the three-
year average, the most frequent inheritance of yield was the 
dominance and overdominance followed by an increase in 
yield traits, whereas the manifestation of the most biochemical 
traits have an intermediate type and overdominance accom-
panied by a decrease in indicators. 

In this regard, we recommend to combine – in order to de-
velop highly productive hybrids with improved biochemical 
qualities and resistant to diseases – the methods of classical 
heterotic breeding to increase yielding capacity and MAS 
methods to enhance disease resistance and improve the bio-
chemical composition of fruits. 

Based on the test results, we were able to identify hybrids 
that combine a high yielding capacity, a biochemical value of 
fruits and a high heterotic effect. Three best hybrid combina-
tions with a complex of biometric features were selected and 
transferred to the State Inspection for Testing and Protection 
of Plant Varieties of the Republic of Belarus.
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Abstract: The aim of the work is to study the varieties and breeding samples of alfalfa 
in various ecotopes. Analysis of variance of the two-factor experiment showed that the 
resultative property ‘productivity’ primarily depends on the factor “ecotope” (68.7 %), while 
the factor “grade” determines it slightly (4.7 %). Their interaction does not have a strong 
impact (10.9 %). The share of the year conditions influence averaged 0.48 %. Analysis of 
variance of the two-factor experiment showed that the resultative property “seed yield” 
primarily depends on the factor “ecotope” (63.58 %), while the contribution of the factor 
“grade” is 5.45 %; the interaction of these factors has a significant impact (25.5 %). The share 
of the year conditions influence averaged 1.01 %. 
Key words: alfalfa;  various ecotope; mf-mutation; breeding; seed production.

1. Introduction
Alfalfa is one of the most important widespread ancient world 
cultures, which is a companion of intensive commercial live-
stock and livestock production, requiring for its develop ment 
a solid, stable and high-quality forage base. Alfalfa is a culture 
of multidisciplinary use. It is demanded both in agricultural 
production and in medicine and pharmacology. At the pres-
ent stage, the most intensive breeding work is being carried 
out with several species of the genus Medicago: M. sativa L. 
and M. varia Mart. (Lamb et al., 2007; Kurkina et al., 2017).

An important direction in the global breeding of alfalfa 
is the study of forms carrying a recessive genetic mutation 
of multiflora (mf-mutation). This mutation is controlled by 
a recessive gene (mj) and two genes that affect its expres-
sion (Bingham, Murphy, 1965; Petkova, 2010; Popescu et 
al., 2016). The mutation manifests most clearly in difficult 
environmental conditions and such forms show indicators of 
high quality (Dumacheva et al., 2018). 

Successful breeding work requires the creation of a system 
of sustainable seed production as an economic basis for the 
effective implementation of scientific achievements. The close 
cooperation of scientists of the Belgorod State University 
with one of the largest enterprises of the region, ZAO “Pri-
oskolye”, enabled the creation of a system for primary and 
elite alfalfa seed production based on the author varieties. The 
area of alfalfa tested in some years has reached 1.5 thousand 
hectares and the production of seeds with high reproduction 
rate, 300 tons/year. The investment from the use and sale of 
seeds makes it possible to finance breeding programs that use 
the method of recurrent selection, the method of polycross, 
the method of hybridization using mf-mutations, microclonal 
reproduction. 

The aim of the work is to study the varieties and breeding 
samples of alfalfa in various ecotopes; to elect source material 
for the selection of specialized varieties for special conditions 
of cultivation. 

2. Materials and methods
The research was carried out in 2016-2018 in the Chernyansky 
branch of the experimental plots of ZAO “Krasnoyaruzh-

skaya zernovaya kompaniya”, Belgorod region, Chernyansky  
district.

The plants were sown in the standard trial design. The plot 
area was 2 m2. The repetition was fourfold. The plots were 
double-row. The row spacing in the plot was 25 cm, 45 cm 
between the plots. Control varieties were placed through 
4 plots. As the standard, the variety Krasnoyaruzhskaya 1 was 
chosen, which was adopted as a regional standard during the 
State variety testing in 5 regions.

Trial variations: 
A-factor (variety population): 
A1: a zoned variety of M. varia Krasnoyaruzhskaya 1;
A2: a zoned variety of M. varia Krasnoyaruzhskaya 2;
A3: Vega 87;
A4: the breeding varieties of M. varia PPL 6/8;
A5: the variety population NZK 40 mf, which was obtained 

as a result of sampling from the local populations of M. varia 
growing in the floodplains of the Belgorod region on the basis 
of the presence of the mf-mutation. The selection condition 
was the expression of the mf-mutation above ‘3’ and a high 
degree of wax on the leaves. 

В: factor (ecotope, soil difference): 
B1: soil: chernozem typical, heavy-loamy, which was in a 

field crop rotation. The humus content was 5.1 %, the content 
of easily hydrolyzed nitrogen was 182 mg/kg, Р2О5 concen-
tration was 235 mg/kg, К2О concentration was 292 mg/ kg, 
pHKCl was 6.5;

B2: meadow-gley, light-loamy soil, on the plowed meadow 
in the floodplain of the Oskol river; 

B3: chernozem leached, sandy-loam, which was in the by-
farm crop rotation. The humus content was 1.9 %, the content 
of easily hydrolyzed nitrogen was 1–84 mg/kg, Р2О5 concen-
tration was 159 mg/kg, К2О concentration was 140 mg/ kg, 
pHKCl was 6.3.

Agrochemical studies of experimental plots were performed 
according to standard methods adopted in agrochemistry: 
humus was analyzed by the Tyurin method; easily hydrolyzed 
nitrogen, by the Kornfield method; mobile phosphorus and 
potassium compounds, by the Chirikov method. For equal-
izing planting the white mustard culture was used. Sowing 
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was carried out using a “Klen 5.4” electronic drill. Seeds were 
sown at a rate of 100 pieces per running meter.

The expression index was calculated as the sum of multi-
plication of number of plants (tillers) in each mf category on 
total number of plants (tillers) in population. Categories of mf: 
0, lack of mutation; 1, 1 mf-leaf on one stalk; 2, 2-3 mf-leaves 
on one stalk; 3, 4-5 mf-leaves on one stalk; 4, 6-7 mf-leaves 
on one stalk; 5, more than 8 mf-leaves on one stalk (Sheaffer 
et al., 1995). Statistical data processing was carried out with 
the use of the common software Microsoft Excel (2010).

3. Results and discussion
Selection work with alfalfa as a fodder crop is mainly aimed at 
achieving several main objectives: increasing the productivity 
of the forage mass in specific soil and climatic conditions, in-
creasing the collection of protein per unit area and increasing the 
digestibility of the forage mass. In parallel, the work for increas-
ing seed productivity as the basis for effective seed production 
is underway. The collection of dry matter obtained during the 
growing season of all variety samples in all studied ecotopes 
was calculated as an average for three years of research, which 
contributed to a full understanding of the processes of biomass 
formation during the growing season of alfalfa.

The first group included the variety samples both with a 
high rate of mf mutation (NZK 40 mf, А5) and a low gene 
expression (‘Krasnoyaruzhskaya 2’, А2), which have shown 
productivity at the standard level on average during the years 
of research. At the same time, on the chernozem soils, the 
variety Krasnoyaruzhskaya 2 (A2) had significantly exceeded 
the standard, by 24.7 % (Cv = 0.1 %), and NZK 40 mf (A5) 
showed productivity at the standard level (Cv = 3.5 %).

The yield of dry phytomass from alfalfa of the NZK 40 
mf variety sample (A5) on the meadow soil (an average over 
3 years of research) was higher than the standard by 87.5 % 
(Cv = 5.9 %). In individuals of ‘Krasnoyaruzhskaya 2’ (A2), 
on a meadow soil, productivity remained at the level of the 
standard (the variety Krasnoyaruzhskaya 1). On the sandy 
soils, the individuals of the variety populations of this group 
were close to the standard in phytomass productivity and did 
not exceed it by more than 4.9–5.6 % (Cv = 16.7–17.9 %).

The second group was formed by the variety Vega 87 (A3) 
and PPL 6/8 (A4) populations. On average, over the years of 
research in all ecotopes, they showed higher productivity than 
the standard. The variety Vega 87 (A3) population had shown 
productivity at the standard level only on the chernozem 
soils, and exceeded it by 22.3 and 10.2 % on the meadow and 
sandy soils, respectively. Individuals of the PPL 6/8 variety 
population (A4) showed above-ground productivity above the 
standard by 41.4; 28.6 and 10.5 % in all ecotopes, respectively 
(Cv = 2.2–14.2 %).

One of the important directions of research was assessing 
the tolerance of varieties and variety populations in the same 
ecotope conditions based on the degree of yield reduction. 
The alfalfa variety populations studied in the experiment were 
divided into several groups according to seed yield under dif-
ferent ecotopes. The research results showed that such variety 
populations as Vega 87 (A3) and NZK 40 mf (A5) had shown 
a good ecological suitability for meadow soils. Their average 
yield was 32.83 g/m2 on the сhernozem soils; on the sandy 

soils their productivity decreased by 50.2 and 70.3 %. On the 
meadow soils, the individuals had reduced their yield only by 
13.97 %, and in the variety A5 yield it remained at the standard 
level (Cv = 4.3 %). These forms had a general morphological 
difference from other forms, a pronounced waxy coating on 
the leaves. In the areas with сhernozem soil, a new promising 
variety sample, PPL 6/8 (A4), had shown its yield at the level 
of the varieties in the first group at Cv = 11.5 %. On sandy soil, 
the yield decreased by 36.56 % (Cv = 6.1 %); on meadow, by 
72.4 % (Cv = 33.1 %).

4. Conclusions
The zoned varieties Krasnoyaruzhskaya 1 and Krasnoya-
ruzhskaya 2 are differentially recommended for cultivation 
in the conditions of intensive crop rotation and low-producti-
vity soils.

Analysis of variance of the two-factor experiment showed 
that the resultative property “productivity” primarily depends 
on the factor “ecotope” (68.7 %), the factor “Grade” deter-
mines it slightly (4.7 %). Their interaction does not have 
a strong impact (10.9 %). The share of the year conditions 
influence averaged 0.48 %.

Analysis of variance of the two-factor experiment showed 
that the resultative property “seed yield” primarily depends on 
the factor “ecotope” (63.58 %), while the contribution of the 
factor “grade” is 5.45 %; the interaction of these factors has a 
significant impact (25.5 %). The share of the year conditions 
influence averaged 1.01 %.
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Abstract: Cultivated sunflower in one of the key plants used by humans. Nowadays 
sunflower is planted mainly for the seed oil. It takes position number four on the global 
seed oil market. Selection of hybrids with increased oil content and changed oil properties 
is one of the basic directions in sunflower hybrid breeding. Due to the extensive climate 
change and the growing human population, selection time became a serious bottleneck on 
the way to the production of new cultivars. High-throughput genotyping and phenotyping 
technologies can push forward sunflower breeding and help reducing time required for the 
selection process.
Key words: sunflower; oil composition; marker-assisted selection; genomic selection; 
phenotyping technologies.

1. Introduction
Sunflower is one of the most important oilseed crops, which 

takes position four in the global production of vegetable oil 
after palm, soybean, and rapeseed. It is known that oilseed 
content is influenced by both environmental conditions and 
genetic factors (Rauf et al., 2017). That’s why production of 
selection hybrids with changed oil properties is one of the key 
objectives of oilseed crop breeding (Jocic´, Miladinovic´, and 
Kaya 2015). Since the pioneering work of V.S Pustovoit in the 
1960s high seed oil content has become one of the principal 
directions in sunflower breeding (Vear 2016). The second 
crucial sunflower oil characteristic is seed oil composition 
which was altered during the transformation of sunflower 
from the wild-type to domesticated oilseed crop (Putt 1997; 
Burke, Knapp, and Rieseberg 2005). The main components of 
sunflower oil are triglycerides (about 95%), which are made 
up of three fatty acids (FAs) attached to glycerol by ester 
bonds. Nutritional and technical properties of sunflower oil are 
determined by the fatty acids (FA) composition (Garcés et al., 
2009). Genetic markers associated with certain oil phenotypes 
can be implemented in marker-assisted (MAS) or genomic 
selection (GS) in order to speed up the selection of sunflower 
cultivars with desirable oil characteristics (Dimitrijevic and 
Horn 2018).

2. Genetic markers for sunflower
Before NGS sequencing became widely available, sunflower 
genotyping and mapping were performed using RAPD (Ries-
eberg et al., 1993), RFLP (Lai et al., 2005), AFLP (Gedil et al., 
2001) and SSR markers (Tang et al., 2003). The availability 
of SNP-based markers revolutionized sunflower genetics. The 
first SNP study for sunflower was performed in 2005, 243 
SNPs were mapped (Lai et al., 2005). This study was followed 
up by the design of Infinium Beadchip containing 9,480 SNPs 
(Bachlava et al., 2012) and 25K SNP array (Livaja et al., 2016).

Another step was made by the implementation of genome 
complexity reduction techniques such as RAD sequencing 
(Bowers et al., 2012; Talukder et al., 2014) and GBS sequenc-
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ing (Celik et al., 2016). Such approaches made it possible to 
avoid expensive whole genome sequencing providing at the 
same time more opportunities compared to microarray tech-
nologies since the former can obtain short sequences-reads, 
covering the major part of the genome. Sunflower genome 
full assembly published in 2017 (Badouin et al., 2017) made 
it possible to perform large-scale genome-wide association 
studies (GWAS).

3. Phenotyping technologies
Efficient genotyping technologies should run side by side 
with efficient oil phenotyping technologies. For a long period 
of time the most common ways for plant oil phenotyping 
were gas chromatography-mass spectrometry (GS-MS) or 
gas chromatography-flame ionization detection (GC-FID) 
methods (Li-Beisson et al., 2010).

As an alternative to this technique, NMR spectroscopy 
(Popescu et al., 2015) may be used. Another method combin-
ing the advantages of fast high-resolution chromatographic 
separation with high-sensitivity and selectivity of mass-
spectrometric detection is UPLC-MS. This method was first 
proposed to be used for plant fatty acid profiling in Arabidop-
sis thaliana and diatoms (Bromke et al., 2013, 2015). Later, 
this method was validated for sunflower lipid oil profiling 
(Chernova et al., 2019).

4. Genome-wide association studies
High quality phenotype and genotype data can be used for 

genome wide association studies (GWAS). This analysis is a 
powerful tool for understanding the genetic content of com-
plex traits. GWAS was successfully implemented to many 
plant species including sunflower. In the case of sunflower, 
GWAS gave a new insight into flowering time (Bonnafous et 
al., 2018), male fertility restoration (Goryunov et al., 2019), 
seedling growth (Masalia et al., 2018), plasticity of oil yield 
for combined abiotic stresses (Mangin et al., 2017), basal and 
apical branching   (Nambeesan et al., 2015), flower morpho-
logical traits (Dowell et al., 2019), and others.
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5. Conclusions
According to the points discussed above, it can be concluded 
that NGS high-throughput genotyping can be combined with 
high-throughput molecular phenotyping technologies to per-
form GWAS in order to find significant associations between 
valuable oil characteristics and the genotype. Such associa-
tions can be implemented in sunflower genomic selection and 
push forward sunflower breeding strategies.
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1. Introduction
Rapeseed (Brassica napus) is an oilseed crop used worldwide 
for the production of vegetable oils. Rapeseed oil is the third 
most commonly produced vegetable oil in the world after palm 
and soy oil (List, 2016). In turn, the quality and the quantity 
of the oil are determined by phenotypic traits like plant archi-
tecture, oil composition, and resistance to unfavourable envi-
ronmental conditions. Thus, the plant breeders try to improve 
such traits in order to increase the effectiveness of harvesting, 
quality and preservation of the yield. One of the ways to create 
lines with favourable properties is by marker-assisted selec-
tion. There are several types of molecular markers including 
microsatellites, single nucleotide polymorphisms (SNPs), 
restriction fragment length polymorphism. In the recent years, 
SNPs have become popular due to the rapid development of 
high-throughput genotyping techniques that are widely applied 
for association studies in rapeseed. These techniques could 
be conditionally separated into two types: those including 
high- and low-density DNA-based arrays and those based on 
high- throughput sequencing, include whole-genome sequenc-
ing (WGS), genotyping by sequencing (GBS), and associative 
transcriptomics (Perez-de-Castro et al., 2012). In the present 
review, several studies that implement high-throughput geno-
typing for association mapping of agronomically important 
traits in rapeseed are discussed.

2. Plant architecture
Traits related to plant architecture in rapeseed include plant 
height, primary branch number, branching angle. Plant ar-
chitecture affects the effectiveness of photosynthesis, harvest 
convenience, and so several attempts have been made in order 
to determine underlying genetic factors. The SNPs associated 
with plant height were shown to be located close to the genes 
that encode enzymes related to the metabolism of gibberel-
lins, which, in turn, regulate growth processes in plants (Li 
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et al., 2016a). The novel markers for primary branch number 
were found in chromosome C7, all of them were adjacent 
to genes that encode transcription factors involved in plant 
development control (Li et al., 2016a). In the recent stu dies, 
Liu et al. (2016) identified potential markers associated with 
branch angle, the SNPs were located close to genes that 
encode enzymes for the metabolism of auxin which, in turn, 
regulates cell elongation. Another study by Li et al. (2017) 
also revealed several markers for the branch angle. It was 
demonstrated that potential candidate genes were presented 
by LAZY1 and TAC1 from the IGT gene family, which had 
been previously shown to control branch angle, leaf angle and 
shoot gravitropism in crops.

3. Oil composition
There are several compounds that are usually considered as 
ones affecting the quality of rapeseed’s vegetable oil, namely 
fatty acid (oleic, linoleic, erucic acids), glucosinolates, toco-
pherols. Glucosinolates, the secondary metabolites produced 
by Brassicaceae plants, and erucic acid are the compounds 
that reduce the quality of the oil by making it toxic and in-
appropriate for baking. In contrast, unsaturated fatty acids, 
namely oleic and linoleic as well as tocopherols possessing 
vitamin E activity, are considered as beneficial components 
of the oil. Several studies indicate that glucosinolate content 
is related to SNP adjacent genes that encode glucosinolate 
transporters and various transcription factors (Qu et al., 2015, 
Li et al., 2014, Wei et al., 2019). Loci associated with erucic 
acid content were present on chromosomes A8, A9, A10, C3, 
C8, C9 (Li et al., 2014; Havlickova et al., 2017; Qu et al., 
2017). The markers associated with fatty acid content were 
shown to be located close to the genes encoding fatty acid 
elongases, 3-ketoacyl-CoA synthases, and fatty acid desatu-
rases (Gacek et al., 2017; Qu et al., 2017). Using the associa-
tive transcriptomics approach, the ortholog of the VTE gene, 



231

which encodes tocopherol methyl transferase, was shown 
to determine tocopherol compositions (Havlickova et al.,  
2017).

4. Phenology
Phenological traits that affect the potential of rapeseed yield 
include flowering time, maturity time, earliness; these traits 
generally determine how much time plants invest in vegeta-
tive growth as well as in seed formation. The trait ‘flowering 
time’ has been widely studied in rapeseeds. Thus, potential 
flowering time markers were found near the following genes: 
CONSTANS, PHYTOCHROME B, FRIGIDA, FLOWER-
ING LOCUS T, FRUITFUL, FLOWERING LOCUS C, which 
has been previously demonstrated to regulate photoperiodic 
reactions in thale cress plants (Xu et al., 2015; Raman et al., 
2016). Phenological traits were more deeply investigated by 
Zhou et al. (2017) who were searching for associations for the 
timing of initial flowering, maturity and final flowering as well 
as the flowering period. It was demonstrated that these traits 
are related to 131 SNPs located within the loci that contain 
genes responsible for the flowering process.

5. Resistance to unfavourable  
environmental conditions
One of the key features that determine the yield amount is the 
ability to resist to biotic as well as abiotic environmental fac-
tors, which include high salinity, freezes, pathogens. Several 
recent association studies revealed genes and potential markers 
responsible for resistance to pathogens and unfavourable abiotic 
factors. Markers significantly associated with the resistance 
of rapeseed to Sclerotinia stem rot were found adjacent to the 
genes related to lignin biosynthesis, jasmonic acid pathway, 
defence response (Wei et al., 2016). Another study revealed 
associations with clubroot disease, notably, all potential markers 
were shown to be located near the genes that encode disease 
resistance proteins of the TIR-NBS family (Li et al., 2016b). Salt 
resistance markers were found by Wan et al. (2017), all SNPs 
were adjacent to salt-stress related genes encoding aquaporins, 
enzymes involved in the biosynthesis of proline. Electrolyte 
leakage was assessed in order to reveal markers for the freez-
ing tolerance of rapeseed, several associated loci were shown 
to contain genes that encode sulfur transport proteins, enzymes 
involved in abscisic acid biosynthesis, transcription factors 
related to development (Fiebelkorn et al., 2018).

6. Conclusions
Since rapeseed is an agronomically important plant for veg-
etable oil production, the number of studies on genetic factors 
underlying phenotype traits is constantly increasing. The 
most recent studies are generally devoted to traits related to 
plant architecture, oil composition, phenology and resistance 
to unfavourable environmental conditions. It should also be 
mentioned that modern high-throughput genotyping technolo-
gies have become more popular for these purposes due to 
high performance and relatively low costs. Recent insights in 
phenotype-genotype associations in rapeseed will facilitate the 
uncovering of new markers for agronomically important traits, 
which, in turn, will facilitate the improvement of rapeseed 
lines as well as the creation of new ones.
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1. Introduction
Marker-assisted selection represents an efficient selection 
method, the role of which in the modern cultivated crops’ 
selection programs is becoming more and more important. 
This selection type allows increasing efficacy of the selection 
process and shortening the time needed for developing new 
highly productive soybean varieties. 

GWAS (Genome-Wide Association Studies) used for the 
search of the quantitative trait loci employing gene linkage 
disequilibrium among neighboring SNPs provides a power-
ful genetic tool for associating phenotypes and genotypes. It 
allows detecting the soybean genetic variants that include the 
highest number of phenotypic traits.

2. Materials and methods
Currently the scientific research programs conducted in the 
“Biruch” Innovative center actively revolve around genetic 
selection studies aiming to develop a new highly productive 
soybean variety acclimatized to the weather conditions of 
the Central Black Earth region. This project incorporates the 
following works: selection of highly productive and resistant 
varieties, their marker analysis, sequencing and further GWAS 
analysis. The results presented within the framework of this 
research paper represent a detailed description of a single 
project stage that will be followed by further studies in the 
nearest future.

Empirical research employed microsatellite analysis for 
the soybean varieties’ genotyping for the protein content of 
the seeds and abortiveness of the ovaries. Markers were taken 
from open sources [2]. The analysis was based on the PCR 
method (C1000 Touch amplifier by BIO-RAD). Separation of 
DNA fragments of various sizes was carried out by means of 
electrophoresis on agarose gel (2 % agarose solution) using an 
electrophoretic chamber with a power source (manufactured 
by BIO-RAD). Visualization of PCR products was carried 
out using the gel imaging documentation system GelDoc XR 
by BIO-RAD.

The next stage of work involved the preparation of DNA 
libraries of 140 soybean varieties. We selected 50 varieties that 
had the best performance against the following parameters: 
productivity, photoperiodicity, drought-resistance, protein 
content in the beans, short vegetation period. The sequenc-
ing of 50 samples was carried out using Illumina technology 

at the Skolkovo Science Center and at Novogen Company. 
After obtaining the sequences, the primary data process-
ing was performed using the FastQC utility. The next stage 
concentrated on the selection of the suitable software based 
on the following criteria: the number of mapped reads, the 
number of properly paired reads, the time of mapping. As a 
result, BWA, Samtools, Hisat 2, and GATK software utilities 
were selected as the most efficient.

3. Results and discussion
Microsatellite markers (SSR) are considered the most infor-
mative, reproducible and relatively inexpensive class of DNA 
markers for genetic diversity studies. Therefore, the study of 
marker-associated economically valuable traits was performed 
using the method of microsatellite analysis.

Marker analysis of 30 soybean varieties was carried out 
within the framework of the present research work. Samples 
were selected on the basis of such characteristic as high adapt-
ability to the soil and climatic conditions of the Belgorod 
region. These samples were tested for a group of markers 
responsible for the protein content of the beans and abortive-
ness of the ovaries: 

The protein content: Satt 431; Satt 510; Satt 584; Satt 534; 
Satt 294; Satt 100; Satt 005; Satt 185; Satt 373; Satt 463; 
Satt 173; Satt 012; Satt 449; Pt 560; Sp; Pt 565 (Figure 1); 
abortiveness of the ovaries: Satt 150; Satt 291; Satt 567.

According to the results of the marker analysis focused on 
the size of amplicons after PCR, we obtained the following 
results:
• 1 sample shows a high number of protein markers (11 mar-

kers) and an average abortiveness rate (2 markers);
• 2 samples with an average number of protein markers 

(content greater than or equal to 7) and a low abortiveness 
rate (1 full marker, with a standard size, and 1 marker which 
size differs in electrophoresis detection);

• 10 samples show an average number of protein markers 
(content greater than or equal to 7) and the average abortive-
ness rate (2 markers);

• 8 samples have a low number of protein markers (from 2 
to 5) and the average abortiveness rate (2 markers);

• 3 samples show a low indicator of the protein markers’ 
number (from 2 to 5) and a high abortiveness rate (3 mar-
kers);
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• 2 samples show an average number of protein markers 
(from 5 to 8) and an average abortiveness rate (2 markers);

• 2 samples show a low indicator of the protein markers’ 
number (from 2 to 5) and a low abortiveness rate (1 marker);

• 2 samples show a low indicator of the protein markers’ 
number (from 2 to 5) and a high abortiveness rate (3 mark-
ers).
At present, the research in the sphere of genomic selection 

focuses mainly on finding additional microsatellite markers to 
increase the credibility of determination of sets of significant 
polymorphisms associated with certain traits. In prospect, it 
seems relevant to continue the studies and assess the influ-
ence of each marker on the manifestation of the certain traits. 
Alongside this process, we conduct the phenotyping of the 
varieties and identifying the most significant polymorphisms 
associated with economically valuable traits. The analysis 
results are summarized in a database for subsequent statistical 
data processing.

The determination of heterozygous plants (true hybrids) is 
conducted with the help of such markers as Satt 002, Satt 005, 
Satt 009, Satt 011, Satt 012, Satt 063, Satt 100, Satt 114, 
Satt 146, Satt 173, Satt 179, Satt 185, Satt 228, Satt 294, 
Satt 358, Satt 373, Satt 431, Satt 431, Satt 440, Satt 463, 
Satt 510, and Satt 547.

Another way to improve the credibility of determination 
of the sets of significant polymorphisms associated with a 
particular trait is through the use of the GWAS approach.

Currently, the sequencing of 50 soybean varieties has 
already been carried out and the samples were prepared 
for further GWAS analysis. Plant sequencing data was first 
processed using the FastQC utility. An array of the software 
packages tested for their efficiency in processing the data for 
comparison of the given samples with the reference sample 
included Hisat 2, BWA and Bowtie2. The results of the pro-
gramms’ comparison were as follows:
• HISAT2: 211,072,918 reads mapped, 167,295,328 properly 

coupled (79.26 %); mapping time ~1 hour.

• Bowtie2: 172,162,173 reads mapped; 154,655,842 properly 
coupled (89.83 %); mapping time ~6 hours.

• BWA: 183,090,700 reads mapped: 163,507,646 properly 
coupled (90.40%); mapping time ~2 hours.
After a thorough analysis, the BWA utility was chosen as 

the most productive of the data processing utilities. Samtools 
and Hisat 2 allowed us to prepare a reference genome, align 
the reads, convert them from sam* to bam* format, sort and 
index them. To obtain g.vcf* files, we used the GATK soft-
ware. As a result, we obtained files containing information 
about the SNPs. 

4. Conclusions
In order to increase the credibility of microsatellite analysis 
results, it is necessary to increase the number of markers used, 
assess the connection of each of them to the manifestation of 
certain traits and accumulate a statistically accurate database 
of phenotypic traits.

Another way to increase the effectiveness of the analysis 
of the genotype-phenotype associations (including quantita-
tive traits) is through the use of GWAS analysis. To obtain 
a representative sample list, it is necessary to carry out the 
sequencing of other 90 variety samples.

When processing sequencing data, it is essential to use 
a set of utilities to improve the accuracy and speed of ana- 
lysis.
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Figure 1. The results of electrophoresis in 
agarose gel with primers of microsatellite locus 
Pt 565 (fragment length 183 pairs nucleotides). 
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1. Introduction
T. kiharae (AtAtGGDD, 2n = 42) is of interest for the improve-
ment of bread wheat as a source of high grain protein and 
gluten content and resistance to many diseases (Pukhalskiy, 
Odintsova, 2007). The use of T. kiharae to improve T. aesti-
vum L. is complicated by the fact that the degree of chromo-
some homology between their genomes is low, which leads 
to an imbalance of sets of chromosomes in gametes of the 
first generations, and, therefore, and to their low fertility. As 
a result, the elimination of part of the genotypes in subsequent 
generations occurs, which reduces the range of inherited va-
riety, and the possibility of selection of valuable forms with 
the required combinations of genes. The aim of this study was 
to analyze the genomic structure and cytological stability of 
hybrid forms obtained in crosses of common wheat varieties 
with T. kiharae. 

2. Materials and methods
In this study, F10 lines were obtained at the Institute of Ge-
netics and Cytology of NAS of Belarus from three cross 
combinations of common wheat T. aestivum varieties with 
T. kiharae: line 31 (‘Rassvet’ × T. kiharae); lines 19, 20-1, 25-2 
(T. kiharae × ‘Saratovskaya 29’); lines 28, 34-1, 34-2 (T. ki-
harae × ‘Festivalnaya’). Cytological slides and the procedure 
of C-banding were conducted according to the methodology 
of Badaeva et al. (1994). The slides were analyzed using an 
Amplival microscope (Carl Zeiss Jena) with apochromatic 
100x lens. Selected metaphase plates were photographed us-
ing a Leica DC 300 digital video camera. The images were 
processed using the Adobe Photoshop graphic editor. Geno-
typing of the lines and parental varieties was performed using 
SSR markers (WMC, GSM, GSM) mapped in the genome 

Abstract: Monitoring of the process of the introgression of foreign chromatin in the 
genome of common wheat is the key to the success of the enrichment of the wheat 
gene pool of agronomically important genes from related species. In the karyotypes of 
the hybrid lines derived from crosses between common wheat varieties and T. kiharae, 
the presence of whole chromosomes of T. kiharae (intergenomic substitution 2G/2B), 
chromosome arm substitutions (centric translocation Т2AtS:2AL) and large inserts in the 
form of intercalary translocations involving homoeologous group 1, 3 and 5 chromosomes 
of the B and G genomes using C-banding was found. Molecular markers revealed small 
introgressed fragments of T. kiharae into the genomes of common wheat varieties. The 
highest frequency of introgressions is shown for chromosomes 1A, 1B, 2A, 5B, and 6A. 
A high level of cytological stability (meiotic index was 88.18–93.0 %) was noted for the 
majority of introgression lines, which provides the formation of functional gametes in a 
number sufficient for successful reproduction. The exceptions are lines 34-1 and 34-2 with 
structural rearrangements of the chromosome 5B, affecting the functioning of the main 
genes for chromosome synapsis, which results in a significant decrease in meiotic index 
and negatively affects plant productivity.
Key words: T. aestivum; T. kiharae; wheat introgression lines; genomic structure; cytological 
stability.

of hexaploid wheat (Somers et al., 2004). The conditions of 
polymerase chain reaction (PCR) are described in Röder et 
al. (1998). Separation of PCR fragments was performed on 
an ABI PRISM 3100 automatic sequencer (Applied Biosys-
tems, USA). The program GenAlEx M. 6.5 (Peakall, Smouse, 
2012) was used for processing the results of SSR analysis, for 
calculation of the number of alleles and the index of genetic 
diversity H. Microsporogenesis was studied on squash slides. 
For each cross combinations and parental forms, 30 plates of 
metaphase I and 50–80 cells of the following stages of meiosis 
were analyzed: anaphase I and II, metaphase II, tetrads. Statis-
tical analysis of the data was carried out using Microsoft Excel.

3. Results and discussion
To identify the T. kiharae genetic material in the genome of 
the introgression lines, two approaches were used: C-banding 
and DNA markers with known chromosomal localization. 
A combination of both methods provides the most objective 
assessment of the genomic composition of the lines. Analysis 
of hybrids with the help of C-banding revealed only one event 
of introgression of the At genome, the centric translocation 
T2AtS:2AL, which occurs in the disomic state in all plants 
of line 19. As for the G genome, the transfer of its chromatin 
was carried out mainly due to the formation of intercalary 
translocations, resulting in the formation of recombinant arms 
of the chromosome containing genetic material from both 
wheat species. In total, the lines studied revealed four types of 
translocations: Т1ВЅ.1BL-1GL in line 20-1, T3GS-3BS.3BL 
and Т5GS.5GL-5BL in line 25-2 and Т5ВЅ.5ВL-5GL in lines 
34-1 and 34-2, and all these recombinant chromosomes were 
present in the karyotypes of plants in the disomic state. Only 
one line (28) showed introgression of the whole chromosome 
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from the G genome in the form of intergenomic 2G(2B) sub-
stitution. At the same time, there were no changes in C-band 
pattern in line 31 compared with the parental wheat variety. 
This may be associated with a direction of crosses: in this 
case, the wheat variety served as the maternal component of 
hybridization. 

Molecular analysis of the hybrid lines was carried out using 
72 SSR markers, of which 59 revealed polymorphism between 
the parental wheat varieties and T. kiharae. The number of 
postulated introgression fragments expected in the analyzed 
lines varied from four to eight, with the greatest number noted 
in line 19. No alleles specific to T. kiharae were found in plants 
of line 31, which is consistent with the results of C-banding.

Using SSR markers, amplification of PCR fragments spe-
cific to T. kiharae was found in chromosome 1B (lines 19, 
20-1, 25-2 and 28); in the short arm of chromosome 3B (lines 
19 and 25-2). Single introgressed fragments in chromosomes 
2BL, 6BS and 7BS were detected only in lines 28, 19 and 34-1, 
respectively. All lines except line 28 showed changes in the 
long arm of chromosome 5B. It can be noted that for the lines 
with introgression of large fragments of T. kiharae chromatin, 
data of microsatellite analysis coincide with the results of 
C-banding. The results obtained indicate a high frequency of 
introgression of T. kiharae genetic material to the genomes 
of the lines studied with a predominance of short fragments 
detected by molecular markers. 

One of the problems with hybrid forms of cereals is disrup-
tion of correct progression of meiosis with the formation of 
univalent and multivalent associations. In this regard, a com-
parative study of chromosome behavior at different stages of 
microsporogenesis in hybrid lines and their parental forms was 
of great interest. Analysis of the metaphase I stage revealed 
a high level of bivalent chromosome pairing in all F10 hybrid 
lines (Table 1). 

The greatest number of pollen mother cells (PMC) with 
disorders at this stage of meiosis (73.3 %) and the maximum 
number of univalents (6.0–3.3 % of MCP) was found in line 
34-2 containing a pair of aberrant T5BS.5BL-5GL chromo-
somes, which is probably associated with a change in the 
expression of the Ph1 locus caused by structural reorganiza-

tions of chromosome 5B. At the same time, the negative effect 
of introgression of chromatin of chromosome 5G in the line 
34-1 from the same combination of crosses with a similar 
intercalary translocation is less pronounced: the number of 
PMCs with disorders is 26.6 %, which, however, is 3-4 times 
higher than the indicator for the lines without introgressions in 
chromosome 5B. These dissimilarity may be due to different 
lengths of the translocated alien fragment.

The meiotic index of F10 lines isolated from the ‘Rassvet’ × 
T. kiharae and T. kiharae × ‘Saratovskaya 29’ cross combina-
tion was 6–9 % lower than in the parental wheat varieties, but 
exceeded the 90 % level. Even in line 25-2, for which in meta-
phase I of meiosis the weakening of synapsis was noted due to 
stabilization of structural reorganizations of the karyotype. The 
lowest meiotic index was pointed out in lines 34-1 and 34-2 
from the T. kiharae × ‘Festivalnaya’ cross combination (77.0 
and 55.83 %, respectively). This fact is in good agreement with 
the data obtained by analysis of the chromosome behavior of 
these lines at metaphase I and confirms the negative impact 
of structural rearrangements identified in chromosomes 5B 
in these lines. The impact of the genetic background of the 
parental wheat variety ‘Festivalnaya’ on the cytological stabil-
ity of these lines should not be excluded either. This wheat 
cultivar has the lowest meiotic index among the wheat variet-
ies included in the hybridization (see Table 1). In general, the 
data obtained during the analysis of microsporogenesis allow 
us to conclude that the level of cytological stability achieved 
in F10 by the majority of the introgression lines ensures the 
formation of functional gametes in a number sufficient for the 
successful reproduction of the hybrid material.

4. Conclusions
The results of our study indicate that during the stabilization 
of the karyotypes of hybrids obtained from crossing common 
wheat varieties with Kiharae wheat, introgression of T. kiharae 
genetic material into the T. aestivum genome is carried out both 
as short translocated fragments, detected only with molecular 
markers, and as whole chromosomes (intergenomic substitu-
tions) and large fragments (centric and intercalary transloca-
tions). The conditions for the preservation of alien substitu-

Table 1
Chromosome conjugation in metaphase I and the meiotic index in common wheat lines containing T. kiharae genetic material

Genotype Bivalents, pcs Univalents, pcs Meiotic index

31 20.97 ± 0.03 0.07 ± 0.06 92.0

19 20.9 ± 0.06 0.2 ± 0.11 93.0

20-1 20.93 ± 0.05 0.13 ± 0.09 92.0

25-2 20.77 ± 0.10 0.47 ± 0.21 90.91

28 20.93 ± 0.05 0.13 ± 0.09 88.18

34-1 20.7 ± 0.09 0.6 ± 0.19 77.0

34-2 20.13 ± 0.12 1.8 ± 0.26 55.83

‘Rassvet’ 21.0 ± 0 0 99.0

‘Saratovskaya 29’ 20.97 ± 0.03 0.07 ± 0.06 99.0

‘Festivalnaya’ 20.97 ± 0.03 0.06 ± 0.06 84.55

T. kiharae 20.8 ± 0.09 0.4 ± 0.18 80.0
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tions and translocations in the genome of common wheat is 
a shift in the disomic state, as well as the participation in the 
formation of chromosomes of orthologous genomes. Under 
these conditions, there are no significant disturbances of the 
process of formation of gametes, which ensures the successful 
reproduction of introgression lines in a number of generations. 
The exception is introgressions affecting the functioning of 
the main genes for chromosome synapsis, which results in a 
significant decrease in meiotic index and negative effects on 
the productivity of plants.
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1.  Introduction
In most species, centromere identity is defined by the presence 
of the centromere-specific variant of histone H3 denoted in 
plants as CENH3. In most diploid plant species, including 
cereals, maize and rice, CENH3 is encoded by a single gene 
(Talbert et al., 2002; Zhong et al., 2002; Nagaki et al., 2004). 
But some diploid species in the tribe Triticeae (Triticum, 
Hordeum, Aegilops) possess two CENH3 forms, αCENH3 and 
βCENH3 (Yuan et al., 2015; Sanei et al., 2011). Previously we 
showed the occurrence of two main forms of protein for most 
rye (the genus Secale) species and subspecies. In the rye spe-
cies, two CENH3 genes have different intron-exon structures 
and the nucleotide identity between αCENH3 and βCENH3 
is 81–83 %, with the main amino acid sequence difference in 
NTT domain and in α1-helix and loop 1 of the HFD domain 
(CATD) (Evtushenko et al., 2017). Because of the acquisi-
tion of the second form of the histone CENH3 (βCENH3) by 
some Triticeae species, it is of great interest to explore the 
functions of the two distinct forms of this central component 
of centromere identity. We suppose that a comparative study 
of the expression levels of αCENH3 and βCENH3 in different 
tissues will shed light on this problem. 

2. Materials and methods
Plant material. Leaves from tiller, stem, anther, carpel and 
grain tissue samples were collected from vernalized Secale 
cereale cv. ‘Imperial’ plants. Radicle, coleoptile and 3rd leaf 
tissue samples were collected from germinated grains. Tissues 
were characterized using the Zadoks two-digit code system 
(Zadoks et al., 1974).

RNA isolation and cDNA synthesis. Total RNA was 
isolated from individual plants using the TRIzol method 
(TRI Reagent, MRC) and treated by a DNA-free TM Kit 
(Invitrogen) according to the protocol. First-strand cDNA was 
synthesized from 3.6 μg of total RNA by FireScript Reverse 
Transcriptase (BiolabMix).

RT-PCR analysis and primer design. 25 μl of PCR mix-
ture contained 1 μl of diluted cDNA template, 12.5 μl of Bio-
Master HS-qPCR SYBR Blue (2×) (BiolabMix) and 0.3 mM 
of the each forward and reverse primers for each gene, except 
βCENH3 reverse primer (0.2 mM). Reactions were performed 
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in triplicate by the LightCycler ® 480 Instrument II (Roche) 
using the following conditions: 95 °C for 5 min, followed by 
45 cycles at 95 °C for 15 s, at the annealing temperature of 
62 °C for 20 s, and at 72 °C for 30 s. Melting curves were 
performed to control primer dimers. Three reference genes 
were used for normalization of the level of αCENH3 and 
βCENH3 transcripts. References were selected according to 
the study of T. aestivum reference genes (Paolacci et al., 2009) 
(Table 1). Primers for amplifying reference transcripts were 
selected using contigs of theS. cereale genomic sequences of 
orthologous genes (BioSample: SAMEA3928734 BioProject: 
PRJEB13501).

Primers for amplifying αCENH3 and βCENH3 transcripts 
were designed based on the nucleotide sequences of Secale 
cereale alpha and beta centromeric histone H3 mRNA previ-
ously obtained in our laboratory (MG384772.1, MG384763.1, 
MG384780.1, MG384775.1). Primers were selected prefer-
entially on the boundaries of exons to avoid the influence of 
genomic DNA. Sequencing reactions of cloned amplicons 
were carried out to check the PCR products. The efficiency 
of both αCENH3 and βCENH3 primers was determined by 
qRT-PCR using 5X-dilution series of cDNA template. Melting 
curves were performed to control primer dimers. Experimental 
data were treated by LC480 software. Relative Quantification 
analysis with the high-confidence 2nd Derivative max method 
was used.

3. Results and discussion
Previously two main variants of centromere-specific histone 
H3 proteins, αCENH3-v1 and βCENH3-v1, and their two 
minor variants, αCENH3-v2 and βCENH3-v2, were character-
ized in Secale species, according to the differences in size and 
amino acid substitutions (Figure 1) (Evtushenko et al., 2017). 
The αCENH3-v1 cDNA sequence in the cultivated rye Secale 
cereale is 501 bp in length and the associated protein consists 
of 166 amino acids. βCENH3-v1 is distinct from αCENH3-v1 
in that the former has several deletions in the NTT and the 
insertion of three nucleotides in the HFD. Thus, βCENH3-v1 
has an overall length of 456 bp and encodes a protein made up 
by 151 amino acids. Most of the NTT amino acid sequences 
in αCENH3 and βCENH3 do not align well with each other. 
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The αCENH3-v2 sequences were 492 bp in length, that is, 
they were shorter αCENH3-v1. These two αCENH3 variants 
have different amino acids at some positions. The sequence 
of βCENH3-v2 is 6 bp longer than βCENH3-v1, so that it 
possesses two additional amino acid residues of threonine in 
the NTT domain, and furthermore both variants have differ-
ent amino acids at some positions. Taking into account all the 
above, primers for comparative RT-PCR analysis in this work 
were designed in that manner to distinguish the αCENH3 and 
βCENH3 forms but to consider the expression ratio of both 
respective variants, v1 and v2 of αCENH3 and v1 and v2 of 
βCENH3. 

The RT-PCR assay shows that both forms of the centromeric 
histone H3, αCENH3 and βCENH3, are expressed in all inves-
tigated tissues of the rye Secale cereale subsp. cereale ‘Impe-
rial’. The highest level of expression of both forms, αCENH3 
and βCENH3, was observed in carpel tissue, where the value 
for the αCENH3 product was nearly two times the value for 
βCENH3 – 30 % for αCENH3 and 17 % for βCENH3 (values 
in percentage represent average transcription levels normal-
ized to the geometric mean of three references). The second 
place in terms of transcription level of CENH3 belongs to 
anther tissue, where expression level of αCENH3 was equal to 
that of βCENH3 on average, unlike the carpel tissue (11 % for 
αCENH3 and 11 % for βCENH3). Expression is also relatively 
high in radicle tissue (7 % for αCENH3 and 3 % for βCENH3) 
and tissue of grain (embryo and endosperm) that is just starting 
to develop (11 % for αCENH3 and 4 % for βCENH3). In the 
other tissues investigated, namely coleoptile, tissue of third 
leaf, leaves from tillering plants and stem tissue, the lowest 
expression levels of both CENH3 forms were observed (not 
higher than 4 %). 

Table 1
List of references used in the work and their functions according to the Identification and validation of reference genes  
for quantitative RT-PCR normalization in wheat (Paolacci et al., 2009)

Ref. 
gene

T. aestivum 
UniGene cluster

T. aestivum gene annotation GO Biological Process GO Molecular Function

1 Ta2776 Similar to RNase L inhibitor-like 
protein

Transport, protein folding ATP-binding, ATPase activity, Electron 
carrier activity (ABC transporter)

2 Ta54227 Cell division control protein  
48 homolog (AAA-superfamily of 
ATPases)

Protein transport, cell division ATP binding, Nucleoside-triphosphate 
activity

3 Ta53967 Vacuolar ATP synthase 16 kDa proteo-
lipid subunit

Proton transport (ATP synthesis 
coupled proton transport)

Hydrogen ion transporting ATPase  
activity, rotational mechanism

It was previously shown that both αCENH3 and βCENH3 
forms are included in barley centromeres during cell division 
(Ishii et al., 2015). Similar results were obtained for rye cen-
tromeres in our laboratory. Thus, both these forms are involved 
in the process of cell division. Moreover, it was demonstrated 
that the levels of expression of two CENH3 forms vary across 
different tissues of barley (Ishii et al., 2015). Similarly, we de-
monstrate that the expression ratio of αCENH3 and βCENH3 
of rye varies depending on the type of tissue. However, our 
RT-PCR assay does not show any dramatic differences in the 
expression of αCENH3 and βCENH3 that are characteristic of 
barley, where the transcription level of βCENH3 significantly 
exceeded the transcription level of αCENH3 in all tissues. The 
expression levels of both CENH3 forms show not equal but 
comparable values in most rye tissues. Probably the variations 
in the expression ratio reflect tissue-specific requirements for 
CENH3 forms in rye.

4. Conclusions
We demonstrate that the expression ratio of αCENH3 and 
βCENH3 of rye varies depending on the type of tissue. The 
expression levels of both CENH3 forms show not equal but 
comparable values in most Secale cereale tissues. 

References
Evtushenko E.V., Elisafenko E.A., Gatzkaya S.S., Lipikhina Y.A., 

Houben A., Vershinin A.V. Conserved molecular structure of the 
centromeric histone CENH3 in Secale and its phylogenetic relation-
ships. Scientific Reports. 2017;7:17628. DOI 10.1038/s41598-017-
17932-8.

Ishii T., Karimi-Ashtiyani R., Banaei-Moghaddam A.M., Schubert V., 
Fuchs J., Houben A. The differential loading of two barley CENH3 
variants into distinct centromeric substructures is cell type- and 

Figure 1. Alignment of the amino-acid sequences of two αCENH3 and βCENH3 variants existing in Secale cereale.

S.S. Gatzkaya et al. Expression profile of two CENH3 genes in different tissues of the Secale cereale. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;238–240



240

development-specific. Chromosome Res. 2015;23:277–284. DOI 
10.1007/s10577-015-9466-8.

Nagaki K., Cheng Z., Ouyang S., Talbert P.B., Kim M., Jones K.M., 
Henikoff S., Buell C.R., Jiang J. Sequencing of a rice centromere 
uncovers active genes. Nat. Genet. 2004;36:138–145.

Paolacci A.R., Tanzarella O.A., Porceddu E., Ciaffi M. Identification 
and validation of reference genes for quantitative RT-PCR normal-
ization in wheat. BMC Mol. Biol. 2009;10:11. DOI 10.1186/1471-
2199-10-11.

Sanei M., Pickering R., Kumke K., Nasuda S., Houben A. Loss of cen-
tromeric histone H3 (CENH3) from centromeres precedes uniparen-
tal chromosome elimination in interspecific barley hybrids. Proc. 
Nat. Acad. Sci. USA. 2011;108:498–505.

Talbert P.B., Masuelli R., Tyagi A.P., Comai L., Henikoff S. Centro-
meric localization and adaptive evolution of an Arabidopsis histone 
H3 variant. Plant Cell. 2002;14:1053–1066.

Yuan J., Guo X., Hu J., Lv Z., Han F. Characterization of two CENH3 
genes and their roles in wheat evolution. New Phytol. 2015;206: 
839–851.

Zadoks J.C., Chang T.T., Konzak C.F. A decimal code for the growth 
stages of cereals. Weed Research. 1974;14:415–421.

Zhong C.X., Marshall J.B., Topp C., Mroczek R., Kato A., Nagaki K., 
Birchler J.A., Jiang J., Dawe R.K. Centromeric retroelements and 
satellites interact with maize kinetochore protein CENH3. Plant 
Cell. 2002;14:2825–2836.

Acknowledgements. This research was financially supported by 
the Russian Fundamental Scientific Research Program (project 0310-
2019-0003) and the Russian Foundation for Basic Research (grant 17-
04-00748a). 

Conflict of interest. The authors declare no conflict of interest.

S.S. Gatzkaya et al. Expression profile of two CENH3 genes in different tissues of the Secale cereale. 
Current Challenges in Plant Genetics, Genomics, Bioinformatics, and Biotechnology. 2019;238–240



241conf.bionet.nsc.ru/plantgen2019/enPlant cytogenetics in the genomic  
and postgenomic era

1. Introduction
Triticale derived from crossing wheat and rye is the first 
synthetic allopolyploid cereal. The main impetus for the 
development of triticale was the idea of obtaining a wheat-
rye hybrid that combines a high yield and grain quality as 
in wheat with adaptation and tolerance to abiotic and biotic 
factors as in rye. Yet triticale is a promising model for study-
ing the rapid changes in the hybrid genomes associated with 
severe rearrangements in the genomes of the parental forms, 
which is the most vivid manifestation of the “genomic shock” 
which occurs when the parents’ genomes are combined in 
a hybrid cell (McClintock, 1984) and is accompanied by 
various chromosomal abnormalities, including those affect-
ing the centromere structure. Incompatibility of centromeres 
of different species seems to be the main reason for the 
chromosome elimination of one of the parental genomes 
in the hybrids (Sanei et al., 2011; Ishii et al., 2015). In the 
present study we carry on a karyotypic analysis of octoploid 
triticale derived from common wheat ‘Triple Dirk D’ × rye 
‘Korotkostebel’naya 69’. Then, we performed a comparative 
analysis of the nucleotide sequences of the N-terminal tail 
of the CENH3 genes in wheat–rye allopolyploids of various 
ploidy as well as their parental forms.

2. Materials and methods
Allopolyploids (genome AABBDDRR) were synthesized by 
crossing isogenic line Triple Dirk D (Triticum aestivum L.) 
(AABBDD) with the rye (Secale cereale L.) cv. Korot-
kostebelnaya 69 (RR). Young F1 seedlings were treated 
with 0.05 % colchicine solution, and allopolyploids were 
obtained after chromosome doubling. Although most of 
the F1 plants were sterile, a few F2 seeds were obtained and 
F2 seedlings carrying more than 5-7 seeds were chosen for 
further work. Primary octoploid triticale from the ‘Triple 
Dirk D’ × ‘Korotkostebel’naya 69’ cross was designated as 
TDK. The lines were propagated for several generations by 
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strict self-pollination. Three lines of F3-F6 plant generations 
were analyzed: TDK 92, 94 and 96. The chromosome number 
was determined by staining chromosomes after Feulgen (De 
Tomasi, 1936). The DNA probes for FISH-assisted identifica-
tion of rye chromosomes were pSc 200, pTa71. The tandem 
repetitive sequence, pSc200 and the clone pTa71 were labeled 
by biotin-16-dUTP (Roche) and digoxigenin-11-dUTP (Roche 
for FISH analysis. These probes were hybridized to mitotic 
metaphase chromosomes of the parental rye and allopoly-
ploids. Total RNA was isolated from young leaves of rye, 
wheat and allopolyploids using TriReagent (MRC); cDNA was 
created and used in a PCR series as a template with primers 
synthesized specially for amplification of the N-terminal tail 
(NTT) of rye αCENH3(αScCENH3). The product was 268 bp 
in size. PCR products were cloned into plasmid pTZ57R/T 
and Sanger-sequenced.

3. Results and discussion
We performed a karyotypic analysis of 30 plants of wheat-rye 
allopolyploids, F3 generation. The chromosome number in the 
somatic cells of these plants was different, ranging from 52 to 
56 chromosomes. Then two F3 plants were chosen for further 
analysis and designated as TDK 94 (55 chromosomes) and 
TDK 96 (56 chromosomes). The progenies of these plants 
were analyzed in F4, F5 and F6 generations. The total number 
of chromosomes and the number of rye chromosomes were de-
termined in the lines in each generation. Two plants of TDK 96 
(TDK 96.1 and TDK 96.2) preserve the full sets of 56 chromo-
somes in F4-F6, while the progenitors of the third plant (TDK 
96.3) lose individual chromosomes in subsequent generations 
with the minimum chromosome number 41 in F6. DNA probe 
pSc200 gives a chromosome-specific FISH pattern allowing 
identification of all rye chromosomes. FISH signals of probe 
pSc200 are localized at both arms of all 14 chromosomes of 
the parental rye ‘Korotkostebel’naya 69’ (Figure 1, a). Ad-
ditionally, pTa71 was used for identification of chromosome 
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1R in the allopolyploids. Stable octoploid triticales (2n = 56) 
preserved the R genome chromosomes throughout generations 
F3-F5 (Figure 1, b). Unstable triticales produced by lines 92, 
94 and plant 96.3 have lost chromosome arms, individual 
chromosomes and sets of seven chromosomes.

An interesting fact is that only wheat chromosomes are 
eliminated, while the whole set of the rye chromosomes is 
present in all analyzed plants including those that have lost 
entire wheat genomes (2n = 41, 42, 49). FISH with pTa71 
demonstrated that rye chromosome 1R carrying the genes 
coding for centromeric histone CENH3 is present in all studied 
lines (see Figure 1, b).

To uncover possible relationships between chromosome 
elimination and CENH3 activity in triticale, the coding se-
quences of the αCENH3 NTT were analyzed in 8 F3-F5 hybrid 

Figure 1. Fluorescent in situ hybridization (FISH) of pSc200 and pTa71 on the spreads of metaphase chromosomes of a root tip of (a) Secale cereale 
cultivar Korotkostebel’naya 69 (b) octoploid triticale (2n = 56, line TDK 96F3). Note: White arrows point to rye chromosomes.

Table 1
Distribution of specific non-synonymous SNPs across the N-tail of CENH3 of wheat, diploid rye and octoploid triticale

Plants Number  
of clones

Number of forms with SNPs at positions of ORFs, %

28 32 50 56 73 82 84 99 122 130 145

T. aestivum Triple Dirk D (AABBDD), 2n = 42 18 11.1 5.6 55.6 55.6 27.8

Korotkostebel’naya 69 (RR) diploid rye, 2n = 14 23 8.7 7.4 7.4 30.4 21.7

Octoploid triticale F3:

plant 1, (2n = 56), TDK 96_1 18 5.6 5.6 16.7 5.6 5.6 11.1 5.6 5.6

plant 2 (2n = 52), TDK 92 6 17 16.7 16.7 33.3

plant 3 (2n = 54), TDK 92 10 30 10 10

Octoploid triticale F4 (derived from F3 plant 1):

plant 1 (2n = 56), TDK 96_1 20 5 5 35 10 10 10 15 5

plant 2 (2n = 56), TDK 96_2 20 10 5 30 10 10 10

plant 3 (2n = 49), TDK 96_3 15 6.7 33.3 6.7 6.7 6.7 6.7 6.7

Octoploid triticale F5 (derived from F4 plant 2):

plant 1 (2n = 56), TDK 96_1 14 7.1 50 7.1

plant 2 (2n = 43), TDK 96 15 57.1 7.1 14.3 14.3

plants with different chromosome numbers (2n = 43–56) 
and in their parental forms. The sequencing of randomly 
selected clones from wheat and diploid rye revealed 99 % 
identity between parental CENH3s at a nucleotide level. 
However, CENH3 rye and wheat variants have specific posi-
tions (Table 1). The top number of SNPs in wheat is mapped 
to nucleotide positions 82 and 84 (55.6 % of wheat clones). 
These substitutions in rye CENH3 are very rare. SNPs at 
four rye-specific positions (28, 73, 122, and 145 bp) were 
identified within CENH3 ORFs. These substitutions are non-
synonymous. We revealed that the wheat-rye allopolyploids 
contain all nucleotide substitutions that are specific for the 
parental rye form. This implies that rye-specific CENH3 
forms are successfully synthesized in the wheat cytoplasm. 
The distribution of rye-specific and wheat-specific SNPs 
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in CENH3 sequencesfrom the triticale hybrids suggests a 
preferred synthesis of rye CENH3. This conclusion is in a 
good agreement with the fact that CENH3 genes are located 
on chromosome 1R (Lipikhina et al., 2017). A special case 
is the rye-specific substitution at position 73 of the αCENH3 
nucleotide sequence, which is not present in the parental wheat 
cultivar. F3-F5 triticale plants increase the synthesis of CENH3 
copies with SNPs at position 73 bp, typical of rye CENH3 
(16–57 % in the clones) (see Table 1).

With this substitution, CENH3 loses the only serine phos-
phorylation site predicted for the rye N-tail. It is possible that 
the lack of posttranslational CENH3 modifications reduces the 
diversity of CENH3 forms and assists the meiosis setting of a 
complex hybrid genome.

4. Conclusions
Fluorescence in situ hybridization (FISH) karyotyping 
of primary octoploid triticale revealed that individual 
chromosomes and whole genome chromosomes were 
eliminated, but the chromosomes of R genome were retained 
in triticale lines through generations F3-F6. Both rye and 
wheat variants of CENH3 were expressed in the wheat-rye 
allopolyploids, regardless of how many chromosomes were 
ultimately lost. However, it is not yet clear whether all the 
expressed CENH3 variants are integrated in the centromeres of 

the hybrids’ chromosomes. Taken together, our results provide 
evidence for the involvement of the CENH3 N-tail structure 
in the formation of new hybrid genomes.
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Abstract: Triticale-wheat hybrid lines from collection of the Genetic Resources Institute 
of ANAS (Azerbaijan) significantly differ in the ear morphology (manifestation of the 
vaviloid type of spike branching), in some quantitative traits, and in karyotypes. Karyotypic 
differences are mainly associated with chromosomes of the second homeologous group. 
The chromosomes 2D are replaced by a pair of rye chromosomes, presumably 2R in all the 
studied lines. Some lines have telocentric chromosomes, presumably corresponding to 
the short arm of a wheat chromosome 2D. We also observed rye chromosomes variability 
in different lines: loss of one arm or the deletion of subtelomeric heterochromatin 
accompanied by the loss of the pSc119.2 signal.
Key words: triticale-wheat hybrid lines; vaviloid type of spike branching; karyotype; FISH.

1. Introduction
The wheat forms with the spike branching are studying al-
ready about a hundred years. However, there is still a lot of 
unexplained. Sham ramification (Martinek, 1998) or vaviloid 
type of branching is trait in species Triticum vavilovii (Thum.) 
Jakubz. (BBAADD). In this case, additional spikelets on the 
rachis node do not develop, but lengthening of the spike axis, 
on which many flowers form, is observed. Sham ramification 
was also found in tetraploid wheat T. jakubzineri Udacz. et 
Schachm. (2n = 4x = 28). Aliyeva and Aminov (2013) showed 
that forms with a vaviloid type of spike branching can occur 
as a result of distant hybridization. This article is dedicated to 
the study of the triticale-wheat hybrid lines with the vaviloid 
type of spike branching.

2. Materials and methods
The collection of wheat forms with the vaviloid type of spike 
branching consists of lines obtained from crossing a stable 
wheat-rye amphiploid (triticale) BBAARR (2n = 6x = 42), 
used as the maternal form with the local variety of common 
wheat T. aestivum var. velutinum (2n = 6x = 42, BBAADD). 
Triticale was obtained by Professor Aminov in 1975 from 
hybridization of synthetic wheat BBAADD (T. durum × 
Ae. tauschii var. meyeri, catalog number in VIR – k-45918) 
with weed rye Secale cereale ssp. segetale (2n = 2x = 14, RR). 
Hybrid populations were studied for 10 years in an open field 
at the Absheron experimental base of the Genetic Resources 
Institute of ANAS. The forms with the vaviloid type of spike 
branching began to appear from the generation F4. Estima-
tion of the morphological and quantitative traits of these lines 
was conducted.

A molecular-cytological analysis of the lines was carried 
out using the methods of genomic in situ hybridization (GISH) 
with S. cereale genomic DNA and fluorescent in situ hybridiza-
tion (FISH) with probes that allow the identification of wheat 
and rye chromosomes:

pAs1 – a 1-kb fragment derived from Ae. tauschii, which 
allows the identification of the D-genome chromosomes 
(Rayburn and Gill, 1986b);

pSc119.2 – a 120-bp-long sequence isolated from rye (Bed-
brook et al., 1980), which hybridizes mainly to the B- genome 
chromosomes (Mukai et al., 1993).

3. Results and discussion
Aliyeva and Aminov (2011) showed that sham ramification 
or vaviloid type of branching controlled by one recessive 
gene. Subsequently, Amagai et al. (2014) localized the sham 
ramification 1 (shr1) gene, which controls the false branch-
ing of the T. jakubzineri spike, on the long arm of chromo-
some 5A. In the same work, it is shown that the recessive 
gene, shr2, localized on the long arm of chromosome 2A, 
controls the false branching of T. turgidum spike. However, 
differences are found between the phenotypes of T. turgidum 
and T. jakubzineri after a detailed analysis of the spike struc-
ture. The trait controlled by the shr2 gene is isolated into a 
separate morphotype – false-true ramification (Amagai et al.,  
2017).

The rye has forms with the spike branching too. One of 
the genes associated with the emergence of such forms, mon-
strosum ear 1 (mo1), was mapped in the short arm of the 2R 
chromosome (Benito et al., 1991).

Dobrovolskaya et al. identified key regulators of cereal 
inflorescence development – the Wheat FRIZZY PANICLE 
homoeologous genes (WFZP-A, WFZP-B and WFZP-D) in 
the genome of common wheat (Dobrovolskaya et al., 2015). 
They found that mutations in the functional domain of the 
WFZP-D and WFZP-A genes result to the formation of addi-
tional supernumerary spikelets and the branched spike. It was 
detected that the contribution of the WFZP-A, WFZP-D and 
WFZP-B, localized on 2AS/2BS/2DS, in the genetic control of 
the trait “supernumerary spikelets” of common wheat is not the 
same. The most functionally active copy of the gene, WFZP-D, 
belongs to the subgenome D. Research of different “super-
numerary spikelets” wheat lines done by Dobrovolskaya and 
co-authors showed that replacement of the 2D chromosome 
and deletions in the short arm of this chromosome can affect 
the spike morphology. The appearance of wheat forms with 
supernumerary spikelets or branched spike in result of distant 
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Figure 1. Manifestation of the vaviloid type of spike branching trait in 
different triticale-wheat hybrid lines. Spikes (а) and spikelets (b).

Figure 2. Examples of karyotypes of different hybrid lines: 2n=39W+2R-
del +2tW (а); 2n=40W+2R-del +1tW (b); 2n=41W+2R-del +1* (c); 2n= 
40W+1R+1tR (d). The probes: pAs1 – red; pSc119.2 – green (a, b, c); rye 
DNA – green (d).
Note: W − wheat, R − rye, t − telocentric chromosome, R-del − rye chromosome 
with deletion of subtelomeric heterochromatin; the arrows indicate wheat 
telecentrics; the asterisk indicates chromosome, which was apparently formed 
because the centric fusion of two wheat telocentrics.

hybridization can serve as a marker of rearrangements of the 
second homeologous group of chromosomes.

Triticale-wheat hybrid lines with the vaviloid type of 
spike branching obtained in the Genetic Resources Institute 
of ANAS (Azerbaijan) are significantly different in mor-
phological characteristics of the ear (Figure 1) and in some 
quantitative traits, such as the number of grains in main spike, 
the grain weight in main spike. The number of grains in main 
spike varies between 27-123 in different lines, the grain weight 
in main spike ranges from 1-4.5 grams.

The lines karyotype analysis revealed a chromosomal 
instability, the number of chromosomes varies from 42 to 
44 (Figure 2). Molecular-cytological analysis showed that 
the chromosomes of the B-genome are not changed. The 
chromosomes 2D are replaced by a pair of rye chromosomes, 
presumably 2R in all the studied lines. The number of A-
genome chromosomes varies from 12 to 14. In addition, some 
lines have telocentric chromosomes, with the subtelomeric 
hybridization signals of pSc119.2 (see Figure 2, a, b). Presum-
ably, these telocentrics correspond to the short arm of wheat 
chromosome 2D. In one of the lines, we found a chromosome 
without pair, which was apparently formed because the centric 
fusion of two telocentrics (see Figure 2, c).

We also observed rye chromosomes variability. We de-
tected the loss of one arm (see Figure 2, d) or the deletion of 
subtelomeric heterochromatin accompanied by the loss of the 
pSc119.2 signal (see Figure 2, a–c) in different lines. Earlier, 
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Alkhimova with co-authors (Alkhimova et al., 1999) observed 
similar changes when studying rye chromosome variability 
in wheat-rye addition and substitution lines.

4. Conclusions
Thus, at this stage of the study, we found that the triticale-
wheat hybrid lines from collection of the Genetic Resources 
Institute of ANAS (Azerbaijan) significantly differ in the ear 
morphology (manifestation of the spike branching trait), in 
some quantitative traits, and in karyotypes. Karyotypic differ-
ences are mainly associated with chromosomes of the second 
homeologous group. We also found that the lines themselves 
are heterogeneous in karyotypic characteristics (the number 
of chromosomes, the presence of telocentrics). Therefore, we 
plane to choose contrasting lines in terms of the manifestation 
of the spike branching trait and characterize the individual 
plants at the next stage of the work. Molecular-genetic analysis 
is also required for accurate identification the rye chromo-
somes and wheat telocentric chromosome.
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Identification of univalent chromosomes in monosomic lines  
of the Gossypium hirsutum L. cotton type  
with the help of cytogenetic markers
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1. Introduction
Works on the creation of translocation tester sets, which were 
obtained from five plant species — maize, barley, pea, rye, and 
tomato — are widespread. M.S. Brown et al. (1980) obtained 
62 G. hirsutum translocation lines using X-, γ, Bikini radiation 
and irradiation of seeds or pollen of various varieties with fast 
neutrons, as well as several lines. In 58 of these lines, two 
nonhomologous chromosomes were involved; in three, three 
chromosomes in each; and in one, four. For identification and 
numbering of chromosomes, studies were conducted on the 
assignment of translocated chromosomes to subgenomes. As 
a result of the identification, it turned out that chromosome 
26 was not involved in any of the translocations and was 
determined by the exclusion method.

For many years, the National University of Uzbekistan has 
been conducting studies on the induction of cotton plants with 
various chromosomal aberrations using various methods of 
induced mutagenesis. As a result, a unique cotton cytogenetic 
collection was created, including monosomic, monotelodi-
somic and translocation lines (Sanamyan et al., 2014). This 
article discusses the unified identification of univalent chro-
mosomes in monosomic cotton lines using a well-defined 
tester set of cotton translocation lines with identified chro- 
mosomes.

2. Materials and methods
Hybrid monosomic cotton plants obtained from crossing 
monosomic lines of the cytogenetic collection of cotton 
G. hirsutum L. of the National University of Uzbekistan 
(NUUz) with a well-defined tester set of cotton translocation 
lines from the Cotton Cytogenetic Collection at Texas A&M 
AgriLife Research served as material for research. Cytoge-
netic translocation markers were kindly provided by Professor 
David Stelly through the ARS-USDA exchange program. In 
the process of cytological analyses, meiosis was studied at 
the stage of metaphase 1 (MI) in pollen mother cells (PMC).

Abstract: The lack of clear morphological markers of cotton chromosomes contributed to 
the development of an unconventional method for marking chromosomes using translo-
cations. Cytogenetic identification and numbering of univalent chromosomes in 25 mono-
somic lines of the NUU cytogenetic collection using a set of test lines with identified 
chromosomes made it possible to establish that four monosomic lines have univalent of 
chromosome 2; 15 lines, of chromosome 4; four lines, of chromosome 6; one line, of At- 
sub genome chromosome 7; and one line, of cotton Dt-subgenome chromosome 18. The 
remaining 21 lines were duplicates of the three non-homologous chromosomes.
Key words: cotton (G. hirsutum L.); translocation lines; identification of univalent chromo-
somes.

3. Results and discussion
As a result of cytogenetic analysis of hybrids obtained from 
crossing monosomic cotton lines with the tester set of trans-
location lines with identified chromosomes, it turned out that 
in the case of crosses with six translocation lines – TT 2L-6R, 
TT 2L-3Lb, TT 2R-3La, TT 2R-8Ra, TT 2R-8Rb and TT 2R-
14R – homology of univalent chromosomes was established 
in four monosomic lines (Mo11, Mo16, Mo19 and Mo93) 
and one of the translocated chromosomes in the above trans-
locations, since 24 bivalent plus one trivalent translocations 
in M  I meiosis were observed (Figure 1, a). In the tester line 
TT2L-6R, chromosomes 2 and 6 are involved in translocation; 
in the TT2L-3Lb and TT  2R-3La lines, chromosomes 2 and 3 
are involved in translocation; in the TT2R-8Ra and TT 2R-
8Rb lines, chromosomes 2 are involved in translocation with 
chromosome 8; and in the TT2R-14R line, chromosomes 2 
and 14 are involved in translocation. Therefore, one of these 
chromosomes is homologous to the univalent chromosome 
in the monosomic lines Mo11, Mo16, Mo19 and Mo93. 
Since in six translocation lines one common chromosome 2 
is involved, the univalent chromosomes in the monosomic 
lines Mo11, Mo16, Mo19 and Mo93 are chromosome 2 of 
the At subgenome of cotton, and these monosomic lines are 
duplicates. In the analysis of hybrids obtained from crosses of 
seven cotton monosomic lines (Mo31, Mo70, Mo72, Mo73, 
Mo75, Mo76, Mo89) with two tester translocation lines, 
TT4L-19R and TT4R-15L, the homology of the univalents of 
these seven lines with one of the translocated chromosomes 
was established since monosomic translocation hybrids in MI 
meiosis showed 24 bivalents plus one trivalent.

In the tester line TT4L-19R, chromosomes 4 and 19 are 
involved in translocation, and in TT4R-15L, chromosomes 4 
and 15 are involved in translocation, therefore, one of these 
three chromosomes is homologous to the univalent chromo-
some in the monosomic lines Mo31, Mo70, Mo72, Mo73, 
Mo75, Mo76, and Mo89. Since one common chromosome 4 
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is involved in both translocation lines, the univalent chromo-
somes of the monosomic lines Mo31, Mo70, Mo72, Mo73, 
Mo75, Mo76, Mo89 are cotton At-subgenome chromosome 4, 
and these monosomic lines are duplicates.

The study of hybrids of the other eight monosomic lines of 
cotton (Mo7, Mo38, Mo58, Mo59, Mo60, Mo69, Mo71 and 
Mo81) was carried out with only one of two translocation 
lines, TT4L-19R or TT4R-15L. As a result, the homology of 
the univalents of these eight lines with one of the translocated 
chromosomes was established, since monosomic translocation 
hybrids in MI meiosis showed 24 bivalents plus one trivalent 
(Figure 1, b). Since chromosomes 4 and 19 are involved in 
translocation in the tester line TT4L-19R, and chromosomes 
4 and 15 are involved in translocation in the TT4R-15L line, 
therefore, one of these three chromosomes is homologous to 
the monosomics Mo7, Mo38, Mo58, Mo59, Mo60, Mo69, 
Mo71 and Mo81. Since one common chromosome 4 is in-
volved in both translocation lines, it can be assumed that the 
univalent chromosomes in Mo7, Mo38, Mo58, Mo59, Mo60, 
Mo69, Mo71 and Mo81 are chromosome 4 of the cotton At-
subgenome, and these monosomic lines are duplicates. The 
chromosomal locations of chromosome-specific SSR mark-
ers on F1 hybrids with the participation of lines Mo7, Mo38, 
Mo58, Mo59, Mo60, Mo69, Mo71 and Mo81 confirmed these 
data (Sanamyan et al., 2016).

In the study of four monosomic cotton lines (Mo13, Mo34, 
Mo67, Mo95) using four translocation lines, TT 3L-6L, TT 6L-
7L, TT 6L-10R, and TT 6L-14L, the homology of the univalent 
chromosomes of these four monosomic lines was established 
and one of the translocated chromosomes in the above-listed 
translocations, since 24 bivalents plus one trivalent were 
observed in monosomic translocation hybrids in MI. Since 
one common chromosome 6 participates in four translocation 
lines, the univalent chromosomes of the monosomic lines 
Mo13, Mo34, Mo67, Mo95 are chromosome 6 of the cotton 
At subgenome, and these monosomic lines are duplicates.

The study of the monosomic line Mo27 in four crosses, 
Mo27 × TT 1L-7L, Mo27 × TT 7L-12R, Mo27 × TT 7R-11R 
and Mo27 × TT 7R-21R, revealed univalent chromosome and 
one of the translocated chromosomes, because monosomic 

hybrids in MI showed pairing chromosomes in the form of 24 
bivalents and one trivalent. Since one common chromosome 7 
is involved in the four translocation lines, the univalent chro-
mosome in the monosomic line Mo27 is cotton At-subgenome 
chromosome 7.

In the study of the monosomic line Mo 48 in one variant 
of crossing with the translocation line TT7L-18R in the MI 
of meiosis, 24 bivalents plus one trivalent were found, which 
indicated the homology of the univalent chromosome in 
Mo48 and one of translocated chromosomes in transloca-
tion line TT7L-18R. Because in the tester line TT7L-18R, 
chromosomes 7 and 18 are involved in translocation, the 
univalent chromosome in the monosomic line Mo48 is ho-
mologous to one of the two chromosomes. Unfortunately, 
there is no second translocation line in the tester set of lines 
with identified chromosomes that involved chromosome 18. 
Therefore, to determine to which of the two chromosomes of 
this translocation line the univalent chromosome of Mo48 is 
homologous, molecular genetic analysis of the monosomic 
interspecific F1 hybrid (Mo48 × Pima3-79) was used, which 
showed the presence of only a G. barbadense-specific SSR 
marker band (BNL3280) and the absence of the respective 
G. hirsutum allele (Sanamyan et al., 2016). Because this SSR 
marker had previously been assigned to chromosome 18 of 
the Dt subgenome of cotton, we can assume that the mono-
somic line Mo48 of the NUU collection has a monosomy on 
chromosome 18 of the Dt subgenome.

4. Conclusion
The use of translocation lines with identified chromosomes 
allowed us to bring the numbering of univalent chromosomes 
in the monosomic lines of our collection to conformity with 
the generally accepted nomenclature. Cytogenetic identifica-
tion and numbering of univalent chromosomes in 25 mono-
somic lines of the cytogenetic collection of NUU allowed 
us to establish that four monosomic lines have univalent of 
chromosome 2; 15 lines, of chromosome 4; four lines, of 
chromosome 6; one line, of At-subgenome chromosome 7; 
and one line, of cotton Dt-subgenome chromosome 18. The 
overwhelming majority of monosomic lines were detected 

Figure 1. “Critical configurations” of the chromosomes at meiotic metaphase 1, showing 24 bivalents and 1 trivalent in cotton F1 
hybrid monosomic plants from the crosses: a – Mo16 × TT2R-8Rb; b – Mo58 × TT4L-19R (24II + 1III).

a b
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by the most frequently registered cotton monosomics – by 
chromosomes 2, 4 and 6.

A comparative analysis of the first 20 identified monoso-
mics of cotton obtained in the USA revealed similar trends, 
since the study revealed 7 monosomics on chromosome 2, 
seven on chromosome 4, three on chromosome 6 and one 
on chromosomes 1, 17 and 18 (Brown, Endrizzi, 1964). The 
similarity of the data obtained in the study of different col-
lections indicates that, despite the differences in genotypic 
environments and methods for producing monosomics, cotton 
has a surprising coincidence of data on a higher frequency of 
monosomics appearing precisely on chromosomes 2, 4 and 6, 
while monosomics on other chromosomes of the set appear 
at a much lower frequency, and eight non-homologous chro-
mosomes (At-subgenome 5, 8, 13 and cotton Dt-subgenome 
14, 15, 19, 22 and 24) have never been detected (Saha et al., 
2012). Apparently, the centromeric regions of certain chro-
mosomes are subject to more frequent breakdown events 
and the genome as a whole remains tolerant to the loss of 
large At-subgenome chromosomes without much effect on 
viability and fertility, while the chromosomes of some small 
Dt-subgenome chromosomes are not subject to any changes 
due to incompatibility with vitality.
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