[image: image77.jpg]APPENDIX B

Patent research report

REPORT

«Institute of plant biology and bi

academicia%)f AS RK,

t of bio

for the implementation of the project 1328/ I'DS "QTL mapping of agronomic traits of durum wheat Triticum durum Desf. based on genome-wide association study"
in accordance with the budget program: 055 "Scientific and / or scientific and technical activities", subprogram 101 "Grant funding for scientific research", the
Patent Law of the Republic of Kazakhstan and ST RK GOST R 15.011-2005 “System of product development and launching into production. Patent research.

Content and procedure "
Stage of work: final
Start of search: 2005 End of search: 2020

Table B.6.1. — Patent documentation

Search subject
(object of study,
its constituent

Country of issue,
Type and number of

the title of protection.

Applicant (patentee),
A country. Application number, date
Priority, conventional

Invention title (full model,
sample)

* Information about the validity

of the title of protection or the
reason for its cancellation (only

parts Classification Priority, publication date for analysis of patent purity)
Index*
1 2 3 | 4 5
QTL, MAPPING, USA USA Authors of the patent: QTL "Mapping as-you-go" filing application:
GENETIC MAP, US 8.039.686 B2 Dean Podlich (US); Mark Cooper (US); Chris 2004-06-22
ASSOCIATION 18.10.2011 Winkler (US) patent publication:
MAPPING | 20.01.2005
USA USA Authors of the patent: Improved molecular breeding  filing application:
PCT/US2011/071 David Habier methods 2014-12-22
889 patent publication:
02.07.2015 02.07.2015

39





[image: image2.jpg]Supervisor of SRW:
Head of laboratory

Cand. Biol. Sci, professor

Responsible implementers:

Chief Researcher,
Dr. Biol. Sci., professor

Researcher

Implementers:

Senior Researcher, PhD

Senior Researcher, PhD

Junior researcher

Junior researcher

Norm controller:

LIST OF IMPLEMENTERS

2 E.K. Turuspekov
(introduction, sections 1-
3, conclusion)

signature, d;
19.40. 20

@ ‘4.Abugalieva

— (introduction, abstract,
signature, date

;? 10. Z&O

section 3, appendices)

S.N. Anuarbek
(section 3.1, 3.3-3.7)

signature, date
/9.10. 2020

CM G 0.4 § S Almerekova

signature, dafe (sections 3.1.2, 3.5)

A K. Zatybekov
(sections 3.1, 3.5)

"y A.Y. Amalova
(sections 3.4, 3.7)

Y.A. Genievskaya
(sections 3.1, 3.6)

signatufe, date
196, 2020

Q% ot wh
signature, dat
ERE

D.S. Akhmetova





ABSTRACT

Report 114 p., 1 book, 12 fig., 21 tab., 81 ref., 6 append.
Durum wheat, cultivars, genomics, QTL mapping, yield components, KASP markers
Research object. Collection of tetraploid wheat, consisting of 368 cultivars and lines of various geographic origin.
Objective of the study – Identification of quantitative trait loci (QTL) associated with adaptability and yield components of durum wheat Triticum durum Desf., based on the association mapping (GWAS) approach.

Methods. DNA isolation and purification, polymerase chain reaction, microsatellite analysis, electrophoresis in 1.5% agarose and 6% acrylamide gels, KASP analysis, determination of grain quality, structural analysis of yield. Statistical softwares (TASSEL 5.0, GAPIT R, etc.) were used in the work.
Results and their novelty. A collection of spring durum wheat grown in 2 randomized replicates in two regions of Kazakhstan in 2018-2020 was studied according to phenology and productivity traits. The grain quality analysis was carried out on the studied collection. The level of variability was determined and the most valuable accessions of durum wheat in terms of productivity and grain quality were identified. Microsatellite analysis of the durum wheat collection was carried out. The quantitative trait loci associated with agronomically valuable traits were identified. In total, 83 stable (identified in two or more environments) QTLs were identified for 7 valuable traits. At the same time, 32 QTLs were found both for the south-east and for the north of the country. Genotyping of 29 durum wheat cultivars of Kazakhstan and Russia and 15 SSTC lines of the Karabalyk agricultural breeding station was carried out using 32 KASP markers developed from studies on common wheat, and 20 KASP markers identified from the GWAS analysis of tetraploid wheat. A patent for a utility model based on a set of KASP markers was obtained.
Application fields: genetics, biotechnology and crop breeding.

Informative SSR and KASP markers, as well as perspective accessions of durum wheat, can be successfully used in breeding and genetic programs aimed at improving economically valuable traits.
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ABBREVIATIONS
In this research report, the following abbreviations and symbols are used

	ANOVA
	–
	analysis of variances

	GWAS
	–
	genome wide association study

	CIMMYT
	–
	(Centro Internacional de Mejoramiento de Maíz y Trigo) – International Maize and Wheat Improvement Centre

	ICARDA
	–
	International Center for Agricultural Research in the Dry Areas

	INRA
	–
	(Institut national de la Recherche Agronomique) –  French National Institute for Agricultural Research 

	INRAT
	–
	(Institut National de Recherche Agronomique de Tunis) – National Agricultural Research Institute of Tunisia

	IRTA
	–
	(L'Institut de Recerca i Tecnologia Agroalimentàries) – Institute for Food and Agricultural Research and Technology

	KASP
	–
	KBiosciences competitive allele specific PCR genotyping system

	MLM
	–
	mixed linear model

	NCBI

	–
	National Center for Biotechnology Information

	PCR
	–
	polymerase chain reaction

	PSB
	–
	(Società Produttori Sementi) – Italian seed company

	SSR  
	–
	simple sequence repeats

	SNP
	–
	single nucleotide polymorphism

	QTL
	–
	Quantitative Trait Loci

	MTA
	
	Marker-trait association

	DNA
	–
	Deoxyribonucleic acid

	VIR
	–
	Vavilov all-Russian Institute of Plant Genetic Resources

	GOST
	–
	Technical standards maintained by the Euro-Asian Council for Standardization, Metrology and Certification (EASC)

	GDI
	–
	Gluten deformation index

	КRIAP
	–
	Kazakh Research Institute of Agriculture and Plant growing

	SSTC
	–
	State Seed Trial Committee

	SC
	–
	Science Committee

	МES
	–
	Ministry of Education and Science

	AES
	–
	Agricultural Experiment Station


Introduction
Durum wheat (Triticum durum Desf.) is one of the important cereals in the World and Kazakhstan [1]. In this regard, a stable increase in the production of high-quality grain, including durum wheat, is one of the important directions for ensuring food security, both in the world and domestically [1]-[2]. The dissemination of modern knowledge and the use of new technologies in genetics and breeding is an important factor in the success of the implementation of scientific research results in applied science. Unfortunately, almost all breeding establishments of Kazakhstan still use only traditional classical breeding methods in their work, while their colleagues in developed countries are successfully mastering new genomic technologies, which makes it possible to significantly speed up and modernize the breeding process to create highly productive and high-quality cultivars. In this regard, a comparative study of the genetic resources of durum wheat of Kazakhstan and world collection using both traditional breeding methods and modern methodologies of molecular genetics and genomics, marker-mediated breeding is highly relevant.
The project was carried out within the framework of the budget program 217 "Development of Science", subprogram 102 "Grant financing of scientific research". Priority: 4. Life and health sciences. Sub-priority: 4.1 Basic and applied research in biology. – Physiological, biochemical and molecular genetic mechanisms of plants, animals and humans, their adaptation to biotic and abiotic factors of the environment. Inventory numbers of interim reports: 0218RK00776 (2018), 0219RK00455 (2019).

At the stage of topic developing and the project course, patent research was carried out with a retrospective search depth of 2020-2005. (Appendix B). The following informational databases of the search were used: Database of inventions and utility models "Patents of Kazakhstan" of the National Institute of Intellectual Property of the Ministry of Justice of the Republic of Kazakhstan, Database "Abstracts of Russian patents", Republican Scientific Agricultural Library, Database of the Russian Central National Agricultural Library, Espacenet, U.S. Patent and Trademark Office, NCBI and others. The list of used foreign information resources is given in Appendix B. Analysis of local and foreign literature has shown that in Kazakhstan, similar work has not yet been carried out at the molecular genetic level to study the genetics of durum (tetraploid) wheat and genome-wide association analysis (GWAS).

The goal of the project is to identify quantitative trait loci (QTL) associated with adaptability and yield components of durum wheat Triticum durum Desf., based on the use of phenotypic data, genome-wide genotyping of the collection under study, and the association mapping method.
Project objectives (Appendix G):

1. Phenotypic study of a durum wheat collection, consisting of 300 local and foreign cultivars and lines, in two regions of Kazakhstan.

2. Genotyping of durum wheat cultivars and lines of Kazakhstan using SNP markers (KASP technology).

3. Genetic diversity assessment of the durum wheat collection based on the use of microsatellite DNA markers.

4. Biochemical analysis of grain quality in the durum wheat collection of Kazakhstan
5. Identification of QTLs of agrinomically valuable traits of durum wheat based on the use of association mapping.

6. Analysis of the effectiveness of KASP-markers to identify valuable genotypes and their use in breeding programs.

To implement this project, the authors and main participants have done preliminary work on the formation of a durum wheat collection – a foreign collection of durum wheat has been obtained, consisting of 215 cultivars and lines, multiplied after the corresponding quarantine in Kazakhstan in 2017. This set is a part of a general collection of more than 300 accessions (including the Kazakh gene pool) for its large-scale study in two regions of Kazakhstan (North – North Kazakhstan region and South-East – Almaty region). The leader and main participants of this project have certain experience and scientific groundwork in this area of ​​research [3]-[8], were participants in an international project on adaptation of wheat to various eco-geographical conditions, supported by the 7th Framework Program of the European Union (https://www.jic.ac.uk/adaptawheat/index.htm). The results obtained made it possible to identify new loci and effective DNA markers for breeding, which can be successfully used both domestically and abroad. In particular, new efficient and economical KASP markers have been created for economically valuable traits associated with increasing the yield and quality of durum wheat.     
Highly qualified specialists in genetics, biochemists and breeders were directly involved in the implementation of the goal and objectives of this project aimed at studying the genetics of durum wheat (Appendix A). The phenotyping of the durum wheat collection in the North of the country was carried out by the North-Kazakhstan Agricultural Breeding Station, the responsible participant was Fedorenko E.N. Young specialists who have undergone scientific internships in large world scientific centers abroad (England, Italy), PhD-students of Al-Farabi KazNU, undergraduates of the biological faculty of Al-Farabi KazNU. In the course of this project, local specialists are actively cooperating with colleagues from Bologna University (Bologna, Italy) and Research Center for Cereal and Industrial Crops (Foggia, Italy). A scientific internship for a PhD- student on the topic of research complited at Bologna University (Bologna, Italy) in 2019 year.
Scientific and technical level. To accomplish the goal and objectives of the project, modern methods and approaches were used. Molecular genetic, biochemical and breeding studies were carried out using the appropriate material and technical base and methodologies. The available measuring devices were periodically subjected to metrological verification. For genotyping of durum wheat, modern classes of DNA markers were used – SSR, SNP and KASP (Kompetitive allele specific PCR) [9] and methods of DNA isolation and purification, polymerase chain reaction (PCR) using a Veriti thermo-amplifier (Applied Biosystems, USA), polyacrylamide gel electrophoresis (PAGE) and determination of nucleotide sequences. PCR products were separated by electrophoresis in 6% polyacrylamide gel. The electrophoresis results were documented using a gel documenting system from Bio-Rad (USA). Determination of nucleotide sequences was carried out using an ABI31304-capillary DNA analyzer (Applied Biosystems, USA).

The analysis of grain quality traits was carried out in the laboratory of biochemistry and grain quality of the KRIAP, agrotechnological work was carried out within the framework of comprehensive research with the North-Kazakhstan AES and KRIAP (Almaty region), in accordance with the relevant Agreements.

The search for new genes and informative DNA markers was carried out using the association mapping method. TASSEL 5.0 [10] and GAPIT R [11] application programs were used for a genome-wide search for associations. The analysis of the population structure was carried out using the STRUCTURE 2.3.4 program [12]. To identify the statistical significance of the results obtained, modern methods and available commercial licensed software packages (GenStat and GraphPad) were used.

The novelty of the project lies in the identification of new informative DNA markers associated with adaptability, yield components and quality traits of durum wheat based on the use of modern genomic technologies, incl. Illumina and KASP, aimed at improving the efficiency of breeding research in Kazakhstan.

Significance of the project. The significance of this project on a national scale is associated with the strengthening of local breeding programs to increase the productivity and quality of durum wheat, based on the use of new genomic technologies. In particular, new informative DNA markers have been proposed for breeding organizations of the country to determine the productivity potential and quality of grain at the early stages of selection of breeding material. The use of new DNA technologies will improve the overall level of scientific research in Kazakhstan. The significance of the project on a global scale is due to the fact that: 1) new genetic factors associated with an increase in the productivity and quality of durum wheat have been identified, and the results obtained can be used in other scientific institutions of the world; 2) the successful implementation of the project will enhance the integration of scientists from Kazakhstan into world science.

The economic interest in the implementation of the project lies in the identification of informative DNA markers for the express analysis of durum wheat breeding lines in order to select valuable genotypes with optimal quantitative and qualitative characteristics. As a result, the efficiency of the durum wheat breeding process is expected to increase, aimed at creating new productive and high-quality cultivars and lines. The prospect of research and development of a fundamental and practical nature is to prepare an important platform for developing new strategies and practical recommendations for enhancing the efficiency of the breeding process for durum wheat, including marker-oriented breeding, aimed at creating new competitive cultivars.

The research results were published in 2 articles and 1 short communication in publications included in the Scopus database (Elsevier, Netherlands), 2 articles in a peer-reviewed local scientific publication included in the list of CCSES MES RK, reported at 6 international conferences held in foreign countries (Nara (Japan), Bologna (Italy)), neighboring countries (St. Petersburg and Moscow, Russia) and the Republic of Kazakhstan (Almaty, Nursultan) (Appendix A). Appendix D shows the results on the topic of research for 2018-2020.

main part OF THE REPORT
1 Choosing a direction of research
Durum wheat (Triticum durum Desf.) is one of the important cereals in the World and Kazakhstan [1]. Flour of durum wheat is a raw material for the production of macaroni products, cereals, and in bread making industry as a flour quality improver. Hard wheat is called durum wheat abroad, as the term "hard" is inaccurate and can be classified as high-viscosity soft wheat varieties with a high hardness index. 
More than 70% of durum wheat is grown in the countries of the Mediterranean basin, while in Kazakhstan it is grown on the territory of 0.8 million hectares, and is an important culture for consumption both inside the country and for foreign exports. More than 80% of durum wheat in Kazakhstan is grown in the north of the country. Cultivation of this crop in the zones of critical farming in Kazakhstan causes low productivity, and the average yield is 1.1 tons/ha [1]. At the same time, the quality of grain grown in Northern Kazakhstan is high and most of the crop is exported, which has led to Kazakhstan being one of the ten most important hard-wheat exporters in the world market [1]. According to the Agency of the Republic of Kazakhstan on Statistics and KazAgro, the main importers of high-quality hard wheat are the countries of Western Europe (Italy, Poland, Norway).
Leading centers for the study of genetics and selection of durum wheat are concentrated, mainly in the countries of the European Union and North America. It should be noted that there are leading centers for studying hard wheat in the cities of Bologna and Fiorenzuola (Italy), the University of Saskatchewan (Saskatoon, Canada), etc. It is no coincidence that the coordinators of the expert group for the global durum wheat initiative are Professors R. Tuberosa (Bologna, Italy) and L. Cattivelli (Fiorenzuola, Italy). An active participant in this initiative is the International Center for Agricultural Research in the Dry Areas (ICARDA), with a core study of this culture in Morocco (North Africa). The head of this project application is also a participant in the World Durum Wheat Initiative and international cooperation is established with well-known scientists on genetics and selection of durum wheat - Prof. Roberto Tuberosa (University of Bologna, Italy) and Prof. Nicola Pecchioni (Director of Research Center for Cereal and Industrial Crops, Foggia, Italy).
In connection with the foregoing, the main direction in the selection of hard wheat is resistance to unfavorable environmental factors, and an increase in productivity without loss of grain quality. In order to solve the tasks, it is necessary to actively use genetic resources from other regions of the world and new genomic technologies in the selection process. The main idea of ​​the project is the identification of new valuable quantitative trait loci (or QTL - quantitative trait loci) and informative DNA markers associated with resistance to abiotic stress factors, increased productivity and quality of grain, and the use of modern genomic technologies in the selection of durum wheat in Kazakhstan. Such modern technologies include the method of association gene mapping based on genomic genotyping (GWAS, genome wide association study) [13]. Currently, GWAS is widely used in the identification of DNA markers associated with yield components [15]-[15], resistance to abiotic stress factors of the environment [16], diseases [17]-[18], and the improvement of grain quality [19]-[20]. Also, GWAS for the study of durum wheat is widely used in a wide variety of regions of the World [21]-[22]. Analysis of the results of the use of GWAS in various regions of the world indicates that the identified DNA markers and genes responsible for the yield and its components are in different parts of the genome and depend on the growing conditions.  The results of CIMMYT researchers (CIMMYT, Mexico) indicate that the difference in obtaining these data is dependent on the sensitivity of plants to environmental factors in critical growth phases that determine the yield potential [23]. In other words, in order to effectively use the results of GWAS in Kazakhstan, it is necessary to conduct separate regional studies directly in the main grain-growing regions of the country.
Previously, the problems of wheat breeding in Kazakhstan were solved mainly using traditional methods, with the exception of rare works using molecular markers in several SRI MES RK and MA RK. Recently, modern breeding and genetic programs in the world are based on the use of new effective tools and genomic technologies. Genomic technologies that are widely used in developed countries are genome-wide genotyping of wheat [24], construction of high-resolution genetic maps for chromosomes of hexaploid wheat genomes [25]-[26], identification of new QTLs associated with productivity [27]-[29], resistance to biotic and abiotic stress factors, quality of grain and flour [30]-[34], automation of the use of informative DNA markers in the breeding process [9].

In order to increase the efficiency of molecular genetic studies, the KASP method [9], which allows studying the allelic state of specific genes and DNA markers for simultaneous several thousand samples was used. KASP technology is based on the use of fluorescently-labeled primers and does not involve the use of laborious and expensive electrophoresis methods in polymer gels. The effectiveness of the KASP method increases with the increase in the number of samples analyzed, which is fully correlated with the purpose and implementation of the tasks of this project. The search for new genes and informative DNA markers associated with the productivity and quality of durum wheat is carried out through the use of association mapping. For these purposes, widely used statistical programs are used: TASSEL 5.0 [10], GAPIT [11], FarmCPU [35]. 
The fundamental difference of this project from existing analogues in the world is the genetic assessment of the durum wheat gene pool of Kazakhstan, a comprehensive study of the local and world breeding durum wheat central collections using SSR markers, new genomic technologies (KASP and SNP), the results of grain yield and quality analysis, identification of new informative DNA markers – SNP and KASP using genome-wide association analysis to improve the efficiency of genetic breeding studies in the Republic of Kazakhstan. In addition, the project allowed to develop informative DNA markers associated with productivity and quality traits, based on the use of KASP technology. In addition, the project allowed to develop informative DNA markers associated with adaptability and productivity traits, based on the use of KASP technology.

The use of durum wheat genomic data on SNP genotyping will allow for the first time to identify and introduce informative KASP markers into the breeding programs of the Republic of Kazakhstan. Thus, as a result of the project implementation, new fundamental knowledge in the field of genetics of productivity and grain quality was obtained, new technologies/methodologies were introduced, practical recommendations were given to enhance the efficiency of breeding programs aimed at replacing old and creating new high-quality durum wheat cultivars based on the use of new genomic technologies.

2 Research objects and methods
2.1 Research objects
Durum wheat collection (Triticum durum Desf.) of various geographical origin, consisting of 300 cultivars and lines (figure 1), including cultivars and lines from international organizations – ICARDA (38 accessions), INRA (Morocco) (14 accessions), INRAT (1), IRTA (Spain) (13), PSB (1); countries of North America (39), Africa (2), Europe (146), Аsia (1), Australia (1), cultivars of Kazakhstan and Russian Federation (29) (including those approved for production use and registered in the State Register of the Republic of Kazakhstan [36] and 15 accessions of State Seed Trial Committee of Karabalyk agricultural breeding station. Wild relatives and other tetraploid species (70 accessions), which were also involved in the analysis, are also of interest for breeding and genetic tasks. Thus, the collection of tetraploid wheat included 16 specimens of the species Triticum turanicum Jakubz., 13 – Triticum polonicum L., 7 – Triticum turgidum L., 11 – Triticum carthlicum Nevski, 14 – Triticum dicoccum Schrank, 9 – Triticum dicoccoides Körn. (figure 1). 

[image: image3]
Figure 1 – Structure diagram of the tetraploid world collection by species
Seeds were provided by The Research Center for Cereal and Industrial Crops (Foggia, Italy), The Department of Agricultural and Food Sciences (Bologna University, Bologna, Italy), The Karabalyk agricultural breeding station. The name, origin and species of tetraploid wheat for each accession are presented in tables F.1 and F.2.
2.2 Research methods
Molecular genetic methods were used in the work, including DNA isolation [37] and purification, polymerase chain reaction (PCR), electrophoresis in agarose and polyacrylamide (PAGE) gels, genotyping using microsatellite (SSR) markers, KASP [9]; breeding and biochemical methods for determining phenology, yield structure and quality of grain and durum wheat flour, statistical methods.

Field experiments in 2018 and 2019 were carried out in the North Kazakhstan Agricultural Breeding Station (North Kazakhstan region) and Kazakh Research Institute of Agriculture and Plant growing (Almaty region) according to the Dospekhov B.A. methodology [38]. Phenological observations, assessments and records of the plants development stages were conducted following to the Methodological Guidelines of the Vavilov all-Russian Institute of Plant Genetic Resources [39]. Field experiments were carried out in a randomized block design. Each specimen was grown in two rows with 15 cm interval, 25 seeds per row, under rainfed conditions. As a check cultivar (standard), the cultivar Gordeiforme 254 was planted in the south-east of Kazakhstan, and the cultivar Damsinskaya Yantarnaya was planted in the north. Growing conditions are shown in table F.3 Determination of grain and flour quality traits of durum wheat was carried out in the laboratory of biochemistry and grain quality of KRIAP by Prof. Abugalieva A.I. according to the relevant GOSTs and generally accepted methods for determining the quality indicators of grain and wheat flour [40].

Isolation of total DNA was performed according to DeLaporta, 1983 [37]. The total DNA concentration was determined using a BioRad spectrophotometer. The quality of the isolated DNA was assesed by the ratio of the optical density values OD260/OD280. In addition to spectrophotometry, electrophoresis in 1% agarose gel was also used to check the quantity and quality of the isolated DNA.
Polymerase chain reaction (PCR) was applied using SSR-markers, with a corresponding optimization of the reaction conditions for 9 pairs of primers. Each reaction for SSR amplification included 0.2 mM of each dNTP, 250 μM of each primer, 0.5-1.5 mM MgCl2, 1 unit of Taq-polymerase, 30-50 ng of the analyzed DNA. The PCR, which consisted of preliminary denaturation of total DNA at 94 °C for 1 min., subsequent 30 cycles (94 °C – 1 min., 50-60 °C –30-60 sec., 72 °C – 1 min.) and elongation at 72 °C – 7 min., carried out using a Veriti thermo-amplifier (Applied Biosystems, USA). The number of cycles and annealing temperature depended on the primer pairs used. Information on microsatellite primers is presented in table F.4. The products of the polymerase chain reaction were separated by electrophoresis in 1.5% agarose and 6% polyacrylamide gels in Tris-EDTA-borate buffer, pH 8.0.
For each identified significant SNP marker associated with valuable traits [41], using the appropriate information and programs [42], we designed two allele-specific forward and one reverse KASP primers. Some primers were ordered from LGC Genomics (Beverly, MA, USA). The KASP genotyping was performed according to the protocol of LGC Genomics (Beverly, MA, USA). Endpoint fluorescence was read using a Fluoroscan Ascent plate reader (Thermo Fisher Scientific, USA) and visualized using the KlusterCaller software (LGC Group, www.lgcgroup.com/software). 
NGS genotyping data for 16,425 SNP markers (Illumina® iSelect 90K wheat SNP assay, TraitGenetics GmbH, Gatersleben, Germany) were provided by Professors Nicola Pecchioni and Giovanni Laidò (The Research Center for Cereal and Industrial Crops, Foggia, Italy). The obtained genotypic data were filtered by the amount of missing data (> 10%) and the minor allele frequency < 0.1 (MAF). Details of SNP genotyping and editing are described in [8]-[43].
Statistical methods were used in the work with the application of software packages. Pearson's correlation was calculated between characters using the STATISTICA 13.2 software (Statistica, Statsoft Inc., Tulsa, OK, USA). The GGE biplot method was carried out using the GenStat package (17th release, VSN International, Hertfordshire, UK) and GenAlEx version 6.5 [44]-[45]. Principal coordinate analysis (PCoA) was used to establish relationships between species of different origins based on the pairwise mean PhiPT values using GenAlEx 6.5. The GenAlEx 6.5 also used to calculate the Nei and Shannon genetic diversity indices. The effectiveness of SSR markers was analyzed using the polymorphism information content (PIC) at PIC > 0.5 as highly informative; 0.5 > PIC > 0.25 as informative; and PIC ≤ 0.25 as less informative [46]. The phylogenetic tree was built on the basis of the Neighbour-joining algorithm in the PAST program (version 3.25) [47]. The analysis of the marker-trait associations was carried out using the Student's t-test.
The genetic structure of the collection (Q matrix) was identified using the Bayes approach using the STRUCTURE 2.3.4 program [11], with the optimal number of subpopulations (K) equal to 3 for the entire collection and 6 for the durum subgroup, as described in [43]. For genome-wide association study (associative mapping) between DNA markers and breeding-valuable traits, the TASSEL 5.0 software [10] and the GAPIT R package were used [11]. The search for associations was carried out separately for the entire collection of tetraploid wheat (TWC), a group of durum wheat accessions – T. durum (DWV), and a group of other tetraploid species, except for T. durum (WDA).
Marker-trait associations (MTA) between SNP markers and agronomic traits are identified using a mixed linear model (MLM) based on the kinship (K) and population structure (Q) matrices [10]. In accordance with the linkage disequilibrium (LD) values identified in [43], r2 = 0.3 was used as a confidence interval for declaring significant SNPs associated with agronomic traits. Associations were considered as statistically significant at P < 1.96E-4. Quantile-quantile (Q-Q) and Manhattan plots were analyzed to confirm statistical significance.
All statistically significant MTAs localized in a small interval (10 cM) were grouped into one QTL. In the present study, each year-location combination was accounted for as a separate growing environment. Associations confirmed in more than one environment or in two groups (the entire collection, the durum wheat group) were accepted as stable. Genomic localization of SNP markers associated with QTL for each trait was carried out using the consensus map described in [41]. The graphic representation of the genetic position of MTA was performed using the MapChart 2.2 program [48].
The genetic position of the identified QTLs was compared with the results of other publications on tetraploid wheat for the same traits. The nucleotide sequences of the target SNP markers within the confidence interval of each QTL were used to search for similar sequences in the durum wheat genome at the InterOmics website (https://www.interomics.eu/) of the Svevo portal. These QTL positions were compared in the Genome Annotation Viewer (http://d-gbrowse.interomics.eu) with others identified for the same traits as in the present study.
3 Generalization and evaluation of research results
3.1 Phenotypic study of a durum wheat collection, consisting of more than 300 local and foreign accessions, in two regions of Kazakhstan

The phenotyping and phenological observations of a durum wheat collection and tetraploid wild and cultivated species, consisting of 368 cultivars and lines in two regions of Kazakhstan - in the north (The North Kazakhstan breeding station) and south-east (The Kazakh Research Institute of Agriculture and Plant growing, Almaty region) of the country in 2018-2020 years [49]. 
3.1.1 Phenological assessment of a tetraploid wheat collection of 300 accessions in two regions of Kazakhstan

The phenological observations are necessary to establish the length of the growing period, and to identify the ecological adaptability of cultivars and lines to climatic conditions in different growth periods. 
A phenological assessment of the tetraploid wheat collection, consisting of 368 accessions (including 300 accessions of durum wheat - T. durum), grown in two regions of Kazakhstan (tables 1-2) was carried out.
Table 1 – Duration of phenological phases of tetraploid wheat accessions under conditions of Almaty and North-Kazakhstan regions (2018-2020 years)

	Trait
	Almaty region
	North-Kazakhstan region

	
	min
	max
	mean
	min
	max
	mean

	Seedling emergence (ST), days
	11
	18
	12.4 ± 0.1
	9
	10
	9.5 ± 0.1

	Phase of four leaves (FLT), days
	5
	16
	11.2 ± 0.1
	11
	21
	13.8 ± 0.2

	Onset of tillering (TT), days
	11
	24
	15.8  ± 0.1
	13
	26
	15.6 ± 0.3

	Onset of stem elongation (STT), days
	18
	42
	36.9 ± 0.2
	26
	36
	28.9 ± 0.4

	Flag leaf emergence (FT), days
	31
	44
	39.9 ± 0.1
	29
	38
	31.3 ± 0.2

	Booting time (BT), days
	39
	58
	44.0 ± 0.3
	29
	43
	33.9 ± 0.3

	Heading date (HD), days
	47
	65
	56.4 ± 0.4
	32
	57
	45.0 ± 0.7

	Anthesis time (AT), days
	50
	77
	61.9 ± 0.6
	17
	60
	48.3 ± 0.6

	Maturation time (MT), days
	85
	114
	94.9 ± 0.2
	80
	125
	88.7 ± 0.5


The shortest growing period (85 days) in the collection in the Almaty region (2018) was observed in the accessions: PI 532501 (T. carthlicum, form. USSR,); PI 115816, PI 499972, PI 572849 (T. carthlicum, Giorgia,); PI 283888 (T. carthlicum, Iran); MG 5350 (T. dicoccum, Ethiopia); MG 5323 (T. dicoccum, n.a.); MG 5300/1 (T. dicoccum, n.a.); UC1113 (T. durum, Canada); Nefer (T. durum, France); Colosseo, Latino, Lesina, Saragolla (T. durum, Italy,); West Bread 881 (T. durum, USA). The longest growing season was recorded in the following accessions: MG 5416/1 (T. dicoccum, Iran); PI 352489 (T. polonicum, Cyprus); PI 352487 (T. polonicum, Germany); PI 221423 (T. turgidum, Portugal). The check cultivar (Gordeiforme 254) reached the ripening stage in 95 days.

In 2019, in the Almaty region, the shortest growing season (92 days) in the collection was observed (2019, 2020 years) for the following cultivars and lines: MG 5416/1 (T. dicoccum, Iran); Appulo, Mohawk (T. durum, Italy); Altayskii yanvar, Omskii rubin, Saratovskaya 31 (T. durum, Kazakhstan). The check cultivar (Gordeiforme 254) reached the ripening stage in 97 days. The longest (114 days) growing period was recorded for the accessions: PI 470944 (T. dicoccoides, Syria); MG 5344/1 (T. dicoccum, Ethiopia); Farvento, Lucanica (T. dicoccum, Italy); MG 5471/1, MG 5473 (T. dicoccum, Spain); Nurly (T. durum, Kazakhstan) [50].
Table 2 – Duration of phenological phases in the collection of tetraploid wheat according to data from three-year field trials in the Almaty region
	Trait, days
	Species

	
	T. carthlicum
	T. dicoccoides
	T. dicoccum
	T. turgidum
	T. durum
	T. polonicum
	T. turanicum

	ST
	12.2 ± 0.7
	12.3 ± 0.8
	12.3 ± 0.8
	12.1 ± 0.7 
	12.4 ± 0.9
	12.2 ± 0.8
	12.2 ± 0.8

	FLT
	12.1 ± 2.2
	11.3 ± 2.4
	10.5 ± 2.5
	10.3 ± 1.6
	11.3 ± 1.6
	11.1 ± 1.3
	10.7 ± 1.3

	TT
	16.9 ± 3.3
	16.1 ± 2.2
	15.9 ± 1.8
	15.4 ± 0.5
	15.7 ± 1.5
	15.6 ± 0.5
	15.4 ± 0.6

	STT
	37.2 ± 3.7
	37.6 ± 3.6
	37.2 ± 3.8
	36.5 ± 3.5
	36.7 ± 3.9
	37.6 ± 3.4
	37.3 ± 3.6

	FT
	39.5 ± 2.4
	40.2 ± 2.1
	41.3 ± 5.8
	39.3 ± 2.4
	39.8 ± 2.3
	39.9 ± 2.3
	39.6 ± 2.5

	BT
	44.1 ± 1.4  
	43.9 ± 3.2
	47.7 ± 7.2
	44.3 ± 4.3
	43.7 ± 3.1 
	43.8 ± 4.7
	43.3 ± 1.4

	HD
	58.4 ± 3.6
	56.5 ± 2.5
	59.4 ± 2.1
	64.8 ± 4.7
	57.8 ± 1.7
	61.3 ± 2.7
	58.5 ± 1.3

	АT
	62.1 ± 4.4
	59.0 ± 3.0
	65.3 ± 1.8
	70.4 ± 5.9
	62.9  ± 2.2
	66.5 ± 2.6
	64.7 ± 1.7

	SMT
	33.3 ± 1.8
	35.8 ± 2.3
	34.4 ± 2.6
	62.8 ± 1.5
	37.9 ± 1.7
	32.4 ± 1.4
	36.3 ± 2.3

	MT
	92.3 ± 5.3
	95.3 ± 6.0
	97.8 ± 8.3
	96.2 ± 1.6
	94.6 ± 3.4
	96.0 ± 2.5
	94.8 ± 3.1

	Note – ST – seedling emergence, FLT – phase of 4 leaves, TT – onset of tillering, STT – onset of stem elongation, FT – flag leaf emergence, BT – booting time, HD – heading date, AT – anthesis time, SMT – seed maturation time, MT – maturation time


In the North Kazakhstan region in 2018, the shortest growing period (83-85 days) was observed in 1808 (T. durum, Morocco, INRA); Aldeano, Ariesol (T. durum, Spain, IRTA); Lesina, Lira B 45, Pietrafitta (T. durum, Italy); Colorado, Tacna (T. durum, USA). The check cultivar (Damsynskaya yantarnaya) reached the ripening stage in 91 days. The longest growing period (95-97 days) was recorded for accessions: Extradur, Frankodur, Goldur, Grandur, Topdur (T. durum, Austria,); AC Avoniea, AC Melita, AC Morse, Sceptre, Wakooma (T. durum, Canada).

In the North Kazakhstan region in 2019 and 2020 years, the shortest growing period (80-81 days) was recorded in accessions: Jawhar, Yasmine (T. durum, Morocco, INRA); Razzak (T. durum, Tunisia, INRAT); Sebah (T. durum, ICARDA); Mexicali 75 (T. durum, Mexico); Ardente (T. durum, France); Mohawk (T. durum, Italy). The check cultivar (Damsynskaya yantarnaya) reached the ripening stage in 88 days. The 41% of the collection matured earlier than check cultivar. The longest growing period (111-125 days) was recorded for accessions: MG 5444/235 (T. dicoccoides, n.a.); Gran Bretagna (T. dicoccum, n.a.); MG15516/1 (T. dicoccum, Syria); Cappelli, Taganrog, Zenit (T. durum, Italy); PI 306665 (T. turanicum, France).
Thus, the collection of durum wheat was analyzed by phenological traits in 2018-2020 years in two regions of Kazakhstan. The phenological observations showed that in the north of the country, the accessions reached the maturation stage faster than in the south-east. According to the results of phenological observations and meteorological conditions of 2018-2020 field trials in two regions of Kazakhstan, representatives of the species T. dicoccum were characterized by latest maturity (98.1 ± 7.3 days) among the accessions of the collection, representatives of the species T. durum were characterized by early maturity (90.5 ± 3.5 days). 
3.1.2 Analysis of the yield components of a durum wheat collection grown in two regions of Kazakhstan

Based on the obtained phenotyping data for 2018-2020 years, the accessions of the durum wheat collection were analyzed for the following traits: plant height, peduncle length, number of fertile spikes, spike length, number of kernels per spike, weight of kernels per spike, weight of kernels per plant, 1000 kernel weight, grain yield per 1 м2 (table 3, Е.5-Е.10).
Table 3 – Characteristics of the tetraploid wheat collection by morphometric and productivity traits in the Almaty and North-Kazakhstan regions (2018-2020 years)
	Признак
	Almaty region
	North-Kazakhstan region

	
	min
	max
	mean
	min
	max
	mean

	Plant height (PH), cm
	48.1
	154.2
	84.4 ± 2.3
	40.0
	112.0
	67.7 ± 1.4

	Peduncle length (PL), cm
	18.8
	62.7
	34.5 ± 0.9
	17.7
	33.9
	28.3 ± 0.8

	Spike length (SL), cm
	4.8
	14.8
	7.5 ± 0.2
	4.0
	12.7
	6.3 ± 0.1

	Number of fertile spikes (NFS)
	1
	5
	2,5 ± 0,1
	1
	4
	1.7 ± 0.1

	Number of kernels per spike (NKS)
	18
	63
	42,9 ± 0,7
	16
	51
	32.3 ± 0.6

	Weight of kernels per spike (WKS), g
	0.71
	3.3
	2.0 ± 0.1
	0.630
	2.6
	1.3 ± 0.1

	Weight of kernels per plant (WKP), g
	1.2
	9.5
	4.0 ± 0.1
	0.610
	5.1
	2.7± 0.1

	1000 kernel weight (TKW), g
	20.0
	71.5
	45.2 ± 0.6
	28,8
	68.6
	42.3 ± 0.7

	Grain yield (GY), g/m2
	37.8
	1352
	540.2 ± 22.6
	94,8
	522.3
	265.8 ± 5.7


According to the data of field experiments for two years, Cannizzo (T. durum, Italy) and Rugby (T. durum, USA) turned out to be the most consistently highly productive in Almaty and North Kazakhstan regions.

The coefficients of Pearson's correlation between the traits were calculated (figure 2). According to field experiments in Almaty region in 2018, a positive medium and strong correlation (r ⩾ 0.5) was observed between the traits TKW-WKP, HD-MT, HD-PH, HD-SL, SL-PH. A negative medium and strong correlation relationship (r ⩽ -0.5) was found between HD-SMT. Based on the results of the analysis, a positive medium and strong correlation (r ⩾ 0.5) was established between the traits HD-PH, HD-SL, SL-PH, NFS-WKP using Almaty region field data of 2019 growing year (figure 2, B). The last two correlations were also observed when analyzing the field data of the North Kazakhstan region in 2018 (figure 2, C).
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HD – heading date (days), MT – maturation time (days), PH – plant height (cm), PL – peduncle length (cm), NFS – number of fertile spikes, SL – spike length (cm), WKP – weight of kernels per plant (g), TKW – 1000 kernel weight (g)

Figure 2 – Pearson's correlation between agronomically important traits of tetraploid wheat based on data of: A) Almaty region, 2018 year; B) Almaty region, 2019 year; C) North Kazakhstan region, 2018 year; D) North Kazakhstan region, 2019 year; E) Mean values of all environments
A negative medium and strong correlation (r ⩽ -0.5) was found between SL-SMT, HD-SMT, PH-SMT in the Almaty region of 2019 and between HD-SMT in the North Kazakhstan region in 2018. A positive medium and strong correlation (r ⩾ 0.5) was observed between the traits HD-PH, HD-MT, PH-MT, MT-SMT when analyzing the data of the North Kazakhstan region of 2019 (figure 2, D).

As a result of the correlation analysis, a positive medium and strong relationship (r ⩾ 0.5) was found between the traits HD-MT, HD-PH, HD-SL, PH-SL. A negative medium and strong correlation (r ⩽ -0.5) was found between the HD-SMT and MT-SMT. A positive medium and strong relationship between heading and maturation time, spike length, plant height (HD-MT, HD-SL, HD-PH); spike length and plant height (SL-PH); the number of productive spikes and the weight of kernels per plant (NFS-WKP) were found to be the most stable in all growing conditions. The negative correlation between heading time and the time between heading and maturation (HD-SMT) was the most stable.
The Pearson's correlation of tetraploid wheat accessions, used later for the GWAS analysis, for the WKP trait (table 4), showed weak positive correlations between two years of geographically different experimental sites [51]. Therefore, it is obvious that complex traits such as the weight of kernels per plant are regulated by many genes and environmental factors.
Table 4 – Pearson's correlation coefficients of tetraploid wheat accessions for the WKP trait in four environments
	Condition
	SEK18
	SEK19
	NK18

	SEK19
	0.25***
	
	

	NK18
	0.12ns
	0.13ns
	

	NK19
	0.14*
	0.35***
	0.34***

	Note – SEK18 – South-east Kazakhstan (2018 growing year), SEK19 – South-east Kazakhstan (2019 growing year), NK18 – North Kazakhstan (2018 growing year), NK19 – North Kazakhstan (2019 growing year); Statistical significance at ns – absent; * – P ≤ 0.05; *** – P ≤ 0.001


Since the main grain-growing region of Kazakhstan is the northern territories of the country, a separate analysis of the correlation of the field data mean values for NK18 and NK19 was carried out (tables 5-6). According to the tables presented, in the group of durum wheat (T. durum) and in the group of other tetraploid species, WKP strongly and moderately correlated with NFS, while other traits did not show a correlation, or it was weak (r = from 0.20 to 0.39) [51].
The tetraploid wheat Species had the greatest influence on the NKS trait. According to the results of the study, a statistically significant dependence of the characteristics HD, SMT, NKS (P < 0.05), SL (P < 0.01) on the Year of cultivation was revealed. No statistically significant dependence of traits was found in the analysis of two factors (Species of wheat and Year of cultivation) [51].

Table 5 – The Pearson's correlation indices between traits according to field data NK18 and NK19 in the group of durum wheat (T. durum)
	
	HD
	SMT
	PH
	SL
	NFS
	NKS
	TKW

	SMT
	-0.52****
	
	
	
	
	
	

	PH
	0.21**
	0.19*
	
	
	
	
	

	SL
	0.27**
	-0.04ns
	0.34****
	
	
	
	

	NFS
	-0.15ns
	0.18*
	0.14ns
	0.13ns
	
	
	

	NKS
	0.09ns
	0.07ns
	0.002ns
	0.11ns
	0.14ns
	
	

	TKW
	-0.11ns
	0.29***
	0.07ns
	0.05ns
	0.11ns
	-0.14ns
	

	WKP
	0.23**
	0.01ns
	0.16ns
	0.27**
	0.69****
	0.30***
	0.36****

	Note – Statistical significance at ns – absent, * P ≤ 0.05, ** P ≤ 0.01, ***  P ≤ 0.001, **** P ≤ 0.0001; HD – heading date, SMT – seed maturation time, PH – plant height, SL – spike length, NFS – number of fertile spikes, NKS – number of kernels per spike, TKW – 1000 kernel weight, WKP – weight of kernels per plant


Таble 6 – The Pearson's correlation indices between traits according to field data NK18 and NK19 in the group of wild and cultivated tetraploid wheat accessions
	
	HD
	SMT
	PH
	SL
	NFS
	NKS
	TKW

	SMT
	-0.21ns
	
	
	
	
	
	

	PH
	0.43***
	0.11ns
	
	
	
	
	

	SL
	0.31**
	-0.17ns
	0.37**
	
	
	
	

	NFS
	-0.0009ns
	0.02ns
	-0.28*
	0.04ns
	
	
	

	NKS
	0.46****
	-0.04ns
	0.26*
	-0.0003ns
	-0.20ns
	
	

	TKW
	0.03ns
	0.30*
	0.42***
	0.13ns
	-0.30*
	-0.03ns
	

	WKP
	0.28*
	-0.06ns
	0.07ns
	0.006ns
	0.51****
	0.14ns
	0.23ns

	Note – Statistical significance at ns – absent, * – P ≤ 0.05, ** P ≤ 0.01, *** – ≤ 0.001, **** – P ≤ 0.0001; HD – heading date, SMT – seed maturation time, PH – plant height, SL – spike length, NFS – number of fertile spikes, NKS – number of kernels per spike, TKW – 1000 kernel weight, WKP – weight of kernels per plant


The ANOVA test based on the field data of two years (table 7) made it possible to establish a statistically significant dependence of the SMT (P < 0.05), NFS, SL, NKS, WKS, WKP, TKW (P < 0.001) characters on the Genotype. 
Table 7 – Two-way ANOVA based on the two-year field trials
	Trait
	Genotype (Species)
	Environment (Year)
	Genotype x Environment
(Species x Year)

	
	SS
	F
	SS
	F
	SS
	F

	HD
	60.51
	0.73
	66.8
	4.01*
	69.67
	0.84

	AT
	71.1
	0.46
	24.1
	0.77
	161.2
	1.03

	SMT
	183.01
	2.79*
	69.75
	5.32*
	47.72
	0.73

	PH
	1845.9
	0.85
	282.3
	0.65
	860.1
	0.40

	NFS
	13.61
	5.97***
	0.58
	1.26
	3.97
	1.74

	SL
	67.84
	6.30***
	16.23
	7.53**
	15.55
	1.44

	NKS
	3547.44
	11.54***
	298.07
	4.85*
	145.69
	0.47

	TKW
	1650.98
	9.85***
	35.53
	1.06
	326.09
	1.95

	WKP
	49.22
	5.06***
	0.86
	0.44
	11.74
	1.21

	Note – statistical significance at *** P  < 0,001, ** P  < 0,01, * P < 0,05


According to the GGE biplot, T. durum accessions had higher values for the weight of kernels per plant (WKP) compared to DY in northern Kazakhstan (figure 3). 
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A: Heading date (HD); B: Seed maturation time (SMT); C: Plant height (PH); D: Weight of kernels per plant (WKP); DY: Damsynskaya yantarnaya (check cultivar); TT: T. turanicum; TP: T. polonicum; TG: T. turgidum; TC: T. carthlicum; TDM: T. dicoccum; TDS: T. dicoccoides; TDU: T. durum
Figure 3 – GGE biplot of key agronomic traits of the tetraploid wheat collection grown in Northern Kazakhstan
The second coordinate on the graph (42.0 %) indicated that accessions of T. dicoccum, T. carthlicum and T. turanicum have the potential to improve the yield of durum wheat in the region. The GGE biplot showed that the heading time of the check cultivar was distinctly different from the rest of the accessions. In SMT analysis, accessions T. dicoccum and T. dicoccoides, in contrast to T. durum, had a similar duration of grain maturation time with DY. The GGE biplot showed a significant difference in PH between DY and the T. durum group; on average, DY was 26.2 cm taller. Among primitive and wild tetraploid species, T. turgidum, T. polonicum, and T. dicoccoides were within the DY [51]. This result is valuable because breeders consider a higher PH as one of the important traits for improving the adaptability of the breeding material in the region.

Thus, a phenological study and yield structure analysis of the durum wheat collection in the conditions of Almaty and North Kazakhstan regions in 2018-2020 years were carried out. In the conditions of the Almaty region, most of the representatives of the collection took 92 days to mature, in the conditions of the North Kazakhstan region – 88 days. High-yielding accessions were established for each region. According to the results of 2018 and 2019, the following cultivars were stable high-yielding: Cannizzo (T. durum, Italy) and Rugby (T. durum, USA). A comparative assessment of phenological phases and productivity elements of tetraploid wheat species was carried out.
3.2 Biochemical analysis of grain quality in the collection of durum wheat 
The analysis of grain quality (determination of gluten content and quality, sedimentation (by the Zeleni method, by acetic acid), determination of amylose content, determination of protein content in grain, starch content in grain, test weight, grown in 2018 and 2019 (table 8) in the conditions of the north and south-east of Kazakhstan were performed.
Table 10 – Grain and flour quality characteristics of durum wheat
	Traits/Region, year
	2018 
	2019

	
	South-east
	North
	South-east

	Test weight, g/l
	740.0 ± 37.7
	770.5 ± 23,2
	758.0 ± 45.4

	Starch, %
	56.0 ± 2.3
	58.9 ± 1,9
	57.0 ± 2.4

	Grain hardness, %
	84.4 ± 10.4
	77.6 ± 5.7
	not available

	Protein, %
	18.4 ± 1.5
	15.6 ± 1.5
	17.8 ± 1.6

	Gluten, %
	35.3 ± 2.6
	38.5 ± 6.9
	42.6 ± 6.0

	Zeleny index, ml
	75.4 ± 5.5
	63.3 ± 9.1
	74.6 ± 5.1

	Gluten deformation index, unit
	92.9 ± 12.8
	95.5 ± 16.6
	96.8 ± 14.8

	Sedimentation in acetic acid, ml
	25.1 ± 4.1
	24.1 ± 2.5
	27.0 ± 4.0


According to the results of two years, in the Almaty region, the gluten content and quality were distinguished (gluten content – 51-58%, GDI – 50-75 units, sedimentation by Zeleni – 81-83 ml, sedimentation in acetic acid – 31-41 ml): Saragolla and Ariosto. According to the results of the North Kazakhstan region (gluten content – 46-52%, GDI – 55-80 units, sedimentation by Zeleni – 76-82 ml, sedimentation in acetic acid – 26-36 ml): PI 330555, Ciclope, Kyperounda. On other grain quality traits (test weight – 786-835 g/l, protein – 20.5-22.9%, starch – 58.5-62.3%) in two regions of Kazakhstan showed high results: Athena, Arcobaleno, Bombasi, Colosseo, MG 5350, Orenburgskaya 10, Kargala 69.
3.3 Genotyping of cultivars and lines of durum wheat in Kazakhstan using SNP-markers (KASP technology)
Genotyping of 29 cultivars of spring durum wheat originated in Kazakhstan and Russia was carried out using 32 KASP markers (table F.11), developed in previous studies [52] on hexaploid wheat. Of the 32 KASP markers, 14 showed to be polymorphic on durum wheat collection. Table F.12 provides information on the allelic state of 8 polymorphic markers (figure F.1). On the basis of the genome-wide association study (GWAS) of 225 accessions of tetraploid wheat using 16,425 SNP markers [52], markers associated with the adaptability and productivity traits were selected. The 20 SNP markers identified according to the results of association mapping, significant for various agronomically valuable traits, were converted into KASP markers (table 9). 
Таble 11 – Assessment of KASP markers'‎ genetic diversity 
	KASP-маркер
	na
	ne
	h
	I
	PIC

	ipbb_td_103
	2
	1.63
	0.39
	0.58
	0.31

	ipbb_td_106
	2
	1.20
	0.17
	0.31
	0.15

	ipbb_td_107
	2
	1.55
	0.36
	0.54
	0.29

	ipbb_td_108
	2
	1.55
	0.36
	0.54
	0.29

	ipbb_td_109
	2
	1.17
	0.14
	0.27
	0.13

	ipbb_td_111
	2
	1.98
	0.50
	0.69
	0.37

	ipbb_td_115
	2
	1.47
	0.32
	0.50
	0.27

	ipbb_td_116
	2
	1.98
	0.49
	0.69
	0.37

	ipbb_td_117
	2
	1.10
	0.09
	0.19
	0.08

	ipbb_td_118
	2
	1.74
	0.43
	0.62
	0.34

	ipbb_td_119
	2
	1.24
	0.19
	0.34
	0.17

	ipbb_td_120
	2
	1.47
	0.32
	0.50
	0.27

	Mean
	2
	1.51
	0.31
	0.48
	0.26

	SD
	0
	0.30
	0.14
	0.17
	0.10

	Note – na – number of alleles per locus, ne – number of effective alleles, h – Nei diversity index, I – Shanon index, PIC – polymorphism information content, mean – mean values, SD – standard deviation


Genotyping of 29 cultivars of spring durum wheat of Kazakhstan and Russia and 15 lines of The State Seed Trials Committie was carried out using 20 KASP-markers developed on tetraploid wheat (figure 4, table F.13). 
Accessions of tetraploid wheat (foreign breeding) previously genotyped using SNP markers, were taken as controls. As a result of genotyping, 12 of 20 KASP markers turned out to be polymorphic in this collection, and were used to further confirm the statistical relationship with agronomic traits (figure 4).

Thus, cultivars and lines of durum wheat of Kazakhstan and Russia were genotyped using SNP markers using the KASP technology. A patent for a utility model based on a set of 5 effective KASP markers associated with various traits of durum wheat productivity has been obtained. The efficiency of KASP-markers was assessed using genetic diversity indices (table 9).
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Red (genotype A) and blue (genotype B) dots – homozygous genotypes with variable single nucleoid polymorphism, black dots – negative control
Figure 4 – Results of KASP-genotyping of 29 spring durum wheat cultivars of Kazakhstan and Russia and 15 lines of The Kazakhstan State Seed Trials Committie 
Favorable alleles for each KASP marker were identified and their phenotypic contribution was assessed. KASP technology is one of the most cost-effective solutions for massive DNA analysis of specific genetic factors in the analysis of large breeding material of agricultural crops [9]. The availability and the possibility of using such genetic tools as KASP markers will significantly increase the efficiency of the breeding process, which will create conditions for the accelerated creation of new highly productive and high-quality durum wheat cultivars.
3.4 Genetic diversity assessment of the durum wheat collection based on the use of microsatellite DNA-markers
3.4.1 Microsatellite analysis of durum wheat cultivars and lines in Kazakhstan

Twenty-nine (29) cultivars of spring durum wheat of Kazakhstan and Russia (including those included in the State Register of the Republic of Kazakhstan) and 15 lines of The Kazakhstan State Seed Trials Committie of Karabalyk Agricultural breeding station were studied using 9 polymorphic SSR markers (table 10) [53]. SSR markers were selected according to the literature review as associated with traits of yield [54], productivity [55]-[56]-[57], grain quality [58], and disease resistance genes [59]. 
In total, 20 alleles were identified for 9 SSR markers, with an average effective number of alleles of 2.7 alleles per locus. The level of genetic diversity of the studied durum wheat collection turned out to be relatively high. The average value of the polymorphism information content (PIC), which varied from 0.1598 (Xgwm219) to 0.5886 (Xgwm11), was 0.4579. Shannon and Nei genetic diversity indices were equal to 0.1684 and 0.6516, respectively (table 10). The genetic distances between the analyzed accessions have been determined. As a result, a cluster analysis of the studied cultivars and lines was performed.
Table 10 – Assessment of the genetic diversity level based on SSR loci of 29 cultivars and 15 lines of durum wheat
	Locus
	na
	ne
	I
	Nei
	PIC

	Xgwm148
	4
	2.71
	1.14
	0.63
	0.58

	Xgwm11
	6
	2.87
	1.26
	0.65
	0.59

	Xcfa-2114
	4
	2.08
	0.98
	0.52
	0.48

	Xgwm251
	3
	2.27
	0.90
	0.56
	0.47

	Xgwm219
	3
	1.2
	0.36
	0.17
	0.16

	Xgwm247
	3
	2.07
	0.79
	0.52
	0.41

	Xgwm294
	2
	1.99
	0.70
	0.50
	0.37

	Xgwm234
	3
	2.86
	1.07
	0.65
	0.58

	Xgwm169
	4
	2.40
	1.00
	0.58
	0.49

	Mean
	3.56
	2.27
	0.91
	0.53
	0.46

	SD
	1.13
	0.53
	0.27
	0.15
	0.13

	Note – na – number of alleles per locus, ne – number of effective alleles, I – Shanon index, h – Nei diversity index, PIC – polymorphism information content, mean – mean values and SD – standard deviation


Thus, the collection of spring durum wheat of Kazakhstan and Russian Federation was screened using 9 microsatellite markers. The level of genetic diversity of this block of durum wheat turned out to be relatively high. 
3.4.2 Genetic diversity analysis of the durum wheat central collection using SSR-markers
SSR analysis of the genetic diversity of the central collection of durum wheat, consisting of 85 cultivars and lines of various geographic origins, was carried out using 7 polymorphic SSR markers localized on 6 wheat chromosomes – 1B, 2B, 4B, 5B, 6A, 6B (table F.4) [50]. Figure 5 shows an example of an electrophoregram using the Xbarc124 SSR-marker.
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Figure 5 – Electropherogram of the durum wheat central collection using a microsatellite marker Xbarc124 (fragment)
In accordance with the results of statistical processing, the effective number of alleles ranged from 1.82 to 3.19, with a mean of 2.77. Nei's genetic diversity index averaged 0.62 (table 11). The average polymorphism iformation content (PIC) was 0.62, ranging from 0.46 for Xgwm219 to 0.7 for Xgwm148, Xgwm251, and Xgwm11, respectively [50].
Table 11 – Assessment of the genetic diversity level using SSR loci of 85 cultivars and lines of the central collection of tetraploid wheat

	  SSR-маркер
	na
	ne
	I
	h
	PIC

	Xgwm11
	6
	3.27
	1.38
	0.69
	0.70

	Xgwm148
	4
	3.23
	1.28
	0.69
	0.70

	Xgwm251
	6
	3.19
	1.29
	0.69
	0.69

	Xgwm234
	3
	2.46
	0.99
	0.59
	0.60

	Xcfa2114
	5
	2.63
	1.18
	0.62
	0.58

	Xgwm169
	4
	2.75
	1.13
	0.63
	0.64

	Xgwm219
	4
	1.82
	0.81
	0.45
	0.46

	Mean
	4.57
	2.77
	1.15
	0.62
	0.62

	SD
	1.13
	0.52
	0.19
	0.08
	0.09

	Note – na – number of alleles per locus, ne – number of effective alleles, I – Shanon index, h – Nei diversity index, PIC – polymorphism information content, mean – mean values and SD – standard deviation


The analysis of the principal coordinates for clustering 85 accessions of the tetraploid wheat collection based on 7 SSR markers was carried out (figure 6). The accessions of the studied collection were divided into groups according to their species and place of origin, respectively. The first principal coordinate (48.89 %) effectively separated the T. polonicum and T. turanicum accessions from the rest of the species (figure 6, a). T. carthlicum turned out to be the most genetically distant from other species (figure 6, a). 
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Figure 6– Analysis of the principal coordinates of 85 tetraploid wheat accessions, divided by species (a) and origin (b), based on SSR analysis

The analysis showed that the genotypes of Kazakhstan are genetically closer to the accessions from North America. Accessions from Russia and North Africa turned out to be genetically distant from other groups (figure 6, b) [50]. Based on the results of genetic diversity using 7 polymorphic SSR markers, a phylogenetic tree of 85 accessions of tetraploid wheat was built (figure 7) [50]. 
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Figure 7 – Phylogenetic tree based on SSR analysis of 85 tetraploid wheat accessions using the Neighbor-joining method

The analysis showed a division into two large clusters. The first cluster included mostly tetraploid wheat cultivars and lines from Kazakhstan and North America. The second cluster was divided into 3 sub-clusters. Although European accessions dominated in the three sub-clusters of the second cluster, all sub-clusters included cultivars and lines from Kazakhstan.

A t-test was performed to confirm the statistical significance of the SSR markers for the studied traits (table 12). 

Тable 14 – Results of the t-test to identify the relationship between SSR markers and phenotypic traits

	Traits
	Xgwm11
	Xgwm148
	Xgwm251
	Xgwm234
	Xcfa2114
	Xgwm169
	Xgwm219

	HD, days
	0.62
	0.68
	2.17*
	0.49
	-0.36
	-0.54
	1.71

	AT, days
	0.79
	0.80
	2.05*
	-0.14
	0.19
	-1.43
	1.54

	SMT, days
	0.07
	-0.88
	-0.66
	-1.10
	-0.46
	0.48
	-0.07

	PH, cm
	1.88
	0.91
	2.37*
	-2.32*
	-2.16*
	2.29*
	1.17

	NFS
	-0.53
	0.26
	0.93
	0.19
	-0.56
	3.51***
	1.12

	SL, cm
	1.58
	-0.96
	1.53
	0.60
	-0.06
	-2.27*
	-0.20

	NKS
	0.95
	-0.16
	-0.92
	0.44
	1.01
	1.49
	2.30*

	TKW, g
	1.75
	0.50
	-1.68
	2.33*
	0.17
	-1.29
	-0.36

	WKP, g
	0.90
	0.54
	0.03
	1.59
	1.61
	2.80***
	2.36*

	Note - *** P <0.001, ** P <0.01, * P <0.05; HD – heading date, AT – anthesis time, SMT – seed maturation time, PH – plant height, NFS – number of fertile spikes per plant, SL – spike length, NKS – number of kernels per spike, TKW – 1000 kernel weight, WKP – weigth of kernels per plant


The results of statistical processing made it possible to identify SSR markers associated with the main agronomic traits. Xgwm251 showed a statistically significant association with HD and AT. Four markers have been associated with PH variability (Xcfa2114, Xgwm251, Xgwm234, and Xgwm169) (table 12) [50].

Thus, the genetic diversity study of the 44 durum wheat cultivars and lines from Kazakhstan and Russia, as well as the central collection, consisting of 41 accessions of various geographic origin was conducted. The data obtained can be used in breeding programs for selection of pairs for hybridization, creation and certification of new breeding achievements and for other purposes and tasks of cereal genetics and breeding.
3.5 Determination of durum wheat promising lines and genetic passporting
As a result of the yield structure analysis and grain quality of the collection, the optimal values of productivity traits were identified for most of the accessions. Accessions with the best indicators of such traits as 1000  kernel weight, weight kernels per plant, protein content, sedimentation indices, starch content, etc. were selected. Twenty-nine (29) cultivars of the durum wheat collection of Kazakhstan anad Russia and 15 lines of The Kazakhstan State Seed Trials Committie of the Karabalyk agricultural breeding station, as well as 41 cultivars and lines of the central durum wheat collection of various geographical origin were genotyped using 7 polymorphic SSR markers, and a genetic passport was created (table F.14). The obtained results will be used in breeding programs to create new competitive durum wheat cultivars.
3.6 QTL identification of agronomically valuable traits of durum wheat based on the association mapping method
Yield analysis in two different regions of the country showed a strong influence of growing conditions, and the sensitivity of the accessions can be explained by the influence of environmental conditions at the critical growth phases that determine the potential grain yield. Therefore, field trials of a well-studied collection under new growing conditions can potentially lead to the identification of new significant MTAs. A study was carried out to identify durum wheat QTLs associated with adaptability and productivity traits, based on the use of the association mapping. The material for the study was 1) phenotypic data of the durum wheat accessions grown in the north and south-east of Kazakhstan in 2018 and 2019; 2) genotyping data of 227 durum wheat accessions of various geographic origin for 16.425 polymorphic SNP markers (Illumina technology).
The PCoA using the full set of polymorphic SNPs and pairwise population values suggested that T. durum and T. turanicum were genetically closer in comparison to other species (figure 8) [51]. The first principal component in the PCoA (42.8 %) clearly separated T. durum from free-threshing species T. carthlicum and hulled species. This is also confirmed in the analysis of the principal coordinates using SSR markers (figure 8). The second principal component (31.1 %) divided T. durum and T. turanicum from T. polonicum and T. turgidum. It should be noted that T. turanicum was located the most genetically close to T. durum.
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Figure 8 – The principal coordinate analysis in the world tetraploid wheat collection using 16,425 polymorphic SNPs and pairwise population values
The clusterization results for the GWAS were adopted from the original study ofthe same collection, where the STRUCTURE 2.3.4 allowed the revealing that the TWC set has the optimal K value 3, and the DWV set has K value 6 [8]. Overall, GWAS identified 108 significant marker-trait associations (MTAs) using the TWC and DWV sets. Moreover, 83 additional were detected in two or more environments using both (tables 15-16). 
Table 15 – The list of stable Quantitative Trait Loci (QTLs) controlling adaptability traits

	QTL
	Chr
	QTL region (cM)
	TWC
	DWV

	
	
	
	R2 (%)
	P
	Number of environments
	R2 (%)
	P
	Number of environments

	1
	2
	3
	4
	5
	6
	7
	8
	9

	QHD.td.ipbb_1A.1
	1A
	15.8
	14.6
	2.40E-06
	3
	
	
	

	QHD.td.ipbb_1A.2
	1A
	44.9-62.8
	9.8
	7.79E-05
	2
	
	
	

	QHD.td.ipbb_1B.1
	1B
	37.1-43.2
	11.2
	2.04E-05
	2
	
	
	

	QHD.td.ipbb_1B.2
	1B
	67.6-68.1
	13.8
	1.083E-5
	2
	
	
	

	QHD.td.ipbb_2A.1
	2A
	46.2-53.4
	11.0
	2.51E-05
	1
	13.3
	1.13E-04
	1

	QHD.td.ipbb_2A.2
	2A
	208.7-210.8
	15.5
	2.93E-06
	3
	
	
	

	QHD.td.ipbb_2B.1
	2B
	34-65.2
	11.3
	2.22E-05
	2
	
	
	

	QHD.td.ipbb_4A.1
	4A
	71-71.4
	10
	6.45E-05
	2
	15.1
	4.32E-05
	1

	QHD.td.ipbb_4A.2
	4A
	107.1-144.8
	21.2
	1.20E-08
	4
	15.4
	4.40E-05
	1

	QHD.td.ipbb_4A.3
	4A
	167.5-168.5
	13
	4.91E-06
	2
	
	
	

	QHD.td.ipbb_4B.1
	4B
	69.2-92
	11
	2.17E-05
	2
	
	
	

	QHD.td.ipbb_5A.1
	5A
	104.9-111
	9.3
	1.29E-04
	1
	17.8
	1.04E-05
	2

	QHD.td.ipbb_5A.2
	5A
	127.1-158.9
	48.1
	5.35E-06
	1
	21
	1.90E-06
	3

	QHD.td.ipbb_5B.1
	5B
	77.3-120.1
	15.5
	3.22E-06
	2
	
	
	

	QHD.td.ipbb_6B.1
	6B
	34.7-96.7
	11.7
	1.46E-05
	3
	12.8
	1.74E-04
	1

	QHD.td.ipbb_7A.1
	7A
	103.3-148.1
	9.9
	6.83E-05
	2
	
	
	

	QHD.td.ipbb_7B.1
	7B
	132-132.8
	10.4
	4.66E-05
	1
	13.4
	1.27E-04
	1

	QSMT.td.ipbb_2A.1
	2A
	171.8-210.8
	18.7
	5.24E-07
	2
	
	
	

	QSMT.td.ipbb_2B.1
	2B
	29-41.9
	29.3
	2.98E-10
	2
	
	
	

	QSMT.td.ipbb_3A.1
	3A
	64.2
	9.5
	1.22E-04
	2
	
	
	

	QSMT.td.ipbb_4A.1
	4A
	136.7-144.8
	19.1
	7.12E-08
	2
	
	
	

	QSMT.td.ipbb_4A.2
	4A
	167.5-173.6
	13.3
	5.66E-05
	3
	
	
	

	QSMT.td.ipbb_4B.1
	4B
	81.5-87
	16.5
	6.68E-07
	2
	
	
	

	QSMT.td.ipbb_5B.1
	5B
	143.5-160.3
	10.1
	1.24E-04
	2
	
	
	

	QSMT.td.ipbb_6B.1
	6B
	58.6-71.9
	16.8
	1.90E-06
	2
	
	
	

	QPH.td.ipbb_1A.1
	1A
	49.8-70.8
	7.1
	9.60E-05
	2
	18
	4.22E-05
	1

	QPH.td.ipbb_1B.1
	1B
	129.7-162.5
	9.5
	3.07E-05
	1
	21
	1.49E-06
	4

	QPH.td.ipbb_2A.1
	2A
	24.7
	14.7
	1.08E-05
	1
	21
	6.41E-06
	3

	QPH.td.ipbb_2A.2
	2A
	146.5-148
	
	
	
	15
	4.45E-05
	2

	QPH.td.ipbb_2B.1
	2B
	146.8-161.5
	
	
	
	21
	6.41E-06
	3

	QPH.td.ipbb_4A.1
	4A
	25.7
	7.9
	4.08E-05
	1
	21
	6.41E-06
	3

	QPH.td.ipbb_4A.2
	4A
	129.3-139.7
	
	
	
	21
	6.41E-06
	3

	QPH.td.ipbb_4B.1
	4B
	28.5-35
	7.6
	6.51E-05
	2
	13.3
	9.75E-05
	2

	QPH.td.ipbb_5A.1
	5A
	110.5-111.3
	
	
	
	24.2
	2.90E-06
	4

	QPH.td.ipbb_5A.2
	5A
	134.5-146.5
	
	
	
	18
	2.42E-05
	2

	QPH.td.ipbb_6A.1
	6A
	67.5-69.1
	
	
	
	17.8
	8.61E-06
	3

	QPH.td.ipbb_6B.1
	6B
	85.4
	
	
	
	18.7
	4.95E-05
	3

	QPH.td.ipbb_6B.2
	6B
	121.7-122.2
	
	
	
	17.8
	8.61E-06
	3

	QPH.td.ipbb_7B.1
	7B
	129.9-131
	
	
	
	18.5
	4.25E-05
	2

	QPH.td.ipbb_7B.2
	7B
	190.9-208.2
	
	
	
	15
	3.34E-05
	2

	Note – TWC  – whole tetraploid collection, DWV – durum wheat (T. durum) group


Table 16 – The list of identified Quantitative Trait Loci (QTLs) controlling yield-related traits

	QTL
	Chr
	QTL region (cM)
	TWC
	DWV

	
	
	
	R2 (%)
	P
	Number of environments
	R2 (%)
	P
	Number of environments

	1
	2
	3
	4
	5
	6
	7
	8
	9

	QSL.td.ipbb_1A.1
	1A
	31.9
	9.8
	1.33E-04
	2
	
	
	

	QSL.td.ipbb_1A.2
	1A
	49.8-53.3
	14.8
	4.46E-06
	2
	44.9
	4.65E-11
	2

	QSL.td.ipbb_1A.3
	1A
	94.7-121.1
	10.4
	7.87E-05
	2
	19.5
	2.78E-05
	3

	QSL.td.ipbb_1B.1
	1B
	101.8-115.7
	
	
	
	18.5
	8.43E-06
	2

	QSL.td.ipbb_2A.1
	2A
	36.6-46.6
	14.6
	2.80E-05
	1
	17.3
	1.56E-05
	1

	QSL.td.ipbb_3A.1
	3A
	18.9
	11.6
	5.68E-05
	1
	32.7
	1.05E-07
	2

	QSL.td.ipbb_4B.1
	4B
	118.5-135.5
	10.7
	6.19E-05
	1
	12.2
	1.83E-04
	1

	QSL.td.ipbb_5B.1
	5B
	38.1
	
	
	
	15.9
	3.16E-05
	2

	QSL.td.ipbb_5B.2
	5B
	112.5-119
	13.2
	7.63E-05
	2
	
	
	

	QSL.td.ipbb_6B.1
	6B
	101.4-102.5
	9.6
	3.50E-05
	2
	12.8
	1.57E-04
	1

	QSL.td.ipbb_7A.1
	7A
	0.3-14.2
	9.7
	1.69E-04
	1
	15.9
	3.32E-05
	1

	QSL.td.ipbb_7A.2
	7A
	82.4
	
	
	
	28.3
	6.55E-08
	2

	QSL.td.ipbb_7B.1
	7B
	16.7-28.5
	13.2
	1.30E-05
	1
	27.6
	1.11E-07
	2

	QNFS.td.ipbb_2A.1
	2A
	154.6
	14.7
	3.93E-06
	1
	24
	4.18E-06
	2

	QNFS.td.ipbb_3A.1
	3A
	64.3-72.2
	12.4
	7.81E-06
	1
	16.2
	1.21E-04
	2

	QNFS.td.ipbb_4A.1
	4A
	0-3.1
	14
	4.63E-06
	1
	23.5
	4.31E-06
	2

	QNFS.td.ipbb_5A.1
	5A
	27.2
	
	
	
	23.5
	6.82E-07
	2

	QNFS.td.ipbb_5B.1
	5B
	160.6-165.7
	9.5
	1.76E-04
	1
	12.6
	1.69E-04
	1

	QNFS.td.ipbb_6A.1
	6A
	8.9-11.2
	
	
	
	30
	3.06E-08
	2

	QNFS.td.ipbb_6A.2
	6A
	33.2
	12.6
	1.16E-05
	1
	19.7
	2.90E-05
	2

	QNFS.td.ipbb_7B.1
	7B
	65.5-67.1
	
	
	
	17.3
	1.56E-05
	2

	QNKS.td.ipbb_5B.1
	5B
	142.6-146.5
	11.1
	5.6E-05
	2
	
	
	

	QTKW.td.ipbb_1A.1
	1A
	94.9-95.5
	
	
	
	15.4
	1.60E-04
	2

	QTKW.td.ipbb_1A.2
	1A
	146.1-150.2
	18.6
	4.29E-07
	1
	15.4
	1.50E-04
	1

	QTKW.td.ipbb_1B.1
	1B
	65.2-89.7
	20.9
	7.70E-08
	3
	19.4
	3.38E-05
	1

	QTKW.td.ipbb_2A.1
	2A
	188.5-206.2
	18.3
	4.87E-07
	2
	20.4
	2.52E-05
	2

	QTKW.td.ipbb_2B.1
	2B
	7.9-19.4
	12.3
	6.98E-06
	1
	16.6
	1.26E-04
	1

	QTKW.td.ipbb_2B.2
	2B
	176-185.8
	18.9
	3.10E-07
	1
	37.6
	1.17E-08
	2

	QTKW.td.ipbb_3A.1
	3A
	16.5-20.9
	20.3
	1.72E-07
	1
	13.5
	1.96E-04
	1

	QTKW.td.ipbb_3B.1
	3B
	2.8-5.4
	18.7
	6.65E-07
	2
	
	
	

	QTKW.td.ipbb_3B.2
	3B
	84.7-94
	12.9
	2.71E-05
	1
	15.6
	1.77E-04
	1

	QTKW.td.ipbb_3B.3
	3B
	194-209.1
	
	
	
	22.5
	1.63E-06
	1

	QTKW.td.ipbb_5A.1
	5A
	157.1-163.5
	14.5
	7.77E-06
	2
	20.7
	1.86E-05
	3

	QTKW.td.ipbb_5A.2
	5A
	199.1-208.8
	14.5
	7.77E-06
	1
	17.5
	8.81E-05
	2

	QTKW.td.ipbb_5B.1
	5B
	129.7-132.9
	18.9
	4.14E-07
	1
	12.6
	1.38E-04
	1

	QTKW.td.ipbb_5B.2
	5B
	157.9-160.6
	11.3
	3.45E-05
	2
	
	
	

	QTKW.td.ipbb_6A.1
	6A
	58.4-87.1
	20.3
	1.25E-07
	1
	15.6
	1.38E-04
	1

	QTKW.td.ipbb_6A.2
	6A
	124-126.5
	9.7
	1.42E-04
	1
	22.3
	8.50E-06
	2

	QTKW.td.ipbb_6B.1
	6B
	92.6-115.8
	18.8
	3.15E-07
	2
	19.8
	2.91E-05
	1

	QTKW.td.ipbb_7A.1
	7A
	111.1-119.3
	
	
	
	19
	7.45E-06
	3

	QTKW.td.ipbb_7A.2
	7A
	189.5-208.6
	18.6
	3.64E-07
	3
	
	
	

	QTKW.td.ipbb_7B.1
	7B
	94.2
	13.6
	1.54E-05
	1
	24.4
	1.94E-06
	2

	QTKW.td.ipbb_7B.2
	7B
	173.2-194.8
	18.7
	3.27E-07
	1
	15.9
	1.16E-04
	1


The GWAS of the TWC (n = 184) using seven agronomic traits has allowed the identification of 64 stable QTLs (tables 15-16). The largest number of QTLs were identified for TKW (18), followed by HD (17) and SL (10). When the GWAS was performed only with the DWV set (n = 122), 59 stable QTLs were identified, hence the remaining five QTLs were detected in the WDA collection (таблица 15). In total, 40 identified QTLs were detected in both the TWC and DWV sets. 

The QTLs were localized in all chromosomes ofthe A and B genomes (figures 9-10). 
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SNP marker positions for each chromosome were given based on [48]. QTLs for adaptive (green) and yield-related (blue) traits are shown on the right side ofthe chromosomes. QTL acronyms indicate the trait and chromosome. The most significant SNP markers are highlighted in color

Figure 10 – Schematic representation of identified Quantitative Trait Loci for agronomic traits in chromosomes 1A-4B of the wheat genomes using genome-wide association study

Overall, the highest number of QTLs was identified on chromosome 1A, 4A and 5B (8 QTLs on each chromosome). Altogether, 45 QTLs were identified in the A genome and 38 QTLs in the B genome. Location-wise, 32 QTLs were identified in two contrasting regions (SEK and NK). Among the reported 83 QTLs, 39 were identified for adaptive traits and 43 for yield-related traits [51].
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SNP marker positions for each chromosome were assigned based on [48]. QTLs for adaptive (green) and yield-related (blue) traits are shown on the right side ofthe chromosomes. QTL names indicate the trait and chromosome. The most significant SNP markers are highlighted in color


Figure 11 – Schematic representation of identified Quantitative Trait Loci for agronomic traits in chromosomes 5A-7B of the wheat genomes using genome-wide association study

Plant adaptation-related traits. Three key traits, HD, SMT, and PH, were evaluated separately as they directly connected with plant adaptation of studied accessions in two contrasting sites. The HD study allowed the identification of 17 QTLs revealed in TWC analysis and 7 in DWV sets that were also found in TWC (table 17). 
Table 17 – The number of identified Quantitative Trait Loci in TWC and DWV datasets

	Traits
	TWC
	DWV
	Overall 

	
	Total
	NK
	SEK
	NK/SEK
	Total
	NK
	SEK
	NK/SEK
	Total
	New

	All traits
	64
	15
	26
	23
	59
	3
	45
	11
	83
	38

	HD
	17
	
	11
	6
	7
	1
	5
	1
	17
	3

	SMT
	8
	
	4
	4
	
	
	
	
	8
	1

	PH
	5
	1
	2
	2
	15
	1
	6
	8
	15
	7

	SL
	10
	3
	4
	3
	11
	1
	9
	1
	13
	13

	NFS
	5
	1
	4
	
	8
	
	7
	1
	8
	5

	NKS
	1
	
	
	1
	
	
	
	
	1
	

	TKW
	18
	10
	1
	7
	18
	
	18
	
	21
	9

	Note – TWC – tetraploid wheat collection; DWV – durum wheat group, NK – North Kazakhstan, SEK – South-East Kazakhstan, HD – heading date, SMT – seed maturation time, PH – plant height, SL – spike length, NFS – number of fertile spikes, NKS – number of kernels per spike, TKW – thousand kernel weight


The percent of explained phenotypic variation (R2) of each of those QTLs ranged from 10 to 48%, P-values of marker-trait associations ranged from a minimum of 1.74E- 04 to a maximum significance of 1.20E-08. Interestingly, the QTL with peak SNP marker IWB54033 (2A, 46.2 cM) appeared to be associated with the photoperiod sensitivity Ppd-A gene on the chromosome 2A, and IWB45998 marker (2B, 65.2 cM) is located near the known gene Ppd-B1 (figure 10). The other expected matches were the locus QHD.td.ipbb_5A.2 located in the vicinity ofthe Vrn-A1 and the locus QHD.td.ipbb_5B.1 located in the region of the Vrn-B1 (figure 10, table F.15).
Eight QTLs for SMT were detected in the TWC, and none in DWV sub-group (table 17). Each of these QTL explained between 9 and 33% of the phenotypic variation. Except for QTL in 3AL, all other associations for SMT were co-localized with QTLs for HD. The strongest association with this trait showed IWB9499 (2B, 41.9 cM) with the significance of P < 2.98E-10 (table 15).
The GWAS for PH allowed the identification of 15 QTLs spread on ten different chromosomes evenly located on the A and B genomes (table 17). The source of 15 identified MTAs for PH was the DWV set, and using the entire TWC set also helped in revealing five of those MTAs, suggesting that one-third of those associations was contributed by the WDA set (table F.15). Therefore, the WDA set is a rich source for discovering new genes that affect PH in tetraploid wheat. The phenotypic variation of each of these QTL ranged from 6 to 24%. Four of those QTLs showed relatively high R2 values (from 21 to 24%) and were observed on chromosomes 1B, 4A and 5A (table 15). The analysis in studied environments suggested that IWB20993 on chromosome 1B (162.5 cM) and IWA3827 on chromosome 5A (110.5 cM) were most stable and recorded being significant in four environments (table 15). The IWB20993 was the most significantly associated SNP marker with PH and identified both using TWC (R2, 9%) and DWV (R2, 21%) sets. The next most significant QTLs were identified on chromosome 4A, where IWB40358 (25.7 cM) and IWB65979 (133.2 cM) showed a strong MTA (P < 6.41E-06). The IWA3827 (5A, 110.5 cM) also showed strong MTA (P < 2.90E-06) in the DWV set. Notably, three QTLs, designated here as QPH.td.ipbb_4B.1, QPH.td.ipbb_5A.2 and QPH.td.ipbb_6A.1, were matching their genetic positions with known genes, Rht-B1, Rht9 and Rht24, respectively (figures 9-10, table Е.15). Out of nine presumably novel, MTAs for PH three MTAs were also found using TWC set, including one significant SNP in the MTA in the coding region, and SNPs in two MTAs in non-coding regions. The majority of 15 MTAs for PH, except one MTA in the Northern site and four MTAs in the South-east site, were revealed in both locations.
Yield-related traits. Five key agronomic traits directly related to yield (SL, NFS, NKS, TKW, and YPP) were considered for the analyses in this part of GWAS. However, no QTL was identified for YPP. The GWAS for SL has allowed the identification of 13 QTLs, and 8 of those QTLs were common both in TWC and DWV screenings (table 18, figures 9-10), suggesting that WDA significantly contributed to the identification of additional 5 QTLs. The most stable QTL (QSL.td. ipbb_1A.3) significant in three studied environments was identified on chromosome 1A (112.2 cM) that was detected in three environments (table 16). The most significant QTL for this trait was observed on chromosome 7A (82.8 cM) in the DWV sub-set (P < 6.55E-08). Among eight QTLs identified for NFS in the DWV sub-set, five were detected in TWC (table 18), suggesting that most significant QTLs located on chromosomes 6A (11.2 cM, P < 3.06E-08) and 5A (27.2 cM, P < 6.82E-07), respectively (table 16).
None of the MTA were mapped in positions of known specific genes that control these traits, except two TKW-associated genes (table 17). In the first case, QTKW.td.ipbb_6A.1 (58.5–87.1 cM) identified in this study was positioned in the vicinity ofgene TaGW2-6A (a negative regulator ofgrain size and weight) [62]-[40]. In the second instance, QTKW.td.ipbb_7A.1 (111.1 cM) identified in this study was mapped in the position of TaPPH-7A (involved in chlorophyll degradation, further affects yield and quality of crops) (table 18) [61].

The SL is one of the fundamental traits in spike architecture, and not only directly influences grain yield [62], but also significantly associated with HD [63]. This study confirms the significant relationship between SL and HD in durum wheat (P < 0.001), and four out of thirteen MTAs for SL here were associated with HD in durum wheat (figures 9-10). Notably, six out ofthirteen MTAs for the SL in the TWC set and two MTAs in the DWV set were identified in the Northern Kazakhstan testing site and can be effectively targeted in local breeding programs [51].
Table 18 – The list of MTAs related to yield-related traits and information on their correspondence with previously reported QTL and known gene positions

	Trait
	Marker
	Chr
	QTL region (cM)
	Reference
	QTL; genetic position (cM) in the reference
	QTL; physical position in the reference

	1
	2
	3
	4
	5
	6
	7

	SL
	IWB72507
	1A
	31.9
	
	
	

	SL
	IWB31350
	1A
	49.8-53.3
	
	
	

	SL
	IWB52277
	1A
	94.7-121.1
	
	
	

	SL
	IWB50693
	1B
	101.8-115.7
	
	
	

	SL
	IWA2526
	2A
	36.6-46.6
	
	
	

	SL
	IWB65471
	3A
	18.9
	
	
	

	SL
	IWB25608
	4B
	118.5-135.5
	
	
	

	SL
	IWB46117
	5B
	38.1
	
	
	

	SL
	IWB11477
	5B
	112.5-119
	
	
	

	SL
	IWB49000
	6B
	101.4-102.5
	
	
	

	SL
	IWB23321
	7A
	0.3-14.2
	
	
	

	SL
	IWA1438
	7A
	82.4
	
	
	

	SL
	IWA1437
	7B
	16.7-28.5
	
	
	

	NFS
	IWB37862
	2A
	154.6
	QTL [64];
	149.7-157.5;
	697755950..712300489 

	
	
	
	
	QTL [64]
	151.7-159.6 
	698299250..712300489

	NFS
	IWB37650
	3A
	64.3-72.2
	QTL [64];
	69-76.8;
	479956967..513797889

	
	
	
	
	QTL [64];
	69.4-77.2;
	479956967..513797889

	
	
	
	
	QTL [64]
	69.6-77.5 
	479956967..513797889

	NFS
	IWB10748
	4A
	0-3.1
	
	
	

	NFS
	IWB61904
	5A
	27.2
	
	
	

	NFS
	IWB75125
	5B
	160.6-165.7
	QTL [55]
	141.6-NA 
	601246358..671280099

	NFS
	IWB57414
	6A
	8.9-11.2
	
	
	

	NFS
	IWB23735
	6A
	33.2
	
	
	

	NFS
	IWB8566
	7B
	65.5-67.1
	
	
	

	NKS
	IWB61848
	5B
	142.6-146.5
	QTL [64]
	139.8-145.5 
	540387574..618978053

	TKW
	IWB7965
	1A
	94.9-95.5
	QTL [65]
	88.4-104.4 
	508236051..535156860

	TKW
	IWB9191
	1A
	146.1-150.2
	
	
	

	TKW
	IWB48254
	1B
	65.2-89.7
	QTL [66]
	37.4-113.5; 
	33986133..594220377

	
	
	
	
	QTL [67]
	53.9-57.6
	473830872..473830942

	TKW
	IWB72975
	2A
	188.5-206.2
	QTL [66];
	201.1-210.8;
	761215833..775446234

	
	
	
	
	QTL [68]
	200.7-212.1; 
	753056610..775446234

	
	
	
	
	QTL [67]
	181.2
	737689634..737689537

	TKW
	IWB9352
	2B
	7.9-19.4
	
	
	

	TKW
	IWB22135
	2B
	176-185.8
	QTL [66];
	191.9-193.6;
	765305837..789411430)

	
	
	
	
	QTL [69]
	181.6-187.6 
	772773642..782865134

	TKW
	IWB34361
	3A
	16.5-20.9
	
	
	

	TKW
	IWB8884
	3B
	2.8-5.4
	QTL [55];
	1.1-4.9;
	5604..5105605

	
	
	
	
	QTL [57]
	4.2-12.5 
	5604..15077012

	TKW
	IWA6677
	3B
	84.7-94
	
	
	

	TKW
	IWB48069
	3B
	194-209.1
	QTL [55];
	205.1;
	796469438..827076832

	
	
	
	
	QTL [67];
	178.6-194.6;
	792002102..820343401

	
	
	
	
	QTL [65];
	178.6-194.6; 
	792002102..820343401

	
	
	
	
	QTL [65];
	178.6-194.6; 
	792002102..820343401

	
	
	
	
	QTL [67]
	186.6
	803216997..803216897

	
	
	
	
	QTL [65]
	175.6-191.6 
	788010763..816570216

	TKW
	IWA583
	5A
	157.1-163.5
	
	
	

	TKW
	IWB44011
	5A
	199.1-208.8
	
	
	

	TKW
	IWB33023
	5B
	129.7-132.9
	
	
	

	TKW
	IWB36247
	5B
	157.9-160.6
	
	
	

	TKW
	IWA7563
	6A
	58.4-87.1
	Gene [60]
	
	

	
	
	
	
	QTL [67]
	52.6
	305092950..305093050

	TKW
	IWB3130
	6A
	124-126.5
	QTL [55]
	121.2-NA 
	598732579..608245286


Continuation of Table 18
	1
	2
	3
	4
	5
	6
	7

	TKW
	IWB12220
	6B
	92.6-115.8
	QTL [70];
	104-112.9;
	619901793..636619393

	
	
	
	
	QTL [71];
	100.9-111;
	621762855..636619393

	
	
	
	
	QTL [67]
	97.5-113.5 
	601135266..645996827

	
	
	
	
	QTL [67]
	105.5
	628763171..628763073

	TKW
	IWB34274
	7A
	111.1-119,3
	Gene [61]
	
	

	TKW
	IWB34640
	7A
	189.5-208.6
	QTL [67]
	181.5-197.5 
	694638997..717853890

	TKW
	IWB73892
	7B
	94.2
	QTL [67];
	96.7-112.7; 
	496126667..578606740 

	
	
	
	
	QTL [71]
	85.9-92.9 
	459321833..517442227

	TKW
	IWB10520
	7B
	173.2-194.8
	
	
	


The comparative analysis for NFS, another important yield component, suggested that four of eight identified in this study MTAs were previously reported. One ofthe reported MTAs for NFS (QNFS.td.ipbb_3A.1) was also identified in the NK testing site with high significance (P< 0.0001). Likewise, the identified single MTA for NKS both in South-eastern and Northern territories was also previously reported [64].

The largest number of QTLs was identified for TKW (figure 11), with 21 QTLs significant in two and more environments (table 16). Figure 11 shows Manhattan and Quantile-Quantile (Q-Q) plots as an example.

	[image: image31.png]~logo(p)

1A 1B 2A 2B 3A 3B 4A 4B 5A 58 6A 6B TA B





	[image: image32.jpg]Observed -logso(p)

MLM.TKW

°8

°

1 2 3 4

Expected —logqo(p)





	A
	B


А) Manhattan plot, В) Q-Q. The vertical axes show the negative logarithm of the P-value. The horizontal axes indicate chromosomes. Arrows indicate stable MTAs

Figure 11 – Marker-trait associations of the 1000 kernel weight, obtained in the analysis of Almaty region data in 2018 using a DWV group

It was shown that 18 of those 21 QTLs were mapped in the DWV set, while the remaining three were identified in the TWC set (table 17). Overall, 15 QTL regions were evidenced in both the TWC collection and DWV sub-set. In DWV analysis, the most stable QTLs were identified on chromosomes 5A (159.5 cM) and 7A (111.1 cM), both showing the significance in three environments (SEK18-1, SEK18-2, SEK18-m). In TWC analysis, the QTLs on chromosomes 1B (87.1 cM) and 7A (193.9 cM) also recorded in three environments (SEK18-1; SEK18-m; NK19). The most significant association was recorded for IWB22135 (2B, 183.1 cM) that was identified in both sets of accessions, with an R2 of 37.6% in DWV subset study (table 16).

The comparison of 83 identified MTAs with previously published reports in GWAS for durum wheat suggested that 38 MTAs are presumably novel (table 17). The remaining 45 MTAs were previously identified based on field trials in other parts of the World. The co-localization of a large number of MTAs with those previously published confirms the validity of the results of this study. 
Thus, the study was an additional contribution to the understanding of the genetic dissection of this complex trait. Obtained results would serve as a required prerequisite for forming and realization of specific breeding programs towards effective adaptation and increased productivity of durum wheat in Kazakhstan. Partially, this can be achieved by converting the identified SNP markers of 83 MTAs to reliable KASP (Kompetitive Allele Specific PCR) type of markers.
3.7 Analysis of the KASP markers' effectiveness for identifying valuable genotypes and their use in breeding programs 

For each KASP marker, two allele-specific forward and one reverse primers were designed (table 19). For this, the nucleotide sequences of the target regions of 20 SNP markers significant according to the GWAS results were found on the durum wheat consensus map [41].
Тable 19 – Characteristics of KASP markers developed on the basis of GWAS
	KASP-marker 
	Trait
	SNP 
	Chromosome
	Genomic location, cM

	1
	2
	3
	4
	5

	ipbb_td_101
	Flowering time
	GENE-1634_405
	3A
	108.1

	ipbb_td_102
	Flowering time
	wsnp_Ku_c35386_44598937
	5A
	99.0

	ipbb_td_103
	Flowering time
	RAC875_c28144_448
	7A
	118.0

	ipbb_td_104
	Maturation time
	IAAV5756
	1A
	46.2

	ipbb_td_105
	Maturation time
	Kukri_rep_c104521_601
	6B
	101.4

	ipbb_td_106
	Number of fertile spikes
	wsnp_Ex_c22727_31934296
	5A
	144.8

	ipbb_td_107
	Number of fertile spikes
	Excalibur_c22012_195
	6A
	33.2

	ipbb_td_108
	Number of fertile spikes
	wsnp_Ku_rep_c103690_90365429
	7B
	154.7

	ipbb_td_109
	Number of fertile spikes
	Excalibur_rep_c78585_68
	7B
	186.0

	ipbb_td_110
	Number of kernels per plant
	Kukri_c64195_432
	1B
	87.6

	ipbb_td_111
	Number of kernels per plant
	RFL_Contig996_818
	2B
	59.7

	ipbb_td_112
	Number of kernels per plant
	Excalibur_c64265_224
	5A
	50.5

	ipbb_td_113
	Plant height
	Tdurum_contig43788_885
	3A
	39.7

	ipbb_td_114
	Plant height
	RAC875_c36433_497
	3B
	130.1

	ipbb_td_115
	Spike length
	CAP12_c6266_339
	1A
	49.8

	ipbb_td_116
	Spike length
	RAC875_c46661_184
	2B
	87.7


Continuation of Table 19

	1
	2
	3
	4
	5

	ipbb_td_117
	Spike length
	wsnp_Ra_c4660_8405634
	2B
	148.0

	ipbb_td_118
	Spike length
	wsnp_Ku_c22358_32187765
	6A
	68.3

	ipbb_td_119
	1000 kernel weight
	IACX906
	1B
	106.0

	ipbb_td_120
	Weight of kernels per spike
	wsnp_Ex_c1058_2020681
	1B
	155.3


On the Interomics website (https://www.interomics.eu/), the BLASTn function was used in the Svevo portal tab to search for similar nucleotide sequences throughout the durum wheat genome. The Genome Annotation Viewer tab of the Interomics website was used to download the required nucleotide sequences. For a more accurate analysis, we additionally analysed the nucleotide sequences of the varieties Zavitan (Triticum dicoccoides) and Chinese Spring (Triticum aestivum). Then these sequences were aligned in the MEGA X program [42]. Sequences of 18-25 nucleotides in length were selected from the target variable SNP in the forward or reverse direction for the design of two allele-specific primers. In the opposite direction, a nucleotide sequence of 10-30 nucleotides in length of a specific genome of Triticum durum was selected, starting with a variable nucleotide that differs between different genomes of durum wheat of the same chromosome to increase the specificity of the reverse primer. Selected nucleotide sequences were analyzed for optimal melting temperatures (Tm: 55-62 °C) and the absence of dimers. For these purposes, the website of Thermo Fisher Scientific was used (www.thermofisher.com). After confirming the absence of dimers and the optimal melting temperature, the nucleotide sequence of the FAM dye (GAAGGTGACCAAGTTCATGCT) was inserted to the 5'-end of one of the two allele-specific primers, and the other – HEX/VIC dye (GAAGGTCGGAGTCAACGGATT). Information on KASP markers is shown in tables 19 and F.5.
To analyze the efficiency of hexaploid wheat's KASP markers, the genotyping results of 29 cultivars and lines of Kazakhstan and Russian breeding for 32 KASP markers and phenotypic data of the 2018 in Almaty region were used (section 3.3, table F.11) [72].  A t-test analysis was carried out to identify the statistical significance of markers for agronomically valuable traits. Fourteen polymorphic KASP markers were divided into 2 groups in accordance with the associated traits: a) plant development traits and b) yield traits. The first group consisted of 11 markers associated with the flowering and ripening times of durum wheat. In particular, it was shown that KASP markers GENE-2352_964 and BS00037002_51 were statistically significant for the flowering time. KASP markers BS00066460_51, BS00067150_51, BS00022689_51 were associated not only with flowering and ripening time, but also with yield components (number of kernels per spike, 1000 kernel weight), which indicates the pleiotropic effect of genetic factors. For the second group of traits, 3 polymorphic KASP markers were associated with traits of durum wheat yield. In particular, the KASP marker wsnp_Ex_c24700_33953160 was associated with the number of kernels per spike, and the KASP markers BS00022431_51 and Kukri_c54_306 with 1000 kernel weight. As a result of analysis of 29 cultivars of Kazakhstan and Russia using 14 polymorphic KASP markers, it was found that 8 of them showed statistical significance (P < 0.05) for 5 studied traits (flowering time, seed maturation time, productive tillering, number of kernels per spike, 1000 kernel weight). The primer sequences for the eight statistically significant KASP markers are shown in table F.5. Thus, the study confirmed the possibility of using KASP markers of hexaploid wheat in marker-assisted durum wheat breeding to increase grain yield. 
To confirm the effectiveness of KASP markers developed on the basis of durum wheat GWAS, a collection of T. durum was additionally studied, consisting of 64 durum wheat cultivars and lines of Kazakhstan, Russian and foreign breeding, which was genotyped using a set of KASP markers: ipbb_td_106, ipbb_td_107, ipbb_td_116, ipbb_td_117, ipbb_td_119. The data from field studies and structural analysis of this durum wheat collection grown in the conditions of two regions of Kazakhstan in 2018 and 2019 were used for statistical analysis to confirm the significance of these markers for the studied yield components (tables F.16-20). A statistically significant association was revealed for a number of traits for tetraploid wheat (table 20) and the genotypic effect of each marker was estimated (table 21). 5 KASP markers were statistically significant with the studied traits (figure 12).
Тable 20 – Statistical significance evaluation of the marker-trait associations of the tetraploid wheat collection based on the GWAS results 

	Trait-marker
	Growing region, year

	
	Almaty 
	North-Kazakhstan

	
	
	2018
	2019

	Maturation time, number of fertile spikes (ipbb_td_106)
	***
	
	***

	Number of fertile spikes (ipbb_td_107)
	***
	
	

	Spike length (ipbb_td_116)
	
	
	*

	Spike length (ipbb_td_117)
	*
	
	*

	1000 kernel weight (ipbb_td_119)
	*
	***
	

	Note – * P < 0.05 and *** P < 0.001


Тable 21 – Assessment of the genotypic effect of KASP markers
	KASP marker
	Trait
	Allele
	Genotypic effect

	ipbb_td_106
	Maturation time
	G
	2.009

	ipbb_td_106
	Number of fertile spikes 
	G
	0.449

	ipbb_td_107
	Number of fertile spikes 
	Т
	1.718

	ipbb_td_116
	Spike length 
	G
	1.600

	ipbb_td_117
	Spike length 
	A
	1.178

	ipbb_td_119
	1000 kernel weight
	Т
	3.483
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ipbb_td_106 – Allele G has a positive genotypic effect on the NFS trait (number of fertile spikes) and a negative genotypic effect on the HD trait (heading date); B) ipbb_td_107 – allele T has a positive genotypic effect on the NFS trait (number of fertile spikes); C) ipbb_td_116 – allele G has a positive genotypic effect on the SL trait (spike length); D) ipbb_td_117 – allele A shows a positive genotypic effect on the SL trait (spike length); E) ipbb_td_119 – allele T has a positive genotypic effect on the TKW trait (1000 kernel weight)
Figure 12 – Amplification results of 64 durum wheat cultivars by KASP markers

Thus, we analyzed the efficiency of using KASP markers for hexaploid and durum wheat to identify valuable genotypes and their use in breeding programs.

CONCLUSION

The introduction of modern genomic and phenomic technologies into the breeding process is a modern component of the grain development in crop breeding. In particular, the project uses the results of genome-wide association study of a collection of durum wheat using a new generation technology – chip SNP genotyping using the Illumina technology. 

The use of this technology will significantly increase the efficiency of breeding research in the country. Within the framework of this project, during three research years, a collection of tetraploid wheat, consisting of more than 368 cultivars and lines of various origins, including 300 durum wheat accessions, was studied in two regions of Kazakhstan (Almaty and North- Kazakhstan region). The results of the plant development in collection by growth phases, including the heading and maturation time, as well as by morphometric parameters and yield components, such as the number of kernels per plant, weight of kernels per spike, 1000 kernel weight, and yield per m2, were generalized.
A quality biochemical analysis of the durum wheat collection grown in two regions of Kazakhstan in 2018 and 2019 was carried out. Characterization and ranking of productivity and grain quality traits were carried out using promising genotypes for breeding. Highlighted promising durum wheat lines based on the data of two years when compared with the check cultivars in each region on the basis of early maturation time (6 in the Almaty region, 12 in the North Kazakhstan region), productivity (1 in the Almaty region, 1 in the North Kazakhstan region), grain quality (2 in the Almaty region, 7 in the North Kazakhstan region). As a result of the correlation analysis, a close relationship was revealed between the plant development phases and productivity traits. A genetic diversity assessment of a collection of 85 tetraploid wheat cultivars and lines, including 65 representatives of durum wheat, was carried out, based on the use of 7 microsatellite DNA markers. Eighty-three (83) stable (identified in the analysis of two or more growing conditions, or two groups - tetraploid wheat group, durum wheat group) quantitative trait locus were identified, among which 38 are potentially new, significant for various traits of durum wheat development and productivity using the GWAS method. Twenty SNP markers localized in the region of identified QTLs were converted to KASP markers. In the analysis of statistical significance, 5 KASP markers showed efficiency. All the planned tasks of the project were successfully completed within three years of research. The results obtained will be used in breeding programs.
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APPENDIX А
Scientific and organizational activities in 2018-2020

1. Personnel:
Doctor of Biological Sciences, Professor – 1; candidate of biological sciences, professor – 1; PhD, senior researcher – 1; PhD, researcher – 1; PhD doctoral student, junior researcher – 1; bachelor – 1.

Young employees under 35 years of age – 4 (2 PhD, 1 PhD-doctoral student, 1 bachelor), 67%. 

Also, breeders and biochemists were involved in the implementation of the project – E.N. Fedorenko (North Kazakhstan AES) and doctor of biological sciences, prof. A.I. Abugalieva (KRIAP) on a contractual basis.

2. Financing:
36000 thousand tenge, incl.. 2018 – 12000 thousand tenge, 2019 – 12000 thousand tenge, 2020 – 12000 thousand tenge
3. Publications:
Articles in publications from far abroad
а) articles in publications included in the Web of Science Core Collection (Thomson Reuters, USA) and Scopus (Elsevier, Netherlands)

1. Anuarbek S., Abugalieva S., Turuspekov Y. Validation of bread wheat KASP markers in durum lines in Kazakhstan // Proceeding of the Latvian Academy of Sciences. Section B - 2019. - Vol. 73, No. 5. P.462-465. DOI: 10.2478/prolas-2019-0071. 31th percentile (Scopus).

2. Anuarbek S., Abugalieva S., Pecchioni N., Laidò G., Maccaferri M., Tuberosa R., Turuspekov Y. Quantitative trait loci for agronomic traits in tetraploid wheat for enhancing grain yield in Kazakhstan environments // PLoS ONE - 2020. - Vol. 15, No. 6: e0234863. https://doi.org/10.1371/journal.pone.0234863. 91th percentile (Scopus). Q2 (Web of Science).

3. Zatybekov A., Anuarbek S., Abugalieva S., Turuspekov Y. Phenotypic and genetic variability of tetraploid wheat collection harvested in Kazakhstan // Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding - 2020. - Vol. 26, No. 6. P.605-612. DOI 10.18699/VJ20.654. 29th percentile (Scopus). Q3 (Web of Science), Agricultural and Biological Science.

Articles in publications of the RK

а) in peer-reviewed journals recognized by the CCSES MES RK
4. Anuarbek S.N., Abugalieva S.I., Turuspekov Y.K. Genetic diversity assessment of durum wheat cultivars (Triticum durum Desf.) using microsatellite markers // Vestnik KazNU, Biological series - 2018. – N 1 (74). - P.88-98. (Әнуарбек Ш.Н., Абугалиева С.И., Туруспеков Е.К. Оценка генетического разнообразия сортов твердой пшеницы (Triticum durum Desf.) с использованием микросателлитных маркеров // Вестник КазНУ, Серия биологическая - 2018. - N 1(74). - С.88-98.).
5. Anuarbek S, Abugalieva S, Chudinov V., Tuberosa R., Pecchioni N., Turuspekov Y. Comparative assessment of the yield components of the tetraploid wheat world collection // Eurasian Journal of Ecology - 2019. - N 2. - С.39-49.
b) Patents
6. Patent for utility model 5061 (C12Q 1/6806) Anuarbek S.N., Abugalieva S.I., Turuspekov Y.K. Method for identification of breeding-valuable lines of durum wheat (T. durum Desf.) using molecular markers based on KASP // The National Institute of Intellectual Property. Electronic bulletin. - 2020. - N 40. Request number - 2020/0116.2. (Патент РК на полезную модель № 5061 (C12Q 1/6806) Әнуарбек Ш.Н., Абугалиева С.И., Туруспеков Е.К. Способ идентификации селекционно-ценных линий твердой пшеницы (T. durum Desf.) с использованием молекулярных маркеров по технологии KASP // Национальный Институт Интеллектуальной Собственности МЮ РК. Электронный бюллетень. - 2020. - № 40. Номер заявки - 2020/0116.2).
Reports at conferences: (indicating the form of the report)

a) international conferences in the far and near abroad:

7. Anuarbek S.N., Turuspekov Y.K. Screening of durum wheat collection using SSR-markers // XVIII All-Russian conference of young scientists "Biotechnology in crop production, animal husbandry and veterinary medicine''. - Moscow, Russia, (2018). - P.57. ISBN 978-5-6040450-6-0. (Әнуарбек Ш.Н., Туруспеков Е.К. Скрининг коллекции твердой пшеницы с использованием SSR-маркеров // XVIII Всероссийская конференция молодых ученых «Биотехнология в растениеводстве, животноводстве и ветеринарии». - Москва, Россия, (2018 г.). - С.57. ISBN 978-5-6040450-6-0).
8. Anuarbek S., Abugalieva S., Turuspekov Y. From Kazakhstan based on microsatellite markers // International Conference "From Seed to Pasta". - Bologna, Italy, 2018. - P.8.54.
9. Anuarbek S., Abugalieva S., Tuberosa R., Тuruspekov Y. Assessment of the phenotypic and genetic diversity of durum wheat collection (Triticum durum Desf.) // Materials of "VII Congress of Vavilov Society of Geneticists and Breeders (VSG&B) and Associate Symposiums". - Saint Petersburg, 2019. - Р.883.
10. Turuspekov Y., Doszhanova B., Zatybekov A., Didorenko S., Rsaliev A., Amalova A., Abugalieva S. Marker-trait associations in cereals and legumes collections harvested in Kazakhstan // Materials of  ''136th Meeting of The Japanese Society of Breeding''. - 2019. - Vol. 21, No. 2. - P.30.
b) in the Republic of Kazakhstan:

11. Anuarbek S.N., Abugalieva S.I., Turuspekov Y.K. Phenological diversity of the collection of tetraploid wheat cultivars and lines grown in the south-east of Kazakhstan // Materials of the International Scientific-Practical Conference "Modern issues of ecological genetics and current biology" / edited by Bigaliev A.B. - Almaty: Kazakh University, 2017. - P.63-64. ISBN 978-601-04-3186-7. (Әнуарбек Ш.Н., Абугалиева С.И., Туруспеков Е.К. Фенологическое разнообразие коллекции сортов и линий тетраплоидной пшеницы, выращенной на юго-востоке Казахстана // Материалы международной научно-практической конференции «Актуальные проблемы экологической генетики и экспериментальной биологии» / под редакцией Бигалиева А.Б. - Алматы: Қазақ университеті, 2017. - С.63-64. ISBN 978-601-04-3186-7).

12. Turuspekov Y.K. Genomic research development of grain and leguminous crops in Kazakhstan // Materials of the international symposium "Astana Biotech 2018". - Astana, 2018. - P.22. (Туруспеков Е.К. Развитие геномных исследований зерновых и зернобобовых культур Казахстана // Материалы международного симпозиума «Астана Биотех 2018». -  Астана, 2018.  - С.22).

13. Anuarbek S., Turuspekov Y. Evaluation of grain yield components and phenology of tetraploid wheat world collection under rain-fed conditions of Almaty region // Materials of International Scientific Conference of Students and Young Scientists ''VI International Farabi Readings''. - Almaty, Kazakhstan, 2019. - P.230-231.
3. Reports at conferences: (indicating the form of the report)
а) international conferences in the far and near abroad:
Anuarbek S.N. – poster presentation at an international conference "From Seed to Pasta", Bologna, Italy, 2019.
Turuspekov Y.K. – oral presentation at 136 Conference of the Japanese Society of Breeders (136th Meeting of The Japanese Society of Breeding), September 2019 г.

б) international conferences in the CIS countries
Abugalieva S.I. – poster report at the international Congress "VII Congress of the Vavilov Society of Geneticists and Breeders and Associated Symposia". – St. Petersburg, 2019.

b) in the Republic of Kazakhstan:

Turuspekov Y.K. – plenary report at the international symposium Astana Biotech 2018.

Abugalieva S.I. – oral presentation at the international symposium Astana Biotech 2018.
Turuspekov Y.K. – plenary report at the international scientific and practical conference "Achievements and prospects for the development of agriculture and plant growing", dedicated to the 85th anniversary of the Kazakh Research Institute of Agriculture and Plant Growing, August 15, 2019.
6. International cooperation, grants
University of Bologna, Italy; Research center for cereal and industrial crops (Foggia, Italy); Jonh Innes Centre (г. Norwich, England), University of Montana, USA; Okayama University (Kurashiki, Japan); Vavilov all-Russian Institute of Plant Genetic Resources (St. Petersburg, Russia). International organizations – ICARDA, CYMMIT.

International grant «Key technologies for stabilizing sand dunes and restoring vegetation in typical regions of countries along the Silk Road Economic Belt» 2017-2020 years.

5. Personnel training
a) defense of dissertations, management of PhD, master's theses and theses (full name of the applicant, university, degree, topic, specialty, specialty code)

Abugalieva S.I. and Turuspekov Y.К. – scientific guidance of PhD, master's and bachelor's works of students:

– PhD-doctoral studies:

Anuarbek S., al-Farabi KazNU, PhD-doctorate, "biotechnology"
Ermekbaev K.A., Bolashak, PhD-doctorate, "biotechnology"

Zatybekov A.K., KazNAU, PhD-doctorate, "plant protection"

Amalova A.Y., al-Farabi KazNU, PhD-doctorate, "biology".

– Master:

Genievskaya Y.A., al-Farabi KazNU, PhD-doctorate "genetics", master's degree "biotechnology".

Turuspekov Y.K. and Abugalieva S.I. taught population genetics to PhD-doctoral students and undergraduates of al-Farabi KazNU (in English). 

b) internships (institution, country, terms, topic, full name of trainee)

Scientific internships and advanced training of young employees.

Reseacher Anuarbek S. – Bologna University, internship in associative mapping methodology and methods of genetic research and molecular breeding of durum wheat, from January 2019 to Aprile 15, 2019, Bologna, Italy (foreign internship program for doctoral studies at al-Farabi KazNU).

Junior researcher Amalova A. – John Innes Centre, internship on transforming SNP markers associated with yield components of bread wheat into informative KASP markers, from September 1 to December 22, 2019, Norwich, England (foreign internship program for doctoral studies at al-Farabi KazNU).
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Contunuation of Table В.6.1.
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	Durum wheat,

genetic map, QTL

mapping, molecular marker

	USA 

US 2014/002.0128A1

16.01.2014
	USA
	Authors of the patent:

Bill Laskar; Stanley Luck; Ajay Sandhu; Petra Wolters
	Molecular markers for various traits in wheat and methods of use
	filing an application: 2013-01-12

patent publication:

16.01.2014

	
	USA 

US 8,170,805 B2

01.05.2012
	USA
	Authors of the patent: Venkata Krishna Kishore; Zhigang Guo; Min Li; Daolong Wang; Libardo Andres Gutierrez Rojas; Joseph Dallas Clarke; Joseph Byrum
	Method for selecting statistically validated candidate genes
	filing an application:

2009-02-06

patent publication:

12.08.2010

	
	USA 

G06F 19/00 (2006.01) C12N 15/82 (2006.01)

21.10.2010
	USA 


	Authors of the patent:

Guo Zhigang; Kishore Venkata Krishna; Kadaru Suresh Babu; Min; Lee; Gene
	Network population mapping


	filing an application: 2010-04-14

patent publication:

16.04.2009

	
	USA

US2019226035 (A1) A01K67/02; C12Q1/68; C12Q1/6888
	USA
	Authors of the patent:

Hayes Ben [AU]; Goddard Michael  [AU]


	Artificial selection method and reagents
	filing an application:

2019-07-25

	
	CN109913574 (A) 

C12N15/11; C12Q1/6895
	China
	Authors of the patent:

Zhao Chumhua, Cui Fa, Zhang Mengna, Sun Nan, Wu Youngzhen, Liu Mengmeng, Xiang Mingjie
	Molecular marker closely linked with main QTL (quantitative trait loci) for wheat flag leaf width and application of molecular marker
	filing an application:

2019-06-21

	
	CN109913573 (A)

C12N15/11; C12Q1/6895
	China
	Authors of the patent:

Cui Fa, Zhang Mengna, Zhao Chunhua, Sun Han, Wu Yongzhen, Zhang Qianqian, Liu Xijian
	Closely linked molecular marker of wheat spike grain number main effect QTL and application of closely linked molecular marker  
	filing an application:

2019-06-21
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	CN109913572 (A)

C12N15/11; C12Q1/6895
	China
	Authors of the patent:

Wu Yongzhen, Sun Han, Cui Fa, Zhao Chunhua, Xu Huiuian, Shang Yangyang, Li Jue, Zhang Fengyi, Liu Lei, Liu Yizhou
	Molecular marker closely linked with wheat spike length major effect QTL and application of molecular marker  
	filing an application:

2019-06-21

	
	CN109825621 (A)

C12N15/11; C12Q1/686; C12Q1/6895
	China
	Authors of the patent:

Ma Jian, Lan Xiujin, Ding Puyang, Zheng Youliang, Wei Yuming, Jiang Qiantao, Chen Guoyue, Liu Yaxi, Li Wei
	Wheat spikelet number QTL linked SNP molecular marker and application thereof
	filing an application:

2019-05-31

	
	US20200248256 (A1)

C12Q1/6874; C12Q1/6869
	USA
	Authors of the patent:

George M. Church, Richard C. Terry, Frederic Vigneault
	Spatial sequencing of nucleic acids using DNA origami probes
	filing an application:

26.03.2020

patent publication:

06.08.2020

	Durum wheat,

quality
	Application number:

US201314438117 20131023
	USA
	Authors of the patent:

Giroux Michael J 
	Production of high quality durum wheat having increased amylose content  
	filing an application:

23.10.2013

patent publication:

24.09.2015

	
	A01H 5/10; C08B 30/00; A21D 2/18
	Italy
	Authors of the patent:

Silvestri Marco, Ranieri Roberto
	High amylose durum wheat grains, meal and starch
	filing an application:

11.11.2008

patent publication:

12.05.2010

	
	US 8.487,167 B2

AOIH 4/00; AOIH 5/00; AOIH 5/10; A2ID 2/00
	USA
	Authors of the patent:

Craig F. Morris, Pullman, WA (US); Leonard R. Joppa, Fargo, ND (US); Marco C. Simeone, Viterbo (IT): Domenico Lafiandra, Montefiascone (IT)
	Non-transgenic soft textured tetraploid wheat plants having grain with soft textured endosperm, endosperm therefrom and uses thereof
	filing an application:

10.08.2009

patent publication:

16.07.2013


Table В.6.2. – Scientific and technical, market, regulatory documentation and materials of state registration (reports on research works)

	Search subject
	Name of the source of information indicating the source page
	Author, firm (holder) of technical documentation
	Year, place and publication (approval, deposit of the source)

	1
	2
	3
	4

	tetraploid wheat, 

durum wheat, 

genetic diverdity, 

microsatellite markers,

polymorphism,

phylogenetics, QTL, population structure, map, association mapping, genome-wide assosiation study
	Tetraploid Wheat Landraces in the Mediterranean Basin: Taxonomy, Evolution and Genetic Diversity. doi:10.1371/journal.pone.0037063
	Oliveira Hugo R., Campana M.G., Jones H., Hunt H.V, Leigh F., Redhouse D.I., Lister D.L., Jones M. K.
	2012. PLoS ONE

	
	Khorasan wheat population researching (Triticum turgidum, ssp. Turanicum (McKey) in the minimum tillage conditions. DOI: 10.2298/GENSR1401105I
	Ikanovic J., Jankovic S., Popovic V., Doncic D.
	2014. Genetika

	
	Genetic diversity reduction in improved durum wheat cultivars of Morocco as revealed by microsatellite markers. http://dx.doi.org/10.1590/0103-9016-2015-0054 
	Henkrar F., El-Haddoury J., Ouabbou H., Nsarellah N., Iraqi D., Bendaou N., Udupa S. M.
	2015. Sci. Agric.

	
	Evaluation of Polymorphism at Microsatellite Loci of Spring Durum Wheat (Triticum durum Desf.) Varieties and the Use of SSR-Based Analysis in Phylogenetic Studies. 
	Kudryavtsev A. M., Martynov S. P., Broggio M., Buiatti M.
	2004. Russian Journal of Genetics

	
	Analysis of genetic diversity in Tunisian durum wheat cultivars and related wild species by SSR and AFLP markers
	Medini M., Hamza S., Rebai A., Baum M.
	2005. Genetic Resources and Crop Evolution

	
	Detection of QTLs for grain protein content in durum wheat. DOI 10.1007/s00122-006-0221-6
	Blanco A., Simeone R., Gadaleta A.
	2006. Theor Appl Genet.

	
	Population structure and genetic diversity among Indian wheat varieties using microsatellite (SSR) markers
	Arora A., Kundu S., Dilbaghi N., Sharma I., Tiwari R.


	2014. Australian Journal of Crop Science
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	1
	2
	3
	4

	tetraploid wheat, 

genetic diverdity, 

durum wheat, 

microsatellite markers,

polymorphism,

phylogenetics,

QTL, population structure, map, association mapping, genome-wide assosiation study
	A high-density consensus map of A and B wheat genomes. DOI 10.1007/s00122-012-1939-y
	Marone D., Laido G., Gadaleta A., Colasuonno P., Ficco D.B.M., Giancaspro A., Giove S., Panio G., Russo M.A., De Vita P., Cattivelli L., Papa R., Blanco A., Mastrangelo A.M.
	2012. Theor Appl Genet.

	
	Determination of Genetic Diversity among Turkish Durum Wheat Landraces by Microsatellites. DOI: 10.5897/AJB10.2240.
	Yildirim A., Gökmen S., Sönmezoğlu Ateş Öz., Aydin N.
	2011. African Journal of Biotechnology



	
	Linkage Disequilibrium and Genome-Wide Association Mapping in Tetraploid Wheat (Triticum turgidum L.)
	Laido G., Marone D., Russo M.A., Colecchia S.A., Mastrangelo A.M., De Vita P., Papa R.
	2014. PLoS ONE

	
	Identiﬁcation of microsatellite markers linked with yield components under drought stress at terminal growth stages in durum wheat. DOI 10.1007/s10681-010-0242-8
	Golabadi M., Arzani A., Mirmohammadi Maibody S. A. M., Sayed Tabatabaei B. E., Mohammadi S. A.
	2011. Euphytica

	
	Association mapping of leaf rust response in durum wheat. DOI 10.1007/s11032-009-9353-0
	Maccaferri M., Sanguineti M.C., Mantovani P., Demontis A., Massi A., Ammar K., Kolmer J.A., Czembor J.H., Ezrati S., Tuberosa R.
	2010. Mol Breeding

	
	Association mapping in durum wheat grown across a broad range of water regimes. doi:10.1093/jxb/erq287
	Maccaferri M., Sanguineti M.C., Demontis A., El-Ahmed A., Garcia del Moral L., Maalouf F., Nachit M., Nserallah N., Ouabbou H., Rhouma S., Royo C., Villegas D., Tuberosa R.
	2011. Journal of Experimental Botany

	
	Ability of microsatellite markers to study genetic diversity of wheat B genome. ISSN 2051-0853
	Fazeli-nasab B.
	2012. Technical Journal of Engineering and Applied Sciences

	
	Identification of Durum Wheat Cultivars by a Minimum Number of Microsatellite Markers. DOI: 10.1556/CRC.38.2010.2.1
	Mangini G., Taranto F., Giove S.L., Gadaleta A., Blanco A.
	2010. Cereal Research Communications
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	1
	2
	3
	4

	tetraploid wheat, 

genetic diverdity, 

durum wheat, 

microsatellite markers,

polymorphism,

phylogenetics,

QTL, population structure, map, association mapping, genome-wide assosiation study
	Genetic Diversity and Population Structure of Tetraploid Wheats (Triticum turgidum L.) Estimated by SSR, DArT and Pedigree Data. doi:10.1371/journal.pone.0067280
	Laido G., Mangini G., Taranto F., Gadaleta A., Blanco A., Cattivelli L., Marone D., Mastrangelo Anna M., Papa R., De Vita P.
	2013. PLoS ONE

	
	Genetic Diversity within a Global Panel of Durum Wheat (Triticum durum) Landraces and Modern Germplasm Reveals the History of Alleles Exchange. 

https://doi.org/10.3389/fpls.2017.01277
	Kabbaj H., Sall Amadou T., Al-Abdallat A., Geleta M., Amri A., Filali-Maltouf A., Belkadi B., Ortiz R., Bassi Filippo M.
	2017. Front. Plant Sci.

	
	Genome-Wide Association Mapping of Leaf Rust Response in a Durum Wheat Worldwide Germplasm Collection. doi: 10.3835/plantgenome2016.01.0008
	Aoun M,, Breiland M,, Turner M. Kathryn, Loladze A,, Chao S,, Xu Steven S., Ammar K,, Anderson James A., Kolmer James A., Acevedo M.
	2016. The Plant Genome

	
	Genome Wide Association Study to Identify the Genetic Base of Smallholder Farmer Preferences of Durum Wheat Traits. https://doi.org/10.3389/fpls.2017.01230
	Kidane Yosef G., Mancini Ch., Mengistu Dejene K., Frascaroli E., Fadda C., Mario Enrico Pè, Dell'Acqua M.
	2017. Front. Plant Sci.

	
	Genome-Wide Association Analyses Identify QTL Hotspots for Yield and Component Traits in Durum Wheat Grown under Yield Potential, Drought, and Heat Stress Environments. https://doi.org/10.3389/fpls.2018.00081
	Sukumaran S., Reynolds Matthew P., Sansaloni C.
	2018. Front. Plant Sci.

	
	Genome-Wide Association and Prediction of Grain and Semolina Quality Traits in Durum Wheat Breeding Populations. doi: 10.3835/plantgenome2017.05.0038
	Fiedler Jason D., Salsman Ev., Liu Yu., Michalak de Jiménez M.,  Hegstad Justin B., Chen B., Manthey Frank A., Chao Sh.,  Xu St., Elias Elias M., Li X. 
	2017. The Plant Genome

	
	Genome-Wide Association Mapping of Yield and Grain Quality Traits in Winter Wheat Genotypes. – DOI: 10.1371/journal.pone.0141339.
	Tadesse W., Ogbonnaya F.C., Jighly A., Sanchez-Garcia M., Sohail Q., Rajaram S., Baum M.
	2015. PLoS One
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	1
	2
	3
	4

	tetraploid wheat, 

durum wheat, 

genetic diverdity, 

microsatellite markers,

polymorphism,

phylogenetics, QTL, population structure, map, association mapping, genome-wide assosiation study 
	Introgression of the high grain protein gene Gpc-B1 in an elite wheat variety of Indo-Gangetic Plains through marker assisted backcross breeding. – Vol. 1. – P. 60-67.
	Vishwakarma M.K., Mishra V.K., Gupta P.K., Yadav P.S., Kumar H., Joshi A.K.
	2014. Current Plant Biology 

	
	Wheat (Triticum aestivum L. and T. turgidum L. ssp. durum) kernel hardness: I. Current view on the role of puroindolines and polar lipids. – Vol. 12, №4. – P. 413-426.
	Pauly A., Pareyt B., Fierens E., Delcour J.A.
	2013. Comprehensive Reviews in Food Science and Food Safety.

	
	Quantitative Trait Loci Associated with Phenological Development, Low-Temperature Tolerance, Grain Quality, and Agronomic Characters in Wheat (Triticum aestivum L.). – DOI: 10.1371/journal.pone.0152185.
	Fowler D.B., N'Diaye A., Laudencia-Chingcuanco D., Pozniak C.J.
	2016. PLoS One

	
	Biotechnological approaches for grain quality improvement in wheat: Present status and future possibilities. - Vol. 7, №4. - P.469-483.
	Goutam U., Kukreja S., Tiwari  R., Chaudhury A., Gupta R.K., Dholakia B.B., Yadav R.
	2013. Australian Journal of Crop Science

	
	Biotechnological approaches for grain quality improvement in wheat: Present status and future possibilities. - Vol. 7, №4. - P.469-483.
	Goutam U., Kukreja S., Tiwari  R., Chaudhury A., Gupta R.K., Dholakia B.B., Yadav R.
	2013. Australian Journal of Crop Science

	
	Functional markers in wheat: current status and future prospects. – Vol. 125, №1. – P. 1-10.
	Liu Y., He Z., Appels R., Xia X.
	2012. Theoretical & Applied Genetics. 

	
	A novel codominant marker for selection of the null Wx-B1 allele in wheat breeding programs. – Vol. 23, №2. –P. 209-217.
	Saito M., Vrinten P., Ishikawa G., Graybosch R., Nakamura T.
	2009. Molecular breeding.
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	1
	2
	3
	4

	tetraploid wheat, 

durum wheat, 

genetic diverdity, 

microsatellite markers,

polymorphism,

phylogenetics, QTL, population structure, map, association mapping, genome-wide assosiation study 
	A reliable assay for the detection of soft wheat adulteration in Italian pasta is based on the use of new DNA molecular markers capable of discriminating between Triticum aestivum and Triticum durum. – Vol. 56, №3. – P. 733-740.
	Casazza A.P., Morcia C., Ponzoni E., Gavazzi F., Benedettelli S., Breviario D.
	2012. Journal of Cereal Science

	
	Waxy genes from spelt wheat: new alleles for modern wheat breeding and new phylogenetic inferences about the origin of this species. – Vol. 110, №6. – P. 1161-1171.
	Guzmán C., Caballero L., Martín L.M., Alvarez J.B.
	2012. Annals of botany 

	
	Genetic variability for waxy genes in Argentinean bread wheat germplasm. – Vol. 12, №1. – P. 4-5.


	Vanzetti L.S., Pflüger L.A., Rodríguez-Quijano M., Carrillo J.M., Helguera M.
	2009. Electronic Journal of Biotechnology

	
	Allelic variants of phytoene synthase 1 (Psy1) genes in Chinese and CIMMYT wheat cultivars and development of functional markers for flour colour. – Vol. 23, №4. – P. 553-563.
	He X.Y., He Z.H., Ma W., Appels R., Xia X.C.
	2009. Molecular Breeding

	
	Homoeologous cloning of ω-secalin gene family in a wheat 1BL/1RS translocation. – Vol. 15, №8. – P. 658-664.
	Chai J.F., Xu L., Jia J.Z.
	2005. Cell research

	
	Multiplex-PCR typing of high molecular weight glutenin alleles in wheat. – Vol. 134, №1. – P. 51-60.
	Ma W., Zhang W., Gale K.R.
	2003. Euphytica

	
	A Genome-Wide Association Study of Highly Heritable Agronomic Traits in Durum Wheat. – Vol. 10, №919.
	Wang S., Xu S., Chao S., Sun Q., Liu S., Xia G.
	2019. Front. Plant Sci.

	
	Candidate genes and genome-wide association study of grain protein content and protein deviation in durum wheat. – Vol. 249, №4. – P. 1157-1175. 

	Nigro D., Gadaleta A., Mangini G., Colasuonno P., Marcotuli I., Giancaspro A., Giove S.L., Simeone R., Blanco A.
	2019. Planta

	
	GNI-A1 mediates trade-off between grain number and grain weight in tetraploid wheat. – Vol. 132, №8. – P. 2353-2365. 
	Golan G., Ayalon I., Perry A., Zimran G., Ade-Ajayi T., Mosquna A., Distelfeld A., Peleg Z.
	2019. Theor. Appl. Genet.

	
	Whole genome scan reveals molecular signatures of divergence and selection related to important traits in durum wheat germplasm
	Taranto F., D’Agostino M., Rodriguez M., Pavan S., Minervini A., Pecchioni N., Papa R., De Vita P.
	2020. Frontiers in Genetics


CONCLUSION

on the performance of patent research

Patent information search has been carried out to a depth of 15 years. Patent information search was carried out in electronic databases, information and reference systems: the Eurasian Patent Organization, Rospatent, Web of Science, Elsevier, PubMed (Appendix B). Database of inventions and utility models "Patents of Kazakhstan" of the National Institute of Intellectual Property of the Ministry of Justice of the Republic of Kazakhstan, Database "Abstracts of Russian patents", Republican Scientific Agricultural Library, Database of the Russian Central Scientific Library, "Europatent", Espacenet, U.S. Patent and Trademark Office, NCBI, FAO, IWGSC and others (Appendix B). The results of the patent information search made it possible to identify the leading scientific organizations in foreign countries working on the problem of genetics of the quality of common wheat using new technologies. It has been established that the leading position in this area is occupied by the United States, Japan, China, France, England, where research is carried out on a large scale. Based on the results of the conducted patent search over the past 15 years, a number of patents, articles and monographs have been identified that have a general focus on the topic.

Analysis of scientific and technical literature and Internet data revealed a number of articles on the study of genetics, genomics, yield and quality of durum wheat, including phenotyping and genotyping using molecular markers. An analysis of patent and scientific and technical literature indicates the prospects of the chosen topic and the relevance of the tasks set. The obtained data provide a high technical level of the research object, the use of modern scientific and technical achievements and the exclusion of unjustified duplication of research.

APPENDIX C

List of used foreign information resources

Eurasian Patent Organization (www.eapo.org),

Rospatent (www.fips.ru),

Database of inventions and utility models "Patents of Kazakhstan" of the National Institute of Intellectual Property of the Ministry of Justice of the Republic of Kazakhstan (www.kazpatent.kz),

Database "Abstracts of Russian patents" (www1.fips.ru),

Republican Scientific Agricultural Library,

Database of the Russian CNSHB (www.cnshb.ru),

"Europatent" (www.patika.ru),

Espacenet (www.epo.org),

U.S. Patent and Trademark Office (www.marcaria.com),

Web of Science (www.webofknowledge.com),

Elsevier (www.elsevier.com),

PubMed (www.pubmed.gov),

NCBI (www.ncbi.nlm.nih.gov)

Springer (www.springer.com)

ScienceDirect (www.sciencedirect.com)

FAO (faostat.fao.org)

IWGSC (http://www.wheatgenome.org)

APPENDIX D

Work schedule for 2018-2020 
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	Task code, stage
	Name of activities under the Agreement and main stages of its implementation
	Duration
	Expected results

	
	
	beginning
	end
	

	1
	Phenotypic study of durum wheat collection consisting of more than 300 foreign and local accessions in two regions of Kazakhstan
	March 2018
	Until November 1, 2018
	A phenotypic study of a durum wheat collection, consisting of more than 300 local and foreign accessions, in two regions of Kazakhstan will start.

Characteristics of collection by set of agronomic traits.

	1.1 
	Phenological evaluation of a durum wheat collection, consisting of 300 accessions, in two regions of Kazakhstan
	March 2018
	August 2018
	Phenological evaluation of a durum wheat collection, consisting of 300 accessions, in two regions of Kazakhstan will start. Sowing and phenological evaluation of collection in two regions.

	1.2
	Analysis of yield components in the collection grown in two regions of Kazakhstan.
	July 2018
	Until November 1, 2018
	Analysis of yield components of the collection grown in two regions of Kazakhstan will start. Characteristics of collection grown in two regions in terms of productivity. Selection of prospective durum wheat lines.

	2
	Genotyping of durum wheat cultivars and lines of Kazakhstan using SNP-markers (KASP-technology)
	January 2018
	March 2018
	Genotyping of durum wheat cultivars and lines of Kazakhstan using SNP-markers (KASP-technology) will start. Purified DNA of durum wheat for SNP genotyping

	2.1
	Extraction and purification of DNA for 92 samples  
	January 2018
	September 2018
	DNA of 92 durum wheat cultivars and lines will be extracted and purified. Purified DNA of durum wheat cultivars and lines for SNP genotyping

	3
	Genetic diversity assessment in durum wheat collection by using microsatellite DNA markers
	January 2018
	September 2018
	Genetic diversity assessment in durum wheat collection by using microsatellite DNA markers will begin. Level of genetic diversity of local collection using SSR markers. 1 publication will be provided in a peer-reviewed local scientific journal with a non-zero impact factor

	3.2 
	Microsatellite analysis of cultivars and lines of Kazakhstan. Isolation and genetic passportization of promising lines
	January 2018
	June 2018
	Microsatellite analysis of cultivars and lines of Kazakhstan will begin. Isolation and genetic passportization of promising lines will begin. Level of genetic diversity and passportization of local cultivars

	4
	Biochemical analysis of quality in durum wheat collection
	July 2018
	Until November 1, 2018
	Biochemical analysis of quality in durum wheat collection will begin. Characteristics of samples from field state trials

	1
	Phenotypic study of durum wheat collection consisting of more than 300 foreign and local accessions in two regions of Kazakhstan
	March 2019
	Until Nobember 1, 2019
	A phenotypic study of a durum wheat collection, consisting of more than 300 local and foreign accessions, in two regions of Kazakhstan will be continued. Characteristics of collection by set of agronomic traits.

	1.1
	Phenological evaluation of a durum wheat collection, consisting of 300 accessions, in two regions of Kazakhstan
	March 2019
	August 2019
	Phenological evaluation of a durum wheat collection, consisting of 300 accessions, in two regions of Kazakhstan will be continued. Sowing and phenological evaluation of collection in two regions in Kazakhstan.

	1.2
	Analysis of yield components in the collection grown in two regions of Kazakhstan.
	July 2019
	Until November 1, 2019
	Analysis of yield components of the collection grown in two regions of Kazakhstan will be continued. Characteristics of collection grown in two regions in terms of productivity. Selection of prospective durum wheat lines.

	2
	Genotyping of durum wheat cultivars and lines of Kazakhstan using SNP-markers (KASP-technology)
	July 2019
	Until November 1, 2019
	Genotyping of durum wheat cultivars and lines of Kazakhstan using SNP-markers (KASP-technology) will be continued. Genetic diversity assessment of collection, consisting of foreign and local durum wheat accessions

	2.2
	Genotyping of durum wheat cultivars and lines of Kazakhstan using SNP-markers (KASP-technology)
	July 2019
	Until November 1, 2019
	Genotyping of durum wheat cultivars and lines of Kazakhstan using SNP-markers (KASP-technology) will be conducted

	3 
	Microsatellite analysis of cultivars and lines using DNA markers
	January 2019
	June 2019
	Microsatellite analysis of cultivars and lines of Kazakhstan will be continued. Level of genetic diversity and passportization of a core durum wheat collection.

	3.2
	Microsatellite analysis of cultivars and lines of Kazakhstan. Isolation and genetic passportization of promising lines
	January 2019
	March 2019
	Microsatellite analysis of cultivars and lines of Kazakhstan will be continued. Isolation and genetic passportization of promising lines will be continued. Perspective lines of durum wheat.

	3.3
	Genetic diversity SSR-analysis of a core durum wheat collection 
	January 2019
	June 2019
	Genetic diversity SSR-analysis of a core durum wheat collection will be started. Genetic diversity level of a core durum wheat collection.

	4
	Biochemical analysis of grain quality in durum wheat collection of Kazakhstan
	July 2019
	Until November 1, 2019
	Biochemical analysis of quality in durum wheat collection will be continued. Characteristics and ranking of durum wheat collection of Kazakhstan grown in two regions

	5
	QTL identification of agronomic traits of durum wheat using GWAS
	July 2019
	Until November 1, 2019
	QTL identification of agronomic traits of durum wheat using association mapping approach will be started. Identified QTL and informative DNA markers. 1 article will be published in a peer-reviewed foreign scientific publication, indexed in databases Web of Science and Scopus with non-zero impact factor.

	6
	Assessment of KASP markers efficiency for identification of valuable genotypes and their usage in breeding projects  
	July 2019 
	Until November 1, 2019
	Assessment of KASP markers efficiency for identification of valuable genotypes and their usage in breeding projects will be started. Design of KASP primers for detection of genotypes with high potential for productivity and quality

	6.1 
	Conversion of identified SNP markers of agronomic traits into KASP markers
	July 2019 
	Until November 1, 2019
	Conversion of identified SNP markers of agronomic traits into KASP markers will be performed. Design of primers and PCR for KASP markers

	1
	Phenotypic study of durum wheat collection consisting of more than 300 foreign and local accessions in two regions of Kazakhstan
	March 2020
	Until Nobember 1, 2020
	A phenotypic study of a durum wheat collection, consisting of more than 300 local and foreign accessions, in two regions of Kazakhstan using biometric analysis and data of 2018-2020 years will be ended. Selected perspective durum wheat lines based on long-term data  

	1.2
	Analysis of yield components in the collection grown in two regions of Kazakhstan.
	January 2020
	March 2020
	Analysis of yield components of the collection grown in two regions of Kazakhstan will ended. A phenotypic evaluation of a durum wheat collection, consisting of more than 300 local and foreign accessions, in two regions of Kazakhstan using biometric analysis will be ended. Selected perspective durum wheat lines 

	3 
	Microsatellite analysis of cultivars and lines using DNA markers
	January 2020
	June 2020
	Microsatellite analysis of cultivars and lines of Kazakhstan will be ended. Сomparative assessment of the level of information content of SSR- and SNP-markers in the durum wheat genetic diversity study.

	3.3
	Microsatellite analysis of cultivars and lines of a core durum wheat collection
	January 2020
	June 2020
	Genetic diversity SSR-analysis of a core durum wheat collection will be continued. Сomparative assessment of the level of information content of SSR- and SNP-markers in the durum wheat genetic diversity study.

	4
	Biochemical analysis of grain quality in durum wheat collection of Kazakhstan
	July 2020
	Until November 1, 2020
	Biochemical analysis of grain quality in durum wheat collection will be ended. Characteristics and ranking by grain quality traits of durum wheat collection of Kazakhstan grown in two regions in order to identify promising lines

	5
	QTL identification of agronomic traits of durum wheat using association mapping approach
	July 2020
	Until November 1, 2020
	QTL identification of agronomic traits of durum wheat using association mapping approach will be continued. Identified QTL and informative DNA markers. 1 article in a peer-reviewed foreign scientific publication, indexed in databases Web of Science and Scopus with non-zero impact factor will be published. 1 application for a patent of RK (utility model).

	6
	Assessment of KASP markers efficiency for identification of valuable genotypes and their usage in breeding projects  
	July 2020 
	Until November 1, 2020
	Assessment of KASP markers efficiency for identification of valuable genotypes and their usage in breeding projects will be continued. Effective KASP markers for identifying valuable genotypes of durum wheat

	6.2
	Confirmation of the practical importance of new KASP markers
	July 2020 
	Until November 1, 2020
	The practical importance of new KASP markers  will be confirmed. Effective KASP markers for identifying valuable genotypes of durum wheat
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Table 1 - List of tetraploid wheat accessions used in the study
	Cultivar/Line
	Country of origin
	Species

	1804
	Morocco, INRA
	T. durum

	1805
	Morocco, INRA
	T. durum

	1807
	Morocco, INRA
	T. durum

	1808
	Morocco, INRA
	T. durum

	1809
	Morocco, INRA
	T. durum

	5-BIL42
	Italy
	T. durum

	AC Avoniea
	Canada
	T. durum

	AC Melita
	Canada
	T. durum

	AC Morse
	Canada
	T. durum Desf.

	AC Pathfinder
	Canada
	T. durum Desf.

	Acalou
	France
	T. durum Desf.

	AC-Navigator
	Canada
	T. durum Desf.

	Adamello
	Italy
	T. durum Desf.

	Aghrass-1
	ICARDA
	T. durum Desf.

	Agridur
	France
	T. durum Desf.

	Ainzen-1
	ICARDA
	T. durum Desf.

	Aldeano
	Spain, IRTA
	T. durum Desf.

	Alemanno
	Italy
	T. durum Desf.

	Altar84
	Меxico
	T. durum Desf.

	Ambral
	France
	T. durum Desf.

	Amedakul-1
	ICARDA
	T. durum Desf.

	Amedeo
	Italy
	T. durum Desf.

	Ammar-1
	ICARDA
	T. durum Desf.

	Ancomarzio
	Italy
	T. durum Desf.

	Angre
	ICARDA
	T. durum Desf.

	Anouar
	Morocco, INRA
	T. durum Desf.

	Antas
	Italy
	T. durum Desf.

	Anton
	ICARDA
	T. durum Desf.

	Appio
	Italy
	T. durum Desf.

	Appulo
	Italy
	T. durum Desf.

	Aramon
	France
	T. durum Desf.

	Arcalis
	France
	T. durum Desf.

	Arcangelo
	Italy
	T. durum Desf.

	Arcobaleno
	Italy/Spain
	T. durum Desf.

	Ardente
	France
	T. durum Desf.

	Ares
	Italy
	T. durum Desf.

	Ariesol
	Spain, IRTA
	T. durum Desf.

	Ariosto
	Italy
	T. durum Desf.

	Arislahn-5
	ICARDA
	T. durum Desf.

	Arnacoris
	Italy
	T. durum Desf.

	Arstar
	France
	T. durum Desf.


Continuation of Table 1
	Cultivar/Line
	Country of origin
	Species

	Artena
	Spain, IRTA
	T. durum Desf.

	Astigi
	Spain, IRTA
	T. durum Desf.

	Athena
	Italy
	T. durum Desf.

	Atlast-1
	ICARDA
	T. durum Desf.

	Auroch
	France
	T. durum Desf.

	AUS-1
	ICARDA
	T. durum Desf.

	Avispa
	Italy
	T. durum Desf.

	Aw12/Bit
	ICARDA
	T. durum Desf.

	Aziziah
	Italy
	T. durum Desf.

	Barcarol
	Italy
	T. durum Desf.

	Berillo
	Italy
	T. durum Desf.

	Bic/3/Cham1//Gra//Stk
	ICARDA, Syria
	T. durum Desf.

	Bigost-1
	ICARDA
	T. durum Desf.

	Boabdil
	Spain, IRTA
	T. durum Desf.

	Bolo
	Spain, IRTA
	T. durum Desf.

	Bombasi
	Spain, IRTA
	T. durum Desf.

	Borli
	Spain, IRTA
	T. durum Desf.

	Bradano
	Italy
	T. durum Desf.

	Bravadur
	USA
	T. durum Desf.

	Brindur
	France
	T. durum Desf.

	Bronte
	Italy
	T. durum Desf.

	Cannizzo
	Italy
	T. durum Desf.

	Cannizzo
	Italy
	T. durum Desf.

	Canyon
	Italy
	T. durum Desf.

	Capeiti-8
	Italy
	T. durum Desf.

	Cappelli
	Italy
	T. durum Desf.

	Casanova
	Italy
	T. durum Desf.

	Ceedur
	France
	T. durum Desf.

	Chaba/Deraa
	ICARDA
	T. durum Desf.

	Chacan
	ICARDA
	T. durum Desf.

	Chiara
	Italy
	T. durum Desf.

	Ciccio
	Italy
	T. durum Desf.

	Ciclope
	Italy
	T. durum Desf.

	Cirillo
	Italy
	T. durum Desf.

	Claudio
	Italy
	T. durum Desf.

	Colosseo
	Italy
	T. durum Desf.

	Colorado
	USA
	T. durum Desf.

	Cortez
	USA
	T. durum Desf.

	Cosmodur
	France
	T. durum Desf.

	Creso
	Italy
	T. durum Desf.

	Dauno
	Italy
	T. durum Desf.

	Don Pedro
	Spain
	T. durum Desf.

	Doral
	France
	T. durum Desf.


Continuation of Table 1

	Cultivar/Line
	Country of origin
	Species

	Duetto
	Italy
	T. durum Desf.

	Duilio
	Italy
	T. durum Desf.

	Durcal
	Spain, IRTA
	T. durum Desf.

	Durex
	USA
	T. durum Desf.

	Durfort
	France
	T. durum Desf.

	Duriac
	France
	T. durum Desf.

	Duroi
	Spain, IRTA
	T. durum Desf.

	Dylan
	Italy
	T. durum Desf.

	Edmore
	USA
	T. durum Desf.

	Enduro
	Italy
	T. durum Desf.

	Excalibur
	France
	T. durum Desf.

	Exeldur
	France
	T. durum Desf.

	Extradur
	Austria
	T. durum Desf.

	Fauno
	Italy
	T. durum Desf.

	Fiore
	Italy
	T. durum Desf.

	Flaminio
	Italy
	T. durum Desf.

	Fortore
	Italy
	T. durum Desf.

	Frankodur
	Austria
	T. durum Desf.

	Furat-1
	ICARDA
	T. durum Desf.

	Galadur
	France
	T. durum Desf.

	Gallareta
	Меxico
	T. durum Desf.

	Gargano
	Italy
	T. durum Desf.

	Gianni
	Italy
	T. durum Desf.

	Giotto
	Italy
	T. durum Desf.

	Goldur
	Austria
	T. durum Desf.

	Grandur
	Austria
	T. durum Desf.

	Granizo
	Spain
	T. durum Desf.

	Grazia
	Italy
	T. durum Desf.

	Grecale
	Italy
	T. durum Desf.

	Grifoni
	Italy
	T. durum Desf.

	Haurani
	ICARDA
	T. durum Desf.

	H.Moul(Mor)/Chaba 88
	ICARDA
	T. durum Desf.

	Helidur
	Austria
	T. durum Desf.

	Hercules
	Canada
	T. durum Desf.

	Hymera
	Italy
	T. durum Desf.

	ICARDA 121(Ouassel-1/4/buc/Chrc//Prl/3/Pvn/5/Hel/3/Bit/Corm//Shwa)
	ICARDA
	T. durum Desf.

	Illra
	Spain, IRTA
	T. durum Desf.

	Imhotep
	Italy
	T. durum Desf.

	Iride
	Italy
	T. durum Desf.

	Isa
	Italy
	T. durum Desf.

	Isly
	Morocco, INRA
	T. durum Desf.

	Italo
	Italy
	T. durum Desf.


Continuation of Table 1
	Cultivar/Line
	Country of origin
	Species

	Ixos
	France
	T. durum Desf.

	Jabato
	Spain
	T. durum Desf.

	Jawhar
	Morocco, INRA
	T. durum Desf.

	K26
	Italy
	T. durum Desf.

	Karel
	Italy
	T. durum Desf.

	Karim
	Tunisia
	T. durum Desf.

	Kofa
	PSB
	T. durum Desf.

	Kronos
	USA
	T. durum Desf.

	Krs/Haucan
	ICARDA
	T. durum Desf.

	Kyle
	Canada
	T. durum Desf.

	Kyperounda
	Morocco
	T. durum Desf.

	L252
	USA
	T. durum Desf.

	Lagost 3
	ICARDA
	T. durum Desf.

	Lagonil-2
	ICARDA
	T. durum Desf.

	Lakota
	Canada
	T. durum Desf.

	Langdon
	USA
	T. durum Desf.

	Latino
	Italy
	T. durum Desf.

	Latinur
	France
	T. durum Desf.

	Lesina
	Italy
	T. durum Desf.

	Lira B 45
	Italy
	T. durum Desf.

	Lloyd
	USA
	T. durum Desf.

	LO92
	USA
	T. durum Desf.

	Maamouri-1
	ICARDA
	T. durum Desf.

	Maestrale
	Italy
	T. durum Desf.

	Maier
	USA, North Dakota
	T. durum Desf.

	Marjana
	Morocco, INRA
	T. durum Desf.

	Martino
	Italy
	T. durum Desf.

	Marzak
	Morocco, INRA
	T. durum Desf.

	Medora
	Canada
	T. durum Desf.

	Meridiano
	Italy
	T. durum Desf.

	Messapia
	Italy
	T. durum Desf.

	Mexicali 75
	Italy
	T. durum Desf.

	Mexicali 75
	Italy
	T. durum Desf.

	Mida
	Italy
	T. durum Desf.

	Mindum
	USA
	T. durum Desf.

	Miki-1
	ICARDA
	T. durum Desf.

	Mohawk
	Italy
	T. durum Desf.

	Mongibello
	Italy
	T. durum Desf.

	Monroe
	USA
	T. durum Desf.

	Moulsabil
	ICARDA
	T. durum Desf.

	Mrb17
	ICARDA
	T. durum Desf.

	Munich
	USA
	T. durum Desf.

	Nefer
	France
	T. durum Desf.


Continuation of Table 1
	Cultivar/Line
	Country of origin
	Species

	Neodur
	France
	T. durum Desf.

	Neolatino
	Italy
	T. durum Desf.

	Nile
	ICARDA
	T. durum Desf.

	Norba
	Italy
	T. durum Desf.

	Normanno
	Italy
	T. durum Desf.

	Ofanto
	Italy
	T. durum Desf.

	Ombar
	ICARDA
	T. durum Desf.

	Omgenil 3
	ICARDA
	T. durum Desf.

	Omlahn 3
	ICARDA
	T. durum Desf.

	Omrabi 3
	ICARDA
	T. durum Desf.

	Omrabi 5
	ICARDA
	T. durum Desf.

	Orfeo
	Italy
	T. durum Desf.

	Orjaune
	France
	T. durum Desf.

	Orobel
	Italy
	T. durum Desf.

	Ouaserl-1
	ICARDA
	T. durum Desf.

	Quabrach-1 
	ICARDA
	T. durum Desf.

	Ourgh
	Morocco, INRA
	T. durum Desf.

	Parsifal
	France
	T. durum Desf.

	PC32
	Italy
	T. durum Desf.

	Pedroso
	Spain
	T. durum Desf.

	Pietrafitta
	Italy
	T. durum Desf.

	Platani
	Italy
	T. durum Desf.

	Plenty
	Canada
	T. durum Desf.

	Plinio
	Italy
	T. durum Desf.

	PR22D89
	Italy
	T. durum Desf.

	Preco
	Italy
	T. durum Desf.

	Primadur
	France
	T. durum Desf.

	Produra
	USA
	T. durum Desf.

	Provenzal
	Italy
	T. durum Desf.

	Quad//Erp/Mal/3/Unkn
	ICARDA
	T. durum Desf.

	Quadrato
	Italy
	T. durum Desf.

	Quadruro
	Italy
	T. durum Desf.

	Razzak
	INRAT
	T. durum Desf.

	Reva
	Italy
	T. durum Desf.

	Roqueno
	Italy
	T. durum Desf.

	Rugby
	USA
	T. durum Desf.

	Russello SG7
	Italy
	T. durum Desf.

	Rusticano
	Italy
	T. durum Desf.

	S99B34
	USA
	T. durum Desf.

	Saadi
	France
	T. durum Desf.

	San Carlo
	Italy
	T. durum Desf.

	Sansone
	Italy
	T. durum Desf.

	Saragolla
	Italy
	T. durum Desf.


Continuation of Table 1
	Cultivar/Line
	Country of origin
	Species

	Sceptre
	Canada
	T. durum Desf.

	Sebah
	ICARDA
	T. durum Desf.

	Sedou
	ICARDA
	T. durum Desf.

	Semperdur
	Austria
	T. durum Desf.

	Senadur
	Spain, IRTA
	T. durum Desf.

	Sharm 5
	Syria
	T. durum Desf.

	Simeto
	Italy
	T. durum Desf.

	Stojocri-3
	ICARDA
	T. durum Desf.

	Strongfield
	Canada
	T. durum Desf.

	Sula
	Spain, IRTA
	T. durum Desf.

	Svevo
	Italy
	T. durum Desf.

	Tacna
	USA
	T. durum Desf.

	Taganrog
	Italy
	T. durum Desf.

	Tarek
	Morocco, INRA
	T. durum Desf.

	Tetradur
	France
	T. durum Desf.

	Timilia
	Italy, Sicily
	T. durum Desf.

	Tito
	Italy
	T. durum Desf.

	Tiziana
	Italy
	T. durum Desf.

	Tomouh
	Morocco, INRA
	T. durum Desf.

	Topdur
	Austria
	T. durum Desf.

	Torrebianca
	Italy
	T. durum Desf.

	Tresor
	Italy
	T. durum Desf.

	Trinakria
	Italy
	T. durum Desf.

	UC1113
	Canada
	T. durum Desf.

	Valforte
	Italy
	T. durum Desf.

	Valgerardo
	Italy
	T. durum Desf.

	Valnova
	Italy
	T. durum Desf.

	Varano
	Italy
	T. durum Desf.

	Vendetta
	Italy
	T. durum Desf.

	Vesuvio
	Italy
	T. durum Desf.

	Vic
	USA
	T. durum Desf.

	Virgilio
	France
	T. durum Desf.

	Vitromax
	Italy/Spain
	T. durum Desf.

	Wakooma
	Canada
	T. durum Desf.

	Waskana
	Canada
	T. durum Desf.

	West Bread 881
	USA
	T. durum Desf.

	West Bred Turbo
	USA
	T. durum Desf.

	Wollaroi
	USA, North Dakota
	T. durum Desf.

	Yallaroi
	Australia
	T. durum Desf.

	Yasmine
	Morocco, INRA
	T. durum Desf.

	Zeina 1
	ICARDA
	T. durum Desf.

	Zenit
	Italy
	T. durum Desf.

	MG 4328/61
	n.a. 
	T. dicoccoides Körn.
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	Cultivar/Line
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	MG 4330/66
	n.a. 
	T. dicoccoides Körn.

	MG 4343
	n.a. 
	T. dicoccoides Körn.

	MG 5444/235
	n.a. 
	T. dicoccoides Körn.

	PI 343446
	Israel
	T. dicoccoides Körn.

	PI 346783 
	Hungary
	T. dicoccoides Körn.

	PI 352323
	Asia Minor
	T. dicoccoides Körn.

	PI 355459
	Аrmenia
	T. dicoccoides Körn.

	PI 470944 
	Syria
	T. dicoccoides Körn.

	Farvento
	Italy
	T. dicoccum Schrank

	Lucanica
	Italy
	T. dicoccum Schrank

	Etiopia
	n.a. 
	T. dicoccum Schrank

	Gran Bretagna
	n.a. 
	T. dicoccum Schrank

	MG 15516/1
	Syria
	T. dicoccum Schrank

	MG 4387
	United Kingdom
	T. dicoccum Schrank

	MG 5293/1
	Italy
	T. dicoccum Schrank

	MG 5300/1
	n.a
	T. dicoccum Schrank

	MG 5323
	n.a
	T. dicoccum Schrank

	MG 5344/1 
	Ethiopia
	T. dicoccum Schrank

	MG 5350
	Ethiopia
	T. dicoccum Schrank

	MG 5416/1
	Iran
	T. dicoccum Schrank

	MG 5471/1
	Spain
	T. dicoccum Schrank

	MG 5473 
	Spain
	T. dicoccum Schrank

	PI 134946
	Portugal
	T. turgidum L.

	PI 157983
	Italy, Sicily
	T. turgidum L.

	PI 157985
	Italy, Sicily
	T. turgidum L.

	PI 185723
	Portugal
	T. turgidum L.

	PI 191104
	Spain
	T. turgidum L.

	PI 191145
	Spain
	T. turgidum L.

	PI 221423 
	Portugal
	T. turgidum L.

	Cltr-11390
	USA
	T. turanicum Jakubz.

	K cer
	Egypt
	T. turanicum Jakubz.

	PI 113393
	Iraq
	T. turanicum Jakubz.

	PI 127106
	Афганистан, Фарьяб
	T. turanicum Jakubz.

	PI 184526
	Portugal
	T. turanicum Jakubz.

	PI 191599
	Morocco, Рабат-Сале
	T. turanicum Jakubz.

	PI 192641
	Morocco
	T. turanicum Jakubz.

	PI 192658
	Morocco
	T. turanicum Jakubz.

	PI 254206
	Iran
	T. turanicum Jakubz.

	PI 278350
	Italy
	T. turanicum Jakubz.

	PI 290530
	Hungary, Pest
	T. turanicum Jakubz.

	PI 306665
	France
	T. turanicum Jakubz.

	PI 352514
	Azerbaijan
	T. turanicum Jakubz.

	PI 362067
	Romania, Brasov
	T. turanicum Jakubz.


Continuation of Table 1
	Cultivar/Line
	Country of origin
	Species

	PI 624429
	Iran, Bakhtaran
	T. turanicum Jakubz.

	PI 68287
	Azerbaijan
	T. turanicum Jakubz.

	PI 223171
	Jordan
	T. polonicum L.

	PI 272564
	Hungary, Pest
	T. polonicum L.

	PI 278647
	United Kingdom, England
	T. polonicum L.

	PI 286547
	Ecuador
	T. polonicum L.

	PI 289606
	United Kingdom, England
	T. polonicum L.

	PI 290512
	Portugal
	T. polonicum L.

	PI 330554
	United Kingdom, England
	T. polonicum L.

	PI 330555
	United Kingdom, England
	T. polonicum L.

	PI 352487
	Германия, Saxony-Anhalt
	T. polonicum L.

	PI 352488
	Italy
	T. polonicum L.

	PI 352489
	Cyprus
	T. polonicum L.

	PI 387479
	Ethiopia
	T. polonicum L.

	PI 566593
	USA
	T. polonicum L.

	Citr 7665
	Russian Federation
	T. carthlicum Nevski

	PI 115816
	Georgia
	T. carthlicum Nevski

	PI 283888
	Iran
	T. carthlicum Nevski

	PI 341800
	Russian Federation, Dagestan
	T. carthlicum Nevski

	PI 499972
	Georgia
	T. carthlicum Nevski

	PI 532501
	Former USSR
	T. carthlicum Nevski

	PI 572849
	Georgia
	T. carthlicum Nevski

	PI 573182
	Тurkey
	T. carthlicum Nevski

	PI 585017
	Georgia
	T. carthlicum Nevski

	PI 585018
	Georgia
	T. carthlicum Nevski

	PI 94755
	Georgia
	T. carthlicum Nevski


Table 2 – List promising and approved for use in the Republic of Kazakhstan cultivars and lines used in the analysis 

	Cultivar/Line
	Year of admisson (reester)
	Region of admission
	Originator

	Almaz
	*
	North-Kazakhstan
	СибНИИСХ (Омская обл.) 

	Аltayka
	1981 
	North-Kazakhstan
	Алтайский НИИ земледелия и селекции с.-х. культур

	Аltayskii yantar
	2006 
	East Kazakhstan
	Алтайский НИИ земледелия и селекции с.-х. культур

	Аltyn dala
	2010 
	Kostanay, North-Kazakhstan
	Карабалыкская СХОС

	Аsangali 20
	2015 
	East Kazakhstan, Kostanay
	Карабалыкская СХОС

	Gordeiforme 254
	2003 
	Almaty
	КазНИИЗиР,

Карагандинская СХОС

	Каrgala 9
	2005 
	Aktobe, Atyrau
	Актюбинская СХОС, КазНИИЗиР

	Каrgala 34
	*
	*
	Актюбинская СХОС, КазНИИЗиР 

	Каrgala 66
	*
	*
	Актюбинская СХОС

	Каrgala 69
	*
	West Kazakhstan, Aktobe
	Актюбинская СХОС

	Каrgala 70
	*
	*
	Актюбинская СХОС

	Каrgala 71
	*
	West Kazakhstan, Central Kazakhstan
	Актюбинская СХОС

	Каrgala 1409
	*
	*
	Актюбинская СХОС

	Каrgala 1411
	*
	*
	Актюбинская СХОС

	Каrgala 1514
	*
	*
	Актюбинская СХОС

	Кustanayskaya 1
	*
	*
	Карабалыкская СХОС

	Кostanayskaya 12
	2004 
	Kostanay
	Карабалыкская СХОС

	Кostanayskaya 52
	2000 
	Kostanay
	Карабалыкская СХОС

	Nazarovka
	*
	*
	*

	Nurly
	*
	*
	Карабалыкская СХОС

	Orenburgskaya 10
	1990 
	Aktobe, Pavlodar
	Оренбургский НИИСХ 

	Omskii rubin
	1991 
	Aktobe
	Сибирский НИИСХ

	SID 88
	1993 
	Akmola, Kostanay, Karaganda, North-Kazakhstan
	Карабалыкская СХОС

	Saratovskaya 31
	*
	*
	*

	Kharkovskaya 9
	*
	*
	Ин-т растениеводства им. 
В.Я. Юрьева НААН

	Kharkovskaya 46
	1957 
	Ural region
	ОАО «Элитные семена Южного Урала» и ГНУ Башкирский НИИСХ

	Kharkovskaya 90
	*
	*
	Ин-т растениеводства им. 
В.Я. Юрьева НААН

	Tselinogradskaya 75
	*
	*
	*

	Chernokolosaya 20
	*
	*
	Карабалыкская СХОС

	Note – * not available


Table 3 – Meteorological and location data in two regions of Kazakhstan
	Index
	South-East 
	North 

	
	2018
	2019
	2018
	2019

	Veg. period Rainfall, mm
	311.6
	396.0
	197.5
	197.0

	Veg. period, Mean T, °C
	20.2
	18.7
	17.6
	15.7

	Veg. period, Max T, °C
	37.7
	37.6
	33.0
	35

	Veg. period, Min T, °C
	-1.7
	-2.9
	-2.0
	-5

	Soil type
	Light chestnut (humus 2.0-2.5%)
	Black soil (humus 4.5-5%)

	Latitude
	43°21′  
	4°10′  

	Longitude
	76°53′
	69°31′

	Elevation above sea level
	740
	141 

	Date of sowing
	15 April
	28 March
	31 May
	31 May

	Date of harvesting
	1 August
	4 August
	1 October
	12 October

	Irrigation
	Rainfed
	Rainfed


Тable 4 – Characterization of primers used in microsatellite analysis
	SSR locus
	Chromosome
	Repeat
	Primer sequence (5’-3’)
	Т of annealing (°C)

	Xgwm294
	2A
	(GA)9TA(GA)15
	F:5' GGATTGGAGTTAAGAGAGAACCG 3'

R:5' GCAGAGTGATCAATGCCAGA 3'
	55

	Xcfa-2114
	6A
	(CA)32
	F:5' ATTGGAAGGCCACGATACAC 3'

R:5' CCCGTCGGGTTTTATCTAGC 3'
	60

	Xgwm11
	1B
	(TA)6CATA(CA)19(TA)6
	F:5' GGATAGTCAGACAATTCTTGTG 3'

R:5' GTGAATTGTGTCTTGTATGCTTCC 3'
	50

	Xgwm148
	2B
	(CA)22
	F:5' GTGAGGCAGCAAGAGAGAAA 3'

R:5' CAAAGCTTGACTCAGACCAAA 3'
	60

	Xgwm247
	3B
	(GA)24
	F:5' GCAATCTTTTTTCTGACCACG 3'

R:5' ATGTGCATGTCGGACGC 3'
	55

	Xgwm251
	4B
	(CA)28
	F:5' CAACTGGTTGCTACACAAGCA 3'

R:5' GGGATGTCTGTTCCATCTTAG 3'
	55

	Xgwm234
	5B
	(CT)16(CA)20
	F:5' GAGTCCTGATGTGAAGCTGTTG 3'
R:5' CTCATTGGGGTGTGTACGTG 3'
	55

	Xgwm169
	6A
	(GA)23
	F:5' ACCACTGCAGAGAACACATACG 3'
R:5' GTGCTCTGCTCTAAGTGTGGG 3'
	55

	Xgwm219
	6B
	(GA)35
	F:5' GATGAGCGACACCTAGCCTC 3'

R:5' GGGGTCCGAGTCCACAAC 3'
	60

	Note – The forward and reverse primers were designated F and R, respectively


Table 5 – Allele-specific primers of eight statistically significant KASP markers based on the GWAS of common wheat
	Marker
	Chromosome
	Primer
	Primer sequence (5’-3’, without dye sequences)

	BS00022431_51
	4B
	A
	ggaagcaaaggagctcgcT

	
	
	B
	ggaagcaaaggagctcgcC

	
	
	C
	ATCTTTTGCTGTGCCGTGGTGC

	BS00066460_51
	1A
	A
	ctacttagcctttgtttgtttcgtA

	
	
	B
	ctacttagcctttgtttgtttcgtG

	
	
	C
	CTATTGGCCATGGAAAGACTGGTT

	GENE-2352_964
	2A
	A
	ttgaccatgtatagatacacgcT

	
	
	B
	ttgaccatgtatagatacacgcC

	
	
	C
	catgcgtgtcacctcagtct

	BS00022689_51
	5B
	A
	gcctcaaagacaaattctgatggC

	
	
	B
	gcctcaaagacaaattctgatggT

	
	
	C
	GAAGGAGATGTCATGCTCTTCCGG

	BS00037002_51
	6A
	A
	gggtgtttttgtacctggcaC

	
	
	B
	gggtgtttttgtacctggcaT

	
	
	C
	CATCTTCGGCATCAGCGCAT

	wsnp_Ex_c24700_33953160
	1B
	A
	agcctgctccccaagtatttC

	
	
	B
	agcctgctccccaagtatttT

	
	
	C
	ttcggaactgacagtcgtgg

	Kukri_c54_306
	6B
	A
	ccagctcagggttagtctgtaT

	
	
	B
	ccagctcagggttagtctgtaC

	
	
	C
	GCGAGACGAAAAGAGCCGT

	BS00067150_51
	5A
	A
	CATGCACGTGGTACAGGGAAGC

	
	
	B
	CATGCACGTGGTACAGGGAAGT

	
	
	C
	TAGAAAAGGGCCCCCGACTCTCTGTTTCATA


Table 5 – Tetraploid wheat accessions, distinguished by plant height in two regions of Kazakhstan
	Almaty region
	North-Kazakhstan region

	2018 
	2019 
	2018 
	2019 

	127-137 cm
	48-60 cm
	139-154 cm
	48-60 cm
	115 cm
	48-55 cm
	104-112 cm
	40-48 cm

	Mindum (USA, T. durum), 

PI 210845 (Iran, T. polonicum), Черноколосая 20 (Казахстан, T. durum), 

PI 157983 (Italy, T. turgidum)
	5-BIL42, Adamello, Antas, Arcangelo, Ares, Baio, Canyon, Cannizzo, Casanova, Ciclope, Ciccio, Creso, Chiara, Dauno, Duetto, Dylan, Iride, Italo, Fauno, Gianni, Giotto, San Carlo, Saragolla, Latino, Tito, Tiziana, Tresor, Platani, Provenzal, PC32, PR22D89, Ofanto, Martino, Mida, Meridiano, Mongibello, Neolatino, Normanno, Rusticano, Valgerardo, Valforte, Varano, Vendetta, Vesuvio (Italy, T. durum); Vitromax (Italy/Spain, T. durum); PI 278350 (Italy, T. turanicum); Agridur, Aramon, Cosmodur, Exeldur, Excalibur, Latinur, Saadi, Parsifal, Primadur, Nefer (France, T. durum), Borli (Spain, T. durum), Kronos (USA, T. durum), Altar84, Mexicali 75 (Меxico, T. durum), 1805, 1809 (Morocco, INRA, T. durum), Karim (Tunisia, T. durum), Razzak (Tunisia, INRAT, T. durum), H.Moul(Mor)/Chaba 88, Lagost 3 (ICARDA, T. durum).
	PI 352488 (Italy, T. polonicum), 

PI 352487 (Германия, T. polonicum), Черноколосая 20 (Казахстан, T. durum), 

PI 352489 (Cyprus, T. polonicum), 

PI 191203 (Spain, T. turgidum), 

PI 134946 (Portugal, T. turgidum), 

PI 157983 (Italy, T. turgidum), 

PI 191104 (Spain, T. turgidum), 

PI 185723 (Portugal, T. turgidum).


	Ariosto, Bradano, Colosseo, Gargano, Latino, Mongibello, Neolatino, Ofanto, Orobel, Tresor (Italy, T. durum); Acalou, Arcalis, Aramon, Duriac, Excalibur, Latinur, Tetradur (France, T. durum), Aldeano, Artena, Borli, Duroi, Illra, Sula (Spain, T. durum), Bravadur, Tacna, Wollaroi (USA, T. durum), Gallareta (Меxico, T. durum), Anouar, 1804, 1805, 1808, 1809 (Morocco, INRA, T. durum), Karim (Tunisia, T. durum), Razzak (Tunisia, INRAT, T. durum), Yallaroi (Australia, T. durum), Anton, Arislahn-5, Aus-1, H.Moul(Mor)/Chaba 88, Quad//Erp/Mal/3/Unkn, Zeina 1 (ICARDA, T. durum).
	PI 185723 (Portugal, T. turgidum) и Mindum (USA, T. durum)


	Acalou, Aramon, Arcalis, Ardente, Brindur, Cosmodur, Durfort, Exeldur, Galadur, Ixos, Nefer, Neodur, Primadur (France, T. durum), Adamello, Alemanno, Arcangelo, Ares, Ariosto, Casanova, Chiara, Ciccio, Ciclope, Colosseo, Dauno, Duilio, Fauno, Flaminio, Gianni, Grecale, Italo, Lira B 45, Meridiano, Mida, Neolatino, Neolatino, Platani, Provenzal, Quadruro, Russello SG7, Rusticano, Sansone, Saragolla, Valgerardo, Valnova, Vendetta, Vesuvio (Italy, T. durum); Vitromax (Italy/Spain, T. durum); Colorado, Produra, Tacna, Mohawk, West Bread 881, Wollaroi, Kronos (USA, T. durum); Kofa (PSB, T. durum); Arislahn-5, Ouaserl-1, Quabrach-1 (ICARDA, T. durum); Tarek (Morocco, INRA, T. durum); Aldeano (Spain, IRTA, T. durum).
	Алтайка, СИД 88, Черноколосая 20, Целиноградская 75 (Казахстан, T. durum) и PI 924821 (USA, T. polonicum), PI 185723 (Portugal, T. turgidum)


	Produra (USA, T. durum), Parsifal (France, T. durum), Chiara (Italy, T. durum), MG 5350 (Ethiopia, T. dicoccum), Etiopia (n.a., T. dicoccum)


Таble 6 – Tetraploid wheat accessions isolated by the spike lenght in two regions of Kazakhstan
	Almaty region
	North-Kazakhstan

	2018 
	2019 
	2018
	2019

	Long spike (17 cm)
	Short spike (5-6 cm)
	Long spike (15 cm)
	Short spike (5-6 cm)
	Long spike (12 cm)
	Short spike (4-5 cm)
	Long spike (12-13 cm)
	Short spike (4-5 cm)

	T. polonicum representatives – PI 266846 (United Kingdom, England) и PI 210845 (Iran)


	Amedeo, Antas, Appio, Appulo, Arcangelo, Arnacoris, Aziziah, Baio, Berillo, Cannizzo, Capeiti-8, Casanova, Chiara, Ciccio, Claudio, Creso, Dauno, Fauno, Gargano, Giotto, Italo, Lira B 45, Maestrale, Martino, Meridiano, Mida, Neolatino, Ofanto, PC32, Pietrafitta, Platani, Plinio, Simeto, Torrebianca, Tresor, Trinakria, Varano, Vendetta, Vesuvio (Italy, T. durum); MG 5293/1 (Italy, T. dicoccum); AC-Navigator, UC1113, Waskana (Canada, T. durum); Arcalis, Cosmodur, Latinur (France, T. durum); Chacan, Krs/Haucan, Lagost 3, Moulsabil, Ombar, Omrabi 3, Omrabi 5, Quad//Erp/Mal/3/Unkn (ICARDA, T. durum); 1805, 1808, Isly, Marzak (Morocco, INRA, T. durum); Kyperounda (Morocco, T. durum); Artena, Boabdil, Borli, Durcal, Duroi (Spain, IRTA, T. durum); Granizo (Spain, T. durum); Altar84, Gallareta (Меxico, T. durum); MG 3521, MG 5323, Etiopia (n.a., T. dicoccum); PI 184526 (Portugal, T. turanicum); PI 470944 (Syria, T. dicoccoides); Sharm 5 (Syria, T. durum); Karim (Tunisia, T. durum); Produra (USA, T. durum). 
	PI 566593 (USA, T. polonicum).
	Alemanno, Amedeo, Appio, Appulo, Arcangelo, Arnacoris, Avispa, Aziziah, Cannizzo, Capeiti-8, Casanova, Chiara, Ciccio, Claudio, Colosseo, Creso, Fauno, Fortore, Gargano, Grifoni, Hymera, Iride, Isa, Italo, Latino, Lesina, Lira B 45, Maestrale, Meridiano, Messapia, Mexicali 75, Mida, Mongibello, Neolatino, Norba, Normanno, Ofanto, Pietrafitta, Platani, Plinio, PR22D89, Preco, Simeto, Tresor, Trinakria, Vesuvio (Italy, T. durum); PI 278350 (Italy, T. turanicum); MG 5293/1 (Italy, T. dicoccum); PI 157985 (Italy, T. turgidum); Goldur, Grandur (Austria, T. durum); AC-Navigator, Waskana (Canada, T. durum); Acalou, Agridur, Arcalis, Ardente, Cosmodur, Excalibur, Galadur, Latinur, Orjaune (France, T. durum); Amedakul-1, Anton, Atlast-1, Aus-1, Aw12/Bit, Chaba/Deraa, Chacan, H.Moul(Mor)/Chaba 88, Krs/Haucan, Omrabi 3, Omrabi 5, Quad//Erp/Mal/3/Unkn, Sebah, Zeina 1, Bic/3/Cham1//Gra//Stk (ICARDA, T. durum); 1805, 1808, 1809, Anouar, Jawhar, Tarek, Tomouh, Yasmine (Morocco, INRA, T. durum); Boabdil, Bolo, Bombasi, Borli, Durcal, Duroi, Sula (Spain, IRTA, T. durum); Jabato (Spain, T. durum); Etiopia (n.a., T. dicoccum); Colorado, Cortez, Durex, Edmore, S99B34, Tacna, West Bread 881, Kronos, Wollaroi (USA, T. durum); PI 184526 (Portugal, T. turanicum); Kofa (PSB, T. durum); Sharm 5 (Syria, T. durum); Karim (Tunisia, T. durum); Алтайский янтарь, Гордеиформе 254, Г 2246, Г2409, Г2654 (Казахстан, T. durum).
	MG 5416/1 (Iran, T. dicoccum)


	Amedeo, Appulo, Arcangelo, Athena, Aziziah, Berillo, Bronte, Cannizzo, Capeiti-8, Claudio, Colosseo, Dauno, Fiore, Fortore, Italo, Lira B 45, Preco, Rusticano, Simeto, Svevo, Trinakria, Vesuvio (Italy, T. durum); Bravadur, Durex (USA, T. durum); Mexicali 75 (Меxico, T. durum); Duroi, Sula (Spain, IRTA, T. durum); Tarek (Morocco, INRA, T. durum); Ammar-1, Bigost-1, Haurani, ICARDA 121(Ouassel-1/4/buc/Chrc//Prl/3/Pvn/5/Hel/3/Bit/Corm//Shwa), ICARDA 125 (Blk2//134XS-69-186/368-1/3Mrb5/4/Albit3), Maamouri-1, Miki-1, Nile, Omlahn-3, Omrabi 5, Sedou (ICARDA, T. durum). 


	представители T. polonicum – PI 352488 (United Kingdom, England) и PI 566593 (USA)
	Alemanno, Amedeo, Antas, Appulo, Arcangelo, Aziziah, Cannizzo, Capeiti-8, Casanova, Chiara, Ciccio, Colosseo, Creso, Fauno, Fiore, Flaminio, Gargano, Giotto, Grazia, Grecale, Hymera, Isa, Italo, Lira B 45, Maestrale, Mida, Mongibello, Norba, Platani, PR22D89, Preco, Quadrato, Simeto, Svevo, Taganrog, Tito, Tresor, Trinakria (Italy, T. durum); PI 278350 (Italy, T. turanicum); Molise Sel. Colli (Italy, T. dicoccum); Extradur, Helidur (Austria, T. durum); AC Navigator, UC1113 (Canada, T. durum); Agridur, Aramon, Arcalis, Ardente, Arstar, Duriac, Ixos, Latinur, Orjaune, Virgilio (France, T. durum); Amedakul-1, Angre, Arislahn-5, Atlast-1, Aw12/Bit, Chaba/Deraa, Chacan, Krs/Haucan, Moulsabil, Quad//Erp/Mal/3/Unkn, Sebah, Stojocri-3, Zeina1 (ICARDA, T. durum); 1808, 1809, Jawhar, Tarek (Morocco, INRA, T. durum); Razzak (Tunisia, INRAT, T. durum); Astigi, Bolo, Bombasi, Duroi, Illra, Senadur (Spain, IRTA, T. durum); Roqueno (Spain, T. durum);  Kyperounda (Morocco, T. durum); Altar84 (Меxico, T. durum); Etiopia, Gran Bretagna (n.a., T. dicoccum); PI 184526 (Portugal, T. turanicum); Kofa (PSB, T. durum); Sharm 5 (Syria, T. durum); Bravadur, Colorado, Durex (USA, T. durum)


Тable 7 – Tetraploid wheat accessions with the highest values of yield components in the conditions of Almaty region in 2018
	Cultivar/Line
	Number of kernels per spike, g
	Cultivar/Line
	1000 kernel weight, g
	Cultivar/Line
	Weight of kernels per plant, g
	Cultivar/Line
	Vegeration period, days

	Gordeiforme 254 (check cultivar)
	2,3
	Gordeiforme 254 (check cultivar)
	41,5
	Gordeiforme 254 (check cultivar)
	3,3
	Gordeiforme 254 (check cultivar)
	95

	Каргала 66
	3,1
	Farvento
	65,8
	1809
	8,1
	Saragolla
	85

	Russello SG7
	3,0
	Karel
	63,2
	West Bred Turbo
	7,8
	MG 5300/1
	85

	PI 306665
	3,0
	PI 208911
	61,8
	Wollaroi
	7,8
	PI 115816
	85

	Rugby
	2,9
	CLTR11390
	60,7
	PI 191145
	7,3
	PI 283888
	85

	West Bred Turbo
	2,9
	Appulo
	60,6
	Bradano
	6,9
	Lesina
	85

	Grifoni
	2,9
	PI 362067
	57,8
	AC Melita
	6,4
	MG 5323
	85

	PI 157985
	2,9
	PI 70738
	57,5
	PI 157983
	6,4
	PI 532501
	85

	Strongfield 
	2,8
	PI 352514
	57,2
	Каргала 66
	6,3
	Latino
	85

	Cappelli
	2,8
	PI 290512
	57,0
	Харьковская 46
	6,1
	UC1113
	85

	PI 352514
	2,8
	Каргала 66
	55,9
	Kyle
	6,1
	PI 499972
	85

	Алтайка
	2,8
	PI 191599
	53,5
	Amedeo
	6,1
	MG 5350
	85

	Каргала 9
	2,8
	PI 330555
	53,4
	Каргала 9
	6,0
	Nefer
	85

	Харьковская 46
	2,8
	PI 352488
	53,4
	Харьковская 9
	6,0
	West Bread 881
	85

	Bradano
	2,8
	PI 134946
	52,9
	Rugby
	5,9
	Colosseo
	85

	Yallaroi
	2,8
	Kofa
	52,5
	Artena
	5,9
	PI 572849
	85

	Алтайский янтарь
	2,8
	Каргала 70
	52,2
	Каргала 69
	5,8
	Bradano
	88

	Каргала 1409
	2,7
	Quad//Erp/Mal/3/Unkn
	52,2
	Кустанайская 1
	5,8
	Artena
	88

	Каргала 1514
	2,7
	PI 192658
	51,8
	Strongfield
	5,8
	Jabato
	88

	Tiziana
	2,7
	Taganrog
	51,5
	Medora
	5,7
	Don Pedro
	88

	Кустанайская 1
	2,7
	Ceedur
	51,5
	Каргала 1514
	5,6
	Imhotep
	88

	Note ​– bold indicates accessions with more than one productivity trait


Table 8 – Durum wheat cultivars and lines distinguished by yield components in Almaty region (2019)
	Cultivar/Line
	Weight of kernels per spike, g
	Cultivar/Line
	Weight of kernels per plant, g
	Cultivar/Line
	1000 kernel weight, g
	Cultivar/Line
	Yield, g/m2 
	Cultivar/Line
	Veget. period, days

	Gordeiforme 254 (check cultivar
	2,1
	Gordeiforme 254 (check cultivar
	3,8
	Gordeiforme 254 (check cultivar
	41,7
	Gordeiforme 254 (check cultivar
	411,9
	Gordeiforme 254 (check cultivar
	97

	1808 
	3,3
	Strongfield 
	9,5
	KAMUT
	71,5
	MG 5344/1
	1548,0
	Алтайский янтарь
	92

	Grifoni 
	3,1
	Chiara 
	9,5
	CLTR11390
	69,0
	Quadrato
	1352,1
	Appulo
	92

	Omrabi 3 
	3,1
	Quadrato 
	9,2
	PI 362067
	63,4
	Quadruro
	1239,5
	Mohawk
	92

	Quadrato 
	3,1
	Enduro
	9
	PI 191599
	62,8
	PR22D89
	1228,7
	Саратовская 31
	92

	Strongfield 
	3,0
	Granizo
	8,9
	PI 127106
	62,6
	Granizo
	1208,8
	MG 5416/1
	92

	Athena 
	2,9
	Helidur
	8,7
	PI 306665
	62,2
	Giotto
	1129,6
	Омский рубин
	92

	Duetto 
	2,9
	Berillo
	8,0
	Adamello
	61,8
	Duetto
	1121,2
	Strongfield
	97

	Svevo 
	2,8
	S99B34
	7,9
	PI 67343
	59,5
	Provenzal
	1103,2
	Quadrato
	97

	Platani 
	2,8
	Duetto
	7,8
	Simeto
	59,4
	Rusticano
	1071,6
	Granizo
	97

	Dauno 
	2,8
	Cannizzo
	7,8
	PI 254206
	59,3
	Cannizzo
	1035,0
	Berillo
	97

	Antas 
	2,8
	Astigi
	7,7
	Bronte
	59,2
	Grifoni
	1012,8
	S99B34
	97

	Cannizzo 
	2,8
	Svevo
	7,7
	PI 352514
	59,2
	Berillo
	1005,0
	Duetto
	97

	Алтайский янтарь 
	2,7
	LO92
	7,6
	PI 290512
	58,2
	S99B34
	994,4
	Cannizzo
	97

	Adamello 
	2,7
	Fiore 
	7,5
	Astigi
	58,1
	Strongfield
	993,5
	Astigi
	97

	Г 1764 
	2,7
	Dylan
	7,3
	Antas
	57,6
	Dylan
	971,6
	Dylan
	97

	Valnova 
	2,7
	Г 2607
	7,2
	PI 113393
	57,3
	Claudio
	970,6
	Г 2607
	97

	Vendetta 
	2,6
	Sharm 5
	7,2
	Arcangelo
	56,8
	Г 2607
	962,4
	Sharm 5
	97

	Saragolla 
	2,6
	Giotto
	7,2
	Quadrato
	56,6
	Sharm 5
	958,9
	Platani
	97

	Granizo 
	2,6
	Platani
	7,2
	Latino
	56,6
	Platani
	953,6
	Giotto
	97

	Taganrog 
	2,6
	Barcarol
	7,2
	PI 330555
	56,5
	Г 2589
	949,2
	Adamello
	97

	Note ​– bold indicates accessions with more than one productivity trait


Table 9 – The best in productivity durum wheat accessions grown in the North Kazakhstan region in 2018
	Cultivar/Line
	Yield, g/m2
	Cultivar/Line
	Weight of kernels per spike, g
	Cultivar/Line
	Weight of kernels per plant, g
	Cultivar/Line
	1000 kernel weight, g
	Название сорта/линии
	Veget. period, days

	Damsynskaya yantarnaya (check cultivar)
	374,8
	Damsynskaya yantarnaya (check cultivar)
	1,68
	Damsynskaya yantarnaya (check cultivar)
	2,57
	Damsynskaya yantarnaya (check cultivar)
	55,6
	Damsynskaya yantarnaya (check cultivar)
	94

	Ammar-1
	346,3
	Lakota
	1,3
	Topdur
	3,7
	Saragolla
	40,9
	Tacna
	83

	Saragolla
	305,3
	Monroe
	1,2
	Sceptre
	3,6
	Mindum
	40,3
	Lesina
	84

	Bic/3/Cham1//Gra//Stk
	287,8
	Rugby
	1,2
	Senadur
	2,9
	Munich
	40,3
	Ariesol
	85

	Edmore
	276,3
	Munich
	1,1
	Lakota
	2,4
	Monroe
	38,1
	Lira B 45
	85

	Vic
	261,4
	Mindum
	1,1
	Durcal
	2,4
	Colorado
	38,0
	Aldeano
	85

	Mindum
	259,5
	Waskana
	1,1
	Hergules
	2,3
	Pietrafitta
	38,0
	Colorado
	85

	Sceptre
	246,7
	Mongibello
	1,1
	Galadur
	2,2
	Rugby
	37,4
	Pietrafitta
	85

	Durcal
	246,4
	Torrebianca
	1,1
	Torrebianca
	2,2
	Senadur
	37,0
	1808
	85

	Kyle
	237,7
	Saragolla
	1,1
	Boabdil
	2,0
	Norba
	36,8
	Norba
	86

	Lakota
	236,4
	Durcal
	1,1
	Wakooma
	2,0
	Arcalis
	36,8
	Mongibello
	86

	Waskana
	230,9
	Vic
	1,0
	AC Pathfinder
	2,0
	Russello SG7
	36,7
	Galadur
	86

	Galadur
	227,1
	Edmore
	1,0
	Ariesol
	2,0
	Lakota
	36,1
	Arcalis
	86

	Monroe
	223,2
	Galadur
	1,0
	Illra
	1,9
	Tacna
	36,1
	Cannizo
	86

	Senadur
	219,3
	Sceptre
	1,0
	Duroi
	1,9
	Edmore
	36,0
	1807
	86

	Rugby
	212,8
	Boabdil
	1,0
	Plenty
	1,9
	Torrebianca
	35,5
	1809
	86

	Astigi
	207,3
	Arcalis
	1,0
	Razzak
	1,9
	Waskana
	35,4
	Marjana
	86

	Angre
	207,3
	Colorado
	1,0
	Norba
	1,8
	Mongibello
	35,4
	Krs/Haucan
	86

	Torrebianca
	204,5
	Senadur
	1,0
	Arstar
	1,8
	Gargano
	35,0
	Anouar
	86

	Aghrass-1
	202,7
	Kyle
	1,0
	Kyle
	1,8
	Vic
	34,9
	Bombasi
	86

	Ariesol
	201,0
	Cannizo
	0,9
	Orjaune
	1,8
	Aramon
	34,6
	Durex
	86


Table 10 – Durum wheat cultivars and lines distinguished by yield components in the North Kazakhstan region (2019)
	Cultivar/Line
	Weight of kernels per spike, g
	Cultivar/Line
	Weight of kernels per plant, g
	Cultivar/Line
	1000 kernel weight, g 
	Cultivar/Line
	Yield, g/m2
	Cultivar/Line
	Veget. period, days

	Damsynskaya yantarnaya (check cultivar)
	1,7
	Damsynskaya yantarnaya (check cultivar)
	2,2
	Damsynskaya yantarnaya (check cultivar)
	55,7
	Damsynskaya yantarnaya (check cultivar)
	431,6
	Damsynskaya yantarnaya (check cultivar)
	88

	Orfeo
	2,6
	Г 2611
	5,1
	KAMUT
	77,8
	Saragolla
	522,3
	Jawhar
	80

	KAMUT
	2,6
	Назаровка
	5,0
	PI 306665
	71,6
	Extradur
	504,3
	Razzak
	81

	PI 185723
	2,5
	Varano
	4,6
	PI 362067
	71,4
	AC Navigator
	493,0
	Sebah
	81

	PI 157985
	2,4
	Г 2409
	4,5
	PI 191599
	70,4
	5-BIL42
	474,0
	Mexicali 75
	81

	PI 924821
	2,4
	Orfeo
	4,5
	CLTR11390
	69,5
	1809
	472,0
	Yasmine
	81

	Monroe
	2,4
	Г 2638
	4,4
	Extradur
	68,6
	Vic
	467,8
	Ardente
	81

	Lloyd
	2,4
	Cappelli
	4,3
	PI 352514
	67,7
	Auroch
	460,2
	Mohawk
	81

	Plenty
	2,3
	West Bread 881
	4,3
	PI 352488
	67,5
	1808
	456,2
	1809
	82

	Алтайский янтарь
	2,3
	Agridur
	4,2
	Ceedur
	67,1
	Jawhar
	455,7
	Lesina
	82

	PI 191104
	2,3
	Г 2607
	4,1
	PI 192641
	67,0
	Vendetta
	453,8
	Atlast-1
	82

	Cappelli
	2,2
	Plenty
	4,1
	PI 290530
	66,6
	Bradano
	451,7
	1808
	82

	AC Pathfinder
	2,2
	Ancomarzio
	4,0
	Fortore
	64,8
	Ariesol
	455,0
	1807
	82

	PI 306665
	2,2
	Vendetta
	4,0
	Simeto
	64,5
	Костанайская 12
	443,7
	Lakota
	82

	Lesina
	2,2
	Целиноградская 75
	4,0
	Wollaroi
	64,3
	Orjaune
	443,5
	Chacan
	82

	Ofanto
	2,2
	Alemanno
	4,0
	PI 113393
	63,7
	Durex
	441,3
	Rugby
	82

	Orjaune
	2,2
	Capeiti-8
	3,9
	PI 254206
	63,4
	Monroe
	440,5
	Astigi
	82

	Duetto
	2,2
	KAMUT
	3,9
	Lloyd
	63,4
	Timilia
	439,2
	Zeina 1
	82

	Vesuvio
	2,2
	Orjaune
	3,9
	Quadrato
	63,1
	Agridur
	437,0
	Omrabi 5
	82

	K26
	2,2
	Vitromax
	3,9
	PI 330555
	62,5
	Altar84
	435,0
	Colosseo
	82

	Каргала 34
	2,1
	AC Navigator
	3,9
	1809
	62,1
	Atlast-1
	430,3
	Lira B 45
	82

	Note ​– bold indicates accessions with more than one productivity trait


Тable 11 – Characterization of 32 KASP markers used in the analysis
	SNP ID (90k iSELECT Infinium array)
	Trait (Triticum aestivum)
	Trait (Triticum durum)
	Chromosome
	Location

	BS00066460_51
	FT, NFS
	FT*, NFS*, NKS*, TKW**
	1A
	78,56

	IAAV3828 
	FT
	ns
	1B
	62,63

	BS00074328_51
	FT
	
	1B
	102,92

	BS00010664_51
	FT
	ns
	2A
	103,32

	GENE-2352_964
	FT
	FT*
	2A
	122,83

	Kukri_c53501_305
	FT
	
	2A
	162,89

	CAP8_c5161_165
	FT
	
	2B
	107,58

	Tdurum_contig45468_674
	FT
	
	2B
	107,58

	Excalibur_c1940_396
	FT
	
	2B
	117,72

	Kukri_c17962_447
	FT
	
	4A
	133,96

	RAC875_c110822_505
	FT
	
	5A
	10,56

	BS00067150_51
	FT, WKP
	FT*, NKS*
	5A
	52,54

	BS00022689_51
	FT, SMT
	SMT*, NKS*
	5B
	93,43

	wsnp_CAP11_c948_571287
	FT
	
	5B
	59,67

	Tdurum_contig11411_100
	FT
	
	5B
	115,68

	BS00037002_51
	FT, NKS
	FT*
	6A
	4,10

	GENE-4208_229
	FT
	
	6A
	134,15

	BS00023032_51
	FT
	ns
	6B
	62,61

	BS00062712_51
	FT, SMT
	ns
	6B
	62,61

	BobWhite_rep_c53518_78
	FT
	
	7B
	67,47

	BS00065624_51
	PL
	ns
	7B
	163,78

	Excalibur_c3432_98
	SL
	ns
	6B
	82,56

	wsnp_Ex_c24700_33953160
	NFS
	NKS*
	1B
	45,57

	Tdurum_contig64772_417
	NFS
	
	4B
	42,41

	BS00022431_51
	NFS
	TKW***
	4B
	50,05

	wsnp_CAP11_rep_c4297
	NFS
	
	6B
	0,00

	BS00027942_51
	NFS
	
	6B
	24,90

	BS00010161_51
	TKW
	
	3A
	63,91

	BS00065734_51
	TKW
	
	3A
	119,14

	BS00034148_51
	TKW, WKP
	
	4B
	93,60

	Kukri_c54_306
	TKW
	TKW*
	6B
	66,39

	BS00047691_51
	WKP
	
	7B
	66,45

	Note – ns – absent, *  –  P ≤ 0.05; ** –  P ≤ 0.01; ***  – P ≤ 0.001; FT – flowering time (days), SMT – heading time (days), PL – peduncle length (cm), SL – spike length (cm); NFS – number of fertile spikes, TKW –1000 kernel weight (g), WKP – weight of kernels per spike (g)
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	B) BS00022431_51
	C) Kukri_c54_306
	


Red and blue dots - homozygous genotypes with variable single nucleoid polymorphism, black dots - negative control

Figure 1 – Results of KASP-genotyping of 29 varieties of spring durum wheat in Kazakhstan and Russia (fragment)
Тable 12 – Allele distribution of 29 durum wheat cultivars by 8 KASP markers
	
	Alleles of KASP markers

	Cultivar
	BS00066460_51
	GENE-2352_964
	BS00067150_51
	BS00022689_51
	BS00037002_51
	wsnp_Ex_c24700_33953160
	BS00022431_51
	Kukri_c54_306

	Аlmaz
	B
	B
	B
	B
	A
	B
	B
	A

	Аltayka
	B
	B
	B
	B
	B
	B
	B
	A

	Аltayskii yantar
	B
	A
	A
	B
	A
	B
	A
	A

	Аltyn dala
	B
	B
	B
	B
	A
	B
	B
	A

	Аsangali 20
	B
	A
	A
	B
	A
	B
	A
	A

	Gordeiforme 254
	B
	A
	A
	B
	A
	B
	A
	A

	Kargala 9
	B
	B
	A
	B
	A
	B
	A
	A

	Kargala 34
	A
	B
	B
	B
	A
	A
	A
	B

	Kargala 66
	A
	A
	A
	A
	A
	A
	A
	B

	Kargala 69
	A
	B
	B
	B
	A
	B
	A
	A

	Kargala 70
	*
	B
	B
	A
	B
	B
	A
	A

	Kargala 71
	B
	B
	B
	A
	B
	B
	A
	A

	Kargala 1409
	B
	B
	B
	B
	A
	B
	B
	A

	Kargala 1411
	B
	A
	B
	B
	A
	A
	B
	A

	Kargala 1514
	A
	A
	A
	B
	A
	A
	A
	A

	Кustanayskaya 1
	A
	A
	A
	B
	A
	A
	A
	A

	Кostanayskaya 12
	B
	A
	A
	A
	A
	B
	A
	A

	Кostanayskaya 52
	A
	B
	A
	B
	A
	A
	A
	A

	Nazarovka
	B
	B
	B
	B
	A
	B
	A
	B

	Nurly
	B
	B
	B
	A
	B
	B
	A
	A

	Оrenburgskaya 10
	B
	A
	A
	A
	B
	B
	A
	B

	Omskii rubin
	B
	B
	B
	B
	A
	B
	A
	A

	SID 88
	B
	A
	A
	B
	A
	B
	A
	A

	Saratovskaya 31
	B
	B
	B
	A
	B
	B
	A
	A

	Kharkovskaya 9
	B
	A
	B
	B
	A
	B
	*
	B

	Kharkovskaya 46
	B
	A
	A
	B
	A
	B
	A
	A

	Kharkovskaya 90
	B
	A
	A
	A
	B
	B
	A
	A

	Tselinogradskaya 75
	B
	A
	B
	B
	A
	B
	A
	B

	Chernokolosaya 20
	B
	B
	B
	B
	A
	B
	B
	A

	Allele A
	7
	14
	13
	8
	22
	6
	22
	23

	Allele B
	21
	15
	16
	21
	7
	23
	6
	6

	Note – * – missing data


Table 13 – Allele distribution of 29 durum wheat cultivars and 15 lines of The State Seed Trials Committie (SSTC) for polymorphic KASP markers

	Cultivar/Line
	Alleles of KASP markers

	
	ipbb_td_103
	ipbb_td_106
	ipbb_td_107
	ipbb_td_108
	ipbb_td_109
	ipbb_td_111
	ipbb_td_115
	ipbb_td_116
	ipbb_td_117
	ipbb_td_118
	ipbb_td_119
	ipbb_td_120

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	Аlmaz
	A
	A
	A
	B
	A
	A
	A
	B
	B
	A
	A
	A

	Аltayka
	A
	A
	B
	B
	A
	A
	B
	A
	B
	A
	A
	B

	Аltayskii yantar
	A
	A
	A
	B
	A
	A
	B
	A
	B
	A
	A
	B

	Аltyn dala
	A
	A
	A
	B
	A
	A
	B
	B
	B
	A
	A
	A

	Аsangali 20
	A
	A
	A
	A
	A
	A
	B
	A
	B
	A
	A
	B

	Gordeiforme 254
	A
	A
	A
	B
	A
	A
	B
	A
	B
	A
	A
	B

	Chernokolosaya 20
	A
	A
	A
	B
	A
	A
	B
	A
	B
	A
	A
	A

	Kargala 1409
	A
	A
	A
	B
	A
	A
	B
	A
	B
	A
	A
	B

	Kargala 1411
	A
	A
	A
	A
	A
	B
	A
	B
	B
	A
	A
	B

	Kargala 1514
	A
	A
	B
	B
	A
	A
	A
	B
	B
	A
	A
	B

	Kargala 34
	A
	A
	A
	A
	A
	B
	A
	B
	B
	B
	A
	B

	Kargala 66
	B
	A
	B
	B
	A
	A
	A
	B
	B
	A
	A
	A

	Kargala 69
	A
	A
	A
	B
	A
	B
	A
	B
	B
	B
	A
	A

	Kargala 70
	B
	A
	A
	A
	A
	B
	A
	B
	B
	B
	A
	B

	Kargala 71
	B
	A
	A
	A
	A
	A
	A
	A
	B
	A
	A
	B

	Kargala 9
	A
	A
	B
	A
	A
	B
	A
	B
	B
	A
	B
	B

	Кostanayskaya 12
	B
	A
	A
	A
	A
	B
	A
	A
	B
	A
	A
	A

	Кostanayskaya 52
	A
	A
	A
	B
	A
	A
	A
	B
	B
	A
	A
	A

	Кustanayskaya 1
	A
	A
	A
	A
	A
	A
	A
	B
	B
	B
	A
	A

	Nazarovka
	A
	B
	A
	B
	A
	A
	A
	A
	B
	B
	A
	A

	Nurly
	B
	A
	A
	A
	A
	B
	A
	B
	B
	B
	A
	A

	Omskii rubin
	A
	A
	A
	B
	A
	B
	A
	A
	B
	A
	A
	A

	Оrenburgskaya 10
	B
	A
	A
	A
	A
	A
	A
	A
	B
	B
	A
	A

	Saratovskaya 31
	B
	A
	A
	A
	A
	B
	A
	B
	B
	B
	A
	A

	SID 88
	A
	A
	A
	B
	A
	A
	B
	A
	B
	A
	A
	A

	Kharkovskaya 46
	A
	A
	A
	B
	A
	A
	A
	A
	B
	A
	A
	A

	Kharkovskaya 9
	A
	A
	A
	B
	A
	A
	A
	B
	B
	B
	A
	A

	Kharkovskaya 90
	B
	A
	A
	B
	A
	B
	A
	B
	B
	B
	A
	A

	Tselinogradskaya 75
	A
	A
	A
	B
	A
	A
	A
	A
	B
	A
	A
	B

	G 1764
	B
	A
	A
	A
	A
	B
	A
	A
	B
	A
	A
	A

	G 1846
	B
	A
	B
	B
	A
	A
	A
	B
	B
	A
	A
	A

	G 2246
	B
	A
	A
	B
	A
	A
	B
	B
	B
	A
	A
	A

	G 2267
	B
	A
	A
	B
	A
	A
	A
	A
	B
	A
	A
	A

	G 2345
	B
	A
	A
	B
	A
	A
	A
	B
	A
	A
	A
	A

	G 2363
	A
	A
	A
	A
	A
	A
	A
	B
	B
	B
	A
	A

	G 2409
	B
	A
	A
	B
	A
	A
	A
	A
	B
	A
	A
	A

	G 2580
	A
	B
	A
	B
	A
	B
	A
	A
	B
	A
	A
	A

	G 2589
	B
	A
	A
	B
	A
	B
	A
	A
	B
	A
	A
	A

	G 2601
	A
	A
	A
	B
	A
	A
	A
	A
	B
	A
	A
	A


Continuation of Table 13
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	G 2607
	A
	A
	A
	A
	A
	A
	A
	B
	B
	B
	A
	A

	G 2611
	B
	A
	A
	B
	A
	A
	A
	A
	B
	A
	A
	A

	G 2638
	A
	A
	A
	B
	A
	A
	B
	A
	B
	A
	A
	A

	G 2640
	B
	A
	A
	B
	A
	B
	A
	B
	B
	B
	A
	A

	G 2654
	A
	A
	A
	B
	A
	A
	A
	B
	B
	B
	A
	A

	AC Navigator
	A
	A
	A
	B
	A
	B
	A
	B
	B
	B
	A
	A

	Alemanno
	A
	A
	B
	B
	B
	B
	A
	B
	B
	A
	B
	A

	Brindur
	A
	A
	A
	B
	A
	B
	A
	B
	B
	A
	A
	A

	Capeiti-8
	A
	A
	A
	B
	B
	B
	A
	B
	B
	A
	A
	A

	Chiara
	A
	A
	A
	B
	A
	B
	A
	A
	B
	B
	B
	A

	Claudio
	A
	A
	A
	B
	A
	A
	A
	B
	B
	B
	B
	A

	Colosseo
	A
	A
	A
	B
	A
	A
	A
	B
	B
	B
	B
	A

	Cosmodur
	A
	A
	B
	B
	B
	A
	A
	A
	B
	A
	B
	A

	Granizo
	A
	A
	A
	B
	A
	A
	A
	B
	B
	A
	A
	A

	Kyperounda
	A
	B
	B
	B
	B
	B
	A
	B
	B
	A
	B
	A

	CLTR11390
	A
	A
	A
	B
	A
	B
	A
	B
	B
	A
	A
	A

	PI 184526
	A
	A
	B
	B
	A
	A
	A
	A
	B
	A
	A
	A

	PI 352514
	A
	A
	A
	B
	A
	B
	A
	B
	B
	A
	A
	A

	PI 210845
	A
	A
	B
	B
	A
	B
	A
	B
	B
	A
	A
	A

	PI 266846
	A
	A
	B
	B
	A
	B
	A
	B
	B
	A
	A
	A

	PI 387479
	A
	A
	B
	B
	A
	B
	A
	A
	B
	A
	A
	A

	PI 208911
	A
	A
	A
	B
	A
	B
	A
	B
	B
	A
	A
	A

	PI 185723
	A
	A
	B
	B
	A
	B
	B
	B
	B
	A
	A
	A

	PI 94755
	A
	B
	A
	B
	A
	B
	A
	A
	B
	B
	A
	A

	PI 115816
	A
	B
	B
	B
	A
	B
	B
	A
	A
	B
	A
	B

	PI 343446
	A
	B
	B
	A
	B
	B
	B
	A
	A
	A
	A
	A

	Allele A
	48
	59
	50
	15
	60
	35
	52
	29
	3
	45
	58
	52

	Allele B
	17
	6
	15
	50
	5
	60
	13
	36
	62
	20
	7
	13


Тable 14 – Genetic passport of 85 cultivars and lines of tetraploid wheat obtained by SSR genotyping
	Cultivar/line characteristics
	1
	2
	3
	4
	5
	6
	7

	Name
	Region of origin
	Species
	Xgwm
148
	Xgwm11
	Xcfa 2114
	Xgwm251
	Xgwm219
	Xgwm234
	Xgwm169

	AC Navigator
	Canada
	TDU
	aa
	cc
	bb
	bb
	aa
	bb
	cc

	Alemanno
	Italy
	TDU
	dd
	cc
	dd
	cc
	bb
	cc
	aa

	Altar 84
	Меxico
	TDU
	aa
	dd
	bb
	bb
	aa
	bb
	bb

	Ambral
	France
	TDU
	dd
	cc
	cc
	cc
	aa
	bb
	aa

	Ancomarzio
	Italy
	TDU
	dd
	cc
	dd
	cc
	aa
	bb
	bb

	Brindur
	France
	TDU
	bb
	cc
	dd
	bb
	aa
	aa
	bb

	Capeiti-8
	Italy
	TDU
	dd
	cc
	aa
	aa
	bb
	bb
	bb

	Cappelli
	Italy
	TDU
	aa
	cc
	dd
	cc
	bb
	aa
	bb

	Casanova
	Italy
	TDU
	dd
	bb
	cc
	cc
	dd
	aa
	bb

	Ceedur
	France
	TDU
	bb
	bb
	aa
	aa
	cc
	bb
	bb

	Ciclope
	Italy
	TDU
	dd
	aa
	dd
	cc
	bb
	bb
	bb

	Cirillo
	Italy
	TDU
	bb
	cc
	aa
	dd
	aa
	bb
	aa

	Claudio
	Italy
	TDU
	dd
	dd
	cc
	aa
	bb
	bb
	bb

	Colosseo
	Italy
	TDU
	dd
	cc
	cc
	cc
	dd
	aa
	bb

	Cosmodur
	France
	TDU
	bb
	dd
	aa
	cc
	aa
	aa
	cc

	Granizo
	Spain
	TDU
	dd
	cc
	dd
	cc
	aa
	bb
	cc

	Kiperounda
	Morocco
	TDU
	bb
	dd
	aa
	aa
	dd
	bb
	bb


	LO92
	USA
	TDU
	bb
	cc
	dd
	aa
	aa
	bb
	cc

	Mexicali75
	Меxico
	TDU
	dd
	dd
	aa
	cc
	bb
	bb
	cc

	Sharm5
	Syria
	TDU
	bb
	dd
	aa
	aa
	aa
	bb
	cc

	Strongfield
	Canada
	TDU
	aa
	cc
	bb
	aa
	aa
	aa
	cc

	CLTR11390
	USA
	TT
	bb
	cc
	aa
	cc
	aa
	bb
	bb

	PI 68287
	Azerbaijan
	TT
	bb
	cc
	aa
	cc
	bb
	bb
	cc

	PI 113393
	Iraq
	TT
	dd
	dd
	dd
	bb
	bb
	bb
	aa

	PI 167481
	Тurkey
	TT
	dd
	dd
	dd
	bb
	dd
	bb
	cc

	PI 192641
	Morocco
	TT
	bb
	bb
	aa
	cc
	aa
	bb
	dd

	PI 254206
	Iran
	TT
	cc
	cc
	dd
	bb
	bb
	bb
	bb

	PI 290530
	Hungary
	TT
	cc
	cc
	dd
	bb
	bb
	bb
	bb

	PI 576854
	Тurkey
	TT
	cc
	cc
	cc
	bb
	dd
	bb
	aa

	PI 184526
	Portugal
	TT
	dd
	cc
	dd
	aa
	aa
	cc
	bb

	PI 352514
	Azerbaijan
	TT
	bb
	cc
	aa
	dd
	aa
	bb
	bb

	PI 210845
	Iran
	TP
	dd
	cc
	bb
	bb
	aa
	bb
	aa

	PI 266846
	United Kingdom
	TP
	dd
	bb
	aa
	bb
	aa
	bb
	aa

	PI 387479
	Ethiopia
	TP
	bb
	cc
	dd
	cc
	aa
	aa
	cc

	PI 208911
	Iraq
	TP
	bb
	cc
	dd
	cc
	aa
	bb
	cc

	PI 94755
	Georgia
	TC
	bb
	jj
	dd
	cc
	aa
	cc
	cc

	PI 115816
	Georgia
	TC
	bb
	jj
	dd
	dd
	bb
	cc
	cc

	MG 5350
	Ethiopia
	TDM
	bb
	jj
	ee
	kk
	bb
	bb
	dd

	MG 15516/1
	Syria
	TDM
	dd
	aa
	cc
	cc
	bb
	aa
	dd

	PI 343446
	Israel
	TDS
	cc
	jj
	dd
	bb
	bb
	bb
	cc

	PI 346783
	Hungary
	TDS
	cc
	dd
	dd
	mm
	bb
	bb
	cc

	Оrenburgskaya 10
	Russia
	TDU
	cc
	cc
	dd
	bb
	aa
	cc
	aa


Continuation of Table 14
	Cultivar/line characteristics
	1
	2
	3
	4
	5
	6
	7

	Name
	Region of origin
	Species
	Xgwm
148
	Xgwm11
	Xcfa 2114
	Xgwm251
	Xgwm219
	Xgwm234
	Xgwm169

	Kargala 1514
	Kazakhstan
	TDU
	cc
	cc
	cc
	aa
	aa
	aa
	bb

	Kargala 1411
	Kazakhstan
	TDU
	cc
	cc
	bb
	aa
	aa
	bb
	cc

	Kargala 1409
	Kazakhstan
	TDU
	cc
	cc
	dd
	bb
	aa
	aa
	bb

	Kargala 71
	Kazakhstan
	TDU
	cc
	cc
	aa
	aa
	aa
	bb
	cc

	Kargala 70
	Kazakhstan
	TDU
	cc
	cc
	aa
	aa
	aa
	bb
	cc

	Kargala 66
	Kazakhstan
	TDU
	cc
	cc
	dd
	aa
	aa
	bb
	bb

	Kargala 69
	Kazakhstan
	TDU
	сс
	cc
	dd
	aa
	aa
	bb
	bb

	Kargala 34
	Kazakhstan
	TDU
	bb
	cc
	dd
	bb
	bb
	aa
	bb

	Kargala 9
	Kazakhstan
	TDU
	dd
	cc
	dd
	bb
	aa
	aa
	bb

	Аlmaz
	Russia
	TDU
	dd
	aa
	aa
	bb
	aa
	bb
	bb

	Аltayka
	Russia
	TDU
	dd
	bb
	cc
	bb
	aa
	aa
	bb

	Аltayskii yantar
	Russia
	TDU
	aa
	bb
	dd
	cc
	dd
	bb
	bb

	Аltyn dala
	Kazakhstan
	TDU
	aa
	bb
	dd
	bb
	aa
	cc
	bb

	Аsangali 20
	Kazakhstan
	TDU
	dd
	bb
	dd
	bb
	aa
	cc
	bb

	Gordeiforme 254
	Kazakhstan
	TDU
	dd
	bb
	dd
	cc
	aa
	cc
	bb

	Кostanayskaya 12
	Kazakhstan
	TDU
	aa
	bb
	dd
	bb
	aa
	aa
	bb

	Кustanayskaya 1
	Kazakhstan
	TDU
	dd
	bb
	dd
	aa
	aa
	bb
	bb

	Кostanayskaya 52
	Kazakhstan
	TDU
	dd
	bb
	aa
	aa
	aa
	bb
	bb

	Nazarovka
	Kazakhstan
	TDU
	dd
	bb
	cc
	bb
	aa
	bb
	cc

	Nurly
	Kazakhstan
	TDU
	dd
	bb
	dd
	bb
	aa
	cc
	bb

	Omskii rubin
	Russia
	TDU
	dd
	dd
	dd
	bb
	aa
	bb
	bb

	SID 88
	Kazakhstan
	TDU
	dd
	dd
	dd
	bb
	aa
	bb
	bb

	Saratovskaya 31
	Kazakhstan
	TDU
	aa
	dd
	dd
	bb
	aa
	cc
	aa

	Kharkovskaya 46
	Russia
	TDU
	dd
	bb
	aa
	aa
	aa
	bb
	cc

	Kharkovskaya 9
	Ukraine
	TDU
	dd
	bb
	aa
	aa
	aa
	bb
	cc

	Kharkovskaya 90
	Ukraine
	TDU
	dd
	bb
	dd
	aa
	aa
	bb
	cc

	Tselinogradskaya 75
	Kazakhstan
	TDU
	aa
	bb
	dd
	cc
	aa
	cc
	cc

	Chernokolosaya 20
	Kazakhstan
	TDU
	dd
	bb
	dd
	bb
	aa
	cc
	bb

	G 1764
	Kazakhstan
	TDU
	aa
	bb
	dd
	aa
	bb
	aa
	cc

	G 1846
	Kazakhstan
	TDU
	dd
	cc
	dd
	bb
	aa
	aa
	cc

	G 2246
	Kazakhstan
	TDU
	dd
	bb
	dd
	bb
	aa
	aa
	cc

	G 2267
	Kazakhstan
	TDU
	dd
	bb
	dd
	aa
	aa
	aa
	cc

	G 2345
	Kazakhstan
	TDU
	dd
	bb
	bb
	bb
	aa
	aa
	cc

	G 2363
	Kazakhstan
	TDU
	dd
	jj
	dd
	aa
	aa
	aa
	cc

	G 2409
	Kazakhstan
	TDU
	dd
	bb
	dd
	bb
	aa
	aa
	cc

	G 2580
	Kazakhstan
	TDU
	cc
	cc
	dd
	aa
	aa
	bb
	cc

	G 2589
	Kazakhstan
	TDU
	dd
	cc
	dd
	bb
	aa
	aa
	cc

	G 2601
	Kazakhstan
	TDU
	cc
	zz
	aa
	bb
	aa
	bb
	cc

	G 2607
	Kazakhstan
	TDU
	aa
	zz
	cc
	bb
	aa
	aa
	cc

	G 2611
	Kazakhstan
	TDU
	dd
	bb
	dd
	bb
	aa
	aa
	cc

	G 2638
	Kazakhstan
	TDU
	aa
	bb
	cc
	aa
	aa
	aa
	dd

	G 2640
	Kazakhstan
	TDU
	aa
	cc
	cc
	bb
	bb
	cc
	dd

	G 2654
	Kazakhstan
	TDU
	bb
	bb
	dd
	aa
	aa
	cc
	bb

	Note – TT: T. turanicum; TP: T. polonicum; TG: T. turgidum; TC: T. carthlicum; TDM: T. dicoccum; TDS: T. dicoccoides; TDU: T. durum


Table 15 – The list of MTAs related to adaptivity traits and information on their correspondence with previously reported QTL and known gene positions
	Trait
	Marker
	Chr
	QTL region (cM)
	Reference
	QTL; genetic position (cM) in the reference
	QTL; physical position in the reference

	HD
	IWB71175
	1A
	15,8
	
	
	

	HD
	IWB59768
	1A
	44,9-62,8
	QTL  [73]
	18,4-60,7 
	18114055..461341317

	HD
	IWB72966
	1B
	37,1-43,2
	QTL [73];
	30,5-48,7; 
	88740151..398680744

	
	
	
	
	QTL  [65]
	36-52
	157378023..445869269

	HD
	IWB13774
	1B
	67,6-68,1
	
	
	

	HD
	IWB54033
	2A
	46,2-53,4
	QTL/Gene [74]
	42,6-59,2  
	

	HD
	IWB50384
	2A
	208,7-210,8
	QTL  [75];
	196,1-206,1; 
	752518586..774769579

	
	
	
	
	QTL  [76];
	203,4-213,4; 
	762376432..774769579

	
	
	
	
	QTL [77]
	204,3-209,3
	764133958..774769579

	HD
	IWB45998
	2B
	34-65,2
	QTL/Gene [65]
	59,4-67,4  
	67807903..109351375

	HD
	IWB851
	4A
	71-71,4
	QTL [75]
	77,4-82,4 
	576057403..589990620

	HD
	IWB25684
	4A
	107,1-144,8
	QTL  [65]
	134-142
	636740842..692297825

	HD
	IWB47252
	4A
	167,5-168,5
	QTL  [75];
	172,3-177,3; 
	722335492..736870383

	
	
	
	
	QTL [65]
	170-178
	717969013..736870383

	HD
	IWB71656
	4B
	69,2-92
	QTL  [65]
	85-101 
	616758266..653894380

	HD
	IWA8588
	5A
	104,9-111
	QTL  [66]
	103,4-136,3 
	465952726..535426236

	HD
	IWA2743
	5A
	127,1-158,9
	Gene [78]
	
	

	HD
	IWB57803
	5B
	77,3-120,1
	Gene  [65]
	
	

	HD
	IWB8710
	6B
	34,7-96,7
	QTL [73]
	61,1-74,9 
	132052405..214321238

	HD
	IWB72890
	7A
	103,3-148,1
	QTL  [75]
	133,8-143,8
	577458282..637203668

	HD
	IWB40924
	7B
	132-132,8
	
	
	

	SMT
	IWB44629
	2A
	171,8-210,8
	QTL [76];
	203,4-213,4 
	762376432..774769579

	
	
	
	
	QTL  [76]
	196,1-206,1
	752518586..774769579

	SMT
	IWB9499
	2B
	29-41,9
	QTL  [65]
	37,1-53,1 
	39637021..75854110

	SMT
	IWB67595
	3A
	64,2
	QTL   [75]
	58,8-68,8 
	109507970..479941383

	SMT
	IWB25684
	4A
	136,7-144,8
	QTL [65]
	126-142 
	636740842..692297825

	SMT
	IWB72931
	4A
	167,5-173,6
	QTL [75]
	167,3-177,3 
	722335492..736870383

	SMT
	IWB60096
	4B
	81,5-87
	QTL [73]
	83,1-91,3 
	613218417..633215802

	SMT
	IWB29991
	5B
	143,5-160,3
	
	
	

	SMT
	IWA2652
	6B
	58,6-71,9
	QTL  [76]
	69,4-79,4 
	161768417..449108117

	PH
	IWB70213
	1A
	49,8-70,8
	
	
	

	PH
	IWB20993
	1B
	129,7-162,5
	
	
	

	PH
	IWB11847
	2A
	24,7
	
	
	

	PH
	IWB11977
	2A
	146,5-148
	
	
	

	PH
	IWB7766
	2B
	146,8-161,5
	QTL  [75]
	155,5-165,5 
	729804343..749579012

	PH
	IWB40358
	4A
	25,7
	QTL  [75]
	31,1-41,1 
	25942682..56387718

	PH
	IWB65979
	4A
	129,3-139,7
	QTL [65]
	126-142 
	636740842..692297825

	PH
	IWB7508
	4B
	28,5-35
	QTL/Gene [79]
	28-38,1 
	26783574..30374726

	PH
	IWA3827
	5A
	110,5-111,3
	QTL [77]
	
	458989009..487823655

	PH
	IWB31180
	5A
	134,5-146,5
	Gene  [80]
	
	

	PH
	IWB9844
	6A
	67,5-69,1
	Gene  [81]
	
	

	PH
	IWB67341
	6B
	85,4
	
	
	

	PH
	IWB1055
	6B
	121,7-122,2
	
	
	

	PH
	IWB34276
	7B
	129,9-131
	QTL [77]
	130,1-132,6 
	613838400..630533637

	
	
	
	
	QTL [73]
	132,7-140,7
	599415770..648781988

	PH
	IWB57016
	7B
	190,9-208,2
	
	
	


Тable 16 – Statistical analysis (t-test) of the significance of the KASP marker ipbb_td_106
	Trait
	Almaty region
	North-Kazakhstan region

	
	2018
	2019
	2018
	2019

	
	t
	df
	p
	t
	df
	p
	t
	df
	p
	t
	df
	p

	PH
	-
	-
	-
	-
	-
	-
	2.74
	11.6
	0.018
	-
	-
	-

	PL
	-
	-
	-
	-
	-
	-
	2.69
	6.28
	0.035
	-2.43
	10.40
	0.035

	NKS
	-2.58
	5.80
	0.043
	-
	-
	-
	-
	-
	-
	-
	-
	-

	WKS
	-7.25
	11.90
	1.056e-05
	-4.70
	6.93
	0.002
	-
	-
	-
	-2.63
	5.36
	0.043

	WKP
	-
	-
	-
	-5.12
	11.5
	0.000
	-
	-
	-
	-
	-
	-

	TKW
	-3.45
	5.19
	0.017
	-5.57
	7.68
	0.0006
	-
	-
	-
	-3.21
	5.79
	0.019

	GY
	-
	-
	-
	-4.06
	11.4
	0.002
	-
	-
	-
	-4.18
	6.81
	0.004

	Note – PH – plant height (cm), PL – peduncle length  (cm), NKS – number of fertile spikes, WKS – weight of kernels per spike (g), WKP – weight of kernels per plant (g), TKW – 1000 kernel weight (g), GY – grain yield (g/m2); t – t-Student's t test, df – degree of freedom, p – P-value


Таble 17 – Statistical analysis (t-test) of the significance of the KASP marker ipbb_td_107
	Trait 
	Almaty region
	North-Kazakhstan region

	
	2019
	2018
	2019

	
	t
	df
	p
	t
	df
	p
	t
	df
	p

	NFS
	-
	-
	-
	-
	-
	-
	-2.59
	18.80
	0.020

	SL
	-
	-
	-
	2.48
	6.76
	0.04
	-
	-
	-

	NKS
	-
	-
	-
	-
	-
	-
	-2.22
	14.85
	0.040

	NKP
	-3.42
	24.06
	0.002
	-
	-
	-
	-
	-
	-

	WKP
	-
	-
	-
	-
	-
	-
	-3.50
	16.14
	0.003

	GY
	-2.41
	24.34
	0.024
	-
	-
	-
	-
	-
	-

	Note – NFS – number of fertile spikes, SL – spike length (cm), NKS – number of fertile spikes, NKP – number of kernels per plant, WKP – weight of kernels per plant (g), GY – grain yield (g/m2). t – t-Student's t test, df – degree of freedom, p – P-value


Таble 18 – Statistical analysis (t-test) of the significance of the KASP marker ipbb_td_116
	Trait 
	Almaty region
	North-Kazakhstan region

	
	2018
	2019
	2019

	
	t
	df
	p
	t
	df
	p
	t
	df
	p

	WKS
	-
	-
	-
	-
	-
	-
	2.09
	30.29
	0.045

	TKW
	3.07
	43.47
	0.004
	3.22
	43.38
	0.002
	2.20
	41.43
	0.033

	GY
	-
	-
	-
	-
	-
	-
	2.53
	31.76
	0.017

	Note – WKS – weight of kernels per spike (g), TKW – 1000 kernel weight (g), GY – grain yield (g/m2); t – t-Student's t test, df – degree of freedom, p – P-value


Таble 19 – Statistical analysis (t-test) of the significance of the KASP marker ipbb_td_117
	Trait 
	Almaty region
	North-Kazakhstan region

	
	2018
	2018

	
	t
	df
	p
	t
	df
	p

	PH
	-3.08
	4.58
	0.031
	-4.82
	12
	0.0004

	NFS
	-5.90
	1.59
	0.046
	-
	-
	-

	SL
	-
	-
	-
	-6.64
	8.42
	0.0001

	WKS
	5.74
	1.69
	0.042
	-
	-
	-

	Note – PH – plant height (cm), NFS – number of fertile spikes, SL – spike length (cm), WKS – weight of kernels per spike (g); t – t-Student's t test, df – degree of freedom, p – P-value


Таble 20 – Statistical analysis (t-test) of the significance of the KASP marker ipbb_td_119
	Trait 

	Almaty region
	North-Kazakhstan region

	
	2018
	2019
	2018
	2019

	
	t
	df
	p
	t
	df
	p
	t
	df
	p
	t
	df
	p

	HD
	-
	-
	-
	-2.21
	11.17
	0.049
	-
	-
	-
	-
	-
	-

	PH
	-3.04
	5.93
	0.023
	-3.12
	6.69
	0.018
	-2.27
	12.30
	0.042
	-
	-
	-

	PL
	-3.20
	6.20
	0.018
	-3.28
	7.78
	0.011
	-2.83
	11.75
	0.015
	-3.46
	4.86
	0.019

	SL
	-2.52
	7.58
	0.037
	-
	-
	-
	-2.71
	13.20
	0.017
	-
	-
	-

	WKS
	-
	-
	-
	2.36
	9.00
	0.043
	-
	-
	-
	-
	-
	-

	
Note – HD – heading time (days), PH – plant height (cm), PL – peduncle length  (cm), SL – spike length (cm), WKS – weight of kernels per spike (g); t – t-Student's t test, df – degree of freedom, p – P-value
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