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Harnessing wheat resistance to stem rust 
through wheat-rye introgression strategies 

Abstract 
Wheat (Triticum aestivum L.) is one of the most important cereals worldwide that provides 
necessary daily protein and nutrition for humans. Unfortunately, this crop yield capacity is 
affected by various challenges. One of the key challenges is the emergence of new races of 
stem and stripe rust, which can overcome previously effective resistance genes. This 
emphasizes the critical need for new sources of resistance in wheat. This thesis explores the 
potential of wheat-rye introgression lines for improving wheat's resistance to these devastating 
pathogens. Using genotyping-by-sequencing (GBS) data and Kompetitive Allele-Specific 
PCR (KASP) markers, we developed a robust methodology to accurately track Sr59, a stem 
rust resistance gene, during breeding cycles and develop new wheat varieties with acceptable 
agronomic performance and resistance to stem rust. Additionally, we developed a new wheat-
rye translocation line (#284) having Sr59 as a small translocation, 2BS.2BL-2RL, located at 
the distal part of chromosome 2RL. This chromosomal segment is particularly advantageous 
for breeding programs due to its small size and simplicity of introgression into adapted wheat 
varieties. Further, GBS alignment with annotated rye nucleotide-binding leucine-rich repeat 
(NLR) genes identified two candidate NLRs on chromosome 2RL, further enriching our 
understanding of the genetic basis of resistance. Through phenotypic screening and molecular 
validation, we characterized a second stem rust resistance gene, SrSLU, present in line #C295, 
which exhibits broad-spectrum resistance to multiple stem rust races. To enhance durability 
and broaden resistance, we successfully pyramided Sr59 with YrSLU, a stripe rust resistance 
gene, into a single wheat line. In this approach, we used marker-assisted selection (MAS) and 
speed breeding technologies to accelerate breeding cycles while maintaining high agronomic 
performance through top-crossing with elite commercial varieties. The resulting lines 
combine robust resistance against both stem and stripe rust with improved yield potential. 
This research provides crucial insights into the use of wheat-rye as a source of novel resistance 
genes and advances methodologies for their precise characterization and development. These 
findings are important steps towards food security and the fight against hunger. 

Keywords: Breeding, Durable disease resistance, Marker assisted selection, Resistance gene, 
Rye, Seedling resistance test, Stem rust, Stripe rust, wheat, Wheat-rye introgression. 

Author’s Address: Mahboobeh Yazdani, Swedish University of Agricultural Sciences, 
Department of Plant Breeding, Box 190, 234 22, Lomma, Sweden 
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Utnyttjande av vetets resistens mot svartrost genom vete–
råg-introgressionsstrategier 

Sammanfattning 

Vete (Triticum aestivum L.) är en av världens viktigaste spannmålsgrödor och utgör en daglig 
källa till protein och näring för människor. Tyvärr påverkas skördepotentialen av flera 
utmaningar, däribland uppkomsten av nya varianter av svart- och gulrost, som är 
motståndskraftiga mot tidigare effektiva resistensgener. Därför finns det nu ett akut behov av 
nya resistenskällor i veteförädling. Denna avhandling undersöker potentialen hos 
introgressionslinjer mellan vete och råg för att förbättra vetets resistens mot dessa skadegörar 
Med hjälp av genotypning via sekvensering (GBS) och Kompetitiv-allelespecifik PCR 
(KASP)-markörer utvecklades en robust metod för att exakt spåra resistensgenen Sr59 under 
förädlingscyklerna och utveckla nya vetesorter med både god agronomisk prestanda och 
resistens mot svartrost. Vidare utvecklades en ny vete–råg-translokationslinje (#284) som bär 
Sr59 i form av en liten translokation, 2BS.2BL–2RL, belägen i den yttre delen av kromosom 
2RL. Detta kromosom-segment är särskilt attraktivt för förädlingsprogram på grund av sin 
begränsade storlek och enkelhet att integrera i anpassade vetelinjer. Vidare identifierades två 
nukleotidbindande, leucin-rika, repetitiva gener (NLR) på kromosom 2RL, med hjälp av en 
GBS-analys i kombination med annoterade rågsekvenser av NLR-gener - vilket fördjupar vår 
förståelse för resistensens genetiska grund. Genom fenotypisk screening och molekylär 
validering karaktäriserades ytterligare en resistensgen mot svartrost, SrSLU, i linje #C295, 
som uppvisade bredspektrumsresistens mot flera svartrostvarianter. För att förstärka och 
bredda resistensen pyramiderades Sr59 med YrSLU—en resistensgen mot gulrost—i en och 
samma vetelinje. För detta användes markörbaserat urval (MAS) och så kallad speed 
breeding-teknik för att påskynda förädlingscyklerna. Samtidigt kunde hög agronomisk 
prestanda bibehållas genom toppkorsningar med elitlinjer. De resulterande linjerna 
kombinerar robust resistens mot både svart-och gulrost med ökad skördepotential. 
Denna forskning bidrar med viktiga insikter om användningen av råg som källa till nya 
resistensgener och vidareutvecklar metodiken för exakt identifiering och införande av dessa 
gener i veteförädlingen. Resultaten utgör ett viktigt steg mot ökad livsmedelssäkerhet och 
kampen mot hunger. 

Nyckelord: Veteförädling, Hållbar sjukdomsresistens, markörbaserat urval, Resistensgen, 
Råg, Resistenstest för plantor, svartrost, gulrost, vete, vete–råg-introgressionsstrategier. 
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گیري از مقاومت گندم در برابر زنگ سیاه گندم از طریق بهره

 )In Persian(هاي واردسازي صفات چاودار به گندم استراتژي

  دهیچک

و  نیپروتئ نیتأم یاست که منبع اصل یاز سه غله مهم در سطح جهان یکی (Triticum aestivum) گندم
 یمختلف يهاواسطه چالشمحصول به نی. متأسفانه، عملکرد ادیآیشمار مانسان به يلازم روزانه برا يمواد مغذ
و زرد است که قادر به  اهیزنگ س دیجد يها، ظهور نژادهاچالش نیا نیتراز مهم یکیقرار گرفته است.  ریتحت تأث

ا مقاومت در گندم ر دیمنابع جد افتنیبه  يفور ازیموضوع ن نی. اباشندیم نیشیمقاومت مؤثر پ يهاغلبه بر ژن
 نیبهبود مقاومت گندم در برابر ا يصفات چاودار به گندم را برا يواردساز لیپتانس نامهانیپا نی. اکندیبرجسته م

 .دهدیقرار م یمورد بررس خربم يهاپاتوژن
، ما (KASP) یآلل رقابت یاختصاص PCR يو نشانگرها (GBS) یپیژنوتا یتوال نییتع يهااستفاده از داده با

مناسب و مقاومت در برابر زنگ  یگندم با عملکرد زراع دیو توسعه ارقام جد Sr59 ژن یابیرد يبرا قیدق یروش
 میکرد دی) تول284شماره  نیو چاودار (لا مگند یاز تلاق دیجد نیلا کی ن،ی. علاوه بر امیکرد جادیگندم ا اهیس

 ییدر بخش انتها (2BS.2BL-2RL) کوچک رابرتسنون یقطعه کروموزوم کیصورت به Sr59 که در آن ژن
گندم،  يبه ارقام تجار ياندازه کوچک و سهولت واردساز لیبه دل یبخش کروموزوم نیقرار دارد. ا 2RL کروموزوم

 .مناسب است اریاصلاح نباتات بس يهابرنامه يبرا
که قادر به اتصال  نیاز لوس یتکرار غن يدارا يها(ژن NLR يهابا ژن GBS يهاترازکردن داده ن،یبر ا علاوه

 يرا ممکن ساخت که به درك بهتر مبنا 2RL  در کروموزوم NLR ژن يدایدو کاند ییهستند) شناسا دینوکلئوت
 اهیدر برابر زنگ س يگریژن مقاومت د ،یلمولکو دییو تأ یپیفنوت يغربالگر قیمقاومت کمک کرد. از طر یکیژنت

 اهینژاد زنگ س نیدر برابر چند ياکه مقاومت گسترده میکرد ییشناسا C295 نیرا در لا  SrSLUگندم به نام
را با ژن مقاومت  Sr59 ژن تیمقاومت، ما با موفق یو گستردگ يداریپا شیمنظور افزا. بهدهدیاز خود نشان م
و  (MAS) از انتخاب با کمک نشانگر کردیرو نی. در امیگندم ادغام کرد نیلا کی رد (YrSLU) زنگ زرد گندم

با ارقام  یاصلاح، همراه با تلاق يهاچرخه عیتسر يبرا (speed breeding) نباتات عیاصلاح سر يهايفناور
 یم زیعملکرد بالا ن يدست آمده علاوه بر داشتن مقاومت به هر دو زنگ دارا. ارقام بهمیبرتر، استفاده کرد يتجار

 .باشند
 يهااز ژن یصفات چاودار به گندم به عنوان منبع یدر خصوص استفاده از تلاق یمهم يهادگاهید قیتحق نیا

در جهان  یو مبارزه با گرسنگ ییغذا تیامن يدر راستا یمهم مطالعه گام نیا يهاافتهی. دهدیارائه م نیمقاومت نو
 .شوندیمحسوب م

انتخاب با کمک نشانگر، ژن مقاومت، چاودار، آزمون  ها،يماریدر برابر ب داری: گندم، مقاومت پايدیکل واژگان
 .صفات چاودار به گندم يگندم، زنگ زرد گندم، واردساز اهیمقاومت نهال، زنگ س
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استغلال مقاومۀ القمح للصدأ الجذعی من خلال استراتیجیات تهجین 

 )In Arabic(القمح والجاودار 

  الملخص

ثلاثۀ أنواع من الحبوب على مستوى العالم التی توفر البروتین  أحد أهم (Triticum aestivum) یعد القمح
والتغذیۀ الیومیۀ الضروریۀ للإنسان. ولسوء الحظ، تتأثر قدرة هذا المحصول على الإنتاجیۀ بتحدیات مختلفۀ. ومن 

على جینات أهم التحدیات التی تواجهها ظهور أنواع جدیدة من الصدأ الأسود والصدأ أصفر، وهی قادرة على التغلب 
المقاومۀ الفعالۀ سابقاً. وهذا یؤکد الحاجۀ الضروریۀ لمصادر جدیدة للمقاومۀ فی القمح. تستکشف هذه الأطروحۀ 

 الصدأ لتحسین مقاومۀ القمح لهذه الممرضات المدمرةو  (introgression lines)إمکانات سلالات تهجین القمح
 Kompetitive Allele-Specific و genotyping-by-sequencin (GBS) وباستخدام بیانات التنمیط

PCR (KASP)قمنا بتطویر منهجیۀ قویۀ لتتبع سلالۀ ، Sr59  بدقۀ خلال دورات التربیۀ وتطویر أصناف جدیدة
من القمح ذات أداء زراعی لائق ومقاومۀ لصدأ الساق/ الصدأ الأسود. بالإضافۀ إلى ذلک، قمنا بتطویر سلالۀ جدیدة 

على شکل انتقال صغیر من  Sr59 ) تحتوي على سلالۀ284و الجاودار (رقم  منتقلۀ من القمح
 2RLم قع فی الجزء البعید من الکروموسو، وت Robertsonian translocation, 2BS.2BL-2RLصبغی

تعتبر هذه القطعۀ الکروموسومیۀ مفیدة بشکل خاص لبرامج التربیۀ نظراً لصغر حجمها وبساطۀ دمجها فی أصناف 
 nucleotide-binding leucine-rich مع الجاودار GBS القمح المتکیفۀ. بالإضافۀ إلى ذلک، حددت محاذاة

repeat (NLR)  لمشروحۀ اثنین منا NLRs 2المرشحۀ على الکروموسومRL  ما زاد من إثراء فهمنا للأساس م
الجینی للمقاومۀ. من خلال فحص النمط الظاهري والتحقق من صحۀ الجزیئات، قمنا بتمییز جین ثانٍ لمقاومۀ 

، والذي یُظهر مقاومۀ واسعۀ الطیف لأجناس متعددة من  C295، الموجود فی السلالۀ رقمSrSLUصدأ الساق، وهو
، وهو جین YrSLUمع الجین Sr59 وسیع نطاق المقاومۀ، نجحنا فی دمج الجینصدأ الساق. ولتعزیز المتانۀ وت

وتقنیات  (MAS) مقاوم للصدأ أصفر، فی سلالۀ قمح واحدة. فی هذا النهج، نستخدم الانتقاء بمساعدة الواسمات
لعلوي مع نخبۀ التربیۀ السریعۀ لتسریع دورات التربیۀ مع الحفاظ على الأداء الزراعی العالی من خلال التهجین ا

الأصناف التجاریۀ. وتجمع السلالات الناتجۀ بین المقاومۀ القویۀ ضد کل من صدأ الساق والصدأ المخطط مع تحسین 
الجاودار کمصدر لجینات المقاومۀ الجدیدة -إمکانات المحصول. ویوفر هذا البحث رؤى مهمۀ حول استخدام القمح

ثل هذه النتائج خطوات مهمۀ نحو تحقیق الأمن الغذائی ومکافحۀ ویطور منهجیات توصیفها وتطویرها بدقۀ. وتم
 .الجوع

التناسل، المقاومۀ الدائمۀ للأمراض، الانتقاء بمساعدة العلامات، الجین المقاوم، الجاودار، اختبار  الکلمات الدلیلیۀ:
 .، القمح، تداخل القمح مع الجاودارۀ الشتلات، صدأ أسود، الصدأ أصفرمقاوم
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Introduction 
 
 
1. Introduction 

 
Wheat (Triticum aestivum L., 2n = 6x = 42, ~17 Gb, AABBDD) is an 

important staple crop that supplies essential calories to the majority of the 
global population (FAO 2024). This crop has been grown for more than 
10,000 years and was preliminarily domesticated in the Fertile Crescent and 
Mediterranean regions (Feldman & Levy 2015). Since then, farmers have 
constantly selected “the best” genotypes, starting with emmer and einkorn, 
for their “favorable traits” such as grain yield and easy threshing (Feldman 
& Millet 2001). Such domestication has led to intense cultivation of this crop 
worldwide (Hafeez et al. 2021). Indeed, wheat provides over 20% of the 
nutritional calories and protein consumed by humans globally (Shiferaw et 
al. 2013; D'Odorico et al. 2014). The global production of bread wheat in 
2024 was 791 million tonnes, with an average yield of 3 t/ha (FAO 2024). 
Many important food products such as bread, pasta and noodles come from 
wheat. These products face challenges such as the pressure of biotic and 
abiotic stresses. While wheat's worldwide importance is undeniable, 
producing “better” varieties via breeding is vital to both address novel 
challenges and fulfil the expanding demands. 

The primary goal of plant breeding is to enhance global food security for 
human civilization, thereby serving the demands of both producers and 
consumers (Fedoroff 2015). However, breeding faces several challenges. 
One of the major obstacles often discussed within the literature is the 
potential of narrowing the genetic gene pool as a result of years of intensive 
breeding and selection. While certain studies argue that this process has led 
to decreased genetic diversity in progenies (Hafeez et al. 2021), others 
suggest that the impact on diversity may not be as significant or uniform 
across all breeding programs. This ongoing debate highlights the complexity 
of assessing genetic diversity in modern crops and its implications for 
breeding efforts. Regardless of the differing perspectives, the genetic 
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limitation remains a valid concern, as it could render it increasingly difficult 
to achieve new genetic improvements and breed varieties with higher yields 
and stress tolerance (Voss-Fels et al. 2019). Moreover, the polyploid nature 
of wheat and its large and complex genome present considerable challenges 
for implementing certain biotechnology methods (Hafeez et al. 2021). On 
the other hand, climate change poses a major threat to wheat production, with 
forecasts predicting yield decreases of 4.1-6.4% for every 1°C increase in 
world temperature (Zhao et al. 2017). Further, the emergence of novel 
diseases and the persistence of “old enemies” such as rusts, continue to 
challenge breeders in developing resistant varieties (Borlaug 2008).  

In addition to these various biotic and abiotic challenges, the global 
population continues to expand, with forecasts reaching 10 billion by 2050. 
The demand for wheat is predicted to increase by 60%, which will require 
considerable increases in yield and productivity (FAO 2009). To address 
these challenges, researchers are considering a variety of strategies, 
including the introduction of new genetic diversity from plant genetic 
resources and wild relatives, as well as the use of modern breeding 
technologies such as genomic selection and gene editing. 

Cereal rusts, caused by fungus from the genus Puccinia, are among the 
most economically important plant diseases, posing a serious threat to world 
food security (Chaves et al. 2008). These obligate parasites have co-evolved 
with their cereal hosts such as wheat, barley, oats, and rye (Chaves et al. 
2008). The three primary types of wheat rusts are stem rust (Puccinia 
graminis f.sp. tritici), stripe rust (P. striiformis f.sp. tritici), and leaf rust (P. 
triticina) which are each capable of causing considerable yield losses in 
susceptible varieties (Chaves et al. 2008). Historically, cereal rusts have 
caused widespread crop failures and famines, with records extending back to 
ancient civilizations. For example, Aristotle (384-322 B.C.) described rust 
outbreaks and their catastrophic consequences (Carefoot & Sprott 1967). 
Indeed, according to current estimates, cereal rusts cause almost $5 billion 
in global losses each year (Pardey et al. 2013; Beddow et al. 2015; Newbery 
et al. 2016). Throughout history, several rust outbreaks have occurred, 
demonstrating the devastating potential of these diseases. One of the most 
notable outbreaks involved stem rust in a global epidemic in North America 
in 1950, which destroyed up to 40% of the spring wheat production (Roelfs 
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1985a). Additionally, the Ug99 stem rust race, which emerged in Uganda in 
1998, posed an extreme threat to world wheat products because it overcame 
resistance genes that had been previously effective for several decades 
(Singh et al. 2011). Climate change is expected to impact the prevalence and 
severity of rust outbreaks, possibly shifting their geographical distribution 
and increasing epidemic frequency (Hovmoller et al. 2016; Patpour et al. 
2022).  

To combat these challenges, research is currently aimed at developing 
resistant cultivars, enhancing fungicide effectiveness, and applying 
integrated disease management. Among these, developing resistant cultivars 
is the most cost-effective and ecologically environmentally friendly strategy 
for reducing wheat rust disease losses (Burdon et al. 2014; Singh et al. 2016). 
Through this approach, wheat wild relatives and wheat-rye introgression 
lines have played an essential role in expanding wheat's genetic background 
and transferring desirable rye characteristics into wheat cultivars (Kole 2011; 
Molnár-Láng et al. 2015). Moreover, Marker-assisted selection (MAS) has 
been recognized as a valuable technique to enhance disease resistance 
cultivars (Collins et al. 2018).  

This thesis focuses on integrating stem rust resistance genes into adapted 
wheat cultivars and discovering possible new sources of resistance from 
wheat-rye introgression lines using MAS and cytogenetics approaches. 
Furthermore, we attempt to pyramid resistance genes from stem and stripe 
rust together in one cultivar.  
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1. Background  

 
 

 

2. Background  
 

2.1. Stem rust 
Stem rust fungus belongs to the genus Puccinia, which includes around 

4000 species, in the family Pucciniaceae, order Pucciniales, class 
Pucciniomycete, and division Basidiomycota of the fungi kingdom (Kirk et 
al. 2008). This fungal population has several host-specific forms that can 
infect rye, barley, wheat, and oats (Eriksson & Henning 1896). 

Puccinia graminis Pers f. sp. tritici Eriks. and E. Henn. (Pgt) is the 
scientific name of stem rust (Figure 1), which is the most dangerous form 
special (f. sp.) of Puccinia graminis in wheat (Kirk et al. 2008; Singh et al. 
2011). 
 

 
Figure 1-Puccinia graminis - Photo: Author. 
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2.1.1. Life cycle of stem rust 
Puccinia gramins is a heteroecious and macrocyclic fungus with five spore 
stages including uredinial, telial, basidial, pycinial, and aecial (Roelfs 
1985b). This pathogen requires a cereal or grass plant and an alternate host 
plant such as Berberis spp., Mahonia spp. to complete its sexual lifecycle 
(Leonard & Szabo 2005). Among all spores, urediniospore is the most 
important stage for the pathogen's survival and, in some cases, for initiating 
the disease, as it occurs in numerous cycles (Asexual) on host plants such as 
cereals or grasses.  
The life cycle begins with the germination of overwintered teliospores in 
suitable conditions (Table 1) and the formation of basidiospores (Figure 2). 
These spores attack young leaves of the common barberry (Berberis 
vulgaris) and the other alternate host such as Mahonia spp., or Mahoberberis 
spp. (Wang et al. 2015). The ensuing infections on the barberry produce 
specialized infection structures termed pycnia, which are necessary for the 
fungus' reproductive stage (Figure 2).  

 

 
Figure 2-Life cycle of Puccinia graminis f. sp. tritici  (Agrios 2005) with modification. 
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On barberry, Pgt completes its sexual cycle (Anikster et al. 1999), through 
one pycnium hyphae mating with the spores of another pycnium and the 
fertilized structure subsequently develops into an aecium (Craigie 1927). 
Aeciospores from the aecium infect wheat, and the asexual or repetitive 
phase of Pgt begins with the formation of uridium and urediniospores, which 
can infect other surrounding wheat plants or even proceed to another 
continent and cause infection there. At the end of the season, when the 
conditions are no longer suitable for pathogen establishment, urediniospores 
transform into black teliospores which can persist in the soil for up to 14 
years (Leonard & Szabo 2005). 

 
Table 1-Environmental conditions necessary for Puccinia graminis f. sp. tritici. 

(Roelfs et al. 1992). 

Stage Temperature (°C) Light water 
Minimum Optimum Maximum  

Germination 2 15-24 30 Low Necessary 
Sprout - 20 - Low Necessary 
Appressorium formation - 16-27 - None Necessary 
Penetration 15 29 35 High Necessary 
Growth 5 30 40 High None 
Sporulation 15 30 40 High None 

 
When the weather is warm and humid, wheat serves as a green bridge or 
primary inoculum source, triggering a fresh cycle of stem rust wheat disease 
the following season. However, in regions with cold temperatures, 
aeciospores are the most common source of primary inoculum for wheat 
stem rust infection (Leonard & Szabo 2005). 

 

2.1.2. The importance of stem rust worldwide 
Stem rust, also referred to as black rust, has been a serious threat to wheat 

production since ancient times. Evidence suggests that the Romans sacrificed 
red animals to the rust god Robigus as early as 700 B.C. to preserve their 
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grain fields from the reddish-brown rust spores (Zadoks 1985). In the United 
States, outbreaks of the disease have been documented in 1904, 1916, 1954, 
1965, 2015, 2016, and 2017. The largest epidemic of stem rust in the United 
States occurred in 1935 when half of North Dakota and Minnesota's wheat 
yield was destroyed by Pgt (Roelfs 1985a; Leonard & Szabo 2005). In 
Australia, remarkable epidemics took place in 1973 on susceptible varieties 
to Pgt which resulted in a 40% total grain failure (Roelfs 1985a). 

Despite the pathogen virulence, an international community of plant 
pathologists and wheat breeders significantly prevented stem rust epidemics 
globally in the second half of the twentieth century by introducing new 
resistance varieties and eradicating the barberry bushes (Peterson 2001). 
However, the emergence of the highly virulent Ug99 (TTKSK) race in 
Uganda in 1998 (Pretorius et al. 2000), which carries virulence to stem rust 
resistance gene Sr31, marked a turning point, causing more than 80% of the 
world's wheat varieties to be susceptible to stem rust (Singh et al. 2011). This 
important race and its variations have now spread throughout East and 
Southern Africa and into the Middle East and South Asia (Hovmøller et al. 
2023; Patpour et al. 2024). Due to the presence of Ug99 cultivation of wheat 
has been prohibited or restricted in certain parts of the world such as 
Ethiopia, Uganda, and Rwanda (Singh et al. 2011). 

To date, Ug99 has not been reported in Europe. However, the first re-
emergence of stem rust in Europe was in 2013 with the regional epidemic in 
Germany followed by a series of sporadic infections in Denmark, Sweden, 
and the UK (Hovmøller et al. 2018). Following these outbreaks, a much 
larger wheat stem rust epidemic occurred in Sicily in 2016 which impacted 
thousands of hectares of durum and bread wheat (Bhattacharya 2017). The 
new race was assigned as TTRTF (Bhattacharya 2017), which contained the 
virulence gene to Sr13b, the durum wheat resistance gene (Patpour et al. 
2020) . Since then the Sicily race has been reported in many other countries 
including Austria, Croatia, Czech Republic, Hungary, Italy, Slovak 
Republic, Slovenia, Spain, and Switzerland (Patpour et al. 2022). In a global 
effort to control an early-warning system for wheat rust diseases 
organizations such as RustWatch, Borlaug Global Rust Initiative (BGRI), 
and Global Rust Reference Center (GRRC) have been established (McIntosh 
& Pretorius 2011). So far, these international efforts have played a critical 
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role in monitoring the spread of stem rust and identifying new virulent 
strains. However, the continued emergence of new races such as TTRTF 
demonstrates the pathogen's ability to adapt and overcome existing 
resistance mechanisms. This underscores the importance of not only tracking 
rust pathogens but also developing durable resistance strategies to protect 
wheat crops. Although no Ug99 lineage has been detected in Europe yet, the 
presence of other aggressive races emphasizes the need for active monitoring 
of the pathogen movement. Understanding the genetic basis of resistance and 
susceptibility is key to stay ahead of the evolving threat that stem rust poses.  

The first outbreak of stem rust in Sweden was in 2017 and this was 
characterized by an adaptation of race to cold temperatures and extremely 
moist conditions. Since then, stem rust has been continuously reported on 
wheat, barley, and rye in Sweden (Kjellström 2021; Patpour et al. 2022). 
Highly prevalent races identified in Sweden are TKTTF and TKKTF 
(Patpour et al. 2022). The evolving nature of the pathogen emphasizes the 
need for continually monitoring the pathogen and exploring new breeding 
programs to identify possible resistance sources. 

 

2.2. Stripe rust 
Stripe rust, also referred to as yellow rust, is a serious fungal disease in wheat 
caused by Puccinia striiformis f. sp. tritici (Pst). This disease has been a 
constant threat to wheat production. Stripe rust is especially damaging in 
cold, humid environments and can result in significant production losses of 
up to 70% in susceptible wheat cultivars under ideal conditions (Chen 2005; 
Wellings 2011). The disease's common name is derived from the yellow-
orange pustules that grow in stripes along leaf veins. 
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Figure 3-Puccinia striiformis - Photo: Author 

 

2.2.1. The importance of stripe rust worldwide 
Yellow rust has been a significant threat to wheat production throughout 

history, with its impact on agriculture dating back to ancient times. The 
disease was first characterized in 1777 by Gadd, but its effects on wheat 
yields were acknowledged much earlier than this (Stubbs 1985). Throughout 
the nineteenth and twentieth centuries, yellow rust remained a serious threat 
to wheat producers worldwide. Severe outbreaks were reported in several 
parts of the world, causing substantial crop losses and economic devastation. 
For example, an outbreak of stripe rust in China resulted in significant crop 
losses and economic devastation. This epidemic affected over 66 million 
acres (26.7 million hectares) of wheat, causing yield losses of up to 14 
million tons. The economic impact was estimated to be around $1 billion in 
that year alone (Beddow et al. 2015). Over the years, the disease has 
exhibited considerable adaptability, with new races emerging that can 
overcome previously resistant genes (Hovmoller et al. 2011). In 2011, the 
emergence of two new stripe rust races, Warrior (PstS7) and Kranich (PstS8) 
caused outbreaks in many wheat varieties (Hovmoller et al. 2011; Hovmoller 
et al. 2016). In 2020, a new yellow rust race named PstS16 was discovered 
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in numerous European countries, including Denmark, Sweden, and the 
United Kingdom, raising concerns about its possible impact on previously 
resistant wheat cultivars (Hovmøller et al. 2021). Furthermore, the spreading 
of races belonging to the PstS2 lineage in Central and West Asia has caused 
concerns in wheat production in countries such as Afghanistan, Iran, and 
Pakistan (Ali et al. 2017). These rapid developments of disease emphasize 
the importance of the continuous need for careful monitoring and breeding 
efforts for long-term resistance to reduce the impact of yellow rust on 
worldwide wheat production. 
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2. Genetic resources of wheat 

 
 
3. Genetic resources of wheat 
 
Wheat has a rather limited gene pool due to extensive breeding efforts 

and the widespread adoption of high-yielding and uniform cultivars. The 
limitations of the gene pool has generated considerable threats to wheat 
production by restricting the opportunity for breeding new varieties that can 
respond to future problems such as climate change and new emerging 
diseases (Feldman & Levy 2015; Hafeez et al. 2021). To broaden the gene 
pool, wheat genetic resources are critical for the long-term enhancement and 
sustainability of global wheat agriculture. These resources include a wide 
range of genetic materials such as wild relatives of wheat, landraces, 
traditional cultivars, advanced cultivars, and breeding lines (Reynolds & 
Braun 2022). 

3.1. Gene pool 
Harlan and de Wet (1971) first proposed the concept of a gene pool. 

Species were classified based on their crossover potential, taxonomy, and 
genetic relatedness (Harlan & de Wet 1971). Jiang et al. (1993) broadened 
the idea of gene pools to include primary, secondary, and tertiary groups 
based on evolutionary divergence and genomic makeup (Jiang et al. 1993). 

The primary gene pool (GP-1) of wheat is an important resource for wheat 
improvement, consisting of species that can easily cross with bread wheat 
(T. aestivum, 2n = 6x = 42, AABBDD) and produce fertile offspring through 
simple breeding techniques such as crossing, selection, and backcrossing. 
This gene pool includes modern wheat cultivars, wheat landraces, and 
closely related species that share homologous genomes with bread wheat. 
GP-1 includes T. spelta (2n = 6x = 42, AABBDD), tetraploid durum wheat 
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(T. turgidum, 2n = 4x = 28, AABB), and diploid wheat species such as T. 
urartu (2n = 2x = 14, AA) and Aegilops tauschii (2n = 2x = 14, DD) 
(Laugerotte et al. 2022). In wheat breeding projects, the GP-1is the major 
source of genetic diversity for improving traits including yield, disease 
resistance, and quality traits. The GP-1 species can easily hybridize with 
bread wheat, producing fertile hybrids with normal chromosomal pairing and 
gene segregation. This characteristic enables breeders to successfully 
transfer beneficial features from these species into new wheat varieties 
(Laugerotte et al. 2022).  

The secondary gene pool (GP-2) of wheat includes species that share 
certain homology with the bread wheat genome but are not as closely related 
as those in the GP-1 (Anderson 1949; Schoen et al. 2024). These species 
typically share at least one homologous genome with wheat. These species 
can still be crossed with bread wheat, although the resulting hybrids are often 
less fertile due to unbalanced chromosome compositions (Schoen et al. 
2024). Important examples in the GP-2 include T. timopheevii (2n = 4x =28, 
AAGG) and Aegilops speltoides (2n = 2x = 14, SS). Despite the challenges 
related to low fertility in hybrids, introgression from GP-2 species into bread 
wheat is fairly simple due to homologous recombination. 

The tertiary gene pool (GP-3) of wheat is comprised of species that are 
more distantly related to bread wheat and have non-homologous genomes. 
These species can be crossed with wheat; however, the procedure often 
requires complex methods such as embryo rescue, chromosomal 
manipulation, or somatic hybridization to generate fertile hybrids (Hao et al. 
2020). Some of the examples of this gene pool include (King et al. 2022):  
Agropyron cristatum (crested wheatgrass 2n = 2x =14, PP), Pseudoroegneria 
spicata (blue bunch wheatgrass 2n = 2x =14, StSt), Psathyrostachys 
huashanica (2n = 2x =14, NsNs), Thinopyrum elongatum (2n = 2x =14, EE), 
Elymus scaber (2n = 4x = 28 or 2n = 6x =42, StStHH or StStHHYY), 
Hordeum vulgare (Barley 2n = 2x =14, HH), Leymus racemosus (2n = 4x = 
28, NsNsXmXm), and Secale cereale (Rye 2n = 2x = 14, RR). The GP-3 is 
a neglected yet extremely promising source of genetic variation for wheat 
improvement. Successful introgression of genes from the GP-3 species can 
considerably improve wheat's tolerance and production in the face of global 
concerns such as climate change and new emerging pathogens.  
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3.2. Rye for wheat resistance breeding 
Rye has significant potential for enhancing wheat resistance through 

breeding programs. The similar order and arrangement of genes 
(collinearity) in rye and wheat chromosomes facilitates the transfer of 
genetic material between them (Saulescu et al. 2011). Wheat chromosomes 
1, 2, 3, 5, and 6 are generally homologous with the rye chromosomes 1R, 
2R, 3R, 5R, and 6R, and wheat chromosomes 4 and 7 show partial reciprocal 
homology with groups 4R and 7R (Bauer et al. 2017). 

This genomic similarity enables effective interspecies chromosomal 
translocations and replacements, making rye an appropriate genetic resource 
for wheat improvement. Thus, rye chromatin has been widely utilized to 
transfer genes that confer resistance to numerous biotic and abiotic threats 
into the wheat genome (Table 2). A notable example is the widely used 
1RS.1BL translocation, which contains disease-resistance genes (e.g., Pm8, 
Sr31, Lr26, and Yr9) and has been introduced into many wheat cultivars 
worldwide (Rabinovich 1998; Ren et al. 2012). 
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Table 2-Resistance genes against Pgt and Pst pathogens coming from rye 

Gene 
Symbol 

Rust 
Type 

Chr. Rye 
Cultivar 

Translocation Reference 

Sr27 Pgt 3RS Imperial 3AS.3RS,  
3AL.3RS,  
3BL.3RS 

(McIntosh et al. 1995) 

Sr1RSAmigo Pgt 1RS Insave 1AL.1RS (Zeller & Fuchs 1983) 
Yr31 Pst 1RS Petkus 1BL.1RS (McIntosh et al. 1995) 
Yr9 Pst 1RS Petkus 1BL.1RS (Friebe et al. 1996) 
Sr50 Pgt 1RS Imperial 1DL.1RS (Mago et al. 2004) 
YrCn17 Pst 1RS  Petkus-L155  1BL.1RS (Ren et al. 2009) 
Yr Pst 1RS  Chinese rye 

R12 
1BL.1RS (Fu et al. 2010) 

Sr59 Pgt 2RL Triticale 
VT828041 

2BL.2RL (Rahmatov et al. 2016a) 

Yr Pst 1RS Aigan rye 1RS.1BL  (Li et al. 2016) 
Yr Pst 5RL Kustro 5R(5B) (Xi et al. 2019) 
Yr83 Pst 6RL T-701a  6R(6D) (Li et al. 2020) 
Sr Pgt 7RL Baili 7BS.7RL (Ren et al. 2020) 
YrSLU Pst 6RL Triticale 

VT828041 
6DS.6DL.6RL.6DL (Ashraf et al. 2023) 

3.3. Harnessing rye chromosome and role of ph1b 
The introduction of rye chromatin into wheat, notably the 1RS 

chromosomal arm, has resulted in the development of significant disease-
resistance genes such as Sr31, Lr26, Yr9, and Pm8 (Powdery 
mildew, Blumeria graminis f. sp. tritici). These genes, originating from 
Petkus rye, have been widely used in wheat cultivars internationally since 
the 1960s and have been transferred to wheat as 1BL.1RS translocation 
(Schlegel & Meinel 1994; Rabinovich 1998). The usage of rye genetic 
material extends across disease resistance, contributing to increased yield, 
biomass production, and tolerance to abiotic stresses (Crespo-Herrera et al. 
2017). 
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Harnessing rye chromosomes is possible through several strategies; one 
way is the usage of the Ph mutant, which has been instrumental in 
overcoming the reproductive barriers between wheat and rye. In normal 
hexaploid wheat, the Ph genes (Ph1b on chromosome 5B, ph2a on 
chromosome 3D) suppresses pairing between non-homologous 
chromosomes during meiosis, ensuring genome stability but limiting 
interspecific recombination (Riley & Chapman 1958; Sears 1976). However, 
the Ph1b mutant, which carries a ~51 Mb deletion in the Ph1 locus, relaxes 
this restriction, enabling increased homoeologous pairing and facilitating the 
transfer of rye chromatin into wheat backgrounds. This approach allows for 
the developing of wheat-rye addition, substitution, and translocation lines, 
providing breeders with tools to introgress desirable traits such as stem rust 
resistance genes (Sr59) or stripe rust resistance genes (YrSLU) into wheat 
cultivars (Rahmatov et al. 2016a; Ashraf et al. 2023). 

On the other hand, harnessing rye chromosomes for wheat development 
involves multiple challenges. One of the greatest issues is the possibility of 
negative impacts on wheat quality, including bread-making quality. For 
example, the 1RS.1BL translocation, while providing useful resistance genes 
such as Sr31, Lr26, Yr9, and Pm8, has been linked to poor dough 
characteristics, resulting in weak and sticky dough that is inappropriate for 
high-quality bread manufacture (Dhaliwal et al. 1987; Martin & Stewart 
1990). 
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ims and objectives of the research 

 
 
4. Aims and objectives of the research 

 
The primary goal of this thesis was to enhance wheat resistance to major 
fungal diseases, particularly stem and stripe rust, by integrating resistance 
genes from rye, developing precise molecular markers, and utilizing 
advanced genomic and cytogenetic tools. This research aims to provide 
critical insights into disease management and breeding strategies, ultimately 
contributing to the development of resilient wheat cultivars and ensuring 
sustainable wheat production against ever-evolving rust pathogens. 
 
Specific objectives of the study in Papers I- IV were to: 
• Introgression the Sr59 resistance gene against stem rust into adopted 

wheat cultivars, to develop new wheat varieties with a broad spectrum 
of resistance to stem rust (Paper I). 

• Identify and characterize new wheat-rye translocation lines with stem 
rust resistance genes using conventional and new genomic technologies 
(Papers II and III). 

• Develop KASP markers using genotype-by-sequencing for these 
resistance genes, to enable their usage in future breeding projects (Papers 
II and III). 

• Pyramid stem and stripe rust resistance genes into adapted wheat 
cultivars to develop varieties with broad-spectrum resistance to both 
major wheat diseases (Paper IV). 

• Use a marker-assisted gene approach to precisely identify the position of 
genes in parental lines and track the presence of genes in progenies 
(Papers I-IV). 

• Validate of the presence of genes using cytogenetic approaches (Papers 
II and IV). 

• Monitor Pgt variability and virulence (Paper V). 
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3. Materials and Methods  

 
5. Materials and Methods  

5.1. Plant material resources 
The materials used in this thesis involve wheat-rye introgression lines 

developed through a series of strategic crosses. The process began with the 
initial hybridization of a hexaploid triticale line, VT828041, and the wheat 
cultivar Beagle (Merker 1984). From this cross, line SLU238 (2R/2D) was 
derived. To facilitate the transfer of rye chromatin into wheat, SLU238 was 
crossed with CS Mph1b, which promotes homologous chromosome pairing 
restrictions during meiosis. This resulted in the development of line TA5094, 
carrying a 2DS·2RL translocation and the stem rust resistance gene Sr59 
(Rahmatov et al. 2016a). In the first study (Paper I), TA5094 was crossed 
with three adapted wheat cultivars, BAJ#1, KACHU#1, and REEDLING#1, 
to introgression Sr59 into commercial wheat backgrounds. 

Another notable outcome of the SLU238 x CS Mph1b cross was line 
#284, which showed a different IT in multiple Pgt race tests compared to 
TA5094. This line was further investigated in Paper II. 

Additionally, crossing TA5094 with Chinese Spring resulted in a 
population from which line #C295 was selected for its broad-spectrum stem 
rust resistance. This was studied in Paper III. 

Furthermore, to combine resistance against both stem and stripe rust, 
pyramided lines were developed by crossing TA5094 with line #392 
(YrSLU), followed by top-crossing these lines with commercial varieties 
(Linkert and Navruz) and an elite breeding line (SLU-Elite). These efforts 
are detailed in Paper IV (Figure 4). 

To accelerate the breeding cycles, all experiments were conducted using 
the speed breeding method in a greenhouse, where plants were grown in 
small pots under a Day/Night temperature of 24/18°C and an 18/6-hour light 
cycle. The plants were harvested before full maturity and dried in an oven 
for three days. 
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Figure 4-Scheme of gene pyramiding used in Paper IV, DT: Double Top cross, TT: 

Triple Top cross 

 
 

5.2. Genotyping-by-sequencing (GBS) 
Genotyping-by-sequencing (GBS) was performed at the Genomic Center 

at the University of Minnesota on parental lines CS Mph1b, CSA, SLU238, 
TA5094, SLU392, BAJ#1, KACHU#1, REEDLING#1, Linkert, Navruz and 
SLU-Elite using the method described by Poland et al. (2012). These GBS 
data were aligned with the wheat reference genome from the International 
Wheat Genome Sequencing Consortium- IWGSC (2018) and rye reference 
genome (Rye genome sequencing consortium reference- RGSCR- Rabanus-
Wallace et al. (2021) to map the putative SNPs (single nucleotide 
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polymorphism) for the 2B and 2R chromosomes. After filtering SNP markers 
using the Burrow-Wheelers Alignment tool (BWA) v0.7.15 (Li & Durbin 
2009), a total of 4,067 SNPs for 2B (11,067 bp to 800,998,610 bp) and 
15,116 SNPs for 2R (347,694 bp to 945,773,747 bp) were identified (Papers 
II and III). This method enabled us to detect the small translocation which 
was not possible to discover by Cytogenetic fluorescence in situ 
hybridization (FISH) analysis (Paper III).  
 

5.3. Identifying NLR genes and development of KASP 
marker 

By aligning GBS data to rye nucleotide-binding and leucine-rich repeat 
(NLR) genes, using the BWA tool, the physical positions of SNPs linked 
with NLR genes on the 2R chromosomes in parental lines were identified. 
KASP markers were constructed using a 120-base pair flanking sequence (60 
upstream and 60 downstream) around the NLR-GBS site. This technique 
converted chromosome-specific NLR-GBS markers into KASP primers. 
Using the Polymarker (www.polymarker.info) website, 14 (2RL) KASP 
primers with two allele-specific forward primers (A1 and A2) with FAM 
(5´GAAGGTGACCAAGTTCATGCT3´) and HEX 
(5´GAAGGTCGGAGTCAACGGATT3´) compatible tails and one common 
reverse primer (C1/C2) were developed. These KASP markers were then 
validated and used for further analysis. KASP markers for genes Sr59 
(Rahmatov et al. 2016a) and YrSLU (Ashraf et al. 2023) were used for gene 
pyramiding in Paper IV. Furthermore, the Physical position of the gene was 
drawn using MapChart (https://www.wur.nl/en/show/mapchart.htm). 

 

5.4. Marker-assisted selection 
Designed KASP Markers for genes Sr59, YrSLU, and SrSLU were used 

to select plants for the presence of genes in each generation (Paper I-IV). 
Additionally, Expressed Sequence Tag (EST) derived Simple sequence 
repeat (SSR) markers Xrems1251 (Khlestkina et al. 2004) and F3/R3 (Katto 
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et al. 2004) were used to detect the presence of 2R rye chromosome in 
progenies. These markers enabled us to associate traits, which were 
presumably transferred small segments of rye chromatin located in 2R to 
wheat (Paper I-III). 
 

5.5. Seedling resistance evaluation to stem rust and 
stripe rust 

Seedling resistance test to Pgt race TTTTF, QTHJC, TPMKC, RKQQC, 
RCRSC, TTRTF, TKTTF, TTKTT, TTKSK, TTKST, TTTSK, TRTTF, and 
JRCQC were conducted at the USDA-ARS Cereal Disease Laboratory and 
the University of Minnesota using a method described by (Rouse et al. 2011) 
(Papers I and II). The seedling assay to Pgt races TTKSK, TTRTF, and 
TTTTF and Pst races Psts10, Psts16, Psts7, and Psts13 were carried out at 
the Global Rust Reference Center (GRRC), Aarhus University, Denmark 
following the method described by Patpour et al. (2022) (Papers I and IV). 
Seedling infections with Pgt were evaluated 16 days after inoculation using 
Stakman et al. (1962) scale of 0 to 4 with modification (Figure 5).  

 

 
Figure 5-Puccinia graminis f. sp. tritici scoring - Photo: Mehran Patpour 
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To evaluate the severity of seedling infection with Pgt, a scale of 0 to 9 

described by McNeal (1971) was used 14 days after inoculation (Figure 6) 
 

 
Figure 6-Puccinia striiformis f. sp. tritici scoring - Photo: McNeal 1971 

5.6. Cytogenetic study and Fluorescent in situ 
hybridization (FISH) 

To identify and visualize specific genetic sequences of rye in wheat 
chromosomes the Fluorescent in situ hybridization (FISH) approach was 
performed at Kansas State University-USA and Leibniz Institute of Plant 
Genetics and Crop Plant Research (IPK)-Germany. In this experiment, 
parental lines and selected progenies were investigated using probes specific 
to rye and wheat repetitive DNA sequences to visualize wheat-rye 
introgressions (Papers II and III). Rye chromosomes were labelled with a 
mix of probes and dispersed repeatedly in a method described by (González-
García et al. 2011). Wheat chromosomes were painted using the 
oligonucleotide probes Cy5-(GAA)9 and TEX615-pAs1-2 (Danilova et al. 
2012). Additional visualization was performed using Structured Illumination 
Microscopy (SIM) with an Elyra PS.1 system, a 63×/1.4 Oil Plan-
Apochromat objective, and ZENBlack software (Carl Zeiss GmbH), 
following the method described by Weisshart et al. (2016). 
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5.7. Monitoring stem rust variability and virulence 
To monitor Pgt variability, samples of infected wheat from organic farms 

in the south of Sweden, particularly from Lomma, Svalöv, Eslöv, Kävlinge, 
and Sjöbo were collected, and the race of the pathogen was identified using 
20 differential sets and molecular genotyping using seventeen SSR marker 
according to Patpour et al. (2022). The experiment was conducted at the 
Global Rust Reference Center (GRRC), Aarhus University, Denmark. The 
plants were scored according to a Stakman scale of 0 to 4 with modification 
(Stakman et al. 1962) (Figure 5).  
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4. Results and discussion  

 
6. Results and discussion 

6.1. Introgression of rye gene into adopted wheat 
cultivars 

Wheat-rye introgression lines have proven valuable genetic resource for 
enhancing disease resistance in wheat. This study successfully introgression 
the Sr59 resistance gene from line TA5094 into elite wheat cultivars (BAJ#1, 
KACHU#1, and REEDLING#1) using marker-assisted backcrossing, GBS, 
and phenotypic selection. The newly developed lines not only exhibited 
broad-spectrum resistance against multiple stem rust races and were 
confirmed through KASP markers (Paper I) but also maintained high 
acceptable agronomic performances and protein concentration (unpublished 
data). Further introgression involved pyramiding Sr59 with YrSLU, 
conferring dual resistance to both stem and stripe rust in commercial wheat 
varieties Linkert, Navruz, and the elite breeding line SLU-Elite, thereby 
improving agronomic performance and disease resilience (Paper IV). These 
findings underscore the value of wheat-rye introgression lines as a source for 
resistance breeding, as evidenced by previously identified genes such as Sr31 
(1RS), Sr27 (3RS), and Yr9 (1RS) (Rabinovich 1998; Marais 2001; 
Rahmatov et al. 2016b). The successful integration and pyramiding of 
resistance genes (Sr59 and YrSLU) into elite wheat backgrounds illustrates 
the effectiveness of wheat-rye introgression lines as a genetic resource for 
crop improvement. This approach allows breeders to combine multiple 
resistances into a single variety, thus reducing the risk of pathogen adaptation 
and extending the durability of resistance. Furthermore, the use of molecular 
markers (e.g., KASP) ensures a precise tracking of target genes, accelerating 
breeding cycles, and minimizing linkage drag. This directly contributes to 
food security, notably in regions that are particularly vulnerable to climate 
change and emerging pathogens. 
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6.2. Stem rust seedling analysis 
Stem rust seedling analyses were widely used in the present thesis work. 

Thus, in Paper I, seventeen Pgt races were used to assess the seedling 
response to stem rust. Results showed that SLU238 and TA5094 were 
resistant, exhibiting ITs ranging from ;1 to 1+2- against all tested races. The 
recurrent parents (BAJ#1, KACHU#1, REEDLING#1, Navruz and SLU-
Elite) were all susceptible to the races TTTTF, TTKTT, TTRTF, TTKSK, 
TTTSK, and TRTTF with ITs of 3+4. 

In Paper II, twelve Pgt races (TTTTF, TPMKC, RKQQC, RCRSC, 
TTRTF, TKTTF, TTKTT, TTKSK, TTKST, TTTSK, TRTTF, and JRCQC) 
were used to evaluate the resistance of the #284 family in the F7 generation. 
The ITs of this family were ;1- to 1+2- for all the tested races (Paper II-Figure 
7), thereby indicating the presence of resistance gene in #284 family F7 
generation. 

In Paper III, multiple Pgt race tests (TTKTT, TTKSK, TKKTF, TKTTF, 
TTRTF, and TKGLK) showed that line #284, which carries Sr59, have an 
ITs of 11+ and 2- against races TTKSK, TKKTF and TKTTF, and TTRTF. 
Line #C295 showed ITs of 1+2- and 1+2 against races TTKSK and TTRTF 
but higher ITs (3 to 33+) to races TKKTF and TKTTF (Paper III). These 
results indicated the possibility of new resistance genes that are different 
from Sr59 (Table 3). 

Paper IV evaluated the Top-cross 6 and 7 (TT6-7) family was using three 
Pgt races such as TTKSK, TTRTF, and TTTTF. The results revealed that 
SLU238 and TA5094 showed broad-spectrum resistance to all races 
examined in this experiment, with ITs ;1 and 11+, respectively. TT6-7 
families also displayed consistent resistance to all three Pgt races with ITs 
ranging from 11+ to 1+2-, which was related to the existence of the Sr59 
gene (Paper IV). The commercial variety Linkert showed IT ;1 against race 
TTTTF, likely due to the Sr7a resistance gene (Edae et al. 2024). Seedling 
resistance tests are an important step in the early identification of plants that 
exhibit resistance to diseases such as stem rust under controlled conditions. 
This approach, combined with MAS, facilitated the identification of 
resistance genes like Sr59 and YrSLU (Rahmatov et al. 2016a; Ashraf et al. 
2023). 
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Figure 7-Stem rust reaction of lines CSA, Linkert, SLU238, TA5094, #284, SrSLU, 

and SLU-Elite to TTKSK. 

 

6.3. Stripe rust seedling analysis 
The stripe rust seedling test was conducted on TT6-7 families using 

four Pst races (Psts10, Psts16, Psts7, and Psts13). The wheat-rye 
introgression parental line SLU126, which carries chromosomes 4R (4D), 
5R (5D), and 6R (7D), along with its derivative #392, which carries a small 
translocation from chromosome 6RL, exhibited resistance to all four Pst 
races, showing an IT of 1/2. All commercial wheat varieties tested were 
highly susceptible compared to Linkert, Navruz, and SLU-Elite, with an IT 
of 7, indicating effective resistance was lacking. However, the TT6-7 
families demonstrated a consistent resistance response to all four Pst races, 
exhibiting ITs of 1/2, which confirms their resistance potential. These 
findings indicate that the YrSLU resistance gene was successfully transferred 
into new genotypes, and its resistance remains stable and effective across 
different Pst races. This suggests that TT6-7 families can be promising genetic 
resources for stripe rust resistance breeding (Figure 8, Paper IV). 
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Figure 8-Stripe rust reaction of lines Linkert, Navruz, SLU124, SLU126, SLU128, 

#392 and TT6 to PstS10. 

 

6.4. FISH analysis 
FISH analysis was used to identify S. cereale chromosomes in the wheat 

genomes of parental lines SLU238, TA5094, and #284, and their resistant 
progenies. The results confirmed the presence of rye chromosomal segments 
in distinct wheat genomic regions. In SLU238, FISH analysis detected a 
2R/2D rye-wheat substitution, indicating successful rye chromatin 
integration. In TA5094, a 2DS.2RL Robertsonian translocation was 
identified, confirming rye chromatin introgression into the wheat genome. 
Similarly, in #284, a 2BS.2BL-2RL translocation was observed, with the rye 
segment located in the distal part of chromosome 2B. These findings confirm 
that rye chromosomal segments have been successfully transferred into the 
wheat genome, contributing to enhanced disease resistance (Paper II) (Figure 
9).  
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Figure 9-FISH results- A) CS ph1b; B) SLU238 2R (2D); C) #284 2BS.2BL-2RL; D) 

Cross from #284 in elite background with 2BS.2BL-2RL 

However, it was not possible to detect the rye chromosome in SrSLU due 
to the small size of the rye chromosome translocation (Paper III) (Figure 10). 
Given this limitation, molecular marker validation was required to confirm 
the presence of these small translocations. Previous studies have shown that 
cytogenetic analyses alone were insufficient for detecting small 
translocations, highlighting the necessity of using molecular markers 
validation (Fu et al. 2013; Ashraf et al. 2023). The results demonstrate the 
importance of combining cytogenetic and molecular approaches to 
accurately identify small rye-wheat translocations, which are important for 
breeding disease resistance.  
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             A               B     C 

Figure 10- Structured Illumination Microscopy (SIM) from SrSLU, A) No signal 
observed from the rye detecting probes, B)Wheat chromosome painted using the 
oligonucleotide probes Cy5-(GAA)9 and TEX615-pAs1-2, C) Merging of A and B 
photo. 

 

6.5. GBS analysis and NLR 
A total of 15,116 SNPs were physically mapped to chromosome 2R, 

spanning positions 347,694 bp to 945,773,747 bp. Further annotation of NLR 
genes in rye revealed the presence of four NLR genes within chromosome 
2R in SLU238. Two of these were located on the long arm of chromosome 
2R, suggesting their potential role in disease resistance. One of these NLR 
genes was identified at position 945,483,852 bp, overlapping with the Sr59 
resistance gene and its associated KASP markers previously described by 
Rahmatov et al. (2016a). The second NLR gene, positioned at 843,226,528 
bp, was validated through seedling resistance testing and MAS, indicating 
the potential identification of a new resistance gene, SrSLU (Paper III). 

NLR genes encode a critical family of immune receptors in plants that 
play a fundamental role in pathogen recognition and disease resistance. 
Several well-characterized NLR genes in wheat have been linked to 
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resistance against fungal pathogens. For example, Sr50, which confers 
resistance to the stem rust race Ug99, was introgressed into wheat as a 1RS 
translocation from the rye cultivar Imperial (Mago et al. 2015; Cesari et al. 
2016). Similarly, YrSLU, a gene providing resistance to stripe rust and 
derived from chromosome 6RL, was identified using GBS and the NLR 
approach (Ashraf et al. 2023). 

GBS technology has been extensively used for gene mapping and cloning 
in wild wheat relatives, such as Triticum turgidum (2n = 4x = 28, AABB) 
and Aegilops tauschii (2n = 2x = 14, DD). This high-throughput approach, 
utilizing SNP markers, has facilitated the precise introgression and tracking 
of alien chromosomal segments in modern plant breeding programs  (Tiwari 
et al. 2014). These findings underscore the potential of GBS and NLR-based 
approaches in identifying new resistance genes and enhancing wheat's 
defense against rust diseases. 

 

6.6. Development of KASP marker and Molecular 
marker validation 

KASP markers were designed by utilizing a 120-base pair flanking 
sequence (60 upstream and 60 downstream) surrounding the NLR regions. 
Among 14 (2RL) KASP primers, two successfully amplified SrSLU regions. 
Subsequently, resistant plants in the later generation were selected by these 
KASP markers along with other methods. In the CS ph1b mutant and 
susceptible plants, these KASP markers were absent (Paper III). The 
presence of Sr59 (Papers I and IV) and YrSLU were validated using the 
KASP marker described by Rahmatov et al., (2016a) and Ashraf et al., 
(2023). The 1RS and 2RL specific KASP marker has previously been used 
to detect 1RS translocations in a population of 161 wheat cultivars/lines (Han 
et al. 2020).  
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6.7. Development and characterization of a new 
resistance gene 

The derived lines from the initial cross between TA5094 and CSA were 
screened against the TTKSK (Ug99) race (isolate KE126a/23). Plants that 
exhibited resistant IT ranging from ;1 to 1+2- were further analyzed using 
SSR and KASP markers. The plants that tested positive for Sr59 using KASP 
markers were discarded in order to ensure the identification of a novel 
resistance gene. Among the tested lines, plant #C295, derived from the 
TA5094 × CSA cross, showed a negative reaction to all Sr59-specific 
markers but tested positive for both F3/R3 and two KASP markers 
KASP_2RL_chr2R_nlr_79_16 and KASP_2RL_chr2R_nlr_79_19 (Figure 
11). GBS data further mapped this new resistance gene to position 
843,226,528 bp on chromosome 2R, with an estimated size of 102,257,324 
bp. Further evaluation against multiple Pgt races confirmed that plant #C295 
exhibited ITs of 1+2- and 1+2 against TTKSK and TTRTF, respectively, 
while showing ITs of 33+ and 3 against TKKTF and TKTTF. Although line 
#284, which carries Sr59, also displayed resistance, its reaction was slightly 
higher, with an IT of 1+ against these races (Table 3). All tested plants, 
except for LK, exhibited susceptibility to TKGLK, a newly emerging Pgt 
race known for overcoming multiple rye-derived resistance genes, including 
Sr31 and Sr59 (Patpour et al., 2022). This suggests that the newly identified 
gene originates from rye and is distinct from Sr59, representing a promising 
new source of stem rust resistance. 

 

 
Figure 11-Allele discrimination plots of the kompetitive allele-specific PCR markers 

used for A, KASP_2RL_c2019 and B, KASP_2RL_chr2R_nlr_79_16. 
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Table 3-Mulitple seedling resistance stem rust response in parental lines and BC1F3 #C295 

 
SrSLU Multi test to Pgt  01MN84A KE126a/23 UG244a/19 ES64/23 SE271/21 IT16a/18 ES177e/19 

 Line Gens TTTTF TTKTT TTKSK TKKTF TKTTF TTRTF TKGLK 

A TA9054 Sr59+SrSLU 11+ 11+ 1- 1 1- 1+2- 3+ 

B SLU238 2R (2D) 11+ 11+ 1- 11+ 1+2 11+ 3+ 

C BC1F3 #C295 SrSLU 1+2- 1+2- 1+2- 33+ 3 1+2 3 

D #284 Sr59 2- 2- 2- 1+ 1+ 11+ 2+3- 

E LK Sr7a 1+2- 3+ 3 3 1+2- 1+2+ ;1- 

F CSA  None 33+ 33+ 33+ 33+ 33+ 33+ 33+ 
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6.8. Monitoring stem rust in the south of Sweden 
 

Pathotyping and genotyping analysis of the Pgt collection in the south of 
Sweden revealed that three wheat samples were classified as TTRTF, 
belonging to Clade III-B. This was the first report of race TTRTF in Northern 
Europe. TTRTF race poses a significant threat to wheat productivity, and 
resistance testing of commercial European wheat varieties revealed that 70% 
of cultivars were susceptible to this race (Patpour et al. 2022). This result 
indicated that, if the conditions are favourable for the establishment and 
development of stem rust, the disease has the potential to severely damage 
the wheat harvest in these countries. Overall, the susceptibility of European 
wheat cultivars highlights the urgent need for new breeding efforts to 
develop effective sources of resistance to wheat stem rust within breeding 
programs. 

 
 

 
 

Figure 12-Infection types (IT) conferred by race TTRTF on standard Differential sets - 
Photo: Mehran Patpour 
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7. Conclusion 

 
 

7. Conclusion 
 

The emergence of new races of stem and stripe rust that overcome 
previously resistant genes increases the need to uncover new sources of 
resistance. This study precisely introgression a broad-spectrum resistance 
gene, Sr59, into adapted wheat cultivars, discovered the new stem rust 
resistance gene in wheat-rye introgression lines, and pyramided two 
resistance genes Sr59 (stem rust resistance) and YrSLU (stripe rust 
resistance) into one cultivar. These findings highlight the significant 
potential of rye as a genetic resource for improving wheat traits and 
enhancing its resilience to evolving pathogens. This approach enables the 
development of varieties with more durable and effective resistance against 
multiple pathogens. Furthermore, the introgression of these genes was 
accelerated using advanced techniques such as speed breeding and MAS, 
significantly reducing the time required compared to traditional methods. 

We also precisely mapped Sr59 to a small translocation, 2BS.2BL-2RL, 
located at the distal part of chromosome 2RL. This small translocation 
facilitates the efficient integration of Sr59 into breeding programs, making it 
an ideal option for breeders to enhance disease resistance without 
introducing significant linkage drag. 

Moreover, this thesis demonstrates the effectiveness of GBS data and 
KASP markers to accurately trace and introgression of resistance genes into 
adapted wheat cultivars. Using GBS data and NLR-based methods, we 
identified a second resistance gene on 2RL, SrSLU, and characterized it using 
seedling resistance tests and marker-assisted selection. 

 
Key achievements of this research obtained from Papers I to IV include: 

 The successful introgression of Sr59 into adapted wheat cultivars and 
tracking the presence of this gene into progenies using a specific KASP 
marker. 

 The identification of two NLR genes on chromosome 2RL, providing 
valuable insights into the molecular basis of resistance. 

 The development of line #284, carrying the cryptic 2BS.2BL-2RL 
translocation, which simplifies the introgression of Sr59 into breeding 
programs. 
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 Comprehensive characterization of the introgression of wheat-rye 
chromatin using cytogenetic and molecular studies. 

 The identification of line #C295, which harbors SrSLU and exhibits 
broad-spectrum resistance to multiple stem rust races, confirmed through 
phenotypic and genotypic analyses. 

 The discovery and validation of new KASP markers linked to the SrSLU 
locus, enabling precise tracking of this resistance gene. 

 The development of pyramided lines combining Sr59 and YrSLU, top-
crossed with high-yielding commercial cultivars to ensure superior 
agronomic performance. 

This study emphasizes the importance of rye as a source of novel resistance 
genes and demonstrates the effectiveness of modern breeding technologies 
in accelerating the development of resilient wheat varieties. Using 
technologies such as GBS, KASP markers, and speed breeding, we have 
demonstrated the possibility of developing wheat varieties with enhanced 
and durable resistance to stem and stripe rust, contributing to global food 
security in the face of emerging pathogen threats. 
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8. Further perspectives 

 
8. Further perspectives 
 
This research establishes a strong platform for advancing wheat breeding 

and disease resistance. By building on these findings, we can continue to 
develop innovative solutions to protect wheat from ever-evolving threats. 
Below are some of the potential future directions: 

 
 Explore other wheat-rye introgression lines for stem rust 
resistance genes. 

While Sr59 and YrSLU represent significant advancements, the 
continuous evolution of rust pathogens demands ongoing efforts to 
identify new resistance genes. Wheat-rye introgression at SLU has 
been shown to have significant benefits, and exploring them could lead 
to the identification of new sources of resistance to stem rust. 
 
 Introgression of SrSLU into adapted wheat cultivars 

SrSLU should be introgression into adapted wheat cultivars and their 
agronomic performance should be assessed comprehensively. 
 
 Development of Multi-gene Pyramids 

The successful pyramiding of Sr59 and YrSLU demonstrates the 
effectiveness of combining multiple resistance genes within a single 
plant. There is potential to incorporate even more genes targeting 
different pathogens or providing broader-spectrum resistance. For 
example, integrating genes against leaf rust, and fusarium head blight 
to SrSLU and YrSLU could enhance overall crop resilience. This 
approach aligns with the growing emphasis on durable, multi-
pathogen resistance in modern breeding programs. 
 
 Integration of CRISPR/Cas9 Technology 

Advances in gene-editing technologies such as CRISPR/Cas9 offer 
exciting opportunities to directly introduce or enhance resistance traits 
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in wheat without relying solely on traditional breeding methods. 
Future studies could explore the use of CRISPR/Cas9 to precisely edit 
wheat genomes and potentially accelerate the development of resistant 
varieties. 
 
 Understanding Gene Function and Mechanisms 

Although the genes identified and characterized in this research are 
known to be NLR, further research into its molecular function and 
mode of action could provide valuable insights. Investigating how 
Sr59 and SrSLU interact with the stem rust and stripe rust pathogen at 
the cellular level could reveal novel mechanisms of resistance and 
could uncover their specific roles in disease defense. 
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5. Popular science summary 

Combat against forgotten enemy 
Wheat is one of the three most important cereals for human utilization. In 

2024, this crop was the second most produced and consumed cereal in the 
world. Unfortunately, wheat faces a growing threat from biotic and abiotic 
stress. One of the most important wheat diseases is stem rust, which is 
capable of transforming a healthy crop of wheat, only a few days before 
harvest, into a logging mess of stems, covered by rectangular pustules and at 
the end, the farmer will harvest only shriveled seeds or experience no grain 
yield at all. The fungus is spread rapidly by the wind, meaning it is capable 
of infecting other wheat farms. Historically, large-scale famines caused by 
this pathogen have been reported such as significant grain losses in North 
America (1903, 1905, and 1954), Australia (1973), Ethiopia (1993 and 1994) 
and several other countries. 

For over three decades, a global network of plant pathologists and wheat 
breeders successfully prevented significant stem rust outbreaks in Western 
Europe and other major wheat-growing regions. This achievement was 
largely due to two key strategies: the widespread adoption of resistant wheat 
varieties and the systematic elimination of barberry bushes, which serve as 
an alternate host for the pathogen. These efforts effectively contained the 
virulent pathogen until 1999. In this year, a new race of pathogens called 
Ug99 was first detected in Uganda and was subsequently reported across 
both East and Southern Africa and in the Middle East. This race generates 
huge concern for wheat growing areas because studies on wheat commercial 
varieties show that more than 80% of them are susceptible to this race of 
pathogen. 

In 2013 a regional outbreak of stem rust was reported in countries such 
as Germany, Denmark, Sweden, and the UK, which caught the attention of 
European scientists to the forgotten enemy. In 2016, a much larger wheat 
stem rust outbreak was reported in Sicily which affected thousands of 
hectares of both durum and bread wheat, causing average yield losses of 30–
40% on a regional scale. The race was detected as new and it is estimated 
that more than 70% of wheat varieties in Europe are susceptible to this race.  

Historically, due to the cold weather stem rust was considered a low-risk 
enemy of Swedish wheats. However, with the rise in improper distribution 
of rain during the growing season and increase in temperature, especially at 
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the end of the wheat maturation stage, one should never underestimate the 
potential of this enemy in Sweden. In 2021, in our survey of disease in the 
South of Sweden, we reported the first stem rust Sicily race in Sweden. We 
tested 200 Swedish cultivars and none of them showed resistance to this race. 

In this thesis, we have attempted to cut the hand of this enemy from our 
tables by introducing new resistance genes with a broad-spectrum resistance 
to all known stem rust races and introgression them into adapted wheat 
cultivars. One way to achieve this is through wheat-rye introgression lines. 
Here, we combined different innovative technologies including marker-
assisted selection (MAS) such as KASP, genotyping-by-sequencing (GBS), 
seedling resistance tests, and cytogenetic analysis to find new resistance 
genes and transfer them to progenies. Our work led to the development of a 
new wheat-rye translocation line, #284 having 2BS.2BL-2RL translocation 
with Sr59 which has demonstrated broad resistance to various stem rust 
races. We further develop new sources of resistance to stem rust in #C295 
with SrSLU resistance gene, showing a broad spectrum resistance to various 
stem rust races.  In a key step toward durable disease resistance, we also 
pyramided two resistance genes—Sr59 for stem rust and YrSLU for stripe 
rust into a single wheat line. This line was then top-crossed with high-
yielding commercial varieties to increase its agronomic performance.  

This result is a clear path toward the fight against stem rust. By using 
advanced genetic tools and innovative breeding techniques, we have shown 
that valuable resistance genes can be efficiently transferred into wheat 
varieties. With more resilient wheat, crop losses are reduced, ensuring stable 
yields and increasing food security for millions of people who consume 
wheat in their daily lives.  
  



73 
 

Populärvetenskaplig sammanfattning 

Striden mot en bortglömd fiende 
Vete är en av världens tre viktigaste grödor för människan. År 2024 var 

vete det näst mest producerade och konsumerade spannmålen globalt. Men 
grödan står inför växande hot från både sjukdomar och klimatrelaterade 
påfrestningar. En av de farligaste sjukdomarna är svartrost, som på bara 
några dagar kan förvandla ett friskt, skördefärdigt vetefält till en katastrof – 
stjälkarna knäcks, täcks av rostbruna blåsor, och kvar blir bara skrumpna 
korn eller ingen skörd alls. Sjukdomen sprids snabbt med vinden och kan 
därmed angripa hela regioner. Genom historien har den orsakat allvarliga 
svältkatastrofer i bland annat Nordamerika, Australien och Etiopien. 

I över 30 år lyckades forskare och växtförädlare hålla svartrosten borta 
från stora delar av Europa och andra viktiga vete-regioner. Framgången 
byggde på två viktiga insatser: att odla motståndskraftiga vetesorter och att 
ta bort berberisbuskar, som fungerar som mellanvärd för svampen. Men 1999 
upptäcktes en ny variant i Uganda – den så kallade Ug99 – och den har sedan 
dess spridit sig över östra och södra Afrika samt Mellanöstern. Mer än 80 % 
av dagens vetesorter är mottagliga för denna variant, vilket gör den särskilt 
oroande. 

År 2013 rapporterades utbrott i länder som Tyskland, Danmark, Sverige 
och Storbritannien. Tre år senare, 2016, drabbades Sicilien av ett ännu större 
utbrott som angrep tusentals hektar och orsakade skördeförluster på 30–40 
%. En ny variant av svartrost identifierades – och över 70 % av Europas 
vetesorter är mottagliga. 

Tidigare har kallt klimat skyddat svenskt vete från svartrost, men med 
förändrat regnmönster och stigande temperaturer, särskilt under vetets 
mognadsfas, har risken för angrepp ökat. År 2021 rapporterades den 
sicilianska varianten av svartrost i södra Sverige för första gången. Vi testade 
200 svenska vetesorter – och ingen visade sig vara resistent. 

I den här avhandlingen har vi tagit upp kampen mot svartrost – med målet 
att förhindra att denna allvarliga sjukdom hotar vår livsmedelsförsörjning. 
Genom att introducera nya gener med bred och effektiv resistens mot alla 
kända svartrostraser har vi stärkt motståndskraften hos anpassade vetesorter. 
Ett angreppssätt har varit att använda så kallade vete–råg-
introgressionslinjer, där vi har kombinerat flera innovativa tekniker: 
markörbaserat urval (MAS), DNA-sekvensering, resistenstester tidigt i 



74 
 

plantans untveckling, samt cytogenetisk analys. Tillsammans har dessa 
metoder gjort det möjligt att spåra, verifiera och föra över nya resistensgener 
till nästa generation av vete – med sikte på ökad sjukdomsresistens och 
hållbara skördar.  

Vårt arbete har lett till utvecklingen av en ny translokationslinje för vete 
och råg, #284 med 2BS.2BL-2RL-translokation som innehåller genen Sr59, 
som bidrar med en bred resistens mot flera svartrostvarianter. Dessutom har 
vi identifierat en linje (#C295) med genen SrSLU, som också visar ett brett 
spektrum av resistens. I ett viktigt steg för hållbar sjukdomsresistens har vi 
även kombinerat två gener – Sr59 för svartrost och YrSLU för gulrost – i en 
och samma vetesort, som sedan har korsats med högavkastande sorter. 

Våra resultat visar tydligt vägen framåt i kampen mot svartrost. Med hjälp 
av avancerad bioteknologi och smart växtförädling har vi visat att det går att 
föra in värdefulla resistensgener i nya vetesorter. Mer motståndskraftigt vete 
betyder färre skördeförluster, säkrare livsmedelsförsörjning och tryggare 
tillgång till en av våra mest grundläggande baslivsmedel. 
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Abstract

Control of stem rust, caused by Puccinia graminis f.sp. tritici, a highly destructive fungal dis-

ease of wheat, faces continuous challenges from emergence of new virulent races across

wheat-growing continents. Using combinations of broad-spectrum resistance genes could

impart durable stem rust resistance. This study attempted transfer of Sr59 resistance gene

from line TA5094 (developed through CSph1bM-induced T2DS�2RL Robertsonian translo-

cation conferring broad-spectrum resistance). Poor agronomic performance of line TA5094

necessitates Sr59 transfer to adapted genetic backgrounds and utility evaluations for wheat

improvement. Based on combined stem rust seedling and molecular analyses, 2070 BC1F1

and 1230 BC2F1 plants were derived from backcrossing BAJ#1, KACHU#1, and REEDL-

ING#1 with TA5094. Genotyping-by-sequencing (GBS) results revealed the physical posi-

tions of 15,116 SNPs on chromosome 2R. The adapted genotypes used for backcrossing

were found not to possess broad-spectrum resistance to selected stem rust races, whereas

Sr59-containing line TA5094 showed resistance to all races tested. Stem rust seedling

assays combined with kompetitive allele-specific PCR (KASP) marker analysis successfully

selected and generated the BC2F2 population, which contained the Sr59 gene, as confirmed

by GBS. Early-generation data from backcrossing suggested deviations from the 3:1 segre-

gation, suggesting that multiple genes may contribute to Sr59 resistance reactions. Using

GBS marker data (40,584 SNPs in wheat chromosomes) to transfer the recurrent parent

background to later-generation populations resulted in average genome recovery of 71.2%

in BAJ#1*2/TA5094, 69.8% in KACHU#1*2/TA5094, and 70.5% in REEDLING#1*2/

TA5094 populations. GBS data verified stable Sr59 introgression in BC2F2 populations, as

evidenced by presence of the Ph1 locus and absence of the 50,936,209 bp deletion in

CSph1bM. Combining phenotypic selections, stem rust seedling assays, KASP markers,
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and GBS data substantially accelerated transfer of broad-spectrum resistance into adapted

genotypes. Thus, this study demonstrated that the Sr59 resistance gene can be introduced

into elite genetic backgrounds to mitigate stem rust-related yield losses.

Introduction

Wheat (Triticum aestivum L.) is an important source of calories and protein in the daily

human diet world-wide [1]. Due to the current rapid growth in the global population, a 60%

increase in wheat production will be necessary in order to maintain its current share of the

human diet by 2050 [2]. Wheat yield will need to be increased by at least 2% each year to meet

this demand, a target that is currently not being attained [3]. The major constraints to achiev-

ing the necessary yield increase are biotic and abiotic stresses that impair crop performance,

with rust diseases in particular having the potential to cause yield losses in severe outbreaks.

Among these diseases, stem rust (caused by the fungus Puccinia graminis f. sp. tritici (Pgt)) is a

major threat to wheat production across many regions of the world, because it is capable of

causing severe yield loss [4]. Although fungicide application can effectively manage stem rust,

it is associated with drawbacks such as high costs, significant environmental impact, and nega-

tive effects on human health [5]. Hence, genetic resistance is the most economical and

environmentally sustainable control measure to protect wheat yields from the threat of stem

rust. The frequent emergence of new Pgt races is a major challenge to success in breeding resis-

tance to this pathogen in wheat. An example of this is emergence of the Ug99 race group,

which is capable of overcoming all known and extensively deployed stem rust (Sr) resistance

genes, including Sr24, Sr31, Sr36, and SrTmp. This constant adaptation of the pathogen has

increased concerns about global epidemics [6, 7].

Other widely virulent Pgt races, such as TRTTF, TKTTF, TTRTF, TTKST, PRCTM, and

TTKTT, have been found to possess additional virulence combinations, including virulence to

Sr22+Sr24, Sr24+Sr31, Sr13b+Sr35+Sr37, and Sr24+Sr31+SrTmp genes [8–10]. The emergence

of these novel races and their spread into Europe is alarming, since stem rust disease has

largely been absent for nearly 60 years [11–13]. Moreover, a high proportion of cultivars

grown in Europe are susceptible to these emerging races, e.g., ~80% of wheat cultivars cur-

rently grown in the United Kingdom are susceptible to race TKTTF [11], while resistance

genes such as Sr24, Sr31, and Sr38, present in German wheat cultivars are limited in their effec-

tiveness against these novel races of Pgt [14]. Of the currently known and described wheat Sr
genes, 35 out of 73 derive from the primary gene pool of wheat and the majority of these do

not confer broad-spectrum resistance [4]. Until recently, the Sr31 resistance gene was consid-

ered highly effective in conferring broad-spectrum resistance against all Pgt races, and was

introduced into many wheat cultivars over the past 30 years [7].

Rye (Secale cereale L., 2n = 14), belonging to the tertiary gene pool of wheat, is an important

source of genes that can be used for increasing bread wheat resistance to both abiotic and

biotic stresses [15]. For instance, Sr27, Sr31, Sr1RSAmigo, SrSatu, Sr50, and Sr59 are important

stem rust resistance genes that have been introduced into wheat from rye, and several of these

genes have been proven to confer broad-spectrum resistance [16–19]. However, introgression

of genes from wild relatives into wheat relies on meiotic recombination, which is complicated

between rye and bread wheat. Hexaploid bread wheat (Triticum aestivum L., 2n = 6x = 42,

AABBDD) was derived from T. urartu (2n = 2x = 14, AA), Aegilops sp. (2n = 2x = 14, BB), and

Ae. tauschii (2n = 2x = 14, DD) through spontaneous interspecific crosses. Allohexaploid

wheat behaves as a diploid during meiosis [20], due to the presence of pairing homoeologous
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(Ph) loci that strictly control pairing homology during meiosis. Two major Ph loci (Ph1 and

Ph2, residing on chromosome 5BL and 3DS, respectively) control homoeologous recombina-

tion in wheat [20, 21]. Deletion of the Ph1 locus (ph1b in hexaploid and ph1c in tetraploid

wheat) results in homoeologous recombination [22, 23]. As a result, a Chinese Spring line

mutated at the ph1b locus (CSph1bM) has been used effectively to induce recombination

between wheat and alien chromosomes [24]. Many broad-spectrum resistance genes have

been transferred using CSph1bM, including Sr32 from Ae. speltoides [24], Sr39 from Ae. spel-
toides [25], Sr47 from Ae. speltoides [26], Sr53 from Ae. geniculata [27], Sr43 from Thinopyrum
ponticum [28], Sr47 from Ae. speltoides [26], Sr53 from Ae. geniculata [27], Sr59 from S. cereale
[16], and Yr83 from S. cereale [29]. Line CSph1bM has also been used to transfer genes other

than those for wheat resistance, e.g., end-use quality has been improved by recombining the

Sec-1 (secalin) allele on the 1RS chromosome arm in wheat lines [30].

A large number of wheat-rye introgression lines were developed in the 1980s-2000s by the

late Professor Arnulf Merker at the Swedish University of Agricultural Sciences [31, 32]. Some

of these lines were used in field and greenhouse screenings to identify the line ‘SLU238’ [2R

(2D) wheat-rye disomic substitution], which was found to confer broad-spectrum resistance to

all Pgt races tested [33]. TA5094, a line derived from ‘SLU238’, has since been shown to possess

a T2DS�2RL Robertsonian translocation with a stem rust resistance gene designated Sr59 [16].

Due to the lack of acceptable agronomic performance in TA5094 based on the CSph1bM back-

ground, there is an urgent need to transfer this gene to a more suitable genetic background and

evaluate its potential use in wheat resistance breeding. This paper describes transfer and subse-

quent evaluation of Sr59 to agronomically suitable genetic background derived lines through: 1)

marker-assisted backcross breeding; 2) stem rust seedling assessment; 3) background selection;

and 4) physical mapping of the Sr59 resistance gene on chromosome 2RL.

Materials and method

Plant materials and stem rust seedling evaluations in parental lines

TA5094 was derived from a cross between CSph1bM and line SLU238 [a 2R (2D) wheat-rye

disomic substitution], and has been defined as a T2DS�2RL translocation containing the Sr59
resistance gene [16]. In the present study, three spring bread wheat cultivars (BAJ#1,

KACHU#1, and REEDLING#1), kindly provided by Dr. Ravi Singh (International Maize and

Wheat Improvement Center (CIMMYT), El Batan, Mexico), were used as recurrent parents

and crossed with TA5094. The resulting progeny were evaluated by seedling tests for stem rust

reaction, molecular marker analysis, kompetitive allele specific PCR [KASP] markers, and gen-

otyping by sequencing [GBS], with the four lines TA5094, CSph1bM, SLU238, and Chinese

Spring (CSA) used as controls. The selected parental lines and controls were initially tested

with the Pgt races TTTTF (isolate 01MN84A-1-2), TTTTF (isolate RU118b/16), QTHJC (C25;

isolate 1541), TPMKC (C53; isolate 1373), RKQQC (C35; isolate 1312), RCRSC (isolate

77ND82A), TTRTF (isolate IT14a/16), TKTTF (isolate 13ETH60), TKTTF (isolate IQ115a/14

and isolate SE27121), TTKTT (isolate 14KEN58-1), TTKSK (isolate 04KEN156/04), TTKST

(isolate 06KEN19v3), TTTSK (isolate 07KEN24-4), JRCQC (08ETH03-1), TRTTF (isolate

06YEM34-1), and LTBDC (Australian Pgt race 98–1,2,3,5,6).

Population development, stem rust seedling evaluations, and molecular

marker analysis

The F1 plants obtained from crosses between line TA5094 and the recurrent parents (BAJ#1,

KACHU#1, and REEDLING#1) were backcrossed to each of the corresponding recurrent
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parents, generating BC1F1 seeds. A total of 2,070 BC1F1 plants were assessed for their seedling

responses to Pgt race TTTTF (isolate 01MN84A-1-2), in trials at the USDA-ARS Cereal Dis-

ease Laboratory and University of Minnesota using a previously described stem rust seedling

assay [34, 35]. For each recurrent parent, 94 resistant BC1F1 plants were selected (i.e., in total

282 plants) and analyzed for the presence of Sr59 by use of three KASP markers:

KASP_2RL_c25837C1, KASP_2RL_c21825C1, and KASP_2RL_c20194C2 [16]. Based on the

results of KASP marker analysis, BC1F1 plants with Sr59 were selected and used for backcross-

ing to produce BC2F1 plants. The backcross generated 1,230 BC2F1 plants, which were assessed

against Pgt race TTTTF. Resistant plants were selected and tested for the presence of Sr59 with

the three KASP markers. Plants carrying Sr59 were selfed to produce the BC2F2 generation,

which resulted in a total of 846 families (from all recurrent parents). These families were again

evaluated against Pgt race TTTTF and resistant plants were selected and checked with the

three KASP markers. The BC2F2 generation was also evaluated using race TTKSK, and the pat-

tern of segregation was analyzed. From the BC2F2, additional generations (BC2F3, BC2F4, and

BC2F5) were created through selfing, 20 plants from each generation were selected based on

the seedling response to race TTTTF, and presence of Sr59 was validated by KASP markers. In

addition, 10–15 BC2F4 and BC2F5 plants from each family were tested for their seedling

response to races TTKSK, TTTSK, and TRTTF. The BC2F5 families were also assessed against

races TPMKC, QTHJC, RKQQC, and RCRSC. The segregation pattern data were assessed

using chi-square (χ2) analysis.

Genotyping and data analysis

The population was genotyped using GBS as described previously [36]. Tissue sampling and

DNA extraction were carried as described previously [37]. Approximately 10 cm of young leaf

tissue from each of the donor parents (TA5094 and CSph1bM), recurrent parents, and a total

of 128 selected BC2F2 plants (from all three recurrent parents) were collected in a 96-well tissue

collection plate. Genomic DNA was isolated using the Qiagen BioSprint 96 instrument and

the associated Qiagen BioSprint DNA Plant kit (https://www.qiagen.com/us/products/

discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/

biosprint-96-dna-plant-kit/#orderinginformation). DNA sequencing libraries were prepared

and sequenced at the University of Minnesota Genomics Center. In brief, the isolated DNA

was quantified with PicoGreen for GBS genotyping and normalized to 20 ng/μL. The GBS

libraries were prepared in 96-plex using two restriction enzymes: a rare cutter PstI (50-
CTGCAG-30) and a frequent cutter MspI (5’-CCGG-3’) with a common reverse adapter

ligated [36, 38]. Libraries were sequenced on Illumina HiSeq2500 (Illumina, San Diego, CA,

USA). Sequences obtained in the FASTQ files were passed through a quality filter of Q >30

and then de-multiplexed to obtain reads for each individual. Thereafter, the GBS reads were

aligned to the International Wheat Genome Sequencing Consortium (IWGSC) Reference

Sequence v1.0 (RefSeq v1.0) assembly and Rye Genome Sequencing Consortium Reference

Sequence, using the Burrow-Wheelers Alignment tool (BWA) v0.7.4 [39]. Marker discovery,

i.e., identification of SNPs, was accomplished using Samtools+Bcftools [40]. SNPs with minor

allele frequency (MAF) <5% and more than 20% missing data were removed. After process-

ing, 40,584 SNP markers for wheat and 15,116 SNP markers for chromosome 2R were retained

for further analyses. Allele frequencies and genetic relationship between donor and recurrent

parental lines were calculated using TASSEL v5.2.65 [41]. Principal component analysis (PCA)

was performed using the function ‘prcomp’ in R 4.0.2. MapChart 2.2 (https://www.wur.nl/en/

show/mapchart.htm) was used to draw physical maps.
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Selection of plants for recovery of recurrent parents

Progeny lines were selected based on their phenotypic and genomic similarity to the recurrent

parents and used in the next backcross generation. The phenotypic parameters of each back-

cross generation (BC1F1 and BC2F1) were evaluated in the greenhouse, to determine whether

the plants were similar to the recurring parents based on their height, tillering, heading date,

flowering, spike characteristics (with or without awns), seed fertility, and maturity day. Back-

ground selection for alleles similar to those of the recurrent parents was then performed on the

BC2F2 generation, using GBS markers distributed across all 42 wheat and the 2R rye chromo-

somes. Next, individual plants from each generation (BC2F3 to BC2F6) were carefully selected

based on highest phenotypic and genotypic similarities to the recurrent parents, ensuring con-

sistent inheritance of desired traits across generations.

BC2F7 and BC2F8 lines resistant to races TTTTF and TTKSK were sown on the field of

Lantmännen Research Station in Svalöv (55.925621˚N, 13.096742˚E) for phenotyping evalua-

tions. In one replicate field evaluation, these lines were sown in small plots to assess phenotypic

traits compared with the recurrent parents. Data were collected on characteristics such as

number of days to 50% flowering and maturity, plant height, tillering, lodging, susceptibility to

diseases (e.g., rusts, powdery mildew, septoria, FHB, etc.), and grain color.

Results

Stem rust seedling response in the parental lines

Seventeen Pgt races were used to evaluate the seedling response of parental lines to stem rust.

The results revealed that SLU238 and TA5094 were broadly resistant, exhibiting infection

types (ITs) of; 1 to 1+2- to all races in this experiment (Table 1). The recurrent parents (BAJ#1,

KACHU#1, and REEDLING#1) were found to be susceptible to several of the Pgt races and

exhibited ITs of 3+4 to races TTTTF (USA and Russia), TTKTT, TTRTF, TTKSK, TTTSK,

and TRTTF (Table 1). For races RKQQC, RCRSC, TKTTF (Sweden, Iraq, Ethiopia), LTBDC

(Australian Pgt race 98–1,2,3,5,6), QTHJC, and TPMKC, recurrent parents had ITs ranging

from 0 to 11+ (Table 1). CSph1bM and CSA were highly susceptible to all 17 Pgt races tested,

indicating that no resistance genes were present in these two lines (Table 1). Based on the viru-

lence profile of the different Pgt races, REEDLING#1, BAJ#1, and KACHU#1 were postulated

to carry resistance genes Sr11 and Sr38 (Table 1).

Stem rust seedling evaluations and marker-assisted backcrossing

Evaluation of the BC1F1 and BC2F1 populations using race TTTTF suggested presence of a

major resistance gene following crossbreeding with BAJ#1 (Table 2). The P-values for all other

BC1F1 and BC2F1 populations resulting from these crosses were <0.05, indicating a segrega-

tion pattern deviating from the expected 1:1 ratio. Such deviation suggests potential segrega-

tion distortion or the involvement of more than one major gene in resistance. However, the

segregation ratio was close to 3:1 (P>0.05) for the BC2F2 populations from the backcrosses to

BAJ#1 and REEDLING#1 (Table 2), indicating a single dominant major resistance gene. To

verify presence of Sr59 in plants that were selected for further generations, a number of resis-

tant plants from each of the BC1F1, BC2F1, and BC2F2 populations were selected and geno-

typed with three KASP markers (Table 2). Plants found to contain the gene were transplanted

for backcrossing and selfing (Table 2). The BC2F2 populations were also phenotyped with race

TTKSK, which resulted in a significant deviation from the expected 3:1 segregation ratio

(P<0.01). Instead, the segregation ratio was closer to 14:2 (P>0.05), suggesting presence of a

major gene plus one or more additional genes co-acting with the major gene. The BC2F4 and
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BC2F5 populations, obtained through assessments against race TTTTF and subjecting selected

resistant plants to KASP genotyping, showed a similar high level of resistance (IT; 1- to; 11+)

against races TTTSK, TTKST, and TRTTF as seen in their resistant parental lines (Table 1),

indicating successful transfer of Sr59 to the later generations. The BC2F5 families also displayed

similar responses (IT; 01- to; 11+) as SLU238 and TA5094 when evaluated against races

TPMKC, QTHJC, RKQQC, and RCRSC.

GBS genotyping and physical location of Sr59 on the 2R chromosome

Through alignment of raw GBS reads against the rye line ‘Lo7’ (International Rye Genome

Sequencing Consortium (IRGSC)) reference genome), followed by filtering to remove SNPs

with missing values�20% and minor allele frequency (MAF)� 5%, the physical positions of

the 15,116 SNPs obtained were mapped to chromosome 2R at 347,694 bp to 945,773,747 bp

(Fig 1). In Fig 2B, the physical positions of the 15,116 SNPs from GBS (rye alleles) are shown

in red color, whereas blue color indicates the presence of wheat alleles when mapping the

BC2F2 populations. The physical positions of three KASP markers (c20194_115, c25837_157,

and c21825_230) and the GBS results showed that Sr59 was located in the 2RL segment

(Fig 1). The three KASP markers were also used to track the Sr59 introgression into the recur-

rent parent’s background through the crossing scheme utilized in the present study. BLASTN

searches of the three KASP markers against IRGSC positioned the Sr59 resistance gene

between 914,812,226 bp and 943,109,279 bp on chromosome 2RL (Fig 1). Presence of 2RL was

also clearly verified in lines SLU238, SLU239, and TA5094, as demonstrated by the red color

in Fig 2B, whereas 2D (wheat) was verified in BAJ#1, KACHU#1, REEDLING#1, CSA,

CSph1bM, and susceptible lines (6-BAJ-S, 23-KACHU-S, 33-Reed-S, 35-Reed-S, and 45-Reed-

S), as demonstrated by the blue color in Fig 2B. A strong association was observed between

presence of the rye/wheat alleles determined by the GBS dataset and resistance (red color)/sus-

ceptibility (green color) reactions to race TTTTF and TTKSK (Fig 2A and 2C). Most of the

BC2F3 lines showed homozygosity (100% red color) for resistance to the TTTTF race, although

some lines segregated (40% red and 60% green; Fig 2A). The reaction to race TTKSK was

Table 2. Crossing, backcrossing, and selection procedures with Pgt race TTTTF, KASP markers, and phenotyping selection in BC1F1 and BC2F1 populations.

Cross Generation Pgt race TTTTF χ2 P-value No. of plants for

KASP analysis

No. of transplanted

plants

Selected plants

for GBS

Expected phenotypes

for selectionResistant Susceptible

BAJ#1*1/TA5094 BC1F1 265 195 10.65 0.001 94 40 - Awn and short height*
BAJ#1*2/TA5094 BC2F1 135 155 1.37 0.24 94 40 - Awn and short height

BAJ#1*2/TA5094 BC2F2 180 66 0.65 >0.1 40 32 32 Awn and short height

KACHU#1*1/

TA5094

BC1F1 380 310 7.1 0.007 94 40 - Awn and short height

KACHU#1*2/

TA5094

BC2F1 235 195 4.35 0.036 94 40 - Awn and short height

KACHU#1*2/

TA5094

BC2F2 215 35 24.2 <0.001 40 30 30 Awn and short height

REEDLING#1*1/

TA5094

BC1F1 520 400 15.65 <0.001 94 40 - Awn and short height

REEDLING#1*2/

TA5094

BC2F1 278 232 4.14 0.041 94 40 - Awn and short height

REEDLING#1*2/

TA5094

BC2F2 432 127 2.32 >0.1 80 66 66 Awn and short height

*Selection based on height ranging from 95 to 100 cm. Infection types observed based on 0–4 scale [35]. KASP markers were used to validate the presence of Sr59 [16].

https://doi.org/10.1371/journal.pone.0292724.t002
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tested in the BC2F3 lines, where the homozygous lines showed IT; 1 (100% red color), while

the segregating lines showed; 1 to 3+4 (varying percentages of green and red color) (Fig 2C).

The BC2F3 lines are shown as 100% green color for both races (TTTTF and TTKSK) in Fig 2A

and 2C. PCA analysis based on the results of the GBS data (15,116 SNPs on chromosome 2R)

clustered the genotypes evaluated into five distinct clusters: A) SLU238, SLU239, and TA5094;

B) The BC2F2 population consists of recurrent parents harboring the 2RL chromosome proxi-

mate to SLU238 and TA5094; C) BC2F2 population derived from recurrent parents carrying

the 2RL chromosome; D) Recurrent parents (BAJ #1, KACHU #1, and REEDLING #1) and

the susceptible BC2F2 population without 2RL; and E) CSph1bM and CSA (Fig 3).

Fig 1. Location of the Sr59 resistance gene on rye chromosome 2R, determined using GBS reads aligned to the rye

line ’Lo7’. Dark red denotes presence of physical SNPs, while white denotes absence of SNPs throughout the 2R

chromosome. The trio of SNPs on 2RL correspond to the three KASP markers identified previously.

https://doi.org/10.1371/journal.pone.0292724.g001
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Recovery of the recurrent parent (background selection)

To select lines that resembled their recurrent parents as much as possible (with the exception

of the addition of Sr59), a total of 40,584 SNPs across all 21 chromosomes were used to identify

the most suitable lines in the BC2F2 population. Based on polymorphic SNPs, whole-wheat

genome PCA identified five distinct clusters: 1) CSph1bM and CSA; 2) SLU238 and TA5094;

3) BC2F2 BAJ#1 population; 4) BC2F2 KACHU#1 population; and 5) BC2F2 REEDLING#1

population (Fig 4). The PCA results showed that most of the BC2F2 of a recurrent parent clus-

tered at the same plot, indicating genomic recovery of the recurrent parent genome. As shown

in Table 3, percentage genome recovery for the recurrent parents ranged from 66% to 75%

across the three BC2F2 populations. The plants with the highest recurrent parent genome

recovery and carrying Sr59 were selected to generate homozygous lines through selfing.

Phenotypic selection in greenhouse and field conditions

Besides using SNPs to produce lines resembling recurrent parental lines, selection was carried

out in greenhouse and field evaluations with plant height and awns/awnless spikes being key

phenotypic characters considered during crossing and backcrossing, as these characters dif-

fered between SLU238 and TA5094 compared with the recurrent parents, BAJ#1, KACHU#1,

and REEDLING#1 (Table 2). Thus, 40 BC1F1 plants with maximum phenotypic similarity to

the recurrent parents were used for developing the BC2F1 population. In BC2F2 to BC2F6 popu-

lations, plants were selected based on four characteristics: plant height, awns/awnless, days to

maturity, and seed fertility. BC2F7 lines showing a homozygous resistance reaction to Pgt race

Fig 2. Physical location of rye chromosome 2R based on GBS data and seedling responses to stem rust races TTTTF and TTKSK. a) Seedling assay for race

TTTTF in the BC2F3 population, where red denotes resistance and green susceptibility; b) physical positions of the 15,116 SNPs from GBS reads in the BC2F2

population, where red denotes the rye allele and dark blue the wheat allele; c) seedling assay for race TTKSK in the BC2F3 population, where red denotes

resistance and green susceptibility.

https://doi.org/10.1371/journal.pone.0292724.g002
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TTTTF and positive KASP marker data were sown in the field in 2020. The following phe-

notypic parameters were considered when selecting single plants in the field in 2020: plant

stand, tillering, plant height, awns/awnless spikes, lodging, days to maturity, and seed fertil-

ity. Following the phenotypic analysis described above, BC2F8 populations were sown in the

greenhouse and selfed to produce another generation, and BC2F9 populations were planted

in the field in spring 2021 to select plants whose phenotypic similarity to the recurrent

parents was greatest. The three KASP markers (c20194_115, c25837_157, and c21825_230)

were used again to verify presence of the Sr59 resistance gene in the individual BC2F7 to

BC2F9 plants.

Ph1 allele status

A BLAST search against the IWGSC reference sequence v1.0 resulted in 2,050 GBS SNPs

annotated in the range 16,637–712,890,017 bp on chromosome 5B (Fig 5). Furthermore, a

deletion breakpoint of 50,936,209 bp (51 Mb), located from 396,630,846 bp to 447,567,055 bp,

was detected in line CSph1bM, indicating the position of the Ph1 locus on the 5B chromosome

(Fig 5). The GBS data also revealed presence of the Ph1b deletion in TA5094 and two BC2F2

populations (31-Kachu and 34-Kachu), whereas it was not detected in the other BC2F2 popula-

tions, SLU238, CSA, or the recurrent parents. These results show that most of the BC2F2 popu-

lations carry the Ph1 allele, and that the status of 2DS.2RL (and thus the introgression of Sr59
into the wheat genetic background of the recurrent parents) is stable.

Fig 3. PCA plot of rye chromosome 2R using 15,116 SNPs from GBS reads. A) Resistant parental lines (SLU238,

SLU239, and TA5094) with chromosome 2R; B) BC2F2 population comprising recurrent parents carrying

chromosome 2RL close to SLU238 and TA5094; C) BC2F2 population derived from recurrent parents carrying the

chromosome 2RL segment; D) recurrent parents (BAJ #1, KACHU #1, and REEDLING #1) and the susceptible BC2F2

population without chromosome 2RL; E) lines CSph1bM and CSA.

https://doi.org/10.1371/journal.pone.0292724.g003
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Discussion

In this study, the Sr59 stem rust resistance gene was transferred, using TA5094 as a donor of

rye chromatin, into three elite wheat lines, through marker-assisted backcrossing selection and

stem rust seedling screening (BC1F1 to BC2F5). Seedling screening and KASP marker analysis

allowed us to trace presence/absence of Sr59 from the parental lines in all progeny through all

generations. The use of high-throughput genomic tools, such as GBS, facilitated the applica-

tion of a strong selection pressure that increased the probability of recovering the elite recur-

rent parent background genome, while at the same time preserving the translocation fragment

2DS.2RL containing Sr59. The GBS background selection accurately identified both the trans-

located 2DS.2RL and the deletion region on 5BL (ph1b deletion). Sr59 contributed stable resis-

tance, as demonstrated by seedling screening against multiple Pgt races and KASP marker

analysis across all populations developed.

Thus our novel GBS- and marker-assisted method was able to eliminate the ph1b deletion

while transferring Sr59 into the genetic background of three widely adapted wheat cultivars

(BAJ#1, KACHU#1, and REEDLING#1) from CIMMYT through backcrossing, and can ulti-

mately produce wheat lines suitable for breeders. Initially, the Sr59 resistance gene was selected

Fig 4. PCA plot of wheat chromosomes using 40,584 SNPs from GBS reads. Relationship between recurrent parents

(BAJ#1, KACHU#1, and REEDLING#1) and lines SLU238, TA5094, CSph1bM, and CSA, based on polymorphic sites in the

entire wheat genome as determined by GBS.

https://doi.org/10.1371/journal.pone.0292724.g004

Table 3. Recurrent parent genome recovery in the BC2F2 generation using 40,584 genome-wide SNPs.

Cross Generation Genome recovered Genome expected

Minimum Maximum Average

BAJ#1*2/TA5094 BC2F2 66.00% 74.60% 71.20% 87.50%

KACHU#1*2/TA5094 BC2F2 63.40% 74.20% 69.80% 87.50%

REEDLING#1*2/TA5094 BC2F2 66.2% 73.40% 70.50% 87.50%

https://doi.org/10.1371/journal.pone.0292724.t003
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based on the stem rust seedling response and marker-assisted backcrossing selection. Previous

studies have shown that two backcrossing generations can recover approximately 87.5% of the

recurrent parent genome [41]. Use of a large backcrossing population is common practice to

introgress resistance genes from an alien genome into an elite background [25]. Aside from

marker-assisted backcrossing, we used GBS genotyping to select plants with the greatest

amount of the recurrent parent genome. Average recurrent parent genome recovery of 71.2%,

69.8%, and 70.5% was observed in the BC2F2 populations (Table 3). This fairly low recovery

might be because of a less-than-optimal representation of 2DL in the GBS dataset, due to the

fact that we started off with a 2DS.2RL translocation in the donor parent (Table 3). In GBS

genotyping, the A and B genomes are reported to have the highest number of SNPs, while the

D genome has the lowest number [42]. Evolutionary history and gene flow may be the reason

for the poor D genome representation [43]. In previous studies, GBS has been found to be an

inexpensive and robust approach for genotyping crop genomes, as it enables discovery of a

high number of genome-wide markers, often SNPs [38]. Several studies have demonstrated

that GBS detects small introgressions in wheat and barley [44, 45]. In the present, we study

aligned GBS reads and located the physical positions of SNPs in wheat and 2R rye chromo-

somes based on the reference genome RefSeq v1.0 and the International Rye Genome

Sequencing Consortium. In this alignment, GBS demonstrated the physical positions of 40,584

SNPs across the wheat genome and 15,116 SNPs for the 2R chromosome. Through this high-

throughput genotyping procedure, it was possible to detect both translocation lines and non-

translocation lines in the BC2F2 populations.

Fig 5. Status of the Ph1 allele (Ph1 deletion), determined using GBS reads aligned to the IWGSC wheat reference

sequence v1.0. A) Line SLU238 depicting presence of the Ph1 allele (SNPs) in chromosome 5B; B) deletion breakpoint

in CSph1bM spans 50,936,209 bp, ranging from 396,630,846 bp to 447,567,055 bp; C) presence of the Ph1b deletion in

TA5094 as revealed by GBS data; D) BC2F2 populations demonstrating stable presence of the Ph1 allele.

https://doi.org/10.1371/journal.pone.0292724.g005
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We also used PCA to visualize the grouping of lines based on their genetic relationship, i.e.,

based on the differences in 2RL segments transferred to the BC2F2 progeny (Fig 3). Basically,

the susceptible BC2F2 plants and parental lines without chromosome 2R (i.e., CSph1bM,

BAJ#1, KACHU#1, REEDLING#1) clustered with a positive PCA1 (Fig 3). Likewise, 24 BC2F2

resistant plants grouped closely to the lines TA5094 and SLU238, indicating presence of the

whole 2RL chromosome segment (Fig 3). Additionally, a total of 28 BC2F2 resistant plants clus-

tered differently, indicating that these lines most likely resemble each other as regards their

genomic composition, for both wheat and rye genome segments (Fig 3). Some factors, such as

chromosomal segment rearrangements, segmental duplications, and differences in recombina-

tion frequencies caused by genomic structural variations, may explain the marker orders

observed in this short segment. The introgression of rye chromosomes into wheat genomes

can result in structural changes and rearrangements, as the heterochromatin DNA of rye chro-

mosomes can interfere with chromosome synapsis [2, 46]. There may have been chromosome

rearrangements in the BC2F2 population that resulted in a shorter 2RL segment than in the

other 24 BC2F2 lines. This study showed that the Sr59 resistance gene in the 2RL chromosome

segment is stable for normal transmission through the male gamete, preventing segregation

distortion in cultivar development. No segregation distortion was observed in any of the three

populations evaluated, either for race TTTTF or for race TTKSK. However, previous studies

have shown that segregation distortion is a common feature when alien chromosomes are

introgressed in the wheat genome [25]. Development of chromosome-specific SNP markers

covering target chromosomes and facilitating homologous recombination on chromosomes

containing resistance genes can assist in tracking rye resistance genes within wheat more effec-

tively by minimizing chromosome transfer and reducing the likelihood of linkage to undesir-

able alleles. Line SLU238 wheat-rye disomic substitution carrying 2R (2D) chromosome

exhibits effective resistance to several virulent races of stem rust and has been used to develop

2DS.2RL wheat-rye translocation lines [16]. Substitution lines serve as bridging materials in

the development of wheat-alien translocation lines [25]. By incorporating distinct alien chro-

mosome segments with desired traits through chromosome translocations, linkage drag can

be reduced [25, 28].

For the three KASP markers (c20194_115, c25837_157, and c21825_230), BLASTN was

used and their positions were mapped at 914,812,229 bp to 943,109,279 (28 Mb), as physically

mapped in a previous study [16]. Based on the GBS reads, we observed a deletion spanning

from 396,630,846 Mb to 447,567,055 Mb on chromosome 5B in TA5094 and two BC2F2 plants

(31-Kachu and 34-Kachu), indicating deletion of the CSph1bM allele. A deletion on the 5B

chromosome was not detected in the other BC2F2 plants, all carrying the Ph1 allele, preventing

true homology in pairing. New ph1b deletion-specific markers based on 90K SNPs have been

developed to accurately identify the ph1b deletion region [47]. Successful cross-over between

the wheat chromosome and its wild relatives is challenging, which is why CSph1bM mutants

are recommended for inducing meiotic homoeologous recombination [23]. Several resistance

genes, such as Sr32, Sr47, Sr39, Sr59, and Yr83 have been successfully transferred using

CSph1bM mutants [16, 24, 25, 29]. This approach provides an effective means of introducing

beneficial traits from wild relatives for wheat improvement. The Sr11 and Sr38 resistance

genes were postulated to be present in three recurrent parents from CIMMYT (Table 1). The

Sr11 and Sr38 resistance genes have previously been reported to be widely prevalent in wheat

cultivars worldwide [48, 49], and the recurrent parents may carry both genes. Due to the lim-

ited agronomic performance of the CSph1bM mutant and the elimination of the ph1b allele in

line TA5094, it is necessary to transfer Sr59 into adapted cultivars. Here, we successfully trans-

ferred Sr59 from TA5094 to the genetic background of the three cultivars BAJ#1, KACHU#1,

and REEDLING#1. The progeny showed proven resistance to TTTTF (USA), TKTTF
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(Ethiopia), QTHJC, TPMKC, RKQQC, RCRSC, TTKST, TTKSK, TTTSK, TRTTF, and

LTBDC (Australian Pgt race 98–1,2,3,5,6). Following backcrossing, morphological and agro-

nomic characteristics with the greatest similarity to the recurrent parents were considered.

Other resistance genes such as SrTA1662, Yr15, and Sr39 have been transferred in previous

work using backcrossing to recover the recurrent parent phenotype [25, 50, 51]. In conclusion,

Sr59 offers broad-spectrum resistance to stem rust races, making it a valuable gene for wheat

improvement, while the reliability of KASP markers for Sr59 makes them suitable for marker-

assisted selection of stem rust resistance in wheat breeding. These findings can facilitate further

production of stem rust-resistant wheat cultivars, developed with Sr59 resistance in their elite

background, which can act as additional assets for improving wheat yields and preventing

stem rust losses.
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Wheat (Triticum aestivum L.) stem rust caused by Puccinia graminis
f. sp. tritici (Pgt) was generally insignificant in Europe from the 1960s until
2016, when a new race (TTRTF) caused damage on huge areas of durum
wheat and bread wheat in Sicily (Bhattacharya 2017). During the following
5 years, TTRTF was detected in eight additional countries in south and
central Europe (Patpour et al. 2022). In July 2021, seven wheat stem rust
samples collected from spring wheat and one from barley in Svalov
(55°54910.80N, 13°69540E) and Alnarp (55°39939.60N, 13°4940.80E),
Sweden. Both cereal fields had a total disease incidence of 50% or higher.
The samples were sent to the Global Rust Reference Center (Denmark).
Urediniospores of each sample were recovered on two susceptible cultivars,
Line E and Morocco, which were used as susceptible controls in all ex-
periments. Single pustular isolates were extracted, and race typing was
generally repeated two to three times based on the method of Patpour et al.
(2022) using 20 North American stem rust differential lines. Seedling in-
fection types (IT) were scored on the first and second leaf 17 days post-
inoculation using a 0 to 4 scale (McIntosh et al. 1995; Stakman et al. 1962).

Isolates conferring “low” ITs (i.e., 0, 0, 1, 1+, 2, and 2+), or combinations
thereof, were considered “avirulent” (incompatible), whereas ITs of 3–, 3,
3+, and 4 were considered “high” (i.e., compatible, “virulent”). Race no-
menclature was based on a modified letter code proposed by Jin et al.
(2008). We conducted DNA extraction and molecular genotyping using
17 simple sequence repeat (SSR) primer pairs derived from Stoxen (2012)
and applied at large scale by Patpour et al. (2022). Based on the results from
pathotyping and genotyping, two samples from wheat showed Pgt race
TKTTF (clade IV-B), three samples from wheat showed TKKTF (clade IV-
F), and three samples from wheat and barley were identified as TTRTF
(clade III-B). This is the first report of race TTRTF in northern Europe,
specifically Sweden, which significantly extends the known distribution
of this race. The TTRTF race is a serious threat to wheat productivity,
and evaluation of resistance of commercial European wheat varieties to
the TTRTF race confirmed that 70% of the cultivars were susceptible
(Patpour et al. 2022). Therefore, if the conditions are suitable for the
establishment and development of stem rust, the disease can cause sig-
nificant damage to the wheat crop in these countries. Susceptibility of
European wheat varieties stress an urgent need to initiate new breeding
efforts to identify effective sources of resistance to wheat stem rust in
breeding programs.
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