
Julius Kühn-Institut
Bundesforschungsinstitut für Kulturpflanzen

Dissertationen aus dem Julius Kühn-Institut

Ulrike Beukert 
Institut für Resistenzforschung und Stresstoleranz

Genetic architecture of leaf 
rust and stripe rust resistance 
in European wheat



Kontakt | Contact 

Ulrike Beukert  
ORCID: https://orcid.org/0000-0002-9482-3512 
E-Mail: ulrike-beukert@t-online.de

Die Schriftenreihe ,,Dissertationen aus dem Julius Kühn-lnstitut“ veröffentlicht Doktorarbeiten, 
die in enger Zusammenarbeit mit Universitäten an lnstituten des Julius Kühn-lnstituts 
entstanden sind. 

The publication series „Dissertationen aus dem Julius Kühn-lnstitut“ publishes doctoral 
dissertations originating from research doctorates and completed at the Julius Kühn-Institut (JKI) 
either in close collaboration with universities or as an outstanding independent work in the JKI 
research fields. 

Der Vertrieb dieser Schriftenreihe erfolgt über den Buchhandel (Nachweis im Verzeichnis  
lieferbarer Bücher - VLB). Einige der Dissertationen erscheinen außerdem online open access 
und werden unter einer Creative Commons Namensnennung 4.0 Lizenz (CC-BY 4.0) zur  
Verfügung gestellt (https://creativecommons.org/licenses/by/4.0/deed.de). Die Schriftenreihe 
ist nachgewiesen in unserem Repositorium OpenAgrar:  
https://www.openagrar.de/receive/openagrar_mods_00005667.  

The publication series is distributed through the book trade (listed in German Books in Print - VLB). 
Some of the dissertations are published online open access under the terms of the Creative 
Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/deed.en). The publication series is documented 
within our repository OpenAgrar:  
https://www.openagrar.de/receive/openagrar_mods_00005667. 

Bibliografische Information der Deutschen Nationalbibliothek 
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der Deutschen 
Nationalbibliografie: detaillierte bibliografische Daten sind im lnternet über http://dnb.d-nb.de 
abrufbar. 

Bibliographic information published by the Deutsche Nationalbibliothek  
(German National Library) 
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie; detailed 
bibliographic data are available in the Internet at http://dnb.dnb.de. 

ISBN 978-3-95547-115-6 
ISSN (elektronisch) 2510-0602 
ISSN (Druck) 2510-0599 
DOI  10.5073/20220713-082702 

Herausgeber l Editor 
Julius Kühn-lnstitut, Bundesforschungsinstitut für Kulturpflanzen, Quedlinburg, Deutschland 
Julius Kühn-lnstitut, Federal Research Centre for Cultivated Plants, Quedlinburg, Germany 

© Der Autor/ Die Autorin 2022. 
Dieses Werk wird unter den Bedingungen der Creative Commons Namensnennung 4.0 International 
Lizenz (CC BY 4.0) zur Verfügung gestellt (https://creativecommons.org/licenses/by/4.0/deed.de). 

© The Author(s) 2022. 
This work is distributed under the terms of the Creative Commons Attribution 4.0 International 
License (https://creativecommons.org/licenses/by/4.0/deed.en). 

mailto:ulrike-beukert@t-online.de


GENETIC ARCHITECTURE OF LEAF RUST AND 

STRIPE RUST RESISTANCE IN EUROPEAN WHEAT 

Dissertation 

zur Erlangung des 

Doktorgrades der Agrarwissenschaften (Dr. agr.) 

Der 

Naturwissenschaftlichen Fakultät III 

Agrar- und Ernährungswissenschaften, 

Geowissenschaften und Informatik 

der Martin-Luther-Universität 

Halle-Wittenberg 

vorgelegt 

von Frau Ulrike Beukert 

geb. am 03.11.1991 in Arnstadt 



“The struggle you´re in today is developing the strength you need for tomorrow.”

Nadia Nadim 



Table of contents 

1 Introduction .......................................................................................................... 4 

1.1 Origin of agriculture and rising awareness of plant breeding ......................... 4 

1.2 Wheat as permanent supporting pillar for human progression ...................... 5 

1.3 Leaf rust and stripe rust epidemics highly affecting the wheat production ..... 8 

1.4 Classification and characterization of known rust resistance genes ............ 11 

1.5 Expansion of hybrid breeding generates new options for resistance 

breeding ...................................................................................................... 12 

1.6 Rust resistance can be highly improved using upgraded breeding methods 13 

2 Objectives .......................................................................................................... 15 

3 Peer-reviewed scientific articles ......................................................................... 16 

3.1 The potential of hybrid breeding to enhance leaf rust and stripe rust 

resistance in wheat ...................................................................................... 16 

3.2 Comparing the potential of marker-assisted selection and genomic prediction 

for improving rust resistance in hybrid wheat .............................................. 28 

3.3 Efficiency of a seedling phenotyping strategy to support European wheat 

breeding focusing on leaf rust resistance .................................................... 40 

4 General discussion............................................................................................. 57 

4.1 Hybrid breeding as a promising approach to increase leaf rust resistance .. 57 

4.2 Marker-assisted selection based on diagnostic markers will simplify the 

selection of leaf rust resistant wheat hybrids ............................................... 58 

4.3 Adjusting genotyping platform is needed to clarify the genetic architecture of 

stripe rust resistance within European wheat .............................................. 59 

4.4 Efficient phenotyping of greenhouse seedlings will fasten the breeding 

cycle ............................................................................................................ 61 

5 Outlook ............................................................................................................... 63 

6 Summary ............................................................................................................ 65 

7 Zusammenfassung ............................................................................................. 66 

8 References ......................................................................................................... 67 

List of abbreviations ...................................................................................................... i 

Acknowledgements .................................................................................................... iii 

Curriculum vitae .......................................................................................................... iv 

List of publications ....................................................................................................... v 

Eidesstattliche Erklärung / Declaration under Oath .................................................... vi 

Erklärung über bestehende Vorstrafen und anhängige Ermittlungsverfahren / 

Declaration concerning Criminal Record and Pending Investigations ....................... vii



1 Introduction 

1.1 Origin of agriculture and rising awareness of plant breeding 

Around 12,000 years ago, humans drastically changed their way of life as part of the 

Neolithic revolution (Salamini et al. 2002). A first group of prehistoric humans settled 

in the Fertile Crescent region and ended their hunter-gathering lifestyle. From this point 

on, food supply was ensured through the controlled handling of wild cereals and 

animals, which led to their domestication (Salamini et al. 2002, Zeder et al. 2011). 

Typically, domestication of crops resulted in increases in grain size, photosensitivity, 

plant resiliance, and apical dominance, while the number of grains per plant and the 

amount of bitter compounds decreased. In addition, seed dormancy and the natural 

mechanism of seed dispersal were lost, and plants started to flower simultaneously 

(Doebley et al. 2006). The domestication of plants through genetic selection resulted 

in easier cultivation of many crops complying human needs like maize, rice, wheat, 

barley, and rye. This evolutional process can be considered as the main condition for 

the development and continuous improvement of agricultural practise (Doebley et al. 

2006, Salamini et al. 2002). Initially, agriculture was of great importance to constantly 

cover the food demand of ancient humans. As a result, it influenced the success and 

expansion of the sedentary lifestyle, while supporting the growing local population, 

leading to the formation of culture, society, and technology (Salamini et al. 2002). 

Since then, the continuous improvement and adjustment of crop production has 

followed the state of the art in technology and research with the aim of increasing 

productivity. Historic milestones of particular importance were the mechanization 

initiated by the Industrial Revolution, the intensification of agricultural production by 

applying an improved crop rotation, mineral fertilizers, and chemicals for plant 

protection (Van Zanden 1991). This advancement of agriculture was additionally 

supported by the emergence of plant breeding as a special discipline, highly 

associated with an increased understanding of genetics as well as inheritance and 

mainly based on scientific insights. In the 19th century, plant breeding was deliberately 

applied by crossing and selecting genotypes of variable origins to improve plants. In 

the 1950s, Norman Borlaug‘s breeding efforts resulted in dwarfed wheat varieties with

higher yield level, improved nutrient efficiency, and a better plant responsiveness, 

while this work became famous as „Green Revolution“. Nowadays, plant breeding has 

broadened the range of applicable and efficient tools, e.g. molecular breeding 
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strategies like marker-assisted selection or genomic selection, the production of 

doubled haploid populations, the methodology of speed breeding, modern phenotyping 

strategies, and hybrid breeding (Tadesse et al. 2019). 

1.2 Wheat as permanent supporting pillar for human progression 

Wheat has been an important staple food since ancient times and was therefore of 

great relevance to human civilization (Tadesse et al. 2019). The natural genesis of 

hexaploid bread wheat (Figure 1) started around 300,000 - 500,000 years ago (Jiang 

et al. 2012) and took place at the Fertile Crescent, where the highest diversity of 

Triticum species can be found (Salamini et al. 2002). In a first step, the combination of 

the complete diploid chromosome sets AA and BB originated from Triticum urartu and 

an unknown species, respectively, which is most likely derived from the Sitopsis 

section including Aegilops speltoides, resulted in tetraploid wild emmer (T. turgidum 

ssp. dicoccoides) (Jiang et al. 2012, Rosyara et al. 2019). Early breeding efforts 

focused on diploid and tetraploid wheat species (Shewry 2009) and led to the 

domestication of emmer (T. turgidium ssp. dicoccum) (Ozkan et al. 2002, Peng et al. 

2011) as a procursor of durum wheat. Triticum aestivum, commonly known as 

hexaploid bread wheat, arose ca. 8,000 years ago from the natural allopolyploidization 

of the wild goat grass Aegilops tauschii as donor of the D genome with domesticated 

emmer (Salamini et al. 2002). The survival of this crop can only be ensured by human 

support within cultivation. Domestication through selection during early cultivation 

resulted in morphological changes, e.g. free-threshing wheat (Shewry 2009). 

In summary, the genus Triticum covers species of diploid, tetraploid, and 

hexaploid chromosome sets (Salamini et al. 2002). Specifically, bread wheat is 

hexaploid (AABBDD) and combines three homologous genomes of progenitor species 

(Shewry 2009, Salamini et al. 2002). Therefore, its genome is very complex consisting 

of 2n = 6x = 42 chromosomes yielding in a large molecular size of 15.8 Gb. The entire 

wheat genome has already been sequenced and analyzed. A high amount (85%) of 

repeated sequence sections were identified and 107,891 high confidence genes were 

also detected, while their role as functional sequences was revealed (IWGS 2018). 
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Figure 1: Natural evolution of hexaploid wheat (taken from Rosyara et al. 2019,
https://doi.org/10.1038/s41598-019-47936-5, Creative Commons Attribution 4.0 International 
License). 

After domestication in the Fertile Crescent, wheat became widespread in Africa, 

Europe, Central Asia, later in South America, and Australia (Shewry 2009). Its high 

performance worldwide was promoted by the adaptation to different climatic conditions 

(Feldman 1995, Shewry 2009). Thus, wheat is characterized by an outstanding 

variability in terms of genetic diversity and distribution (Shewry 2009). 

Wheat belongs as well as many other cereals, like rye, oat, barley, maize, 

triticale, millet, and sorghum, to the grass family Poacea. Their edible seeds (McKevith 

2004) are highly demanded as food or feed. Wheat belongs to the three major crops 

(Shewry 2009) with the highest cereal production worldwide (McKevith 2004). In 

addition, wheat varieties were also used as raw material to generate alternative power 

like biogas or fuel (Christen 2009). Proportions of worldwide wheat cultivation can be 

divided into the hexaploid bread wheat taking the main area of 95%, while the 

remaining 5% are mainly cultivated with tetraploid durum wheat (ca. 19.8 million 

hectares worldwide in 2020) (Agriculture and Agri-Food Canada 2021, Shewry 2009). 

The high amount of bread wheat is due to its outstanding flour characteristics allowing 
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the realization of a wide range of processed products like breads, cakes, noodles, and 

as binding components used in the processing industry. Dough characteristics are 

highly influenced by the protein fraction of wheat flours. Especially, a high 

„viscoelasticity“ based on the containment of CO2 is necessary to ensure a satisfying

volume level producing leavened bread (Shewry 2009). From the very beginning of 

settled human society, wheat was an essential source of calories, proteins, and starch 

for a huge part of the worldwide population (Shewry 2009, Tadesse et al. 2019). 

Nowadays, hexaploid bread wheat was grown on 215 million hectares worldwide 

yielding to 765 million tons in 2019. Winter wheat is of main importance in Germany, 

where its cultivation area amounted to 3.1 million hectares producing 23 million tons 

of grains in 2019. Within the year 2019, 180 million tons of produced wheat were 

exported globally which is equal to 40 billion US$. The average grain yield of Germany 

in 2019 is 7.4 tons per hectare, almost twice as high as the global productivity, which 

averages at 3.5 tons per hectare (FAO 2021). The low average of global wheat 

productivity can be explained by regionally occurring critical environmental factors, 

such as the occurrence of various pathogens and pests, as well as deficiencies in water 

and nutrient supply (Shewry 2009). 

Due to the projected increase in demand for wheat, productivity has to be 

increased worldwide (Tadesse et al. 2019). Wheat productivity in Germany has 

increased in recent decades, mainly due to advances in the growing system (70%), 

while 30% of improvement can be explained by breeding (Ahlemeyer and Friedt 2012, 

Voss-Fels et al. 2019). The potential exists to achieve grain yield above 10 tons per 

hectare (Senapati and Semenov 2020, Shewry 2009) and regional breeding progress 

has been reported to average at 2.5% annually, taking into account the relative genetic 

gain (Tadesse et al. 2019). However, climate change will be the biggest challenge for 

wheat production (Miedaner and Juroszek 2021) and dealing with biotic as well as 

abiotic stresses will become increasingly important to ensure high yields (Tadesse et 

al. 2019). In Central Europe, hotter and dryer conditions are expected with an 

increased likelihood of extreme weather events. These climatic changes will further 

influence the occurrence of pathogens and diseases, such as their geographical 

expansion, seasonal performance, and population dynamics. Due to the limited 

availability of fungicides and its inadvertent effects on the environment, resistance 

breeding is of high importance to ensure stable and sufficient on-farm grain yield 

(Miedaner and Juroszek 2021). 
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1.3 Leaf rust and stripe rust epidemics highly affecting the wheat production 

Leaf rust is caused by Puccinia triticina and stripe rust is caused by Puccinia striiformis 

f. sp. tritici. Rust diseases are taxonomically grouped in the kingdom Fungi, phylum 

Basidiomycota, class Urediniomycetes, order Uredinales, family Pucciniacea, and 

genus Puccinia (Chen et al. 2014, Bolton et al. 2008). Leaf rust and stripe rust are 

amongst the most important wheat diseases (Huerta-Espino et al. 2011, Wellings 

2011) appearing in wheat growing areas around the globe (Bolton et al. 2008). 

Frequently appearing epidemics cause yield losses up to 70% (Chen 2005, Huerta-

Espino et al. 2011) and reduce grain quality (Prescott et al. 1986). There is a 

permanent development and expansion of new aggressive pathotypes, e.g. the 

Warrior race group occurring 2011 in Europe is the latest example for stripe rust. It 

turned out that susceptible varieties were cultivated on 88% of the global wheat 

growing area (Schwessinger 2017). 

Rust diseases have infested wheat since its origin and adapted with its evolution 

(Bolton et al. 2008). Besides the alternative hosts, leaf rust and stripe rust appear 

mainly on hexaploid wheat, but can also be found on durum wheat, emmer, and triticale 

(Bolton et al. 2008, Chen et al. 2014). 

Symptoms of leaf rust are brown uredospore pustules in a uniform distribution 

on the leaf surface (Bolton et al. 2008), while stripe rust pustules are colored yellow 

to orange and were lined up as long, small stripes on the leaves (Figure 2) (Chen et 

al. 2014, Schwessinger 2017). 

    

Figure 2: Infection symptoms of leaf rust (A) and stripe rust (B). 

In general, rust spores are spread by wind, which allows an easy transport over 

hundreds of kilometers (Bolton et al. 2008). Wind and rain allow their deposition on the 

surface of each host leaf (Chen et al. 2014). Optimal infection conditions are humid 

weather and a temperature of 20°C for leaf rust (Bolton et al. 2008) and 7°C - 12°C for 

A) B) 
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stripe rust. In addition, stripe rust is highly sensitive to further environmental factors 

like air and light conditions. Uredospores germinate to reach a stomata, where an 

appressorium is formed as starting point of the infection process. In further steps, 

structures of substomatal vesicle, penetration hyphae, septum, primary infection 

hypha, haustorial mother cells, and a haustorium are formed. The haustorium acts as 

a feeding unit and recruits nutrients from the host cell (Chen et al. 2014). For this 

purpose, plant defenses must be bypassed, which is achieved by the rust fungi 

producing compounds and proteins that affect the common life cycle of the host cell 

(Schwessinger 2017). 

 

Figure 3: Life cycle of stripe rust exemplary for the behaviour of all wheat rust fungi (taken from 
Zheng et al. 2014, https://doi.org/10.1038/ncomms3673, Creative Commons Attribution-
NonCommercial-NoDerivs 3.0 Unported License). 

The life cycle of rust diseases includes five different spore stages infecting two 

distinct host species. The alternative host species are Thalictrum speciosissimum or 

Isopyrum fumaroides and Berberis or Mahonia ssp. for leaf rust and stripe rust, 

respectively (Bolton et al. 2008, Chen et al. 2014, Schwessinger 2017). The sexual 

phase of the rust infection cycle is built by basidiospores infesting the alternative host 

in spring (Figure 3). As a result, pycnia are established producing specified 
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pycniospores (n) including a haploid genome set within one nucleus. Sexual 

recombination happens when pycniospores merge with suitable hyphae of the pycnia 

resulting in an aecium (n+n) containing two nuclei. This is realized multiple times 

creating an intense genetic diversity within each aecia. The shift to the vegetative 

infection cycle is realized by aeciospores (n+n) infecting wheat as primary host and 

causing severe economically damage. Infected wheat leaves are characterized by 

colored pustules of urediniospores (n+n) appearing on their surface which are 

distributed by wind resulting in 15 reinfections of wheat per growing season (Littlefield 

1981, Hovmøller and Justesen 2007, Chen et al. 2014, Rodriguez-Algaba et al. 2014, 

Schwessinger 2017). During the asexual cycle somatic recombination appears 

resulting in a further increase of genetic diversity (Bolton et al. 2008, Park et al. 1999, 

Park and Wellings 2012, Schwessinger 2017). Rust diseases are able to survive mild 

winters as mycel or uredinospores (Bolton et al. 2008). The life cycle is completed at 

the end of the growing season by forming robust dikaryotic teliospores (2n). In spring 

the teliospores initiate sexual recombination which causes the formation of double-

haploid basidiospores (n) with two nuclei that start the sexual phase on the alternate 

host plant again (Littlefield 1981, Hovmøller and Justesen 2007, Chen et al. 2014, 

Rodriguez-Algaba et al. 2014, Schwessinger 2017). 

The highest diversity of leaf rust and stripe rust races is found in the Fertile 

Crescent (Bolton et al. 2008, Schwessinger 2017), which is due to the high amount of 

sexual recombination there. Furthermore, the sexual infection cycle of stripe rust is 

also found in the widened Himalayan region, as well as in the Middle East, and 

Mediterran regions, but with a decreasing frequency (Thach et al. 2016). In all other 

regions of the world, only the vegetative infection cycle was observed, resulting in a 

clonal structure of emerging rust populations (Schwessinger 2017). 

Due to a great number of sexual and asexual recombination events, leaf rust 

and stripe rust show a tremendous genetic diversity (Bolton et al. 2008, Schwessinger 

2017). Based on stem rust data, it can be assumed that at maximum 70 billion diverse 

spores are produced on an infested alternate host plant (Littlefield 1981, Schwessinger 

2017), while 25 million urediniospores are build in a wheat field with missing resistance 

per infested square meter and generation. Combined with an assumed mutation 

frequency of 1 x 10-6 per locus (Littlefield 1981, Hovmøller and Justesen 2007, 

Schwessinger 2017), this results in a dramatically high potential for genetic variation 

per locus within one growing season (Hovmøller et al. 2016, Schwessinger 2017, 
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Wellings 2011). Therefore, new virulent pathotypes appear with an increased 

frequency caused by the widespread cultivation of susceptible wheat varieties (Bolton 

et al. 2008) and expanding very fast over the continents (Hovmøller et al. 2016, 

Schwessinger 2017, Wellings 2011). Within each region the prevalent rust population 

is object of local adaption, stepwise evolution, and a high selection pressure (Bolton et 

al. 2008, Schwessinger 2017). Therefore, different pathotypes are of variable 

importance in the wheat growing areas worldwide. For example, ca. 70 different leaf 

rust races were detected per year in the US (Kolmer et al. 2007), while 30 - 50 (Goyeau 

et al. 2006) and 10 - 15 (Park 1996) occurred in France and Australia, respectively 

(Bolton et al. 2008). 

1.4 Classification and characterization of known rust resistance genes 

Losses caused by epidemics and pests can be avoided in a highly environmentally 

friendly manner by breeding using major resistance genes (Miedaner and Juroszek 

2021, Schwessinger 2017). There are ca. 90 leaf rust resistance genes (Lr-genes) and 

around 80 stripe rust resistance genes (Yr-genes) known (McIntosh et al. 2017) 

originated from common wheat, durum wheat or different wild wheat species. The 

different resistance genes were located on almost every chromosome of hexaploid 

wheat (Bolton et al. 2008), while only Lr1, Lr10, Lr21, Lr22a, Lr34, Yr10, and Yr15 have 

been cloned (Cloutier et al. 2007, Feuillet et al. 2003, Huang et al. 2003, Klymiuk et al. 

2018, Krattinger et al. 2011, Liu et al. 2014, Moore et al. 2015, Thind et al. 2017). 

Diagnostic markers were developed for Lr1, Lr10, Lr26, Lr37, Yr4, Yr6, Yr7, Yr9, Yr17, 

Yr27, and Yr32 (Chen 2005, Serfling et al. 2011, Zheng et al. 2017). Within European 

wheat breeding Lr1, Lr3a, Lr10, Lr13, Lr14a, Lr17b, Lr20, Lr26, and Lr37 (Park et al. 

2001, Pathan and Park 2006) as well as Yr1, Yr3, Yr4, Yr6, Yr7, Yr9, Yr17, Yr27, Yr32, 

YrHVII, and YrSP (Pathan et al. 2008) were frequently used leaf rust and stripe rust 

resistance genes, respectively. Effective rust resistance genes cause different visible 

symptoms on the leaves, e.g. hypersensitive spots, chlorosis, necrosis or a reduced 

size of uredospore pustules (Bolton et al. 2008). They can be clustered into two distinct 

categories of seedling and adult plant resistance (Schwessinger 2017). 

The majority of rust resistance genes causes complete resistance against a 

specific rust race and are effective during the whole plant life starting at the seedling 

stage (Bolton et al. 2008, Schwessinger 2017). Therefore, these are known as seedling 

resistance, race-specific resistance or qualitative resistance (Bolton et al. 2008, Singh 
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et al. 2005). Seedling resistance is based on a hypersensitive reaction leading to cell 

death. In detail, most of these genes are coding for nucleotide-binding site leucine-rich 

repeat (NBS-LRR) proteins, which are able to notice a fungal attack based on effector 

proteins and inducing a defense reaction (Bolton et al. 2008, Schwessinger 2017). 

However, this resistance is based on a monogenic inheritance following Flor´s gene 

for gene concept (Flor 1956, Flor 1971). Meanwhile, an oligogenic basis is assumed, 

depending on a few genes with major effects, and suggesting its classification as a 

special case of quantitative resistance (Heath 2000). This consideration did not change 

the conclusion, that these genes can easily lose their effectiveness by the permanent 

evolution of new virulent rust pathotypes (Bolton et al. 2008, Schwessinger 2017, 

Serfling et al. 2013). 

In contrast, a small group of resistance genes is known to not follow the classical 

one-for-one relationship including Lr34 (Bolton et al. 2008), Lr46 (Lillemo et al. 2008), 

Yr18, and Yr29 (Chen 2013). Mostly, their expression yields in ABC transporter, 

kinase, or hexose transporter proteins (Zetzsche et al. 2019) resulting in a quantitative 

reduction of the infection level at the adult plant stage (Bolton et al. 2008, Chen 2013). 

The expression of their resistance is highly variable taking place between tillering and 

heading (EC 20 – EC 59). Their efficiency is influenced by environmental factors 

(Anonymus 2021, Zhang et al. 2012). This resistance group is effective against all 

races of the respective rust disease and therefore known as so called adult plant 

resistance, non-race-specific resistance or quantitative resistance. Adult plant 

resistance (APR) is of high durability and effectiveness, due to its dependency from 

many genes (Bolton et al. 2008). 

The aim of central importance within resistance breeding is the creation of 

varieties including effective and long-lasting resistances (Miedaner and Juroszek 

2021). To support the durability of resistances, breeders aim to combine a few 

resistance genes within the same variety (Singh et al. 2005, Zetzsche et al. 2020), 

while the accumulation of four to five resistance genes of complementary function is 

an optimal strategy (Miedaner and Juroszek 2021). 

1.5 Expansion of hybrid breeding generates new options for resistance 

breeding 

Due to its natural flowering biology, wheat was usually bred following the classical line 

breeding. Nevertheless, during research efforts within the last decades, hybrid 
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breeding is known to increase yield as well as yield stability. Therefore, many efforts 

were undertaken to transfer this breeding scheme to self-pollinating crops like wheat 

and create F1 hybrids of a high performance level (Jiang et al. 2017, Longin et al. 2013, 

Mühleisen et al. 2014). In addition, wheat hybrids resulted in a higher resiliance when 

confronted with variable biotic and abiotic stresses (Gowda et al. 2014, Longin et al. 

2013, Miedaner et al. 2013, Zhao et al. 2013). The enrichment of different resistance 

genes within the same variety is of high interest to protect the effectivity of existing 

resistances (Singh et al. 2005) and can be efficiently realized by using hybrid breeding. 

Nevertheless, its potential to accumulate resistance genes strongly depends on the 

degree of dominance of loci (Longin et al. 2012). In conclusion, hybrid breeding in 

wheat enables a promising option to support resistance breeding. 

1.6 Rust resistance can be highly improved using upgraded breeding methods 

Frequently used resistance genes are often overcome quickly, due to the permanent 

evolution of new rust pathotypes, which is known as „boom and bust cycle“ 

(Schwessinger 2017). Including rust resistance in the focus of early breeding stages 

ensures high selection intensity for all traits of interest, while decreasing the necessary 

costs and time (Miedaner and Juroszek 2021, Miedaner and Korzun 2012). During the 

last five decades, European wheat breeding has been able to improve grain yield and 

rust resistance simultaneously by e.g. enhacing the leaf rust resistance with an annual 

rate of 1.1% (Zetzsche et al. 2020). Nevertheless, ambitions to realize a faster, more 

efficient and easier breeding cycle are still going on to support resistance breeding. 

It is well known that genetic resources often include durable resistance genes 

of high interest (Tadesse et al. 2019). Therefore, many rust resistance genes were 

transferred into wheat from wild relatives (Bolton et al. 2008, Tadesse et al. 2019). 

Though, until now only 10% of genetic resources preserved in genebanks were already 

used by commercial breeding (Chapman 1986, Tadesse et al. 2019), because of 

difficulties in handling the material as well as a lack of detailed descriptive data. For 

this reason, promising tools supporting the accumulation of resistance genes are 

precise phenotyping methods (Tadesse et al. 2019). 

Efficient breeding for a high rust resistance level can be supported by molecular 

tools, like marker-assisted (MAS) (Lande and Thompson 1990) and genomic selection 

(GS) (Meuwissen et al. 2001), which are especially simplifying the selection process 

(Miedaner and Korzun 2012, Ordon et al. 1998). The resistance of genotypes can be 
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estimated based on a few markers by using marker-assisted selection. This strategy 

is frequently used to accumulate many resistance genes in one cultivar (Miedaner and 

Korzun 2012). However, detailed genetic information describing the basis of leaf rust 

and stripe rust resistances within German wheat varieties is often not available 

(Miedaner and Juroszek 2021) underlining the highly complex genetic architecture of 

rust resistance as well as the difficulty to identify diagnostic and durable markers. In 

contrast, genomic selection integrates all available marker information to predict the 

resistance performance, which is of interest for traits of complex genetic architecture 

and highly beneficial to accumulate resistance alleles of quantitative expression 

(Bernardo 2008, Meuwissen et al. 2001). For this reason, genomic selection (GS) is a 

valuable tool to capture quantitative resistances inherited by many quantitative trait loci 

(QTL) of moderate effects and enrich these in the same cultivar (Miedaner and 

Juroszek 2021). 

The breeding cycle was permanently improved and new promising tools were 

included like molecular marker techniques to make it more efficient and faster. This 

development is still going on and can be intensified by the integration of speed 

breeding or genome-based prediction strategies (Bernardo 2008, Hickey et al. 2017, 

Meuwissen et al. 2001) based on precise phenotypic data. It is highly needed but 

challenging to produce robust phenotypic data within a short time. For this reason, the 

establishment of innovative phenotyping methodologies is needed resulting in a time- 

and resource-saving way to produce precise phenotypic information (Hickey et al. 

2017). Some protocols complying those requests based on greenhouse trials were 

already published (Lueck et al. 2020, Riaz et al. 2016). In more detail, Lueck et al. 

(2020) presented a promising concept by producing detached leaf assays of seedlings, 

which were afterwards screened by a robotic- and computer-based high-throughput 

system. Advantages of this strategy are the fast availability of disease quantification 

data observing a large number of single plants, while steadily updated pathogen 

populations can be used and the parallel observation of different diseases or isolates 

is possible. However, a verification of this innovative phenotyping strategy is needed 

and should be done by observing its benefits for practical wheat breeding. In this 

context, the possibility of transferring juvenile plant results based on detached leaves 

to adult plants cultivated in the field is requested (Irwin et al. 2003).  
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2 Objectives 

The overall goal of this work was the assessment of different breeding strategies to 

increase rust resistance based on examining the genetic architecture of leaf rust and 

stripe rust resistance within the European wheat population. In particular, the 

objectives were to (1) evaluate the benefit of hybrid breeding on resistance 

improvement by especially investigating the degree of dominance of leaf rust and stripe 

rust resistance, (2) compare the prediction accuracy of marker-assisted with genomic 

selection concerning two independent, comprehensive hybrid wheat populations, as 

well as (3) examine the correlations between seedling and adult plant resistance to 

validate greenhouse seedling tests combined with a high-throughput phenotyping 

platform.  
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Abstract

Key message Hybrid wheat breeding is a promising strategy to improve the level of leaf rust and stripe rust resist-

ance in wheat.

Abstract Leaf rust and stripe rust belong to the most important fungal diseases in wheat production. Due to a dynamic devel-

opment of new virulent races, epidemics appear in high frequency and causes significant losses in grain yield and quality. 

Therefore, research is needed to develop strategies to breed wheat varieties carrying highly efficient resistances. Stacking of 

dominant resistance genes through hybrid breeding is such an approach. Within this study, we investigated the genetic archi-

tecture of leaf rust and stripe rust resistance of 1750 wheat hybrids and their 230 parental lines using a genome-wide associa-

tion study. We observed on average a lower rust susceptibility for hybrids in comparison to their parental inbred lines and 

some hybrids outperformed their better parent with up to 56%. Marker-trait associations were identified on chromosome 3D 

and 4A for leaf rust and on chromosome 2A, 2B, and 6A for stripe rust resistance by using a genome-wide association study 

with a Bonferroni-corrected threshold of P < 0.10. Detected loci on chromosomes 4A and 2A were located within previously 

reported genomic regions affecting leaf rust and stripe rust resistance, respectively. The degree of dominance was for most 

associations favorable in the direction of improved resistance. Thus, resistance can be increased in hybrid wheat breeding 

by fixing complementary leaf rust and stripe rust resistance genes with desired dominance effects in opposite parental pools.

Introduction

Wheat (Triticum aestivum L.) is an important crop in the 

world with an annual production of ~ 770 million tons har-

vested on ~ 220 million hectares in 2017 (FAO 2019). Wheat 

is a central source of calories and proteins for human nutri-

tion and plays therefore an important role to feed the earth´s 

growing population (Peña-Bautista et al. 2017). Leaf rust 

caused by Puccinia triticina and stripe rust caused by Puc-

cinia striiformis f. sp. tritici belong to the most important 

fungal diseases of wheat (Huerta-Espino et al. 2011; Well-

ings 2011). Leaf rust and stripe rust show enormous genetic 

diversity due to phases of sexual recombination within their 

life cycle. The naturally occurring rust population is subject 

of local adaption, stepwise evolution, and a high selection 

pressure leading to the dynamic development of new patho-

types (Bolton et al. 2008; Schwessinger 2017). Therefore, 

epidemics appear in high frequency resulting in yield losses 

up to 70% (Chen 2005; Huerta-Espino et al. 2011) as well as 

a reduced grain quality (Prescott et al. 1986).
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The use of effective resistance genes against rust diseases 

in wheat cultivars is a sustainable and environment-friendly 

solution to reduce yield and quality losses. Currently there 

are around 90 and 80 resistance genes for leaf rust (Lr-genes) 

and stripe rust (Yr-genes) known, respectively (McIntosh 

et al. 1995, 2005, 2009, 2013, 2015, 2017). The majority 

of those cause race-specific resistance mostly leading to 

hypersensitive cell death (Bolton et al. 2008; Singh et al. 

2005). In contrast to this, very few genes are known, which 

are non-race-specific and result in a quantitative reduction 

in the infection level at the adult plant stage like Lr34 (Bol-

ton et al. 2008), Yr18, or Yr29 (Chen 2013). Race-specific 

resistance causes complete resistance at the seedling stage 

and is based on a single gene, which can be easily over-

come by fast developing rust populations (Bolton et al. 2008; 

Schwessinger 2017).

To promote the effectiveness of resistance, breeders aim 

to pyramidize resistance genes within the same cultivar 

(Singh et al. 2005). Stacking dominant resistance genes can 

be most efficiently implemented through hybrid breeding 

(Longin et al. 2012). Currently, hybrid breeding is imple-

mented in several wheat breeding programs, because it 

promises to boost yield and yield stability (Jiang et al. 2017; 

Longin et al. 2013; Mühleisen et al. 2014). The potential 

of stacking resistance genes via hybrid breeding strongly 

depends on the frequency of genes displaying complete 

dominance. Nevertheless, there is a lack of background 

knowledge on the genetic architecture and degree of domi-

nance of resistance against rust diseases in wheat.

Our study is based on a comprehensive hybrid wheat 

population including 1750 hybrids derived from crossing 

of 189 female and 41 male lines using an incomplete facto-

rial mating design. The parents and hybrids were evaluated 

in multi-environment field trials for leaf rust and stripe rust 

resistance and genotyped using a 15 k SNP array. The objec-

tives of this study were to (1) identify single nucleotide poly-

morphisms (SNPs) associated with adult plant resistance 

against leaf rust and stripe rust by performing genome-wide 

association mapping, (2) investigate the genetic architecture 

plus the degree of dominance of leaf rust and stripe rust 

resistance within a European hybrid wheat population, and 

(3) evaluate the resistance improvement based on a hybrid 

breeding strategy.

Materials and methods

Plant material

This study comprised 189 female and 41 male elite winter 

wheat lines and their 1750 single-cross hybrids, which were 

generated following an incomplete factorial mating design 

using chemical hybridization agents. The elite lines were 

provided by the following 13 wheat breeding companies: 

BASF Agricultural Solutions GmbH, Deutsche Saatvere-

delung AG, KWS LOCHOW GmbH, Limagrain GmbH, 

Pflanzenzucht Oberlimpurg, RAGT-Saaten GmbH, Saat-

zucht Bauer GmbH, Saatzucht Josef Breun GmbH & Co. 

KG, Saatzucht Streng-Engelen GmbH & Co. KG, Secobra 

Saatzucht GmbH, Strube Research GmbH & Co. KG, Syn-

genta Seeds GmbH, and W. von Borries-Eckendorf GmbH & 

Co. KG. Details on the crossing design have been described 

elsewhere (Boeven et al. 2020).

Field trials and experimental design

Hybrids and their parental lines were grown in multi-loca-

tion, unreplicated field trials in two years (2016, 2017) to 

monitor their leaf rust and stripe rust severity. Leaf rust data 

were collected in seven different environments while stripe 

rust was observed in five environments (Table 1).

The field trials were unreplicated and included the same 

11 checks (JB Asano, Julius, RGT Reform, Colonia, KWS 

Loft, Rumor, Tobak, Elixer, Hybred, Hystar, LG Alpha) for 

every environment. Field trials were randomized following 

an α-design. Infection of genotypes with leaf rust and stripe 

rust occurred naturally and was scored at the date of flower-

ing (EC stage 65) on the flag leaf. An ordinal scale from 1 

to 9 on the basis of the Bundessortenamt (2000) was used 

in order to score infections, where one stands for minimal 

symptoms and nine indicates extensive disease symptoms.

Table 1  Characterization of 

environments, in which leaf rust 

and stripe rust severity were 

evaluated

Location Year Latitude Longitude Soil type Leaf rust Stripe rust

Asendorf 2016 52.738315 9.006696 Luvisol Yes

Feldkirchen 2017 48.29080 11.55063 Cambisol Yes

Hadmersleben 2016 51.5837 11.1751 Deep loam Yes Yes

Hadmersleben 2017 51.5837 11.1751 Deep loam Yes Yes

Leopoldshöhe 2017 51.58456 8.40396 Luvisol Yes

Northeim 2016 51.44240 9.54367 Loess-/Loamsoil Yes

Rosenthal 2016 52.181889 10.105288 Chernozem Yes Yes

Söllingen 2017 52.097285 10.925914 Chernozem Yes Yes
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Analysis of phenotypic data

Detection of outliers and estimation of variance compo-

nents was conducted implementing the following mixed 

linear model:

where yijkl is the performance of lines (i = j) or hybrids (i ≠ j) 

arising from a cross between the ith parent with the jth par-

ent in the kth incomplete block in the lth environment. � 

refers to the overall population mean. e
l
 is the effect of the 

lth environment, i.e., location by year combination, b
k|l rep-

resents the block effect of the kth block nested within the 

lth environment.gij was only modeled for the parental lines 

and stands for their genotypic effect. m
i
 and fj were modeled 

for hybrids and are the GCA effects of the ith and jth of the 

male and female parent, respectively, sij symbolizes the SCA 

effect of the cross between the ith and jth parents. (me)
il
 as 

well as (fe)jl which were only modeled for hybrids, are the 

interaction between the GCA effect of the ith and jth parent 

with the lth environment., �ijkl refers to the corresponding 

residuals. All effects except the intercept were modeled as 

random effects.

A second model was used to obtain best linear unbiased 

estimations (BLUEs) across environments.

where yikl is the phenotypic observation of the ith genotype 

in the kth block at the lth environment. � is the intercept, gi 

symbolizes the genotypic effect of the ith individual and e
l
 

stands for the effect of the lth environment. b
k|l represents 

the block effect of the kth block nested within the lth envi-

ronment, while �
ikl

 is the residual error associated with the 

observation yikl . The genotype effect was assumed as fixed to 

estimate the BLUEs, while all remaining effects were treated 

as random. Broad-sense heritability was calculated using 

variance component estimates of the first model as:

Variance of genotypes was estimated as the sum of vari-

ance components of GCA and SCA effects. Variance of 

interaction effects of genotypes and environments were 

estimated as the sum of variance of GCA-by-environment 

interaction effects. Heritability for single locations was 

estimated following the concept of genomic heritability 

to evaluate the quality of field trials. This was done by 

estimating the prediction abilities applying fivefold cross-

validation as outlined in detail elsewhere (Schulthess et al. 

2018).

yijkl = � + el + bk|l + gij + mi + fj + sij + (me)il + (fe)jl + �ijkl,

yikl = � + gi + el + bk|l + �ikl,

h
2
=

�
2
Genotype

�
2
Phenotype

=

�
2
Genotype

�
2
Genotype

+
�

2
G×E

No. of environment
+

�
2
error

No. of environment

Genotypic analysis

The extraction of DNA was conducted in compliance with 

known standard procedures (Stein et al. 2001). Parental 

lines were genotyped using a 15 k single-nucleotide-pol-

ymorphism (SNP) array containing a subset of the wheat 

90 k Illumina Infinium array (Wang et al. 2014). Composi-

tion of the 15 k SNP chip and the genotyping was imple-

mented by TraitGenetics GmbH (http://www.trait genet ics.

com). Population structure of the parental pools was exam-

ined by calculating their Rogers’ distances in addition to 

perform a principle coordinate analysis (PCoA). Genotypic 

information was imputed in accordance to He et al. (2015). 

Quality filtering was performed whereby redundant markers, 

markers with missing values > 5%, heterozygosity of > 5% 

in inbred material, or a minor allele frequency (MAF) of 

< 5% were excluded. After this selection, 10,453 markers 

and 1768 genotypes of high quality were left and used for 

association mapping. The procedure for the association map-

ping was previously described in detail by Liu et al. (2016). 

We applied the following model:

where Y describes BLUEs across the locations, � is the vec-

tor of intercept effects, a symbolizes the vector of additive 

effects, d is a vector of dominance effects, z is representing 

the vector of polygene background effects and � stands for 

the vector of residual effects. A, D, and Z were incidence 

matrices, which relates the BLUEs to the vectors a, d, and 

z. Further, a Bonferroni-corrected threshold of P < 0.10 was 

applied to control for multiple testing. All statistical analyses 

were done using the software R (R Development Core Team 

2014) and the package ASReml-R 3.0 (Gilmour et al. 2009). 

The minor allele frequency (MAF) for significant associated 

markers was calculated and the linkage disequilibrium (LD) 

was assessed by the LD measure r2 (Weir 1996).

Results

The hybrids and their parental lines were evaluated for 

leaf rust severity in seven different environments. The esti-

mated heritability for parents was h2 = 0.82 and for hybrids 

h2 = 0.66. The sum of variance of GCA effects was two times 

larger than the variance of SCA effects (Suppl. Table 1). 

Leaf rust severity of female parents ranged from 2 to 5 with 

a mean of 3.21 and male lines ranged from 3 to 4 and aver-

aged at 3.23 (Fig. 1; Suppl. Table 2). The hybrid population 

covered a range from 2 to 5 with a mean value of 3.10. The 

hybrids outperformed the better parent by an average of 0.28 

(Suppl. Figure 1; Suppl. Table 2).

Y = � + Aa + Dd + Zz + �,
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The assessment of different genotypes for stripe rust 

severity was conducted in five environments resulting in a 

heritability for parents and hybrids of h2 = 0.92 and h2 = 0.72, 

respectively. The sum of variance of GCA effects was 

five times larger than the variance of SCA effects (Suppl. 

Table 1). The parental pool of females showed a wide dis-

tribution from 1 to 7 with an average of 3.45, while male 

lines ranged from 1 to 5 with a mean of 1.98. Hybrid scores 

were ranging from 1 to 6 with a mean of 2.07 (Fig. 1; Suppl. 

Table 2). The stripe rust distribution was skewed towards 

resistance, which can be explained by intensive selection of 

parental lines for this trait. The hybrids outperformed the 

better parent by an average of 0.40 (Suppl. Figure 1; Suppl. 

Table 2).

Parental lines were genotyped with genome-wide distrib-

uted SNP markers. We examined the population structure 

and relatedness of all parental lines by calculating their 

Rogers’ distances (Suppl. Figure 2) and implemented a 

PCoA (Suppl. Figure 3). Both procedures indicated that the 

population of parental lines is not structured and distinct 

parental pools are missing. Therefore, we corrected in the 

genome-wide association mapping for relatedness using a 

kinship matrix and ignored terms to correct for effects of 

subpopulations.

Genome-wide association scans were performed with 

the high-quality data of 10,453 markers using a signifi-

cance threshold of P < 0.10 applying Bonferroni correc-

tion for multiple testing. We observed only a few loci 

with significant additive effects on leaf rust severity. In 

contrast, there were several loci exhibiting significant 

dominance effects (Fig.  2). Putative quantitative trait 

loci (QTL) affecting leaf rust resistance were detected 

on chromosomes 3D and 4A with respect to their addi-

tive effects and on chromosomes 2B, 4A, and 7A for 

dominance effects. The strongest association for leaf rust 

resistance was identified for dominance effects by a major 

peak of significantly associated markers on chromosome 

4A. In total, there were 61 significantly associated mark-

ers on chromosome 4A, which were all located between 

104 and 166 cM according to the genetic linkage map 

of Wang et al. (2014). Those associated markers could 

be assigned to 22 or 47 unique groups based on similar 

genetic or physical positions. Most of the identified mark-

ers with an effect on leaf rust resistance are physically 

located on chromosome 4A in the genomic region between 

627,815 and 742,567 Mbp of the wheat reference genome 

(International Wheat Genome Sequencing Consortium 

(IWGSC) 2018). Combining the marker data with the 

wheat reference genome was done to compare associated 

loci with genomic regions of previous known function. 

Four detected significant markers on chromosome 4A 

located between 707,043 and 726,215 Mbp in addition to 

two markers on 2B placed at 157,694 and 442,797 Mbp 

were identified within the regions of previous known NBS-

LRR genes, while detected markers on chromosome 2B 

and 6A are located within regions of previous known pro-

tein kinase genes (Table 2). Most of the identified signifi-

cant markers showed desired negative dominance effects 

Fig. 1  Summary of phenotypic data for leaf rust (a) and stripe rust 

severity (b). Histograms showing genotype frequencies for scoring 

grades one to nine on the x-axis for leaf rust and stripe rust sever-

ity. In addition, violin plots showing the distribution for rust severity 

clustered for single parental pools and hybrids
Fig. 2  Manhattan plots from the genome-wide association scan for 

additive and dominance effects on leaf rust severity. The dashed hori-

zontal line symbolizes the significant threshold of P < 0.10 applying 

Bonferroni correction. Unmapped markers were outlined under “UM”
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(Suppl. Table 3). Based on the implemented analyses, 

putative QTLs were identified on chromosomes 2B, 3D, 

4A, and 7A. 

Several loci with significant additive effects, but only a 

few with significant dominance effects on stripe rust sever-

ity were detected (Fig. 3). Strong associations with major 

peaks of significantly associated markers were identified 

on chromosomes 2A and 2B for both, additive and domi-

nance effects and on chromosome 6A for additive effects. 

We detected 25 significantly associated markers on chro-

mosome 2A, which are located between 2.9 and 29.1 cM 

corresponding to the genetic linkage map of Wang et al. 

(2014). The majority of identified markers on chromosome 

2A, which were associated with stripe rust resistance were 

physically located in the genomic region between 2478 

and 19,126 Mbp of the wheat reference genome (IWGSC 

2018). The referred physical regions were used to identify 

significant associated markers related to genome regions 

with reported resistance functions. A few detected sig-

nificant markers were located in the regions of previously 

known NBS-LRR genes on chromosome 2A (Table 3) and 

may be considered as possible candidate genes for dif-

ferent Yr-genes. Most of the identified significant mark-

ers showed desired negative dominance effects (Suppl. 

Table 4).

By the analysis of the linkage disequilibrium (LD), pat-

terns among significantly associated markers were deter-

mined using the squared Pearson´s correlation coefficient 

(r2) among the SNP markers (Figs. 4, 5; Suppl. Figures 4, 5). 

The markers can be clustered into two groups, while there is 

a high LD within each group and moderate LD between the 

groups. Comparing the phenotypic information for the two 

rust diseases unraveled an absence of a correlation between 

leaf rust and stripe rust severity (Fig. 6). Further on, the 

few markers explaining the highest phenotypic variance for 

leaf rust and stripe rust resistance were used to examine the 

dominance degree (Fig. 7). The degree of dominance is high 

ranging for the observed markers from partial dominance to 

overdominance.   

Table 2  Comparison of detected markers with a significant effect on leaf rust severity with the location of previously known resistance genes 

within the reference genome

Marker (ID of reference gene) Type Chr. Physical Marker Pos. Gene function Physical Gene Pos.

Start (bp) End (bp) Start (bp) End (bp)

RAC875_c1226_652 

(TraesCS2B01G182800)

dom 2B 157,693,634 157,693,534 NBS-LRR disease resistance 

protein

157,688,966 157,696,282

wsnp_JD_c9251_10121369 

(TraesCS2B01G309900)

dom 2B 442,796,772 442,796,972 Protein kinase 442,795,590 442,798,055

wsnp_Ex_c4331_7808746 (TraesC-

S4A01G437200)

add 4A 707,042,951 707,043,104 Protein enhanced disease resistance 

2-like

707,040,590 707,048,030

Excalibur_rep_c112888_602 

(TraesCS4A01G446700)

add 4A 714,176,967 714,176,867 Disease resistance protein (TIR-

NBS-LRR class) family

714,176,254 714,180,521

RAC875_rep_c69632_65 (TraesC-

S4A01G446700)

add 4A 714,179,046 714,179,146 Disease resistance protein (TIR-

NBS-LRR class) family

714,176,254 714,180,521

BobWhite_c47168_598 (TraesC-

S4A01G461700)

add 4A 726,214,991 726,214,891 NBS-LRR resistance-like protein 726,212,910 726,217,457

BobWhite_c47168_289 (TraesC-

S4A01G461700)

add 4A 726,215,300 726,215,200 NBS-LRR resistance-like protein 726,212,910 726,217,457

wsnp_RFL_Contig4456_5258284 

(TraesCS6A01G401200)

add 6A 609,820,815 609,820,915 Leucine-rich repeat receptor-like 

protein kinase family protein

609,813,988 609,821,699

Fig. 3  Manhattan plots of the genome-wide association scan for addi-

tive and dominance effects on stripe rust severity. The dashed hori-

zontal line symbolizes the significant threshold of P < 0.10 applying 

Bonferroni correction

Peer-reviewed scientific articles

21



2176 Theoretical and Applied Genetics (2020) 133:2171–2181

1 3

Discussion

During the last decade, intensive research and develop-

ment efforts have been spent to establish hybrid breed-

ing programs for self-pollinating species. In compari-

son to their parental inbred lines, wheat hybrids showed 

on average around 10% of grain yield increase (Longin 

et al. 2013) and a higher yield stability (Mühleisen et al. 

2014). Furthermore, wheat hybrids were on average less 

susceptible against biotic and abiotic stresses (Gowda 

et al. 2014; Longin et al. 2013; Miedaner et al. 2013; Zhao 

et al. 2013) and allow to stack major dominant genes dur-

ing the breeding process (Longin et al. 2012). Leaf rust 

and stripe rust belong to the most important fungal dis-

eases of wheat (Huerta-Espino et al. 2011; Wellings 2011). 

Due to a continuous development of naturally occurring 

rust populations, epidemics appear in high frequency and 

can cause yield losses of up to 70% (Chen 2005; Huerta-

Espino et al. 2011) as well as a reduction in grain quality 

Table 3  Comparison of detected markers with a significant effect on stripe rust severity with the location of previously known resistance genes 

within the reference genome

Marker (ID of reference gene) Type Chr. Physical Marker Pos. Gene function Physical Gene Pos.

Start (bp) End (bp) Start (bp) End (bp)

BS00068050_51 (TraesC-

S2A01G016200)

add 2A 7,514,010 7,514,110 NB-ARC domain-containing disease 

resistance protein

7,513,301 7,514,256

BobWhite_c12426_84 (TraesC-

S2A01G030000)

add/dom 2A 13,814,670 13,814,570 NBS-LRR-like resistance protein 13,811,892 13,815,254

CAP12_c259_307 (TraesC-

S2A01G037200)

dom 2A 15,875,831 15,875,893 NBS-LRR resistance-like protein 15,874,900 15,876,274

D_contig01272_220 (TraesC-

S2A01G053200)

add/dom 2A 21,262,837 21,263,050 NBS-LRR disease resistance protein 21,261,141 21,264,604

Fig. 4  SNPs with dominant effects for leaf rust severity. Table includ-

ing minor allele frequency (MAF), significance value (−log 10(P)), 

and genetic map position of respective SNP markers that contribute 

significantly to the dominant genetic variation of leaf rust severity. 

The heat plot presents the linkage disequilibrium (LD) measured as 

squared Pearson’s correlation coefficients (r2) among SNP markers
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(Prescott et al. 1986). In this study, we explored the resist-

ance of hybrids against leaf rust and stripe rust in com-

parison to their parental inbred lines. Phenotypic data were 

collected from 1750 hybrids and 230 parental lines and 

were combined with genotypic marker information to elu-

cidate the genetic architecture by performing genome-wide 

association mapping.

Intensive phenotyping resulted in precise estimates 
of leaf rust and stripe rust severity

Phenotyping for leaf rust and stripe rust resistance was done 

under natural infection conditions in field trials across seven 

and five environments, respectively. The present conditions 

led to natural infections with leaf rust and stripe rust within 

each field trial. The quality of field trials was evaluated by 

analyzing single locations and studying the genomic herit-

ability within each location. The minimum value observed 

for genomic heritability amounted to 0.37 with a mean of 

0.57. We consider this as an indicator for excellent testing 

conditions. For the comparison with other studies, the plot-

based heritability for hybrids was estimated and showed 

values of 0.22 and 0.34 for leaf rust and stripe rust, respec-

tively. Longin et al. (2013) observed comparable values for 

resistance against stripe rust (0.25), powdery mildew (0.49), 

Fig. 5  SNPs with dominance effects for stripe rust severity. Table 

including minor allele frequency (MAF), significance value (−log 

10(P)), and genetic map position of respective SNP markers that con-

tribute significantly to the dominant genetic variation of stripe rust 

severity. The heat plot presents the linkage disequilibrium (LD) meas-

ured as squared Pearson’s correlation coefficients (r2) among SNP 

markers

Fig. 6  Plot of BLUEs for each phenotyped genotype comprising par-

ents and hybrids. The x-axis represents the score for leaf rust sever-

ity while on the y-axis the stripe rust severity is shown. Furthermore, 

the correlation between leaf rust and stripe rust severity for parental 

groups, hybrids, and the whole population is presented
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and septoria tritici blotch (0.29). This accordance confirms 

the high quality of the collected field data within this study.

Specific hybrid combinations outperformed 
parental lines for leaf rust and stripe rust resistance

The resistance level of male and female lines was com-

parable for leaf rust (Fig. 1; Suppl. Table 2). In contrast, 

females were more susceptible than males for stripe rust. 

For the female pool, �2

GCA
 contributes to 16.5% of the total 

genetic variance for stripe rust, which illustrates the potential 

to improve the resistance within the female pool. Females 

showed a higher phenotypic diversity than male parents, 

which was reflected by four and two times larger �2

GCA
 and 

the variance of phenotypic resistance performance against 

leaf rust and stripe rust, respectively.

Average midparent heterosis (MPH) amounted to − 1.6% 

and − 1.7% for leaf rust and stripe rust resistance, respec-

tively. Better parent heterosis (BPH) was on average 12% 

and 26% for leaf rust and stripe rust resistance, respectively. 

In total 31% (556 genotypes) and 22% (399 genotypes) of 

the hybrids are more resistant than their better parent with a 

maximum of − 56% (improvement of 2.5 scores) and − 47% 

(improvement of 1.6 scores) for leaf rust and stripe rust 

resistance, respectively. Those results were in accordance 

with previous findings of Longin et al. (2013), who observed 

comparable amounts of average midparent heterosis for leaf 

rust and stripe rust resistance. In summary, hybrid heterosis 

for leaf rust and stripe rust resistance cannot be taken as 

generally valid concept. Specific hybrid combinations show-

ing valuable heterosis effects for rust resistance are required 

to exploit the potential of hybrid wheat breeding. The large 

variation in heterosis levels leads to the conclusion that a 

clear understanding of the genetic architecture influencing 

the hybrid performance is essential to use the portfolio of 

resistance genes in an optimal way for hybrid breeding.

Loci on 3D, 4A and 2A, 2B, 6A were strongly 
associated to leaf rust and stripe rust resistance, 
respectively

Performing genome-wide association mapping with regard 

to leaf rust resistance revealed significantly associated 

loci on chromosomes 3D and 4A. The identified markers 

explained each a phenotypic variance ranging between 3–4% 

(4.45% for the marker with the highest P value), 9–12% 

(12.3% for the marker with the highest P value), and 5–12% 

(12.31% for the marker with the highest P value) (Suppl. 

Table  3). Chromosome 4A appears to be an important 

genome region with a high potential for leaf rust resistance 

in wheat. Correspondingly, promising loci were previously 

detected in association studies observing adult plant resist-

ance in a set of American spring wheat (Gao et al. 2016) and 

in a diverse core set including winter and spring wheat (Li 

et al. 2016) or considering seedling resistance in a wheat col-

lection of CIMMYT (Juliana et al. 2018). The detected sin-

gle nucleotide polymorphism (SNP) BobWhite_c47168_289 

(SNP332) was also found as significantly associated with 

leaf rust resistance on wheat chromosome 4A by Gao et al. 

(2016). Significantly associated marker on chromosome 

3D did not match with previous known gene functions 

connected to disease resistance (IWGSC 2018). Previous 

detected Lr-genes on chromosome 3D did not occur in the 

European wheat population. Detected loci from this study 

are located inside genome regions of previous known nucle-

otide-binding site leucine-rich repeat (NBS-LRR) genes 

(IWGSC 2018). It would be obvious to treat the detected loci 

as candidate genes for the known leaf rust resistance genes 

Lr28 and Lr30, which were located on chromosome 4AL 

Fig. 7  Leaf rust (a) and stripe rust resistance (b) in dependence on 

genotypes detected by associated SNP markers. Box-whisker plots 

showing leaf rust severity of adult plants for different allele combi-

nations at two resistance gene loci explaining each ≥ 12% of the phe-

notypic variation. SNP6846 (r1/R1) and SNP6577 (r2/R2) as well as 

SNP7071 (r1/R1) and SNP8770 (r2/R2) were observed for leaf and 

stripe rust resistance, respectively. R refers to the allele support-

ing susceptibility, while r represents the allele increasing resistance. 

The numbers at the top of each box refer to the observed numbers 

of hybrids (left) and parental inbred lines (right). Only homozygous 

parental lines and hybrids derived from them were considered
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(McIntosh et al. 2013) while Lr28 is more likely because of 

its known dominant inheritance (McIntosh et al. 1982) in 

contrast to Lr30 (Kolmer 1996). Further work needs to be 

conducted for verification, because those resistance genes 

were not cloned so far and due to the large size of chro-

mosome 4AL (~ 300 Mb) NBS-LRR genes might occur in 

a high frequency (IWGSC 2018). Loci showing a strong 

association with stripe rust resistance were detected on chro-

mosomes 2A, 2B, and 6A. However, identified markers on 

chromosome 2B and 6A did not match with previous known 

resistance genes (IWGSC 2018). There is no previous iden-

tified Yr-gene on chromosome 6A. In contrast, marker-trait 

associations on chromosome 2B are putative candidates for 

Yr27 (National BioResource Project 2018), which occur 

with a high frequency in the European wheat population. 

These SNPs explained 3–16% (15.83% for the marker with 

the highest P value) of the phenotypic variance for markers 

on chromosome 2A, 5–11% (10.92% for the marker with the 

highest P value) of the phenotypic variance for markers on 

chromosome 2B, and 1–3% (2.74% for the marker with the 

highest P value) of the phenotypic variance for markers on 

chromosome 6A, respectively (Suppl. Table 4). The impor-

tance of chromosome 2A for seedling and adult plant resist-

ance in wheat was also shown by Juliana et al. (2018) con-

sidering CIMMYT´s bread wheat pool. Positions of detected 

loci on 2A are in coincidence with previous detected NBS-

LRR genes (IWGSC 2018). It is known that seven differ-

ent stripe rust resistance genes are located on chromosome 

2A (Yr1, Yr17, Yr32, Yr61, Yr56, Yr69, YrJ22) (National 

BioResource Project 2018). The European wheat population 

is segregating for the resistance genes Yr1, Yr17, and Yr32, 

which are present at a high frequency especially in winter 

wheat varieties originating from France and Great Britain 

(National BioResource Project 2018). Yr1 and Yr32 were 

reported to be located on the long chromosome arm of 2A 

(Eriksen et al. 2004; National BioResource Project 2018), 

while in contrast, Yr17 originally translocated from Aegilops 

ventricosa could be identified on 2AS (Seah et al. 2001). The 

wheat chromosome 2A has a total size of 780.8 Mb (IWGSC 

2018) and the identified loci related to a resistance function 

were located ranging from 7.5 to 21.2 Mb (Table 3). On this 

account, it is obvious to assume that the few examined loci 

are located on the short chromosome arm of 2A and were 

therefore most likely treated as candidate genes for Yr17.

Leaf rust and stripe rust severity is not correlated 
in the analyzed European breeding material

The comparison of genotypic values for leaf rust and stripe 

rust severity revealed no association between both traits. 

This is in contrast to previous findings, which reported the 

presence of a few pleiotropic genes in wheat causing resist-

ance for both leaf rust and stripe rust. Published completely 

linked genes are Lr34/Yr18 (McIntosh 1992), Lr46/Yr29 

(William et  al. 2003), Lr27/Yr30 (Singh 1992), and 

Lr67/Yr46 (Herrera-Foessel et al. 2011) located on chromo-

some 7DS, 1BL, 3BS, and 4DL, respectively. Those pleio-

tropic genes are predominantly present in spring wheat vari-

eties of North and South America (National BioResource 

Project 2018) and were identified in this study, therefore. 

However, Lr34/Yr18 and Lr27/Yr30 have been implemented 

in many wheat cultivars, but Lr34 causes extremely small 

quantitative resistance effects under field conditions, which 

are macroscopically hardly visible. The resistance induced 

by Lr27 was broken down by many isolates of the natural 

occurring leaf rust populations (Dadkhodaie et al. 2011) 

and was therefore not detected. This leads to the assumption 

that pleiotropic genes causing resistance against both rust 

diseases are absent or inefficient in European winter wheat 

varieties and explains the lack of an association between leaf 

rust and stripe rust resistance in our study.

Improved resistances can be achieved 
through hybrid breeding by fixing leaf rust 
and stripe rust resistance genes in opposite parental 
pools

To reach an increased resistance level of hybrids with the 

help of detected recessive resistance genes, it would be nec-

essary to fix those genes in both parental pools. In this case 

improving resistance is not simplified by hybrid compared 

to line breeding. In contrast, 72 and 56 SNPs with significant 

dominance effects were identified overall influencing leaf 

rust and stripe rust resistance, respectively. The majority 

of those markers (60% for leaf rust and 98% for stripe rust) 

showed higher absolute additive than absolute dominance 

effects. The dominance effect was negative for all detected 

markers, leading to a decreased rust susceptibility in the 

hybrids compared to the midparent performance. Based 

on the amount and the relation of additive and dominance 

effects, most marker loci may be assumed as partial domi-

nant for both, leaf rust and stripe rust resistance. In cor-

respondence to that, Gowda et al. (2014) detected partial 

dominance for leaf rust and stripe rust resistance studying 

a hybrid winter wheat set. Despite of the frequent occur-

rence of partial dominance, a fixation of resistance genes 

in only one parental pool may beneficial. The partial domi-

nance pushing the resistance to a higher level. Therefore, 

fixing the favorable resistance allele in one parental pool 

would minimize breeding efforts and save resources, while 

resulting in a gain of rust resistance (Fig. 7). A rust resist-

ance based on various loci would maximize the resistance 

benefit for heterozygous hybrids and would have additionally 

a positive effect on the effectiveness as well as the durabil-

ity of the resistance against fast adapting rust populations. 

Furthermore, 8% of the examined marker loci showed a 
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complete dominance for leaf rust resistance, while 32% 

and 2% of the loci represented overdominance for leaf and 

stripe rust resistance, respectively (Suppl. Tables 3, 4). For 

those marker loci, the dominant resistance gene should be 

fixed in only one parental pool for the production of resist-

ant hybrids. This would simplify the accumulation of differ-

ent resistance genes within a hybrid due to the combination 

of parental inbred lines carrying different resistance loci 

(Longin et al. 2013) and is therefore a big advantage of the 

hybrid breeding strategy. In summary, the requirement for a 

desirable and profitable fixation of resistance genes in only 

one parental pool is the existence of specific hybrid combi-

nations showing favorable partial or complete dominance for 

disease resistance, and those genes are needed to exploit the 

potential of hybrid wheat breeding. To fulfill this and iden-

tify favorable hybrids, a detailed knowledge of the degree 

of dominance for the relevant resistance genes is needed.
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Abstract 

Improving leaf rust and stripe rust resistance is a central goal in wheat breeding. The 

objectives of this study were to (1) elucidate the genetic basis of leaf rust and stripe 

rust resistance in a hybrid wheat population, (2) compare the findings using a 

previously published hybrid wheat data set, and (3) contrast the prediction accuracy 

with those of genome-wide prediction. The hybrid wheat population included 1,744 

single crosses from 236 parental lines. The genotypes were fingerprinted using a 15k 

SNP array and evaluated for leaf rust and stripe rust resistance in multi-location field 

trials. We observed a high congruency of putative quantitative trait loci (QTL) for leaf 

rust resistance between both populations. This was not the case for stripe rust 

resistance. Accordingly, prediction accuracy of the detected QTL was moderate for 

leaf rust but low for stripe rust resistance. Genome-wide selection increased the 

prediction accuracy slightly for stripe rust albeit at a low level but not for leaf rust. Thus, 

our findings suggest that marker-assisted selection seems to be a robust and efficient 

tool to improve leaf rust resistance in European wheat hybrids. 

The original article has been published in Frontiers in Plant Science 11: 594113 and is 

available online: https://doi.org/10.3389/fpls.2020.594113.
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Improving leaf rust and stripe rust resistance is a central goal in wheat breeding. The

objectives of this study were to (1) elucidate the genetic basis of leaf rust and stripe

rust resistance in a hybrid wheat population, (2) compare the findings using a previously

published hybrid wheat data set, and (3) contrast the prediction accuracy with those of

genome-wide prediction. The hybrid wheat population included 1,744 single crosses

from 236 parental lines. The genotypes were fingerprinted using a 15k SNP array

and evaluated for leaf rust and stripe rust resistance in multi-location field trials. We

observed a high congruency of putative quantitative trait loci (QTL) for leaf rust resistance

between both populations. This was not the case for stripe rust resistance. Accordingly,

prediction accuracy of the detected QTL was moderate for leaf rust but low for stripe

rust resistance. Genome-wide selection increased the prediction accuracy slightly for

stripe rust albeit at a low level but not for leaf rust. Thus, our findings suggest that

marker-assisted selection seems to be a robust and efficient tool to improve leaf rust

resistance in European wheat hybrids.
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INTRODUCTION

Leaf rust caused by Puccinia triticina and stripe rust caused by Puccinia striiformis f. sp. tritici are
important fungal diseases of wheat (Huerta-Espino et al., 2011). Both diseases can cause severe yield
losses with simultaneous reduction of grain quality (Prescott et al., 1986; Chen, 2005). Breeding and
growing of varieties carrying effective resistance genes against rust diseases is a sustainable solution
to avoid or at least reduce yield and quality losses.

Molecular resistance breeding can simplify selection for rust resistances (Ordon et al., 1998;
Miedaner and Korzun, 2012). Two complementary molecular breeding tools are marker-assisted
selection (MAS) (Lande and Thompson, 1990) and genome-wide selection (GS) (Meuwissen et al.,
2001). In MAS, the resistance of genotypes is estimated using a few diagnostic markers. MAS for
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rust resistance is often applied for pyramiding resistance genes
within the same wheat cultivar (Singh et al., 2005). In GS,
a complex genetic architecture is assumed and the resistance
of genotypes is predicted using many markers (Meuwissen
et al., 2001; Bernardo, 2008). GS is of particular interest to
enrich the frequency of resistance alleles underlying quantitative
disease resistance.

Currently, about 90 resistance genes for leaf rust (Lr-genes)
and 80 resistance genes for stripe rust (Yr-genes) are known
(McIntosh et al., 2017). Most of these genes are responsible for
race-specific resistance (Singh et al., 2005; Bolton et al., 2008),
which can easily be broken by rapidly evolving rust populations
(Bolton et al., 2008; Serfling et al., 2013; Schwessinger, 2017).
In contrast, only very few genes that quantitatively and stably
reduce rust infestation are known to be non-race-specific such
as Lr34/Yr18 (Bolton et al., 2008; Chen, 2013) or Yr29 (Chen,
2013). Resistance genes intensively utilized to enhance leaf rust
resistance in European wheat cultivars are Lr1, Lr3a, Lr10, Lr13,
Lr14a, Lr17b, Lr20, Lr26, and Lr37 (Park et al., 2001; Pathan
and Park, 2006), and those used to increase stripe rust resistance
are Yr1, Yr3, Yr4, Yr6, Yr7, Yr9, Yr17, Yr27, Yr32, YrHVII, and
YrSP (Pathan et al., 2008). Nevertheless, only Lr1, Lr10, Lr21,
Lr22a, Lr34,Yr10, andYr15 have been cloned (Feuillet et al., 2003;
Huang et al., 2003; Cloutier et al., 2007; Krattinger et al., 2011;
Liu et al., 2014; Moore et al., 2015; Thind et al., 2017; Klymiuk
et al., 2018) and diagnostic markers are available for Lr1, Lr10,
Lr26, Lr37, Yr4, Yr6, Yr7, Yr9, Yr17, Yr27, and Yr32 (Chen, 2005;
Serfling et al., 2011; Zheng et al., 2017).

The potential of hybrid wheat breeding has been discussed in
detail previously (e.g., Whitford et al., 2013). Hybrids are well-
known to show a higher grain yield performance in combination
with better yield stability compared to inbred lines. This fact
supports the preference to expand the hybrid breeding strategy
also into self-pollinating crops like wheat (Longin et al., 2013;
Mühleisen et al., 2014; Jiang et al., 2017). Besides this main
advantage, wheat hybrids are on average more resilient facing
different biotic and abiotic stresses (Longin et al., 2013; Miedaner
et al., 2013; Zhao et al., 2013; Gowda et al., 2014). The
accumulation of various resistance genes within the same cultivar
is important to keep existing resistances effective (Singh et al.,
2005). An efficient way to stack a number of resistance genes
is given by hybrid breeding (Longin et al., 2012), while its
potential depends on the degree of dominance for special loci.
Therefore, hybrid breeding might be a promising strategy to
promote resistance breeding. Before routine application, it is
pivotal to estimate the accuracy of MAS and GS. The accuracy
should be determined in the relevant populations and have to
be validated. The latter can be implemented either via cross-
validation (Hjorth, 1994) or by validation with independent
genotypes and environments (e.g., Jiang et al., 2016). Only
a limited number of studies validated the accuracy of MAS
and GS of rust resistances in wheat, and they rely on cross-
validation (Gowda et al., 2014; Rutkoski et al., 2014; Juliana et al.,
2017). Due to the restricted number of environments, cross-
validation was performed for independent genotypes but not
independent environments (Gowda et al., 2014; Rutkoski et al.,
2014; Juliana et al., 2017), which is not reflecting the scenario

relevant for breeding. Validation using independent samples, i.e.,
other genotypes from the same gene pool but tested in other
environments, is, to our knowledge, lacking.

Our study is based on a comprehensive hybrid wheat
population including 1,744 hybrids derived from crossing of
196 female and 40 male lines using an incomplete factorial
mating design. The parents and hybrids were evaluated in multi-
environment field trials for leaf rust and stripe rust resistance
and genotyped using a 15k single-nucleotide polymorphism
(SNP) array. The objectives of this study were to (1) dissect the
genetic basis by performing genome-wide association mapping
and identify quantitative trait loci (QTL) underlying leaf rust
and stripe rust resistances, (2) compare the QTL making use
of a previously published (Beukert et al., 2020) independent
and comprehensive hybrid wheat population including 1,750
wheat hybrids and their 230 parental lines, and (3) contrast the
prediction accuracy of MAS with that of GS.

MATERIALS AND METHODS

Plant Material
This study comprised 196 female and 40 male elite winter
wheat lines, their 1,744 single-cross hybrids, and 11 checks.
The parental lines represent a wide range of diversity used in
wheat breeding in Central Europe and were grouped into male
and female lines according to their pollination capability, plant
height, and flowering time. The elite lines were provided by
the following 14 wheat breeding companies: BASF Agricultural
Solutions GmbH, Deutsche Saatveredelung AG, KWS LOCHOW
GmbH, Limagrain GmbH, Pflanzenzucht Oberlimpurg, RAGT-
Saaten GmbH, Saatzucht Bauer GmbH, Saatzucht Josef Breun
GmbH & Co. KG, Saatzucht Streng-Engelen GmbH & Co. KG,
Secobra Saatzucht GmbH, Strube Research GmbH & Co. KG,
Syngenta Seeds GmbH, Nordsaat Saatzucht GmbH, and W. von
Borries-Eckendorf GmbH& Co. KG. The hybrids were produced
following an incomplete factorial mating design using chemical
hybridization agents (for details, see Zhao et al., in review).

Field Trials and Experimental Design
Hybrids and their parental lines were grown in a multi-
location field trial within the year 2018 to monitor their leaf
rust and stripe rust resistance. Phenotypic data were collected
in five different German environments in unreplicated trials
(Table 1). Correlation of single locations was estimated based
on overlapping check varieties using their raw data corrected for
different design effects of the trials. The field locations of this
study were correlated among each other with mean values of 0.44
and 0.39 for leaf rust and stripe rust resistance, respectively. In
contrast to that, field trial locations mentioned in Beukert et al.
(2020) showed mean correlations among each other of 0.29 and
0.70 for leaf rust and stripe rust resistance.

The genotypes were arranged into plots with a size of 1.00–
2.70m2 and randomized following an α lattice design considering
environments as replications. The trials also included 11 check
varieties (JB Asano, Julius, RGT Reform, Colonia, KWS Loft,
Rumor, Tobak, Elixer, Hybred, Hystar, and LG Alpha) that were
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TABLE 1 | Characterization of environments, in which leaf and stripe rust resistance were evaluated.

Location Latitude Longitude Altitude (m) Mean annual precipitation (mm) Mean annual temperature (◦C)

Hadmersleben 51.5837 11.1751 91 334 11.2

Gatersleben 51.824177 11.275706 112 510 9.8

Rosenthal 52.181889 10.105288 72 637 9.5

Seligenstadt 49.511630 10.06230 280 606 9.2

Feldkirchen 48.29217 48.29217 431 800 7.7

grown in each environment. Infection of genotypes occurred
naturally, while local appearing rust populations consist of
mixtures of different races showing similar composition in the
observed German regions as well as similar virulence patterns
across the examined years (2016–2018). Leaf rust and stripe rust
infection was scored at the date of flowering (EC stage 65) on
the flag leaf. An ordinal scale from 1 to 9 on the basis of the
Bundessortenamt (2000) was used in order to score leaf rust
as well as stripe rust infections, where 1 stands for minimal
symptoms and 9 indicates extensive disease symptoms.

Analysis of Phenotypic Data
Detection of outliers and estimation of variance components
were conducted implementing the following mixed linear model:

yijkl = µ + el + bk|l + gij + mi + fj + sij + (me)il + (fe)jl + εijkl

where yijkl is the performance of lines (i = j) or hybrids (i 6= j)
arising from a cross between the ith parent with the jth parent in
the kth incomplete block in the lth environment. µ refers to the
overall population mean. el is the effect of the lth environment,
i.e., location by year combination; bk|l represents the block effect
of the kth block nested within the lth environment. gij was only
modeled for the parental lines and stands for their genotypic
effect.mi and fj were modeled for hybrids and are the GCA effects
of the ith and jth of the male and female parent, respectively,
sij symbolizes the SCA effect of the cross between the ith and
jth parents. (me)il as well as (fe)jl, which were only modeled
for hybrids, are the interaction between the GCA effect of the
ith and jth parent with the lth environment. εijkl refers to the
corresponding residuals. All effects except the intercept were
modeled as random effects.

A second model was used to obtain best linear unbiased
estimations (BLUEs) across environments:

yikl = µ + gi + el + bk|l + εikl

where yikl is the phenotypic observation of the ith genotype
in the kth block at the lth environment. µ is the intercept,
gi symbolizes the genotypic effect of the ith individual, and
el stands for the effect of the lth environment. bk|l represents
the block effect of the kth block nested within the lth
environment, while εikl is the residual error associated with
the observation yikl. The genotype effect was assumed as
fixed to estimate the BLUEs, while all remaining effects were
treated as random. Because of the unreplicated field trials,
the residual effect within both equations was confounded with
the SCA × environment interaction. Broad-sense heritability

was calculated using variance component estimates of the first
model as:

h2 =
σ
2
Genotype

σ
2
Phenotype

=
σ
2
Genotype

σ
2
Genotype +

σ
2
G×E

No. of environment
+

σ
2
error

No. of environment

Variance of genotypes was estimated as the sum of variance
components of GCA and SCA effects. Variance of interaction
effects of genotypes and environments was estimated as the
sum of variance of GCA-by-environment interaction effects.
Heritability for single locations was estimated to evaluate the
quality of field trials. This was done by estimating the prediction
abilities applying fivefold cross-validation as outlined in detail
elsewhere (Schulthess et al., 2018).

Genotypic Data Analysis
The extraction of DNAwas conducted in compliance with known
standard procedures (Stein et al., 2001). Parental lines were
genotyped using a 15k SNP array containing a subset of the wheat
90k Illumina Infinium array (Wang et al., 2014). Composition
of the 15k SNP chip and the genotyping was implemented
by TraitGenetics GmbH.1 Population structure of the parental
pools was examined by using the marker data to calculate
Rogers’ distances and perform a principal component analysis
(PCoA). Genotypic information was imputed in accordance
to He et al. (2015). Quality filtering was performed and
monomorphic markers, markers with missing values >5%,
heterozygosity of >5% in inbred material, or a minor allele
frequency (MAF) <5% were excluded. After this selection, 9,960
markers and 1,974 genotypes of high quality were left and
used for association mapping. The procedure for the association
mapping was previously described in detail by Liu et al. (2016).
Briefly, we applied the following model:

Y = µ + Aa + Dd + Zz + ε

where Y describes BLUEs across the locations, µ is the vector
of intercept effects, a symbolizes the vector of additive effects,
d is a vector of dominance effects, z represents the vector of
polygene background effects, and ε stands for the vector of
residual effects. A, D, and Z were incidence matrices, which
relates the BLUEs to the vectors a, d, and z. Further, a Bonferroni-
corrected threshold of P<0.05 was applied to control formultiple
testing. All statistical analyses were done using the software R
(R Development Core Team, 2014) and the package ASReml-R
3.0 (Gilmour et al., 2009). The MAF for significantly associated

1http://www.traitgenetics.com
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markers was calculated and the linkage disequilibrium (LD) was
assessed by the LD measure r2 (Weir, 1996) with an additional
check for collinearity.

Genomic Prediction of the Hybrid
Performance
For genomic prediction, we implemented genomic best linear
unbiased prediction (GBLUP), modeling both additive and
dominance effects as:

Y = 1nµ + ga + gd + e

Y refers to the genotype BLUEs of lines and hybrids; vector
1n includes only ones and its element number is equal to the
number of genotypes (n) used in this study; µ refers to the
overall mean and was treated as fixed effect. The genotypic value
was decomposed into an additive effect ga and a dominance
effect gd. The vector e represents the residual effect. More
details on the implemented GBLUP model were described by
Zhao et al. (2015). The prediction ability of leaf rust and
stripe rust resistance was evaluated using a cross-validation
scenario, which divides the total population into training and
test population. Since relatedness strongly influences prediction
accuracy (Habier et al., 2007), a cross-validation strategy was used
considering three test sets with varying degrees of relatedness to
the training population. Test set T2 was most closely related to
the training population and included only hybrids derived from
the same parents as the hybrids that had been evaluated. The less
related test set T1 included hybrids sharing one parent with the
hybrids in the training population. The least related test set T0
included only hybrids having no parents in common with the
training population. Prediction ability was calculated as Pearson’s
correlation coefficient between the observed and the predicted
hybrid performance of test sets T2 to T0 including ∼750–30
hybrids, respectively.

Validation of the Accuracy of GS vs. MAS
Using an Independent Sample
A published hybrid wheat population, which was previously
examined for their leaf rust and stripe rust resistance using a
genome-wide association study by Beukert et al. (2020), was
used in addition to the genotypes of this study to validate
the accuracy of GS and MAS based on predictions following
the GBLUP model. This previous published hybrid population
included 1,750 wheat hybrids and their 230 parental lines, which
were examined with the same 15k SNP array. Genotypes of this
study were used as training population to train the statistical
algorithm and in a further scenario as test population to prove
its accuracy and vice versa, while the two examined sets show
no overlapping genotypes. Only significantly associated markers
identified in the association study were used to predict hybrid
performance by MAS, while all available marker information was
used performing GS. Marker effects were estimated based on the
training population and applied to predict the performance of
hybrids in the test population. Both prediction strategies were
compared by observing their prediction ability based on the

Pearson’s correlation coefficient between the observed and the
predicted hybrid performance in the test population.

RESULTS

Phenotypic Data of High Quality Were
Generated in Comprehensive Field Trials
The hybrids and their parental lines were evaluated for leaf
rust and stripe rust resistance in five environments, and BLUEs
were estimated (Supplementary Table 1). The data quality was
examined based on the prediction ability for single locations and
ranged from 0.46 to 0.71 for leaf rust resistance, as well as from
0.24 to 0.60 for stripe rust resistance. The estimated heritability
for leaf rust resistance for parents was h2 = 0.86 and that for
hybrids was h2 = 0.84. Leaf rust resistance of the parental lines
ranged from 1 to 8 with a mean of 3.97 (Table 2). The hybrid
population covered a range from 1 to 8 with a mean value of 3.66.
The assessment of different genotypes for stripe rust resistance
resulted in heritability estimates for parents of h2 = 0.82 and for
hybrids of h2 = 0.67. The parental pool showed a wide phenotypic
distribution from 1 to 8 with an average of 2.51. In comparison,
hybrids were less susceptible taking rating scores ranging from 1
to 6 with a mean value of 2.20.

Absence of Major Population Structure
Among the Parental Lines
Parental lines were genotyped with genome-wide distributed SNP
markers. We examined the population structure and relatedness

TABLE 2 | First- and second-degree statistics of 1,744 hybrids and their 236

parental lines observing leaf rust and stripe rust resistance.

Leaf rust Stripe rust

Lines

min 0.85 0.73

mean 3.97 2.51

max 7.92 7.62

σ
2
G

2.22 1.74

error 0.69 0.79

h2 0.87 0.82

Hybrids

min 0.45 0.56

mean 3.66 2.20

max 7.70 6.13

σ
2
GCA−female

1.43 0.41

σ
2
GCA−male

0.25 0.21

σ
2
SCA 0.19 0.18

σ
2
GCA female x Env

0.25 0.10

σ
2
GCA male x Env

0.07 0.04

h2 0.84 0.67

error 0.69 0.79

genomic h2 0.46–0.71 0.24–0.60

The parameters considered the phenotypic distribution, genotypic variance (σ2
G

),

and heritability (h2), as well as the variance due general (σ2
GCA

) and special

combining ability effects (σ2
SCA

).
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of the 236 parental lines and implemented a PCoA (Figure 1)
based on calculated Rogers’ distances. This procedure indicated
that the population of parental lines is not structured and
distinct parental pools are missing. Therefore, we corrected in
the genome-wide association mapping for relatedness using a
kinship matrix. For the validation of hybrid prediction methods,
an additional population was observed showing no population
structure within. A moderate relationship between the two
different populations occurred due to the overlap of four male
parents and a small effective population (Ne = 25) size of
European elite lines used as parental pools for both hybrid
populations (Supplementary Figure 1).

GWAS Detected Several Putative QTL for

Leaf Rust and Stripe Rust Resistance
Genome-wide association mapping scans were performed with a
significance threshold of P< 0.05 applying Bonferroni correction
for multiple testing. A total of 77 putative QTL were detected for
leaf rust resistance. The putative QTL showed significant additive
and dominance effects at similar frequencies and explained
together 50.92% of the phenotypic variance (Supplementary

Table 2). Strong associations for leaf rust resistance were found
on chromosomes 3D and 4A (Figure 2). The most significant
putative QTL underlying leaf rust resistance were identified
on chromosome 4A with significant additive and dominance
effects (Supplementary Table 2). There were 28 putative QTL on

chromosome 4A in a region from 628 to 742 Mbp of the wheat
reference genome (International Wheat Genome Sequencing
Consortium [IWGSC], 2018). Four of the putative QTL on
chromosome 4A and three putative QTL on 3D were identified
within previously known genome regions that influence disease
resistance (Table 3; International Wheat Genome Sequencing
Consortium [IWGSC], 2018).

For stripe rust resistance, we detected 15 putative QTL all
exclusively with significant additive effects (Figure 2). The 15
QTL explained together 19.53% of the phenotypic variance
(Supplementary Table 3). The majority of seven putative QTL
belonging to chromosome 6A and are physically located in
the genomic region between 462 and 610 Mbp of the wheat
reference genome (International Wheat Genome Sequencing
Consortium [IWGSC], 2018). On chromosome 2B, we found a
putative QTL for RAC875_c1226_652, which was located in a
region of already known NBS-LRR genes (Table 3). Most of the
putative QTL showed desired effects on stripe rust resistance
(Supplementary Table 3).

Prediction Ability of MAS Was Moderate

for Leaf Rust but Low for Stripe Rust

Resistance
We validated the potential of MAS using an independent, already
published hybrid wheat data set (Beukert et al., 2020). The

FIGURE 1 | Result of principal component analysis (PCoA) observing the relationship and aggregation of parental lines and check varieties based on Rogers’

distances calculated using genome-wide marker data.

Frontiers in Plant Science | www.frontiersin.org 5 October 2020 | Volume 11 | Article 594113

Peer-reviewed scientific articles

33



Beukert et al. Prediction of Rust Resistance in Hybrid Wheat

FIGURE 2 | Manhattan plots of the genome-wide association scans for additive and dominance effects on leaf rust (A) and stripe rust resistance (B). The horizontal

line symbolizes the significant threshold of P < 0.05 applying Bonferroni correction. The hexaploid genome of bread wheat consists of 42 chromosomes combining

the complete chromosomal sets of three different wild grasses, which are differentiated by the letters A, B, and D. The x-axis shows chromosomal location of the

corresponding markers, while UM are unmapped markers.

published data set included 1,750 wheat hybrids and their 230
parental lines, which were examined with the same 15k SNP
array. Forty-five and six markers were identified to have a
significant association to leaf rust and stripe rust resistance in
both hybrid populations, respectively (Supplementary Table 4).
The genotypes of one population were used for QTL detection
and estimation of their effects based on a GBLUP approach, while
the other population was taken as test population and vice versa.
MAS was performed using only significantly associated markers
detected in the GWAS to calculate the genomic values, while
GS uses all available markers. The prediction ability of MAS,
determined as the correlation between predicted and observed
values, ranged from −0.07 for stripe rust resistance to 0.57 for
leaf rust resistance (Table 4). The substantially higher prediction
ability observed for leaf rust compared to stripe rust resistance
was consistent and did not depend on which data set was used
as training or test population. The low prediction ability for
stripe rust resistance encouraged us to investigate genome-wide
prediction as a possible tool to increase the prediction ability.

MAS for Leaf Rust Resistance Exceeded GS
We implemented GBLUP considering additive and dominance
effects. Interestingly, MAS outperformed GBLUP by 15% for leaf
rust resistance. For stripe rust resistance, GBLUP improved the
prediction ability, but only slightly up to a maximum value of
0.21 (Table 4). We additionally implemented a chessboard-like
cross-validation within the data set of our study, thus confirming
the low prediction ability between unrelated training and test
population for stripe rust resistance (Supplementary Figure 2).

DISCUSSION

Overlapping Check Varieties Indicated a

Higher Pathogen Dynamic Underlying

Leaf Rust Than Stripe Rust Infections
The results of Beukert et al. (2020) and our study are based
on field trials that were possibly influenced by differences in
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TABLE 3 | Comparison of detected markers with a significant effect on leaf rust and stripe rust resistance with the location of previously known resistance genes within

the reference genome.

Marker Disease Type Chr. Marker Pos. Gene function Physical gene Pos.

(ID of reference gene) Start (bp) End (bp)

RAC875_c31922_138 Leaf rust Add 3D 603,414,487 Disease resistance protein RPM1 603,414,478 603,419,584

(TraesCS3D01G522000)

Kukri_c43464_89 Leaf rust Add 3D 603,414,586 Disease resistance protein RPM1 603,414,478 603,419,584

(TraesCS3D01G522000)

Kukri_c23354_183 Leaf rust Add 3D 604,368,095 Leucin-rich repeat containing protein 604,367,900 604,371,312

(TraesCS3D01G524400)

wsnp_Ex_c4331_7808746 Leaf rust Add 4A 707,043,051 Protein enhanced disease resistance 707,040,590 707,048,030

(TraesCS4A01G437200)

Excalibur_rep_c112888_602 Leaf rust Add 4A 714,176,917 Disease resistance protein family (TIR-NBS-LRR class) 714,176,254 714,180,521

(TraesCS4A01G446700)

RAC875_rep_c69632_65 Leaf rust Add 4A 714,179,096 Disease resistance protein family (TIR-NBS-LRR class) 714,176,254 714,180,521

(TraesCS4A01G446700)

BobWhite_c47168_289 Leaf rust Add 4A 726,215,250 NBS-LRR disease resistance protein 726,212,910 726,217,457

(TraesCS4A01G461700)

RAC875_c1226_652 Stripe rust Add 2B 157,693,584 NBS-LRR disease resistance protein 157,688,966 157,696,282

(TraesCS2B01G182800)

the severity and composition of infections with P. triticina and
P. striiformis f. sp. tritici. As an important quality control, we
estimated the genomic heritability for leaf rust and stripe rust
resistance, which allowed us to assess the disease pressure for
each individual environment. The observed variation in genomic
heritability on the one hand showed differences in disease
pressure, but on the other hand, it reached a level that allowed a
genetic differentiation. This differentiation resulted in heritability
estimates for lines in the analysis over environments being above
0.8 for both traits.

Another interesting quality control is possible because Beukert
et al. (2020) and the current study used 11 overlapping check
genotypes, which were relevant released varieties. The checks
showed a limited phenotypic diversity with regard to rust
resistance and were at least moderately resistant to stripe rust and
leaf rust (Figure 3). In addition, a more precise characterization
of the pathogenic variation across field locations was not possible
due to the lack of knowledge about resistance genes fixed in

TABLE 4 | Prediction ability implementing marker-assisted in comparison to

genome-wide selection on different trainings and test populations to predict leaf

rust and stripe rust resistance based on all available marker information in contrast

to significant marker data out of association mapping.

Leaf rust Stripe rust

Test population A

Marker-assisted selection 0.50 −0.07

Genome-wide prediction 0.43 0.21

Test population B

Marker-assisted selection 0.57 0.19

Genome-wide prediction 0.50 0.16

Within the first scenario, hybrid population A examined in detail by a previous study

(Beukert et al., 2020) was set as test population, while genotypes introduced in this

study representing population B were used as training population. Within a second

scenario, the function of populations was changed vice versa.

each check variety. Despite these shortcomings, the comparison
of disease resistance for the overlapping check varieties showed
correlations of r = 0.37 for leaf rust and r = 0.77 for stripe
rust resistance (Figure 3). These findings suggest an excellent
agreement for stripe rust disease screening and points to
inconsistencies for leaf rust and to a climatic-dependent dynamic
in the pathogen population of P. triticina. Such a dynamic
in the pathogen population can of course also influence the
concordance of further downstream analyses.

FIGURE 3 | BLUEs representing leaf rust and stripe rust resistance of 11

check varieties, used in field trials of a previous study realized during field

seasons in 2016 and 2017 in comparison to the field trial of 2018 belonging to

this study.
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MAS for Leaf Rust Resistance Is a

Promising Molecular Breeding Strategy
Validation using independent data sets revealed a substantial
overlap of 45 putative QTL (Figure 4 and Supplementary

Table 5) for leaf rust resistance, as found in our study and in
Beukert et al. (2020). The 45 putative SNPs cover regions on
chromosome 3D, 4A, and 7D that most likely harbor relevant
genes contributing to leaf rust resistance. In particular, the
putative QTL on chromosome 4A were consistently the most
significant in both studies. A more detailed exome association
analysis (Liu et al., 2019) based on the population underlying
the published study by Beukert et al. (2020) suggests that the
underlying resistance gene is Lr34-B, a homolog of the cloned
gene Lr34 (Krattinger et al., 2011).

In hybrid wheat breeding, the degree of dominance of the
QTL determines the optimal breeding strategy (for a detailed
discussion, see Beukert et al., 2020). Therefore, we compared the
degree of dominance for the overlapping 45 putative QTL and
observed that all of them showed the desired negative degree of
dominance in both data sets (Supplementary Tables 2, 4). This
suggests that these putative QTL are interesting targets to develop
resistance strategies for hybrid wheat breeding. The nice overlap
of the putative QTL for leaf rust resistance is also reflected in
validated prediction abilities of MAS amounting to 0.50 and 0.57
(Table 4). In comparison, Juliana et al. (2017) reported a lower
prediction ability of MAS for leaf rust resistance of 0.21 based

FIGURE 4 | Venn diagram showing numbers of detected and overlapping

QTLs for leaf rust (A) and stripe rust resistance (B) comparing results of the

present study with a previous published study by Beukert et al. (2020)

(previous study).

on germplasm of CIMMYT’s spring wheat breeding programs
fingerprinted using genotyping by sequencing. In summary,
our results underline the possibility of a robust and efficient
prediction of leaf rust resistance in European germplasm based
on a limited number of diagnostic markers.

We also performed GS in the hope of further increasing the
prediction ability for leaf rust resistance. Nevertheless, we could
not boost the prediction ability of MAS (0.50 and 0.57) and
observed values of 0.43 and 0.50 in the validation of genome-wide
prediction based on independent data sets (Table 4). These values
outperformed the prediction ability of 0.34 reported by Juliana
et al. (2017) for leaf rust resistance in an inbred line population.
Therefore, these results indicate thatMAS is themethod of choice
to support the breeding of resistance to leaf rust. Nevertheless,
further studies are needed to validate these findings.

The implementation of MAS promotes the breeding efficiency
(Miedaner and Korzun, 2012; Bassi et al., 2015) and is especially
interesting to accumulate favorable genes within early plant
generations (Bonnett et al., 2005): for instance, MAS was
successfully performed in commercial wheat breeding to fix the
rust resistance genes Lr34 and Yr36 (Miedaner and Korzun,
2012). A challenge when increasing the number of diagnostic
markers for multi-trait selection is of course undesired linkage,
which requires large population sizes. Nevertheless, MAS is of
high relevance for the early stages of single seed descent (SSD)-
based programs allowing a negative selection for rust resistance
in combination with an excellent balance between costs and
informative data (Gupta et al., 2010).

Need to Further Increase the Prediction

Ability for Stripe Rust Resistance
Validation using independent data sets revealed only a minor
overlap of six putative QTL (Figure 4 and Supplementary

Table 5) for stripe rust resistance, as found in our study and
in Beukert et al. (2020). An example for the lack of consistency
is the strong peak on chromosome 2A detected by Beukert
et al. (2020) that could not be confirmed in this study. The
inconsistency also holds true for the degree of dominance. Only
one of the six putative QTL showed a significant dominance
effect causing a reduced susceptibility in both populations
(Supplementary Tables 3, 4). Effects of all other common QTL
resulted in differences between both studies. The minor overlap
of the putative QTL for stripe rust resistance is also reflected in
validated prediction abilities of MAS amounting to −0.07 and
0.19 (Table 4). In comparison, Juliana et al. (2017) reported
higher predicting abilities of MAS for stripe rust resistance
of, on average, 0.32 using CIMMYT’s spring wheat breeding
populations fingerprinted with genotyping by sequencing. The
low prediction ability observed in our study can be caused among
other factors by the presence of many minor genes resulting in a
complex genetic architecture.

We therefore also performed GS, which is more suitable
to predict the performance of complex traits. The validated
prediction ability changed only marginally compared to those
of MAS (Table 4), which is in contrast to the results of
Juliana et al. (2017) reporting average prediction abilities of

Frontiers in Plant Science | www.frontiersin.org 8 October 2020 | Volume 11 | Article 594113

Peer-reviewed scientific articles

36



Beukert et al. Prediction of Rust Resistance in Hybrid Wheat

0.35. These findings suggest that the success of genome-wide
prediction strongly depends on the underlying germplasm
base and the used marker system and shows the need for
innovations to boost prediction ability of stripe rust resistance in
European wheat lines.

CONCLUSION

Within this study, we applied a genome-wide association study
to investigate the genetic architecture of leaf rust and stripe
rust resistance in a European hybrid wheat population. In
particular, identified loci significantly associated to leaf rust
resistance were comparable with another hybrid population
based on the same genetic origin. Afterward, this previous
published hybrid population was used in addition to perform
MAS in contrast to GS to compare their prediction accuracy.
Applying MAS resulted in moderate and low prediction abilities
for leaf rust and stripe rust resistance, respectively. GS led to
slightly increased prediction abilities for stripe rust in contrast
to leaf rust resistance. Accordingly, MAS seems to be a viable
option to improve the level of leaf rust resistance in European
wheat. In contrast, the general validity of our results observing
stripe rust resistance is limited by the very low prediction
accuracy. Previous studies of Ornella et al. (2012) and Juliana
et al. (2019) validated genomic prediction for rust resistance
using independent samples from CIMMYT’s breeding material.
Therefore, it is already known that prediction accuracy is highly
influenced by germplasm base, population structure, marker
system, pathogenic system, and phenotyping conditions. Within
this study, the prediction ability for stripe rust was in the range of
values reported for grain yield, taking into account the situation
of unrelated training and test populations (Zhao et al., 2015). The
considerable difference in prediction abilities observed between
leaf rust and stripe rust are surprising, given the fact that the
selection gain for stripe rust resistance in Central Europe has
been high in recent decades, indicating the presence of major
genes (Hovmøller, 2007; Pathan et al., 2008; Sørensen et al., 2014).
Together with the discrepancies compared to previous studies
investigating the prediction abilities of stripe rust resistance in

spring wheat (Juliana et al., 2017), the need for further research is
evident. Beside this, the application of a genome-wide prediction
model treating the major QTLs as fixed effects (Rutkoski et al.,
2014) would be an attractive aspect in order to study the resilience
of different prediction strategies. A further interesting option
is the use of other genotyping platforms such as RenSeq (Jupe
et al., 2013; Steuernagel et al., 2016) or whole genome sequencing
(Huang et al., 2009; Brenchley et al., 2012; Chapman et al., 2015),
which hold the promise to detect the relevant QTL of stripe rust
resistance and thereby boost the prediction ability.
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Abstract 

Leaf rust resistance is of high importance for a sustainable European wheat 

production. The expression of known resistance genes starts at different 

developmental stages of wheat. Breeding for resistance can be supported by a fast, 

precise, and resource-saving phenotyping. The examination of detached leaf assays 

of juvenile plants inoculated under controlled conditions and phenotyped by a robotic- 

and computer-based high-throughput system is a promising approach in this respect. 

Within this study, the validation of the phenotyping workflow was conducted based on 

a winter wheat set derived from Central Europe and examined at different plant 

developmental stages. Moderate Pearson correlations of 0.38 - 0.45 comparing leaf 

rust resistance of juvenile and adult plants were calculated and may be mainly due to 

different environmental conditions. Specially, the infection under controlled conditions 

was limited by the application of a single rust race at only one time point. Our results 

suggest that the diversification with respect to the applied rust race spectrum is 

promising to increase the consistency of detached leaf assays and the transferability 

of its results to the field. 
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Simple Summary: Leaf rust resistance is of high importance for the European wheat production in

order to avoid yield and quality losses. Modern breeding is aiming to maximize the selection gain

within a short time period. To realize a successful resistance breeding, detailed knowledge about

the genetic architecture of leaf rust resistance, as well as a precise and fast phenotyping strategy, are

necessary. The examination of detached leaf assays of juvenile plants inoculated under controlled

conditions and phenotyped by a robotic-based, high-throughput system is a promising approach

in this respect. Known leaf rust resistance genes showing qualitative or quantitative effects and

their expression starts at different developmental stages of wheat. Therefore, this study validated

the transferability of results from detached leaf assays to the field and assessed the benefits of this

phenotyping strategy to support leaf rust resistance breeding. Phenotyping detached leaves of wheat

seedlings by using an automated, high-throughput methodology is a valuable tool to improve leaf

rust resistance.

Abstract: Leaf rust resistance is of high importance for a sustainable European wheat production. The

expression of known resistance genes starts at different developmental stages of wheat. Breeding for

resistance can be supported by a fast, precise, and resource-saving phenotyping. The examination of

detached leaf assays of juvenile plants inoculated under controlled conditions and phenotyped by a

robotic- and computer-based, high-throughput system is a promising approach in this respect. Within

this study, the validation of the phenotyping workflow was conducted based on a winter wheat

set derived from Central Europe and examined at different plant developmental stages. Moderate

Pearson correlations of 0.38–0.45 comparing leaf rust resistance of juvenile and adult plants were

calculated and may be mainly due to different environmental conditions. Specially, the infection

under controlled conditions was limited by the application of a single rust race at only one time

point. Our results suggest that the diversification with respect to the applied rust race spectrum is

promising to increase the consistency of detached leaf assays and the transferability of its results to

the field.

Keywords: wheat leaf rust; phenotyping; seedling resistance; adult plant resistance; detached

leaf assay

1. Introduction

Wheat leaf rust, caused by Puccinia triticina, is a very important fungal disease [1] be-
cause its epidemics are able to affect both grain yield and grain quality [2]. Such crop losses
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can be avoided by breeding and growing resistant wheat cultivars. Approximately 90 genes
have been identified as the cause of leaf rust resistance [3], with Lr1, Lr3a, Lr10, Lr13, Lr14a,
Lr17b, Lr20, Lr26, and Lr37 in particular being intensively used in European varieties [4–6].
The majority of known leaf rust resistance genes cause seedling resistance (also called
race-specific or qualitative resistance) [7,8], which is typically expressed throughout the
plant life cycle and results in a hypersensitive response or programmed cell death [7]. The
resistance genes Lr1, Lr3, Lr10, Lr11, Lr14a, and Lr24 are present with high frequency within
the European wheat germplasm [9], but are typically effective against only a limited num-
ber of leaf rust races. Due to its monogenic inheritance, seedling resistance follows Flor’s
gene for gene concept [10,11] and can be easily broken by the permanent evolution of new
leaf rust virulences [7,12,13]. In contrast, Lr34 and Lr46 are known to cause quantitative
resistance of high durability [14,15], while approximately 20 different quantitative trait
loci (QTL) were identified, resulting in partial resistance [16]. Quantitative resistance is
non-race-specific and based on a few minor genes effecting each a reduction of infestation,
while combining some minor genes within the same variety resulted in a stable and long-
lasting efficiency of leaf rust resistance [7]. Due to its late expression after the seedling
stage of plants, this resistance mainly leads to adult plant resistance (APR), which rarely
can be also caused by qualitative resistance genes [17,18]. The full expression of adult plant
resistance (APR) efficiency is highly variable within the plant life cycle and takes place
between tillering and heading (EC20-EC59). This behavior can be influenced by the factors
environment, temperature, genetic background, intensity, and aggressiveness of occurring
leaf rust races [18,19].

The expected dynamic of expanding diseases and their increased importance for the
European wheat growing area resulted in rising requests to resistance breeding. The main
goal of breeding is to maximize selection gain per unit of time, which would shorten
breeding cycles and thus, allow a faster adaption of grown varieties to altering conditions
on farmers’ fields [20]. During the last decades, implementing modern molecular marker
techniques supported a rapid and efficient wheat breeding. Nowadays, this development
can be intensified by the integration of promising tools, such as speed-breeding protocols or
genome-wide prediction strategies within the breeding process [20–22]. While a successful
breeding strategy is based on highly precise phenotypic data, it is necessary, but challeng-
ing, to generate robust information within the dramatically reduced breeding cycle [20].
Therefore, the development of pioneering phenotyping strategies is requested to generate
highly precise data in a time- and resource-saving manner [20]. Some strategies fulfilling
these issues have already been published on the basis of greenhouse trials [23,24]. For
instance, Lueck et al. (2020) [23] reported a highly promising approach by generating de-
tached leaf assays of seedlings screened by a robotic- and computer-based, high-throughput
system (further denoted as Macrobot platform). This methodology allows a fast resistance
quantification for a large number of single plants using steadily updated pathogen popula-
tions or observing in parallel different diseases or isolates within separated experiments.
To verify the benefit of this modern phenotyping procedure to practical wheat breeding
aiming at leaf rust resistance, validation is needed examining the transferability of results
generated by observing detached leaves of juvenile greenhouse plants to adult plants
grown under field conditions [25].

The aims of this study were to (1) investigate the resistance of European wheat elite
lines at different juvenile plant stages against an aggressive leaf rust race compared to adult
plants tested in field trials with naturally occurring leaf rust infections, (2) infer the genetic
architecture of leaf rust resistance based on the detected correlations between seedling and
adult plant resistance, and to (3) validate the workflow including greenhouse seedling tests
combined with a high-throughput phenotyping platform to support resistance breeding
mainly focusing on adult plant resistance against leaf rust.
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2. Materials and Methods

2.1. Plant Material

The study is based on 240 European elite winter wheat (Triticum aestivum L.) lines of the
breeding program of KWS LOCHOW GmbH (Bergen, Germany). The 240 genotypes were
selected on the basis of preliminary disease resistance data and reflect a broad phenotypic
diversity with respect to resistance against leaf rust. No further information on the presence
of particular resistance genes in the 240 genotypes was available.

2.2. Evaluating Leaf Rust Resistance of Adult Plants in Field Trials

The examined 240 genotypes were evaluated together with 1586 additional wheat lines
for naturally occurring leaf rust resistance. The data is not orthogonal and includes field
trials conducted in 5 and 4 environments in the years 2017 and 2018, respectively (for details,
see Table 1). Five released varieties (Bonanza, Elixer, Julius, Nordkap, RGT Reform) were
included as checks in all field trials enabling joint analyses. Plot size ranged from 0.5 m2 to
17.25 m2, while different experimental designs were used, i.e., alpha-lattice, randomized
complete blocks, or adjustment through a moving grid to correct for uncontrolled spatial
variation. Infection of genotypes with leaf rust occurred naturally and was scored at the
date of flowering (EC 65) on the flag leaf. An ordinal scale from 1 to 9, according the
Bundessortenamt (2000) [26], was used in order to score infections, where 1 stands for
minimal symptoms and 9 indicates extensive disease symptoms.

2.3. Evaluating Leaf Rust Resistance in Greenhouse Experiments

The 240 genotypes were additionally phenotyped in replicated greenhouse experi-
ments using detached leaf assays of 10-day old seedlings (EC 12; T1), for which 7 leaves
per genotype were observed. The susceptible standard variety Borenos was used as control.
Inoculation was implemented in an air-blowing inoculation tower using uredospores of
the aggressive leaf rust isolate 77 WxR [27]. After an incubation of 8 days under controlled
temperature conditions (16 ◦C), visibly differentiable leaf rust symptoms appeared on
the leaf segments. Standardized imaging of infected leaf assays was then realized by the
automated phenotyping platform Macrobot, while the BluVision software was used to
analyze the images. Briefly, the software detects leaf samples and uredospore pustules
based on the color and measures their pixel sizes. The relation between leaf size and
pustule size resulted in the rated percentage of infected leaf area [28]. A more detailed
description of the experimental setup can be found elsewhere [23].

We examined the influence of the developmental stage on the leaf rust resistance
scoring focusing on 40 genotypes. They were selected in order to portray the variation
observed for the 240 genotypes. The 40 genotypes were grown under greenhouse conditions
for 5 (EC 19; T2), and 10 weeks (EC 25; T3), each in two replications. Subsequently, resistance
screening was undertaken using detached leaf assays and the above described procedure.
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2.4. Analyses of Data from Field Trials

Phenotypic data were analyzed using a two-step approach [29]. Each trial times
location combination was used to perform a quality check implementing the following
linear mixed model:

yde f = µ + gd + re + b f (e) + εde f , (1)

where yde f represents the performance of the dth genotype at the f th block within the eth

replication, µ is the intercept, gd stands for the genotype effect, re represents the replication,
b f (e) symbolizes the effect of the f th block nested within the eth replication, and εde f is the
corresponding residual. The calculation of repeatability was completed for replicated trials
based on the estimated variance components as:

r =
σ2

Genotype

σ2
Genotype +

σ2
error

No. o f replicates

. (2)

Trial by location combinations with a repeatability >0.4 were taken to obtain the best
linear unbiased estimations (BLUEs) applying the following linear mixed model:

ydle f = µ + gd + tl + re(l) + b f (e) + εdle f , (3)

where ydle f stands for the performance of the dth genotype at the lth trial in the f th block of

the eth replication, µ is the intercept, gd is the genotype effect, tl represents the trial, re(l)

symbolizes the replication nested within the lth trial, b f (e) represents the block effect nested

within the eth replication and the lth trial, while εdle f is the corresponding residual. The
trial effect was excluded for locations with only one trial.

The BLUEs of genotypes for every single location were combined and the following
linear mixed model was fitted:

ydm = µ + gd + lm + εdm, (4)

where ydm symbolizes the phenotypic observation of the dth genotype in the mth location,
µ is the intercept, gd represents the genotype effect, while lm stands for the location effect
and εdm is the corresponding residual. Heritability was calculated as the ratio between
the variance of the genotype versus the phenotype following standard procedures [30]. In
addition, the correlation between single field environments and the serial mean except the
examined environment was analyzed.

2.5. Analyses of Data from Greenhouse Experiments

A statistical workflow developed by Hinterberger et al. (2021) [31] was implemented
to analyze infestation data of single leaf segments in order to identify unreliable data points
and inoculation groups. Curated data were used to estimate variance components based
on the following linear mixed model:

ydno = µ + an + gd + Gd x an + Io + Gd(o) + εdop, (5)

where ydno is the average infected leaf area of the dth genotype at the nth developmental
stage and tested within the oth inoculation group, µ denotes the common mean, an sym-
bolizes the nth level of plant developmental stage, gd indicates the main effect of the dth

genotype, Gd x an is the interaction of the dth genotype with the nth plant stage, Io accounts
for the effect of the oth inoculation group, Gd(o) is the dth genotype nested within the oth

inoculation group, and εdop denotes the error term of the model. For variance components
estimation, all effects in Equation (5), excepting µ and an, were treated as random. Firstly,
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the calculation of heritability examining the whole data set was realized based on the
following equation:

h2 =
σ2

Genotype
(

σ2
Genotype +

σ2
Genotype x Age

No. o f age levels +
σ2

error
No. o f replicates

) . (6)

Later, the estimation of BLUEs and belonging standard errors was realized separately
for each plant level as

ydno = µ + gd + Io + Gd(o) + εdop, (7)

treating µ and gd as fixed effects, while the remaining factors were considered as random.
The heritability was calculated separately for each developmental stage as:

h2 =
σ2

Genotype

σ2
Phenotype

=
σ2

Genotype
(

σ2
Genotype +

σ2
error

No. o f replicates

) . (8)

The estimated BLUEs out of greenhouse experiments were contrasted with the BLUEs
of field phenotyping by calculating the Pearson correlation coefficients. Every step of
statistical analysis was performed using R software [32] in combination with the package
ASReml-R 3.0 [33].

3. Results

3.1. Extensive Field Trials Resulted in Precise Estimates of Adult Plant Resistance against
Leaf Rust

The 240 wheat lines were evaluated for leaf rust resistance in 5 and 4 German en-
vironments within the years 2017 and 2018, respectively. The mean infestation class of
controls ranged between 3 and 6 in dependence of the special variety, while the application
of statistical models adjusted the results of varying field conditions. The data quality
of replicated trial times location combinations was examined by estimating the repeata-
bility for the individual environments. Repeatability of trials conducted in 2017 ranged
from 0.45 to 0.93, while analysis of the 2018 field trials resulted in repeatabilites between
0.57 and 0.96 (Table 2). The correlation between overlapping genotypes of the individual
environments averaged r = 0.40 (Table 3). The combined analyses of field trials resulted in
a broad-sense heritability of h2 = 0.9. Leaf rust resistance of germplasm tested under field
conditions spanned a range of 7.67 with a mean value of 3.43 (Table S1).

Table 2. Repeatability of replicated field trials. Trials with a repeatability below 0.4 were excluded before performing

further analyses.

Seligenstadt1
2017

Söhnke-Nissenkoog
2017

Wetze1
2017

Wohlde
2017

Seligenstadt1
2018

Wetze2
2018

Trial1 0.82 - 0.70 0.59 0.93 0.76
Trial2 0.88 - 0.75 0.54 0.89 0.77
Trial3 0.93 0.56 0.51 0.63 - -
Trial4 0.89 - 0.71 0.14 0.94 0.77
Trial5 0.89 - 0.45 0.50 0.96 0.82
Trial6 0.92 - 0.48 0.62 - -
Trial7 0.77 - 0.59 0.25 0.91 0.76
Trial8 0.67 - 0.53 0.12 0.93 0.65
Trial9 0.79 - 0.60 0.22 0.91 0.78
Trial10 0.91 - 0.60 0.51 - 0.59
Trial11 - - - - 0.90 0.57
Trial12 - - - - 0.84 0.68
Trial13 - - - - 0.93 0.76
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3.2. Ensuring Stable Pathogen Pressure in Greenhouse Experiments Is Challenging

The analysis of the raw data highlighted the challenge to guarantee a stable disease
pressure under greenhouse conditions. We therefore had to exclude 50% of the inoculation
groups, because the mean of the susceptible controls per inoculation group was below 2%
for the infected leaf area. The most challenging factor was to generate leaf rust spores of
consistent aggressiveness under variable greenhouse conditions, due to the climatic varia-
tion of the seasons (Figure S1). Moreover, infection and the development of uredospore
pustules were highly dependent on light and temperature conditions during inoculation
and incubation. After quality control, data for 240, 40, and 41 genotypes remained, belong-
ing to the different plant stage clusters of T1, T2, and T3, respectively. A large proportion of
the phenotypic variance was explained by genotype (22%) and interaction effects between
genotypes and plant developmental stages (24%) in the integrated analysis across all plant
stages (Table 4). The broad-sense heritability amounted to h2 = 0.64. The estimated leaf
rust resistance ranged from 0.3% to 26.7% of infected leaf area with a mean of 1.4%.

Table 4. Variance components analysis, estimation of heritability (h2), and distribution of analyzed infected leaf area

based on greenhouse data. Analysis was performed observing different scenarios, examining the whole data set including

information of all plant developmental stages (Analysis with whole data set) in contrast to single analysis of each stage.

The full genotype set (n= 240) at plant stage T1 (All genotypes at plant stage T1) was examined, as well as a limited set of

40 genotypes at the plant stages of 10 days (EC 12; T1), 5 weeks (EC 19; T2), and 10 weeks (EC 25; T3). Distribution of leaf

rust resistance for different sets are given by mean value and range of infected leaf area.

Analysis with Whole
Data Set

All Genotypes of Plant
Stage T1

T1 T2 T3

No. of genotypes 240 240 40 40 41
No. inoculation groups 18 12 12 2 2

Range of infected leaf area (%) 0.3–26.7 0.6–2.6 0.6–2.4 0.3–26.7 0.5–5.5
Mean of infected leaf area (%) 1.4 1.1 1.1 3.6 1.0

σ2
Genotype 22.2% 11.9% 13.7% 82.8% 31.0%

σ2
Genotype x Age 23.8% - - - -

σ2
Inoculation group 12.9% 21.5% 28.0% 3.0% 8.9%

σ2
Inoculation group x Genotype 14.2% 46.5% 39.9% 0.0% 14.4%

σ2
error 26.9% 20.2% 18.4% 14.2% 45.7%

h2 0.64 0.54 0.60 0.92 0.58

Analyzing variance components separately for each developmental stage set based
on the selected 40 genotypes resulted in high amounts of phenotypic variance explained
by the interaction of inoculation group with the genotype (14–47%), and the inoculation
group (9–28%) for plant stage sets T1 and T3. In contrast to that, the factors genotype
(83%) and residual (46%) accounted for the highest proportion of total variance for the
T2 and T3 sets, respectively. Broad-sense heritability ranged from h2 = 0.58 to 0.92 for the
three different plant developmental stages. The highest h2 value was realized at 0.92 at the
developmental stage T2, while T1 and T3 revealed similar values of h2 = 0.58 to 0.60. Plants
of the developmental stage T2 showed the widest range of infected leaf area resulting in
the highest mean value compared to the remaining groups (Figure 1, Table S1). Comparing
leaf infection of T1 and T3 lead to similar ranges and means.

3.3. Seedling Resistance Showed a Significant Correlation to Adult Plant Resistance

Correlating seedling resistance evaluated in greenhouse experiments with adult plant
resistance rated in field trials resulted in values ranging from r = 0.34 to 0.48 (Table 5). Leaf
rust infection of the developmental stage T1 showed the highest Pearson correlation to field
phenotyping amounting to r = 0.48 (p < 0.01). The Pearson correlation between greenhouse
and field data decreased with increasing developmental stages of the tested greenhouse
plants. There is a noticeable cluster of 8 genotypes showing susceptibility as adult plants
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on the field, but resistance as seedlings within greenhouse trials (Figure 2). Analyzing the
correlation of resistance scores based on single field environments and the serial mean,
except the examined environment, resulted in a range from r = 0.13 to 0.74 with an average
Pearson correlation of r = 0.57 (Table 6).

 

𝑟𝑟

𝑟 𝑟

−

value ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001. Otherwise, not significant.

Figure 1. Histograms showing the distribution of best linear unbiased estimates (BLUEs) based on detached leaf assays

produced within greenhouse experiments. Percentage of infected leaf area was determined by an automated phenotyping

platform using image analysis. The whole genotype set was examined as two leaf seedlings (EC 12; A). In addition, a limited

set of 40 genotypes was tested 10 days (EC 12; B), 5 weeks (EC 19; C), and 10 weeks (EC 25; D) after sowing.

Table 5. Pearson correlation between seedling and adult plant resistance against leaf rust based on greenhouse and field

testing, respectively. The whole genotypic set was tested as 10-day old seedlings (EC 12), while selected genotypes were

examined at plant developmental stages T1 (EC 12), T2 (EC 19), and T3 (EC 25) within replicated greenhouse trials.

All Genotypes at Plant Stage T1 T1 T2 T3

Pearson correlation to field data 0.40 *** 0.48 ** 0.39 * 0.34 *
p-value 2.6 × 10−10 0.0018 0.013 0.032

No. of genotypes 232 40 40 41

Significant at * p-value ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001. Otherwise, not significant.

Peer-reviewed scientific articles

49



Biology 2021, 10, 628 10 of 16

 

Figure 2. Biplots comparing leaf rust resistance of juvenile plants with adult plants phenotyped in

the field environment. Phenotyping in the field was realized following an ordinal scale of increasing

infestation from 1 to 9. Phenotypic data was statistically adjusted applying a linear mixed model

resulting in a broaden score range. The whole genotype set was examined within greenhouse trials as

two leaf seedlings (EC 12; A). In addition, a limited set of 40 genotypes was tested 10 days (EC 12; B),

5 weeks (EC 19; C), and 10 weeks (EC 25; D) after sowing.

Table 6. Pearson correlation of leaf rust scores between a single environment and the corresponding serial

mean except this examined environment. The number of overlapping genotypes is given in brackets.

Correlation To Series 2017 Correlation To Series 2018

Nasenberg
0.63 ***
(128)

0.63 ***
(128)

Nörvenich -
0.13
(128)

Seligenstadt
0.69 ***

(64)
-

Seligenstadt1
0.64 ***
(780)

0.74 ***
(1008)

Söhnke-Nissenkoog
0.23
(56)

-
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Table 6. Cont.

Correlation To Series 2017 Correlation To Series 2018

Wetze
0.58 ***
(104)

-

Wetze1
0.62 ***
(780)

0.62 ***
(64)

Wetze2 -
0.72 ***
(1008)

Wohlde
0.58 ***
(352)

-

Significant at *** p-value ≤ 0.001. Otherwise, not significant.

4. Discussion

4.1. Divergent Conditions Increase the Quality of Resistance Phenotyping within
Controlled Environments

The same inoculation material was used for all greenhouse experiments; however,
there were variable environmental conditions in the standard greenhouse used. The
latter was confirmed by a genotype x inoculation group variance component explaining
14.2–46.5% of the total variance (Table 4). This demonstrates the importance of replicated
data to ensure high precision of phenotyping in greenhouse trials. However, high precision
is not sufficient and screening with the detached leaf assay should allow to mimic the
field situation to generate relevant information for applied resistance breeding [25]. Our
study revealed moderate correlations between seedling and adult plant resistance ranging
from r = 0.34 to 0.48 (Table 5). Previous studies reported lower values of 0.17–0.29 [34]
and 0.24–0.27 [35] for leaf rust resistance observed in an American spring wheat and a
multi-parental winter wheat population based on European elite cultivars, respectively.
Thus, our results suggest a closer relationship between seedling and adult plant resistance
than reported earlier; however, values are still low when relying solely on detached leaf
assays for selection.

The key challenge is therefore to further increase the correlation between greenhouse
and field trials, which is often associated with seedling versus adult plant resistance [36].
One approach may be to test plants of a later developmental stage in greenhouse trials,
which was conducted in this study, but did not increase the correlation when the greenhouse
trials were conducted for 5- (EC 19) or 10-week old plants (EC 25) (Figure 3). We also
attempted to go beyond this time point; however, leaf senescence on old leaves prevented
quantification of rust infection. Interestingly, the highest correlation was observed at the
youngest plant developmental stage (Table 5), i.e., 10-day old seedlings (EC 12), which can
be attributed to an adequate range of infected leaf area (Table 4). This can be explained
by the fact that young leaves with low differentiation are able to cope with a change
of circumstances and adapt better to the conditions of detached leaf assays [37]. Leaf
senescence has been confirmed as a challenging factor in previous studies with detached
leaf assays [38,39]. Senescence occurred primarily on aged leaves as a result of stress and is
associated with the presence of phytohormones [39]. Meaningful leaf rust phenotyping
examining plants at later developmental stages (>5 weeks) in greenhouse experiments
is very difficult, and implemented trials did not yield evaluable results or methodical
advances [40].

Another approach to increase the correlation between greenhouse and field trials
could be to increase the diversity of used rust isolates [34]. Although the highly aggressive
leaf rust isolate 77 WxR was applied, which exhibits virulence in juvenile plant stages
against several resistance genes, viz. Lr1, Lr2a, Lr2b, Lr2c, Lr3a, Lr3bg, Lr3ka, Lr4, Lr11, Lr12,
Lr13, Lr14a, Lr14b, Lr15, Lr17, Lr17b, Lr18, Lr20, Lr22a, Lr22b, Lr23, Lr26, Lr33, Lr35, Lr36,
Lr37, Lr38, and Lr49 [27], natural selection pressure leads to divergent isolate populations
resulting in differences between greenhouse and field trials. However, there are also
differences between field trials. Looking at the relevant comparisons, i.e., correlation at
the single location versus the series except the location under consideration, there is an
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average correlation of r = 0.57 (Table 6). This is only 16% lower compared to the correlation
between greenhouse and field trials. This suggests that an increase in correlation between
field and greenhouse trials is possible by using different rust isolates in the latter.

 

𝑟

Figure 3. Histogram showing the distribution of leaf rust infections based on 532 leaf samples of 15-week old greenhouse

plants (EC 32). Percentage of infected leaf area was determined by an automated phenotyping platform using image

analysis. Due to the low infection rates (see the truncated bar of the histogram), data of this developmental stage were

excluded from statistical analysis.

To further investigate the possibilities and limitations to increase the correlation
between greenhouse and field environments, we looked at the outliers: genotypes that
were susceptible as juvenile plants but resistant at the adult plant stage were absent in
this study. Nevertheless, 8 lines that were resistant at a juvenile stage were susceptible
under field conditions (Figure 2). The pedigrees of the genotypes are known and include
susceptible parents for inconsistent lines (data not shown). Moreover, 5 of those lines show
an early ripening (data not shown), avoiding the confrontation with a highly increased leaf
rust pressure after many cycles of uredospore multiplication [41]. Therefore, the moderate
correlation between seedling and adult plant resistance was supported by contrasting
virulence differences of a diverse pathogen population in the field, compared to the limited
range of a single isolate used for artificial inoculation. This again supports the hypothesis
that the use of mixtures of relevant virulent isolates can help to approximate greenhouse
tests of seedlings to field trials. To conduct greenhouse screening with more diverse
rust isolates, more information is needed on the composition of naturally occurring rust
populations for different wheat growing areas and the conditions to simulate these rust
populations in greenhouse trials.
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4.2. Examining Seedling Resistance Could Support Leaf Rust Resistance Breeding within
European Wheat

Test conditions within field trials are similar to common agricultural growing environ-
ments and phenotyping is able to detect relevant resistances comprising seedling, as well
as adult plant resistance, while they cannot be clearly distinguished under field conditions.
Studies reporting an increased effectiveness at the adult plant stage were missing for the
most common resistance genes of European wheat cultivars. Boyd et al. (2006) [42] de-
tected adult plant leaf rust resistance, which was absent at the juvenile stage, by examining
mutant lines based on the wheat cultivar Hobbit ‘sib’. Such a behavior may be explained by
the late expression of adult plant resistance taking place after testing [24,42]. The regulation
of resistance expression in dependence of the plant developmental stage is well known in
wheat [43] and was also reported for its rust resistance [24,42].

In contrast to field experiments, it is more difficult to detect adult plant resistance by
performing greenhouse trials examining juvenile plants, while seedling resistance could
be discovered easily at early plant developmental stages. It is known that the majority of
discovered leaf rust resistance genes cause seedling resistance, while Lr1, Lr3, Lr10, Lr11,
Lr12, Lr13, Lr14a, and Lr24 are frequently used within the European wheat germplasm [9].
The importance of detecting seedling resistance was underlined by their reduced, but
continuous participation on leaf rust resistance, even after their break down [27]. Therefore,
greenhouse observations of juvenile plants could support breeding for leaf rust resistance
in European wheat.

The simultaneous examination of leaf rust resistance within greenhouse and field trials
helps to distinguish between seedling and adult plant resistance. A deeper examination of
inconsistent genotypes would be of high relevance understanding the genetic architecture
of leaf rust resistance and support resistance breeding in the examined wheat population.
Breeders are confronted with the strong effect, as well as the simple handling, of qualitative
resistance genes combined with a short durability, which is contrary for quantitative
resistances and can be primarily summarized as seedling versus adult plant resistance,
respectively [11,27].

If an increased correlation between greenhouse and field evaluation can be accom-
plished in the future, the greenhouse workflow affords promising advantages for the
application within the breeding process. Experiments with juvenile plants would be benefi-
cial to generate phenotypic data of a large genotype set with a highly desired advantage in
time. The appearance of intended inoculum can be ensured, while the occurrence of other
pathogens causing masking effects on the trait of interest can be excluded.

4.3. Automated Phenotyping of Detached Juvenile Leaves Is Beneficial for Resistance Breeding

Speed-breeding is an important method to improve cereal breeding, and protocols
were already established for spring wheat [20,44]. Due to a plant growing under controlled
conditions and a highly elongated photoperiod, growing time per generation was extremely
shortened [44]. Its combination with modern genomic-based selection methods opens new
opportunities for resistance breeding, e.g., fast trait introgression combining high yield and
multiple resistance or stacking of resistance genes [20].

Due to their high durability, quantitative leaf rust resistance genes are highly de-
sired [7]. However, they are mostly expressed in adult plants [17,18], resulting in a time-
consuming identification with missed distinction to seedling resistance. Therefore, the
identification and stacking of seedling resistance could be an efficient alternative.

In addition, fast and efficient phenotyping systems are required to support the appli-
cation of speed-breeding [20,24]. Within this study, a phenotyping workflow examining
detached leaves of greenhouse seedlings was applied by an automated, high-throughput
platform. This system is time- and resource-saving, generating precise quantitative data of
leaf rust resistance.

The used phenotyping workflow was conceived aiming at an optimal examination
of detached seedling leaves. The growing time of plants in addition to 8 days of rust

Peer-reviewed scientific articles

53



Biology 2021, 10, 628 14 of 16

incubation is needed to finally quantify the leaf rust symptoms, while screening results can
be checked by facing the automatically saved images. Most of the resistance mechanisms
of adult plants are still present in seedlings [9], and resistance can be identified based on
an image analysis which is sensible even for low infection levels.

The implemented phenotyping strategy is relevant to support resistance breeding,
especially when it is combined with a speed-breeding protocol. As an outlook, the applied
greenhouse workflow provides some further interesting opportunities improving resistance
screening. Experiments can be performed over a wide range of the year. A simultaneous
examination of different leaf diseases or pathogen isolates can be realized within separated
experiments. The image analysis software is available for quantifying leaf rust, stripe rust
and powdery mildew [28].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/

10.3390/biology10070628/s1, Figure S1: Example images of deatched leaf assays to visualize the

wide range of leaf rust infestation within greenhouse experiments. Each column includes the same

genotype, while the given percentage of infected leaf area (Infected area) was analyzed by the

BluVison software. Infestation data of tested wheat lines (B) were confronted with results of the

susceptible control Borenos (A). For control means <2% infected leaf area per inoculation group,

the whole inoculation group was excluded from statistical analyses, Table S1: Results of leaf rust

screening of 232 winter wheat lines and susceptible control Borenos. Phenotyping in the field was

realized at the date of flowering (EC 65) following an ordinal scale of increasing infestation from

1 to 9. The whole genotype set was examined within greenhouse trials as two leaf seedlings (EC 12;

T1). In addition, a limited set of 40 genotypes was tested 5 weeks (EC 19; T2), and 10 weeks (EC 25;

T3) after sowing. Columns T1, T2, and T3 give the percentage of infected leaf area based on detached

leaf assays. Best linear unbiased estimations (BLUEs) were estimated for each plant developmental

stage (T1–T3), while the belonging standard errors are also given.
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4 General discussion 

Resistance breeding is becoming increasingly important as a sustainable response to 

the massive expansion of invasiv pests and diseases due to climatic changes (Krengel-

Horney et al. 2021). Therefore, an important concern in wheat breeding is to generate 

stably resistant varieties through the accumulation of effective resistance genes 

(Zetzsche et al. 2020). Despite massive efforts to improve resistance breeding in 

recent years, innovations are still urgently needed. 

4.1 Hybrid breeding as a promising approach to increase leaf rust resistance 

Published studies clearly indicate that there is a possibility to increase the resistance 

level via breeding hybrids (Gowda et al. 2014, Longin et al. 2013, Miedaner et al. 2013, 

Zhao et al. 2013). These findings are supported by results of this thesis using field 

trials of resistance to leaf rust and stripe rust in European wheat, in which better-parent 

heterosis was found to range from 12% - 26%. The advantage of hybrid over line 

breeding is the simplified accumulation of resistance genes, since the desired 

dominant genes only need to be fixed in one parent pool under certain conditions 

(Longin et al. 2013). However, this requires a high degree of dominance of the 

resistance loci, which thereby have a significant influence on trait expression. 

Therefore, to successfully identify favorable allele or gene combinations in the context 

of hybrid breeding, a detailed examination of the degree of dominance for resistance 

conferring loci is required. Our studies revealed a beneficial degree of dominance for 

leaf rust resistance for most marker-trait associations. Thus, further development of 

resistance strategies via hybrid wheat breeding seems to have a great potential. In 

contrast, identified loci associated to stripe rust resistance were inconsistent and 

showed insufficient levels of the degree of dominance. In line with this observation 

were pleiotropic genes conferring resistance to leaf rust as well as stripe rust missing 

within the European wheat population, suggesting that there may not be an association 

between leaf rust and stripe rust resistance in the observed wheat populations. In 

summary, hybrid breeding shows promise for achieving improved resistance to leaf 

rust in European winter wheat. 

It is of great interest to review and improve the inconsistent findings for stripe 

rust resistance. Changes in the methodology will help to increase the power when 

searching for resistances within the European elite germplasm. In more detail, the 
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identification of previously untapped stripe rust resistances could be accomplished by 

implementing another genotyping strategy increasing the marker density. In case 

valuable resistances are missing within the elite material, a closer look into the diversity 

of plant genetic resources is promising. 

Plant genetic resources are conserved in genebanks, and it is highly likely that 

this material contains new resistance genes not used in elite breeding, up to now 

(Tadesse et al. 2019). To detect valuable novel resistances, collections of genetic 

resources should be extensively screened. Corresponding activities have already 

started by testing the entire wheat collection of IPK Gatersleben for resistance to 

powdery mildew, leaf rust, as well as stripe rust, with trials being conducted under field 

and greenhouse conditions (Beukert et al. 2020). Thus, the investigation of plant 

genetic resources and a more detailed study of European elite material using higher 

marker saturation as well as considering rare alleles is expected to contribute to the 

identification of previously unknown stripe rust resistance genes, while an in-depth 

analysis of their degree of dominance would clarify their value for breeding resistant 

wheat hybrids. 

4.2 Marker-assisted selection based on diagnostic markers will simplify the 

selection of leaf rust resistant wheat hybrids 

In plant breeding, the goal is to accelerate the breeding cycle, and thus increase the 

selection gain per unit time, which seems possible by genome-based prediction. There 

are two powerful genome-based selection strategies: marker-assisted selection (MAS) 

and genomic selection (GS) (Lande and Thompson 1990, Meuwissen et al. 2001). 

Common to both methods is that performance of genotypes is predicted based on their 

genomic profiles. In doing so, breeding based on MAS focuses on a few markers linked 

to genes with large effects on phenotypic variation (Lande and Thompson 1990). To 

implement MAS, reliably informative markers must be known to enrich the frequency 

of resistance genes in the underlying breeding population (Singh et al. 2005). Unlike 

MAS, GS considers all available markers and does not select a few significant ones 

(Zhao et al. 2015a). GS is ideal for predicting traits based on complex genetic structure 

such as quantitatively expressed resistance alleles (Bernardo 2008, Meuwissen et al. 

2001). The relative superiority of both prediction approaches is variable and highly 

dependent on the genetic architecture, the trait under study, and the crop population 

of interest (Heffner et al. 2009, Zhao et al. 2015b). For this reason, the potentials of 
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MAS and GS need to be explored in detail case by case by estimating their prediction 

ability based on the relevant germplasm to ensure high usability by using the optimal 

prediction strategy (Jiang et al. 2017). 

In our studies, we compared both strategies using two comprehensive 

European hybrid wheat populations to predict resistance to leaf rust and stripe rust. 

The ability to predict stripe rust resistance was low for both selection methods. Further 

efforts should also focus on the detection of unknown sources of resistance and their 

distribution, since the aggressive pathotype Warrior, which emerged in 2011, 

destroyed most durable resistances in European germplasm and breeding efforts as 

well as marker development for this trait have resumed. 

In contrast to the results in stripe rust, genomic regions of high relevance in 

European winter wheat were uniformly detected on chromosomes 4D, 4A, and 7D for 

leaf rust resistance, with chromosome 4A being of special importance. Therefore, high 

prediction abilities were found using MAS (0.50, 0.57), which outperformed the use of 

GS (0.43, 0.50), reflecting the potential of MAS to support leaf rust resistance breeding 

in European wheat. The reliable prediction based on MAS was caused by the presence 

of a limited number of diagnostic markers associated with leaf rust resistance and a 

simple genetic architecture within the specific germplasm, mainly based on 

significantly high effects of each relevant loci. In summary, MAS holds great potential 

to further improve European wheat breeding targeting leaf rust resistance, as it 

supports the accumulation of resistance genes in early plant generations (Bonnett et 

al. 2005) and overall breeding efficiency (Bassi et al. 2015, Miedaner and Korzun 

2012). 

4.3 Adjusting genotyping platform is needed to clarify the genetic architecture 

of stripe rust resistance within European wheat 

The main part of this thesis is based on two hybrid wheat populations comprising 

230 - 236 parental lines and 1,744 - 1,750 hybrids derived from incomplete factorial 

crossings. The population make-up facilitates to identify resistance genes, which was 

confirmed by Liu et al. (2020) and Miedaner et al. (2013) using hybrid wheat 

populations of similar sizes to detect resistance against leaf rust and septoria tritici 

blotch, respectively. The parental lines were genotyped using a 15 k SNP subset of 

the wheat 90 k Illumina Infinium array (Wang et al. 2014) resulting in 9,962 and 10,453 

informative markers. However, Mirdita et al. (2015) reported a limited power to detect 
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QTLs caused by a weak marker saturation applying the full 90 k SNP array to detect 

resistance against fusarium head blight and septoria tritici blotch within a hybrid wheat 

population (Mirdita et al. 2015). In fact, also in our studies marker density was not 

consistent ranging widely for the different chromosomes and genomes. Therefore, 

marker saturation over the whole wheat genome should be improved to increase the 

power of genome-wide association study (GWAS), which may be successfully realized 

by implementing whole-genome sequencing (Brenchley et al. 2012). Within our 

studies, markers significantly associated to stripe rust resistance were found on wheat 

chromosomes 2A, 2B, 2D, 4D, 6A, and 7A. Genes located on chromosomes 2A and 

2B, like Yr1, Yr17, Yr32, and Yr27, respectively (National BioResource Project 2021) 

seem to be important to confer stripe rust resistance (Buerstmayr et al. 2014, Jagger 

et al. 2011). However, results examining this two hybrid populations were inconsistent 

and are in contrast to findings of other previous studies focusing on stripe rust 

resistance within European wheat (Buerstmayr et al. 2014, Bulli et al. 2016, Jagger et 

al. 2011). 

Previous studies came to the conclusion that stripe rust resistance is of complex 

architecture and is composed within European wheat by some major genes in 

combination with a large amount of minor genes (Buerstmayr et al. 2014, Maccaferri 

et al. 2015). In accordance, the inconsistency of detected genome regions across 

these two studies suggests the presence of many QTLs affecting individually stripe 

rust resistance to a small amount (Mirdita et al. 2015). The analyzed field data is clearly 

not normally distributed and skewed to a high resistance level (Figure 4). This supports 

the assumption that stripe rust resistance genes of major effect are additionally present 

within the observed hybrid populations. 
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Figure 4: Distribution of stripe rust severity of the two examined hybrid populations comprising 
1,750 hybrids (A) and 1,744 hybrids (B). Presented analyzed data are based on visual field 
scoring, where 0 represents full resistance and 8 is the maxiumum of visible leaf symptoms. 

To sum up, stripe rust resistance seems to be of complex genetic architecture 

within European wheat based on a mix of minor and major genes (Buerstmayr et al. 

2014, Maccaferri et al. 2015). This needs to be confirmed for the European hybrid 

wheat populations analyzed within this study by performing GWAS based on more 

dense and uniformly distributed genomic data (Bulli et al. 2016, Maccaferri et al. 2015). 

These results should allow the explicit clarification of the genetic architecture of stripe 

rust resistance and this information will be highly useful to detect the most promising 

prediction strategy. 

4.4 Efficient phenotyping of greenhouse seedlings will fasten the breeding 

cycle 

The success of selection strategies is highly dependent on a precise and rapid 

phenotyping method, which is also a prerequisite for the implementation of genome-

based selection methods such as MAS and GS. Therefore, the implementation of 

innovations leading to efficient, precise, and rapid phenotyping strategies support 

further improvement and accelerate the breeding cycle. One promising concept is 

disease quantification using detached seedling leaves by a robotic high-throughput 
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system (Lueck et al. 2020). The application of such experiments takes place in the 

greenhouse, where mimicking field conditions is a major challenge to achieve 

significant time savings, while generating accurate phenotypic information (Irwin et al. 

2003). Therefore, the study of an approximation of field by greenhouse experiments is 

an important requirement. It should be noted that the implemented leaf segment test 

considers resistance of seedlings as opposed to resistance of adult plants. Phenotypic 

results from testing seedlings at different developmental stages were contrasted with 

adult plants in the field to evaluate the utility of phenotyping in the greenhouse. Our 

validation revealed moderate correlations (r = 0.34 - 0.48) between seedling and adult 

plant resistance, with young seedlings (EC 12) showing the highest correlation. This 

was underlined by a high level of infection, mainly due to the ability of young leaves to 

adapt to changing environmental conditions due to a low level of differentiation 

(Aregbesola et al. 2020). 

Given these results, the major challenge is to increase the correlation between 

greenhouse and field trials based on controlled adjustment of greenhouse conditions. 

The precision of greenhouse phenotyping can be increased by conducting replicated 

trials with randomized composition of inoculation groups to compensate for variable 

environmental conditions. Greenhouse experiments can be approximated to field 

conditions by using a few different rust isolates simultaneously (Gao et al. 2016). 

However, more knowledge about the composition of the relevant European rust 

populations and their occurrence is urgently needed to select appropriate isolate 

mixtures. Based on these approaches, successfully increasing the correlation between 

greenhouse and field phenotyping seems feasible. Based on this perspective, the 

presented greenhouse workflow is a promising tool to support resistance breeding, 

focusing on a high level of time saving and efficiency. Specifically, the greenhouse 

workflow is able to detect relevant resistance at the seedling stage (Aktar-Uz-Zaman 

et al. 2017), while generating accurate phenotypic information in a time- and resource-

saving manner. Therefore, it has high potential to improve and accelerate the breeding 

cycle, especially when integrated into speed breeding protocols (Hickey et al. 2017, 

Riaz et al. 2016). In addition, it allows simultaneous but separate monitoring of different 

pathogens or isolates over a long period of time within a year, and it has the potential 

to be applicable to almost any foliar symptom causing disease in crops.  
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5 Outlook 

The validated strategies of hybrid breeding, genome-based selection, and modern 

high-throughput phenotyping are very promising to improve resistance breeding. 

Breeding efficiency can be increased tremendously, if all strategies are successfully 

integrated into the same breeding scheme (Figure 5), which is applicable in monitoring 

leaf rust resistance in European wheat. In addition, the tools can also be incorporated 

into modern innovative strategies such as speed breeding protocols to further promote 

the development of a rapid and efficient breeding cycle. The application of these 

methods may be also used to study other diseases and crops, although some 

background information is required for successful application. For example, some 

efforts and research are needed to clarify the genetic architecture of stripe rust 

resistance in European wheat material, while diagnostic markers should also be 

identified to enable precise selection in the breeding cycle. 

 

Figure 5: Summary of methods and tools to support resistance breeding focusing on leaf rust 
and stripe rust resistance in European wheat. 

Due to climatic changes and the increasing importance of variable pests and 

diseases in Europe, wheat breeding aims to work with multi-disease resistance (MDR). 

Resistance traits of great interest are powdery mildew, fusarium head blight, and rust 

diseases (leaf rust, stripe rust, stem rust) (Miedaner and Juroszek 2021). Some wheat 

genes that confer resistance to multiple diseases simultaneously are already known, 
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e.g. Sr2/Yr30/Lr27, Lr34/Yr18/Sr57/Pm38, Lr46/Yr29/Sr58/Pm39, and 

Lr67/Yr46/Sr55/Pm46, which are based on a single gene (Miedaner and Juroszek 

2021, Silva et al. 2015, Singh et al. 2011). Innovative strategies of genome-based 

selection and modern phenotyping can simplify the combination of multi-disease 

resistance (MDR) and allow faster response to disease or pathotype emergence, while 

methods of genome-based prediction have already been implemented in many 

commercial breeding programs. In summary, the implementation of modern 

innovations from the fields of statistics and phenotyping is promising to support 

resistance breeding, leading to a faster increase in population mean and enabling the 

efficient identification of superior MDR varieties (Miedaner and Juroszek 2021). 
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6 Summary 

Leaf rust caused by Puccinia triticina and stripe rust caused by Puccinia striiformis f. 

sp. tritici are highly important fungal wheat diseases limiting the global wheat 

production. Due to the continuous appearance of new virulent rust races, resistance 

breeding is aiming to create varieties of durable resistance by accumulating several 

effective resistance genes. Thus, innovative methods and the combination of 

promising tools are highly demanded to identify new resistances efficiently as well as 

to exploit these via improved breeding schemes. For this reason, hybrid breeding, 

selection based on genotypic information, and automated phenotyping platforms seem 

to be valuable to improve resistance breeding. In this thesis, the genetic architecture 

of leaf rust and stripe rust resistance within European wheat was examined and the 

benefit of using innovative tools to improve the level of rust resistance was assessed. 

Findings confirmed the higher resistance level of hybrid wheat compared to the 

parental inbred lines resulting in strong amounts of better-parent heterosis. Many loci 

associated to resistance showed a desired dominance degree allowing the rapid 

accumulation of resistance genes by simply fixing them in one parental pool. 

Therefore, hybrid breeding is a beneficial method to increase leaf rust resistance within 

European wheat. Performing marker-assisted selection (MAS) is more precise to 

predict leaf rust resistance than genomic selection (GS). Hence, MAS is suggested as 

an efficient method supporting leaf rust resistance in European wheat hybrids. In 

contrast, findings for stripe rust resistance were very inconsistent recommending the 

examination of genetic architecture in more detail by applying an adjusted 

methodology. In addition, our results confirmed the examination of detached leaf 

assays of juvenile plants inoculated under controlled conditions and phenotyped by a 

robotic- and computer-based high-throughput system as a promising method for 

precise phenotyping. In summary, the strategies of hybrid breeding, genome-based 

selection, and modern greenhouse phenotyping are promising to support resistance 

breeding, to conduct time saving and efficient breeding for rust resistance. The 

successful introduction of many innovative tools is highly promoting breeding aiming 

to generate multi-disease resistant varieties, while rapidly increasing the breeding 

efficiency. 
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7 Zusammenfassung 

Braunrost, verursacht durch Puccinia triticina, und Gelbrost, ausgelöst durch Puccinia 

striiformis f. sp. tritici, zählen zu den bedeutenden Pilzkrankheiten im Weizen und ihr 

Auftreten führt weltweit zu Ertragsverlusten. Da ständig neue virulente Rostrassen 

nachgewiesen werden, zielt die Resistenzzüchtung auf die Erzeugung von Sorten mit 

langlebiger Resistenz durch die Anreicherung mehrerer Resistenzgene in einem 

Genotyp ab. Innovative Methoden und die Kombination vielversprechender 

Werkzeuge sind erforderlich, um neue Resistenzen zu identifizieren und diese über 

verbesserte Zuchtschemata zu nutzen. In diesem Zusammenhang scheinen die 

Hybridzüchtung sowie die Selektion basierend auf genotypischen Informationen und 

automatisierten Phänotypisierungsplattformen für die Verbesserung der Resistenz 

nützlich zu sein. Im Rahmen dieser Arbeit wurde die genetische Architektur von 

Braunrost- und Gelbrostresistenz im europäischen Weizen untersucht und der Nutzen 

innovativer Werkzeuge zur Verbesserung der Rostresistenz bewertet. Unsere 

Ergebnisse bestätigten das höhere Resistenzniveau von Hybridweizen im Vergleich 

zu elterlichen Inzuchtlinien, was sich in einem hohen Betrag der Heterosis zum 

besseren Elter widerspiegelt. Dabei wiesen viele resistenzassoziierte Loci den 

gewünschten Dominanzgrad auf, welcher eine schnelle Anreicherung von 

Resistenzgenen durch die Fixierung in einem Elternpool ermöglicht. Aus diesem 

Grund kann über Hybridzüchtung die Braunrostresistenz im europäischen Weizen 

erhöht werden. Die Durchführung von markergestützter Selektion (MAS) ist bei der 

Vorhersage der Braunrostresistenz präziser als genomische Selektion (GS). Daher 

wird MAS als effiziente Methode zur Steigerung der Braunrostresistenz bei 

europäischem Hybridweizen empfohlen. Im Gegensatz dazu waren die Ergebnisse für 

Gelbrostresistenz weniger eindeutig, was eine detaillierte Untersuchung der 

genetischen Architektur durch die Anwendung einer angepassten Methodik nötig 

macht. Darüber hinaus zeigte sich die Untersuchung von Blattsegmenten junger 

Pflanzen, die unter kontrollierten Bedingungen inokuliert und mit einem roboter- und 

computergestützten Hochdurchsatzsystem phänotypisiert wurden, als eine 

vielversprechende Methode zur Phänotypisierung. Insgesamt sind die einzelnen 

Strategien der Hybridzüchtung, der genombasierten Selektion und der modernen 

Phänotypisierung im Gewächshaus vielversprechend, um die Resistenzzüchtung zu 

verbessern und ein hohes Maß an Zeitersparnis und Effizienz zu erreichen. Außerdem 

fördert die erfolgreiche Einführung mehrerer innovativer Hilfsmittel in hohem Maße die 

Züchtung, welche darauf abzielt multiresistente Sorten zu erzeugen und gleichzeitig 

die Züchtungseffizienz zu steigern.  
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