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Abstract 9 
Disease resistance (R) gene cloning in wheat (Triticum aestivum) has been accelerated by the recent 10 
surge of genomic resources, facilitated by advances in sequencing technologies and bioinformatics. 11 
However, with the challenges of population growth and climate change ahead of us, it is vital not 12 
only to clone and functionally characterise a few handfuls R genes, but to do so at an 13 
agroecologically relevant scale. Pathogen populations are continually changing, and breeders must 14 
have tools and resources available to respond to those changes as quickly as possible if we are to 15 
safeguard our daily bread. To meet this challenge, we propose the creation of a wheat R gene atlas 16 
by an international community of researchers and breeders. The atlas would take the form of an 17 
online directory from which sources of resistance could be identified and deployed to achieve more 18 
durable resistance to the major wheat pathogens, such as wheat rusts, blotch diseases, powdery 19 
mildew and wheat blast. We present a costed proposal detailing how the interacting molecular 20 
components governing disease resistance could be captured from both the host and pathogen 21 
through biparental mapping, mutational genomics and whole-genome association genetics. We 22 
explore options for the effective configuration and genotyping of diversity panels of hexaploid and 23 
tetraploid wheat, as well as their wild relatives and major pathogens, and discuss how the atlas 24 
could inform a dynamic, durable approach to R gene deployment. Set against the current magnitude 25 
of wheat yield losses worldwide (recently estimated at 209 million tonnes each year; Savary et al., 26 
2019a), this endeavour presents one route for bringing R genes from the lab to the field at a 27 
considerable speed and quantity. 28 
 29 
Introduction 30 
The recent discovery of charred breadcrumbs in an ancient Natufian fireplace in north-eastern 31 
Jordan revealed that bread making was practised long before the dawn of agriculture (Arranz-32 
Otaegui et al., 2018). This early bread, made from wild grasses (Arranz-Otaegui et al., 2018), would 33 
have required extensive labour to forage, peel and grind the grains. It took another 3,000 years 34 
before wild grasses were domesticated and cultivated, which gave farmers far greater control over 35 
food production and thereby laid the foundation for early civilisations in the Fertile Crescent. 36 
Today, wheat (Triticum aestivum) provides 18% of the calories and 19% of the protein consumed 37 
by humankind (FAOSTAT, 2017; http://www.fao.org/faostat/en/#data/FBS). The sudden 38 
disruption of this supply can lead to famine and civil unrest; for example, many observers have 39 
noted the correlation between poor wheat harvests around the world in 2010, the associated sharp 40 
rise in the price of bread in North Africa and the Middle East, and the Arab Spring, which led to 41 
the toppling of governments across the region (Zurayk and Khalidi, 2011). 42 
 43 
Diseases and pests constitute a major limitation to wheat production, reducing the world’s projected 44 
harvest by an average of 21% every year (Savary et al., 2019a; Fig. 1). The top four pests and 45 
diseases account for over half of this loss (Fig. 1). These damaging agents are seldom evenly spread; 46 
their sudden and unexpected appearance can rapidly cause an epidemic leading to large-scale 47 
regional crop failure (Saari and Wilcoxson, 1974; Hovmøller, Walter and Justesen, 2010; Islam et 48 
al., 2016). Control measures include pesticides, quarantine and breeding to combine genetic 49 
variation for enhanced resistance with other traits, such as grain yield. Genetic resistance constitutes 50 
an economical and environmentally friendly way to control disease and is especially important for 51 
those farmers who lack access to pesticides, whether due to prohibitive costs or regulations. 52 
Moreover, the frequent and excessive application of pesticides can lead to selection for pathogen 53 
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resistance to these chemical compounds (Omrane et al., 2017), further demonstrating the need for 54 
genetic resistance in crops. 55 
 56 
A series of polyploidisation events in the evolutionary history of wheat, followed by domestication 57 
10,000 years ago, sampled only a fraction of the genetic diversity at each successive step (Lu, 2020; 58 
Fig. 2). Breeding over the last 200 years has further reduced this diversity (Pont et al., 2019; Zhou 59 
et al., 2020), with modern farming practices portioning the remaining diversity into monocultures 60 
prone to epidemics. It has long been recognised that the wild progenitors, landraces and 61 
domesticated relatives of bread wheat constitute a reservoir of genetic diversity that can be 62 
exploited to improve disease and pest resistance (Feuillet, Langridge and Waugh, 2008). Indeed, 63 
over the last 100 years, the bread wheat gene pool has been endowed with 204 exotic resistance (R) 64 
genes, constituting 44% of the 467 R genes designated in wheat (Fig. 2; Table S1). Notable 65 
successes include the stem rust resistance genes Sr2, Sr25 and Sr31 introduced from emmer wheat 66 
(Triticum turgidum), tall wheat grass (Thinopyrum obtusiflorum) and rye (Secale cereale), 67 
respectively (Pan, 1940; Friebe et al., 1994; Lukaszewski, 2000). Unfortunately, the breeding 68 
timelines are typically long (15 to 20 years; Erickson, 1945) and suffer from linkage drag – the co-69 
introduction of deleterious linked alleles (Olson et al., 2010; Niu et al., 2014). Moreover, when 70 
only single R genes are deployed, these are often rapidly overcome by the pest or pathogen 71 
(McDonald and Linde, 2002). 72 
 73 
In this review, we argue that, combined with large-scale phenotyping, sequenced diversity panels 74 
of (i) wheat and wild progenitors and (ii) pathogen isolates causing major diseases of wheat could 75 
be employed to rapidly identify and clone large numbers of R genes and their corresponding 76 
pathogen effectors. Our vision is to create an atlas of characterised R genes from bread and durum 77 
wheat, as well as their direct tetraploid and diploid progenitors, to support wheat pre-breeding and 78 
breeding. Combined with the monitoring of effectors in pathogen populations, this would enable 79 
conventional breeders and genetic engineers to more efficiently and judiciously manage natural 80 
variation for disease resistance, for example by eliminating varieties reliant on a single R gene and 81 
creating and maintaining broad-spectrum R gene stacks effective against many strains of different 82 
pathogens. 83 
 84 
 85 
Molecular components of the atlas 86 
During infection, pathogens secrete proteins known as effectors or avirulence (Avr) proteins. Plant 87 
hosts have evolved surface and intracellular immune receptors to recognise these molecules. They 88 
are generally encoded by R genes, and often interact with effectors in a gene-for-gene relationship 89 
(Flor, 1971). Effector detection triggers the initiation of defence responses that can limit pathogen 90 
proliferation in the host. These interacting molecules are the essential components of the atlas. Their 91 
structure, function and evolution have been explored in more detail in other reviews (e.g., Jones 92 
and Dangl, 2006; Cook, Mesarich and Thomma, 2015).  93 
 94 
Diversifying selection, acting on variation generated by recombination and mutation, has often 95 
resulted in great diversity between R gene loci (Kuang et al., 2004; Van de Weyer et al., 2019; 96 
Hatta et al., 2020). The vast majority of major-effect dominant R genes cloned to date have been 97 
found to encode intracellular nucleotide-binding and leucine-rich repeat (NLR) immune receptors 98 
(Kourelis and Van Der Hoorn, 2018). NLR-mediated resistance is typically race-specific (i.e., gene-99 
for-gene) and operates at all stages of plant growth (Periyannan et al., 2017). Some dominant race-100 
specific R genes encoding membrane-anchored surface receptors have also been identified, such as 101 
Xa21 (Song et al., 1995), conferring bacterial blight resistance in rice (Oryza sativa), and Stb6 102 
(Saintenac et al., 2018), conferring resistance to Septoria tritici Blotch (STB). There are also some 103 
cases of cloned recessive R genes; for example, the mlo gene in barley (Hordeum vulgare) and 104 
wheat encodes a multi-transmembrane protein and confers resistance to powdery mildew (Wang et 105 
al., 2014; Acevedo-Garcia et al., 2017). Examples of non-NLR R genes in wheat include the cloned 106 
rust adult plant resistance (APR) genes, which encode proteins belonging to disparate structural 107 
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classes, including an ABC transporter (Lr34; Krattinger et al., 2009), a protein kinase (Yr36; Fu et 108 
al., 2009) and a hexose transporter (Lr67; Moore et al., 2015). These non-NLRs are effective only 109 
at the adult plant stages, are not race- or pathogen-specific, and are more quantitative in nature, 110 
conferring only partial resistance. This may make them less vulnerable to the process of reciprocal 111 
pathogen co-evolution since they present a relatively weak selection pressure. 112 
 113 
The wheat R gene catalogue must be expanded to facilitate deployment in a variety of combinations, 114 
with the aim of slowing down pathogen co-evolution and improving durability. Cloning genes 115 
offers insight into their mechanism of function, which in turn allows R genes with complementary 116 
functions to be combined. Perfect markers can also be designed from cloned R genes, facilitating 117 
their tracking in breeding programs and integration with quantitative resistance. Combining this 118 
with information about the corresponding effectors, such as their frequencies in pathogen 119 
populations and their fitness costs, will help to predict combinations of R genes that provide 120 
effective and durable resistance. 121 
 122 
 123 
Populating the atlas: R genes 124 

Methods of R gene cloning 125 
To date, 38 wheat R genes have been cloned, more than half of which have been contributed by the 126 
species other than bread and durum wheat (Table S2). The process of isolating R genes from wider 127 
gene pools is challenging, however, and it is progressively more difficult to transfer genetic material 128 
to wheat from the secondary and tertiary gene pools (Harlan and de Wet, 1971). Conventionally, a 129 
biparental mapping population would be generated, using parents with contrasting phenotypes 130 
followed by the selfing of the offspring to generate a segregating population (Fig. 2). The mapping 131 
population is genotyped and phenotyped to facilitate the coarse mapping of the R gene locus, 132 
followed by high-resolution mapping and positional cloning. This resource-intensive, time-133 
consuming process is often hampered by suppressed recombination between the mapping parents 134 
– particularly when the target R gene resides in chromatin from the secondary or tertiary gene pool.  135 
 136 
Mutational genomics can overcome the limitation of recombination. This strategy is based on 137 
mutagenesis using a mutagen, such as ethyl methanesulfonate, followed by the phenotypic 138 
screening and sequencing of multiple independently-derived susceptible mutants to identify the 139 
candidate gene. Mutagenesis can be combined with capture-based methods to reduce the 140 
complexity of the sequence data gathered from genomes. The NLR gene family shares distinct 141 
protein motifs that can be used to guide the design of specific probes for R gene enrichment 142 
sequencing (RenSeq; Jupe et al., 2013). Mutational genomics combined with RenSeq (MutRenSeq) 143 
was used to isolate the wheat rust resistance genes Sr22, Sr26, Sr45, Sr61, Yr5a, Yr5b and Yr7, and 144 
the powdery mildew resistance gene Pm21 (Table S2; Steuernagel et al., 2016; Marchal et al., 145 
2018; Xing et al., 2018; Zhang et al., 2020); however, capture-based methods are biased towards 146 
the annotated genes for which probes have been designed. To reduce genome complexity in an 147 
unbiased and lossless manner, specific chromosomes can be flow sorted and sequenced from the 148 
wild type and several independent mutants, followed by a sequence comparison for the 149 
identification of a candidate gene (MutChromSeq; Sánchez-Martín et al., 2016). With declining 150 
sequencing costs, such reduced representation methods may not be necessary even for large 151 
Triticeae genomes.  152 
 153 
These methods require the genetic isolation of the R gene followed by further crossing or 154 
mutagenesis, which is time consuming and generally restricted to the cloning of one gene per 155 
population. Performing mutagenesis on wild species can be particularly challenging due to their 156 
poor agronomy and, in the case of diploids, limited genetic redundancy, which necessitates the 157 
generation of mutant populations more than ten times larger than those required for hexaploid wheat 158 
(Uauy, Wulff and Dubcovsky, 2017). An alternative is to take advantage of Mother Nature’s own 159 
genetically structured populations that have accumulated recombinations and mutations over 160 
thousands of generations. This can be achieved through association mapping with diversity panels, 161 
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which can determine genotype-trait correlations to permit the identification of markers tightly 162 
linked to the trait of interest (Togninalli et al., 2018), providing the opportunity to clone many genes 163 
of interest from one sequence-configured population.  164 
 165 
Building diversity panels 166 
For the successful implementation of association genetics, effort must be made to develop suitable 167 
diversity panels – collections of individual accessions representing the genetic and phenotypic 168 
diversity of a population or species. There are several diversity panels of wheat and wild wheat 169 
progenitors available from different gene banks around the globe; however, many gene banks lack 170 
sufficiently informative catalogues, leading to redundancy between collections. Singh et al. (2019) 171 
found that over 50% of Aegilops tauschii accessions had been duplicated both within and between 172 
gene banks. Similarly, Bonman et al. (2015) explored genetic diversity among wheat accessions 173 
from the USDA National Small Grains Collection and found that most of the accessions were nearly 174 
identical to at least one other accession in the core subset. Given the cost of managing germplasm 175 
resources, it would be useful to compare the stocks held in different gene banks and weed out 176 
duplicate accessions. This would permit the more efficient utilisation of the germplasm and lower 177 
the barrier to mobilising novel genetic variation into breeding programs. Such a curation effort has 178 
been undertaken by the Seeds of Discovery project (CIMMYT, Mexico), wherein ~80,000 wheat 179 
accessions have been genotyped and core lines representing the genetic diversity of wheat have 180 
been identified (Sansaloni et al., 2020).  181 
 182 
A good diversity panel evenly captures the genetic diversity of the species across its distributional 183 
range. Uneven sampling may increase the effect of population demographic history on genome-184 
wide association studies (GWAS); for example, the presence of accessions that are highly 185 
genetically and phenotypically similar can potentially inflate the allelic frequencies and linkage 186 
disequilibrium (LD) among unlinked loci, which can cause false positive associations (Arora et al., 187 
2017). This can be mitigated through the removal of such accessions and the application of 188 
statistical methods to control the impact of population structure (Zhang et al., 2010; Bartoli and 189 
Roux, 2017). Additionally, if a phenotype is controlled by several genes or alleles which are each 190 
specific to different genetic groups within the population, the power to detect a candidate gene is 191 
reduced. The effects of genetic and allelic heterogeneity can be effectively controlled by performing 192 
analyses separately for each genetic group. This can result in greater power and resolution, despite 193 
the reduction of panel size. Of course, association genetics is not a viable approach in all cases; for 194 
example, some genes may be extremely rare, such as the lettuce (Lactuca sativa) downy mildew 195 
resistance gene Dm3, which was found to be present in only 1 of 1033 wild accessions (Kuang et 196 
al., 2006). It would also be difficult to identify candidate genes through GWAS when the LD blocks 197 
of the associated region are very large, such as in non-recombining alien chromosome segments. 198 
Through characterising ‘low-hanging fruit’ via association mapping, those accessions containing 199 
unexplained resistance sources can be interrogated by generating biparental mapping or mutant 200 
populations. Thus, this approach can help to ensure that the best cloning method is applied to each 201 
gene. 202 
In short, while a large and diverse panel increases the power of association, care must be taken to 203 
avoid a skewed population structure. Phenotyping a panel can be both difficult and expensive, and 204 
germplasm may be limited; therefore, it is advisable to first evaluate the phenotypic variation in a 205 
reduced core set of accessions that captures the majority of allelic diversity. Phenotypes exhibiting 206 
sufficient variation in the reduced core set are more likely to be worth carrying forward on the 207 
whole panel. 208 
 209 
Genotyping diversity panels 210 
Most association studies to date have used single-nucleotide polymorphisms (SNPs) as genetic 211 
markers, since they are widely distributed across the genome and can be cost-effectively scored 212 
using arrays containing probes for thousands of SNPs. These arrays typically only capture a fraction 213 
of the genetic variation within a population however, since they fail to capture structural variants 214 
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such as copy number variations (CNVs) and insertion–deletions (indels). Furthermore, the pre-215 
selection of SNPs with high minor allele frequencies may reduce the likelihood of finding markers 216 
in LD with rare resistances. 217 
Another option is to perform reduced representation sequencing, such as exome or gene family 218 
capture sequencing, or whole-genome shotgun sequencing. Rather than using SNPs, reference bias 219 
can be mitigated by performing associations directly on k-mers, sub-sequences of length k, which 220 
can be generated directly from raw sequence reads (Audano, Ravishankar and Vannberg, 2018; 221 
Rahman et al., 2018; Arora et al., 2019; Voichek and Weigel, 2020). If k-mer variation in the panel 222 
is correlated with phenotypic variation, then k-mers significantly associated with the trait of interest 223 
can be used to assemble the reads from which they were derived or mapped directly to a de novo 224 
assembly generated from an accession expressing the trait. For example, association genetics in 225 
combination with RenSeq (AgRenSeq) was successfully applied to an Aegilops tauschii diversity 226 
panel, which allowed the rapid identification of four stem rust R genes (Arora et al., 2019).  227 
When the de novo assembly used as a reference for k-mer mapping is fragmented, it can be difficult 228 
to infer the complete sequence of the target gene. The situation can become more complex when a 229 
candidate gene is in LD with other genes in the vicinity of the true candidate; this may result in 230 
distinct association signals, implying several candidate genes are responsible for the phenotype. 231 
These problems can be mitigated through the use of a better-quality assembly to fetch the haplotype 232 
block surrounding the candidate gene. The continued drop in the cost of DNA sequencing now 233 
makes it economically feasible to generate a library of high-quality de novo assemblies for the core 234 
accessions that represent most of the genetic diversity in the panel; for example, 38 accessions are 235 
enough to represent 95% of the pan-NLR repertoire in Arabidopsis thaliana (Van de Weyer et al., 236 
2019). In this review, we have classified Triticeae assemblies into four categories – gold+, gold, 237 
silver and bronze—by the quality of the information that they provide (Fig. 4). By implementing a 238 
tiered sequencing approach, the maximum amount of genetic diversity can be captured while 239 
limiting computational and sequencing costs. 240 
The first step in sequence-configuring a diversity panel is to perform cost-effective genotyping 241 
(e.g., genotyping-by-sequencing (Elshire et al., 2011) or low-coverage whole-genome skim 242 
sequencing (Huang et al., 2009)) to permit quality checking for the removal of duplicates and 243 
accessions with high levels of residual heterogeneity. This facilitates a population structure analysis 244 
for the identification of major genetic groups and genetic relationships among accessions in the 245 
population. Following this survey, accessions representing each genetic group can be selected to 246 
generate gold+ assemblies consisting of chromosome-level pseudomolecules (IWGSC et al., 2018); 247 
for example, eight to 11 accessions to represent the sub-groups in wheat (Wingen et al., 2014; 248 
Balfourier et al., 2019) or two to represent the main Aegilops tauschii sub-groups (Mizuno et al., 249 
2010). Gold+ assemblies provide the position of all genes in their physical context, allowing the 250 
position of a new candidate gene to be compared with known genes, the anchoring of contigs from 251 
fragmented assemblies to infer their position, and the calling of SNP variation from shallow 252 
sequencing data.  253 
Gold-level assemblies can be used to define the haplotype blocks in the genome. Depending on the 254 
size of the LD blocks, the scaffold size of these assemblies should be in the range of ~100 kb to 255 
several Mb. This allows the interrogation of all genes in the LD block of an associated region. 256 
Moreover, gold-level assemblies allow the identification of structural variants, which are important 257 
determinants of plant phenotype (Alonge et al., 2020; Liu et al., 2020) including disease resistance 258 
(Cook et al., 2012). The gene(s) most strongly correlated with the phenotype can then be identified 259 
as the most likely candidate(s) for functional validation. To maximise the representation of the 260 
haplotype diversity within a panel, 20–30 geographically and genetically distinct accessions 261 
representing genetic sub-groups within each major group could be assembled to gold-level 262 
standard. 263 
More cost-effective silver-level assemblies can be generated for additional tens of accessions, with 264 
scaffold sizes ranging from 5 to 15 kb. They provide gene-level resolution, including regulatory 265 
regions, which can be useful for designing and engineering gene constructs for the functional 266 
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validation of candidate genes. They can also be anchored to the reference assemblies for the 267 
identification of small-scale structural variation.  268 
The gold+, gold and silver assemblies could be used to construct an inter-connected graph-based 269 
pangenome assembly containing the majority of the structural and sequence variation, as recently 270 
demonstrated in soybean (Glycine max) (Liu et al., 2020). Pangenomes generated for other Triticum 271 
species sequenced as part of the atlas project could also be combined to form a genus-wide “super-272 
pangenome” (Khan et al., 2020). Following this, bronze-level sequencing generated from low-273 
coverage Illumina reads can be carried out cost-effectively to genotype hundreds of individuals; 274 
one-fold coverage or less is likely sufficient to impute their haplotype structure for use in GWAS 275 
(Gilly et al., 2019). 276 
Additional features could be included, such as the epigenetic status of gold-level accessions 277 
(Gardiner et al., 2015), which, when combined with RNA-seq data for all accessions in the panel 278 
(Harper et al., 2012), could provide insight into the regulation of gene expression (Kawakatsu et 279 
al., 2016). This may help to explain disease resistance or virulence that cannot be elucidated through 280 
the interrogation of sequence variation alone; for example, epigenetics and small RNAs may play 281 
a role in the pathogenicity of the wheat leaf rust pathogen Puccinia triticina (Wu et al., 2017). 282 
 283 

Populating the atlas: Effectors 284 
Not all combinations of R genes in a stack will be successful. Functional suppression is a common 285 
problem in wheat breeding, especially following the introgression of chromosomes from wild 286 
relatives with a lower ploidy level; resistance from these sources may become less potent, or even 287 
ineffective, once in a hexaploid wheat background (Bai and Knott, 1992; Innes and Kerber, 1994; 288 
McIntosh et al., 2011; Chen, Liu and Gao, 2013; Hiebert et al., 2020). One example is the post-289 
translational suppression of the rye-derived powdery mildew NLR Pm8 by the orthologous wheat 290 
gene Pm3, likely through the formation of non-functional protein complexes (Hurni et al., 2014). 291 
It is therefore important to rigorously test the function of individual R genes in stacks to ensure that 292 
single R genes do not become exposed to pathogens in isolation due to non-functioning stack 293 
components. This is difficult or impossible to determine through pathogen assays due to epistasis 294 
from the recognition of multiple effectors; however, with cloned effectors, it is possible to probe 295 
the function of individual stack components using heterologous delivery systems. For example, the 296 
functional verification of the Stagonospora nodorum host-selective toxin SnTox1 was carried out 297 
by producing the effector protein in yeast then infiltrating the culture filtrate into wheat leaves to 298 
induce necrosis (Liu et al., 2012). The improvement of transient expression systems in wheat, such 299 
as virus-mediated overexpression (VOX) (Bouton et al., 2018) and transient expression in wheat 300 
protoplasts (Saur et al., 2019), has facilitated the rapid functional analysis of intracellular effectors. 301 
 302 
Cloning effectors 303 
There are several approaches to cloning effector genes. Variation can be generated through 304 
mutagenesis (Salcedo et al., 2017; Kangara et al., 2020), but there are challenges associated with 305 
using mutant populations to clone effector genes: the presence of more than one nucleus in some 306 
pathogen species (e.g. dikaryotic Puccinia spp. and stinking smut, Tilletia tritici), labour-intensive 307 
bulking, applying an appropriate mutagen dose, and the difficulty of accurately identifying mutant 308 
variants. Positional mapping has been used to clone effectors, such as from powdery mildew (Praz 309 
et al., 2017) and Hessian fly (Aggarwal et al., 2014); however, the sexual recombination required 310 
for creating a mapping population may not be straightforward for all pathogens and pests. The 311 
sexual cycle is unknown for some, while others have complex heteroecious lifecycles involving 312 
multiple hosts; for example, the wheat stem rust pathogen (Puccinia graminis) requires an alternate 313 
host (usually barberry, Berberis vulgaris) to complete its sexual lifecycle. 314 
 315 
Another approach would be to screen a genetically diverse set of pathogen isolates against a 316 
differential set of wheat lines that contain known R genes – the complement to association genetic 317 
studies focussed on the cloning of host R genes. While improvement on the host side could focus 318 
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on capturing lost genetic solutions to the problem of disease resistance (perhaps in wild grasses 319 
with smaller genomes), on the pathogen side, the opportunity exists to sample swathes of the 320 
standing genetic variation that contributes to virulence in the field, which is most directly relevant 321 
to agriculture (Talas et al., 2016). Association studies have so far been used to clone effectors from 322 
the pathogens Magnaporthe oryzae (Yoshida et al., 2009), Zymoseptoria tritici (Zhong et al., 2017) 323 
and Stagonospora nodorum (Gao et al., 2016). Given the small size of pathogen genomes (in the 324 
range of 30 to 60 Mbp for fungal plant pathogens (Aylward et al., 2017)), whole-genome 325 
association genetics is feasible. Fewer than 100 sequenced pathogen isolates would likely be 326 
sufficient to clone the major genes that have a gene-for-gene interaction with the host (Sánchez-327 
Vallet et al., 2018), although for some pathogens a lack of sexual recombination and gene flow 328 
could limit the power of association studies. Furthermore, by compiling pathogen diversity panels, 329 
we can also elucidate the genetic structure of pathogen populations. This is a gateway to exploring 330 
the evolutionary history and potential of pathogens, and therefore to better understanding the 331 
durability of host resistance, which would aid in planning for future epidemics (McDonald and 332 
Linde, 2002).  333 
 334 
A two-way association genetics approach, where the analysis is carried out on the host and pathogen 335 
in tandem, could increase the analytical power enough to identify components in host–pathogen 336 
interactions with minor effects. A phenotyping-free strategy was adopted by Bartha et al. (2013) 337 
for analysis of the human–HIV pathosystem, revealing that human SNPs were associated with 338 
amino acid variations in the virus HIV-1 protein, providing stronger signals than when human SNPs 339 
were associated with viral load. This genome-to-genome analysis could be adapted to detect signals 340 
of coevolution between plants and their pathogens through an ‘ecological genomics approach’, 341 
where the genome sequences of a host diversity panel and its adapted pathogen strains are linked 342 
(Bartoli and Roux, 2017). There is potential for this method to identify variation in R or Avr loci in 343 
both the host and pathogen, respectively, that may be difficult to derive from phenotypic data alone. 344 
 345 
Reverse genetics can also be applied to identify effectors. Putative effectors can be elucidated from 346 
whole-genome sequences of pathogens in silico through the identification of effector characteristics 347 
such as small size (<30 kDa), high cysteine content, proximity to repetitive sequences, expression 348 
patterns, and the presence/absence in known virulent and avirulent isolates (Liu et al., 2012).  349 
 350 
To date, only eight pathogen effectors corresponding to cloned wheat R genes have been identified 351 
(Table S3); however, as more pathogen pangenomes are sequenced, the power to identify effector 352 
genes will increase, whether through association genetics or in silico identification and 353 
confirmation. One example is SnTox1, as the properties of the previously cloned SnToxA and 354 
SnTox3 genes contributed to its cloning (Liu et al., 2012).  355 
 356 
Capturing disease response phenotypes 357 
An important consideration when screening pathogen diversity panels is the laborious handling and 358 
calibration of inoculum for so many isolates. High-throughput procedures and equipment would be 359 
required, while more standardised and precise methods could help to provide the clear phenotypes 360 
that facilitate association studies. The sensitivity of some pathogens to environmental conditions 361 
can render interactions incomparable between institutions or even particular growth chambers. 362 
Techniques such as detached leaf assays (Arraiano, Brading and Brown, 2001) can help to minimise 363 
environmental factors, facilitate the testing of multiple pathogen isolates at once without cross-364 
contamination and also reduce the risk of pathogen escape (therefore removing the need for high-365 
level containment facilities). The precision and efficiency of phenotyping could be improved 366 
through techniques such as automated image analysis, which potentially allow a greater array of 367 
virulence phenotypes to be captured in each experiment, such as pycnidia or pustule number, size, 368 
density and other quantitative measures (Stewart and McDonald, 2014; Stewart et al., 2016; Xu et 369 
al., 2017; Bueno-Sancho et al., 2019). Quantitative trait loci that account for host resistance to these 370 
components of disease aggressiveness can then be identified from diversity panels using association 371 
genetics (Yates et al., 2019).  372 
 373 
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The use of purified or transiently expressed effectors for phenotyping could overcome several 374 
limitations. For apoplastic pathogens such as Zymoseptoria tritici and Stagonospora nodorum, 375 
culture filtrates of pathogen or yeast strains expressing effectors of interest can be injected into 376 
leaves to cause an interaction (Liu et al., 2012; Ben M’Barek et al., 2015); however, such methods 377 
are not effective for intracellular haustoria-forming pathogens. Deploying transient expression 378 
systems such as VOX across entire diversity panels would be a great challenge, but the use of 379 
purified or transiently expressed effectors would alleviate containment demands as well as 380 
potentially provide clearer phenotypes. These methods could also increase the number of host 381 
diversity panels available for cloning R genes, since some pathogen–wild grass combinations may 382 
result in incompatible or non-host interactions (e.g., as was observed between Aegilops tauschii and 383 
Zymoseptoria tritici; Seifbarghi et al., 2009) that could potentially be overcome through the 384 
introduction of effector proteins alone. 385 
 386 
Due to the need for well-developed pathogen diversity collections, expertise and equipment, 387 
phenotyping would likely be restricted to a few specialised labs. As such, there would be a need for 388 
global co-operation to achieve the atlas as efficiently as possible. Where multiple labs are involved, 389 
standardised processes should be implemented to reduce the impact of environmental factors. 390 
Ultimately, as phenotyping improves, so does our ability to clone both host R and pathogen Avr 391 
genes. 392 
 393 
 394 
Applying the atlas to wheat breeding 395 

With the cost of genetic research continually falling, especially for wild relatives with 396 
comparatively small genomes, the ideal of a wheat R gene atlas seems ever more realisable. 397 
Previous GWAS in Aegilops tauschii ssp. strangulata identified all of the stem rust resistance genes 398 
that had been designated in this subspecies (Arora et al., 2019). Extrapolating from this, and 399 
assuming the atlas would explore 10 hosts, this could potentially lead to the cloning of ~100 genes 400 
for the three rusts alone. The 10 host panels would include: winter, spring and landrace panels of 401 
bread wheat; elite and landrace panels of durum wheat; the direct progenitor species; and key wild 402 
or domesticated relatives that have made the largest contributions to R gene diversity in wheat, such 403 
as Thinopyrum obtusiflorum and rye (Table S1). Major pathogens to target first could include the 404 
three wheat rusts, powdery mildew and the blotch diseases (STB, SNB, spot blotch and tan spot). 405 
Sequencing all this material would cost $7.6 million and 75 full-time equivalents over five years to 406 
carry out the bulking, pathology, molecular biology and bioinformatics work (Table S4). This is 407 
on par with the staff numbers at The Sainsbury Laboratory, Norwich, UK, for which the running 408 
costs are ~$10 million per year (https://find-and-update.company-409 
information.service.gov.uk/company/03346853). The atlas could therefore be produced for 410 
$58.6 million, or $2.9 million per G20 country, over five years. This would include the development 411 
of a web-based portal where phenotypes can be plugged in and analysis automated through the use 412 
of cloud computing resources, as well as a hub from which information on genes cloned through 413 
the project could be accessed. Given the gross value of wheat production worldwide ($114.0 billion; 414 
FAOSTAT, 2018; http://www.fao.org/faostat/en/#data/QV), the loss of 21% of yield to pests and 415 
diseases (Savary et al., 2019) could be valued at around $31.2 billion dollars. It is therefore clear 416 
that the cost of generating the atlas is negligible compared with the magnitude of the problem. Even 417 
if the atlas were only to reduce loss to pathogens by one percentage point, this would still be 418 
equivalent to a 31-fold return on the investment (not taking factors such as inflation into account). 419 
 420 
The wheat R gene atlas could take the form of an online directory providing free access to R genes, 421 
their allelic variation, molecular markers and sequences, as well as the prevalence of Avr effectors 422 
in locally sampled pathogen populations. This information could then be fed into a model which 423 
would select the optimal number of R genes required to provide broad-spectrum resistance to 424 
pathogen populations in target regions, while maximising the potential for durability by ensuring 425 
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each pathogen isolate is recognised by multiple R genes (Fig. 5a). This would reduce the selection 426 
pressure on individual R genes, prolonging their efficacy in the field. 427 
 428 
Tracking effectors in the environment 429 
Plant pathogens evolve rapidly (Oliver, 2012), so their populations would ideally be surveyed 430 
constantly to identify changes to their effector complement that could impact the efficacy of 431 
existing R genes in the field. Optimally, trap plots could be used to pick up rare variants; if placed 432 
next to sexual hosts, single-R-gene host differentials can be used to sample the sexual recombinants 433 
(Wellings et al., 2009). This could enhance early-warning systems, such as those in Ethiopia, which 434 
facilitate the optimisation of variety choice and fungicide use in response to outbreaks – particularly 435 
pertinent concerns for smallholder farmers (Allen-Sader et al., 2019). To do this effectively 436 
however, in-field pathogen surveillance infrastructure must be co-ordinated at the local, national 437 
and global scale (Carvajal-Yepes et al., 2019).  438 
 439 
There are several methods under development for the monitoring of pathogen populations and their 440 
virulence. One example is “field pathogenomics”, where RNA-seq data is generated from pathogen-441 
infected leaf samples collected in the field. Phylogenetic and structural analyses based on the most 442 
variable SNPs within the pathogen population are employed to gain insight into the genetic groups 443 
present (Hubbard et al., 2015; Bueno-Sancho et al., 2017). This has been used to demonstrate 444 
population shifts in wheat yellow rust (Puccinia striiformis f. sp. tritici) in the UK (Hubbard et al., 445 
2015) and to rapidly determine that a wheat blast outbreak in Bangladesh in 2016 was caused by a 446 
South American lineage of the blast fungus (Magnaporthe orzae; Islam et al., 2016). The method 447 
can work with portable real-time sequencing devices such as the MinION (Oxford Nanopore 448 
Technologies) for full analysis at the site of collection (Radhakrishnan et al., 2019). Since there can 449 
be considerable variation in virulence even between closely related pathogen strains, methods 450 
which deliver phylogenetic readouts may not provide sufficient resolution to detect shifts in 451 
pathogen virulence based on subtle changes in effector complement. With an atlas of cloned 452 
effectors, however, existing surveillance technologies could be tailored to detect pathogen effector 453 
complements. A case in hand is PathoTracer, which monitors sequences in pathogen TAL effectors 454 
to inform variety choice and the editing of recessive susceptibility genes in rice, ensuring resistance 455 
to bacterial blight (Xanthomonas oryzae pv. oryzae) (Eom et al., 2019).  456 
 457 
 458 
Developing effective R gene stacks  459 
Although wild relatives and landraces may provide novel sources of genetic resistance that can be 460 
unlocked through genomics, the challenge to mobilise these resistances into elite wheat varieties 461 
still remains. Introducing genes through traditional breeding often results in linkage drag, while 462 
some species may not be sexually compatible with wheat or may generate progeny that suffer from 463 
abnormalities that hinder development, such as hybrid necrosis (Bomblies and Weigel, 2007). It 464 
may also be difficult to mobilise genes that exist in repulsion, as exemplified by Pm64 and Yr5 465 
(Zhang et al., 2019). Moreover, it would take many generations to combine multiple genes in the 466 
same background; for example, combining four broad-spectrum R genes for each of the three rusts 467 
(i.e., 12 genes) in an elite background would require 19 generations using a crossing approach 468 
which (i) selects for recombinants around the genes of interest in the first two backcrosses, followed 469 
by (ii) four generations of backcrossing and marker-assisted selection for the R gene and the elite 470 
background to generate near-isogenic lines with a >98% elite background. Next, (iii) a stepwise 471 
crossing approach would be used to combine the genes in twos, fours, sixes, eights, tens, and finally 472 
12 (Figure 6). The early incorporation of a male sterile mutation such as Ms3 would reduce the 473 
number of emasculations required (Guttieri, 2020). The strategy of starting with near-isogenic lines 474 
would minimise the accumulation of linkage drag from agronomically diverse and poor 475 
backgrounds in the final stack. Under optimal speed-breeding conditions in a spring wheat 476 
background (Ghosh et al., 2018; Watson et al., 2018), this could be achieved in under four years; 477 
however, if this were reduced to two diseases with selection for three genes per disease, the timeline 478 
could be reduced to 14 generations over around 2.5 years. Introgressing this many R genes into 479 
winter wheat varieties would take much longer unless vernalisation requirements can be 480 
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circumvented (Hickey et al., 2019). Targeting three diseases (stem rust, stripe rust and STB) would 481 
be required in large parts of sub-Saharan Africa, while in Europe targeting stripe rust and STB 482 
would be sufficient to substantially reduce reliance on fungicides (Savary et al., 2019). An 483 
advantage of this scheme is that it allows background quantitative resistance to be preserved, but it 484 
would be a Sisyphean struggle to retain these genetically separated stack components when 485 
cultivars are often swiftly turned over to maintain genetic gains in yield.  486 
 487 
As an alternative to traditional crossing, multi-R gene stacks can be generated through DNA 488 
engineering and transformation. This has been demonstrated in cultivated potato (Solanum 489 
tuberosum) using three R genes against late blight from wild Solanum relatives (Ghislain et al., 490 
2019). Transgene stacking allows all of the R genes to be combined at a single locus, which ensures 491 
that the stack remains intact in downstream breeding programs, avoiding separation and therefore 492 
the exposure of single R genes to the pathogen (Wulff and Moscou, 2014; Fig. 5b). DNA synthesis 493 
and assembly technology now allows for the rapid generation of constructs from tens to several 494 
hundreds of kbp (Gibson et al., 2008; Petersen and Stowers, 2011; Weber et al., 2011; Annaluru et 495 
al., 2014), while improvements to transformation will make it easier to deliver large constructs into 496 
the wheat genome (Richardson et al., 2014; Lowe et al., 2016; Hayta et al., 2019; Debernardi et al., 497 
2020). 498 
 499 
Quantitative and/or broad-spectrum R genes can play an important role in stacks due to their 500 
durability and ability to boost the function of other R genes; for example, resistance to leaf rust can 501 
be enhanced through a combination of Lr34/Yr18/Sr57 and Lr68, and resistance to all three rusts 502 
can be increased significantly through a combination of Sr2/Yr30 and Lr34/Yr18/Sr57 (Randhawa 503 
et al., 2018). The as-yet uncloned rust R gene Sr2 provides partial APR, resulting in a slow-rusting 504 
phenotype that has remained effective in commercial wheat varieties for ~100 years (Ellis et al., 505 
2014). This demonstrates the importance of maintaining strong background resistance through 506 
breeding. Indeed, the combination of multiple minor APR genes forms the basis of the CIMMYT 507 
breeding programme for rust resistance (Bhavani et al., 2019). Although originally linked in 508 
repulsion on chromosome 3B, the Fhb1 and Sr2 genes have been combined to provide a baseline 509 
of resistance to both Fusarium head blight and stem rust (Zhang et al., 2016) and the coupled genes 510 
have been mobilised in CIMMYT germplasm (He et al., 2020). The use of genetic modification 511 
(GM) cassettes would avoid the laborious process of developing lines in which genes in repulsion 512 
become coupled. Quantitative genes can also be combined with race-specific R genes to provide 513 
more durable resistance; in near-isogenic lines of oilseed rape (Brassica napus) all containing the 514 
R gene Rlm6 but differing in quantitative resistance to black leg disease, Rlm6 resistance was 515 
overcome within three growing seasons when deployed on its own, but remained effective after 516 
five years when combined with quantitative resistance (Brun et al., 2010). 517 
 518 
 519 

Gene stewardship 520 

R gene stewardship can be defined as the careful and responsible management of R genes to remain 521 
effective during prolonged use. Gene stewardship may be directed towards decreasing the 522 
probability that virulent mutants arise, or towards reducing selection pressure for new virulent 523 
mutants after they arise. Although gene stewardship is often associated with gene deployment 524 
strategies, it also encompasses a broad range of activities including understanding R gene function 525 
and specificity in the host, Avr effector gene function and specificity in the pathogen, the 526 
identification of R genes in cultivars, and pathogen virulence frequency surveys. 527 
 528 
The history of a gene’s exposure to pathogens may account for much of its effect in the field; genes 529 
which come from a background that has never been exposed to particular pathogens are likely to 530 
be more effective. In fact, ‘broad-spectrum’ resistance refers to the ability of an R gene to recognise 531 
all corresponding Avr alleles present in many isolates at a particular point in time, and does not 532 
guarantee long-term durability (Ellis et al., 2014). Even non-host resistance, in which a host species 533 
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is immune to all races of a particular pathogen species, opens up opportunities for pathogens to 534 
make a host jump once these genes are overcome. The wheat blast pathogen, for example, emerged 535 
after rye-infecting blast strains infected wheat lines lacking functional Rwt3 resistance. Selection 536 
for the loss of the PWT3 effector then allowed the widespread infection of Rwt3 wheat lines (Inoue 537 
et al. 2017). It is therefore imperative to closely monitor the distribution of R genes in agricultural 538 
systems worldwide to prevent the development of cultivars with compromised resistance profiles, 539 
such as those with R gene stacks necessitating only a few stepwise mutations in the pathogen to be 540 
overcome. Releasing novel sources of resistance as part of stacks and employing good gene 541 
stewardship practices could reduce the occurrence of such gene collapses.  542 
 543 
R genes can be divided into three groups based on their need for stewardship. Group A genes do 544 
not require stewardship. These include certain genes proven to be durable in the field, such as the 545 
APR genes Lr34/Yr18/Sr57, Lr46/Yr29/Sr58, and Sr2/Yr30/Lr27. It also includes newly cloned 546 
genes such as Lr67/Yr46/Sr55 or Yr36 that lack classic recognition-triggered immunity motifs and 547 
are therefore predicted to be inherently more durable than other R genes. Non-race-specific 548 
recessive R genes, such as mlo, are also expected to be inherently durable (Wang et al., 2014; 549 
Acevedo-Garcia et al., 2017). Group A would also include genes that are already widely deployed, 550 
genes that are already widely defeated by virulent pathogen races, and genes that have relatively 551 
minor effects on disease severity.  552 
 553 
Group B genes are strongly recommended for stewardship. They include resistance genes that are 554 
undefeated or defeated by only one or a few races. Group B genes are still very useful, but they are 555 
expected to be vulnerable to defeat by new virulent races. Some examples would be Yr5, Yr15, Sr22 556 
and Sr26. Group B genes should be deployed only in combinations with other major-effect and 557 
quantitative genes. Combinations should be designed to withstand one or more new mutations to 558 
virulence in the pathogen while still preventing pathogen reproduction. For example, the stem rust 559 
isolate TTRTF is virulent to three of five genes included in a recently-developed wheat R gene 560 
stack, which could limit the efficacy and durability of the stack in regions where this isolate is 561 
present (Luo et al., 2021). The atlas would be an invaluable resource for analysing the vulnerability 562 
of R gene combinations to extant pathogen populations and maximising the number of independent 563 
mutations required in each pathogen race to defeat the combination. The combinations could be 564 
dynamically updated, with old inadequate combinations being removed from production. Group B 565 
gene stewardship would require the co-operation of breeding programs to achieve the common 566 
good of preserving these genes over the long term. Existing cultivar release programmes (such as 567 
the UK Recommended List) could be leveraged by awarding “extra points” to cultivars carrying 568 
multiple R genes to regionally prevalent pathogen populations, boosting the incentive to breed for 569 
durable resistance. 570 
 571 
Group C is for formal gene stewardship programs. Genes from uncrossable alien species or newly 572 
designed synthetic genes are good candidates for Group C. The gene sequences will be known and 573 
can be patented for use in transgenic cassettes, preventing the genes from being deployed 574 
irresponsibly elsewhere. Currently, there are active patents associated with ten wheat R genes 575 
(Table S5). Combinations should be designed to withstand at least three independent mutations to 576 
virulence and still prevent all reproduction in the pathogen. Again, the atlas will inform the selection 577 
of R genes to maximise durability and gene stewardship. If the pyramid is going to face a sexual 578 
population of the pathogen, a larger stack would be needed. Knowledge of pre-existing virulence 579 
frequencies would aid the design of appropriate combinations. Further, stacking R genes operating 580 
through different defence pathways would ensure diverse sources of resistance are acting against 581 
pathogens, which could enhance durability.  582 
 583 
Reducing the exposure of R genes in the field 584 
Novel sources of resistance could increase the durability of stacks, but their deployment in 585 
monoculture may not be enough to protect crops in the long term. The rate of evolution of pathogens 586 
combined with their huge volume in agricultural systems increases the likelihood that the multiple 587 
mutations required to overcome a stack will occur. This is especially the case if the pathogen is 588 
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reproducing sexually and is not eliminated completely in resistant lines (which is often the case 589 
with apoplastic pathogens such as Zymoseptoria tritici; Stotz et al., 2014), or if virulence to stack 590 
components is already present in the population (Stam and McDonald, 2018). In addition, the 591 
development of new stacks is costly. It is therefore important that steps are taken to keep the 592 
pathogen effective population size as small as possible, reducing the likelihood that virulence would 593 
evolve. 594 
 595 
One way to reduce the rate of evolution of virulence to newly deployed R genes is to employ 596 
‘dynamic diversity’ (McDonald, 2014). Strong selection pressure from static monoculture crop 597 
fields enhances the efficiency of directional selection to overcome host resistance. A dynamic 598 
diversity approach would involve strategic and frequent changes to the resistance repertoire present 599 
in the field at any one time, disrupting selection for Avr evolution in the pathogen. This approach 600 
can be applied to any cropping system or genotype (Fig. 5c). Furthermore, the progress made by 601 
pathogens towards virulence within a growing season may hamper fitness in the succeeding season 602 
when different host genotypes are introduced. In this vein, it is also important to minimise the 603 
occurrence of “green bridges” between growing seasons, which can facilitate epidemics by 604 
increasing the pathogen effective population size. This could be a factor in stem rust epidemics in 605 
the Ethiopian Highlands, where conditions allow for two wheat seasons per year (Allen-Sader et 606 
al., 2019).  607 
 608 
The development of multilines, which differ in their R genes but are otherwise isogenic, could 609 
ensure that uniformity in heading date and grain quality is maintained while the R genes being 610 
presented to pathogens are diversified. This strategy has proven successful in the past; for example, 611 
in the deployment of barley multilines for control of mildew in former East Germany (Wolfe et al., 612 
1992). However, contemporary breeding programmes are unlikely to consider such a strategy due 613 
to regulatory bottlenecks, such as the capacity of seed producers to handle many varieties and the 614 
need to keep track of varieties in terms of Plant Breeder’s Rights and to maintain uniformity within 615 
varieties (Louwaars, 2018). Another option for diversifying resistance profiles in the field is the use 616 
of cultivar mixtures. Susceptible varieties with more desirable backgrounds could be released in 617 
mixtures where 25% of plants are resistant, which has been successfully employed in durum wheat 618 
to reduce STB disease severity by 48% compared with susceptible pure stands (Ben M’Barek et al., 619 
2020). This strategy lacks the advantage of preserving uniformity in the field, but would allow the 620 
benefits of durable R gene stacks to be reaped even if they have not yet been mobilised in locally 621 
adapted germplasm. 622 
 623 
When new sources of major genetic resistance are identified, there can be a temptation to 624 
immediately release them to the market to maximise yields and profit in the short term. The 625 
commercial cultivation of resistant varieties can lead to rapid adaptation of the pathogen and the 626 
breakdown of resistance in as little as five years, as was demonstrated by the case of the wheat 627 
variety ‘Gene’ in response to STB; this virulence can persist in the pathogen population even after 628 
use of the cultivar diminishes (Cowger, Hoffer and Mundt, 2000). It is therefore important to ensure 629 
that the immense investment of time and resources required for the deployment and/or cloning of 630 
R genes is not wasted through an immediate exposure to pathogen populations. Gene squandering 631 
could be avoided by empowering breeders with tools such as the atlas and supporting their training 632 
in molecular biology and bioinformatics – a growing need that was made clear through recent 633 
personal communication with wheat breeders. 634 
 635 
 636 
Outlook 637 

Here, we have discussed using genomics-assisted methods, association mapping in particular, for 638 
the rapid and widespread discovery and cloning of both R and Avr genes. Once diversity panels 639 
have been established, they can be evaluated for practically any trait of interest. New sources of 640 
variation can also be incorporated by increasing the panel size or the genetic information captured, 641 
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potentially increasing the power of GWAS to identify the genomic features underlying traits of 642 
interest. In this model, value can be continually added to diversity panels as and when motivation, 643 
time and funds allow. 644 
 645 
Through an international effort, we envisage compiling a catalogue of R genes and corresponding 646 
Avr genes—the atlas. This would be a revolutionary tool with which breeders could select bespoke 647 
R gene combinations that address disease problems in response to regional pressures. Once stacks 648 
are introduced into wheat, the functionality of individual components could be validated with 649 
cloned Avr effectors. The atlas will also provide a unique opportunity to study the population 650 
genetic factors involved in the evolution and spread of disease resistance, such as the effects of 651 
polyploidisation, domestication and intensive breeding.  652 
 653 
This mass-cloning and characterisation project will also create knowledge about the structure–654 
function relationships of R gene recognition specificity. This can be exploited to expand R gene 655 
recognition through single amino acid changes, as in the case of R2a, which was engineered to 656 
recognise both variants of Avr3a in the potato late blight oomycete Phytophthora infestans 657 
(Segretin et al., 2014), and PikP, which was engineered to recognise multiple variants of AvrPik 658 
from the rice blast fungus Magnaporthe oryzae (De La Concepcion et al., 2019). R gene activation 659 
can also be manipulated to enhance the speed of response for more effective resistance (Harris et 660 
al., 2013). These strategies could be deployed through gene editing; thus, gene stacks of the future 661 
could consist of major, minor and synthetic R genes.  662 
 663 
Currently, the designation of new R genes requires genetic proof that the gene is in a novel location 664 
and/or has a novel specificity. This is complicated by the need to send seed for verification, often 665 
across international borders, which can present difficulties for some countries due to strict 666 
quarantine requirements. Lengthy genetic testing involving several generations of crossing can add 667 
further years to the process. Because of these barriers, there is a backlog of genes that have been 668 
given temporary designations. With cloned genes, high-quality assemblies, and knowledge of the 669 
particular Avrs recognised by the R gene, the science of gene designation will become easier, more 670 
precise and potentially faster. The need to send seed across international borders could be 671 
circumvented by simply sharing DNA sequences. It would also allow the community to integrate 672 
the historic cataloguing of genes based on genetics with sequence data and physical genome 673 
location.  674 
 675 
Climate change is likely to exacerbate the current losses caused by crop pathogens (Caubel et al., 676 
2012). By the middle of the 21st century, many countries with high crop production could become 677 
fully saturated with pests (Bebber, Holmes and Gurr, 2014) as the ranges of pests and pathogens 678 
expand (Roos et al., 2011) and climate and weather changes have unexpected effects on pathogen 679 
lifecycles (Shaw et al. 2018). At the same time, population expansion is increasing the demand on 680 
food production and its environmental impact (Foley et al., 2011), and although changes in diet 681 
could allow more calories to be produced with less land (Poore and Nemecek, 2018), such large-682 
scale cultural shifts are slow and perhaps unrealistic. This presses a continually growing demand 683 
on scientists and breeders to find faster and more efficient means of introducing novel genetic 684 
disease resistance into the field.  685 
 686 
In Europe, many pesticides and fungicides have lost their efficacy, while many of the remaining 687 
effective compounds are heavily regulated or have been banned (Hillocks, 2012). Robust genetic 688 
resistance is therefore also important for reducing disease pressures to prolong the life of chemical 689 
controls, making it the most important tool for combating disease in the long term. If the perception 690 
of GM is tackled in Europe, there could be increased implementation in other countries that depend 691 
on trade with the European Union, such as nations in Africa and Asia, which more urgently need 692 
to use new technologies to ensure their food security (Zaidi et al., 2019). There have been exciting 693 
developments already; in Bangladesh, Bt brinjal (aubergine, Solanum melongena) and late blight–694 
resistant potato have been developed, while researchers at the Commonwealth Scientific and 695 
Industrial Research Organisation (CSIRO), Australia, and the 2Blades Foundation, USA, have 696 
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field-trialled a five-gene stem rust resistance gene stack (Luo et al., 2021). It is unsustainable to 697 
continue feeding 20% of our wheat production to pathogens (Fig. 1). Epidemics are unpredictable, 698 
so we must strive for immunity across our cultivated lands. Also of importance is the need to ensure 699 
new resistances are deployed ethically and can benefit as many countries as possible. This could be 700 
achieved through public–private partnership and infrastructure building to create hubs in more 701 
advanced developing countries for the innovation and dissemination of improved crops to nearby 702 
less-developed countries (Zaidi et al., 2019). 703 
 704 
Treating diversity panels as libraries of R genes means scientists and breeders have the necessary 705 
genetic resources at hand to work together to achieve the R gene machine: a scenario where 706 
bioinformatics pipelines facilitate a swift movement from phenotype to full-length candidate gene, 707 
followed by the gene’s synthesis, testing and deployment in an appropriate stack (determined by 708 
the atlas algorithm). The ultimate goal would be to one day turn wheat into a non-host for its major 709 
pathogens. 710 
 711 
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 1114 

 1115 
Figure 1: Major wheat diseases and their global impacts on wheat production. Wheat production 1116 
statistics were taken from FAO (http://www.fao.org/faostat/en/#data/QC; 2017 data). Estimates of 1117 
yield loss to pathogens were adapted from an expert-based assessment of crop health (Savary et al., 1118 
2019).  1119 
 1120 
 1121 
 1122 
  1123 
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 1124 
Figure 2. The diversity of R genes in hexaploid bread wheat has been influenced by genetic 1125 
bottlenecks during its speciation and domestication, and through controlled inter-species crossing. 1126 
(1) Hybridisation of Triticum urartu (AA) with a close relative of Aegilops speltoides (BB) to form 1127 
allotetraploid emmer wheat, Triticum turgidum ssp. diccocoides (AABB) 0.8 million years ago 1128 
(MYA). (2) Hybridisation of emmer wheat with Aegilops tauschii (DD) to produce hexaploid wheat 1129 
(AABBDD), between 0.4 MYA (genetic evidence) and 10,000 years ago (archaeological evidence). 1130 
(3) Domestication likely imposed a bottleneck, but there are no wild hexaploid wheat species so it 1131 
is not possible to measure how much diversity was lost between bottlenecks 2 and 3. (4) Genetic 1132 
bottleneck due to wheat breeding. Pangenome diversity is represented by coloured dots 1133 
proportionate to the gene flow estimated by Zhou et al. (2020). The scope of this figure is the last 1134 
~1 million years of wheat’s phylogenetic history. (5) In the last 100 years, inter-species crosses 1135 
with the primary, secondary and tertiary gene pools have enriched the known native wheat 1136 
resistance gene pool of 306 genes with 228 exogenous R genes (Table S1). The secondary gene 1137 
pool defined here excludes Aegilops tauschii. 1138 
 1139 
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 1140 
 1141 
Figure 3. Map-based cloning and mutational genomics can be used to interrogate a narrow genetic 1142 
base – that of the parent of the mutant population, or of two parents in a biparental mapping 1143 
population. Association genetics, on the other hand, inspects a wide genetic base through the use 1144 
of the pangenome variation available in a diversity panel. R gene enrichment or whole-genome 1145 
shotgun sequencing are suitable genotyping approaches for all three types of genetically structured 1146 
populations, but chromosome flow sorting may not be cost effective across diversity panels. In all 1147 
three methods, correlations between the genotype and the trait are examined to identify candidate 1148 
genes; however, only association mapping offers the possibility of cloning multiple genes from one 1149 
structured population.  1150 
 1151 
 1152 
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 1153 
 1154 
Figure 4. A tiered sequencing approach can be implemented to cost-effectively capture genetic 1155 
diversity in panels. The tiers are gold+, gold, silver and bronze (top to bottom). Gold+-level 1156 
assemblies are chromosome-scale pseudomolecules, providing the physical context of genes for 1157 
key population sub-groups (nine in wheat; Wingen et al., 2014). Gold-level assemblies should 1158 
consist of scaffolds 100 kb to several Mb long, and can be used to define haplotype blocks in the 1159 
genome. Silver-level assemblies require a scaffold size of only 5 to 15 kb to provide genes with 1160 
their regulatory elements for a larger number of accessions. Finally, bronze-level assemblies can be 1161 
generated from 5- to 10-fold Illumina reads and can enable the identification of SNPs and micro-1162 
indels across the majority of the diversity panel. The variation across these genotyping categories 1163 
can be captured through mapping reads to higher-tier assemblies or by generating k-mers. Capturing 1164 
the epigenetic variation (methylation of cytosines indicated by blue stalked circles, unmethylated 1165 
sites by white stalked circles) of gold-level accessions along with RNA-seq data for the rest of the 1166 
panel would provide insight into gene expression that could aid the identification of candidate genes 1167 
underlying traits of interest.  1168 
 1169 
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 1170 
 1171 
Figure 5. Using the R gene atlas and pathogen diversity information to determine appropriate 1172 
stacks. (A) Information on current local pathogen diversity could be added to a database of races 1173 
and their effector repertoires. A user-defined algorithm could then be used to calculate the largest 1174 
number of effectors that could be targeted by the least number of R genes which maintain sufficient 1175 
redundancy to maximise durable resistance; these R genes would be the best candidates for stacking. 1176 
In the example shown, the suggested R gene stack targets 2-3 effectors per pathogen race. (B) Both 1177 
traditional methods (crossing and marker-assisted selection (MAS)) and transformation can be 1178 
employed to transfer single R genes or R-gene stacks from wild species or landraces into elite 1179 
cultivars. Transformation has the advantage of speed, avoiding linkage drag and incorporating 1180 
stacks at a single locus, while breeding can focus on combining R genes with partial resistance. 1181 
Cultivars can then be deployed in monoculture or as multilines. (C) Whether cultivars are deployed 1182 
with a single R gene or stack or as multilines, cultivars can be changed year on year to both combat 1183 
the most destructive virulences in the pathogen and reduce the time that individual R genes are 1184 
exposed to pathogens, reducing the chances of virulence to them evolving. This is a dynamic 1185 
diversity approach (McDonald, 2014). 1186 
 1187 
  1188 
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 1189 
Figure 6. A scheme for mobilising 12 R genes into wheat through crossing and marker-assisted 1190 
selection. Generations are indicated by the bar on the right. The blue, lilac and pink triangles 1191 
indicate the crosses required to generate stacks of four, eight and 12 genes, respectively. 1192 
Homozygous genes are emboldened. SSD = single seed descent. 1193 


