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Abstract 69 

Breeding crops resilient to climate change is urgently needed to help ensure food security. A key 70 

challenge is to harness genetic diversity to optimise adaptation, yield, stress resilience and nutrition. We 71 

examined the genetic and phenotypic diversity of the A.E. Watkins landrace collection of bread wheat 72 

(Triticum aestivum), a major global cereal, through whole-genome re-sequencing (827 Watkins 73 

landraces and 208 modern cultivars) and in-depth field evaluation spanning a decade. We discovered 74 

that modern cultivars are derived from just two of the seven ancestral groups of wheat, leaving five 75 

groups as previously untapped sources for breeding. This provides access to landrace-specific functional 76 

variations using structured germplasm, genotyping and informatics resources. Employing 77 

complementary genetic populations and approaches, we identified thousands of high-resolution 78 

quantitative trait loci (QTL) and significant marker–trait associations for major traits, revealing many 79 

Watkins-unique loci that can confer superior traits in modern wheat. Furthermore, we identified and 80 

functionally verified causative genes for climate-change adaptation, nutritional enhancement and 81 

resistance to wheat blast. Finally, we assessed the phenotypic effects of 44,338 Watkins-unique 82 

haplotypes, introgressed from 143 prioritised QTL in the context of modern cultivars, bridging the gap 83 

between landrace diversity and current breeding. This study establishes a framework for systematically 84 

utilising genetic diversity in crop improvement to achieve sustainable food security.   85 
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Main text 86 

The world population is projected to increase by two billion people over the next 30 years, placing 87 

greater demands on wheat (currently 20% of global diets) as a vital source of calories, protein, minerals, 88 

and fibre1. Our ability to meet this growing demand is threatened by climate change and geopolitical 89 

instability, which have a multiplying effect when they disrupt the narrow global wheat export base2. Just 90 

five countries (Russia, USA, Canada, France and Ukraine) dominate wheat exports, while major 91 

population centres such as China require adequate imports to satisfy internal demands for wheat3. To 92 

further compound these challenges, yield gains in wheat and other crops have slowed, in part due to the 93 

narrowing genetic diversity of modern cultivars.  94 

Historically, farmers relied on locally adapted domesticated crop cultivars known as landraces, 95 

which could withstand numerous severe environmental hardships, but compared to modern cultivars, 96 

were relatively low yielding4. Compared to modern cultivars, landraces have been less exposed to 97 

historical and geographical founder effects, making them a rich, albeit underutilised, source of genetic 98 

diversity. Despite the potential of landraces for developing more resilient and nutritious crops, the full 99 

extent of their value is not yet understood, and how this value could be utilised in breeding programmes 100 

remains unclear. 101 

Integrating new beneficial alleles from landraces into modern cultivars poses multiple scientific, 102 

technical and economic obstacles5. These include a lack of genetic resources with associated sequence 103 

information needed to identify rare useful alleles. Moreover, bread wheat possesses distinctive 104 

characteristics, including a large genome (16 Gbp), recent allohexaploidy which favours dominant gain-105 

of-function alleles6, a complex genetic architecture of quantitative traits and a convoluted domestication 106 

history with frequent introgressions from wild relatives7. Consequently, the opportunity to deliver 107 

beneficial alleles precisely, particularly rare alleles, is hindered by the limited availability of resources 108 

for their discovery, deployment and selection.  109 

In this study, we present the collaborative work of an international consortium for implementing 110 

systematic gene discovery for breeding that has overcome these obstacles and harnessed untapped wheat 111 
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landrace diversity (Extended Data Fig. 1). Our strategy capitalised on the rich genetic, geographic and 112 

phenotypic diversity within the A.E. Watkins landrace collection of bread wheat, comprising 827 113 

accessions collected from 32 countries in the 1920s and 1930s8. We implemented a pre-breeding 114 

strategy9 to decode, dissect, discover, design and deliver progress in breeding. To do this, we combined 115 

gene discovery populations10 developed from the Watkins collection with a genomic variation matrix, 116 

haplotype map and in-depth field phenotyping for quantitative traits segregation within Watkins-derived 117 

structured populations. This comprehensive approach generated an integrated set of tools that provides 118 

the research and breeding communities with access to new, beneficial diversity (Extended Data Fig. 2).  119 

 120 

WHEAT GENOMIC COMPARISONS REVEALS RICH FUNCTIONAL DIVERSITY  121 

To discover novel genetic variations available in the Watkins bread wheat landrace collection (hereafter 122 

‘Watkins’), we conducted 12.73X whole-genome re-sequencing of its 827 accessions (Supplementary 123 

Table 1 and Supplementary Fig. 1). We aligned these sequences to the IWGSC RefSeq v1.0 bread wheat 124 

reference genome11. Based on the identified SNPs (Supplementary Tables 2–4 and Supplementary Fig. 125 

2), Watkins was categorised into seven ancestral groups (AGs, individual groups designated as AG1 to 126 

AG7, Fig. 1a and 1b, Extended Data Fig. 3, Supplementary Fig. 3-4 and Supplementary Table 5). The 127 

geographical collection points of the landrace accessions for each AG represent all the major wheat-128 

growing areas of the world in the 1920s (Fig. 1a, Supplementary Table 6). To explore the relationships 129 

of modern wheat with the AGs, we selected a set of 208 20th century wheat cultivars for whole-genome 130 

sequencing, including 15 previously described accessions12, which embody the maximal diversity 131 

contained in the 1169 cultivars from 25 countries (Extended Data Fig. 4) genotyped using the Axiom 132 

35K Array13 (CerealsDB database), hereafter referred to as ‘modern wheat’ (Supplementary Table 1).  133 

Taking Watkins and modern wheat together, we identified ~262 million high-quality single 134 

nucleotide polymorphisms (SNPs; Supplementary Tables 2–4). The SNP composition of modern wheat 135 

largely overlaps with that of AG2 and AG5 (Fig. 1b), which have Western and Central European origins, 136 

respectively, suggesting that these AGs supplied the founder lines of modern wheat. The AG2/5 137 
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hypothesis for the origins of contemporary wheat cultivars is well supported by independent wheat 138 

genomics data sets14 (Extended Data Fig. 3c) and other non-PCA-based methods such as ‘identity by 139 

state’ (IBS) distance and population differentiation analyses15,16 (Supplementary Fig. 5). Watkins 140 

contains variants that are absent in modern wheat. Specifically, we identified 162 million SNPs (62%), 141 

9.7 million insertions or deletions (57%) and 57,000 copy number variants (CNVs, 53%) that are unique 142 

to Watkins (Fig. 1c, Supplementary Figs. 6–8 and Supplementary Tables 7–9). These variants are 143 

predominantly carried by five AGs (1, 3, 4, 6 and 7), showing almost no overlap with modern wheat 144 

(Supplementary Figs. 9–10). These data indicate that the five phylogenetically isolated AGs are highly 145 

diverse and represent a reservoir of previously untapped genotypic diversity for contemporary wheat 146 

breeding.  147 

To further explore the landrace origins of modern wheat, we used long-range haplotypes to 148 

visualise the mosaic of IBS regions across their genomes (Fig. 1d, Supplementary Table 10). These IBS 149 

segments are signatures of the close relatives of Watkins landrace accessions that were the founder lines 150 

of modern wheat cultivars, which have retained high chromosome-level identity with AG2/5 landraces, 151 

often across multi-megabase tracts extending across the majority of a chromosome’s length 152 

(Supplementary Fig. 11). On average, IBS segments remained intact along a length of 159.78 Mbp in 153 

centromeric regions, whereas they were shorter in the more recombinogenic distal regions (using the 154 

R1–3 chromosome segment designations17: 23.96 and 38.36 Mbp for R1 and R3 regions, respectively; 155 

Supplementary Fig. 12). In addition to confirming that AG2 and AG5 were the most significant 156 

contributors to modern wheat, the IBS analysis provided insight into the very small effective population 157 

size of modern wheat. As few as 26 Watkins accessions could be modelled as virtual donors of IBS 158 

segments to reconstitute >50% of the modern wheat genomes included here (Fig. 1e and Supplementary 159 

Fig. 13).  160 

To map the genomic locations of variants that are absent from modern wheat, we used linkage 161 

disequilibrium (LD)-based haplotype analysis18 (Extended Data Fig. 5, Supplementary Fig. 14). This 162 

identified 71,282 haploblocks, of which 69.6% (49,626) only contain the Watkins-unique haplotypes 163 

(median 5 and mean 11.85 haplotypes/haploblock; Supplementary Figs. 15–16 and Supplementary 164 
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Tables 11–12). We aligned these haploblocks to the IBS chromosome map of modern wheat, revealing 165 

the potential for new arrangements of chromosomal segments to enrich the current IBS structure of elite 166 

wheat germplasm with Watkins-unique haplotypes (Fig. 1e). However, in addition to the unique variants 167 

identified in Watkins, 2.5% of the unique haplotype variants were found in modern wheat, several of 168 

which were associated with introgressions from wheat wild relatives made by breeders (e.g., 1BL/1RS19, 169 

RHT115, Pch120), after the AG2/5 landrace foundation of modern wheat (Fig. 1e). 170 

To assess the potential for Watkins-unique genetic diversity to influence functional traits, we 171 

studied variations occurring in or around genes. Among all the Watkins-unique SNPs, 325,915 were 172 

predicted to have functional significance (Supplementary Tables 4 and 13–14). Particularly noteworthy 173 

among these are the Watkins-unique functional SNPs found near the 13,902 genes that are monomorphic 174 

in modern wheat, meaning that there is no standing variation available to improve the associated traits 175 

through traditional breeding (Supplementary Fig. 17; Supplementary Tables 15–17). According to 176 

ontology term analysis, these genes control diverse biological processes that could affect important 177 

agronomic traits such as yield, stress tolerance, nutritional quality and disease resistance (Supplementary 178 

Tables 15–17). To leverage these genomics resources (Extended Data Fig. 1, 2, 6) and to search for 179 

useful trait variations associated with these variants, we undertook a programme for high-throughput 180 

quantitative trait locus (QTL) discovery.  181 

 182 

TARGETING LANDRACE QTL ALLELES FOR BREEDING 183 

Traits required for climate change adaptation and mitigation are often controlled by multiple genetic loci 184 

in a quantitative manner21,22. Thus, structured populations combined with specialised statistical 185 

analyses23 are required for their study. We used the 827 Watkins accessions as a genome-wide 186 

association panel for phenotypic datasets recorded in the UK and China (Supplementary Fig. 18 and 187 

Supplementary Tables 18–19). We also used 73 Paragon x Watkins recombinant inbred line (RIL) 188 

populations10 (Fig. 2a), representing the seven AGs (Supplementary Fig. 18 and Supplementary Table 189 

20), resulting in 6,762 RILs for which whole-genome imputation was performed. We recorded 190 
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phenotypic data for 137 traits (Supplementary Tables 21–22), covering the major categories of grain 191 

yield, nutritional quality, adaptation, and abiotic and biotic stress tolerance (Fig. 2b). These field 192 

experiments were conducted over ten years in ten environments, resulting in over 2 million observations 193 

and data points (Fig. 2c and 2d, Extended Data Fig. 1, 2, 7 and Supplementary Table 23). The structured 194 

populations allowed us to capitalise on the complementary strengths of joint linkage and association 195 

studies for complex traits by nested association mapping (NAM) studies, as well as classical QTL 196 

analysis in biparental populations and gene discovery strategies such as genome-wide association studies 197 

(GWAS) (Methods, Extended Data Fig. 8 and Supplementary Fig. 19 and Supplementary Tables 24–198 

28).  199 

Combining the mapping populations with sequence-based haplotypes, NAM-GWAS captures 200 

both historical and RIL population recombinations as well as common alleles from the natural population 201 

and rare useful alleles with amplified frequency in the segregating populations. Using this approach, we 202 

calculated robust QTL effects at haplotype resolution and determined the distribution of useful QTL 203 

alleles between Watkins landraces and modern wheat (Fig. 2e and Supplementary Tables 29–32). Useful 204 

QTL alleles are those that increase a phenotypic value for traits always selected in the same direction, 205 

such as yield and disease resistance, or those that provide new adaptability for selection in either 206 

phenotypic direction (Extended Data Fig. 9), such as heading date. Nitrogen Use Efficiency (NUE) is a 207 

complex quantitative trait that is dependent on multiple biological processes and agronomic traits whose 208 

genetic architecture and regulatory network remain largely unknown. Here, we measured NUE 209 

components NUtE (Nitrogen Utilisation Efficiency) and NUpE (Nitrogen Uptake Efficiency) in multiple 210 

field trials with high (200 kg N ha−1) and low (50 kg N ha−1) nitrogen inputs conducted over the past 211 

decade and identified 26 significant associated loci across several chromosomes (Extended Data Fig. 10, 212 

and Supplementary Table 27). Of particular note, we detected a significant signal with candidate genes 213 

underlying the target genomic interval on chromosome 5A, including genes encoding a transcription 214 

factor involved in regulating senescence (NLP9, TraesCS5A02G349500), an NPF nitrate transporter 215 

(NPF2.2, formerly known as NRT1.2, TraesCS5A02G388000) and an ammonium transporter (AMT 2.2, 216 
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TraesCS5A02G388100). These genes showed novel allelic diversity, with 38 new haplotypes that were 217 

only present in Watkins (Supplementary Table 33). 218 

In total, we identified 8,253 genetic effects (3,280 QTL, 1,428 GWAS and 3,545 NAM-GWAS 219 

marker–trait associations, Extended Data Fig. 8 and Supplementary Tables 25–27). Based on the 220 

direction of the allelic effects, 1,696 have the potential to improve modern cultivars such as Paragon, 221 

and 36% (613) of the most significantly associated SNPs are located within haplotypes that are absent 222 

in modern wheat (Fig. 2d and Supplementary Table 24). Despite reduced genetic resolution compared 223 

to NAM and GWAS, the use of single biparental populations was essential for detecting QTL from very 224 

rare Watkins haplotypes. For example, just 33 Watkins accessions exhibit resistance to the ‘Warrior’ 225 

race of Puccinia striiformis (the causal agent of yellow rust disease; Fig. 2e, Supplementary Table 34), 226 

a recently emerged, highly aggressive race with increased pathogenicity at elevated temperatures24. Iran 227 

is the dominant country of origin for these resistant accessions (14 out of 33). GWAS did not identify 228 

significant MTAs for these resistance loci, but biparental QTL mapping identified 15 new loci conferring 229 

yellow rust resistance in the UK and Australia (Supplementary Tables 35–36). Twelve of these resistance 230 

loci are carried by accessions outside of the modern wheat AG2/5 founder complex, again with the 231 

majority from Iran (5).  232 

Complementary to bi-parental QTL mapping, GWAS of Watkins accessions maximised the 233 

allelic diversity captured in a single experiment. In ShanDong province (North China Plain), we detected 234 

an association of the CBF (C-repeat binding factor) gene cluster with tolerance to lethal cold winter 235 

temperatures (LD75; Fig. 2e). CBF diversity is more pronounced in Watkins accessions than in modern 236 

wheat, with 40% novel allelic diversity and 16% AG-specific presence-absence variations or copy 237 

number variations identified in these accessions (Supplementary Tables 37–40 and Supplementary Figs. 238 

20–22). The increased depth of functional diversity described for the common large-effect CBF gene 239 

family was also found in genes controlling many other quantitative traits such as flowering time in 240 

Watkins, for which again NAM GWAS demonstrates its power. We identified novel allelic diversity for 241 

the central floral regulator FT1, including indels in its promoter and changes in CNV important for 242 

environmental adaptation. This novel diversity appears to be specific to particular AGs and is often 243 
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absent in modern wheat (Supplementary Fig. 23). Similarly, for PPD1, a major photoperiod gene in 244 

wheat, most alleles used in modern breeding are present in the B and D genomes. We conducted 245 

photoperiod sensitivity screens of Watkins, followed by QTL analysis of derived RIL populations and 246 

NIL confirmation, and identified new A genome alleles that are absent in modern wheat (Supplementary 247 

Figs. 24–26). These results highlight the potential of using the large set of genetic effects identified here 248 

to help deliver new traits for adaptation to and mitigation against the effects of climate change in wheat.  249 

To elucidate the potential utility of these alleles for practical wheat improvement through 250 

breeding, we investigated the relationships between multiple key traits (Fig. 2f). This approach is highly 251 

relevant, as QTL for one agronomic trait can often be antagonistically coupled to other breeding 252 

targets25. Thus, uncoupling these relationships, often thought of as trade-offs, is crucial for accelerating 253 

the breeding process. We developed near isogenic lines (NILs) to test the extent to which these trait 254 

relationships (e.g., grain weight vs. grain number, grain yield vs. grain protein content) were upheld for 255 

individual QTL effects (Fig. 2f and Supplementary Table 41). For each locus-trait combination, we 256 

found a range of penetrance for these mainly antagonistic relationships, with several positive-effect QTL 257 

for one trait being either neutral or positive for the other trait, reversing the general relationship and 258 

providing a route for selection without the trade-offs that the founding breeders of modern wheat could 259 

not avoid (Fig. 2f). 260 

This understanding of trade-offs helped us form a strategy for the recovery of beneficial traits 261 

that have been lost in modern breeding due to preferential selection pressure for one of the paired traits. 262 

For example, breeding for reduced crop height to avoid lodging and increase yield via harvest index25 263 

culminated in the development of the semi-dwarf Green Revolution wheat cultivars26 (Fig. 3a). Their 264 

low stature was likely achieved at the expense of crop biomass,  which is also an important physiological 265 

component of grain yield25. Of the 291 QTL identified for plant height, 187 conferring reduced height 266 

were derived from the cultivar Paragon (Fig. 3b and Supplementary Table 25). We focused on a height-267 

increasing Watkins haplotype on chromosome arm 7BL with no effect on harvest index, whereas other 268 

height-increasing QTL alleles (e.g., chromosome 6A) had consistent negative effects on harvest index. 269 

The local linkage disequilibrium block corresponding to the chromosome arm 7BL target region contains 270 
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contiguous haplotypes that are either absent or present at low frequency in modern wheat (Fig. 3c-f). 271 

Upon testing in NILs, we determined that these haplotypes were associated with a height increase of 272 

9.37 cm (P = 0.002) and also a grain yield increase of 0.39 t ha−1 (P < 0.002) compared to Paragon (Fig. 273 

3g, Supplementary Fig. 27). This novel QTL on chromosome arm 7BL is currently being bred into 274 

modern commercial cultivars.  275 

By exploring the genetic basis of the antagonism between grain yield and component traits, we 276 

identified modern applications for allelic effects that were left behind early in the history of wheat 277 

breeding, highlighting the potential of this approach for decoupling other key antagonistic trait 278 

relationships (Fig. 2f).  279 

 280 

WATKINS GENOMIC RESOURCES ACCELERATE GENE DISCOVERY 281 

In addition to mining novel QTL alleles, targeting individual genes with major effects within the 282 

polyploid wheat genome context is useful for exploiting wheat landrace diversity. Thus, we used 283 

Watkins genomics and genetics resources to identify causal genes for traits that are increasingly relevant 284 

given changes in climate (e.g., heat adaptation, emerging diseases) and dietary patterns (e.g., increased 285 

nutritional density).  286 

Many of the world’s major wheat-growing regions are facing increasingly warm, dry summers 287 

with negative consequences for wheat production27. This is exacerbated by the presence of RHT1 semi-288 

dwarfing Green Revolution alleles that have negative pleiotropic effects, such as reduced early crop 289 

vigour in very dry summers typical of Mediterranean climates28. We capitalised on historic adaptation 290 

processes of crops in these regions to guide the selection of genes (such as the semi-dwarfing RHT8 291 

gene) that hold promise for adaptation to future climate scenarios28. Using NILs, we confirmed the 292 

beneficial effects of RHT8 in Mediterranean environments (reduced height, increased yield) compared 293 

to its negative antagonistic effects (including reduced height and reduced yield) in more temperate UK 294 

environments (Fig. 4a and Supplementary Table 42). RHT8 was introduced into Europe from the 295 

Japanese landrace ‘Akakomugi’ 29 and was genetically defined using the Akakomugi-derived cultivar 296 
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‘Mara’. Although RHT8 has been mapped at high genetic resolution30, it has not yet been cloned. 297 

Whereas previous studies have suggested that a closely linked gene (TraesCSU02G024900, RNHL-D1) 298 

also affects plant height31, this gene is located outside of the genetic interval, and the proposed 299 

diagnostic/causative SNP is absent in Mara. We fine mapped RHT8 to a 0.82 Mbp interval containing 300 

23 gene models (Supplementary Tables 43–45). We identified 36 Watkins accessions with the Mara-301 

like haplotype and used markers derived from novel Watkins SNPs, reducing the RHT8 mapping interval 302 

to a physical distance of 6.7 kbp (Fig. 4b). This interval contains two annotated genes in IWGSC RefSeq 303 

v1.0, TraesCS2D02G057800 (unknown function) and TraesCS2D02G057900 (Photosystem 1 assembly 304 

2), positioned in a head-to-head orientation with only 6 bp between their respective 5’ untranslated 305 

regions and 250 bp between their translational start codons. The expression of the two genes is tightly 306 

correlated (Fig. 4c): when TraesCS2D02G057800 expression is high (as it is until mid-stem extension), 307 

TraesCS2D02G057900 expression is low, and vice versa (Fig. 4c; Pearson correlation r = −0.979; P < 308 

0.0001). These findings demonstrate the potential of using sequence variations in landraces to identify 309 

candidate genes for key agronomic traits. 310 

Changing weather patterns have also been linked to increased disease incidence and spread in 311 

wheat32 and other crops. To identify novel sources of disease resistance, we searched for marker–trait 312 

associations for major diseases, including yellow rust, stem rust, Septoria and take-all disease 313 

(Supplementary Fig. 28). Of the haplotypes extracted from the most significant blocks within the target 314 

genomic intervals associated with these diseases, 65% (15,280 out of 23,507) are unique to Watkins 315 

landraces (Supplementary Table 46). We focused on wheat blast, caused by Pyricularia oryzae (syn. 316 

Magnaporthe oryzae) pathotype Triticum (MoT), which poses a significant threat to global wheat 317 

production33. First identified in Brazil in 1985, the pathogen subsequently spread to neighbouring 318 

countries and more recently to Bangladesh (2016) and Zambia (2018), with the 2016 Bangladesh 319 

outbreak resulting in over 50% yield losses34,35 (Fig. 4d). Therefore, the discovery and deployment of 320 

resistance genes against this pathogen are critical for mitigating its threat. Very few sources of wheat 321 

blast resistance are available36 and despite its importance, no gene has been identified that confers 322 

resistance to MoT. We screened the core set of the Watkins wheat collection using two MoT isolates 323 
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carrying the AVR-Rmg8 effector (present in Bangladesh/Zambia isolates; see Methods). An association 324 

was observed between resistance to these isolates and a locus on the distal portion of chromosome 2A. 325 

O’Hara et al. (https://doi.org/10.1101/2023.09.26.559489)  performed a detailed examination of this 326 

region using the Watkins data and long-range IBS haplotypes to show that this resistance originated 327 

from a wild wheat relative similar to Triticum turgidum. The causal gene was identified as Pm4, 328 

conferring resistance against Blumeria graminis f. sp. tritici, the powdery mildew pathogen of wheat37. 329 

The recognition of AVR-Rmg8 by Pm4 was confirmed in multiple independent loss-of-function mutants 330 

of Pm4 in the resistant wheat line Federation-Pm4b (Fig. 4e) and by the gain of resistance by 331 

overexpressing Pm4 in the susceptible cultivar Bobwhite (Fig. 4f). This is the first report of the 332 

identification of genetic variation in a wheat gene that confers resistance to the Bangladesh/Zambia B71 333 

lineage of MoT. 334 

Given that wheat is a major staple across many societies, improving nutritional content is a major 335 

breeding target for ensuring nutritional food security38. To identify nutrition-related genetic variations 336 

in the Watkins accessions, we focused on the levels of iron, zinc, potassium, magnesium and calcium in 337 

wheat grains: these essential minerals are widely deficient in the human diet. Using three biparental 338 

Watkins x Paragon populations, we identified QTL for variation in mineral content which are described 339 

elsewhere. Given that grain iron and zinc contents 340 

have been extensively studied39, we focussed on calcium content in grains, as calcium deficiency is 341 

widespread and likely to increase due to the preference for plant-based diets. Calcium is the most 342 

abundant mineral in the human body and is required for bone health, healthy pregnancies, cancer 343 

prevention, and reducing cardiovascular disease39. We located a major gene for grain calcium content 344 

on chromosome arm 5AL (Fig. 4g), likely corresponding to a previously identified QTL40. We identified 345 

loss-of-function mutants for the two most likely candidate genes, TraesCS5A02G543300 (encoding a 346 

cation transporter/plasma membrane ATPase) and TraesCS5A02G542600 (encoding a major Facilitator 347 

Superfamily transporter), with both genes likely carrying loss-of-function mutations in RILs with high 348 

grain calcium contents (Fig. 4g). Induced mutations in TraesCS5A02G543300 (n = 8 independent 349 

mutants) resulted in a greater than 10% increase in grain calcium content in five mutants (P value 350 
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between 0.03 and 0.002), whereas mutations in TraesCS5A02G542600 (n = 2 mutants) produced no 351 

significant changes (P = 0.15 and 0.91) compared to control plants (Fig. 4h). This suggests that 352 

TraesCS5A02G543300 and its homoeologues could be manipulated to increase grain calcium content in 353 

new wheat cultivars. 354 

By pinpointing RHT8, cloning the first resistance gene against the Bangladeshi wheat blast 355 

isolate and discovering a novel gene target for increasing grain calcium content, we demonstrated the 356 

use of the new Watkins genomic resources for accelerating gene discovery, which will have a direct 357 

impact on the breeding of improved wheat cultivars. 358 

 359 

NEW TOOLS FOR THE DEPLOYMENT OF WATKINS VARIATION IN BREEDING 360 

To quantify and accelerate the impact of Watkins diversity on future breeding endeavours, we 361 

systematically introduced potentially beneficial Watkins QTL alleles into the Paragon modern wheat 362 

genetic background. We successfully introgressed 143 prioritised QTL, 107 of which originate from 363 

AGs 1, 3, 4, 6 and 7, which we showed are underrepresented in modern wheat (Fig. 1c, Fig. 5a and 364 

Supplementary Table 48). This included 44,338 Watkins-unique haplotypes across all chromosomes 365 

available in a stable modern genetic background, thus bridging the gap between landrace diversity and 366 

modern breeding. We collected detailed phenotyping data for 11 traits from NIL families (encompassing 367 

127 of these QTL alleles) in multiple field experiments, including evaluation at seven commercial 368 

breeding stations for 3–5 consecutive years (Fig. 5b and Supplementary Table 41). Adding allelic effects 369 

(P < 0.05; Supplementary Table 41) shows the potential to improve various traits in Paragon including 370 

(mean Paragon values for each trait are shown in brackets): a 4.5 t ha−1 increase in grain yield (9.2 t 371 

ha−1), an increase of 11,500 grains m2 (17,819 grains m2), an increase in thousand grain weight of 55.6 372 

mg (44.8 mg), a 32 day variation in heading date, a 52 cm reduction in height (88.4 cm), and a 3.2% 373 

increase in protein content (12.4%).  374 

Our comprehensive characterization of modern wheat as a mosaic collection of Watkins IBS 375 

segments, combined with the identification of LD haplotypes between Watkins and modern wheat, offers 376 
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a unique framework for designing and developing new wheat varieties. To enable the selection of any 377 

haplotype for this purpose, we identified diagnostic ‘tag’ SNPs along with the corresponding molecular 378 

markers for each of the 1.7 million haplotypes (Supplementary Table 49). To demonstrate the efficacy 379 

and utility of these markers, we selected tag markers for two QTL: 5A awn inhibitor (B1)41 and 7A 380 

coleoptile colour (Rc) (Supplementary Fig. 29). Using KASP assays, we genotyped 382 independent 381 

accessions from the BBSRC small grain cereals collection (Supplementary Table 50). These markers 382 

proved to be highly effective for enriching target haplotype selection, resulting in correct predictions of 383 

the two phenotypes in 87.4% and 93.7% of accessions, respectively.  384 

In addition to marker-assisted selection, the combined Watkins/modern dataset and haplotype 385 

analysis maximise the discriminatory power of high-throughput genotyping arrays. This is particularly 386 

valuable for germplasm that has not undergone full sequencing, as would usually be the case for genomic 387 

selection (GS) or GWAS within breeding programmes. We therefore developed a Triticum aestivum 388 

Next Generation genotyping array (TaNG). To test the performance of this new array, we compared the 389 

Watkins GWAS results for four traits: heading date, stem rust, coleoptile colour and awn length, using 390 

(i) 10 million core SNPs generated from our whole-genome sequencing, (ii) the existing 35K Axiom 391 

array and (iii) the TaNG array (Supplementary Fig. 30). Notably, the TaNG array identified three MTA 392 

not identified using the 35K Axiom array, showcasing the enhanced capability of the TaNG array for 393 

trait-gene discovery (Supplementary Table 51). 394 

 395 

DISCUSSION 396 

We cannot overstate the urgency of breeding climate-resilient crops for future food security and therefore 397 

the importance of discovering (or re-discovering) and characterizing genetic resources that improve crop 398 

performance under challenging environmental conditions. For wheat, Arthur Ernest Watkins first 399 

described the bread wheat landraces used here in "The wheat species: a critique" published in 193042,43. 400 

Although nearly a century has passed, we can now use genomics to fully realise the potential of these 401 

invaluable genetic resources. Indeed, our whole-genome re-sequencing of the Watkins landrace 402 
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collection showed that five of the seven Watkins AGs are phylogenetically isolated from modern wheat 403 

varieties (Fig. 1b). By combining structured gene discovery populations, genomic data and extensive 404 

field trials with in-depth phenotyping, we confirmed that many of the haplotypes restricted to 405 

phylogenetically isolated Watkins AGs have beneficial effects on yield potential, adaptation, human 406 

nutrition and disease resistance. Development of the first wheat haplotype map and haplotype–407 

phenotype association study allowed us to estimate frequencies of these alleles and assess their 408 

functional significance. To introduce novel and useful landrace diversity into the landscape of modern 409 

wheat breeding, we transferred 44,338 Watkins-unique haplotypes from Watkins into a single elite wheat 410 

variety. The confirmed breeding values help guide the stacking of beneficial Watkins haplotypes into 411 

cultivars for further evaluation across environments. This comprehensive strategy will enable breeders 412 

to leverage this untapped genetic diversity in crop improvement to help secure sustainable food 413 

production, which is achievable because genomic variants of global wheat varieties directly affect soil, 414 

water, air, and nutrition.  415 

Our findings establish the Watkins resources as a powerful, unique platform for isolating genes 416 

controlling in-demand traits and exploring genetic regulation in modern varieties. We envision a future 417 

where wheat crops will be genetic mosaics that include AGs 1, 3, 4, 6, and 7 (Fig. 5c), and thus have 418 

increased yield potential and reduced reliance on nitrogen fertilisers, thereby lowering the main source 419 

of greenhouse gas emissions from agriculture (Fig. 3g and 5b). Moreover, breeders can deploy new 420 

arsenals of disease resistance genes to combat evolving pathogen populations driven by the changing 421 

climate. For example, here we identified new sources of resistance to aggressive yellow rust isolates 422 

(Supplementary Table 46) and the Watkins resources helped clone a novel gene for Septoria resistance44. 423 

We also provide novel mechanistic insights into the genetic control of wheat blast through the cloning 424 

of the first wheat gene conferring resistance to the devastating Bangladesh/Zambia MoT isolate (Fig. 4d-425 

f). In addition, nutritious wheat varieties will facilitate dietary shifts towards plant-based diets, with the 426 

associated reduction in livestock greenhouse gas emissions (Fig. 4h). Moreover, the phenotypic 427 

versatility endowed by novel variation in canopy architecture and phenology traits offers the potential 428 

for new wheat varieties that are more resilient to heat and drought (Fig. 4b and Supplementary Figs. 23-429 
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26). Ultimately, these discoveries demonstrate the transformative potential of these resources, which 430 

will enable breeders to address the urgent challenge of adaptation to climate change in wheat. 431 

To empower the global community to accelerate breeding in wheat, we have adhered to the 432 

collaborative spirit of the Human Genome Project by making our resources, including germplasm and 433 

genomic and phenotypic data, publicly available through the Watkins Worldwide Wheat Genomics to 434 

Breeding portal (https://wwwg2b.com/). We aim to promote openness and collaboration that will enable 435 

the full potential of this work to be realised, providing resources for extending the use and further 436 

development of the Watkins resource, for example, through developing pan-transcriptome maps, gene 437 

regulatory atlases or pan-structural variation studies. 438 

 Our analysis of this remarkable genetic resource from the 1900s underscores the enduring value 439 

of collecting and preserving genetic diversity ex-situ. The Watkins collection, assembled from across 440 

the globe a century ago, is now reverting to its global role once more. The profound legacy left by 441 

Watkins and others has inspired our international collaboration and commitment to open data sharing 442 

and knowledge exchange, recognizing the collective benefits to the global community45. Although recent 443 

policies have restricted international germplasm exchanges46,47, it is crucial to remember that the 444 

challenges posed by climate change transcend these artificial boundaries. 445 

 446 

Data availability 447 

All whole-genome sequence data has been deposited at the National Genomics Data Center (NGDC) 448 

Genome Sequence Archive (GSA) (https://ngdc.cncb.ac.cn/gsa/), with BioProject accession number 449 

PRJCA019636. Variation matrix and annotations, wheat HapMap, phenotyping data, association 450 

genetics analyses, the developed tagSNPs and KASP markers were deposited in WWWG2B breeding 451 

portal (https://wwwg2b.com). IBSpy variations tables, haplotypes, long-range tilling paths, variant files 452 

(VCF) and all raw phenotypic data are available online 453 

(https://opendata.earlham.ac.uk/wheat/under_license/toronto/WatSeq_2023-09-454 

15_landrace_modern_Variation_Data/). All the Source Data to support all the Figures and provided in 455 

the attached file as well as in: https://doi.org/10.5281/zenodo.8351964. Publicly available sequencing 456 
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data were obtained from SRA accessions SRP114784, PRJNA544491, PRJEB37938, PRJNA492239, 457 

PRJNA528431, PRJEB39558, PRJEB35709 and from the NGDC database project CRA005878. 458 

 459 

Germplasm availability 460 

The 827 Watkins single seed derived accessions and their 827 predecessor landrace populations, 208 461 

modern cultivars, 73 RIL mapping populations and 143 NIL families are all available from the John 462 

Innes Centre Germplasm Resources Unit (https://www.seedstor.ac.uk/) and the Agricultural Genomics 463 

Institute at Shenzhen, Chinese Academy of Agricultural Sciences (https://wwwg2b.com/).  464 

 465 

Code availability 466 

Code associated with this project is available at Github: https://github.com/ShifengCHENG-467 

Laboratory/WWWG2B; https://github.com/Uauy-Lab/IBSpy; https://github.com/JIC-468 

CSB/WatSeqAnalysis/; and https://github.com/pr0kary0te/GenomeWideSNP-development. 469 
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Main Figures 1-5 545 

Fig. 1 | Genomic variants in Watkins landraces compared to modern wheat. a, Geographical 546 

distribution of all accessions, including the entire Watkins collection (n = 827) and modern wheat 547 

cultivars (n = 224; comprising 208 cultivars sequenced in this study and 16 previously described modern 548 

wheat cultivars including Chinese Spring). The seven ancestral groups (AG1–7) derived from Watkins 549 

and modern wheat are colour-coded. b, t-SNE plot based on the 10M SNPs shared by different ancestral 550 

groups. The SNPs were stringently controlled by linkage disequilibrium (LD-based; see Methods), with 551 

AG1–7 and modern wheat colour coded as in panel a. The distribution of the 10+ Genome lines and 552 

Chinese Spring are shown. c, Percentage of Watkins-unique (shown in blue), shared (orange) and 553 

modern-unique (red) variants for SNPs, short Indels (< 50 bp), gene copy number variations (CNV) and 554 

haplotypes (Hap). d, k-mer based IBSpy long-range haplotype analysis of 18 representative modern 555 

wheat cultivars (released from 1920 to 2011, see Source Data). IBS regions between modern wheat and 556 
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landraces are shown as coloured blocks (top 100 Watkins accessions; see Methods, Supplementary Table 557 

10). e, Genomic distribution and comparison of haplotypes between Watkins and modern wheat along 558 

the 21 chromosomes, including the proportion of haplotypes that are absent (Watkins-unique; blue), 559 

shared with high frequency (orange), modern-enriched (pink) or unique (red) to modern wheat. The 560 

haplotypes were identified based on linkage disequilibrium by Plink (Methods), with single-base-561 

resolution based on the IWGSC v1.0 reference genome.  562 
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Fig. 2 | Genetic dissection of new and useful traits from Watkins. a, SNP-based phylogeny of 563 

Watkins landraces (blue) and modern varieties (pink). The Watkins parents of 73 RIL populations used 564 

here are marked with empty green circles. b, Overall summary and schematic illustration of the 565 

phenotypic trait data collected in this study categorised into nine high-level trait classes. The total 566 

number of sub-traits for each category is shown in parenthesis. c, Field experiments and trait data 567 

collected from the Watkins natural population for GWAS analysis (top panel), QTL analysis from 568 

individual segregating mapping populations (RIL; middle panel), and combined analysis of Nested 569 

Association Mapping (NAM) GWAS with RILs from the imputation of the NAM populations (bottom 570 

panel). d, Prioritisation of detected genetic effects. The total number, and the number of prioritised 571 

marker–trait associations (MTAs) detected from GWAS (top panel) and from the NAM population 572 
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(bottom panel). The total number of QTL identified using biparental mapping populations (Paragon x 573 

Watkins) is summarised in the middle panel. Watkins beneficial are the number of allelic effects from 574 

QTL, GWAS and NAM GWAS in which the Watkins allele exceeded the Paragon allele for traits under 575 

directional selection. Adaptive are effects that can be beneficial in either direction depending on the 576 

breeding objective. Watkins beneficial/adaptive and unique are alleles for which the haplotype under the 577 

peak marker/genomic interval was absent or present at extremely low frequency in modern wheat. e, 578 

Examples of genetic effect detection using GWAS (cold resistance), biparental QTL analysis (yellow 579 

rust resistance) and NAM GWAS for Nitrogen Uptake Efficiency (NUpE) using all data collected from 580 

experiments in panel c. f, Representative principal component analysis (PCA) plots (left) of Watkins 581 

NAM data from a single environment. highlighting three general trait trade-off relationships (Grain 582 

Weight vs. Grain Number, Grain Yield vs. Grain Protein and Grain Yield vs. Heading Date). Plots on 583 

right show the percentage of phenotypic differences for the labelled traits between NILs carrying the 584 

Watkins allele over the Paragon allele across a target QTL region. Each QTL region is represented by a 585 

NIL pair or family (Fam; Supplementary Table 48). Significant effects (P < 0.05) for traits are 586 

represented by coloured/grey circles.  587 
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Fig. 3 | Recovery of useful diversity left behind by the Green Revolution, exemplified by the 588 

changes in plant height and grain yield during modern breeding history. a, Historical reduction in 589 

plant height of wheat cultivars. Empty circles represent height from heritage accessions cultivated and 590 

cultivars released from 1790 to 201048. Yields (t ha−1) from 1900 to the present are shown. Agricultural 591 

milestones are highlighted. b, Illustration of trait relationships between Grain Yield (GY), Harvest Index 592 

(HI), Plant Height (PH) and Biomass (BM), where GY = HI x BM, and BM is positively correlated with 593 

PH, which is negatively correlated with HI. c, Dissection of the genetic architecture of plant height 594 

performed by Watkins NAM GWAS. d, Plant height QTL on chromosome arm 7BL and e, local 595 

association plot across the chromosome arm 7BL region based on NAM GWAS data shown in c. f, 596 

Frequency distribution of haplotypes carried by Paragon and WATDE0018 (chromosome arm 7BL QTL 597 

carrier) in the NAM GWAS target marker–trait association locus (e). Comparisons for haplotype 598 

frequency were performed between Watkins-unique (dark blue), Watkins enriched (light blue), shared 599 

(orange), modern enriched (light pink) and modern-unique (dark red). g, Effect of the WATDE0018 600 

segment on Grain Yield (GY) with respect to the Paragon haplotype in NILs. Numbers at the start of 601 

each label represent mean GY in t ha−1. H: year harvested; the harvest locations include KWS: KWS, 602 
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SYN: Syngenta, JIC: John Innes Centre-Church Farm, LG: Limagrain, DSV: DSV, JMO: John Innes-603 

Morley, SB: Sutton Bonington, RRes: Rothamsted, and LSPB: LS Plant Breeding. Error bars denote 604 

standard errors of the mean.  605 

  606 
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Fig. 4 | Gene discovery and functional validation for next-generation wheat traits. a, Effect on plant 607 

height and grain yield (%) of NILs carrying the RHT8 (Mara) allele compared to the recurrent NIL parent 608 

Paragon grown in the UK, Spain and Serbia. H: year harvested, JIC: John Innes Centre (UK), UDL: 609 

University of Lleida (Spain), IFVC: Institute of Field and Vegetable Crops (Serbia). Right panel shows 610 

the mean temperatures during the growing season at each location. b, High-resolution genetic map of 611 

the RHT8 locus showing delimitation to a 6.7 kb interval in the reference genome. Marker positions (bp) 612 

are indicated in black, with flanking markers shown in red. Independent recombination lines between 613 

the markers and RHT8 phenotype are indicated in purple. c, Two genes (TraesCS2D02G057800 and 614 

TraesCS2D02G057900) are present within the 6.7 kb RHT8 interval in head-to-head orientation. The 615 

gene structure is depicted by rectangles (filled: exon; unfilled: untranslated regions) and lines (introns). 616 
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RNA-seq expression data for the two genes in developing wheat tillers/stems (eight timepoints, three 617 

biological replicates per timepoint) reveal a significant negative regulatory relationship (Pearson 618 

correlation r = −0.979; P < 0.0001). d, Global spread of wheat blast disease since the 1980s. Bottom 619 

panels show the phenotypic effect of Pm4 resistance (2A) compared to the wild-type non-resistant line 620 

(2a). e, Diagram of the gene structure of Pm4 (as in b), including the names (red) of the EMS-derived 621 

mutants and their predicted effects on PM4_V2 protein (black). f, Effects of the Pm4b allele on blast 622 

resistance in a detached leaf assay in Federation NILs (top). Representative leaves of EMS-derived 623 

susceptible mutants (middle) and transgenic lines (Nr#3; Nr#52) alongside non-transgenic wild-type 624 

Bobwhite and null controls (S#3, S#52) inoculated with an isolate of the Bangladesh/Zambia B71 625 

lineage of MoT. g, Watkins NAM GWAS (top panel) for calcium content, identifying a significant signal 626 

on chromosome 5A. The most significant SNP corresponds to a haploblock spanning 24 Mb, with the 627 

local Manhattan plot highlighted (middle). Detailed map, combined with functional annotation and 628 

differential gene expression, showing the structure of the candidate ATPase transporter gene 629 

(TraesCS5A02G543300), along with EMS-derived mutants in cv. Cadenza (WCAD; bottom). h, Grain 630 

calcium concentration (ppm) of TILLING mutants (blue) of TraesCS5A02G543300 along with wild-631 

type Cadenza (pink).  632 
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Fig. 5 | Validation of the breeding value and delivery of target segments. a, Introgressed target 633 

segments of Watkins in 143 Paragon Near Isogenic Lines (NILs) based on QTL prioritisation. Colours 634 

of segments represent the corresponding ancestral groups (AG1–7) of the donor parents. Bar plots at the 635 

bottom show the total number of introgressed haplotypes for each chromosome that were previously 636 

absent in modern wheat. b, Phenotypic effects (AMMI means) of the genetic substitution derived from 637 

multi-environment screening for the 127 introgressed loci on 24 traits (marked on the perimeter; for trait 638 

abbreviations see Supplementary Table 21). Percentage increase or decrease in Watkins alleles 639 

compared to Paragon are shown according to the vertical scale at 12 o’clock. c, Inset highlighting one 640 

example for chromosome 7A and the NILs (top) with their AG groups and their extent across the 641 

chromosome shown. Details on each segment are provided in Supplementary Table 48.  642 
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Online Methods 643 

Statistical analysis  644 

Statistical analyses were conducted in R software suite (version 4.2, https://www.r-project.org/) unless 645 

otherwise stated. The Linkage disequilibrium (LD) and haploblocks were calculated by PLINK (version 646 

1.90 beta)49,50, the haplotype clustering was performed by HAPPE18. The phenotypic effects observed 647 

in the NILs were assessed using ANOVA (Analysis of variance) or by AMMI (Additive Main-effects 648 

and Multiplicative Interaction) mean values. Where relevant, statistical tests were two-sided, randomised 649 

experimental units were used as replications, multiple measurements of single experimental units were 650 

treated as subsamples, and all data was tested for assumptions and corrected accordingly, and described.  651 

 652 

Germplasm collection and glasshouse growing conditions  653 

The 827 accessions from the entire A.E. Watkins Collection of landraces were used, alongside 208 654 

modern wheat lines selected to represent worldwide diversity and to include parents of publicly available 655 

populations13. Seeds were obtained from the John Innes Centre Germplasm Resource Unit (JIC GRU, 656 

http://www.jic.ac.uk/germplasm/). Single seeds were sown in 3.8 cm diameter pots containing peat and 657 

sand mixture (85% fine grade peat, 15% washed grit, 4 kg m-3 Mag Lime (powdered limestone 658 

containing 90% CaCQ3) , 2.7 kg m-3 slow release fertiliser (Osmocote, 3–4 months), 1 kg m-3 PG Mix 659 

14-16-18 + TE 0.02% and wetting agent) for 3 weeks growth at 20/17.5 °C day/night temperature with 660 

16 h day length, before transfer to 6 °C day & night temperature with 8 h day length for 8 weeks.  661 

Following vernalization, plants were transferred to outdoor glasshouse conditions with 662 

automated watering and following 2 weeks further growth, transplanted into 2 L pots containing cereals 663 

mixture (40% medium grade peat, 40% sterilised loam (soil), 20% washed horticultural grit, 3 kg m-3 664 

Mag Lime (powdered limestone containing 90% CaCQ3), 1.3 kg m-3 PG mix 14%-16%-18%, N-P-K + 665 

TE base fertiliser, 1 kg m-3 ‘Osmocote mini’ 16%-8%-11% 2 mg + TE 0.02%, and wetting agent) for 666 

continued development. During plant growth, spikes were bagged to prevent cross pollination and plant 667 
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material dried naturally. Seeds were deposited in JIC GRU and transferred to the Agricultural Genomics 668 

Institute at Shenzhen (AGIS), Chinese Academy of Agricultural Sciences.  669 

 670 

DNA Extraction 671 

Genomic DNA was extracted from approximately 50 mg wet weight young leaf tissue of three-week 672 

stage seedlings. Extractions for the Watkins collection used the DNeasy 96 Plant Kit protocol (Qiagen) 673 

and extractions for remaining lines used the oKtopureTM automated plant-based system (LGC Biosearch 674 

Technology) following tissue desiccation with silica for 48 h. A bespoke maxi prep protocol was used 675 

with the following volumes per sample: 250 µl lysis buffer, 170 µl Binding buffer, 20 µl sbeadexTM 676 

suspension, 300 µl PN1 wash buffer, 300 µl PN2 wash buffer, 300 µl PN2 wash buffer (x3 wash cycles) 677 

using 75 µl final Elution buffer.  678 

 679 

Whole Genome Resequencing and Quality Control  680 

DNA was used for sequencing library construction following the manufacturer’s protocols (Illumina 681 

Inc.). Libraries were 150 bp paired-end with insert size ~500 bp and were sequenced on an Illumina 682 

NovaSeq 6000 at Berry Genomics (954 accessions), Beijing, in 2018, and also on DNBSEQ Platform at 683 

BGI group (90 accessions). A total of over 200 TB raw data was generated, producing, on average, 193 684 

Gb raw reads for each accession (Supplementary Fig. 1 and Supplementary Table 1). Then, we used the 685 

following parameters (fastp53 v0.20.0: -f 9 -F 9 -l 80 -g) to filter the raw data: (1) Remove adaptor 686 

sequences; (2) Discard reads of N number >=5; (3) Discard reads of base quality <=15 exceed 40%; (4) 687 

Trimmed 9 bp in the front of reads; (5) Retain the reads length >=80bp; After removing the low-quality 688 

and adaptor-containing reads, an average of ~185.14 Gb of clean data (~12.73X coverage) was retained 689 

for each accession. 690 

 691 

Reads Mapping, Variant discovery, quality control and SNP annotation 692 
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The clean reads were mapped to IWGSC RefSeq v1.0 using BWA-MEM (v0.7.17)51 with default 693 

parameters. Non-unique mapped and duplicated reads were excluded using SAMtools (v1.9)52 and 694 

Picard (v 2.20.3-SNAPSHOT)53, respectively. SNP and InDel calling were performed by GATK 695 

(v4.1.2)54. A total of 720,048,179 raw variants (SNP/InDel) were identified from GATK, including 696 

668,764,660 SNPs and 51,283,519 InDels.  697 

For variants filtering and Quality Control process, there are four main steps for both SNPs and 698 

InDels, corresponding to Supplementary Table 2. Firstly, only the bi-allelic variants were retained, 699 

including 634,873,707 SNPs and 44,525,746 InDels. Secondly, variants were filtered based on the 700 

parameters recommended by GATK. SNPs Filtering criteria: QD < 2.0 || FS > 60.0 || MQ < 40.0 || 701 

MQRankSum < -12.5 || ReadPosRankSum < -8.0 || SOR > 3.0. Indels Filter criteria: QD < 2.0 || low_QD 702 

|| FS > 200.0 || high_FS || ReadPosRankSum < -20.0 || low_ReadPosRankSum. A total of 411,400,604 703 

SNPs and 42,415,907 InDels were retained using such filtering criteria. Third, variants were filtered by 704 

Inbreeding Coefficient (F). F is computed as: F= 1-(Hobs/Hexp). Hobs is the frequency of heterozygous 705 

calls, and Hexp = 2p(1-p), in which p is the frequency of non-reference allele (or reference allele). The 706 

median value of F (Fmedian) for each chromosome is calculated using the SNP site of F>0 and minor allele 707 

frequency (MAF) >0.05. The max observed heterozygous frequency (Hobs_max) is computed as: Hobs_max 708 

= 10*(1-Fmedian)*Hexp. The sites of Hobs>Hobs_max were discarded. A total of 261,659,890 high-quality 709 

SNPs (dataset 1) and 17,279,131 high-quality InDels were retained, which is typically for association 710 

genetics study. Finally, the SNPs with missing rate >20% and MAF < 0.01 were discarded. A total of 711 

90,750,089 common SNPs (high frequency) were retained as high-quality SNP dataset (dataset 2), which 712 

is specifically for population LD-based analyses. 713 

SnpEff (v4.3t)55 was used for annotating and predicting the genome structural position and 714 

functional effects of identified SNPs and InDels. SNPs were annotated as exonic, intronic, splicing 715 

region, up/down stream, intergenic and 3’/5’ prime untranslated region (UTR) variants. Exonic variants 716 

can be further divided into synonymous and nonsynonymous variants, and the latter included missense 717 

variants, stop loss, stop gain, start loss, start gain, and stop retained. Intron variants can be categorised 718 

as splicing donors, splicing acceptors and others. 719 
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 720 

Identification of gene Copy Number Variations (CNVs)  721 

Considering the limitations of using short reads for CNV identification, only the CNVs of the wheat 722 

protein-coding genes were calculated in this study. Five steps were implemented for the identification 723 

of gene CNVs. (1) Calculation of read depth for each gene, sequenced in each accession, based on the 724 

properly mapped reads. This is referred to as the absolute read depth for each gene. (2) Optimal 725 

correction of the absolute value for read depth variation (RDV). To account for highly similar genes in 726 

the reference genome, such as paralogues arising from recent duplication events, we performed an all-727 

vs-all CDS alignment using BLASTN. Genes that meet specific criteria (fewer than 5 gaps and fewer 728 

than 5 mismatches) are classified as recently duplicated. For depth calculations, these highly similar 729 

genes are collapsed into a single representative gene in the reference genome. Specifically, the depth 730 

values of all the duplicated genes are summed together. This approach aims to minimise the depth bias 731 

introduced by recent gene duplications in the reference genome56. (3) Normalization for each accession. 732 

Considering the slight variation for the sequencing depth for each accession, we divided the corrected 733 

read depth for each gene in step (2) by the average sequencing depth for each accession. This is the 734 

relative read depth variation. (4) GC bias correction. There were GC bias in Illumina short-read 735 

sequencing technology despite all libraries being PCR-free. We gave a read depth distribution for all the 736 

GC content within the wheat genome (1,000 windows for GC content from 0% to 100%) and 737 

corresponded the estimated read depth for each level of GC content for each gene to this distribution, 738 

which was divided by the overall read depth of the overall GC content. This resulted in the GC content 739 

correction value for each gene, to avoid and correct the GC bias for read depth57. (5) Correction of read 740 

depth variation for genomic regions with Insertions or Deletions in the genome reference. To explore 741 

the population-unique and shared CNVs, the number of accessions with different copy numbers, such as 742 

[0-0.25), [0.25-0.75), [0.75-1.25), were calculated for each gene in both Watkins and modern 743 

populations.  744 

 745 
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Ensuring correspondence of sequenced accessions with existing public genotypic data 746 

To ensure consistency of sequenced samples, sequence data was compared to publicly available 747 

genotyping data using the Axiom 35k Breeders' array58. The probe set of the Breeders’ array 748 

(https://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/Excel/35K_array/35k_probe_set_IWGSCv1749 

.xlsx) was used to generate two allele-specific sets of k-mers (k=31) for each SNP of the array. We also 750 

built k-mer databases from the 12-fold sequence data of each Watkins line. The allele for each SNP in 751 

each Watkins line was determined using presence or absence of allele specific k-mers in the k-mer 752 

databases. This resulted in a genotype profile for each Watkins line based on the 12-fold sequence data. 753 

Next, the new genotype profile was compared to existing data generated using the 35k Breeders’ array, 754 

which provides an indication if samples we sequenced are consistent with accessions genotyped in 755 

previous studies. From this analysis, we obtained 100% match between the sequenced accessions and 756 

the existing public genotypic data. Scripts for the procedure and details on the pipeline are available at 757 

https://github.com/JIC-CSB/WatSeqAnalysis/tree/master/qc_vs_iselect. 758 

 759 

Linkage disequilibrium (LD) analysis and Construction of the Wheat Haplotype map (HapMap)  760 

To obtain a core SNP set from the filtered SNP set described above, a two-step LD pruning procedure 761 

were conducted as previously done in rice59. First, SNPs were removed by LD pruning with a window 762 

size of 10 kb, window step of one SNP and r2 threshold of 0.8 using PLINK49. Second, another round of 763 

LD pruning with a window size of 50 SNPs, window step of one SNP and r2 threshold of 0.8 was 764 

performed. About 10 Mb SNPs retained after two-step LD pruning (dataset 3). The construction of wheat 765 

HapMap included two parts, the population linkage disequilibrium (LD) based haplotype map, and the 766 

Identity-by-State in python (IBSpy) k-mer based large-scale long-range haplotypes segments16.  767 

Population LD-based haplotype analysis. First, the SNP dataset 2 was phased by Beagle (v 768 

21Apr21.304)60. Using this phased dataset, haplotype blocks were identified using PLINK49 with the 769 

parameters (--blocks no-pheno-req --blocks-max-kb 1000 --geno 0.1 --blocks-min-maf 0.05). To merge 770 

the adjacent blocks that might still maintain strong linkage disequilibrium into larger ones, the D’ 771 
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statistic value were calculated for all of the SNPs (dataset 1) of every two adjacent blocks. If the lower 772 

quartile (Q1) was larger than 0.98, the two adjacent blocks would be merged. HAPPE18 that we 773 

developed previously was used to identify haplotype clusters (haplogroups) for each block based on 774 

SNPs dataset 1.  775 

k-mer based IBS long-range haplotype analysis. We devised a systematic approach for 776 

conducting k-mer based IBS approach for long-range haplotype analysis and reconstructed modern 777 

wheat genomes using the Watkins lines. The methodology comprises the following steps: 778 

1. Generation of k-mer matrices and variation analysis: We initiated the analysis by utilizing the 779 

kmerGWAS pipeline61 (https://github.com/voichek/kmersGWAS) to produce a k-mer matrix (k = 31) 780 

for our dataset containing 1,051 wheat accessions. Concurrently, we integrated the chromosome-level 781 

genome assemblies from the 10+Genome project, including ArinaLrFor, Chinese Spring, Jagger, Julius, 782 

LongReach Lancer, CDC Landmark, Mace, Norin 61, CDC Stanley, and SY Mattis. Employing the 783 

IBSpy pipeline (https://github.com/Uauy-Lab/IBSpy), we computed the k-mer variation matrix (k = 31) 784 

for each reference assembly vis-à-vis the 1,051 accessions, utilizing non-overlapping 50 kb step 785 

windows. 786 

2. Transformation of k-mer variations to IBSpy values and haplotype assignment: Next, we 787 

converted the k-mer variation matrix into IBSpy variation values. We then conducted haplotype 788 

assignment for distinct non-overlapping 1 Mb windows. We applied the affinity propagation clustering 789 

technique62 (with a window size of 1 Mb) based on IBSpy variation values computed from 20 790 

consecutive 50 kb windows. To enrich the IBSpy values utilised in clustering, we incorporated IBSpy 791 

values derived from syntenic regions across the 10 genome references. 792 

3. Pedigree tracking and genome reconstruction: Pedigree tracking was employed to track the 793 

ancestry of each modern cultivar within the Watkins collection. Building upon the haplotype 794 

assignments in non-overlapping 1 Mb windows, we reconstructed each cultivar's genome using extended 795 

matched haplotype blocks from the Watkins lines, employing an in silico strategy featuring a minimum 796 

tiling path approach. 797 
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a. Haplotype Comparison and Identification of Progenitor: On a per-chromosome basis, we 798 

began by comparing the haplotypes of a cultivar's first window with the corresponding chromosome's 799 

haplotypes in each Watkins line. The length of Matched Haplotype Windows (MHW) from each 800 

Watkins line was noted. The Watkins line with the longest MHW was identified as the potential 801 

progenitor contributing to that genomic region. Subsequent MHWs from other Watkins lines were 802 

discarded. 803 

b. Iterative Process and Longest MHW Recording: The comparison process was iterated from 804 

the second window onward. At each step, we identified the longest MHW and its associated Watkins 805 

line. This iterative comparison continued window by window until covering the entire chromosome. 806 

c. Refinement and Minimum Tiling Path Construction: We then aligned the physical positions 807 

of identified MHWs from each window. Overlapping MHWs were removed, retaining those forming the 808 

minimum tiling path for reconstructing the chromosome. The reconstructed path allowed observation of 809 

the Mosaic composition originating from the Watkins lines. This strategic process delineates the closest 810 

Watkins relatives at a 1 Mb resolution for any given genomic region within a modern cultivar. The 811 

contribution percentage of each Watkins line to a cultivar was quantified as the ratio of its total MHWs 812 

to the entire genome windows. 813 

 814 

Population structure analysis 815 

Phylogenetic tree and ADMIXTURE. For the Phylogenetic genetic analysis, neighbor-joining trees was 816 

constructed for the genome-wide 4DTv (fourfold degenerate synonymous Site), and tagSNPs (described 817 

below) using rapidnj63,64. 1000 bootstrap were performed for each tree. Interactive Tree of Life (iTOL) 818 

was used to visualise and annotate these trees (https://itol.embl.de/)65. To explore and obtain the accurate 819 

population structure of Watkins collection, a new pipeline was developed with a view to pervasive 820 

introgression in wheat genome. First, we calculated the genetic distance of each pairwise accessions in 821 

5 Mb sliding window (dataset 2) using vcf2dis software (https://github.com/BGI-shenzhen/VCF2Dis). 822 

We also calculated the geographic distance of each pairwise accessions based on the longitude and 823 
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latitude using R package geosphere. Then, the correlation between the genetic and geographic distances 824 

was calculated for each 5 Mb window using R package corr. R value of 88.97% of introgression block 825 

with known resource is less than 0.07, indicating that R value = 0.07 will be powerful to exclude the 826 

introgression. Therefore, the SNPs located in the windows with R value less than 0.07 were discarded 827 

to reduce background noise. The remaining SNPs were used to quantify the genome-wide population 828 

structures using ADMIXTURE66. 829 

t-SNE and PCA analyses. For the haplotype matrix, we first imported the data into a Python environment 830 

and then transformed the matrix into a one-hot encoded format using the OneHotEncoder class from the 831 

sklearn. preprocessing module. Subsequently, we used the PCA class and the TSNE class from the 832 

sklearn.decomposition and sklearn.manifold modules, respectively, to perform PCA and t-SNE. For the 833 

SNP matrix, VCF datasets were converted into a numerical matrix. In this conversion, a value of '0' 834 

represents a reference allele, '1' represents heterozygosity, '2' indicates an alternative allele, and '-1' is 835 

used for missing data. We then applied the PCA and TSNE methods as described above. 836 

 837 

Genetic diversity and population differentiation 838 

In consideration of the effect of the missing rate and the MAF on genetic diversity, dataset 1 (without 839 

missing rate and MAF filtering) was used in the following analyses. We calculated the number of SNPs, 840 

number of InDdels and π of accessions in different populations and countries. These calculations were 841 

performed in non-overlapping 2 Mb windows across the whole genome using PLINK. For genic 842 

diversity, we calculated the number of total SNPs, population-unique SNPs and allele frequency among 843 

different populations within each gene. To evaluate the populations differentiation among Watkins 844 

groups and modern variety, we further used plink--cluster to calculate the identity by state distance of 845 

each pairwise accessions 49. The allelic diversity, haplotype clustering and cataloguing, and CNV 846 

diversity according to the read depth variations were analyzed and visualization with HAPPE18.  847 

 848 

Field Experiments for Watkins Collection 849 
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We conducted field experiments to assess the phenotypic diversity of the Watkins collection (the natural 850 

population, Supplementary Fig. 19). 851 

UK Field Experiments for Watkins Collection. The Watkins collection was grown at the JIC Field 852 

Experimental Station (JI) (Bawburgh, Norfolk; 52.628 N, 1.171 E) in 2006 in unreplicated 1 m2 plots 853 

under low nitrogen input as previously reported67. Experiments were repeated at JIC in 2010 and 2014. 854 

Phenotypes measured were: 2006: heading date, plant height and growth habit; 2010: presence of awns, 855 

heading date, thousand grain weight, grain width and grain length; 2014: heading date, kernel hardness 856 

and coleoptile colour. Details on phenotype measurements are given in crop ontology format in 857 

Supplementary Table 21. 858 

Chinese Field Experiments. The Watkins collection, alongside 208 contemporary cultivars, were grown 859 

and phenotyped in diverse geographic locations throughout China. These sites were: Shenzhen city 860 

(22.597N, 114.504E, seasons 2021, 2022 and 2023), Guangdong Province, southern China; Ezhou 861 

(30.386N, 114.656E, season 2023), Hubei Province, middle of China; Nantong (32.268N, 120.759E, 862 

season 2023), Jiangsu Province, southeast China; Tai’an (35.987N, 116.875E, season 2023), Shandong 863 

Province, northern China; Quzhou (36.863N, 115.016E, season 2022), Hebei Province, the northern; 864 

and Harbing (45.830N, 126.853E, season 2023), HeiLongJiang Province, northern China. All trials were 865 

hand planted in the autumn (mostly November), with the exception of Harbing, where sowing took place 866 

in March. Plants were grown in 1.2 m or 2 m long rows using an augmented plot design with 50 or 100 867 

plants per block with three check varieties, with the exception to Shenzen 2020 and Ezou 2022 where a 868 

factorial split-block design with two Nitrogen treatments and two replicates were grown. Plants were 869 

phenotyped for a broad range of traits spanning lodging, height, tillering, phenology, disease resistance, 870 

and various morphological traits, alongside yield and biomass components. Following harvest, yield 871 

component traits including spikelet number and grain morphometric traits were measured. 872 

Egyptian Field Experiments for Watkins Collection. A diverse subset of 300 Watkins bread wheat 873 

landraces and 20 modern lines were grown at four agricultural research stations in Egypt: Sakha (31.0642 874 

N, 30.5645 E), Nubaria (30.6973 N, 30.66713E), Gemmiza (30.867 N, 31.028 E) and Side (29.076 N, 875 

31.097 E). Growing season was from November to the end of May with harvest in the years 2020, 2021 876 
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and 2022. The wheat lines were grown in 3.5 m rows and hand harvested. Fertiliser applications were 877 

before sowing: phosphorus (200 kg P ha-1) and potassium sulphate (50 kg K ha-1); and three doses of 878 

Urea (in total 300 kg N ha-1) at sowing, 30 days post-sowing, and at the tillering stage. Phenotypes 879 

recorded (as the mean of ten plants) were: growth habit, plant height, heading date, number of kernels 880 

per spikes, grain weight, maturity date. Rust scores were taken at the early dough stage as host responses 881 

and rust severity. 882 

 883 

RIL Population Development and Analysis 884 

Construction of bi-parental populations. Bi-parental populations with diverse Watkins landrace parents 885 

were developed as described8. Initial crosses of Paragon (female) to Watkins landrace (male) plants were 886 

advanced to F4 using single seed descent. In total, we developed 109 populations using 107 different 887 

Watkins accessions, resulting in 9,771 recombinant inbred lines (RILs). Of these, 73 RIL populations 888 

have been phenotyped to date (Supplementary Table 20 and https://www.seedstor.ac.uk/search-889 

browseaccessions.php?idCollection=47).  890 

Genotyping RIL Populations. Early in the project, genotyping was conducted with KASP and SSR 891 

markers followed by genetic map construction as described. This was the case for the majority of the 892 

populations, see Supplementary Table 20, column ‘Genetic Map Type’. Later, genotyping was done 893 

with the 35k Axiom Wheat Breeders’ array13. 894 

Genetic Map construction. Genetic map construction was carried out using the R package “ASMap” 895 

(version 1.6) as described68. The genotype scores can be retrieved from CerealsDB 896 

(https://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/array_info.php)  897 

 QTL discovery. QTL mapping was conducted in the R software suite (v3.6.1) using package “qtl” 898 

(v1.5)69,70 as described taking cross type (RIL) and generation number (F4 or F5) into account. The QTL 899 

model used a significance threshold calculated from the data distribution. A first QTL scan, using Haley-900 

Knott regression, determined co-factors for the second scan. The second scan by composite interval 901 
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mapping (CIM) identified QTL at a significance level of 0.05 taking the co-factors into account. The 902 

resulting QTL with a LOD score equal or larger than 2.0 are listed in Supplementary Table 25.  903 

 904 

Field experiments using RIL populations 905 

Trials were drilled around mid-October and harvested end of July to late August and grown with standard 906 

farm management71,72. 73 bi-parental RIL populations were grown in field experimentation trials over 907 

ten years between 2011 and 2020 at the JIC Field Experimental Station (JI) (Bawburgh, Norfolk; 52.628 908 

N, 1.171 E) in randomised un-replicated 1 m2 multiplication trials with low Nitrogen input (approx 50 909 

kg N * ha-1). A subset of 18 populations were grown in a randomised block design (3 replicates, 1 m2 910 

plots) at Rothamsted Experimental Farm (RH) in south-east England (51.8100 N, -0.3764 E) at two 911 

different Nitrogen levels over 7 years (2012-2018). Nitrogen supply was taken to be the sum of the 912 

amount of mineral nitrogen in the top 90 cm of soil measured late winter each year (before the first 913 

fertiliser N application) and the amount of N fertiliser applied (either as ammonium nitrate or ammonium 914 

sulphate). Nitrogen fertiliser applications (50 or 200 kg N ha-1) were made late-February to May, with a 915 

split application to plots receiving 200 kg N ha-1. A set of fifteen populations were grown at Bunny Farm, 916 

University of Nottingham, Nottinghamshire, (SB) (52.8607 N, -1.1268 E) in randomised replicated 1 m2 917 

plots under two different Nitrogen conditions as in RH over four years (2012-2015). Details on which 918 

population was grown in which season are given in Supplementary Table 23. Seed sources for the JI 919 

trials were glasshouse seed, and for the other trials the JIC field multiplied seeds. Field experiments at 920 

RH were targeted to specifically assess grain yield and NUE. Above-ground nitrogen uptake was 921 

calculated from the sum of nitrogen in straw and grain at final harvest. These data were calculated from 922 

grain and straw dry matter yield; both recorded by plot combine harvester at Rothamsted, grain by 923 

combine and straw from a pre-harvest grab sample at Nottingham. Harvest index (ratio of grain dry 924 

matter to above-ground dry matter) was also calculated, and grain and straw nitrogen concentration, 925 

measured on samples taken at final harvest and measured by near Infrared spectroscopy using in-house 926 

calibrations. Nitrogen use efficiency (NUE) was calculated using published methods72. Overall, 927 
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phenotypes recorded were: JI: heading date, plant height, grain yield, grain weight, grain length, grain 928 

width, and grain surface area; RH and SB: anthesis date73, crop height, grain yield, straw yield, grain 929 

and straw nitrogen concentration. RH also carried out canopy maturity, grain and straw moisture content 930 

and grain weight measurements and on targeted populations mineral analysis by Inductively coupled 931 

plasma optical emission spectrometry (ICP-OES). Further phenotypes were calculated from the direct 932 

measurements, e.g. grain number, harvest index, nitrogen uptake, NUE , grain fill rate, grain protein 933 

concentration and grain protein deviation. Details on phenotype measurements are given in crop 934 

ontology format in Supplementary Table 21. Four RIL populations targeted for yellow rust resistance 935 

were grown in six experiments by commercial partners as winter drilled, unreplicated 1 m2 plots and 936 

scored for yellow rust incidence. Locations were: Limagrain UK (Rothwell Cherry Tree Top, 53.4882N, 937 

-0.25437E), RAGT (Ickleton 52.063481N, 0.170783E and Gasworks 52.081978N, -0.169570E), Elsoms 938 

Wheat Ltd (Weston, 52.842426N, -0.079539E), KWS (Fowlmere, 52.0533N, 0.03551E). Details on 939 

seasons and populations in Supplementary Table 23.  940 

 941 

NIL development  942 

Construction of the NIL library. QTLs for putative advantageous alleles from landrace parents were 943 

targeted for NIL development. For each QTL, a RIL was selected that carried the landrace allele at all 944 

markers of the QTL confidence interval (CI) and that carried a maximum number of Paragon alleles at 945 

the remaining loci. Selected RILs were crossed with cultivar ‘Paragon’, followed by two backcross steps 946 

also to ‘Paragon’, ensuring the heterozygous state of the CI region in the selected parent for the next 947 

crossing step by marker assisted selection (MAS). All crosses were conducted with Paragon as pollen 948 

donor and plants were grown under standard glasshouse conditions. For the final step of the NIL 949 

development, BC2F1 lines were self-pollinated and BC2F2 lines homozygous for the CI region for both, 950 

either the landrace parent or Paragon, were selected by MAS to be used as NIL pairs or families for the 951 

QTL validation (an overview over the crossing scheme is given in Supplementary Fig. 31). A more 952 

complete genotype of the BC2F2 lines was determined using the 35k Axiom Wheat Breeders’ array68. 953 

NIL development progressed in annual sets, called Toolkit (TK) sets, starting in 2012. We report here 954 
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on sets developed up to 2017 (TK1 to TK5, details of selected QTL, number of NIL families and 955 

individual NILs are given in Supplementary Table 48). BC2F2 NIL seeds are available from 956 

https://www.seedstor.ac.uk/search-browseaccessions.php?idCollection=40. 957 

 958 

Field Experiments for NIL families 959 

The performance of NIL pairs, or families of NILs coming from one cross with opposing parental alleles 960 

in the targeted QTL region, were compared (Supplementary Fig. 31). After initial multiplication trials 961 

at JI (1 m2 plots) further field trials were conducted as yield trials (replicated 6 m2 plots in randomised 962 

block design) at JI, RH and SB under the same conditions as the RIL trials. The NIL families were grown963 

 in yearly TK sets between 2015 and 2022 (see details in Supplementary Table 23). Phenotypes 964 

recorded were similar to the RIL trials, and raw data can be downloaded from 965 

https://grassroots.tools/fieldtrial (Search term: “DFW Academic Toolkit Trial”). NIL family 966 

performance for measured phenotypes were assessed using simple ANOVA in individual years 967 

(Supplementary Table 41). The performance over all seasons and environments was assessed using 968 

AMMI (Supplementary Table 41). Specific NIL field experiments to assess the grain yield potential 969 

were conducted for NIL lines WL0019 and WL0026 at 15 different locations. Of those trials, six were 970 

the general NIL trials reported above; another six trials were part of grain yield germplasm trials by 971 

commercial UK breeders, grown in triplicated randomised 6 m2 plots, harvested in 2017 (details and raw 972 

data can be downloaded from https://grassroots.tools/fieldtrial, search term: DFW-BTK-H2017) and 973 

three similar trials at JI with harvest in 2018, 2019 and 2020.  974 

In total, six trials for RHT8 NILs were conducted with a NIL carrying RHT8 and the recurrent 975 

NIL parent Paragon, with two seasons at each of the three locations: JI, the University de Lleida, Spain 976 

(41.36464N 0.4819.7E) and IFVC, Novi Sad, Serbia (45.20N, 19.51E). All trials were grown in a 977 

randomised block design together with other varieties with three replicates (JI) or five replicates (the 978 

other sites). All trials were autumn drilled and harvested in July at JI (2020, 2021) and in June at the 979 
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other sites (2021, 2022). Plot size was 6 m2 at JI and 5 m2 at the other site. The average temperature was 980 

recorded at all three sites. 981 

 982 

Quantification of Trait Relationships  983 

The trait-trait relationship analysis was performed using the phenotypic dataset of the TK trials, collected 984 

at multiple locations in multiple years. For individual years and locations, the Pearson correlation 985 

coefficient (r) was calculated using R package corr. Then, the median and mean of the r values over 986 

several trials was used as the final result of correlation coefficient. These results were visualised using 987 

R package corrplot. 988 

Trait trade-off plots were created for all traits together as PCA plots and in individual plots and 989 

for the trait pairs: grain weight (GW) x grain number (GN); grain yield (GY) x grain protein (GP); and 990 

GY x heading date (Hd). The individual plots are based on the effect direction and effect size of the 991 

introgressed alleles from the 127 NIL families, where the majority of introgressed alleles come from 992 

Watkins and are compared to the Paragon allele. The trait effects were calculated using the AMMI 993 

method as described. In the trade-off plots, the traits effects are shown as filled circles on a horizontal 994 

bar, which represents a sliding scale of the allele effect as percentage of the mean trait value. A positive 995 

allele effect will result in a positive value. For the trade-off plots, two traits are shown together, with the 996 

bar for the first trait (blue) being on top and for the second trait (pink) at the bottom. The circles are 997 

shown in colour (blue, respectively pink) if the effect was statistically significant, and in grey otherwise 998 

(Fig. 2f). The PCA bi-plots on the left of the individual trade-off plots are based on a PCA calculated 999 

using the phenotype estimators from the AMMI, employing the package princomp in R. Specific trait 1000 

pairs are highlighted by bold arrows in the PCA plots to show their overall relationship. This contrasts 1001 

the individual trade-off plots, which show exception to this overall trend. 1002 

 1003 

Genome-wide Association Study from Watkins collection 1004 
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The markers used for GWAS of Watkins collection were ~10 Mb core SNPs in dataset 3. Extreme outlier 1005 

values of phenotypic data were removed. Based on these, we performed GWAS using GEMMA 1006 

(v0.98.1)74 with parameters (gemma-0.98.1-linux-static -miss 0.9 –gk -o kinship.txt) and gemma-0.98.1-1007 

linux-static -miss 0.9 -lmm -k kinship.txt). In-house scripts programmed in R were used to visualise 1008 

these results. 1009 

 1010 

NAM imputation and NAM GWAS 1011 

Pre-processing for skeleton marker: The accessions of NAM/RIL populations were genotypes by 35 kb 1012 

SNP array58. To obtain a high-quality SNPs dataset, we used marker flanking sequences to align to the 1013 

reference genome (IWGSC V1.0)11. Positions and alleles of SNPs that were consistent with the 1014 

resequencing data were retained and then only markers with polymorphisms between parents were 1015 

retained.  1016 

NAM Imputation: The HapMap constructed in this study was the base for NAM imputation. The SNPs 1017 

of RIL parent were extracted from SNP dataset 1, since the rare alleles in the natural population will not 1018 

be rare in the RILs. Overall, we used the 35 kb array results of RIL offspring as the skeleton to predict 1019 

the genotype of each site in each accession. For each RIL population, the detailed methods are as follows:  1020 

Step 1:  1021 

1. Traverse the SNP sites of each parent. 1022 

2. The SNP locus is in a haploblock: If there is one or more skeleton markers in the block, the offspring 1023 

genotypes will be filled according to the nearest skeleton marker in the block; If there is no skeleton 1024 

marker in the block, the progeny genotypes are filled according to the nearest skeleton marker on the 1025 

chromosome. 1026 

3. The SNP locus is not in haploblock: the offspring genotype is filled according to the nearest skeleton 1027 

marker on the chromosome. 1028 
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4. The method of filling offspring genotypes according to skeleton marker: for example, marker typing 1029 

exists A or B or H or -, where A represents from parent 1, B represents from parent 2, H represents 1030 

heterozygosity, and - represents missing. Then a SNP site can select which parent is in the SNP matrix 1031 

genotype according to the marker typing. 1032 

Step2: Go through each RIL and do the same as step 1 for each RIL. 1033 

Step3: Use the bcftools merge command to merge all RIL groups to generate vcf files. 1034 

Step4: Two steps of LD pruning were carried out (plink --indep-pairwise 10kb 1 0.8; plink --indep-1035 

pairwise 50 1 0.8) 1036 

Percentage of the environmental mean: To standardise phenotypic values across different environments, 1037 

we calculated the 'percentage of the environmental mean' for each trait. For each individual trait, the raw 1038 

mean values were first used to calculate the environmental mean of that trait. Next, the individual trait 1039 

values were converted into a percentage of this environmental mean. The formula used was: percentage 1040 

of environmental mean = (individual trait value / environmental mean of the trait) *100. By doing so, 1041 

each trait's value was expressed as a percentage relative to the mean trait value in that environment. 1042 

Importantly, before the calculation, controls and outliers were excluded from the data. This approach 1043 

allowed us to compare traits on a similar scale, effectively reducing potential bias introduced by the raw 1044 

numerical values of different traits. 1045 

NAM GWAS: Based on the SNP sets generated after NAM imputation, two-step LD filtering was 1046 

performed: plink --indep-pairwise 10kb 1 0.8; plink --indep-pairwise 50 1 0.8. Finally, 19,253,188 SNPs 1047 

were retained. We then collated the following data for each phenotype used to perform NAM GWAS: 1048 

1. Phenotypic value of a single year, in which the phenotypic of the offspring of the RIL population 1049 

involved in this year is directly integrated. 1050 

2. Phenotypic values of years with high nitrogen content. the phenotypic values of progeny of all RIL 1051 

populations in years with high nitrogen content were integrated, using percentage of the environmental 1052 

mean value. 1053 
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3. Phenotypic values of low nitrogen years: the phenotypic values of offspring of all RIL populations in 1054 

all years involved in low nitrogen environments were integrated, using the percentage of the 1055 

environmental mean value. 1056 

4. The phenotypes of all years and all environments are combined, using the percentage of the 1057 

environmental mean value. 1058 

 1059 

Discovery and functional verification 1060 

RHT8 fine mapping and gene discovery. Seventy two recombinant lines within the RHT8 locus 1061 

(Supplementary Table 43) were used for genetic mapping30. These are from the cross: RIL4 (from the 1062 

Cappelle Desprez x Cappelle Desprez (Mara 2D) population described75 with Cappelle Desprez. Seven 1063 

new KASP markers were designed and used as described76 based on Watkins SNPs (Supplementary 1064 

Table 44). 1065 

Blast Pm4 gene discovery and Proof of Function. Seedling leaves of a set of 300 diverse Watkins 1066 

genotypes were screened for resistance to two isolates of Magnaporthe oryzae pathotype triticum (MoT) 1067 

that carry the effector AVR-Rmg8 using the methods described77. Spike resistance to these isolates was 1068 

assessed using the methods described77. Validation of the candidate gene recognising AVR-Rmg8 was 1069 

undertaken using the loss of function mutants and overexpressing transformant lines described for Pm4 1070 

(ref37). 1071 

Calcium NAM GWAS and Proof of Function. Wheat lines carrying induced mutations in either of two 1072 

candidate genes for grain calcium content (GrnCaCnc), discovered in the NAM analysis (Fig. 4g), 1073 

TraesCS5A02G542600 and TraesCS5A02G543300, were identified in the Cadenza TILLING 1074 

population78, following the method described in Adamski et al. 202079. Only mutations that were 1075 

predicted to lead to a gained stop codon, to a missense variant or to a splice donor variant were selected. 1076 

Two independent mutations were selected for TraesCS5A02G542600 and eight for 1077 

TraesCS5A02G543300. For each mutation, 24 seeds of the TILLING lines were grown under standard 1078 

glasshouse conditions. Ten wildtype Cadenza plants were grown as control. Plants were genotyped with 1079 
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KASP markers specific for the presence/absence of the mutations and only homozygous mutant plants 1080 

were taken forward (in total 53 plants, between 4 to 7 individual plants for each tilling mutation, mean 1081 

5.3 plants per mutation). From each of these plants, all grains were harvested and grain number per plant 1082 

(GNplant), grain yield per plant (GYplant) and the seed characteristics GW, GLng and GWid were 1083 

measured using a Marvin seed analyser. Grain moisture content was measured using DA 7250 Near-1084 

infrared spectrometer. GrnCaCnc was measured using X-Supreme8000, a benchtop X-ray fluorescence 1085 

spectrometer, equipped with XSP-Minerals’ Package and calibrated with data collected using an ICP-1086 

OES using 187 data points with GrnCaCnc levels ranging from 242.4 ppm to 726.7 ppm. No outliers for 1087 

GrnCaCnc were detected and the average over the three technical reps was calculated. This data set 1088 

(GrnCaCnc range 380.0-564.2 ppm, mean 461.3 ppm) was used to statistical compare the GrnCaCnc 1089 

between the Cadenza wildtype and the independent mutants in a linear model (ANOVA). The data was 1090 

also visualised in a violin plot (Fig. 4h). Of the mutant lines for gene TraesCS5A02G543300, all lines 1091 

showed a higher level of GrnCaCnc in comparison to the Cadenza wildtype (1.7 % – 18.7% higher). Of 1092 

these, five lines (WCAD1641, WCAD0289, WCAD1253, WCAD1003) showed statistically highly-1093 

significant increased levels of GrnCaCnc (14.1-18.7 % increase, P value < 0.005) and one line 1094 

(WCAD1617) statistically significant higher levels of GrnCaCnc (11.7 % increase, P value < 0.03) 1095 

(Supplementary Table 47). The two mutant lines for gene TraesCS5A02G542600 did not show 1096 

significantly higher levels of GrnCaCnc. Of the four lines with highly-significant increased GrnCaCnc, 1097 

three showed no significant change in GW (Supplementary Table 47), demonstrating that the GrnCaCnc 1098 

increase is not simply a result of a reduced grain weight. 1099 

Genetic dissection for yellow rust. Seedlings of the Watkins lines were screened with single isolates of 1100 

Puccinia striiformis under cold glasshouse conditions in April 2018. Two single isolates (UK 16/342 1101 

and 19/501) belonging to the ‘Warrior’ race, were tested separately as described80. Field screening was 1102 

conducted in 1 m2 untreated plots. Yellow rust scores were: 1, no infection observed; 2, stripe per tiller; 1103 

3, 2 stripes per leaf; 4, most tillers infected but some top leaves uninfected; 5, all leaves infected but 1104 

leaves appear green overall; 6, leaves appear ½ infected and ½ green; 7, Leaves appear more infected 1105 

than green; 8, Very little green tissue left; 9, leaves dead- no green tissue left. In Egypt, we evaluated a 1106 
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diverse set of 300 Watkins bread wheat landraces and 20 additional control lines for yellow rust disease 1107 

resistance and agronomic traits under natural field conditions at the Sids, Sakha, Nubaria and Gemmeiza 1108 

Agricultural Research Center stations (Egypt) during the 2019/20, 2020/21 and 2021/22 growing seasons. 1109 

 1110 

Development of haplotype-based diagnostic SNPs and design of KASP markers 1111 

For each haploblock, we selected SNPs being able to differentiate all haplotypes within this block, 1112 

defined as tagSNPs. The detailed process is as follows. 1113 

Step 1: Distance calculation of all the SNPs between each pairwise haplogroups. The genotype encoding 1114 

rules used during the distance calculation are as follows: Reference allele (homozygous): -1; Alternative 1115 

allele (homozygous): 1 ; Missing: 0; Heterogeneous: 0.9. 1116 

For each SNP site, we first calculated the state of this SNP within the haplogroups. Then the 1117 

average genotype state for all accessions within its respective haplotype cluster was computed. Let’s 1118 

denote the states of the SNP in haplotype clusters 1 and 2 as 끫毀ℎ1 and 끫毀ℎ2, respectively: 1119 

끫毀ℎ1 = 1끫殶1�끫殨끫殬끫殬끫殶1
끫殬=1  1120 

끫毀ℎ2 = 1끫殶2�끫殨끫殬끫殬끫殶2
끫殬=1  1121 

Here, 끫殨끫殬끫殬 is the genotype of the 끫殮-th sample in haplotype cluster 끫殬, and 끫殶1 and 끫殶2 are the counts 1122 

of samples in haplotype clusters 1 and 2, respectively. 1123 

Step 2: Calculation of the distance of this SNP position between haplotypes. The Euclidean distance 1124 

between the average genotype states of two haplotype clusters is then calculated: 1125 

끫殢끫殬 = (끫毀ℎ1 − 끫毀ℎ2)2 1126 

If the SNP falls within a coding region, its weight is quadrupled: 1127 

끫殢끫殬 = 끫殢끫殬 × 4 1128 
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Step 3: Sort of distances of all the SNPs. The SNPs are sorted based on distances, and the SNP with the 1129 

maximum distance is chosen as the tagSNP. Within a haploblock, a tagSNP is selected for each pairwise 1130 

haplogroups. The union of these selected tagSNPs forms the tagSNP set for the haploblock. 1131 

Step 4: This process is repeated across all 71,000 haploblocks in the genome to compile the complete 1132 

set of tagSNPs. 1133 

In summary, for each haploblock, the haplogroups that each accession belongs to were 1134 

determined in the above HapMap analysis. We further calculated the distances at all SNPs between each 1135 

pairwise haplogroups. The SNP with the maximum distance were chosen as the tagSNPs that 1136 

distinguishes these two haplotypes. 1137 

 1138 

Development of a Triticum aestivum Next Generation Genotyping Array (TaNG) 1139 

Single nucleoptide polymorphism calls for 208 elite lines and 111 landraces from the Watkins “core 1140 

collection” were selected from the entire skim sequence dataset (Supplementary Table 52), having 1141 

excluded varieties with >= 1% heterozygous loci. Selection of SNPs with an even distribution across the 1142 

genome was performed as follows (https://github.com/pr0kary0te/GenomeWideSNP-development). 1143 

SNPs were initially filtered to have a maximum of 0.5% heterozygous calls among the 315 selected 1144 

varieties, a minimum MAF of 0.01, a minimum call rate of 0.95 and a minimum mapping quality score 1145 

of 5000. Two steps were then taken to filter out non-unique SNP loci. First, SNPs were removed if their 1146 

flanking sequence mapped to more than one genome location in the IWGCSv1.0 Chinese Spring 1147 

genome using the BWA version 0.7.12-r1039 51. SNPs passing this filter were then checked by BLAST 1148 

(blastn v2.6.0+)81 against the the IWGCSv1.0 Chinese Spring genome to exclude those that matched 1149 

multiple locations. Each chromosome was then divided into 1.5 Mb intervals and a set of SNPs selected 1150 

from candidates in this interval which had the highest combined varietal discriminatory power. Up to 1151 

six of the highest ranked SNPs were assigned to each bin. This approach has been described previously 1152 

for the selection of a minimal set of SNP markers capable of discriminating apple varieties82, where the 1153 

SNP with the highest varietal discrimination is chosen initially, and further SNPs are selected to add the 1154 
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maximum additional discrimination until either all varieties are discriminated, the addition of more SNPs 1155 

does not improve discrimination, or all available SNPs have been evaluated. SNPs designed with this 1156 

approach were supplemented with 1974 DaRTseq markers (supplied by Susanne Dreisigacker, 1157 

CIMMYT) and 6388 markers from the existing Wheat Breeder’s Axiom array 58 for cross-compatibility 1158 

of results and to infill some spaces that became available on the array late in the design process.  1159 

In total, 44,266 SNP markers were placed on the high-density Axiom genotyping array 1160 

by Thermo Fisher design team. This was designated the TaNG (Triticum aestivum Next 1161 

Generation) genotyping array. Initial screening of the array with a diverse set of elite and landrace lines 1162 

showed that a high proportion of the SNPs tiled on the array (over twelve thousand in total) failed 1163 

to convert to polymorphic SNP assays. These were replaced with 13,065 SNPs taken from our existing 1164 

820K wheat genotyping array 13 by comparing genotyping data on a common set of varieties genotyped 1165 

on both the 820K and TaNG design and selecting those that maximised the differentiation of varieties 1166 

in 1.5 Mb bins as described above. This second-round empirically optimised design was designated 1167 

TaNG1.1 (Axiom 384-well array Thermo Fisher catalogue number 551498), comprising 43,373 1168 

markers.   1169 
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Extended Data Figures 1–10 1371 

Extended Data Fig. 1 | Graphical abstract and conceptual strategies. a, The WWWG2B strategy 1372 

started with the comparison of variations between the Watkins landrace collection (W, a.i) and the 1373 

modern wheats (M, a.ii). b, By developing an extensive genomics resource wedetermined the extent to 1374 

which landraces carry variants that are not present in modern wheats. c-d, Natural and structured 1375 

populations were then combined in multi-site field experiments to identify novel, functional and useful 1376 

genetic variations not yet deployed in modern wheat. This required unprecedented genetic dissection by 1377 

a combination of whole-genome resequencing (b.i), construction of variant atlas and haplotype map (b.ii) 1378 

and high-throughput field-based phenotyping (c.i-c.viii) of next-generation-gene-discovery populations, 1379 

the NAM RIL segregating populations combined with GWAS (d.i), bi-parental QTL mapping, and 1380 

haplotype analysis enabled by the development of the advanced genomics and genetics resources shown 1381 
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in b and d. e, Alleles with high breeding values and their phenotypic effects (determined by calculating 1382 

the AMMI means for their selection) were validated and delivered for use in breeding. f, Diagnostic 1383 

SNPs and KASP markers were designed for assisted molecular breeding. g, The overall objective of the 1384 

Watkins Worldwide Wheat Genomics to Breeding (WWWG2B, http://wwwg2b.com/) consortium is to 1385 

enable the development of a new generation of modern elite wheat cultivars that are climate resilient. 1386 

The flow of useful genes and alleles through this process was gated by three prioritisation criteria: 1) the 1387 

alleles or haplotypes are novel or unique to Watkins landraces or are at very low frequency in modern 1388 

wheat (b.iii); 2) the Watkins-unique alleles or haplotypes are functional with significant genetic effects 1389 

(target QTL and MTA) (d.i); 3) haplotype analysis showed that the Watkins-unique functional alleles or 1390 

haplotypes are beneficial with increasing effects based on our understanding of physiological trait 1391 

relationships (d.ii and d.iii). These prioritisation selection criteria are used to choose alleles to build new 1392 

modern wheat cultivars while avoiding negative trade-offs.  1393 

Features highlighted within each section are as follows:  1394 

a, Germplasm resources. Comparison between the Watkins landrace collection (W) and the modern 1395 

wheat cultivars (M). a.i, the A.E. Watkins landrace collection (n = 827), which is the source of plant 1396 

genetic resource variation for the WWWG2B project. a.ii, selection of 208 modern elite wheat cultivars 1397 

selected from the public 35K Axiom genotyping data hosted at CerealsDB 1398 

(https://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/indexNEW.php).  1399 

b, Genomics resources. Exploitation of the genomics for target breeding values. b.i, Whole-genome re-1400 

sequencing and alignment of reads to the Chinese Spring reference genome (IWGSC v1.0) to identify 1401 

single nucleotide polymorphisms (SNPs), copy number variations (CNVs) measured by read depth 1402 

variants (RDVs) and haplotypes based on SNP linkage disequilibrium (LD), (b.ii and b.iii). b.iv, Whole-1403 

genome imputation of 73 RIL populations (6,762 RIL genotypes). b.v, Local details of the target 1404 

genomic interval with dissection of local haploblocks and haplotypes of the allelic series, the 1405 

chromosome distribution and frequency across sub-populations of haplotypes were estimated, 1406 

specifically for those that are specific to modern wheat or Watkins wheat (b.vi). 1407 
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c, Field trial and phenotyping. c.i, Manual collection of field phenotypes such as height and phenology. 1408 

c.ii, Plot combine harvester for measuring yield and biomass components. c.iii, Digital seed analysis 1409 

(such as grain length, width, area and number). c.iv, Near-infrared reflectance (NIR) and CHN elemental 1410 

analysis for nitrogen distribution. c.v, Inductively coupled plasma optical emission spectrometry (ICP-1411 

OES) and X-ray fluorescence (XRF) for mineral analysis. c.vi, Unmanned aerial vehicles (UAVs) 1412 

capturing normalised differential vegetative index (NDVI). c.vii, Nitrogen fertiliser treatment and 1413 

measurement of nitrogen component traits. c.viii, LI-6800 portable photosynthesis system for examining 1414 

leaf physiological traits such as CO2 respiration and leaf chlorophyll content.  1415 

d, Exploitation of the genetics resources for target breeding values. d.i, Genome scanning of genetic 1416 

effects by approaches combined GWAS-, NAM GWAS- and biparental QTL analysis. d.ii, direction of 1417 

selection (DOS) for a trait of interest. The green rectangles represent field plots of each RIL. d.iii, 1418 

calculation of phenotypic effects (AMMI mean values) to quantify breeding value based on the genetic 1419 

effects identified by QTL and GWAS, together with trait performance and trait relationships., 1420 

Quantification of favourable or unfavourable haplotypes based on QTL/MTA analyses; the breeding 1421 

direction towards beneficial alleles is determined based on breeding purposes. 1422 

e, Breeding value validation. Prioritised WWWG2B alleles were tested in modern wheat background by 1423 

producing Near Isogenic Lines (NILs) or TILLING mutants. 1424 

f, Development of the breeding toolkits. f.i, Full exploitation of WWWG2B outputs required the 1425 

development of new selection tools including the Triticum aestivum Next Generation high density 1426 

genotyping array (TaNG) and KASP assays based on haplotype-specific tagSNPs. f.ii, The development 1427 

of the diagnostic SNPs; experiments for the delivery of WWWG2B outputs were designed in cooperation 1428 

with wheat breeders using precompetitive platforms.  1429 

g, Vision and mission: advanced outputs from WWWG2B represented in modern wheat cultivars. 1430 
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Extended Data Fig. 2 | WWWG2B roadmap visualised by numbers to summarise the datasets in 1431 
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this study. a, Germplasms used in this study, including the entire A.E. Watkins Landrace Collection 1432 

(827 accessions), 208 Modern elite wheat cultivars and the 16 modern accessions used in the 10+pan-1433 

genome project including Chinese Spring (in total 1051 accessions, a,i) originated from 45 countries 1434 

and regions (a.ii, a.iii). b, Development of the genomics resources, including whole-genome re-1435 

sequencing, with 12.73X genome coverage per accession, resulting in >200 Tb raw data in total, 1436 

including ~ 262 million high-quality SNPs (after inbreeding co-efficiency quality control), 17 million 1437 

short insertions and deletions (<50 bp), and quantification of copy number variations for each protein-1438 

coding gene (b.i); population structure analysis: seven ancestral groups (AGs) of the 827 Watkins 1439 

landraces, together with modern wheat, were used to construct a framework for comparison across the 1440 

1051 wheat accessions (b.ii); SNPs-based haplotype map based on linkage disequilibrium (LD was 1441 

calculated by Plink, b.iii), and a k-mer IBS based long-range (>1 Mb window) haploblock map (b.iv). 1442 

c, Development of the genetics resoures, including a 73 RIL populations with parents selected to 1443 

represent the maximised diversity from the seven ancestral groups, forming a structured NAM 1444 

population (c.i); In the F4:5 NAM populations, genotyping of the populations/recombinants was 1445 

performed using both KASP markers and the 35K Axiom array (c.ii). d, Development of phenotyping 1446 

resources, including 70 traits surveyed from the Watkins collection diversity panel grown in both the 1447 

UK and China over the past 17 years and 88 traits from nine categories in the NAM populations (F4:5). 1448 

In total, 137 traits were surveyed in this project. e, the development of the academic toolkits. Thousands 1449 

of significant QTL and MTA were identified and catalogued for the nine trait categories, by approaches 1450 

of whole genome-wide association study (GWAS), bi-parental QTL mapping study (QTL mapping), and 1451 

NAM GWAS after NAM imputation, the number statistic of the identified genetic effects for each 1452 

approach was given. f, Development of the breeding toolkits. 143 prioritised QTL segments were 1453 

selected and introgressed into Paragon by marker-assisted backcrossing to test their genetic effects and 1454 

measure the phenotypic effects of each QTL segment by growing the introgressed lines in different fields. 1455 

The new 40K TaNG array was designed and tested based on the high-quality SNP datasets; diagnostic 1456 

SNPs were selected based on the haplotype map; a WWWG2B database and pre-breeding portal were 1457 

built. 1458 
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 Extended Data Fig. 3| Population structure and phylogenetic analysis of Watkins landraces and 1459 

modern wheat cultivars. a, Genome-wide ADMIXTURE results for 827 Watkins landraces from K=2 1460 

to K=9. Each colour represents an ancestral population. The length of each segment in each vertical bar 1461 

represents the proportion contributed by ancestral populations. b, Estimated CV error for different K 1462 

values (from K=2 to K=20) in the ADMIXTURE analysis with a K of 7 designating the ancestral groups 1463 
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(AGs) identified here. c, dim1 and dim2 plots of t-SNE results using Plink haplotypes, for the merged 1464 

variation matrix (4 M shared SNPs) between the SNP matrix built in this study (the 10M core SNPs, see 1465 

Methods) and the published dataset (76 M SNPs) from Niu et al.14. d, Phylogenetic tree of a set of 1466 

1,687,965 tagSNPs using rapidNJ with 1000 bootstrap replicates. The seven AGs are indicated by 1467 

different colours (as in c). 1468 

 1469 

 1470 

Extended Data Figure 4. | Choice of modern wheat cultivars and comparison with the Watkins 1471 

collection. a, Principal component analysis based on Axiom 35K genotypic data for 3500 cultivars 1472 

hosted by CerealsDB (https://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/indexNEW.php) when 1473 

selections for sequencing in this project were made. Selected cultivars are shown in gold, Watkins in 1474 

green and cultivars not selected for sequencing in grey. Representative cultivars from the blue circled 1475 

group in PC1 vs. PC2 were not selected because synthetic wheat derivatives are highly represented in 1476 

this group. b, Countries of origin of the 3500 cultivars genotyped.  1477 

1478 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560903doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560903
http://creativecommons.org/licenses/by-nc/4.0/


 63 

Extended Data Fig. 5 | Wheat LD-based haplotype map. a, The multicoloured horizontal bar at the 1479 

bottom along each chromosome shows the genome structural distribution of the haploblocks and a 1480 

comparison of the A, B and D subgenomes; colours are used to distinguish adjacent haploblocks. The 1481 

grey circles show the distribution of the number of haplotypes for each haploblock. b, Distribution of 1482 
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the number of haplotypes in 1Mb windows in the A, B and D subgenomes, where the background colour 1483 

represents different chromosomal regions. Each chromosome were separated into 100 bins averagely, 1484 

resulting in several 1MB windows per bin. One box represents one bin (window), red box for Modern, 1485 

and blue box for Watkins. 1486 
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Extended Data Fig. 6 | Genomics resources and the genetic diversity landscape. a, Chromosome 1487 

names and sizes with short/long arms highlighted (bin = 100 Mb; light grey: short arm; dark grey: long 1488 

arm). b, Distribution of high-quality SNPs identified in this study. c, Distribution of the density of 1489 

genetic markers; circles (from the inner to the outer layer) represent the following: KASP markers (c1), 1490 
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35k Axiom markers (c2), TaNG markers (c3) and tagSNPs (c4; Bin = 1 Mb), each of which has a KASP 1491 

marker designed for marker-assisted haplotype selection. d, Distribution of short INDELs (<50 bp) 1492 

identified in this study. e, Gene copy number variation for each of the wheat protein-coding genes. f, 1493 

Wheat LD-based HapMap: the heatmap shows the density distribution of haplotype blocks along the 1494 

chromosome (f1, bin = 5 Mb), and the points (f2) represent the median haplotype number on the 1495 

chromosome (5 Mb window). g, Distribution of recombination hotspots on chromosomes. h, 1496 

Distribution of SNPs that are unique to either Watkins landraces or modern wheat cultivars or are shared. 1497 

i, Distribution of small INDELs (<50 bp) that are unique to either Watkins landraces or modern wheat 1498 

cultivars or are shared. j, Distribution of gene copy number variations that are unique to either Watkins 1499 

landraces or modern wheat cultivars or are shared. k, Distribution of haplotypes that are unique to either 1500 

Watkins landraces or modern wheat cultivars or are shared. 1501 
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Extended Data Fig. 7 | Watkins collection and mapping populations, phenotypic resources and 1502 

traits surveyed summarised in a phylogeny-based circular diagram. a, Phylogenetic tree of the 1503 

wheat accessions examined in this study. The phylogenetic tree was constructed using a set of 133,222 1504 
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four-fold degenerate sites using rapidNJ with 1000 bootstrap replicates. The seven ancestral groups 1505 

(AG1–7) and modern wheats are colour-coded as in Fig. 1a. b, The founder parents (green stars) of 73 1506 

Watkins x Paragon RIL populations are marked, the 15 pan-genome lines (red stars) and Chinese Spring 1507 

(blue star) are indicated on the phylogenetic tree. c, Traits surveyed in multiple environments and 1508 

multiple years for each of the NAM RIL populations, in which the corresponding Watkins line was used 1509 

as the non-common parent. Each track represents a year (total of 10 years: 2011, 2012, 2013, 2014, 2015, 1510 

2016, 2017, 2018, 2019 and 2020). d, Traits surveyed in multiple environments and multiple years for 1511 

the Watkins collection diversity panel (natural populations) grown in five geographic locations across 1512 

China (blue circle, four years: 2020, 2021, 2022, 2023) and the UK (orange circle, 16 years: 1990, 2005, 1513 

2006, 2007, 2008, 2009, 2010, 2011, 2012, 2013, 2014, 2015, 2018, 2019, 2020 and 2021). e, Magnified 1514 

view of data from the detailed field experiments, traits and phenotyping datasets as indicated in track d, 1515 

including the traits surveyed in the Watkins collection diversity panel in multiple environments (e.i) and 1516 

in multiple years (left) and in the RIL populations (NAM RILs) in multiple environments and in multiple 1517 

years (e.ii). 1518 
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Extended Data Fig. 8 | Summary of all the genetic effects identified, including QTLs detected by 1519 
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biparental QTL mapping, marker–trait associations (MTAs) from GWAS of the Watkins 1520 

collection and MTAs from the NAM RIL populations (NAM GWAS). a, Whole-genome 1521 

distribution of all the genomic intervals indicative of the identified QTL (orange) and the prioritised 1522 

MTAs either from GWAS or NAM GWAS in this study. b, Magnified view of the examples with 1523 

genetic effects detected for grain weight (GW) on chromosome 3B (Chr3B); c, heading date (Hd) on 1524 

chromosome 3B; d, grain filling period (GFP) on chromosome 5A (Chr5A); e, and grain protein 1525 

deviation (GPD) on chromosome 7A (Chr7A).  1526 
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Extended Data Fig. 9 | Information flow from novel and functional genetic diversity derived from 1527 

Watkins landraces to the quantification of the beneficial increasing QTL allele associated with 1528 

target traits. a, Phylogenetic tree of the 827 Watkins accessions, which were roughly clustered into the 1529 

seven ancestral groups; these groups are roughly colour-coded in panel b. c, Percentage of AG-unique 1530 

genetic diversity for SNPs, functional SNPs and beneficial haplotypes. d, Phenotyping of the Watkins 1531 

collection including data collected in China and the UK and data for the 66 RIL populations in panel e, 1532 

corresponding to Extended Data Figure 7. f, distribution of the number statistic of QTLs detected from 1533 

the biparental QTL mapping populations, comparison was made for the beneficial QTL with increasing 1534 

effects (right) and decreasing (left) in Watkins. g, Prioritised QTL and the major traits selected for 1535 

introgression into Paragon via backcrossing to test their phenotypic effects for pre-breeding. 1536 
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Extended Data Fig. 10 | Trait dissection and genes discovery for nitrogen component traits. a, 1537 
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Schematic illustration of nitrogen component traits and their relationships: Nitrogen Use Efficiency 1538 

(NUE), Nitrogen Utilisation Efficiency (NUtE) and Nitrogen uptake Efficiency (NUpE).  b, Manhattan 1539 

plots for NUE, NUtE and NUpE from a phenotyping dataset obtained in 2012. c, Local Manhattan plot 1540 

with visualization of the LD haploblocks of the candidate genomic interval of the target peak located 1541 

on chromosome 5A (Chr5A). d, An example to show the overlapped genomic interval of the genetic 1542 

effects (QTL analysis from bi-parental mapping populations, MTA from NAM GWAS) detected on 1543 

Chr5A, for NUE; three nitrogen-related transporters are highlighted. e, Visualisation of allelic 1544 

diversity and haplotype clustering for the “nitrogen transporter region” with the three key genes 1545 

indicated in the main text. f, Distribution and frequency of the different haplotype clusters for the 1546 

“nitrogen transporter region”. Similar analyses were performed for other traits (see WWWG2B 1547 

website, the genetic resources: https://wwwg2b.com/).  1548 
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