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Abstract

Polyploidy complicates functional genomics in common wheat (Triticum aestivum L.) due to homoeologous gene redundancy. Here,
we present a telomere-to-telomere (T2T) genome assembly of domesticated einkorn wheat (Triticum monococcum) accession Pl
306540 and a corresponding indexed ethyl methanesulfonate (EMS) mutant library. The 5.11 Gb assembly fills all gaps, representing
the most contiguous A-genome reference to date. We develop a targeted exome capture array for T. monococcum and generate an
EMS-mutagenized population exhibiting diverse phenotypic variation. Exome sequencing of 3,777 independent mutant lines identified
1,338,432 mutations across 36,787 high-confidence genes, averaging 36.38 mutations per gene. This diploid platform bypasses
polyploid redundancy, enabling rapid gene-to-trait associations. We demonstrate its utility by characterizing mutations in four genes
(SR60, MLO, TmPDS, and TmGBSSI) and identifying causal genes for brown-midrib and yellow-green leaf mutants. Together, the
genome and mutant library overcome polyploid redundancy to unlock rapid functional genetics in wheat.

INTRODUCTION

Common wheat originated ~10,000 years ago through natural hybridization and polyploidization of three diploid ancestral species,
resulting in a complex genome™2. As a staple crop providing ~20% of global calories and protein, continuous enhancement of wheat
productivity and nutritional quality is essential to meet the demands of a growing human population®*. However, progress in wheat
functional genomics remains constrained relative to other cereals®, largely due to limited mutational resources and genomic tools.

Crop improvement often exploits natural or induced genetic variation. Early mutagenesis efforts in wheat began in the 1920s using
ionizing radiation®, followed in the 1960s by chemical mutagens such as EMS. Unlike radiation, which frequently causes large
deletions and chromosomal rearrangements, EMS predominantly induces G/C-to-A/T point mutations that are generally less
deleterious and more tractable for functional studies’. Over the past several decades, induced mutagenesis has played an essential
role in gene discovery, functional analysis, and crop breeding.

Numerous EMS-mutagenized populations have been developed in polyploid wheat. These populations were initially screened using
pooled DNA and the endonuclease Cell in a method known as Targeting Induced Local Lesions in Genomes (TILLING )8. Cell-based
assays were later replaced by exome capture sequencing’, a robust, cost-effective, and high-throughput approach®. This strategy

identified over 10 million mutations in protein-coding regions across 2,735 mutant lines of tetraploid and hexaploid wheat’. Similar

resources were subsequently developed in the Chinese hexaploid wheat cultivars Jing411 and KN9204'01",

Owing to recent polyploidization, most genes in tetraploid and hexaploid wheat are retained as multiple homoeologous copies.
Induced mutations in polyploid wheat therefore often fail to manifest phenotypes because of functional redundancy'?. Consequently,
achieving loss-of-function phenotypes requires stacking mutations across all homoeologs through extensive crossing, as
demonstrated for SBEII, BGI1, VRT2, and SVP11315, These difficulties underscore the value of diploid wheat mutant libraries, which
bypass redundancy and enable direct genotype-to-phenotype associations.

T. monococcum (A™A™) is one of the oldest domesticated cereals and has played a significant role in the emergence of agriculture.
As a close relative of T. urartu (AYAY), it can serve as a model for studying traits, genes, and alleles relevant to bread wheat'®. Today, T.
monococcum is regarded as an important genomic resource for modern wheat improvement, particularly as a source of disease
resistance genes, including Sr21, Sr22a/Sr22b, Sr35, Sr60, SrTm4, Yr34/Yr48, LrTM16, and Lr63'7'°. Three draft genome assemblies of
T. monococcum have been released, but their contiguity remains limited (contig N50 = 55.4-131.20 Mb), with 211-1,881 gaps?%?'. A

more contiguous assembly would facilitate gene identification and studies of A-genome evolution.

In this study, we present a T2T genome assembly (5.11 Gb) of cultivated einkorn accession Pl 306540, which carries multiple rust
resistance genes'”?2. We developed an exome capture array for T. monococcum, generated an EMS-mutagenized population, and
performed whole-exome capture sequencing (WES) on 3,777 mutant lines. The resulting 1,338,432 mutations are publicly accessible
(http://223.85.181.157:8182/). To demonstrate the utility of this resource, we validated mutant phenotypes for four key genes (SR60,
MLO, TmPDS, and TmGBSSI) and characterized the causal genes underlying brown-midrib and yellow-green leaf mutants. This work
provides a complete genome assembly and a gene-indexed diploid mutant library to accelerate functional genomics and modern
wheat improvement.
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RESULTS

T2T assembly and annotation of the T. monococcum genome

The T. monococcum accession Pl 306540 was self-pollinated for ten generations to ensure genetic homogeneity (Fig. 1a). To improve
the previous v1.0 assembly??, we generated 1.45 Tb of sequencing data (incorporating prior data), comprising 539.01 Gb (103.86x)
PacBio HiFi reads, 200.53 Gb (38.64x) ONT ultra-long reads, and 705.53 Gb (135.94x) Hi-C reads (Supplementary Table 1). Using a
hybrid assembly strategy?, we generated a complete T2T genome assembly of PI 306540 (Fig. 1b, Supplementary Fig. 1, and
Supplementary Table 2). The final assembly spans 5.11 Gb with a contig N50 of 729.67 Mb, representing a substantial improvement
over the earlier version (contig N50 = 131.20 Mb)?°. This assembly closed all 211 gaps present in v1.0 (Fig. 1c) and surpassed all
published genomes of T. urartu, T. monococcum, and other diploid wheat relatives in both contiguity and completeness (Fig. 1d and
Supplementary Table 3). The near-perfect mapping rates of the raw sequencing data (99.99% for HiFi, ONT, and Hi-C reads;
Supplementary Fig. 1b) supported genome completeness. Additional validation metrics, including a Benchmarking Universal Single-
Copy Orthologs (BUSCO) score of 97.30%, a consensus quality value (QV) of 74.40, and a Long Terminal Repeat Assembly Index (LAI)
of 21.50 (Supplementary Table 2), further confirmed the high accuracy and completeness of the assembly.

We annotated 39,423 high-confidence genes using transcriptomic data from five tissues across six developmental stages and
homologous protein evidence, achieving a BUSCO completeness score of 99.04% (Supplementary Table 2). Repetitive sequence
analysis revealed that 4.56 Gb (89.25%) of the genome comprises interspersed repeats, predominantly Gypsy (48.64%) and Copia
(22.62%) long terminal repeat (LTR) retrotransposons. Using CENH3 ChlIP-seq, we identified all seven centromeres in Pl 306540 (Fig.
1e, Supplementary Fig. 2, and Supplementary Table 4), with an average length of 8.91 Mb (Supplementary Table 5). By contrast, the
centromeres of two previously sequenced T. monococcum accessions, TA299 (wild) and TA10622 (domesticated), are shorter,
averaging 5.46 Mb and 5.24 Mb, respectively.

Whole-genome sequence alignment revealed that collinearity is largely conserved among Pl 306540, TA10622, and TA299
(Supplementary Fig. 3). Nonetheless, we detected 986 and 9,696 structural variants (SVs) in comparisons of Pl 306540 with TA10622
and TA299, respectively. These variants include 19 and 115 large inversions and translocations (>100 kb) in the respective
comparisons (Fig. 1f and Supplementary Table 6). To elucidate the evolutionary relationships between T. monococcum and other
Triticum species, we constructed a maximume-likelihood phylogenetic tree based on 818 single-copy genes, using Oryza sativa and
Brachypodium distachyon as outgroups?3. Divergence time estimation indicated that wild and domesticated einkorn separated ~1.72
million years ago (Mya), while . monococcum and T. urartu diverged around 5.51 Mya (Fig. 1g).

EMS-induced diploid wheat mutant population reveals diverse phenotypes

To establish a platform for functional genomics and trait discovery in diploid wheat, we generated an EMS-induced mutant population
in P 306540. Approximately 15,000 seeds were treated with 0.45% EMS, yielding 4,835 germinated M, plants, of which 3,777 were
fertile. A single M, progeny from each fertile M, plant was advanced via single-seed descent, resulting in a population of 3,777 lines
(Supplementary Figs. 4 and 5a-5d). Phenotypic evaluation was conducted during the 2023-2025 growing seasons (Supplementary
Figs. 5¢c and 5d). Systematic field-based assessment throughout the entire developmental cycle revealed extensive phenotypic
variation in both vegetative and reproductive traits (Fig. 2 and Supplementary Figs. 5e-5g).

At the seedling stage, mutant lines exhibited diverse alterations in leaf pigmentation, including chlorosis, albinism, longitudinally
striped albino-variegated patterns, and anthocyanin overaccumulation (Fig. 2a and Supplementary Fig. 5e). Additional phenotypes
included lesion-mimic and necrotic lesions, and leaf morphological changes such as altered width, modified lamina shape, and
pronounced rolling (Figs. 2b-2d).

At the reproductive stage, we observed pronounced variation in plant height, from severe dwarfism to extreme tallness (Fig. 2e). We
also found substantial variation in spike architecture, including elongated, compact, branched, shortened, and other structurally
modified spikes (Figs. 2f and 2g). Whole-plant phenotypes further included altered stem pigmentation, heading date variation, and
differences in grain morphology (Figs. 2h-2j and Supplementary Fig. 5g). Collectively, these observations demonstrate that the PI
306540 EMS mutant library encompasses a rich repertoire of phenotypic alterations.

Development of a targeted exome capture array for T. monococcum
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To address the lack of an exome capture platform for T. monococcum, we designed a targeted exome capture array based on the PI
306540 v1.0 annotation (available before our complete T2T assembly). This array comprises 394,086 biotinylated 120-bp
oligonucleotide probes distributed across all seven chromosomes, targeting 47.29 Mb of exonic sequences (including untranslated
regions (UTRs); Supplementary Fig. 6 and Supplementary Data 1). These probes cover 36,996 protein-coding genes, accounting for
99.16% of the 37,310 high-confidence genes annotated in the Pl 306540 v1.0 genome (Supplementary Table 7).

Identification and characterization of induced mutations

Using the custom-designed capture array, we performed whole-exome sequencing on the Pl 306540 mutant library comprising 3,777
lines (one plant per line: 1,381 at M, and 2,396 at Mg; Supplementary Fig. 5). Sequencing yielded 36.38 Tb of raw data (range: 4.63-
34.33 Gb per sample; Supplementary Fig. 7a and Supplementary Table 8), corresponding to an average sequencing depth

of ~203.6x over the targeted regions.

After quality filtering and sequence alignment to the Pl 306540 reference genome, we identified 1,338,432 high-confidence mutations
across the population, including 1,334,096 single nucleotide polymorphisms (SNPs) and 4,336 insertions/deletions (InDels) (Fig. 3a,
Supplementary Fig. 7b, and Supplementary Table 9). The average mutation density was 28.30 per kilobase (kb) of targeted sequence,
with mutations distributed across 36,787 high-confidence genes (99.44% of captured genes) and an average of 36.38 mutations per
gene (Supplementary Table 7). The chromosomal distribution of mutations closely paralleled gene density (Fig. 3a). The average
number of mutations per sample was 470.48 for M, individuals and 287.44 for M, individuals (Supplementary Table 10). Among EMS-
induced SNPs, G/C-to-A/T transitions accounted for 97.92%, 97.38%, and 97.64% in the M,, M5, and combined populations,
respectively (Fig. 3b; Supplementary Table 11). Progressive selfing fixation reduced heterozygosity from 63.64% in M, to 38.49% in
Ms, while homozygosity increased correspondingly from 36.36% to 61.51% (Fig. 3c; Supplementary Table 10).

We next annotated all high-confidence SNPs relative to the PI 306540 gene annotations (v1.0 and T2T) to assess their genomic
distribution and predicted functional impact. As expected for exome-capture sequencing, most variants resided within coding and
flanking regulatory regions. In the M, population, 85.64% of SNPs mapped to genic regions (exons, introns, UTRs, and splice regions),
13.12% to upstream/downstream regulatory regions, and 1.25% to intergenic regions. The M3 population exhibited similar
proportions: 84.33% genic, 14.39% regulatory, and 1.28% intergenic (Fig. 3d; Supplementary Table 12).

Among SNPs located in genic regions, 64.17% were in exons, 21.30% in introns, 11.83% in UTRs, and 2.70% in splicing regions. Of the
exonic SNPs, missense mutations constituted the dominant functional class, accounting for 61.46% of all exonic variants
(Supplementary Table 13). High-impact variants, including stop-gained, start-lost, stop-lost, and mis-splicing alleles, collectively
accounted for 1.79% (23,888 SNPs) of all variants, whereas synonymous substitutions comprised ~19.93% (Fig. 3e; Supplementary
Table 13). The substitution frequency heatmap revealed threonine-to-alanine (Thr-to-Ala) and valine-to-alanine (Val-to-Ala) changes as
the most prevalent non-synonymous amino acid changes (Fig. 3f).

Validation of mutations and establishment of a public database

To validate the identified mutations, we randomly selected 201 variants for Sanger sequencing, including 196 SNPs and five InDels
located in 43 protein-coding genes across all seven chromosomes (Supplementary Table 14). For each mutant line, genomic DNA
extracted from leaf tissue of 8-16 progeny was pooled in equimolar amounts and amplified using gene-specific primers flanking each
mutation. Sanger sequencing confirmed the expected mutation at 194 of the 201 loci (96.52%) compared with the Pl 306540 wild-
type (WT) sequence (Fig. 3g; Supplementary Table 14).

To facilitate community access, we established a publicly accessible database containing the full set of 1,338,432 EMS-induced
mutations, available at http://223.85.181.157:8182/. The dataset is accessible through a JBrowse interface based on the Pl 306540
T2T genome. This platform enables users to retrieve information for mutations of interest, including predicted functional impacts,
gene annotations, and nucleotide/amino acid changes.

Validation of the stem rust resistance (Sr) gene SR60

The resistance gene SR60 (WTK2) in Pl 306540 encodes a protein with two putative kinase domains and confers resistance against
multiple Puccinia graminis f. sp. tritici (Pgt) races'®. Although SR60 was previously identified through map-based cloning and validated
by transgenic complementation'®, functional evidence from loss-of-function mutants remained lacking. To address this gap, we
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screened the EMS mutant database of PI 306540 and identified 68 independent mutations in SR60 (PI306540.5A02G00007400;
Supplementary Table 15). Among these, a premature stop codon mutation (Q177%; line M1461) was selected for further study. Since
P1 306540 carries other Sr genes (Sr21, Sr22b, and SrTm4)17, M1461 was crossed with T. monococcum accession Pl 272557, which
lacks known Sr genes?*. From the resulting F, population, we selected plants carrying either the WT SR60 allele or the M1461 allele,
while excluding other Sr genes. When challenged with Pgt race 34PKUSC, plants carrying the WT SR60 allele exhibited intermediate
resistance, whereas those homozygous for the M1461 allele were susceptible (Fig. 4a). These results demonstrate that
PI306540.5A02G00007400 is required for SR60-mediated resistance to Pgt.

PI 306540 mutant library enables rapid validation of multicopy genes in wheat

Unlike polyploid wheat, where inactivating all homoeologs requires extensive crossing, the diploid wheat mutant library allows direct
functional validation. In hexaploid wheat, simultaneous inactivation of all three TaGBSSI homoeologs via EMS mutagenesis nearly
eliminates amylose, but necessitates prolonged crossing and selfing to combine mutations across the three subgenomes?®. By
contrast, PI 306540 carries a single copy (TmGBSSI; PI306540.7A02G00072400), which shares 96.20% protein identity with TaGBSSI-
A1 (Chinese Spring CS-IAAS genome?). Screening the Pl 306540 mutation database identified 71 independent mutations in TmGBSSI,
including three premature stop codons (Supplementary Table 16). Mutant line M3261 (W90*) was selected for further analysis.
Endosperms homozygous for this mutant allele stained reddish-brown with iodine, whereas WT endosperms exhibited dark blue (Fig.
4b).

Similarly, achieving robust and broad-spectrum powdery mildew resistance in hexaploid wheat requires simultaneous knockout of all
three MLO homoeologs?®. The PI 306540 ortholog, TMMLO (P1306540.5A02G00545600), shares 99.63% protein identity with TaMLO-
A1. From the Pl 306540 mutant library, we found 43 independent mutations in TmMLO, including two premature stop codons and one
splice donor mutation (Supplementary Table 17). Mutant line M1416 (W424*) was selected for further characterization. Screening
against 25 isolates of Blumeria graminis f. sp. tritici (Bgt) identified several isolates that were virulent on Pl 306540 (Supplementary
Table 18). When challenged with a mixture of virulent isolates, plants homozygous for the mutant allele showed strong resistance,
whereas WT plants were susceptible (Fig. 4c).

Finally, the wheat phytoene desaturase (TaPDS) gene?’ was used to further validate the library. The diploid ortholog TmPDS
(PI1306540.4A02G00330000) shares 99.83% protein identity with TaPDS-A1. Mutant line M2351 carries a G-to-A substitution at the
splice acceptor site of the ninth intron in TmPDS, resulting in premature translation termination (Fig. 4d). Plants homozygous for this
frameshift mutation displayed a fully albino phenotype, whereas segregating non-mutant plants developed normal green seedlings
(Fig. 4d). Together, these examples demonstrate that the diploid wheat mutant library bypasses the genetic redundancy of polyploid
wheat, thereby enabling efficient functional validation through a direct genotype-to-phenotype connection.

Identification of the causal gene underlying a brown-midrib mutant

From the PI306540 mutant library, we identified an M, mutant line, M1820, which exhibited reddish-brown pigmentation in multiple
tissues at the flowering stage (Fig. 5a). When M1820 was crossed with WT PI 306540, all F, plants resembled the WT phenotype.

Segregation in the F,, generation (162 WT-like : 50 mutant-like plants) fit a 3:1 ratio (x? = 0.23, P = 0.63), indicating that this
pigmentation trait is controlled by a single recessive gene, which we designated bm7.

To map the causal gene, we performed bulked segregant RNA sequencing (BSR-Seq) on the M1820 x P1306540 population. SNP
index analysis identified 12 associated SNPs within a 217.51-Mb interval (39.60-257.11 Mb) on chromosome 6A (P1306540 T2T;
Supplementary Table 19). Genotyping 212 F, plants with six PCR-based sequencing markers (Supplementary Table 20) delimited the
gene to a 0.71-cM interval flanked by markers pkw173 and pkw257 (Fig. 5b). This interval corresponds to an 83.54-Mb region in the PI
306540 genome, containing 294 annotated high-confidence genes (Supplementary Table 21). Among these,
PI306540.6A02G00793400 emerged as a strong candidate, as it is orthologous to the wheat BGI7 gene'® (Supplementary Fig. 8),
which encodes cinnamyl alcohol dehydrogenase 1 (TaCAD1), a key enzyme in lignin biosynthesis. Mutations in this gene are known to

alter pigmentation in lignified tissues'S.

Screening the Pl 306540 mutation database identified 37 independent mutations in PI306540.6A02G00793400 (Supplementary Table
22), including two splice-donor mutants (M1820 and M0560). Sanger sequencing confirmed that M1820 carries a G3846A transition
at the splice donor site of the third intron, which causes aberrant splicing and premature truncation (Fig. 5b). The other mutant,
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MO0560, which carries a mutation at the splice donor site of the first intron, was used for genotyping and phenotyping. Plants
homozygous for the mutant allele exhibited reddish-brown pigmentation (Fig. 5c). These results confirmed that
PI1306540.6A02G00793400 is the causal gene.

To further validate this finding, we used CRISPR-Cas9 to knock out the corresponding orthologs in the bread wheat cultivar Fielder.
Among 35 independent T, transgenic plants, 22 (62.86%) carried mutations at the target site (Fig. 5d). Two edited lines (KO1 and
K02) were homozygous knockout mutants in which all six homoeologous alleles were simultaneously modified (Fig. 5d). These
frameshift mutations altered >97.2% of the protein sequences, abolishing the function of all three homoeologs. At the flowering stage,
KO1 and KO2 exhibited reddish-brown pigmentation in multiple tissues (Fig. 5e), whereas single and double mutant plants displayed
no phenotypic changes (Supplementary Fig. 9). Together, these results provide definitive evidence that PI306540.6A02G00793400 is
responsible for the brown-midrib phenotype.

Identification of the causal gene underlying a yellow-green leaf mutant

From an EMS-mutagenized population of Aegilops tauschii accession PI511383, we identified a mutant A3437, which consistently
exhibited yellow-green leaves throughout its entire growth period (Fig. 6a). Compared with WT Pl 511383, the chlorophyll a and b
contents in A3437 were significantly reduced by 69.38% and 66.37%, respectively (Fig. 6b). Genetic analysis of a cross between
A3437 and another Ae. tauschii accession Pl 511384 showed that all F; plants displayed the green-leaf phenotype. Segregation in the

F, generation (91 green : 32 yellow-green) fit a 3:1 ratio (x? = 0.07, P = 0.79), indicating that the yellow-green trait is controlled by a

single recessive gene, which we designated y/7.

BSR-Seq analysis of the A3437 x Pl 511384 mapping population identified 396 phenotype-associated SNPs and InDels within a
101.66-Mb interval (211.47-313.13 Mb; AL8/78 Aet v6.0) on chromosome 1D (Supplementary Table 23). Using 695 F, plants and 11
cleaved amplified polymorphic sequence markers on chromosome 1D, we delimited the causal gene to a 0.14-cM interval flanked by
markers pkw247 and pkw257 (Fig. 6¢ and Supplementary Table 24). This interval corresponds to a 10.47-Mb physical region in the
AL8/78 genome (Aet v6.0), containing 60 annotated high-confidence genes (Supplementary Table 25). Within this candidate region,
whole-genome resequencing of A3437 and WT PI 511383 identified only one SNP (G251157285A) in the coding region of a gene
(Supplementary Table 26). This gene, AET1D6G0755300, encodes protochlorophyllide reductase B, and the mutation results in a
Gly221Asp substitution. AET1D6G0755300 spans 1,592 bp from start to stop codon, comprising four exons and three introns (Fig. 6¢).
Its complete coding sequence of 1,188 bp encodes a predicted protein of 395 amino acids. Phylogenetic analysis showed that
AET1D6G01755300 is orthologous to the POR-B gene (Supplementary Fig. 10), mutations of which are associated with light-green leaf

blades?8. These results suggest that AET1D6G0755300 is a strong candidate for y/7.

In P1 306540, the ortholog of AET1D6G0155300 is PI306540.1A02G00194000, which shares 98.23% protein identity. Screening the PI
306540 mutant library identified 29 independent mutations in PI306540.1A02G00794000 (Supplementary Table 27), including one
premature stop codon (Q325%; line M4149) and one splice donor mutation (line M1126). Plants homozygous for either the Q325*
allele or the splice donor allele exhibited the yellow-green leaf phenotype (Fig. 6d).

We then performed CRISPR/Cas9-mediated knockout of the corresponding orthologs in Fielder (Fig. 6e). Of 33 independent T,
transgenic plants, 17 (51.52%) carried mutations at the target site and exhibited yellow or yellow-green leaves (Fig. 6f and
Supplementary Fig. 11), with discoloration severity correlating with editing efficiency. One T, plant (T(644-30), in which all six
homoeologous alleles were simultaneously edited, displayed a completely chlorotic phenotype but was not viable (Figs. 6e and 6f). In
the T, generation, plants with incomplete homozygous editing consistently exhibited yellow-green leaves (Fig. 6f). Collectively, these
results confirm AET1D6G0755300 and its orthologs as the causal genes for the yellow-green leaf phenotype.

DISCUSSION

Einkorn, the first domesticated wheat species, played a central role in the emergence of agriculture and the Neolithic Revolution in the
Fertile Crescent ~10,000 years ago?%2°. Unlike T. urartu, einkorn has undergone prolonged cultivation and human selection across
diverse environments. Approximately 1% of the bread wheat A subgenome can be traced to einkorn?'. Natural and artificial
introgressions from einkorn into bread wheat have been documented, many of which carry agriculturally important genes'8202230

Despite its agronomic value, genomic resources for einkorn remain limited; currently, only three draft genome assemblies are
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available, each containing over 211 gaps?%?'. Here, we report a complete T2T assembly (5.11 Gb) for the cultivated einkorn accession
P1306540 (Fig. 1), representing the highest-quality A-genome reference for wheat to date. This assembly will serve as a fundamental
resource for functional and evolutionary studies and accelerate the cloning of agronomically useful einkorn genes.

Using this assembly and the exome capture array developed for T. monococcum, we identified 1,338,432 EMS-induced mutations
across 3,777 mutant lines, yielding a density of 28.30 mutations per kb. This density is comparable to those reported for major
polyploid wheat mutant resources, such as the tetraploid Kronos (34.84 mutations/kb; 1,535 lines) and the hexaploid Candenza
(39.54 mutations/kb; 1,200 lines) and Jing411 (47.10 mutations/kb; 2,162 lines) populations”'", and is notably higher than that of the
hexaploid KN9204 library (19.94 mutations/kb; 2,090 lines)'?. It far exceeds the 0.011 mutations/kb reported for a previously
described einkorn mutant population derived from accession TA4342-96 (1,532 lines) based on Sanger sequencing of four genes®'.
The fact that our much larger diploid mutant population exhibits a relatively lower mutation density compared with some polyploid
libraries may seem counterintuitive; however, this likely reflects the greater genomic buffering capacity of polyploids, which enables
them to tolerate higher mutation loads. Indeed, hexaploid and tetraploid wheat can tolerate EMS concentrations up to 1.20% and
0.75%, respectively®?, whereas only 32.23% of M, plants survived treatment with 0.45% EMS in our diploid population.

In hexaploid wheat, EMS-based functional analysis typically requires targeting all three homoeologs and pyramiding mutations
through crossing, a process that can take years'®'%. By contrast, the diploid system circumvents this complication, as most genes
reside at single homoeologous loci. Consequently, the sequenced PI306540 mutant library provides an efficient platform for studying
traits and genes relevant to bread wheat, enabling direct phenotype-to-genotype associations. We demonstrated the utility of this
diploid mutant system by rapidly validating SR60, MLO, TmPDS, and TmGBSSI (Fig. 4), and by identifying the causal genes underlying
the brown-midrib and yellow-green leaf mutants (Figs. 5 and 6).

The selection of the mutant generation is a critical consideration in constructing indexed EMS libraries. We performed WES on 3,777
mutant lines (1,381 M, and 2,396 M;) and systematically compared mutation load, homozygosity ratio, and validation efficiency. M,
lines carried significantly more mutations per line (470.48) than M, lines (287.44), consistent with mutation loss over generations due
to segregation in single-plant progenies. However, M, mutants were predominantly heterozygous (63.64%), with only 36.36%
homozygous (Supplementary Table 10), which may mask recessive phenotypes in direct screening. In contrast, M5 lines showed a
substantially higher homozygous proportion (61.51%), while heterozygotes dropped to 38.49% (Supplementary Table 10), reflecting
Mendelian segregation after selfing. Thus, M5 and later generations are more suitable for phenotypic screening, as recessive traits
become penetrant.

The sequenced diploid wheat mutant database generated in this study can be complemented by CRISPR, which enables precise
genome editing but remains technically demanding and genotype-dependent in wheat. The process of designing gene-specific guide
RNAs, constructing transformation vectors, and executing stable genetic transformation remains challenging and labor-intensive,
meaning that CRISPR is not readily accessible to every laboratory. By contrast, our EMS mutant library provides an immediately
accessible and cost-effective platform for functional analysis. Researchers can perform in silico searches to identify mutant alleles
for any gene of interest. Seeds for the desired line can then be directly requested and grown for phenotypic evaluation, bypassing the
lengthy transgenic pipeline.

In summary, this work integrates a complete T2T reference genome of diploid wheat with a gene-indexed EMS mutant library

comprising 3,777 lines. This integrated platform overcomes the challenges of homoeologous gene redundancy by enabling a

"diploidized" approach to functional genomics, thereby accelerating gene discovery and trait dissection to support the genetic
improvement of modern wheat.

METHODS

Plant materials, EMS mutagenesis, and mapping populations

Einkorn wheat accession Pl 306540 was obtained from the USDA National Small Grains Collection and self-pollinated for ten
generations under greenhouse conditions. Approximately 15,000 high-quality seeds were mutagenized with 0.45% EMS (Sigma, St.
Louis, MO) for 18 h. Treated seeds were rinsed under running water for 3 h, germinated on moistened germination paper at 4°C, and
transplanted to the field. A single M, plant derived from each M, plant was grown in the greenhouse. Genomic DNA was extracted
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from each M, or M4 plant for whole-exome sequencing (one plant per line), and seeds were harvested from the sequenced

individuals. For phenotypic screening, 15-20 seeds from each sequenced line were sown in single-row plots. Seeds from each row
were harvested and archived for distribution. Subsequent generations were continuously evaluated in the field for phenotypic
variation.

Three F, mapping populations were developed. To validate the stem rust resistance gene SR60, the mutant line M1461 was crossed
with the cultivated T. monococcum accession Pl 272557%4. The brown-midrib mutant M1820 was crossed with its WT PI 306540 to
map the causal gene. Additionally, the yellow-green leaf mutant A3437, identified in an EMS-mutagenized population of Ae. tauschii
accession Pl 51138373, was crossed with another Ae. tauschii accession Pl 511384 for map-based cloning.

Genomic DNA sequencing and assembly

Fresh leaf tissue was collected from 10-day-old seedlings. Genomic DNA extraction, library construction, and sequencing were
performed by Novogene Bioinformatics Technology Co., Ltd. (Tianjin, China) and the Single Cell Omics/Single Molecule Analysis
Platform at the Peking University Institute of Advanced Agricultural Sciences (Weifang, China). Sequencing was conducted using
PacBio Sequel Il (HiFi), Oxford Nanopore Technologies (ultra-long), and Illumina HiSeq (Hi-C).

We used hifiasm v0.19.9%3 with the -UL option to integrate PacBio HiFi reads with ONT ultra-long reads, generating a contig-level
assembly. Hi-C paired-end reads were mapped to contigs using 3D-DNA3* and Juicer v1.6%%, followed by manual refinement with
Juicebox?®. The final four gaps were closed using QuartTeT v1.2.1%7 with default settings. We then mapped PacBio HiFi reads (with -x
map-hifi) and ONT reads (with -x map-ont) to the gap regions with Minimap2 v2.28%8 and checked their consistency with the flanking
assembly. The contiguous structure was visually inspected for each gap in IGV v12.19.7%°.

Gene annotation

The PI1 306540 T2T genome was annotated by integrating homology-based predictions, PacBio Iso-Seq, and RNA-seq data. RNA was
extracted from the leaves, roots, stems, seeds, and spikes at six growth stages (seedling, vernalization, elongation, booting, heading,
and filling; Supplementary Table 1). Library construction and sequencing were performed by Novogene Bioinformatics Technology
Co., Ltd. (Tianjin, China). High-confidence annotations from Pl 306540 v1.0, TA10622, and TA299 were lifted over to the Pl 306540
T2T assembly using Liftoff v1.6.3%0. RNA-seq reads were trimmed with fastp v0.23.2%", aligned using HISAT2 v2.2.1%%, and assembled

with StringTie v2.2.1%3. Iso-Seq reads were processed with the Iso-Seq3 pipeline, mapped to the genome with ppbmm?2
(https://github.com/PacificBiosciences/pbmm2), and collapsed using cDNA_Cupcake (https://github.com/Magdoll/cDNA_Cupcake).
Transcript assemblies from RNA-seq and Iso-Seq were merged with StringTie v2.2.143, and coding sequences were predicted using
TransDecoder (https://github.com/TransDecoder/TransDecoder). All annotation files were consolidated into a single GFF3 file using

the AGAT toolkit**. Transcript isoforms were then clustered at the gene level using CD-HIT v4.8.14%. High-confidence gene models
were retained if they met either of the following criteria: 1) significant homology to the UniProtKB Poaceae reference proteome
(BLASTP e-value < 1e-5, amino acid identity >80%, and query coverage =50%), or 2) supporting evidence from RNA-seq data.

Assessment of genome assembly and annotation quality
)46

Genome completeness was evaluated using BUSCO v5.8.0 (poales_odb10)*°. Assembly quality was assessed with the LTR Assembly

Index calculated by LTR_retriever®’ based on intact LTR retrotransposons identified using LTR_Finder*8. The quality value was
estimated using Merqury v1.3 (k = 21)*°. BUSCO*® was used for gene annotation quality assessment.

Annotation of TEs

A custom repeat library was constructed by combining a de novo library generated with RepeatModeler2 v2.0.3% and curated TE
sequences from ClariTeRep (https://github.com/jdaron/CLARI-TE). Repetitive elements were annotated using RepeatMasker v4.1.5%1.

Centromere analysis

ChlP-seq libraries were prepared using an antibody against CENH3, with input DNA as a control. Raw sequencing reads were trimmed
using fastp v0.23.2*" and aligned to the PI 306540 genome using Bowtie2 v2.5.1%2. SAMtools v1.10°% was used for format
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conversion, sorting, and duplicate removal (mapping quality = 30). Peaks were called using MACS2 v2.2.9.1%*. Enrichment profiles
(log, fold-change over input) were generated with deepTools2 v3.5.5% and visualized in IGV v12.19.7%°.

Comparative analysis of T. monococcum genomes

Pairwise whole-genome alignments between Pl 306540 and two published assemblies (TA10622 and TA299) were performed using
MUMmer4°6. Alignments were filtered to retain collinear, high-identity (= 95%) blocks of at least 2 kb using delta-filter, and coordinate
information was extracted with show-coords. Structural variants were identified with SyRI®” and visualized using Plotsr v1.1.0%.

Phylogenetic and comparative genomic analysis

Orthologous gene families were identified across 13 Triticeae species plus two outgroups (Oryza sativa and Brachypodium
distachyon) using GeneTribe2 v1.2.1%3. Single-copy orthologs were aligned with MUSCLE v5.1%° and trimmed with trimAI®C. A
maximum likelihood phylogenetic tree was constructed with IQ-TREE v2.1.4%" using ModelFinder and 1,000 ultrafast bootstrap
replicates. Divergence times were estimated with MCMCTREE in PAML v4.9%2. Whole-genome-wide synteny was detected using
MCScanX®? and visualized with the JCVI®*. Protein sequences of PI306540.6A02G00193400 and AET1D6G0155300 and their
orthologs/homologs from representative Triticeae and outgroup species were aligned and used to construct neighbor-joining

765

phylogenetic trees in MEGA7%°. Multiple sequence alignments were visualized using ggmsa®®.

Exome capture design

Exonic sequences (including both coding exons and UTRs) from high-confidence genes in the Pl 306540 v1.0 annotation were
targeted for probe design by Tcuni Technology Co., Ltd. (Chengdu, Sichuan, China). The v1.0 annotation was selected because it was
available prior to the T2T assembly. Exons were divided into 200-bp non-overlapping windows using BEDTools v2.30.0%”. For each
window, a 40-bp candidate region was centered at the midpoint, and nine overlapping 120-bp probe candidates were generated with a
5-bp sliding step. The optimal one or two probes per window were selected based on the following priority criteria: GC content within
)38

0.30-0.65, minimal mononucleotide repeats, fewest genomic alignments (determined by Minimap2 v2.28)°°, and highest local

sequence complexity.
Exome library construction, capture, and sequencing

Library preparation and exome capture sequencing were conducted by Tcuni Technology Co., Ltd. (Chengdu, China). Genomic DNA
was extracted from a single plant per family. Whole-exome libraries were prepared for 1,381 M, and 2,396 M; individuals using the
BGI DNA Library Prep Kit (BGI, Shenzhen, China). For each sample, ~2 ug of genomic DNA was fragmented to 200-300 bp using a
Bioruptor UCD-200 sonicator (Diagenode, Denville, NJ, USA). Fragmented DNA was end-repaired and deoxyadenosine-tailed. Size
selection was performed with magnetic beads (Twist Bioscience, CA, USA), followed by 4-5 cycles of pre-capture PCR. Equal amounts
of library products were pooled for exome capture using a custom-designed probe panel targeting ~47.29 Mb of coding sequence.
Hybridization products were captured using the M1 Beads Capture Kit (Thermo Fisher, MA, USA), washed, and amplified via ligation-
mediated PCR. Library quality was assessed on an Agilent 4200 TapeStation system (Agilent, CA, USA), and final libraries were
sequenced on the BGI DNBSEQ-T7 platform.

Mutation calling and annotation

A total of 3,777 plants were subjected to exome sequencing, generating ~36.38 Tb of raw data (mean 9.63 Gb per sample). Raw reads
were trimmed to remove adapters and low-quality bases using fastp v0.23.2*! and aligned to the PI 306540 T2T genome using the
GTX-One platform (Genetalks, China)®®. Sequence alignment was performed with the gtx align module, and variant calling was
conducted with the gtx ve module using the parameters —pcr-indel-model HOSTILE and —min-base-quality-score 20. To ensure data
quality, raw variants were filtered to retain only those with allele depth = 6 and quality-by-depth = 10. The resulting VCF files were

merged using BCFtools v1.14%° to generate a multi-sample VCF. The merged VCF was further filtered to remove SNPs present in more
than three mutant lines and InDels present in more than one mutant line. Functional annotation of the remaining variants was

performed using snpEff v5.279 based on the PI 306540 genome annotations (v1.0 and T2T).

Validation of EMS-induced mutations
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Mutations identified by WES were validated by PCR and Sanger sequencing. A total of 43 genes spanning all seven chromosomes,
comprising 196 SNPs and five InDels, were randomly selected for validation (Supplementary Table 14). For each mutant line, genomic
DNA was extracted from 8-16 progeny and pooled in equimolar amounts to serve as PCR templates. Gene-specific primers were
designed to amplify the genomic regions flanking each mutation. The resulting amplicons were purified and subjected to Sanger
sequencing.

Identification of mutant lines via online BLASTN search

The sequenced EMS-mutagenized population of PI306540 can be queried online at http://223.85.181.157:8182/. BLASTN searches
using the sequences of target genes (e.g., SR60, MLO, TmPDS, or TnGBSSI) readily identify mutant lines harboring mutations in those
genes. Candidate mutations were confirmed using genome-specific primer pairs (Supplementary Table 14), and plants homozygous
for the mutant alleles were subsequently used for phenotypic analysis.

Stem rust and powdery mildew assays

For stem rust assays, P 306540 and F, plants derived from the cross between Pl 272557 and M1461 were inoculated with Pgt race
34PKUSC?2. Seedlings at the three-leaf stage were inoculated with Pgt urediniospores mixed with talcum powder at a 1:20 ratio using

the shaking-off method'®. Inoculated plants were placed in a dark dew chamber at 22°C for 24 hours and then transferred to a growth
chamber (22-24 °C, 16-h photoperiod). Disease symptoms were scored ~12 days post-inoculation.

For powdery mildew assays, Pl 306540 was initially tested against 25 isolates of Bgt at Yantai University to identify virulent isolates
(Supplementary Table 18). Subsequently, one-leaf-stage seedlings of Pl 306540 and mutant line M1416 were inoculated with a
mixture of virulent Bgt isolates.

lodine staining

Amylose content was assessed using iodine staining. Longitudinal and transverse hand-cut sections of grains from Pl 306540 and
M3261 were immersed in a 1:128 dilution of Lugol’s iodine solution (5% I,, 10% KI) for 15 min and imaged under bright-field
microscopy.

Measurement of chlorophyll content

Chlorophyll content in PI 511383 and A3437 was determined using a plant Chlorophyll Content Assay Kit (Catalog No. C930493;
Macklin, Shanghai, China). Absorbances were measured at 663 nm and 645 nm using a microplate reader. Chlorophyll concentrations
were calculated using the equations provided by the manufacturer.

BSR-seq analysis and marker development

Leaf samples were collected from two F, populations: 20 brown-midrib and 20 WT individuals from the M1820 x PI306540
population, and 20 yellow-green and 20 WT individuals from the A3437 x Pl 511384 population. RNA extraction, library construction,
and sequencing were performed by Novogene Bioinformatics Technology Co., Ltd (Tianjin, China). Raw reads were trimmed and
filtered using fastp v0.23.2*! and aligned to PI 306540 or AL8/78 Aet v6.0 (Ae. tauschii) reference genomes using STAR v2.7.10a”".
Variants were called from each bulk using FreeBayes v1.3.6 (https://github.com/freebayes/freebayes) and filtered with BCFtools

v1.14%°. SNP-index and A(SNP-index) were calculated to identify candidate genomic regions associated with each phenotype.
Primers targeting polymorphisms were designed using Primer3 v4.1.0 (Supplementary Tables 20 and 24). PCR products were Sanger-
sequenced to validate polymorphisms.

CRISPR/Cas9-based gene editing

CRISPR/Cas9 gene-editing system was used to validate the candidate genes bm7 (PI306540.6A02G00793400) and yl1
(AET1D6G01755300) in the wheat cultivar Fielder. gRNA design, vector construction, and application of Cas9-Trex2 and GRF4-GIF1
fusion proteins were performed as described’?’2. The gRNA expression cassette (TaU3p:gRNA) was generated by two rounds of PCR
using the pOPGR-TS1 plasmid as template’ and cloned into the modified pCas9T vector at the Stul site using the In-Fusion® HD
Cloning Kit (Clontech, CA, USA). The final construct was introduced into Fielder via A. tumefaciens-mediated transformation.
Mutations in transgenic plants were identified using genome-specific primer pairs (Supplementary Tables 20 and 24).
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Telomere-to-telomere genome assembly of T. monococcum accession Pl 306540. a, Morphological feature of Pl 306540. Scale bar,
1cm. b, Circos plot of the PI 306540 genome assembly. Rings from outside to inside: (i) chromosomes, (ii) gene density, (iii) GC
content, (iv) repetitive sequence density, (v) Copia density, (vi) Gypsy density, (vii) syntenic links. ¢, Comparison of genome continuity
between the PI 306540 v1.0 assembly (top) and the T2T assembly (bottom). Vertical black lines mark resolved gaps; triangles
indicate the telomeres and 45S rDNA regions. d, Contig N50 comparison of the P 306540 T2T assembly with other published diploid

wild wheat relatives. e, Centromere identification on chromosome 1A via CENH3 ChIP-seq. The track shows the CENH3 log,

ChIP/Input)

signals (blue peaks) in 50-bp windows. Distributions of the centromeric retrotransposons CRW and Quinta are shown below. f,
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Schematic diagram of major structural variants (>100 kb) among T. monococcum accessions TA10622 (blue), PI 306540 (orange),
and TA299 (green). g, Phylogenetic and syntenic analysis of Triticeae species. The Triticeae clade is shaded in green. Syntenic
relationships across genomes are displayed on the right.
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Figure 2

Representative mutant phenotypes from the EMS-mutagenized library of P1306540. a, Leaf color and albino-striped mutants. b,
Necrotic and lesion mimic mutants. ¢, Plant architecture mutants. d, Leaf morphology and leaf-rolling mutants. e, Plant height
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mutants. f, Spike morphology mutants. g, Short-spike mutants.h, Stem color mutants. i, Heading date mutants. j, Grain size and

morphology mutants.
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Figure 3

Characterization of mutations in the diploid wheat PI1306540 mutant library. a, Genome-wide distribution of identified mutations
across the PI306540 T2T genome assembly. b, Proportions of nucleotide substitution types in the M,, M3, and combined mutant
populations. Orange and green represent C>T and G>A, respectively; gray indicates other mutation types. ¢, Distribution of

homozygous and heterozygous SNP mutations across mutant lines in the M, (green) and M; (light blue) populations. In the violin
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plots, the width indicates the data density. The overlaid box plots show the median (horizontal line), the 25" and 75" percentiles (box
edges), and whiskers that extend to the most extreme data points within 1.5x the interquartile range (IQR). d, Distribution of
EMS-induced SNPs across genomic regions. Mutations identified in the M, population are plotted on the inner circle, and those in the
M; population on the outer circle. e, Predicted functional effects of SNP mutations. Mutations from the M, and M5 populations are
shown in green and orange, respectively. f, Amino acid substitutions resulting from EMS-induced mutations. The matrix displays the
substitution patterns from reference amino acids (x-axis) to mutated amino acids (y-axis). The color intensity in each cell represents
the frequency of mutations leading to a specific amino acid change. g, Validation of randomly selected mutations from the mutant
library by Sanger sequencing. Confirmed mutations are shown in green; unconfirmed mutations are shown in orange.
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Figure 4

Functional validation of SR60, TnGBSSI, TmMLO, and TmPDS using the Pl 306540 mutant library. a, Functional validation of the stem
rust resistance gene SR60. Plants homozygous for the mutant allele (Q177*; line M1461) were inoculated with Pgtrace 34PKUSC. b,
Functional validation of TmGBSSI. Endosperms homozygous for the mutant allele (W90%; line M3261) exhibited reddish-brown
staining with iodine. ¢, Functional validation of the powdery mildew susceptibility gene TmMLO. Plants homozygous for the mutant
allele (W424%; line M1416) displayed strong resistance against Bgt. d, Functional validation of TmPDS. Plants homozygous for the
frameshift mutation (G>A; line M2351) exhibited a complete albino phenotype. The mutated sites are highlighted in red and marked
with red arrows and stars.

Page 19/22



a wrT (Pl 306540) M1820 WT M1820 WT M1820 WT M1820 b
| ‘

39.60 Mb 257.11 Mb
‘ i Pl 306540 ]
' / Chr. 6A S T
2
@ o ~ TR B
2 S g T E:S
& 3 3 S85%
Genetic map[] ] ] —H—1
1.89 307 0.94 0.47!0_71JI
_____________ ’
——————————— .
173.57 Mb 257.1_1 Mb
Candidate region O} iy n]
_,_—“" splice donor mutation = ~=
ATS SNV G3846A
PI306540.6A0 TGA
2G00193400
WT v M1820 L1 S
TCAGAAGTGAG T CAGAAATGAG
[ TGA
PI306540.6A0 ATG
2G00193400 —
splice donor mutation

SNV GI93A

—

d

TraesFLD6A01G 199700 [jr—————————

TraesFLD6B01G227500 |} 11— ]

TraesFLD6D01G215400 [} ——

e "'s bp

WT  :CGTCGACGCCTCCGAGACGACGS
A:CGTCGACGCOTC———— = concas s AN W

K01 |[B:CGTCGA-————m o - CEACGGE 11 alaAS AN N
D:CGTCGACGCETCO————ceaces 4 A MMV W
A+ CGTCGACGCCTOCGAGARCGACEE +1 M WA W

KOZ |B:CGTCGA——————————— CGACGE -1 AN NN A\
D:CGTCGACG - ——————— CGACGG -8 A\~ /\/\.Mn, /s/\a

Figure 5

Cloning and functional characterization of the brown-midrib mutant in T monococcum. a, Phenotypic comparison between PI
306540 (WT) and the brown-midrib mutant M1820. b, Genetic mapping of the causal gene using 212 F, plants derived from the
M1820 x PI306540 cross. Gene models and physical positions are based on the Pl 306540 T2T reference genome. The mutated sites
are highlighted with red arrows. ¢, Validation of the candidate gene using an independent EMS-induced mutant line M0560, which
carries a splice donor mutation (G93A). d, CRISPR/Cas9-mediated functional validation. The single gRNA target site is highlighted in
red; sequencing chromatograms show insertion/deletion mutations at the targeted locus. e, Phenotypic comparison between Fielder
and CRISPR/Cas9-generated knockout (KO) mutants. Photographs were taken at the flowering stage.
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Figure 6

Cloning and functional characterization of the yellow-green leaf mutant in Ae. tauschii. a, Phenotypes of Ae. tauschii accession Pl
511383 (WT) and the yellow-green leaf mutant A3437. b, Chlorophyll a and chlorophyll b contents in PI 511383 and its mutant A3437.
*** P < (0.001. Statistical significance was determined using a two-sided unpaired t-test (n = 4). Error bars represent standard errors of
the means. ¢, Genetic mapping of the causal gene using 695 F, plants derived from the A3437 x P| 511384 cross. Gene models and
physical positions are based on the AL8/78 Aet v6.0 reference genome. The mutated sites are indicated by red arrows. d, Validation
of the candidate gene using PI 306540 EMS mutants. Mutant lines M1126 (splice donor mutation) and M4149 (Q325%*) are highlighted
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in red. e, CRISPR/Cas9-mediated functional validation. The single gRNA target site is marked in red; sequencing chromatograms show
insertion/deletion mutations at the targeted locus. f, Phenotypic comparison between Fielder and CRISPR/Cas9-edited mutant plants.
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