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 52 

The genus Hordeum, which includes cultivated barley and its wild relatives, represents a 53 

diverse group of grasses with agricultural, ecological, and evolutionary importance. Here, we 54 

present a genus-wide pangenome based on 25 chromosome-scale genome sequences 55 

encompassing all known diploid Hordeum species and selected tetraploids. Comparative 56 

analysis reveals extensive structural variations, including large-scale inversions and 57 

chromosomal rearrangements, which disrupt proximal chromosomal collinearity and reflect 58 

lineage-specific genome remodeling. Using single-copy gene phylogenies, we identify multiple 59 

deep interspecific hybridization events, segmental exchanges, and introgressions, particularly 60 

in regions enriched for conserved inversions. We also uncover widespread horizontal gene 61 

transfer from Panicoideae grasses into Hordeum, with functional integration of transferred 62 

genes. Transposable element dynamics, especially retrotransposon proliferation, account for 63 

much of the observed genome size variation and offer insights into polyploid genome evolution. 64 

Whole-genome alignments reveal contrasting evolutionary patterns: while coding genes 65 

remain highly conserved, regulatory elements show rapid turnover, providing a substrate for 66 

phenotypic diversification. Case studies of vernalization and glume development demonstrate 67 

how natural variation in regulatory and coding sequences contributes to flowering time and 68 

floral morphology. This comprehensive pangenomic framework establishes Hordeum as a 69 

model for studying genome evolution, structural variation, and the genetic basis of adaptive 70 

traits, offering new avenues for barley improvement. 71 

 72 

The genus Hordeum comprises approximately 33 species and is widely distributed across the 73 

temperate regions of Eurasia and the Americas1-3. Hordeum is classified into two subgenera, 74 

harbouring the cytogenetically defined genomes H and Xu, and I and Xa, respectively4. The basic 75 

chromosome number is seven, and while most species are diploid, tetraploid and hexaploid taxa 76 

have also been described. Cultivated barley (H. vulgare) is the best known and most extensively 77 

studied species, as it represents one of the earliest domesticated cereal crops. Today, barley is 78 

the world’s fourth-most significant grain, valued for its use in food, animal feed, and brewing5. 79 

Cultivated barley and its wild progenitor (H. vulgare ssp. spontaneum) constitute a single inter-80 

fertile gene pool, allowing for frequent gene flow between wild and cultivated forms6. It defines 81 

barley’s primary gene pool, which breeders have long exploited to introduce desirable traits7. H. 82 

bulbosum has contributed valuable disease resistance genes through introgression8-11 due to its 83 

ability to hybridize directly with cultivated barley. The other Hordeum species are not 84 

domesticated but play important ecological and agricultural roles in ecosystem stability, 85 

environmental adaptation, and forage use12-16. Taken together, Hordeum is both an 86 

agronomically important genus and a powerful model for studying crop evolution, environmental 87 
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adaptation, and resistance to biotic and abiotic stresses. Factors such as incomplete lineage 88 

sorting, recurrent hybridization, and gene flow partly obscure species boundaries, leaving major 89 

evolutionary questions unresolved2-4,17,18. Pangenomics now offers comprehensive resources to 90 

address such complexity. In crops such as tomato, potato, maize, grapevine, citrus, and cotton, 91 

genus-level pangenomes have uncovered extensive structural variations (SVs), gene presence-92 

absence, and evolutionary dynamics19-23. Investigating SVs helps to elucidate evolutionary 93 

processes and can inform crop breeding strategies24. However, the full extent of structural 94 

variation within Hordeum remains largely unexplored. To address this gap, we generated and 95 

analysed chromosome-scale genomes from 23 Hordeum species spanning all major evolutionary 96 

lineages. This genus-wide pangenome provides the first comprehensive view of SV across 97 

Hordeum, offering new insights into Hordeum evolutionary history and a genomic foundation for 98 

future pre-breeding efforts. 99 

 100 

Hordeum species assembly, annotation and pangenome 101 

We selected 25 accessions from 23 different Hordeum species for chromosome-level genome 102 

assembly (Extended Data Fig. 1a, Supplementary Table 1 and Supplementary Fig. 1-23). This 103 

includes 22 diploid and three tetraploid (sub-)species (H. jubatum, H. secalinum and H. murinum 104 

subsp. murinum). The diploid species comprise all known diploid species in the Hordeum genus2. 105 

Twenty-two genome sequences were assembled using PacBio HiFi accurate long reads and Hi-C 106 

data (Supplementary Table 2), employing the TRITEX pipeline25,26. The sequence assemblies of 107 

H. vulgare and H. bulbosum were sourced from our previous work27. The previously published 108 

chromosome-level assembly of H. marinum H55928 was updated using the TRITEX pipeline. The 109 

average N50 of our assemblies is 39.96 Mb. Assembly sizes range from 2.90 to 4.48 Gb (average 110 

3.92 Gb) in diploids and from 7.49 to 8.56 Gb (average 8.1 Gb) in tetraploids. The chloroplast 111 

genome sizes range from 136,335 bp to 137,079 bp (average: 136,837 bp) (Supplementary Table 112 

1). An average LTR Assembly Index (LAI) of 14.83, an average consensus quality value (QV) of 113 

67.13, and an average k-mer completeness of 97.10% attest to the quality of our assemblies 114 

(Supplementary Table 3). To assess the gene content in the Hordeum pangenome, we de novo 115 

annotated all genomes using transcriptome data (Online Methods, Supplementary Table 4). A 116 

gene consolidation method was applied to ensure high comparability of gene predictions. The 117 

number of high-confidence gene models identified ranges from 35,573 for diploid H. murinum to 118 

89,407 for tetraploid H. jubatum (Supplementary Table 5). We benchmarked the quality of the 119 

Hordeum gene predictions against BUSCO (v.5.8.0) with the poales_odb12 lineage dataset29, 120 

representing 6,282 Poales near-universal single-copy orthologs. On average, we obtained 98.20% 121 

as complete copies, 0.54% as fragmented copies, and 1.26% as missing genes (Supplementary 122 

Table 5). Additional benchmarking with OMARK and psauron30 confirms the overall high accuracy 123 

and completeness of our gene annotation approach (Supplementary Table 5). Transposable 124 

element annotation using the panEDTA pipeline31 revealed that transposons constituted on 125 

average 86% of the genome, ranging from 83.27% to 88.93% (Supplementary Table 6).  126 

Based on the gene sets of all species, we constructed a gene-based pangenome for Hordeum, 127 

with 44.02% of genes classified as core genes, 55.03% as shell genes, and 0.95% as cloud genes 128 

(Extended Data Fig. 1b and c). We find GO terms related to phosphorylation and kinase activity 129 

are enriched in the set of core genes, RNA binding and DNA helicase activity are enriched in the 130 

set of shell genes, whilst defense response and response to oxidative stress are enriched in the 131 
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set of cloud genes (Supplementary Fig. 24). Nucleotide-binding Leucine-rich Repeat (NLR) genes 132 

are key components of the plant immune system, playing essential roles in resistance to fungal 133 

and other pathogens32,33. A map of their diversity is critical for advancing our understanding of 134 

disease resistance mechanisms in crops. Analysis of the identified NLR genes revealed that I group 135 

genomes contain significantly more NLR genes (Extended Data Fig. 2a and b). To investigate this 136 

further, we constructed an NLR pangenome across Hordeum haploid genome equivalents (or 137 

“haplomes”). This pangenome comprises 799 orthologous groups (OGs), categorized as 13.77% 138 

core, 54.82% shell, and 31.41% cloud gene families (Extended Data Figure 2c). Moreover, 139 

examination of NLR gene clusters showed that chromosomes 4H and 5H harbor significantly 140 

fewer clusters compared to the other chromosomes (Extended Data Figure 2d). Similarly, 141 

genome-wide analyses of genes encoding pentatricopeptide repeat (PPR) proteins and 142 

mitochondrial transcription termination factors (mTERFs), which include members involved in 143 

fertility restoration in plants carrying cytoplasmic male sterility (CMS)34, reveal expansions in the 144 

I genome group (Supplementary Fig. 25a, b and Supplementary Table 7). In particular, mTERF 145 

genes from the Restorer of fertility like (RFL) clade, clustered on the short arm of chromosome 146 

6H, show remarkable copy number variation (Supplementary Fig. 25c, d). This genomic region 147 

includes the Rfm3 locus, which partially restores fertility in plants carrying the male sterility 148 

maternal (msm1) cytoplasm used in hybrid breeding in barley35 (Supplementary Fig. 25d).  149 

To evaluate graph-based analysis for highly diverged accessions, we built a pangenome graph 150 

using progressive cactus36 and hal2vg, resulting in 2.53 billion nodes and 3.46 billion edges (68.7 151 

Gbp). Around 68% of nodes were single-base, highlighting strong base-level divergence. Although 152 

tasks like indexing were computationally prohibitive (see Online Methods), we successfully 153 

performed several global analyses, including core/shell/cloud analysis, saturation, conservation, 154 

and variant surveys (Supplementary Fig. 26-29). Our experience demonstrates that scalable 155 

methods for graph exploration and interpretation remain a major challenge.  156 

 157 

Large SVs rapidly reshape proximal region 158 

Previous studies have inferred the evolutionary relationships among Hordeum species from 159 

plastome and partial gene sequences2,18. However, the relationships among some species 160 

remained weakly supported. In this study, we reconstructed a maximum likelihood (ML) tree 161 

using a genome-wide single-copy gene set. Unlike previous phylogenies, the tree fully resolved 162 

all species relationships with maximum bootstrap support values, especially for the recent 163 

species divergence within the I genome group (Supplementary Fig. 30). To further assess the 164 

phylogenetic relationships, we additionally constructed a coalescence-based species tree using 165 

ASTRAL-Pro3 (Supplementary Fig. 31), which integrates individual ML gene trees, as well as a 166 

genome-wide phylogenetic tree inferred by CASTER based on whole-genome multiple sequence 167 

alignments (MSA) (Supplementary Fig. 32 and 33). We also estimated the divergence times of 168 

these species using fourfold synonymous third-codon transversion (4DtV) sites (Fig. 1a). We 169 

estimated the divergence time between H and Xu at 10.3 million years ago (Mya), while I and Xa 170 

diverged 9.2 Mya. The crown-group age of Hordeum dates back approximately 12.4 Mya, with 171 

the most recent species divergence event being H. euclaston/H. intercedens around 0.3 Mya (Fig. 172 

1a and Supplementary Table 8). The chromosomes of Triticeae species exhibit high collinearity 173 

at their distal chromosome regions37, which is also the case in Hordeum (Fig. 1b). However, when 174 

aligned, the proximal regions show substantial loss of collinearity and highly fragmented 175 
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alignments. Interestingly, whole-genome comparisons within Hordeum species revealed that the 176 

extent of chromosomal rearrangements increases with species divergence time, suggesting that 177 

such rearrangements are a primary driver of collinearity loss and fragmented alignments in 178 

proximal regions (Fig. 1c and Supplementary Fig. 34-39). Among all chromosomes, chromosome 179 

4H exhibited the most extensive proximal collinearity loss. Strong collinearity was observed 180 

among recently diverged species, along with numerous SVs detected in species that diverged less 181 

than 1 million years ago. However, in more distantly related genome groups, H-Xu and Xa-I 182 

(divergence time >9 Mya), proximal collinearity became entirely fragmented (Fig. 1c). To 183 

estimate the size of non-collinear regions, we applied normalized coverage to identify these 184 

regions in species that diverged more than 9 mya (Extended Data Fig. 3a and b; Supplementary 185 

Fig. 40-44; Methods). In total, we determined the genome-wide distribution of non-collinear 186 

regions across chromosomes in Hordeum, with a cumulative size of 855 Mb identified in the H. 187 

vulgare genome (Supplementary Table 9). Given the importance of transposable elements (TEs) 188 

in shaping genomes, we examined TE content in proximal and distal regions. Proximal regions 189 

harbored a significantly higher proportion of TEs, with LTR/Gypsy elements contributing more 190 

substantially compared to distal regions (Extended Data Fig. 3c and d, and Supplementary Fig. 191 

45). Based on these findings, we propose a “Stretch and Twist” model to explain the rapid loss of 192 

collinearity and alignment fragmentation. The “Stretch” component refers to alignment 193 

displacement or loss due to TE amplification, while the “Twist” describes large-scale 194 

chromosomal rearrangements driven by SVs (Extended Data Fig. 3e).  195 

 196 

Large SVs reveal hybridization 197 

In contrast to the dynamic SVs found in proximal regions, the distal regions displayed more 198 

conserved, shared SVs. This highlights the limitation of using H. vulgare alone as a reference for 199 

identifying SVs across more distantly related Hordeum species. Notably, large SVs in the distal 200 

regions were predominantly inversions. On chromosomes 3H and 7H, we identified two large 201 

inversions spanning nearly the entire chromosome and present in multiple species (Extended 202 

Data Fig. 4a). In total, 1,203 inversions larger than 2 Mb were identified across Hordeum species 203 

(Extended Data Fig. 4a). The construction of a comprehensive inversion map revealed six 204 

inversions on chromosome 1H that were unexpectedly shared across divergent phylogenetic 205 

lineages (Fig. 2a). We hypothesized that these large-scale SVs might have originated from 206 

introgression events involving extensive chromosomal segments. We constructed a phylogenetic 207 

tree using the single-copy gene set from these regions to test this hypothesis. The resulting tree, 208 

fully resolved with maximum bootstrap support, confirmed that these SVs were specifically 209 

shared between a subset of South American I and H/Xu genome groups (Fig. 2b). Additionally, 210 

we observed that rapid diversification of species occurred within this lineage in the 2 million years 211 

following the hybridization event — a pattern absent in other phylogenetic branches (Fig. 1a). 212 

These findings suggest that large structural variations in the distal chromosome regions preserve 213 

signatures of deep hybridization events shared among multiple species. 214 

To further investigate whether other large chromosomal segments exhibit similar hybridization 215 

signatures within the phylogenetic tree, we developed a genome-wide scanning approach based 216 

on the conservation of single-copy genes. In this approach, the single-copy gene set was divided 217 

into multiple sliding windows, and Normalized Robinson-Foulds (nRF) distance was used to assess 218 

the topological differences between local phylogenetic trees and the whole-genome 219 
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phylogenetic tree (Extended Data Fig. 4b). Our initial analysis revealed multiple peaks in nRF 220 

values, indicating potential introgression events. We established an nRF threshold of 0.18 to 221 

distinguish primary peaks from regions with significant phylogenetic discordance (Extended Data 222 

Fig. 4c). As expected, we identified a strong hybridization signal on chromosome 1H, validating 223 

the effectiveness of our scanning approach. Additionally, we detected more than 10 consecutive 224 

windows with strong phylogenetic discordance signals at the terminal regions of chromosomes 225 

4 and 5 (Fig. 2c). To further explore the underlying causes of these inconsistencies, we 226 

reconstructed local phylogenetic trees using the single-copy gene sets from these regions. By 227 

comparing the regions that exhibited phylogenetic discordance with the whole-genome tree, we 228 

identified two large-scale segmental exchanges occurring within H. jubatum, with maximum 229 

bootstrap support (Extended Data Fig. 4d and e). Surprisingly, these large-scale segmental 230 

exchanges were directly associated with major duplication and deletion events on chromosome 231 

5H previously identified in H. jubatum (Fig. 2d, and Supplementary Fig. 12, 46, 47 and 48). Our 232 

findings demonstrate that large structural variations discovered in genus-wide pangenomes 233 

serve as evidence of multiple cross-genome hybridization events, thus shedding light on the 234 

complex evolutionary history of Hordeum species. 235 

 236 

Horizontal gene transfer 237 

Genetic variation is essential for species evolution. Beyond sexual reproduction, horizontal gene 238 

transfer (HGT) serves as an evolutionary shortcut for acquiring novel genes. Traditionally 239 

considered rare in vascular plants, genomic advances have revealed widespread HGT occurrences, 240 

challenging prior assumptions38,39. Our previous research demonstrated extensive HGT in 241 

Hordeum. Notably, species within section Stenostachys (I genome; 16 of 22 diploid species) 242 

possess ribosomal DNA (rDNA) acquired from grasses in the subfamily Panicoideae (e.g., Panicum, 243 

Paspalum, Setaria)40,41. The oldest transfers (from Panicum), estimated to have occurred 244 

between 5 and 1.7 Mya, resulted in large genomic insertions on chromosome 5H, some spanning 245 

over 400 kb and containing transposable elements and protein-coding genes42. Here, we 246 

identified Panicoideae-derived nuclear genes across 20 diploid Hordeum species, with H. vulgare 247 

serving as a negative control40,42. Our analysis revealed 611 foreign genes that corresponded to 248 

126 orthogroups, predominantly matching Paspalum (63%) and Panicum (22%) (Extended Data 249 

Fig. 5a and Supplementary Table 10 and 11). The extent of HGT varied, with H. flexuosum 250 

harboring the highest number of foreign genes (68 genes corresponding to 43 orthogroups) 251 

(Extended Data Fig. 5a). These findings align with studies indicating that grasses frequently 252 

exchange genetic material43,44. HGT frequency correlates with Hordeum phylogeny, with 253 

Mediterranean and West Asian species exhibiting fewer transferred genes than their South 254 

American counterparts. This supports the hypothesis that HGT has a cumulative impact on 255 

eukaryotic evolution45. The presence of a single panicoid gene in H. bulbosum and H. murinum 256 

can be explained by the introgression of chromosomal segment 1H from I genome species, rather 257 

than by an early HGT event predating the diversification of Hordeum (Fig. 2c). Chromosomal 258 

mapping indicates widespread distribution of foreign genes across all seven Hordeum 259 

chromosomes, with chromosome 5H harboring the highest number. These genes are 260 

preferentially located in the distal regions of chromosome arms, suggesting selection pressure or 261 

integration bias (Extended Data Fig. 5b). While co-transfer of genes remains uncertain, previous 262 
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research suggests that large fragments of foreign DNA may be transferred together42,44. A 263 

substantial fraction (82 out of 126) of Panicoideae-derived orthogroups lack native Hordeum 264 

homologs, indicating novel gene acquisition. Functional annotation suggests that these genes 265 

may play roles in key physiological processes such as auxin transport, light response, and 266 

transcription regulation. RNA-seq analysis detected at least one expressed HGT gene in 73 out of 267 

126 orthogroups (Extended Data Fig. 5c and Supplementary Table 12). The potential adaptive 268 

significance of these genes warrants further investigation. By providing the most comprehensive 269 

genus-wide analysis of HGT in plants to date, Hordeum emerges as a model system for studying 270 

the evolutionary impact of horizontal gene transfer. 271 

 272 

TEs drive genome size variation 273 

The genome assembly sizes of Hordeum species range from 2.90 Gb to 8.56 Gb and are highly 274 

correlated with previous flow-cytometric estimates46 (Fig. 3a). After accounting for the direct 275 

doubling effects of tetraploidization, the haplomes exhibit pseudomolecule sizes ranging from 276 

2.85 Gb to 4.68 Gb. Apart from a 19 Mb duplication detected in the subgenome of H. jubatum, 277 

no large duplication events were identified (Supplementary Fig. 47 and 48). A strong correlation 278 

was observed between total TE content and haplome size (Fig. 3b), suggesting that TE 279 

accumulation has significantly contributed to genome size variation in Hordeum. Long terminal 280 

repeat (LTR) retrotransposons were identified as the primary drivers of these changes, though 281 

DNA transposons also played a role (Fig. 3c). By analyzing correlations between transposon 282 

superfamilies and genome size, we found that different TE superfamilies contributed to genome 283 

size change, but overall TE abundance was the most direct determinant of genome size variation 284 

(Extended Data Fig. 6a). We selected transposons annotated in the TREP database with an 285 

average content above 10 Mb and examined their variation across different Hordeum haplomes. 286 

The results showed that these TEs effectively differentiate distinct evolutionary lineages 287 

(Extended Data Fig. 6b). To further investigate lineage-specific TE dynamics, we focused on three 288 

LTR retrotransposon families—BARE1, Sabrina, and BAGY2—and employed TEpop analysis to 289 

track their diversification within Hordeum haplomes. The findings revealed that the formation of 290 

subfamilies within these TE families aligns with different evolutionary clades, making them useful 291 

markers for distinguishing genetic lineages (Fig. 3d, Extended Data Fig. 6c and d). The clade-292 

specific proliferation and timing of these TE subfamilies collectively contributed to genome size 293 

variation. 294 

To assess the impact of polyploidization on genome size variation in tetraploid subgenomes, we 295 

compared TE changes in three tetraploid genomes with their diploid progenitors. The results 296 

revealed diverse patterns: In H. murinum, TE expansion was minimal (Extended Data Fig. 6e, 297 

Supplementary Table 13); in H. jubatum, both subgenomes were smaller than their diploid 298 

ancestors (Fig. 3e, Supplementary Table 13); in H. secalinum, rapid TE proliferation significantly 299 

increased genome size, altering the transposon expansion pattern (Extended Data Fig. 6f, 300 

Supplementary Table 13). Interestingly, in H. secalinum, the LTR/Gypsy elements were the main 301 

contributors to genome expansion (Supplementary Table 13). Additionally, we identified a 302 

resurgence of the Vagabond TE family after tetraploidization, where it was significantly more 303 

active in the tetraploid genome compared to its diploid progenitors and the alternative 304 

subgenome (Extended Data Fig. 6g–i). While subgenome differentiation alone does not allow to 305 
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date the formation of tetraploid genomes, intersubgenomic TE insertions can provide insight into 306 

the timing of genome mergers. We inferred the fusion timeline of tetraploid subgenomes by 307 

identifying full-length transposons shared exclusively between subgenomes but absent in their 308 

respective diploid ancestors (Fig. 3f–h). Our findings underscore that TE content is the primary 309 

determinant of genome size variation in Hordeum. Tetraploidization does not always lead to 310 

genome expansion relative to diploid ancestors; we also observed genome contraction. 311 

Nevertheless, genome mergers consistently leave detectable TE signatures, providing valuable 312 

insights into polyploid evolution. 313 

 314 

Sequence conservation across species 315 

Whole-genome MSA provide insights into genomic relationships and help us understand 316 

sequence conservation and loss across species. To achieve this, we performed a MSA of Hordeum 317 

haplomes using progressive Cactus36. In total, we identified 170.4 Mb of shared aligned 318 

sequences across the Hordeum haplomes (Extended Data Fig. 7a). As expected, rapidly evolving 319 

pericentromeric regions showed fewer alignments, whereas chromosome distal ends exhibited 320 

higher alignment densities (Extended Data Fig. 7b). The rapid contraction of these alignments is 321 

likely due to substantial reshaping of Hordeum genomes by TE activity over the past 12 million 322 

years. To further investigate sequence loss across different genomic regions, we analyzed open 323 

chromatin regions that were captured by Assay of Transposase-Accessible Chromatin sequencing 324 

(ATAC-seq) and annotated regions in eight Hordeum haplomes (Supplementary Table 14). We 325 

found that UTR sequences were lost at a slower rate before the divergence of barley and wheat. 326 

In contrast, open chromatin regions showed a loss pattern similar to introns, while promoter 327 

regions underwent more rapid turnover (Extended Data Fig. 8a). Additionally, we used 328 

phastCons to identify 74.7 Mb of conserved elements across Hordeum genomes. These elements 329 

were primarily enriched within genic regions (Extended Data Fig. 8b and c). Our results showed 330 

that 69% of conserved elements overlapped with genes, while only 6% were associated with open 331 

chromatin regions. Overall, our findings indicate that regulatory elements exhibit a high degree 332 

of turnover among Hordeum species, highlighting the rich diversity of regulatory sequences that 333 

could be leveraged for barley breeding. Meanwhile, the high conservation of genes provides 334 

opportunities to explore cross-species gene function and regulatory element substitution, 335 

potentially linking genetic changes to phenotypic variation. 336 

 337 

Natural Variation Underpins Vernalization Flexibility 338 

In cultivated barley, spring and winter varieties differ in vernalization requirements controlled by 339 

the VERNALIZATION 1 (VRN1) MADS-box transcription factor and VERNALIZATION 2 (VRN2) 340 

encoded by the cluster of zinc-finger/CCT domain transcription factor (ZCCT) genes47,48. Flowering 341 

of winter varieties requires repression of VRN2 by cold-induced VRN148. On the contrary, spring 342 

barleys often carry deletions in VRN1’s first intron and lack VRN2, eliminating their vernalization 343 

requirement49-51. Intermediate facultative types combine the vernalization-sensitive VRN1 with 344 

a non-functional VRN2 locus. It remains largely unexplored how wild Hordeum species regulate 345 

flowering across diverse climates. 346 

Examining VRN1 in Hordeum genomes revealed extensive variation in the promoter and the 347 

regulatory first intron (5.7 to 19.5 kb) caused by transposable elements (Supplementary Table 348 
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15). To assess the functional impact of this variation, flowering time of 14 wild Hordeum species 349 

and 4 barley controls was recorded under non-vernalizing conditions (Fig. 4a and Extended Data 350 

Fig. 9a). Notably, H. cordobense and H. muticum flowered rapidly (~61 days), surpassing spring 351 

barley cultivars (Fig. 4a). Both species share a unique 79 bp deletion in VRN1 intron 1 critical 352 

region50, suggesting a role in reducing the vernalization requirement (Extended Data Fig. 9b). All 353 

species contained the VRN2 locus with one to seven ZCCT copies (Supplementary Table 15). A 354 

key finding was an inverted repeat (IR) of two ZCCTs in H. cordobense, H. californicum, H. muticum, 355 

and H. jubatum. Because IRs may trigger RNA interference (RNAi)52, we expected silencing of 356 

VRN2 and a spring-type phenotype. Surprisingly, only H. cordobense and H. muticum flowered 357 

early (Fig. 4a and c, and Extended Data Fig. 9a). Detailed analysis of H. cordobense revealed a 358 

non-functional ZCCT-1 due to a premature stop codon, and the absence of a polyadenylation 359 

signal in the ZCCT-2/ZCCT-3 IR linker, enabling read-through transcription (detected as an 360 

aberrant mRNA transcript), hairpin RNA formation, and small RNA production (Fig. 4b and d, and 361 

Extended Data Fig. 9c). On the contrary, winter-type H. californicum carried additional functional 362 

ZCCT copies and a polyadenylation signal in the IR linker that likely prevented RNAi, thus 363 

maintaining the VRN2 repressive function (Fig. 4b and e). This explains with the expression of 364 

VRN1, VRN2 and their target FLOWERING LOCUS T (FT) in the analyzed species (Fig. 4f). These 365 

findings highlight genetic and epigenetic diversity shaping vernalization in Hordeum. The studied 366 

spring-like accessions carry the 79-bp VRN1 deletion alongside disrupted or silenced VRN2, 367 

whereas winter-like genotypes retain functional ZCCT copies. Altogether, our results indicate that 368 

adaptation to diverse vernalization regimes in wild Hordeum species has targeted the same genes 369 

and variant types as in cultivated barley, pointing to conserved mechanisms of flowering-time 370 

adaptation to winter. 371 

 372 

A Conserved Mechanism Underlying Glume Development 373 

The glume is a distinctive floral organ in the grass family, lacking a direct counterpart in 374 

dicotyledonous plants53. It appears as one or multiple pairs of bract-like structures subtending 375 

single or multiple fertile florets. Glume size and shape vary widely, from large lemma-like 376 

structures in Triticum species to rudimentary axillary buds in Oryza. In wild grasses, glume 377 

morphology influences seed dispersal, reproductive success, and defense against biotic stress54. 378 

In cultivated cereals, domestication has favored reduced glume size and roughness, facilitating 379 

easier threshing. In Hordeum, each floret possesses a pair of glumes positioned on the periaxial 380 

side, with considerable variation in length, width, and awn extension across species (Fig. 5a). 381 

Transcriptomic profiling of five diploid species carrying the I genome (H. erectifolium, H. pusillum, 382 

H. intercedens, H. stenostachys, and H. euclaston) identified spike-specific genes expressed in 383 

young spikes at early (Waddington stages W3-6) and late (W9-10) developmental stages55 384 

(Supplementary Table 16). Five genes were consistently expressed across species, suggesting 385 

conserved regulatory mechanisms (Fig. 5b and Supplementary Table 17). These genes encode a 386 

C2H2-type zinc finger transcription factor, an auxin response factor, a TCP transcription factor, a 387 

subtilisin protease (SBT), and a MADS-box transcription factor. Three were predominantly 388 

expressed during early spike development, one at later stages, and one at both stages (Fig. 5c). 389 

In rice, loss-of-function mutations in the NONSTOP GLUMES1 (NSG1), the ortholog of the C2H2-390 

type zinc finger transcription factor result in uncontrolled glume growth56. Mutations in its 391 
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cultivated barley ortholog (EOG1) lead to the elongated outer glume (eog1) phenotype (Fig. 5d). 392 

These mutants develop enlarged glumes on the central fertile spikelet, with glume awns 393 

extending to lemma-awn length, giving the spike a brushy appearance (Extended Data Fig. 10a 394 

and b). Scanning electron microscopy (SEM) revealed developmental divergence between wild-395 

type and eog1 mutants as early as Waddington stage W3.5 (Fig. 5e). By integrating Hordeum pan-396 

genomic data with tissue-specific expression data and mutant resources of cultivated barley, we 397 

demonstrate that EOG1 functions as a conserved transcriptional repressor controlling glume 398 

development. 399 

 400 

Discussion 401 

High-quality genome assemblies across the Hordeum genus lay the groundwork for exploring its 402 

complex evolutionary history. Chromosome-scale resolution allows us to investigate how SVs 403 

have shaped genome evolution, particularly in disrupting chromosomal collinearity. Traditionally, 404 

grass genomes were thought to possess relatively stable chromosome structures57; however, our 405 

findings challenge this assumption. Extensive SVs and chromosomal rearrangements have 406 

contributed significantly to genomic divergence, ultimately resulting in the near-complete loss of 407 

collinearity in proximal regions. These rearrangements are not only markers of divergence but 408 

also critical to understanding the speciation events within Hordeum. Interestingly, SVs 409 

accumulate at different rates across chromosomes. While proximal regions exhibit high 410 

variability, distal regions evolve more slowly. This uneven evolutionary rate has preserved 411 

footprints of deep hybridization events across the genus, offering a historical record of 412 

interspecific gene flow. These insights offer critical empirical evidence for understanding hybrid 413 

speciation and genome fusion events and could prove essential for designing novel interspecies 414 

crosses in crop improvement strategies. Whole-genome multiple sequence alignments enabled 415 

us to compare genome-wide conservation across Hordeum species. Unlike animal genomes, 416 

which often display strong interspecies conservation, plant genomes, especially within rapidly 417 

evolving genera like Hordeum, undergo dynamic changes driven by short generation times and 418 

rapid transposon expansion. These processes fuel the ongoing remodeling of plant genomes, 419 

resulting in high variability even among closely related taxa. Despite this rapid evolution, many 420 

genes remain conserved, while regulatory elements exhibit considerable turnover. This contrast 421 

offers unique opportunities: while core gene functions are retained, lineage-specific regulatory 422 

innovation can be harnessed for crop improvement. For example, regulatory elements associated 423 

with vernalization responses were found to vary across Hordeum species, suggesting that novel 424 

regulatory variants could be introduced into cultivated barley to fine-tune flowering behavior. 425 

Ultimately, the expansion of Hordeum genomic resources does more than increase our 426 

understanding of gene content. It opens new avenues for exploring regulatory potential, 427 

identifying SV-driven divergence, and reconstructing species relationships. These advances not 428 

only deepen our understanding of Hordeum evolution but also enhance the genomic toolkit for 429 

future barley breeding efforts. 430 
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Figure Legends 488 

 489 

Figure 1: Evolution of Hordeum species and rapid change in proximal regions. (a) Phylogenetic 490 

tree of Hordeum species. Sorghum bicolor, Oryza sativa, Brachypodium distachyon, and Triticum 491 

monococcum were used as outgroups. Divergence times were inferred using Fourfold 492 

Degenerate Third-Codon Transversion (4DTv) sites from genome-wide single-copy genes. 493 

Colored rectangles represent different genome groups. Star-marked nodes correspond to those 494 

shown in panel (c). (b) GENESPACE synteny plot between 29 Hordeum haplomes and 4 outgroup 495 

genomes. Grey bars represent chromosomes, scaled according to the number of genes with 496 

syntenic alignments to other genomes. (c) Dotplot comparisons of chromosome 4H across 497 

genomes diverged at different times. Yellow indicates nodes diverged within 1 million years; blue 498 

indicates 1–9 million years; and magenta indicates nodes older than 9 million years. Two species 499 

were randomly selected from each node for whole-genome comparison (Supplementary Table 500 

20). 501 

Figure 2: Structural variation reveals past introgression in Hordeum species. (a) Dotplot of all 502 

genomes aligned to T. monococcum in the chr1A: 400–650 Mb region. (b) Phylogenetic tree 503 

based on single-copy genes within the chr1A: 400–650 Mb region of T. monococcum. Colored 504 

rectangles represent different genome groups. Bootstrap values are shown below each node. 505 

Approximately Unbiased (AU) test based on concatenated local single-copy genes supports the 506 

local tree (p-AU = 1.0) and rejects the reference tree (p-AU = 2.03 × 10⁻⁵). (c) Distribution of 507 

normalized Robinson–Foulds (nRF) distances between gene trees in genome windows and the 508 

species-wide tree. Vertical lines represent genomic regions containing single-copy genes; points 509 

mark the center of each window. Orange indicates RF values >0.18, while light blue indicates 510 

values ≤0.18. (d) Comparative analysis of chromosome 5H between H. jubatum and its ancestral 511 

diploid genomes. Orange lines indicate regions with duplications and deletions. 512 

Figure 3: Transposable elements reveal genome size variation and tetraploid formation. (a) 513 

Correlation between assembly size and DNA content. (b) Correlation between pseudomolecule 514 

size and transposable element (TE) content. (c) Correlation between pseudomolecule size and 515 

retrotransposon and DNA transposon content. (d) Principal component analysis (PCA) of 68,707 516 

full-length RLG_BAGY2 retrotransposon sequences across Hordeum species. Each dot represents 517 

one retrotransposon; colors indicate estimated insertion times. (e) Distribution of insertion times 518 

of full-length LTR elements in H. jubatum, H. californicum, and H. roshevitzii. H. californicum and 519 
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H. roshevitzii are the respective diploid progenitors of subgenomes 1 and 2 in H. jubatum2. (f-h) 520 

Insertion time distribution of full-length LTR/copia elements in tetraploid species. Elements were 521 

selected using CD-HIT clustering from one subgenome of the tetraploid, which are absent in the 522 

ancestral diploids but present in the other subgenome. The peak indicates the timing of 523 

subgenome fusion. (f) H. secalinum; H.gussoneanum is the diploid progenitor of subgenome 1 in 524 

H. secalinum2. (g) H. murinum (BCC2009), H. murinum (BCC2017) is the diploid progenitor of 525 

subgenome 1 in H. murinum (BCC2009)2. (h) H. jubatum. 526 

Figure 4: Natural variation in vernalization requirement of Hordeum species. (a) Percentage of 527 

H. cordobense and H. muticum plants (n = 10 per species) flowering under non-vernalizing 528 

conditions. The cultivars Golden Promise (GP) and Morex versus cultivars Igri and Antonella serve 529 

as the spring-type (s) and winter-type (w) controls, respectively. DAG – days after germination. 530 

(b) Structure of the VRN2 locus in H. cordobense with three ZCCT genes and in H. californicum 531 

with six ZCCT genes. The scheme is not to scale. Teal rectangles: exons, *: stop codon, purple 532 

ovals: transposable elements, black dot with p(A): polyadenylation signal, sand-colored region: 533 

inverted repeat. (c) Phenotypes of four Hordeum species carrying ZCCT inverted repeat at 65 and 534 

200 DAG. Arrows mark visible spikes. (d) Transcripts per million (TPM) values at 14 and 28 DAG 535 

in H. cordobense and H. californicum. (e-f) Mean distribution of RNA-seq and sRNA-seq reads 536 

over three biological replicates normalized to bins per million (BPM) mapped reads in H. 537 

cordobense (e) and H. californicum (f) across the VRN2 locus at 14 and 28 DAG. Read mapping in 538 

H. cordobense ZCCT-3 suggests an improperly spliced, likely aberrant transcripts.  539 

Figure 5: Inhibition of glume development by a C2H2-type zinc finger transcription factor. (a) 540 

Central spikelet from representative Hordeum species. gl, glume; Scale bar = 500 μm. (b) Venn 541 

diagram representing genes with spike-specific expression across five Hordeum species. Spike-542 

specific expression was defined by TPM values less than 5% in other tissues within each species. 543 

(c) Heatmap of five conserved spike-specific genes among the five species. Fold change in 544 

transcriptional profiles relative to the mean value are shown. The scale bar represents the 545 

magnitude of gene expression fold change. Genes 1 to 5 are annotated with C2H2-type zinc finger 546 

transcription factor, auxin response factor, TCP transcription factor, subtilisin protease SBT, and 547 

MADS-box transcription factor, respectively. Descriptions of the analyzed tissues (y-axis) and 548 

transcriptional profiles of the five genes are given in Supplementary Table 17. (d) Allelic 549 

variations of a C2H2-type zinc finger transcription factor gene (HORVU.MOREX.r3.2HG0170820.1) 550 

in H. vulgare lead to glume elongation. The rectangle denotes the exon/full-length coding 551 

sequence, with the red rectangle indicating the C2H2-type zinc finger domain. The asterisk (*) 552 

marks a premature stop codon. HTX (Hatiexie) represents the wild type with suppressed glume 553 

development, while mutants exhibit elongation in glume growth. The mutant allele lep-e.1 (ref. 554 

59) carries a deletion allele of EOG1 gene. (e) Differentiation on the spikelet morphogenesis along 555 

Waddington stage between the wild type ‘HTX’ and the mutant ‘M9630’. W3, glume primordial 556 

present; W3.5, floret primordial present; W5, carpel extending; gl, glume; le, lemma. Scale bar = 557 

1 cm. 558 

Extended Data Figure 1: Morphological and genomics diversity across Hordeum species. (a) 559 

Representative images showing whole plant architecture and spike morphology for 20 species in 560 
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the genus Hordeum. Species shown (left to right, top to bottom): H. erectifolium, H. stenostachys, 561 

H. pusillum, H. euclaston, H. intercedens, H. patagonicum, H. pubiflorum, H. flexuosum, H. 562 

chilense, H. muticum, H. cordobense, H. californicum, H. jubatum, H. roshevitzii, H. secalinum, H. 563 

bogdanii, H. gussoneanum, H. marinum, H. bulbosum, and H. murinum subsp. glaucum. Each 564 

panel displays a whole plant (left) and a close-up of the spike (right), highlighting variation in 565 

growth habit and inflorescence morphology across the genus. Note that the scale bars differ: the 566 

scale bar for whole plant images represents 16 cm, while the scale bar for spike images represents 567 

1 cm. (b) Pie-chart providing ratios of conserved- and variable- genes for all Hordeum pangenome 568 

species. Bar chart illustrating the number of genes shared between different combinations of 569 

species within the Hordeum pangenome. Genes shared by all 25 species constitute the core 570 

genome while genes private to a single species are referred to as the cloud genome. (c) bar chart 571 

illustrating the proportion of genes contained in the core-, shell-, and cloud- gene portions by 572 

individual species.  573 

Extended Data Figure 2: Landscape of NLR genes in the genus Hordeum. (a) NLR gene copy 574 

numbers across 29 Hordeum haplomes. The central line in each boxplot represents the median; 575 

the box spans the interquartile range (IQR), and whiskers extend to 1.5 × IQR. TNL: Contain TIR, 576 

NBS, and LRR domains. CNL: Contain CC, NBS, and LRR domains. RNL: Contain RPW8, NBS, and 577 

LRR domains. RN: Contain RPW8 and NBS domains only. NL: Contain NBS and LRR domains, but 578 

lack TIR, CC, and RPW8. TN: Contain TIR and NBS domains only. CN: Contain CC and NBS domains 579 

only. NBS-only: Contain only the NBS domain. TIR = Toll/Interleukin-1 Receptor-like; NBS = 580 

Nucleotide-Binding Site; LRR = Leucine-Rich Repeat; CC = Coiled-Coil; RPW8 = Resistance to 581 

Powdery Mildew 8-like domain. (b) Comparison of NLR copy numbers among Hordeum genomes. 582 

Welch’s t-test revealed a highly significant difference between the I genome group and other 583 

genome groups (p value = 5.06 × 10⁻⁷). (c) Bar chart showing the number of accessions 584 

represented in each NLR orthogroup (OG). The x-axis indicates accession count per OG. The pie 585 

chart summarizes conserved vs. variable genes across 25 accessions. (d) Distribution of NLR gene 586 

clusters (≥3 genes) across 29 haplomes. Dot size represents the number of genes per cluster. The 587 

chr4H/chr5H group showed significantly different values compared to other chromosomes 588 

(Wilcoxon test, p value < 2.2e-16). 589 

Extended Data Fig. 3: “Stretch and twist” model of proximal region evolution. (a) Normalized 590 

coverage density plot in H. euclaston. The right shows species ordered by divergence time; two 591 

distinct peaks appear among species that diverged over 9 million years ago. (b) Comparison of 592 

chromosome 4H between H. vulgare and H. euclaston. The bar plots along the x- and y-axes 593 

represent normalized coverage in 5 Mb windows. Coverage was calculated based on whole-594 

genome alignment between H. vulgare and H. euclaston. Proximal and distal regions were 595 

defined using a normalized coverage threshold of 0.5. (c) Proportion of repeat types in proximal 596 

and distal regions. (d) Boxplot showing the difference in repeat composition between distal and 597 

proximal regions. (e) A schematic diagram of the “stretch-and-twist” model. 598 

Extended Data Fig. 4: Detection of deep hybridization events and segmental exchanges. (a) 599 

Genome-wide distribution of distal inversions (≥ 2 Mb) across Hordeum haplomes. (b) Schematic 600 

overview of the hybridization scanning method. (c) Density distribution of normalized Robinson–601 
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Foulds (RF) distances; red line (0.18) separates two peaks. (d) Phylogenetic tree constructed from 602 

single-copy genes located in a segmental exchange region on chromosome 5H; bootstrap values 603 

shown at each node. The green branches show where the changes occurred compared to the 604 

reference tree. Approximately Unbiased (AU) test based on concatenated local single-copy genes 605 

supports the local tree (p-AU= 1.0) and rejects the reference tree (p-AU = 6.11 × 10⁻¹²). (e) 606 

Analysis of the segmental exchange region on chromosome 4H, performed using the same 607 

approach. Approximately Unbiased (AU) test based on concatenated local single-copy genes 608 

supports the local tree (p-AU = 1.0) and rejects the reference tree (p-AU = 1.11 × 10⁻³⁷).  609 

Extended Data Fig. 5: Horizontal gene transfer (HGT) from Panicoideae into Hordeum species. 610 

(a) Overview of HGT presence across diploid species of Hordeum genus. Left panel: Phylogenetic 611 

tree of the genus. Numbers adjacent to the nodes indicate the number of HGT in the respective 612 

ancestors: the first value reflects ancestral state reconstruction analysis, the second value 613 

represents manual correction (see Online methods). Geographical distribution adapted from 614 

Brassac & Blattner2 Central panel: Number of panicoid genes acquired by HGT in Hordeum species, 615 

categorized by donor genus: Paspalum (blue), Panicum (red), Setaria (yellow), and other 616 

Panicoideae grasses (grey). Right panel: Distribution of panicoid HGT orthogroups across 617 

Hordeum species: absent (purple), present (yellow), and present with a native copy in the 618 

Hordeum pan-genome (green). (b) Chromosomal distribution of foreign genes in H. flexuosum. 619 

Dots represent individual HGT genes from donor genus: Paspalum (blue), Panicum (red), Setaria 620 

(yellow), and other Panicoideae grasses (grey). (c) Expression of HGT. Left panel: Percentage of 621 

orthogroups with at least one expressed HGT gene (TMM ≥ 1) in at least one tissue (yellow); no 622 

expression in all tissues and species (purple). Right panel: Expression in individual species. The 623 

number of orthogroups with at least one expressed HGT gene (TMM ≥ 1) in at least one tissue 624 

(yellow); no expression in all tissues (purple); species with no RNA-seq data available (grey). 625 

 626 

Extended Data Fig. 6: Transposon dynamics underlie genome expansion in Hordeum. (a) 627 

Pearson correlation coefficients between TE superfamilies and genome size. (b) Heatmap 628 

showing abundance of 55 TREP TEs (>10 Mb average cumulative length). The numbers in each 629 

cell indicate the cumulative size in Mb of all elements assigned to a family. (c) PCA of 334,142 630 

full-length RLC_BARE1 elements; each dot represents one element, colored by insertion time. (d) 631 

PCA of 254,001 full-length RLG_Sabrina elements. (e) Insertion time distributions of full-length 632 

LTR elements in H. secalinum and H. gussoneanum; the latter is the diploid progenitor of the 633 

former. (f) Insertion time distributions of LTR elements in H. murinum BCC2009 (subgenome 1) 634 

and its diploid progenitor BCC2017. (g) Heatmap showing TE families expanded in H. secalinum 635 

subgenome 1 relative to H. gussoneanum. (h) PCA of 1,041 full-length RLG_Sabrina elements; 636 

colors represent genomes. (i) PCA colored by estimated insertion time. 637 

Extended Data Fig. 7: Whole-genome alignment of 30 Hordeum and 4 outgroup haplomes. (a) 638 

Summary of genome-wide alignments among 30 Hordeum and 4 outgroup haplomes. Left: 639 

species tree with cumulative alignment length at each node; right: bar plots showing aligned 640 

genome size for each species. (b) Distribution of alignment depth per 100-kb window based on 641 

H. vulgare. 642 
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Extended Data Fig. 8: Sequence conservation and divergence across Hordeum. (a) Genome-643 

wide sequence retention of functional elements along the phylogeny based on multiple sequence 644 

alignments (MSAs) of Hordeum species and 4 outgroup taxa (as shown in Extended Data Fig. 7). 645 

(b) Distribution of conserved sequences identified by PhastCons across 30 Hordeum haplomes. A 646 

y-axis value of 0.1 corresponds to 100 kb of conserved sequence per 1 Mb bin. (c) Enrichment of 647 

conserved elements in different functional categories; dot size indicates abundance. 648 

Extended Data Fig. 9: Flowering behavior and molecular basis of spring growth habit in wild 649 

Hordeum. (a) Percentage of 12 wild Hordeum species plants flowering under non-vernalizing 650 

conditions. The cultivars Golden Promise (GP) and Morex versus cultivars Igri and Antonella serve 651 

as the spring-type (s) and winter-type (w) controls, respectively. DAG – days after germination. 652 

(b) Schematic representation of the VRN1 gene. The 79 bp deletion present in the spring-type H. 653 

cordobense and H. muticum is outlined by a red rectangle and falls within the VRN1 intron 1 654 

critical region as defined in winter cultivar Igri (AY866489)50. (c) Size distribution of sRNAs 655 

mapped to H. cordobense ZCCT-2 and -3 genes at 14 and 28 DAG. 656 

Extended Data Fig. 10: Spike phenotype and test for allelism between M9630 and eog1 H. 657 

vulgare mutants. (a) Glume elongation phenotype on a spike. (b) Glume phenotype in F1 plants 658 

through crossing M9630 with other eog1 mutants. Scale bar = 5 mm. 659 
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Figure 1: Evolution of Hordeum species and rapid change in proximal regions. (a) Phylogenetic tree of Hordeum species. Sorghum bicolor, Oryza sativa, 

Brachypodium distachyon, and Triticum monococcum were used as outgroups. Divergence times were inferred using Fourfold Degenerate Third-Codon 
Transversion (4DTv) sites from genome-wide single-copy genes. Colored rectangles represent different genome groups. Star-marked nodes correspond to 
those shown in panel (c). (b) GENESPACE synteny plot between 29 Hordeum haplomes and 4 outgroup genomes. Grey bars represent chromosomes, scaled 
according to the number of genes with syntenic alignments to other genomes. (c) Dotplot comparisons of chromosome 4H across genomes diverged at 
different times. Yellow indicates nodes diverged within 1 million years; blue indicates 1–9 million years; and magenta indicates nodes older than 9 million 
years. Two species were randomly selected from each node for whole-genome comparison (Supplementary Table 20).
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Figure 2: Structural variation reveals past introgression in Hordeum species. (a) Dotplot of all genomes aligned to T. monococcum in 

the chr1A: 400–650 Mb region. (b) Phylogenetic tree based on single-copy genes within the chr1A: 400–650 Mb region of T. 

monococcum. Colored rectangles represent different genome groups. Bootstrap values are shown below each node. Approximately 
Unbiased (AU) test based on concatenated local single-copy genes supports the local tree (p-AU = 1.0) and rejects the reference tree 
(p-AU = 2.03 × 10⁻⁵). (c) Distribution of normalized Robinson–Foulds (nRF) distances between gene trees in genome windows and the 
species-wide tree. Vertical lines represent genomic regions containing single-copy genes; points mark the center of each window. 
Orange indicates RF values >0.18, while light blue indicates values ≤0.18. (d) Comparative analysis of chromosome 5H between H. 

jubatum and its ancestral diploid genomes. Orange lines indicate regions with duplications and deletions.
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Figure 3: Transposable elements reveal genome size variation and tetraploid formation. (a) Correlation between assembly size and 
DNA content. (b) Correlation between pseudomolecule size and transposable element (TE) content. (c) Correlation between 
pseudomolecule size and retrotransposon and DNA transposon content. (d) Principal component analysis (PCA) of 68,707 full-length 
RLG_BAGY2 retrotransposon sequences across Hordeum species. Each dot represents one retrotransposon; colors indicate estimated 
insertion times. (e) Distribution of insertion times of full-length LTR elements in H. jubatum, H. californicum, and H. roshevitzii. H. 

californicum and H. roshevitzii are the respective diploid progenitors of subgenomes 1 and 2 in H. jubatum2. (f-h) Insertion time 
distribution of full-length LTR/copia elements in tetraploid species. Elements were selected using CD-HIT clustering from one 
subgenome of the tetraploid, which are absent in the ancestral diploids but present in the other subgenome. The peak indicates the 
timing of subgenome fusion. (f) H. secalinum; H.gussoneanum is the diploid progenitor of subgenome 1 in H. secalinum2. (g) H. 

murinum (BCC2009), H. murinum (BCC2017) is the diploid progenitor of subgenome 1 in H. murinum (BCC2009)2. (h) H. jubatum.
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Figure 5: Inhibition of glume development by a C2H2-type zinc finger transcription factor. (a) Central spikelet from representative 
Hordeum species. gl, glume; Scale bar = 500 μm. (b) Venn diagram representing genes with spike-specific expression across five 
Hordeum species. Spike-specific expression was defined by TPM values less than 5% in other tissues within each species. (c) Heatmap of 

five conserved spike-specific genes among the five species. Fold change in transcriptional profiles relative to the mean value are shown. 
The scale bar represents the magnitude of gene expression fold change. Genes 1 to 5 are annotated with C2H2-type zinc finger 
transcription factor, auxin response factor, TCP transcription factor, subtilisin protease SBT, and MADS-box transcription factor, 
respectively. Descriptions of the analyzed tissues (y-axis) and transcriptional profiles of the five genes are given in Supplementary Table 
17. (d) Allelic variations of a C2H2-type zinc finger transcription factor gene (HORVU.MOREX.r3.2HG0170820.1) in H. vulgare lead to 
glume elongation. The rectangle denotes the exon/full-length coding sequence, with the red rectangle indicating the C2H2-type zinc 
finger domain. The asterisk (*) marks a premature stop codon. HTX (Hatiexie) represents the wild type with suppressed glume 
development, while mutants exhibit elongation in glume growth. The mutant allele lep-e.1 (ref. 59)  carries a deletion allele of EOG1 

gene. (e) Differentiation on the spikelet morphogenesis along Waddington stage between the wild type ‘HTX’ and the mutant ‘M9630’. 
W3, glume primordial present; W3.5, floret primordial present; W5, carpel extending; gl, glume; le, lemma. Scale bar = 1 cm.
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