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 940 
Plant material 941 
Plant material was obtained from genebanks at IPK Gatersleben, the United States 942 
Department of Agriculture and the Nordic GeneFc Resource Center. Accession numbers are 943 
listed in Supplementary Table 1.  944 
 945 
HMW DNA extrac3on and HiFi sequencing 946 
Plants were grown under greenhouse condiFons and HMW DNA was of isolated from young 947 
leaf Fssue according to published protocols1,2. ConstrucFon of HiFi libraries and Circular 948 
Consensus Sequencing using the PacBio Sequel IIe instrument (Pacific Biosciences, CA, USA) 949 
were essenFally as described previously3. HiFi sequencing was done at IPK Gatersleben, 950 
Genomics & Transcriptomics Laboratory, Heinrich Heine University (Düsseldorf, Germany), 951 
Berry Genomis Co. (Beijing, China), Novogene Co. (Beijing, China) and the University of 952 
Wisconsin Biotechnology Center DNA Sequencing Facility (Madison, WI, USA). 953 
 954 
Hi-C sequencing 955 
In situ Hi-C libraries were prepared from young seedlings according to the previously 956 
published protocol, using DpnII for the digesFon of crosslinked chromaFn2. Libraries were 957 
prepared as described4. Samples were quanFfied5 and sequenced with standard protocols 958 
from Illumina using Illumina NovaSeq6000 devices (Illumina, San Diego, California, USA) at IPK 959 
Gatersleben and Novogene Co. (Beijing, China). 960 
 961 
Op3cal genome mapping and hybrid scaffolding 962 
A clone of the same H. erec3folium individual plant that was sequenced using PacBio HiFi was 963 
used for the construcFon of the opFcal genome map (OGM). A total of 2.5 million nuclei, 964 
purified from young leaves by flow cytometry, were embedded in agarose miniplugs and 965 
treated with proteinase K, following the protocol of Šimková et al6. A total of 525 ng of HMW 966 
DNA was directly labeled at DLE-1 recogniFon sites using the standard Bionano Prep Direct 967 
Label and Stain (DLS) protocol (Bionano, San Diego, USA) and analyzed on the Bionano Saphyr 968 
plaeorm. The resulFng dataset, comprising 1.5 Tbp of single-molecule data with an N50 of 969 
247 kb, provided approximately 341× coverage of the H. erec3folium genome This dataset was 970 
used to generate a de novo OGM assembly using Bionano Solve sohware (version 971 
3.6.1_11162020) with the standard configuraFon file 972 
“optArguments_nonhaplotype_noES_noCut_DLE1_saphyr.xml.” 973 
To improve the conFguity of the PacBio HiFi assembly, the automaFc hybrid scaffold pipeline 974 
integrated in Bionano Solve was run using the OGM assembly. The default DLE-1 Hybrid 975 
Scaffold configuraFon file was applied with the “Resolve conflict” opFon for conflict 976 
resoluFon. Conflicts between the sequence assembly and the OGM were manually curated 977 
and the pipeline was subsequently re-run using a modified conflict_cut_status.txt file. 978 
 979 
Transcriptome sequencing 980 
Plants were grown under greenhouse condiFons and total RNA was isolated from different 981 
Fssues and developmental stages (Supplementary Table 4) using the RNAeasy Plant Mini Kit 982 
(Qiagen, Hilden, Germany) or with Trizol reagent (Invitrogen, CA, US) according to the 983 
manufacturers’ protocols. RNAseq of individual samples and PacBio IsoSeq of RNA pools was 984 
performed as described previously1. Library construcFon and sequencing on Illumina 985 



Novaseq6000 devices (Illumina, San Diego, California, USA; RNAseq) and PacBio Sequel IIe 986 
(instruments) was done at IPK Gatersleben, Biomarker Technologies (BMK) GmbH (Münster, 987 
Germany), the Genomics & Transcriptomics Laboratory at Heinrich Heine Univeristry 988 
Düsseldorf (Germany), Kazusa DNA Research InsFtute (Japan) or Berry Genomis Co. (Beijing, 989 
China). The PacBio IsoSeq sequencing data was processed with the isoseq3 (version 3.8.2) 990 
pipeline (PacBio - IsoSeq3, 2018/2024). The ploy-A tails were trimmed and concatenated 991 
transcripts removed with “refine -require-polya -min-polya-length 12 teloprime.fasta”. To 992 
generate non-redundant transcripts, we mapped the full-length non-concatenated (FLNC) 993 
reads were mapped to the genome with pbmm2 (version 1.10.0) “align -preset ISOSEQ -sort -994 
bam-index CSI” and redundant transcripts collapsed with isoseq3 collapse “ -do-not-collapse-995 
extra-5exons”. 996 
 997 
Genome assembly 998 
PacBio HiFi reads were assembled using hifiasm (v0.13-r308 or v0.15.5-r350 or v0.16.1-r375)7. 999 
Pseudomolecules were constructed with the TRITEX pipeline8,9, and chimeric conFgs or 1000 
orientaFon errors were corrected based on manual inspecFon of Hi-C contact matrices. For 1001 
allotetraploid species, subgenomes were phased using a previously developed haplotype-1002 
resolved genome assembly strategy1. The origin of the subgenomes and their potenFal 1003 
ancestral contributors were previously invesFgated in detail by Brassac et al.10 To classify 1004 
subgenomes in the polyploid genome, Mash (version 2.3)11 was employed to calculate 1005 
pairwise chromosomal similariFes between polyploid chromosomes and candidate ancestral 1006 
genomes. The resulFng distance matrix was used to infer subgenome origin and relaFonships. 1007 
In species with high heterozygosity or outcrossing (H. brevisubulatum and H. murinum 1008 
BBC2017), Hi-C data were incorporated during hifiasm (v0.15.5-r350)7 assembly to collapse 1009 
haplotypes and assemble a representaFve haploid genome. Except for H. erec3folium, whose 1010 
primary conFgs were first hybrid-scaffolded using a Bionano opFcal map, followed by 1011 
pseudomolecule construcFon with Hi-C data and the TRITEX pipeline. Chloroplast genomes 1012 
were assembled following previously published protocols (ref. HB). HiFi reads were aligned to 1013 
the barley cv. Morex chloroplast genome (GenBank accession EF115541) using minimap2 1014 
(v2.24-r1122)12 with the parameters “-ax map-hifi --secondary=no --sam-hit-only”. Alignments 1015 
with mapping quality <30 were discarded. Aligned reads were converted to FASTQ format 1016 
using SAMtools (v1.16.1)13 and assembled with Canu (v2.1.1)14 in PacBio-HiFi mode with 1017 
genome sizes from 120 to 400 kb in 10 kb increments. Circular sequences were idenFfied and 1018 
trimmed using BEDTools (v2.30.0)15 and annotated with GeSeq16. Fully annotated assemblies 1019 
were aligned to the Morex chloroplast genome using MUMmer4 (v4.0.0beta2)17, and start 1020 
posiFons and orientaFons of the SSC region were adjusted to match the reference using seqkit 1021 
(v0.9.1)18.  1022 
 1023 
De-novo Gene Annota3on of the Hordeum pangenome 1024 
We performed de novo structural gene predicFon, confidence classificaFon, and funcFonal 1025 
annotaFon, following the protocol described in Mascher, et al.19. As evidences we used 1026 
RNAseq and ISOseq data as described under above and Poales-filtered protein sequences 1027 
downloaded from Uniprot (July 2023). An addiFonal consolidaFon step was carried out using 1028 
the lihoff20 tool. In a nutshell, all predicted gene models from one species were lihed over to 1029 
all other genomes. Using Mikado we selected the best mapped gene models and unified all 1030 
gene predicFons accordingly. We classified predicted proteins into high and low confidence 1031 
categories. High-confidence proteins had over 80% coverage and were complete, either with 1032 



significant hits in UniMag or UniPoa but not PTREP. Low-confidence proteins were incomplete 1033 
with hits in UniMag or UniPoa but not PTREP, or were complete without hits in any database. 1034 
We benchmarked the annotaFons with BUSCO (v. 5.8.0)21 (dataset: poales_odb12), OMARK 1035 
(omamer verision 2.1.0/omark version 0.3.1)22 and psauron (v. 1.0.6)23. 1036 
 1037 
Construc3on of the gene-based Hordeum pangenome 1038 
Orthogroups (OGs) based on the primary protein sequences from 25 annotated Hordeum 1039 
species were calculated using Orthofinder (version 2.5.5)24. The scripts for the calculaFon of 1040 
core/shell and cloud genes are deposited in the repository hwps://github.com/PGSB-1041 
HMGU/BPGv2. Core genes contain at least one gene model from all 25 compared species. 1042 
Shell genes contain gene models from at least two Hordeum species and at most 24. Genes 1043 
clustered with genes only from the same genotype, were defined as cloud genes. AnnotaFons 1044 
of H. vulgare Morex and H. bulbosum were not included during the consolidaFon step. 1045 
Therefore, to counteract any potenFal over- or under-presentaFon of these two species in any 1046 
of the core/shell/cloud categories, we aligned all could genes for Morex and Bulbosum back 1047 
to all other genomes and corrected for any missing genes. GO-term enrichments were 1048 
conducted with goatools (v1.4.4)25. Gene-based collinearity plots were drawn with 1049 
GENESPACE26. 1050 
 1051 
Pangenome analysis of nucleo3de-binding resistance genes 1052 
The RGAugury (v.2.2)27 pipeline was used to idenFfy from our annotaFon and classify 1053 
nucleoFde-binding site (NB-ARC) domain-encoding genes into different subgroups, based on 1054 
domain and moFf structures: TNL contain TIR, NBS, and LRR domains; CNL contain CC, NBS, 1055 
and LRR domains; RNL contain RPW8, NBS, and LRR domains; RN contain RPW8 and NBS 1056 
domains only; NL contain NBS and LRR domains but lack TIR, CC, and RPW8; TN contain TIR 1057 
and NBS domains only; CN contain CC and NBS domains only; and NBS-only genes contain 1058 
only the NBS domain. TIR, NBS, LRR, CC, and RPW8 refer to the Toll/Interleukin-1 Receptor-1059 
like, NucleoFde-Binding Site, Leucine-Rich Repeat, Coiled-Coil, and Resistance to Powdery 1060 
Mildew 8-like domains, respecFvely. An NLR gene cluster is defined based on the genomic 1061 
proximity of NLR genes. Specifically, any two NLR genes located within 500 Kb of each other 1062 
are grouped into the same cluster by bedtools (v2.30.0)15. NLR genes were then grouped into 1063 
clusters using bedtools (v2.30.0)15 merge with a maximum intergenic distance of 250 kb. Only 1064 
clusters comprising no fewer than three NLR genes were retained. Pan-NLR analysis was 1065 
performed based on orthogroups (OGs) idenFfied using OrthoFinder (version 2.5.5)24 across 1066 
all NLR genes. Core OGs are defined as orthogroups that contain at least one gene model from 1067 
each of the compared Hordeum accessions. Shell OGs include gene models from at least two 1068 
and at most 24 Hordeum accessions. Gene models that were not assigned to any OG 1069 
("singletons") or were grouped only with genes from the same genotype were classified as 1070 
cloud genes. 1071 
 1072 
Pangenome analysis of PPR and mTERF genes 1073 
Open reading frames (ORFs) longer than 100 codons were searched for the presence of PPR 1074 
and mTERF moFfs using hmmsearch from the HMMER suite (hwp://hmmer.org) employing 1075 
hidden Markov models (HMMs) as defined in Cheng et al28. for the PPR family and PF02536 1076 
from the Pfam 32.0 database (hwp://pfam.xfam.org)29 for the mTERF moFf. Downstream 1077 
processing of the hmmsearch results for the PPR proteins followed the pipeline described in 1078 
Gutmann et al30. The RfCTD domain recently idenFfied as a unique feature of Restorer-of-1079 
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ferFlity-like PPR proteins (RFL-PPRs)31 was included in the gene annotaFons. P- and PLS-class 1080 
genes with scores below 100 and 240, respecFvely, were excluded from the annotaFon as 1081 
they are unlikely to represent funcFonal PPR genes, as defined previously (IWGSC 2018)32. 1082 
 1083 
Graph based pangenome construc3on and analysis 1084 
The analyses described here used a number of tools from the toolkits vg (v1.61.0)33, odgi 1085 
(v0.8.3-26-gbc7742ed)34, bcNools (v1.21)35 and seqkit (v.2.9.0)18. All scripts used for graph 1086 
construcFon and analysis are available at hwps://github.com/cropgeeks/panHordeum. Due to 1087 
computaFonal limitaFons, we built an alignment of Hordeum whole genomes with cactus 36. 1088 
We selected H. marinum BCC2001 over H. marinum H559 on the basis of its higher assembly 1089 
quality. Genome haplotypes were soh-masked with bedtools 37 using their respecFve repeat 1090 
annotaFons. The guide tree required for the cactus alignment was taken from the 1091 
Orthofinder38 output generated as part of this study. Apart from seyng appropriate resource 1092 
parameters (i.e. threads, memory, disk), we ran cactus with default parameters. We 1093 
transformed the resulFng whole genome alignment into a super-pangenome graph using 1094 
hal2vg (hwps://github.com/ComparaFveGenomicsToolkit/hal2vg), with the "--noAncestors" 1095 
flag, and then further processed it with vg convert to get the final pangenome graph in GFA 1096 
format (hwps://github.com/GFA-spec/GFA-spec). We computed basic graph staFsFcs using 1097 
odgi stats with the “--summarize” opFon, which included graph size, number of nodes, edges, 1098 
paths and steps. To characterize the conservaFon of the different segments of the graph, we 1099 
classified nodes as core, shell, or cloud. A node was considered "core" if it was traversed by 1100 
all samples' paths, "cloud" if it was traversed by a single sample's path, and "shell" otherwise. 1101 
The same classificaFon was done at the base level. Both computaFons were performed using 1102 
the odgi toolkit (implementaFon details in class_stats.sh). To evaluate the agreement of 1103 
haplotype sequences with their representation in the graph, we first extracted the linear 1104 
sequences of all haplotypes as encoded in the graph using odgi paths with the "--fasta" 1105 
option. These sequences were subsequently parFFoned by source genome using seqkit grep, 1106 
creating direct pairwise comparisons between input genomes and their graph-encoded 1107 
counterparts. For each genome pair, we performed exact sequence matching, confirming 1108 
whether each input sequence (or its reverse complement) was precisely preserved in the 1109 
graph-encoded version (implementation details available in script fidelity.py). We 1110 
computed pangenome graph growth curves based on the full graph using odgi heaps with 100 1111 
permutaFons of the input genomes. Results were plowed using script heaps_fit.R  distributed 1112 
with the odgi toolkit34. Whole-graph analysis turned out to be computaFonally prohibiFve 1113 
(job runFme limits and/or memory requirements) for several of the required tools from the 1114 
vg and odgi toolkits, given a graph of this size and complexity. We therefore extracted 1115 
subgraphs equaFng to individual chromosome paths for Hordeum vulgare cv. Morex, which 1116 
we used as the basis for all variant analyses. We used vg chunk for subgraph extracFon. 1117 
Variants were called from the chromosome-level subgraphs directly, using vg deconstruct. This 1118 
generated VCF output containing the full range of variant sizes. To prepare structural variants 1119 
from the graph for further analysis we broadly followed the variant decomposiFon approach 1120 
used by the Human Pangenome ConsorFum39. This involved the removal of top-level variants 1121 
of length > 100,000 bp with vcRub (hwps://github.com/pangenome/vc}ub), realigning 1122 
alternate alleles against the reference for each variant using vcfwave40, and finally normalising 1123 
the resulFng variants with bcNools norm35. We then added variant length informaFon (SVLEN) 1124 
to the VCF files with a custom script to allow extracFon of structural variants (SVs) based on 1125 
the length difference between reference and alternate allele (> 50 bp) and classified SVs as 1126 
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deleFons or inserFons based on the direcFonality of the difference (inserFon: string length 1127 
REF < string length ALT; deleFon: string length REF > string length ALT). The resulFng VCF files 1128 
were converted to BED format with bcNools query. Variant density plots were computed with 1129 
custom R scripts using ggplot2 (v3.5.1)41. To explore the possibility of using the graph for read 1130 
mapping and genotyping, we awempted to index the graph using vg gbwt/vg index/vg 1131 
minimizer. This turned out to be computaFonally prohibiFve in terms of job runFme limits on 1132 
two separate compute faciliFes used, and thus we were unable to use the graph for the 1133 
valuaFon of read mapping. We conducted graph-based conservaFon analysis with Pansel42, a 1134 
tool used for calculaFon of diversity/conservaFon metrics directly from pan-genome graphs. 1135 
The default bin size of 1kbp was used, along with all other parameters on default seyngs. 1136 
Results were plowed using ggplot2 (v3.5.1)41.  1137 
 1138 
Whole-genome mul3ple sequence alignment 1139 
Single-copy genes were idenFfied using BUSCO (v5.4.6)21 in Brachypodium distachyon (v3.0)43, 1140 
Oryza sa3va (IRGSP-1.0)44, Sorghum bicolor (IRGSP-1.0)44, Tri3cum monococcum45, Hordeum 1141 
vulgare FT1146, and the 29 Hordeum haplomes collected in this study. Protein sequences of 1142 
BUSCO single-copy genes present in all 34 haplomes were concatenated and aligned using 1143 
MAFFT (v7.490)47. Well-aligned regions were filtered using Gblocks (version 0.91b)48  with 1144 
parameters “-t=extractedp -b4=5 -b5=h”. A maximum-likelihood phylogeneFc tree was then 1145 
constructed using RAxML (version 8.2.12)49 with the PROTGAMMAWAG subsFtuFon model 1146 
and the rapid bootstrap algorithm with 100 replicates. To facilitate genome-wide alignment, 1147 
all 34 haplomes were masked using RepeatMasker (version 4.1.1, 1148 
hwp://www.repeatmasker.org) with a pan-genome TE library generated by panEDTA. The 1149 
masked genomes and the inferred species tree were then used as input for Cactus (v2.6.5)50 1150 
to generate whole-genome mulFple sequence alignments. The loss rate of genomic elements 1151 
was defined as the size of the reconstructed ancestral sequence at the corresponding genomic 1152 
posiFon in the mulFple genome alignment. 1153 
 1154 
Phylogene3c tree construc3on and Es3ma3on of the divergence 3me 1155 
To precisely construct phylogeneFc tree and esFmate divergence Fmes within the genus 1156 
Hordeum, we included four addiFonal outgroup genomes: Brachypodium distachyon (v3.0)43, 1157 
Oryza sa3va (IRGSP-1.0)44, Sorghum bicolor (NCBIv3)51 (all downloaded from Ensembl Plants: 1158 
hwps://plants.ensembl.org/index.html), and Tri3cum monococcum45 1159 
(hwps://wheat.pw.usda.gov/GG3/pangenome). We constructed phylogeneFc trees using four 1160 
approaches. The first two methods were based on whole genome single-copy genes. 1161 
Orthologous genes were idenFfied from the genomes of our 29 Hordeum haplomes using 1162 
OrthoFinder (version 2.5.5)24, yielding 2,969 single-copy genes. For the concatenaFon-based 1163 
approach, the CDS sequences of these genes were concatenated and aligned with MAFFT 1164 
(v7.490)47, and well-aligned regions were retained using Gblocks (version 0.91b)48 with the 1165 
parameters “-t=extractedp, -b4=5, -b5=h”; phylogeneFc inference was then performed in 1166 
RAxML (version 8.2.12)49 under the GTRGAMMA subsFtuFon model using the rapid bootstrap 1167 
algorithm with 100 replicates. For the coalescence-based approach, the CDS sequences of 1168 
each single-copy gene were aligned separately using MAFFT (v7.490)47, high-quality regions 1169 
were selected with Gblocks (version 0.91b)48 using the same parameters, individual gene trees 1170 
were reconstructed with IQ-TREE (version 2.2.2.6)52, and a species tree was inferred from 1171 
these gene trees using ASTRAL-Pro3 (CASTLES-Pro, v1.23.3.6)53. The remaining two methods 1172 
were based on whole-genome mulFple sequence alignments generated with Cactus. In the 1173 
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CASTER-pair (CASTLES-Pro, v1.23.3.6)54 approach, the whole-genome MSA was used to infer 1174 
a phylogeneFc tree rooted with Sorghum bicolor, while in the CASTER-site (CASTLES-Pro, 1175 
v1.23.3.6)54 approach, the whole-genome MSA was analyzed similarly but using site-based 1176 
inference, also rooted with Sorghum bicolor. 1177 
To esFmate divergence Fmes, fourfold degenerate transversion (4DTV) sites were extracted 1178 
from the single-copy gene alignments. A phylogeneFc tree was reconstructed using RAxML 1179 
under the same model and bootstrapping scheme. Fourfold degenerate transversion (4DTV) 1180 
sites were extracted from mulFple sequence alignments of single-copy genes. Divergence 1181 
Fmes between barley and outgroup species were obtained from the TimeTree database 1182 
(hwps://Fmetree.org/)55. Finally, species divergence Fmes within the genus Hordeum were 1183 
esFmated using the MCMCtree program in PAML (version 4.4)56. 1184 
 1185 
Iden3fy the boundary of the proximal regions 1186 
We excluded mulFple haplomes from the same species and retained a final set of 27 Hordeum 1187 
haplomes for comparaFve analysis. All haplomes pairs were aligned against each other using 1188 
minimap2 (v2.24-r1122)12 with the parameters “-2 -K 5G -f 0.005 -x asm10”, and the resulFng 1189 
alignments were stored in PAF format for visualizaFon via dot plots. For each reference 1190 
haplomes, we calculated the alignment coverage in non-overlapping 5 Mb windows, 1191 
considering only alignments with a mapping quality greater than 20. Coverage values were 1192 
normalized across the haplomes by the average coverage to produce normalized coverage 1193 
profiles. In species that diverged more than 9 million years ago, a bimodal distribuFon of 1194 
normalized coverage was observed, allowing a threshold of 0.5 to disFnguish distal and 1195 
proximal regions (Extended Data Fig. 3a and b). Finally, genome-wide alignment and 1196 
normalized coverage profiles were used to manually define the size and boundaries of 1197 
proximal and distal regions across all species. 1198 
 1199 
Iden3fica3on of large Inversions 1200 
All other Hordeum genomes were aligned to the MorexV319 reference genome using wfmash 1201 
(v0.9.1-3, hwps://github.com/waveygang/wfmash) with the parameters “-p 90 -l 0”.  1202 
Inversions were then idenFfied using SyRI (version 1.5.5)57 with parameters “-F P -f --nosnp”. 1203 
Only inversions larger than 2 Mb and located outside of the proximal regions were retained 1204 
for further analysis.  1205 
 1206 
Detec3on of introgressed regions using gene tree discordance.  1207 
Based on the 2,969 single-copy orthologs idenFfied in the secFon “PhylogeneFc tree 1208 
construcFon and esFmaFon of divergence Fme,” and using the genome-wide concatenated 1209 
single-copy gene tree as a reference, we conducted sliding-window gene tree analyses 1210 
(Extended Data Fig. 4b). All single-copy genes were grouped into non-overlapping windows 1211 
of 30 genes with a step size of 5 genes. Within each window, protein sequences were aligned 1212 
using MAFFT (v7.490)47, and well-aligned regions were retained using Gblocks (version 1213 
0.91b)48 with the parameters “-t=extractedp -b4=5 -b5=h”. Local window trees were built with 1214 
FastTree (version 2.1.11)58 (default GTR+CAT, 20 rate categories), starFng from neighbor-1215 
joining trees and opFmized with minimum-evoluFon and nearest-neighbor interchange 1216 
moves; branch support was calculated using Shimodaira–Hasegawa-like values. Each resulFng 1217 
tree was rooted with Sorghum bicolor as the outgroup using ETE3 (version 3.1.2)59, and the 1218 
normalized Robinson–Foulds (nRF) distance was calculated against the reference tree using 1219 
the parameter “--min_support_src 90”. The nRF metric quanFfies topological dissimilarity 1220 
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between trees, with values ranging from 0 (idenFcal topology) to 1 (completely different 1221 
topologies). Based on the nRF distribuFon, we idenFfied 0.18 as a threshold to separate 1222 
background from discordant signal peaks (Extended Data Fig. 4c). Genomic regions containing 1223 
at least 10 overlap windows with nRF ≥ 0.18 were defined as candidate introgressed regions. 1224 
For each candidate region, we reconstructed local phylogeneFc trees using the same 1225 
procedure as for the genome-wide tree. The topological comparison of these local trees with 1226 
the reference tree enabled the inference of introgression origins. The Approximately Unbiased 1227 
(AU) test60 implemented in IQ-TREE (version 2.2.2.6)52, was used to compare local reference 1228 
trees and local phylogeneFc trees. A p-value (p-AU) less than 0.05 indicated that the tree was 1229 
significantly rejected. 1230 
 1231 
Iden3fica3on of HGT candidates 1232 
Genomes of 20 diploid Hordeum species were searched for potenFal horizontal gene transfers 1233 
from grasses of the subfamily Panicoideae. Regions of interest were idenFfied in the genomes 1234 
using BLAST (v2.12.0+)61 against four potenFal donor species: Panicum hallii (v3.2), Setaria 1235 
italica (v2.2), Paspalum vaginatum (v3.1), and Paspalum notatum (GCA_036689595.1) 1236 
(Supplementary Table 10). BLAST results were filtered to retain hits with a sequence idenFty 1237 
of ≥95% and an alignment length of ≥150 bp. The same process was applied to H. vulgare cv. 1238 
Morex (v3), which served as a negaFve control. H. vulgare is widely recognized as a species 1239 
that lacks horizontally transferred genes (HGTs) from the Panicoideae subfamily62-64. Hits from 1240 
potenFal donors that were found in both the Hordeum recipient genomes and H. vulgare were 1241 
excluded from further analysis. This filtering was conducted using the intersect tool from 1242 
BEDTools (v2.26.0)15, with an overlap threshold of 20%. Finally, the idenFfied regions were 1243 
compared with newly available annotaFons, and corresponding candidate genes were 1244 
extracted. In this step, we idenFfied 5,169 candidate genes. 1245 
 1246 
Phylogene3c valida3on of HGT candidates 1247 
To verify the foreign (i.e., Panicoideae) origin of the candidate HGT genes idenFfied as 1248 
described above, phylogeneFc trees were constructed for each candidate. Homologs were 1249 
retrieved from a set of representaFve Poaceae species and two outgroups (Ananas comosus 1250 
and Musa acuminata) (Supplementary Table 10) using BLASTn (e-value cutoff of 1e-10). The 1251 
retrieved sequences were aligned with the Hordeum HGT candidates using MUSCLE (v3.8)65. 1252 
The alignments were trimmed using trimAl (v.1.2) with an automated trimming method66. 1253 
PhylogeneFc trees were constructed using PhyML (v.3.1)67, with 1,000 bootstrap iteraFons 1254 
and the GTR subsFtuFon model. The resulFng trees were reviewed semi-automaFcally with 1255 
the assistance of the Newick UFliFes suite68. A candidate gene was considered a true HGT if 1256 
the gene sequence was nested within the PACMAD clade. Transposable element-related genes 1257 
were filtered out and only high-confidence, protein-coding genes were retained for further 1258 
analysis. Out of 5,169 candidate genes, 4,393 did not pass through the primary phylogeneFc 1259 
validaFon and 776 genes remained. Candidate genes that passed the first step of verificaFon 1260 
were cross-referenced with orthogroups previously created during pan-genome construcFon. 1261 
For groups containing more than one candidate gene, a consensus sequence was generated 1262 
using MAFFT (v7.520)47 for mulFple sequence alignment, followed by the cons tool from 1263 
EMBOSS (v6.5.7.0)69 to produce the consensus. These consensus sequences were 1264 
subsequently used for BLASTn searches. Hits from at least five species, including minimally 1265 
one from Panicoideae, were required for tree construcFon. PhylogeneFc trees were then 1266 
constructed as described above, using MAFFT as the aligner. Alignments and trees were 1267 



reviewed manually: orthogroups supporFng the HGT scenario were retained, and genes in 1268 
these groups were classified as either ‘foreign’ or ‘naFve’, based on their posiFon on the tree. 1269 
The neighbor of transferred genes was marked as presumed donor if the branch represented 1270 
one genus or species, otherwise the donor was marked as unknown. The enFre orthogroup 1271 
was considered to have a naFve copy if it contained at least one gene marked ‘naFve’, 1272 
regardless of which species that gene was present in.  1273 
 1274 
Mapping the acquisi3on of foreign gene3c material during the evolu3onary history of 1275 
Hordeum 1276 
To determine the transfer Fmes of genes during the evoluFonary history of the lineage, an 1277 
ancestral state reconstrucFon was conducted for each gene independently. The marginal 1278 
ancestral state was inferred using the equal rate (ER) model70, applying the maximum 1279 
likelihood approach described by Pagel71 and implemented in the phytools package72. To 1280 
ensure accuracy, the results were verified and adjusted for cases where genes were found in 1281 
mulFple Fps but not in their common ancestor. In such instances, the presence of the gene 1282 
was manually introduced at the ancestor node. For each node in the phylogeneFc tree, both 1283 
the originally reconstructed values and the manually adjusted values were visualized. 1284 
 1285 
Gene ontology analysis 1286 
Genes from all orthogroups were annotated using eggNOG-mapper web server (v.2.1.12)73,74. 1287 
GO terms were extracted for each group and enrichment analysis was performed using the 1288 
clusterProfiler package (v.4.14.3), with a significance threshold of an adjusted p-value of 1289 
0.0575. 1290 
 1291 
Analysis of HGT expression 1292 
RNA-Seq data for inflorescence, leaf and root Fssues previously generated for 19 Hordeum 1293 
species were used in this study (RNAseq data for H. bulbosum were not available). Read 1294 
trimming on quality (Q30) and removal of sequencing adapters were done using TrimmomaFc 1295 
(v.0.32)76. Cleaned reads from each library were then mapped to the corresponding reference 1296 
genome using the STAR aligner (v.2.7.7a)77. QuanFficaFon of mapped reads was done using 1297 
the subread package v.1.5.2 with featureCounts78 followed by normalizaFon using the 1298 
Trimmed Mean of M-values (TMM) method implemented in the edgeR package (v.4.2.1)79. 1299 
Genes were considered to be expressed if TMM ≥ 1 in at least one Fssue. 1300 
 1301 
Annota3on and analysis of transposable elements 1302 
Structurally intact and fragmented TEs were annotated for each genome using the panEDTA 1303 
(v0.1) pipeline80. In addiFon to the curated TREP database (hwps://trep-db.uzh.ch/)81, TE 1304 
classificaFon followed the EDTA ontology 1305 
(hwps://github.com/oushujun/EDTA/blob/master/uFl/TE_Sequence_Ontology.txt), with 1306 
manual curaFon of TE categories. High-confidence gene models from Hordeum vulgare cv. 1307 
MorexV3 was supplied via the “-cds” parameter to exclude genic sequences from TE 1308 
annotaFon. For each genome, the length, classificaFon, inserFon Fme, and divergence 1309 
metrics of intact LTR retrotransposons were extracted from the “intact.gff3” and “pass.list” 1310 
output files. To invesFgate TE family expansion and intergenomic relaFonships, we employed 1311 
the TEpop framework (hwps://github.com/wicker314/TEpop) to treat each transposable 1312 
element (TE) as an individual sample for populaFon structure analysis82. Principal component 1313 
analysis (PCA) was then performed using FlashPCA283 to explore the major pawerns of TE 1314 
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variaFon across Hordeum species. To infer the formaFon Fme of tetraploid genomes from TE 1315 
bursts, full-length LTR/Copia elements were extracted from tetraploid assemblies and 1316 
clustered using CD-HIT (version 4.8.1)84 with the parameters “-n 5 -c 0.9 -d 0 -aL 0.9 -aS 0.9 -g 1317 
1” based on sequence similarity. TEs that were shared between tetraploid subgenomes but 1318 
absent from their direct diploid progenitors were defined as post-allopolyploidizaFon 1319 
inserFons. InserFon Fmes of these elements were then used to esFmate the Fming of 1320 
tetraploid genome formaFon. 1321 
 1322 
Iden3fica3on of Hordeum conserved elements 1323 
To idenFfy conserved elements across Hordeum genomes, outgroup species were removed 1324 
from the HAL alignment file using halRemoveGenome in Cactus. Genome-wide mulFple 1325 
sequence alignments were then extracted in MAF format using cactus-hal2maf with the 1326 
parameters “--chunkSize 1000000 --noAncestors --onlyOrthologs --noDupes”, using MorexV3 1327 
as the reference genome. Alignment blocks containing fewer than 10 sequences were filtered 1328 
out in mulFple sequence alignments. A neutral model of evoluFon was fiwed to the Hordeum 1329 
phylogeny using fourfold degenerate sites from chromosome 3H of barley, employing phyloFit 1330 
from the PHAST package (v1.4)85. Based on the genome-wide mulFple alignments and the 1331 
trained neutral model, conserved elements were idenFfied using PhastCons with the “--most-1332 
conserved” flag. The conserved and non-conserved models were trained with a target genome 1333 
coverage of 0.45, and the expected length of conserved elements was set to 8 bp. 1334 
 1335 
ATAC-seq Sequencing and Data Analysis  1336 
ATAC-seq libraries were prepared from fresh leaf Fssue at 3-5 leaf stage. Nuclei were isolated 1337 
by fine chopping the Fssue in isolaFon buffer (0.25 M sucrose, 10 mM Tris-HCl pH 8.0, 10 mM 1338 
MgCl2, 1% Trion X-100, 5 mM β-Mercaptoethanol) supplemented with 1x Halt™ Protease 1339 
Inhibitor Cocktail (Thermo Fisher ScienFfic, MA, USA). Following isolaFon, nuclei were 1340 
quanFfied via flow cytometry and 75,000 nuclei were subjected to tagmentaFon using the 1341 
Tagment DNA Enzyme (TDE1, Illumina, San Diego, CA, USA) at 37°C for 30 min. Transposed 1342 
DNA was purified using the MinElute PCR PurificaFon Kit (Qiagen, Germany), libraries were 1343 
amplified with NEBNext® High-Fidelity 2x PCR Master Mix (New England Biolabs, MA, USA), 1344 
and the final library purificaFon was performed using VAHTSTM DNA Clean Beads (Vazyme, 1345 
China) according to standard protocols from the manufacturers. Libraries were quanFfied as 1346 
described previously (Mascher et al., 2013) and sequenced (paired-end, 2 x 151 cycles, 1347 
Illumina NovaSeq6000, IPK-Gatersleben) following protocols provided by the manufacturer 1348 
(Illumina, San Diego, California, USA). 1349 
Adapter trimming and quality filtering were performed using Trim Galore (version 0.6.4_dev, 1350 
hwps://github.com/FelixKrueger/TrimGalore.git) with the following parameters “-q 25 --1351 
phred33 --stringency 3 --length 60 --paired -j 10”. Only read pairs with both ends retained 1352 
were used in subsequent analyses. Trimmed reads were aligned to the reference genome 1353 
using BWA (v0.7.17)86. The resulFng SAM files were converted to BAM format and sorted using 1354 
SAMtools (v1.10)13. Only properly paired reads with mapping quality ≥ 30 were retained (-f 2 1355 
-F 1804 -q 30), and further sorted by read name to enable mate informaFon correcFon using 1356 
samtools fixmate. Duplicate reads were marked using Picard MarkDuplicates (v2.21.9, 1357 
hwps://broadinsFtute.github.io/picard/) with VALIDATION_STRINGENCY=LENIENT and 1358 
REMOVE_DUPLICATES=false. Aher marking, only properly paired, non-duplicate reads were 1359 
retained and re-sorted by coordinate to produce final cleaned BAM files for downstream 1360 
analysis. BAM indices were generated using samtools index. Peaks were called using MACS2 1361 
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(version 2.2.9.1)87. The effecFve genome size (-g) was set to 4.2 Gb, approximaFng the size of 1362 
the barley genome. Peaks were called with automaFc threshold evaluaFon (--cutoff-analysis), 1363 
and all duplicate reads were retained during the analysis to preserve biological signal.  1364 
 1365 
Iden3fica3on of VRN1 and ZCCT genes 1366 
VRN1 and ZCCT genes were idenFfied in all assembled wild barley genomes using blastn 1367 
searches (blast-plus/2.12.0)61 with VRN1 MorexV3 (NC_058522.1:c528157887-528147799) 1368 
and NCBI GenBank ZCCTa/b/c queries (AY485977, AY485978, AY687931, respecFvely). 1369 
Corresponding regions were extracted from genome assemblies by bedtools (v2.26.0)15 and 1370 
manually annotated and analyzed by Geneious Prime sohware (v2024.0.5; 1371 
hwps://www.geneious.com). Sequence similarity visualizaFon of the 2 kb region upstream of 1372 
the transcripFon start site and the first intron of VRN1 genes was done by flexidot (v1.06)88. 1373 
The 79-bp deleFon in H. cordobense and H. mu3cum VRN1 gene was detected by mulFple 1374 
sequence alignment of the extracted VRN1 sequences from wild Hordeum species and winter 1375 
culFvar Igri in Geneious Prime sohware (v2023.0.4; hwps://www.geneious.com) with 1376 
MAFFT47. The criFcal region of culFvar Igri was idenFfied in a previous study89.  1377 
 1378 
Small RNA and mediator RNA isola3on and sequencing 1379 
Three biological replicates were analyzed for each stage (14 DAG, 28 DAG) of H. cordobense 1380 
and H. californicum grown under controlled non-vernalizing condiFons (21 °C day/18 °C night, 1381 
14 h light/10 h dark photoperiod). Total RNA was extracted from frozen leaf Fssue using a 1382 
Quick-RNA Miniprep Kit (Zymo Research). RNA quality and concentraFon were evaluated with 1383 
a Bioanalyzer 2100 (Agilent Technologies) on RNA 6000 Nano chips (Agilent Technologies). H. 1384 
cordobense 28 DAG RNA sequencing (RNA-seq) libraries and small RNA-seq libraries were 1385 
constructed according to Illumina instrucFons and sequenced on a Novaseq 6000 plaeorm at 1386 
Novogene Co. Ltd. Other sequencing libraries (H. cordobense 14 DAG and H. californicum 14 1387 
and 28 DAG; small RNA and RNA-seq) were constructed at the InsFtute of Experimental 1388 
Botany (Olomouc) using NEBNext® MulFplex Small RNA Library Prep Set for Illumina® and  1389 
NEBNext Ultra RNA Library Prep Kit for Illumina with poly-A selecFon and sequenced on 1390 
Illumina Novaseq 6000 plaeorm, 150 PE mode. 1391 
 1392 
Small RNA-seq data analysis 1393 
Small RNA-seq read trimming and sequencing adaptor removal were done with cutadapt 1394 
(v3.4)90. Only the reads of length 21 – 24 nt were used for subsequent analyses. ShortStack 1395 
(v4)91 was used to map small RNA reads to the corresponding genome with default 1396 
parameters. Bigwig files were created from bam files in a combinaFon of samtools (v1.11)13 1397 
and deepTools (v3.5.6)92 with parameters ‘bigwigAverage, bamCoverage --binSize 10, --1398 
normalizeUsing BPM’. VisualizaFon of small RNA and mRNA bigwig files were done with 1399 
pyGenomeTracks (v3.9)93. 1400 
 1401 
RNA-seq data analysis 1402 
RNA-seq read trimming on quality (Q30) and sequencing adaptor removal were done with 1403 
TrimmomaFc(version 0.32)76. ResulFng high quality reads from each library were mapped 1404 
onto the corresponding reference genome using STAR (version 2.7.7a)77, with default 1405 
parameters. Mapped reads quanFficaFon was done by rsem (v1.3.3)94.  1406 
 1407 
Analysis of flowering 3me 1408 
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Ten seeds per each of 14 selected Hordeum species accessions (BCC 2067 H. cordobense, BCC 1409 
2058 H. californicum, BCC 2014 H. mu3cum, BCC 2055 H. jubatum, BCC 2001 H. marinum, BCC 1410 
2009 H. murinum subsp. murinum, BCC 2017 H. murinum subsp. glaucum, BCC 2023 H. 1411 
flexuosum, BCC 2026 H. erec3folium, BCC 2028 H. pubiflorum, BCC 2043 H. pusillum, BCC 2059 1412 
H. intercedens, BCC 2065 H. patagonicum, and BCC 2069 H. roshevitzii) were used. Spring 1413 
culFvated barley genotypes Morex and Golden Promise and winter genotypes Igri and 1414 
Antonella were included as controls and were treated idenFcally to wild species. Seeds were 1415 
straFfied at 4 °C for 4 days, germinated in Petri dishes on moist filter paper, and then 1416 
transferred to soil. Plants were grown under controlled non-vernalizing condiFons (21 °C 1417 
day/18 °C night, 14 h light/10 h dark photoperiod) in a growth chamber and culFvated unFl 1418 
senescence. Days to flowering were scored in three-day intervals, and the plants were 1419 
considered flowering at the first emergence of the awn Fps. Plants were imaged using a Nikon 1420 
D5600 digital camera.  1421 
 1422 
Iden3fica3on of eog1 in cul3vated barley and test for allelism 1423 
The elongated outer glume 1 (eog1) mutants from culFvated barley95, including eog1.a 1424 
("GSHO 1891"), eog1.c ("GSHO 1892"), eog1.e ("GSHO 285"), and macrolepis (lep-e.1; "GSHO 1425 
960"), were obtained from the Barley GeneFc Stock CollecFon at Aberdeen, Idaho, USA. 1426 
Several mutants, namely "M2342", "M9630", "M9815", and "M11405", were idenFfied from 1427 
independent M2 lines of the previously established barley "HaFexi" (HTX) mutagenesis 1428 
populaFon96. Scanning electron microscopy (SEM) observaFons were conducted using a 1429 
Hitachi SEM SU8081 (Tokyo, Japan) following a standard protocol97. Young inflorescences were 1430 
sampled and examined. Allelism test was performed by crossing "M9630" with "GSHO 1891" 1431 
and "GSHO 1892," respecFvely. All F1 progeny exhibited elongated glumes on the central 1432 
ferFle spikelet (Extended Data Fig. 10b). Sequence-specific amplificaFon of the C2H2-zinc 1433 
finger transcripFon factor gene was performed using primers "T-70820-F" (5'-1434 
TAGGACCGCATATTTCCAGG-3') and "T-70820-R" (5'-GAACAGTTCCAAGGCGAAAG-3'). The 1435 
resulFng amplicons were sequenced using Sanger sequencing. 1436 
 1437 
Iden3fica3on of spike-specific expressed genes and local alignment 1438 
Clean reads were obtained by removing the adapters, reads containing N bases, and low-1439 
quality reads using fastp (v0.20.1) with default parameters98. Clean reads were mapped to 1440 
their respecFve reference genomes via Hisat2 v2.1.0 with default parameters99. Read counts 1441 
were determined from the mapping files via FeatureCounts (v2.0.1) using standard 1442 
parameters78, and the transcripts per million (TPM) values of each gene were calculated. 1443 
Spike-specific expressed genes were defined as having less than 5% TPM in other Fssues100. 1444 
The heatmap was generated using the pheatmap R package (hwps://CRAN.R-1445 
project.org/package=pheatmap) based on the normalized TPM values. Venn diagrams were 1446 
drawn using the eulerr package (v.6.1.0, hwps://CRAN.R-project.org/package=eulerr). A local 1447 
BLAST search was performed using the deduced amino acids of 1448 
HORVU.MOREX.r3.2HG0170820.1 (EOG1) as the query against the 24 Hordeum genome 1449 
sequences to idenFfy homologous proteins. Amino acid sequence alignment was carried out 1450 
using MUSCLE (v3)65, and the resulFng mulFple sequence alignment was visualized with the 1451 
'Simple MSA Viewer' funcFon of TBtools II101. 1452 
 1453 
Data availability  1454 
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All sequence data collected in this study have been deposited at the European NucleoFde 1455 
Archive (ENA). Accession codes for individual accessions are listed in Supplementary Table 18 1456 
(genome sequencing) and Supplementary Table 19 (transcriptome sequencing). The 1457 
assemblies and annotaFons are available for download from the IPK Galaxy server 1458 
(hwps://galaxy-web.ipk-gatersleben.de/libraries). Gene and TE annotaFons, mulFple 1459 
sequence alignments and coordinates of conserved regions have been deposited at the Plant 1460 
Genomics and Phenomics Research Data Repository102 under DOI (temporary DOI 1461 
hwps://doi.ipk-gatersleben.de/DOI/ea92c0f5-a14a-464e-92b9-8ff5b6845ed5/845e60e3-1462 
6302-4870-acfa-b120431df22a/2/1847940088 for review purposes). The pangenome graph 1463 
in GFA format has been deposited in the Plant Genomics and Phenomics Research Data 1464 
Repository102 under DOI: hwp://doi.org/10.5447/ipk/2025/12. 1465 
 1466 
Code availability 1467 
Code for gene annotaFon, pangenomic analyses and graph construcFon is available at GitHub. 1468 
hwps://github.com/PGSB-HMGU/BPGv2 1469 
hwps://github.com/jia-wu-feng/Pan_Hordeum 1470 
hwps://github.com/cropgeeks/panHordeum 1471 
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