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Super-pangenome analyses across 35
accessions of 23 Avena species highlight their
complex evolutionary history and extensive
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Common oat, belonging to the genus Avena with 30 recognized species, is
anutritionally important cereal crop and high-quality forage worldwide.
Here, we construct a genus-level super-pangenome of Avena comprising
35 high-quality genomes from 14 cultivated oat accessions and 21 wild
species. The fully resolved phylogenomic analysis unveils the origin

and evolutionary scenario of Avena species, and the super-pangenome

analysis identifies 26.62% and 59.93% specific genes and haplotypes in wild
species. We delineate the landscape of structural variations (SVs) and the
transcriptome profile based 1,401 RNA-sequencing (RNA-seq) samples from
diverse abiotic stress treatments in oat. We highlight the crucial role of SVs
inmodulating gene expression and shaping adaptation to diverse stresses.

Further combining SV-based genome-wide association studies (GWASs),
we characterize 13 candidate genes associated with drought resistance
such as AsARF7, validated by transgenic oat lines. Our study provides
unprecedented genomic resources to facilitate genomic, evolution and
molecular breeding researchin oat.

Common oat (Avenasatival.,2n = 6x =42, AACCDD), the production
of which ranks seventh among cereals (FAOSTAT, accessed May 2021), is
aneconomicallyimportant food and feed crop worldwide and is highly
adaptable to various climatic conditions, especially drought'. Currently,
advancesinsequencing technology have accelerated genomicstudies
for agriculturally important crops such as rice, soybean and maize,
butsimilar effortsin oat were more challenging? This is largely owing
toits considerable genome size (-11 Gb), highly repetitive sequences
(-85%) and high ploidy**. Recently, three chromosome-level assemblies

of cultivated oats were reported, which greatly promote the genomic
study of oats**. However, the minor portion of diversity captured by
these genomes is far from sufficient to represent genetic diversity in
cultivated oats.

Common oat belongs to Avena, which contains 30 recognized
speciesincluding diploids (AA or CC), tetraploids (CCDD or AABB) and
hexaploids (AACCDD)*¢, exhibiting phenotypic, ecogeographical and
genetic diversity’. Previous studies based on chloroplast and mitochon-
drial genomes have revealed the major evolutionary relationship of
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Avenaspecies and determined possible ancestral donors of polyploid
oats®™. However, for polyploids, phylogenies only based on chloro-
plast and mitochondrial genomes blocked exploration of the evolu-
tionary position for the paternal subgenome. Furthermore, frequent
incongruence of phylogenetic relationships between species trees
and maternally inherited trees has been documented in many genera
suchas Malus", Sphagnum® and Quercus'. The shortage of genomesin
Avenagreatly limited the comprehensive study of evolutionary history,
especially for the B lineage.

Pangenomes, which represent all DNA sequence diversity in a
species™”, are becoming the new reference for genomic research in
many crops, such as soybean, rice, wheat and tomato”. However, the
domestication bottleneck and artificial selection have caused the loss
of genetic diversity in many cultivated crops, which has hindered crop
improvementand breeding'®"®. Effective utilization of wild relatives is
becomingkey to provide various desirable traits". Therefore, the appli-
cation of pangenomes has recently moved to a higher taxonomic unit,
including diverse wild relatives within a genus for super-pangenome
construction”2,

Here, we constructed a genus-level super-pangenome of Avena
comprising 35 high-quality genomes from 23 species. Our phylog-
enomic analysis elucidates the origin and evolutionary trajectory of
Avena. The super-pangenome analysis uncovers abundant specific
genetic resources in wild species and delineates the landscape of SVs
related to abiotic stress resistance. Collectively, our findings offer
valuable genomic resources, providing a robust foundation for oat
functional genomics and molecular breeding.

Results

The collection of 14 representative cultivated oats and 21 wild
oatspecies

To select the representative accessions of cultivated oats, we con-
structed a phylogenetic tree based on SNPs from 1,079 globally distrib-
uted oataccessions (Fig.1a). Based on the phylogenetic tree, population
structure, principal-component analysis (PCA) and geographical dis-
tributions, these oat accessions were classified into six major groups
(Fig.1a,b and Extended Data Fig.1a). Further combining morphological
diversity and breeding research utility, we selected 14 representative
cultivated oat accessions, including A. sativa and A. sativa ssp. nuda
(Fig.1la-c,e, Extended Data Fig. 1b and Supplementary Table 1). These
accessions, originating from nine countries, encompassed 83.67% of
the SNP variation observed across the 1,079 oat accessions. To obtain
comprehensive geneticinformation of Avena, we also collected 21 wild
species, including 11diploids (AA and CC genomes), seven tetraploids
(AABB and CCDD genomes) and three hexaploids (AACCDD genomes),
which covers all different ploidy levels and lineages (Table 1). High
phenotypic diversity was observed, such as grain size, tiller number
and plant height as well as the morphology of plant and spike (Fig. 1c,e
and Extended Data Fig. 1c—e). Finally, a total of 35 oat accessions from
23 species were collected, representing 77% of the species in Avena
and spanning cultivated oats and their wild relatives.

Genome assembly and annotation of 28 newly sequenced oat
accessions

Among the 35 oat accessions, 28 were de novo assembled in this study
(Table 1). For the 27 newly sequenced accessions, chromosome-level
assemblies were achieved by integrating PacBio HiFi long-read
sequences, high-throughput chromosome conformation capture (Hi-C)
dataand lllumina paired-end sequences (Extended Data Fig. 2a and Sup-
plementary Table 2). The assembly sizes of the 27 diploid, tetraploid and
hexaploid genomesranged from 3,405 Mb to 4,190 Mb, from 6,843 Mb
to 7,829 Mb and from 10,702 Mb to 11,013 Mb with average contig N,
values 0f 92.77 Mb, 79.13 Mb and 49.43 Mb, respectively (Fig.1d, Table 1
and Supplementary Tables 2-4). To generate a high-quality reference
genome of the cultivar C0191, we integrated an additional 263.5 Gb of

Oxford Nanopore Technologies ultralong reads, obtaining the final
assembly with agenome size 0f10.94 Gb and a contig N, 0f429.52 Mb,
leaving only19 gaps (Fig. 1d and Table 1). Quality assessment revealed an
average 99.89% mappingrate of [llumina reads and 99.1% benchmarking
universal single-copy ortholog (BUSCO) completeness, indicating high
accuracy, completeness and continuity of our assemblies (Extended
Data Fig.2b and Supplementary Tables 3 and 5).

To minimize the deviation that could arise from different pre-
diction approaches, the repeat sequences and gene models of these
35 genomes were annotated using the same pipeline. Transposable
elements (TEs) constituted 82.73-89.32% of each genome, averaging
87.36%, with long terminal repeat (LTR) being the most abundant,
accounting for 46.34% to 66.02% of the genomes (Table 1, Supple-
mentary Fig. 3a and Supplementary Table 6). Finally, we obtained
40,834-59,955, 91,635-96,971 and 131,823-134,713 protein-coding
genesin diploid, tetraploid and hexaploid genomes (Table 1 and Sup-
plementary Tables 7 and 8).

Fully resolved subgenome origin, evolution and
polyploidization history of Avena

The subgenomes of polyploid oats were identified by integrating evi-
dence from phylogenetic analysis, specific k-mer patterns and sequence
similarity (Supplementary Figs. 4-6). This evidence enables the clas-
sification of the 40 subgenomes, sourced from 21 wild species and
two cultivated oat species (C0191and C1071), into four lineages: A, B,
CandD (Fig.2a,b). Taking Triticum aestivum and Lolium perenne as the
outgroup, we constructed a deep phylogenetic tree for the 40 subge-
nomes from 23 species by using 2,456 single-copy genes (Fig. 2a). The
Clineage was the first to diverge from the common ancestor of Avena
approximately 10.87 (-9.87-11.81) million years ago (Mya). The other
lineages, comprising different A subtypes (Ac, Ad, Al and As)* as well
astheBand D subgenomes, formed asingle large clade. Furthermore,
the B lineage diverged from the common ancestor of the A, Band D
lineages approximately 3.50 (-3.22-3.85) Mya®, which was supported
by the contrasting gene tree topologies and synonymous substitution
(K,) analysis (Extended Data Fig. 3a and Supplementary Fig. 7). Subse-
quently, the Ac/Ad subclade diverged with the subclades of As/Al and
D around 3.11 (-3.00-3.39) Mya, followed by divergence between the
D subclade and the As/Al subclade occurring 2.75 (-2.62-2.99) Mya.
Notably, phylogenetic trees based on both nuclear and mitochon-
drial genomes showed that Avena hirtula, previously classified into
As subtypes®?*, was more closely related to the Ad/Ac species, which
was further supported by coalescent-based topologies and fluores-
cence in situ hybridization (FISH) analyses (Extended Data Fig. 3b,c
and Supplementary Fig. 8). Our densely sampled phylogeny of Avena
clarified the evolutionary relationships of all subgenomes and lineages,
especially for the B lineage.

To further assess genome evolution in Avena, we reconstructed
theancestral karyotype of the four lineages (Fig. 2b and Extended Data
Fig. 3d). Extensive large-scale rearrangements were observed within
andamongtheA, B, Cand D lineages, especially between species with
different ploidy levels, which suggested that polyploidization could
greatly reshape genome architecture (Fig. 2b)>*.

Notably, a major conflict was observed for the classification
of Avena agadiriana, which was previously designated as an AABB
species®*”*, Phylogenomic analyses revealed that the subgenomes
of AABB speciesincluding Avena barbata, Avena abyssinica and Avena
vavilovianawere separately grouped together, while two subgenomes
of A. agadiriana exhibited closer relationships with Avena canariensis
(Ac) and the As subtype species, respectively (Fig. 2a). Specific k-mer
distribution, genomic synteny and sequence similarity analyses all
demonstrated obviously diverse patterns between A. agadiriana and
the other three AABB species (Extended DataFig. 4a-d and Supplemen-
tary Table 9). Our coalescent-based phylogeny analysis and FISH analy-
sis also confirmed that A. agadirianais not an AABB species (Fig. 2c),
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Fig.1|Phylogeny, population structure and diverse phenotypes of cultivated  cultivar and landrace varieties of hexaploid oats. d, Genome size, genomic

oats and wild speciesin Avena. a, Phylogenetic tree of the 1,079 hexaploid compositions and domestication status of the 35 oat accessions. Yellow, orange
oat accessions with C0191 as the reference genome. Lines with different colors andred lines represent cultivated, landrace and wild oats, respectively. Green
represent the selected 16 hexaploid oats as follows: wild species including A. and gray circles represent genomes from this and other studies, respectively.
occidentalis (cyan), A. sterilis (red), A. fatua (blue); cultivated oats (A. sativa Reseda, orange, lilac, pink, blue and prasinous columns represent genomes with
(green), A. sativa ssp. nuda (orange)). Bootstrap support values are indicated different genomic compositions of AACCDD, AABB, Ac’Ac’As’As’, CCDD, AA and
withblue dots. b, Model-based clustering analysis with different numbers of CC, respectively. e, Diversity of grain width and length of the 35 oat accessions
ancestry kinship (K =2-6). ¢, Highly diverse plant architectures of the 17 wild, withorder corresponding to thatind.
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Table 1| Summary of the assembly and annotation of 35 oat genomes

Accession Genome Assembly Chromosome ContigN;, Gene Repetitive BUSCO Source
constitution length (Gb) loading ratio (%) (Mb) number content (%) (%)

A. sativa (CO191) AACCDD 10.94 99.94 429.52 131,823 88.08 98.4 This study

A. sativa (C0243) AACCDD 10.93 99.03 21.98 133,978 88.39 98.4 This study

A. sativa (C0298) AACCDD 10.97 99.66 69.83 133,773 88.59 98.4 This study

A. sativa (CO337) AACCDD 10.85 99.73 63.32 133,855 88.08 98.6 This study

A. sativa (C0O355) AACCDD 10.88 99.73 32.45 134,062 88.37 98.4 This study

A. sativa (C0520) AACCDD 10.81 99.85 61.59 133,586 88.07 98.5 This study

A. sativa (C0596) AACCDD 11.01 99.07 28.79 133,835 88.83 98.5 This study

A. sativa (C0648) AACCDD 10.81 99.81 68.21 133,991 88.21 98.6 This study

A. sativa (CO836) AACCDD 10.70 99.91 11.29 133,998 88.91 98.6 This study

A. sativa (C1032) AACCDD 10.97 98.94 46.54 133,918 8811 98.5 This study

A. sativa ssp. huda AACCDD 10.91 99.73 42.89 133,883 88.26 98.5 This study

(C0080)

A. sativa ssp. nuda AACCDD 10.82 99.73 67.29 133,981 88.11 98.6 This study

(Co119)

A. sativa ssp. huda AACCDD 10.84 99.76 6.51 133,977 88.37 98.5 This study

(C0798)

A. sativa ssp. nuda AACCDD 10.83 99.84 104.56 134,047 89.08 99.5 Other study*®

(c1071)

Avena fatua (W0020) AACCDD 10.98 99.40 159.31 134,713 88.45 98.4 This study

Avena sterilis (WO038) AACCDD 10.99 99.93 473.40 133,364 89.32 98.4 Other study*’

Avena occidentalis AACCDD 10.94 99.46 12.00 132,046 88.24 98.3 This study

(W0039)

Avena vaviloviana AABB 6.85 99.58 41.22 91,635 87.34 981 This study

Avena abyssinica AABB 6.84 99.66 42.06 92,661 87.32 981 This study

Avena barbata AABB 6.89 99.94 53.74 93,821 878 979 This study

Avena agadiriana Ac’Ac’As’As’ 7.06 99.73 166.56 93,848 87.43 981 This study

Avena insularis CCDD 752 9512 5.64 92,973 86.43 98.5 Other study”

Avena maroccana CCDD 774 99.92 113.31 96,131 88.3 98.4 This study

Avena murphyi CCDD 7.83 99.78 131.39 96,971 88.33 98.4 This study

Avena hispanica AsAs 3.94 92.8 108.30 59,955 82.73 98.6 This study

Avena brevis AsAs 3.67 99.23 12112 44,693 86.21 971 This study

Avena hirtula AsAs 3.61 99.84 66.25 43,905 85.82 97.9 This study

Avena strigosa AsAs 3.53 99.89 4.65 44,132 84.88 97.3 Other study*®

Avena nuda AsAs 3.57 99.92 201.42 47,342 86.33 97.2 This study

Avena canariensis AcAc 3.61 99.81 330.51 45,916 85.97 97.3 This study

Avena atlantica AsAs 3.69 96.38 4.31 46,943 86.14 97.2 Other study”'

Avena damascena AdAd 3.40 99.84 83.77 43,732 85.6 97.3 This study

Avena longiglumis AlAL 374 99.26 7.30 46,240 87.05 971 Other study”

Avena clauda CpCp 419 99.96 91.54 42,17 86.24 975 This study

Avena eriantha CpCp 3.78 97.28 131 40,834 8412 975 Other study®”'

supporting that A. agadiriana has undergone a separate and distinct
evolutionary history. Finally, based on the phylogenetic relationship,
sequence similarity and K, analysis of the subgenomes (Fig. 2a and
Extended DataFig.4d,e), we designated the divergent karyotype of A.
agadiriana as ACAC’As’As'.

Finally, combining the phylogenetic topologies using chloroplast
and mitochondrial genomes, sequence similarity, divergence time
estimation and K, analysis, we proposed a comprehensively refined
model for the origins, polyploidizations and evolutionary trajectories
of Avena species (Fig. 2d, Extended Data Fig. 5a-fand Supplementary
Fig.11). Tetraploid AABB ancestors originated around ~0.02-1.24 Mya

from the hybridization between a paternal BB diploid and a maternal
AsAs diploid (Extended DataFig. 5¢). A. agadiriana originated from the
hybridization between a paternal AcAc diploid and a maternal AsAs
diploid around-~1.56-2.95 Mya (Extended Data Fig. 5d). The ancestor of
tetraploid CCDD species originated around -0.43-4.99 Mya from the
hybridizationbetween a paternal CC diploid and amaternal DD diploid
and then diverged into Avena murphyi, Avena maroccana and Avena
insularissuccessively at 0.8 Mya and 0.6 Mya, respectively (Extended
DataFig. 5b). The wild hexaploid oat originated from the hybridization
between a paternal As/Al ancestor and amaternal CCDD tetraploid that
iscloselyrelated to A. insularis around ~0.23-0.73 Mya (Extended Data
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Fig.5e), consistent with a previous study*. Avena sterilis and Avena occi-
dentaliswere placed as a sister group of Avenafatua and A. sativawith a
divergence time of -0.15-0.79 Mya (Extended Data Fig. 5f). Notably, A.
steriliswasknown asthe likely ancestral wild species of cultivated oat,
while ourresultsindicated that A. fatua was phylogenetically closest to
cultivated oats (Extended Data Fig. 3e,f)**~*". These results demonstrate
the necessity of the nuclear genome in exploring the subgenomic ori-
gin, polyploidization and evolution for polyploid species and provide
detailed clues to the complicated evolution history of Avena species.

Super-pangenome construction for the genus Avena

To obtainacomprehensive gene repertoire for the Avena genus, we con-
structed asuper-pangenome based on 76 (sub)genomes from 35 acces-
sionsand obtained 75,830 gene families (Fig. 3a). The super-pangenome
contained 5,796 (8.03%), 12,428 (16.04%), 46,210 (60.92%) and 11,396
(15.10%) core, softcore, dispensable and specific gene families, respec-
tively (Fig.3b and Supplementary Table 10). Additionally, we also con-
structed pangenomes based on the subgenomes from cultivated and
wild oats, identifying 55,633 and 70,158 gene families in cultivated and
wild pangenomes, respectively (Extended Data Fig. 6a). Notably, wild
oats (92.52%, 70,158 of 75,830) contributed 20,197 new gene families
that were absent in cultivated oats (73.37%, 55,633 of 75,830) (Fig. 3a
and Extended DataFig. 6a). Distinct characterizations between the wild
pangenome and the cultivated pangenome were observed in terms
of coding sequence length, annotated Pfam domain rate, K,/K; ratio
and gene expression level (Extended Data Fig. 6b-d). These results
reveal higher genetic diversity in wild species and provide a compre-
hensive genus-wide generepertoire for potential usage in oat biology
and breeding.

To explore subgenome divergence in oat, we compared the fea-
tures of genomic sequences and gene familiesamong the A, Cand D
subgenomes of hexaploid oats and diploid-tetraploid oats (Fig. 3c).
Theresults showed that the A, Cand D subgenomes of hexaploid oats
contained 3,194, 5,172 and 2,729 unique gene families, respectively.
The A, C and D subgenomes of diploid-tetraploid oats contained
5,919, 2,752 and 1,033 unique gene families, respectively. Further-
more, differences were also observed in enriched gene ontology
(GO) terms across the A, Cand D subgenomes in both hexaploid and
diploid-tetraploid oats. Unique gene families in the A subgenome
of hexaploid oats were primarily associated with disease resistance
and adaptability, whereas those in the D subgenome were mainly
involvedin organ development of the plant (Fig. 3d and Supplemen-
tary Table 11). For example, the number of genes encoding cellulose
synthase, seed storage protein (SSP) and nucleotide-binding site
(NBS) inthe A and D subgenomes were much more than those in the
C subgenomes in hexaploid oats (Fig. 3e, Extended Data Fig. 6h and

Supplementary Table 12). These findings reveal a degree of functional
differentiation among the A, C and D subgenomes in hexaploid oats
and within the Avena genus, supported by differences in TE cover-
age, conservative gene loss ratio and K,/K; analysis (Extended Data
Fig. 6e-gand Supplementary Fig. 16).

To further capture the genetic diversity in wild oats, we performed
acomparative analysis on haplotypes and gene families between wild
and cultivated oats. Wild oats harbored much more haplotypes and
protein sequence variations than cultivated oats (Fig. 3f,g). Specifi-
cally, wild oats increased by 26.63% for new gene families and 59.93%
for new haplotypes (Fig. 3g and Extended Data Fig. 6i). For example,
the gene familiesrelated to NBS encoding, SSP and cellulose synthase
in wild oats increased 10.60%, 27.42% and 21.86% of new genes and
59.56%,59.09% and 58.83% of new genotypes, respectively (Fig. 3iand
Supplementary Fig.17). Notably, A. fatua contributed the most (11.2%)
to the added genes and A. vaviloviana contributed the most (7.13%)
to the added genotypes (Fig. 3h and Supplementary Table 13). These
findings highlight the rich genetic resourcesin wild species and provide
valuable insights for improving cultivated oats.

Previous studies have reported the use of wild oats to improve
protein content, yield and resistance to powdery mildew and stem rust
in cultivated oats®> >, We detected several large-scale introgression
regions from wild oats into cultivated oats (Fig. 3j and Extended Data
Fig. 6j), indicating that hybridization with wild oats has occurred in
cultivated oats toimprove their quality and adaptability. For instance,
aregion on chromosome 2A in C1032 and C0648 showed the same
haplotype as wild species (Fig. 3j), and multiple genes related to envi-
ronmental adaptability and stress response were identified in this
region (Supplementary Table 14). In AsPik2, homologous to the rice
blast resistance gene Pik2 (National Center for Biotechnology Infor-
mation (NCBI) 123147882)%, four wild-derived nonsynonymous muta-
tions were identified located in the exon regions of C1032 and C0648
(Fig. 3k). These results provide additional genetic evidence for using
wild oats to improve cultivated oats, highlighting the importance of
therich genetic resources in our super-pangenome.

Landscape of SVs among 17 hexaploid oats

Taking the C0191 genome as the reference, we identified 1,377,775 SVs
across 16 hexaploid genomes, and the number of SVsranged from 58,817
t0127,679 per accession (Fig.4b and Supplementary Table 15). These SVs
were further mergedinto 555,764 nonredundant SVs, including 280,480
insertions, 267,883 deletions, 2,656 inversions and 4,745 translocations
(Fig.4a,b, Extended DataFig. 7e and Supplementary Table 16). Fifty SVs
were randomly selected for validation by read mapping, Hi-C heatmap
and PCR. Almost all these SVs (45 of 50) proved to be correct (Extended
Data Fig. 7a-d and Supplementary Table 17). SV-based phylogenetic

Fig.3|Super-pangenome of Avena and rich specific genetic resourcesin
wild species. a, Modeling of pangenome sizes when incorporating additional
subgenomes from all species in Avena. The pie chart shows the proportion of
different groups of gene families. The red pentagrams represent the number of
nonredundant genes in the pangenome constructed in a fixed increasing order.
b, Presence and absence information of pan gene families in 76 subgenomes.
Core, softcore, dispensable and private gene families are represented, which
were present in 76 subgenomes, 68-75 subgenomes, 2-67 subgenomes and
one subgenome, respectively. ¢, Upset plot of shared and unique gene families
inpanA, panC and panD of hexaploid (He) oats as well as tetraploid and diploid
(Dt) oats. Numbersin the top right represent the number of nonredundant
gene families for each pangenome. d, Functional analysis of unique genes in
panA, panC and panD of 17 hexaploid oats as well as tetraploid and diploid oats,
respectively. e, Synteny plots of a region showing the obvious expansion of
resistance genes in A subgenomes for the 12 representative subgenomes in the
A, Cand D lineages. Red boxes indicate NBS-encoding genes. Blue boxes denote
other genes. Gray lines identify syntenic gene pairs. Numbers in parentheses
indicate NBS-encoding gene numbers in these regions. f, Comparison of K,/K;

values of genes in panA, panC and panD in cultivated and wild oats. n =10,000.
g, Comparison of the number of haplotypes in each homologous gene group
incultivated (cul) and wild oats. n =13,1823.In fand g, box plots show the 25th
(lower edges) to 75th (upper edges) percentiles with median lines, and whiskers
extending to 1.5x the interquartile range. h, Percentage of unique genes and
genotypesin eachwild species. The four letters on the x axis represent the
abbreviation of the Latin name of these species. i, Comparison of the proportion
of haplotypes for cellulose synthase, NBS-encoding and SSP gene families in
cultivated and wild oats. NBS, nucleotide-binding site; CC, coiled-coil; LRR,
leucine-richrepeat; TIR, toll-interleukin-1receptor; RPWS, resistance to powdery
mildew locus 8; CN, CC-NBS; CNL, CC-NBS-LRR; NL, NBS-LRR; TN, TIR-NBS; RNL,
RPW8-NBS-LRR; RN, RPW8-NBS j, The genotype of chromosome 2A of hexaploid
oats. NA represents the absence of SNP. k, A detailed alignment of the sequence
of AsPik2, homologous to the rice blast resistance gene, in cultivated and wild
oats. The heatmap in the top right corner shows transcriptome expression of the
homologous gene of AsPik2at 0,1,3, 6 and 9 h after salicylicacid (SA) treatment
oftherootand leafin C0836.
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analysis revealed the greatimpacts of SVs on genome divergence during
the process of oat domestication and improvement (Fig. 4b). Curiously,
C0298, one of the cultivars, was clustered into the wild oat clade, and
haplotype analysis showed that ithad multiple large-scaleintrogression

regions from wild accessions, indicating its hybridization events with
wild oats (Fig. 4b and Extended DataFig. 7f). Additionally, we found that
wild oats harbored significantly larger amounts of SVs than cultivated
oats, while no significant difference was observed between hulled and
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Fig. 4| Characteristics of SVs among the 17 hexaploid oats. a, Accumulated
number of pan and core SVs from each sample. These SVs were merged into
555,391 nonredundant SVs. b, Phylogenetic tree and distribution of species-
specific and shared SVs across 16 oat accessions. The histogram represents

the number of different types of SVs. The pie chart indicates the proportion

of different types of nonredundant SVs. ¢, The number of SVs per 1-Mb window in
wild (n=32,817), hulled (n = 98,451) and hulless (n = 43,756) oats and the number
of SVsper1Mbinthe A (n=54,912), C (n=67,952) and D (n = 52,160) subgenomes.
Box plots show the 25th (lower edges) to 75th (upper edges) percentiles with
median lines, and whiskers extending to 1.5x the interquartile range.

d, Chromosomal synteny and landscape of SV density for 16 oat accessions.
Purple blocks indicate inversion. Heatmap tracks for each chromosome

(16 accessions) represent SV density per 1 Mb in each accession. Heatmap tracks
for each chromosome of the reference genome (C0191) represent the density

of merged SVs per 1 Mb. e, Percentage of SVsin the various genomic features,

including gene bodies and flanking regions. The number of samplesin each
feature is 16. Each dot represents one accession. Proportion of SVs in repeat and
nonrepeat regions is shown in the pie chart. f, Presence preference of different TE
families in SVs within genes and 3-kb flanking regulatory regions. The proportion
of eachtype of LTR located in the nearby gene and its 3-kb flanking regions to the
respective total LTRs within SV regions. g, Correlation analysis of gene density
and the distribution of different TE families per 50 Mb. The gray region in the
background represents the 95% confidence interval. h, Kyoto Encyclopedia of
Genes and Genomes (KEGG) and GO enrichment analysis of genes in SV hotspot
regions. EC, Enzyme Commission. i, A representative SV hotspot region on
chromosome 7A. Seven representative accessions were used here for displaying
the SVs and NBS-encoding genes in this hotspot region. Numbers in parentheses
indicate the number of NBS-encoding genes in this region. j, Comparison of the
percentage of the number of R genes between SV hotspot regions and whole-
genomicregions.
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hulless oats, which was consistent with the mosaic genetic composition
due to sufficient hybridization (Fig. 4c).

Most SVs were located in intergenic and gene-flanking regions,
with density increasing with distance ingene-flanking regions (Fig. 4e
and Extended DataFig. 7g). Furthermore, we found that 88% of SVs over-
lapped with TEs, with Gypsy being the most abundant in oat (Fig. 4e and
Supplementary Fig.18). Many TE families, such as Ivana (62.84%), Ikeros
(61.88%), Tork (58.81%) and Bianca (56.63%), tended to be located in SVs
near genes compared to other TE families such as Angela (16.72%), Ath-
ila (13.22%), Tekay (10.59%) and CRM (9.39%) (Fig. 4f). Further combing
the correlation analysis, we found that gene density was significantly
related to the distribution of these TE families, which showed strong
enrichment nearby and within genes (Fig. 4g, Supplementary Fig. 19
and Supplementary Table 18). These results indicate that diverse TE
families with presence preference may have played different roles in
driving genetic variation formation.

To further investigate the highly diversified genomic regions,
427 SV hotspot regions were identified (Fig. 4d and Supplementary
Table 19), and genes in these regions were mainly related to environ-
mental adaptation such as ‘plant—pathogen interaction’, ‘'MAPK sign-
aling pathway’ and ‘nutrient reservoir activity’ (Fig. 4h). Notably, one
SV hotspot region containing 545 independent SVs and harboring 17
NBS-encoding genes was identified, among which four were reported
to be related to resistance to powdery mildew (Fig. 4i). Aside from
this, we found that 5% of genomic hotspot regions harbored 22.86%
of NBS-encoding genes (Fig. 4j), which further suggested that SVs in
oat accessions may play important roles in adaptation to different
environments. The landscape of SVs from these 17 wild and cultivated
oats provides a valuable resource for exploring the effects of SVs on
genomic evolution, genetic diversity and phenotypic variationin oat.

Theimpact of SVs on modulating gene expression under stress
treatmentin oat

Atotal of 1,401 RNA-seq samples covering diverse tissues (root, stem,
leaf, flower and seed) and stress treatments (drought, heat, salt and
alkali) from 17 hexaploid oat accessions were collected to explore
the impact of SVs on gene expression and environmental adaptation
(Fig.5a, Extended DataFig. 8a,b and Supplementary Table 7). Accord-
ingto previously reported approaches in wheat”, oat** and bamboo?®,
we evaluated the subgenome dominance of our accessions. First, we
defined 13,374-14,386 homoeologous gene triads with a1:1:1 corre-
spondence across three subgenomes in 17 hexaploid oats and 16,151~
15,533 homoeologous gene pairs in tetraploid oats (Supplementary
Table 20). Our resultsindicated that,compared to Aand D subgenomes,
the expression of C subgenomes was suppressed in almost all acces-
sionsincluding hexaploid oats and tetraploid oats, showing asubtly yet
significantly lower relative abundance (Fig. 5b, Extended Data Fig. 8c
and Supplementary Table 20). Additionally, dynamic expression domi-
nance between A and D subgenomes was observed, with the dominant
subgenome shifting across the 17 hexaploid oats (dominantin A, 12;
dominantin D, three) (Fig. 5b). Given that A subgenomes were newly
introduced into hexaploid oats and were closely related to D subge-
nomes, dynamic subgenome dominance potentially represents the
first step toward functional innovation through neofunctionalization
or subfunctionalization.

To investigate the impact of SVs on gene expression and phe-
notypic variation, a total of 70,132 SV genes were determined. Gene
expression analysis showed that SV genes had significantly lower
expression levels than no-SV genes (Fig. 5c and Extended Data Fig. 8d).
We found that SVslocated in coding regions of genes were more likely
to affect gene expression than those located in introns and upstream
or downstream of genes, and SV genes had more silenced genes than
no-SV genes (Fig. 5d and Extended Data Fig. 8d). Given that SVs can
either promote or suppress gene expression, we refined the effects of
SVsongene expression patterns. The 17 hexaploid oat accessions were

categorized into two groups (presence and absence) based on the SV
genotype for each SV gene. Our results revealed that the number of
SV genes with suppressed expression (38,302 SV genes) were much
more than those with promoted expression (22,210 SV genes) (Fig. 5e
and Extended Data Fig. 8e). Furthermore, a greater proportion of SV
genes exhibited more than twofold expression changes following
stress treatments compared to no-SV genes (Fig. 5f,g), indicating that
SV genes were more sensitive to environmental stresses®*°.

Atotal 0of14,348,10,140, 16,629 and 11,939 differentially expressed
genes were detected after drought, heat, salt and alkaline stresses,
respectively (Fig. 5h and Extended Data Fig. 9a). Functional analy-
ses indicated that these genes were involved in defense response,
abscisic acid binding, response to heat and heat shock protein bind-
ing (Extended Data Fig. 9b and Supplementary Table 21). We further
identified SVs significantly associated with gene expression levels
(SV-eGenes, Wilcoxon signed rank test) in hexaploid oats under
drought (494), heat (309), salt (460) and alkaline (337) treatments
(Fig. 5h). Many of these SV-eGenes have been reported to be involved
in the stress response (Fig. 5i and Supplementary Table 22), such as
DRO1 in drought stress*, OsGA20x6 in heat stress*? and OsPRR73 and
OsVPI1 in salt and alkaline stress****. Quantitative PCR with reverse
transcription (RT-qPCR) results further proved that these genes were
upregulated or downregulated under stress treatment and also showed
significant expression differences amongaccessions withand without
SVs (Extended Data Fig. 9c-f). Overall, our study highlights the crucial
role of SVs in modulating gene expression under stress treatment
and presents a substantial set of candidate genes associated with the
response to diverse stresses in oat.

Contributions of SVs to drought tolerance in oat
Oatiswell-known forits strong drought tolerance compared to major
crops such as rice, wheat, corn and barley*®. To characterize the SVs
underlying drought tolerance in oat, a GWAS based on both SVs and
SNPs was conducted with 186 oat accessions (Fig. 6a and Supplemen-
tary Table 23). We obtained 2,223 candidate SVs with P<1.0 x 10 and
3,154 related genes (SVs within gene bodies or 1-Mb flanking regions).
To further identify drought resistance-related genes with expression
affected by SVs, we combined the results of SV-based GWAS, differential
expressionand SV-eGene analyses (Extended DataFig.10a), identifying
many previously reported drought tolerance-related genes (Supple-
mentary Table 24). Finally, we obtained 13 candidate genes with SVs
significantly associated with drought tolerance and gene expression
under drought treatment (Fig. 6b).

Notably, the gene A105907C064235.1 (ASARF7), orthologous to
AtARF7 (NCBI100191131), encoding a putative auxin response factor
(ARF), was identified in the significant peak on chromosome 7C. The
leading SV, located 456 bp upstream of this gene’s translation start site
(Fig. 6¢), included a WRKY transcription factor binding site and was
significantly correlated with drought tolerance (P=7.76 x1072%). This SV
was present in 80.00% of high-drought-resistant accessions and only in
10.89% of low-drought-resistant accessions (Fig. 6d). Phenotypic obser-
vation further confirmed that oat accessions with this SV (haplotype
2) showed significantly higher drought tolerance than those without
this SV (haplotype 1) (Fig. 6e). Collinearity analysis with wild species
indicated that this SV originated from ancestral diploid species (Avena
eriantha) (Fig. 6f). Transcriptome and RT-qPCR analyses revealed
significantly higher expression of ASARF7 in oat accessions with the
haplotype 1 genotype than in those with the haplotype 2 genotype
(Fig. 6g,h and Supplementary Tables 7 and 26). Additionally, in Nico-
tiana benthamiana plants, the expression of ASARF7 with haplotype
1 was also significantly higher than that with haplotype 2, and both
genotypes showed downregulated expression of ASARF7under drought
treatment (Fig. 6i). These results indicate that the SV is significantly
associated with drought tolerance in oat and affects the expression
of ASARF7 under drought treatment.
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Fig. 6 | Identification and validation of key SVs and genes related to oat
drought tolerance based on the SV-based GWAS. a, GWAS signals associated

withdrought tolerance including SNP (blue circles) and SV (red triangles) markers.

Candidate genes are highlighted with black arrows. b, Venn diagram showing
the numbers of common and unique genes identified by differential expression,
SV-eGene analysis and SV-based GWAS. ¢, A significant peak associated with
drought tolerance on chromosome 7C, the leading SV that harbored a WRKY
binding site, was located 456 bp upstream of the translation start site of
ASARF7.Hap, haplotype; TFBS, transcription factor binding site. d, Percent of
accessions with present (haplotype 2) or absent (haplotype 1) SV genotype for
high-and low-resistance accessions (two-tailed Fisher’s exact test). e, Phenotype
validation of oat accessions with two different haplotypes under normal and
drought conditions. Scale bars, 5 cm. f, Schematic diagram of the candidate

SV affecting the ASARF7 gene in cultivated and wild oats. g,h, RT-qPCRand
transcriptome analysis of ASARF7 expression levels of the two haplotypes under
drought treatment. RT-qPCR was performed in each of the seven accessions with
haplotypes1and 2, respectively, and three biological replicates were made (g).
Transcriptome analysis was performed in accessions with haplotypes1and 2 (h).

Ingand h, box plots show the 25th (lower edges) to 75th (upper edges) percentiles
with medianlines, and whiskers extending to 1.5x the interquartile range.

i, RT-qPCR detection of ASARF7 expression levels of the two haplotypes under
drought treatment and mock treatment in transgenic tobacco plants. j, RT-qPCR
detection of ASARF7 expression levels before and after drought treatments. 70%
represents 70% soil moisture content. 35% represents 35% soil moisture content.
0% represents 0% soil moisture content. R-12h, recovered for 12 h. k, RT-qPCR
detection of ASARF7 expression levels before and after ABA treatments. The x axis
represents the time course of ABA treatment. I, Drought tolerance assessment of
AsARF7-knockdown lines. Photographs were taken under well-watered conditions
and after a2-d period of recovery with full irrigation after drought treatment.
Whole-plantimages of 5-week-old plants (I). Scale bars, 5 cm. m, Survival

rate statistics of ASARF7-knockdown lines. n, RT-qPCR detection of ASARF7
expression levels in pUBI::AsARF7-GFP transgenic plants. o, Overexpression of
ASARF7 decreased plant tolerance to drought. ‘Watered’ represents well-watered
conditions. ‘After drought’ represents a 2-d period of recovery with full irrigation
after drought treatment. Scale bars, 5 cm. Ini-k, mand n, error bar represents the
standard deviation of three biological replicates.
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Furthermore, we conducted functional validation of ASARF7
in drought resistance. RT-qPCR results showed that the expres-
sion level of ASARF7 was significantly downregulated after drought
and abscisic acid (ABA) treatments (Fig. 6j,k and Extended Data
Fig. 10b,c). Using the tobacco rattle virus (TRV)-mediated
gene-silencing system, we successfully generated oat lines with over
50% reduced AsARF7 expression (Extended Data Fig. 10d). Knock-
down oatlines showed stronger drought tolerance, a higher survival
rate, a slower water loss rate and higher chlorophyll content under
drought stress (Fig. 61,m and Extended Data Fig. 10e-g). Addition-
ally, we constructed pUBI::AsARF7-GFP overexpression transgenic
oat plants (Extended Data Fig. 10h), with pUBI::GFP as a negative
control (Fig. 6n). After drought treatment, pUBI::ASARF7-GFP plants
exhibited weaker drought resistance than controls (Fig. 60). Alto-
gether, these results indicate that the SV near ASARF7 contributes
to oat drought tolerance by affecting its expression, which further
emphasizes the important effects of SVs on gene expression and the
necessity of SV-based GWAS for identifying trait-associated genetic
variantsin oat.

Discussion

Common oat is a globally important food and feed crop®*. However,
the complex and large genome size makes its genomic research and
breeding lag far behind other economically important crops™*. Aside
from this, the serious shortage of genomes in Avena greatly limited
the comprehensive studies of genetic diversity and evolutionary his-
tory and obstructed the utilization of excellent allelesin wild species.
While pangenomes for numerous crops have been reported, most were
focused onspecies with simple genomes or involving only one or afew
species®”. In this study, we constructed a genus-level super-pangenome
including 35 oat accessions from 23 species of Avena. Compared to
previous studies, our pangenome incorporated 21 wild oat species
with different ploidy levels, rendering it the most representative germ-
plasmresource for apangenome to date and capturing nearly complete
genetic resources of Avena.

Super-pangenome construction enablesin-depth phylogenomic
analysis, thereby clarifying the evolutionary position of all subgenomes
and lineages and revealing reticulate evolutionary trajectories of Avena
species. Forinstance, the evolutionary status of the B subgenome has
been asubject of ongoing controversy in previous studies'®**?**, Qur
results showed that the B lineage diverged earliest from the common
ancestor ofthe A, Band D lineages, resolving previous debates regard-
ing evolutionary trajectories. Moreover, the fully resolved evolutionary
position of Avena contributed to correcting misclassifications of some
species. For example, our results demonstrated the special karyotype
and evolutionary history of A. agadiriana (Ac’Ac’As’As’) and supported
that A. agadiriana was not an AABB species®. In addition, our findings
revealed that wild oats had 26.63% new gene families and 59.93% new
gene haplotypes compared to cultivated oats, further corroborating
theimportance of the rich genetic resourcesin wild species and facili-
tating their applicationin oat breeding.

SVsfrequently introduce genetic diversity, which can profoundly
affect gene expression and function, leading to phenotypic changes>"’.
These high-quality genomes offered an opportunity to construct a
comprehensive SV catalog for understanding genomic and phenotypic
changes in oat. We highlighted the crucial role of SVs in modulating
gene expressionand shaping adaptation to diverse stresses. The inte-
grated analyses of SV-eGene identification, differential expression
analysis and SV-based GWAS enabled us to mine key SVs and candidate
genes associated with stress resistance. These discoveries provided
insightsinto theimportant and complex regulatory roles of SVs on the
variations of gene expression and extensive adaptability to different
environmental conditions, thereby establishing a robust and reliable
oat genotyping platform for facilitating fine mapping of key genes and
genomics-assisted breeding.

Collectively, our super-pangenome generated a comprehensive
dataset to explore and use the entire spectrum of genetic diversity
presentinAvena, whichwill greatly expedite genomics, evolutionand
molecular breeding research in oat.

Online content
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Methods

SNP calling and population analysis

Whole-genome resequencing data of 1,078 hexaploid oat accessions
obtained from the OatOmics database (http://www.oatomics.com)
and whole-genome resequencing data of A. sativa cv. Sang obtained
from a previous study’ were aligned to the reference genome using
BWA (version 0.7.17)** with the MEM algorithm. The alignment
results were filtered and sorted using SAMtools (version 1.7)%.
BCFtools (version1.10.2) was used to perform genomic variant detec-
tion. The SNPs were further filtered with the following parameters:
‘QD < 2.0[|FS > 60.0]|[MQ < 40.0||SOR > 3.0[|[MQRankSum < -12.5||Read-
PosRankSum < -8.0". We generated a distance matrix of nonsynonymous
SNPs using VCF2Dis (version1.46) and constructed an NJ phylogenetic
tree based on the FastME server (http://www.atgc-montpellier.fr/
fastme). Multiple iterations were performed using a replacement
sampling method through VCF2Dis. A subset of SNPs was randomly
selected, and anew NJ tree was constructed as described above, repeat-
ing this process 1,000 times with the parameters -Rand 0.25. Finally,
1,000 bootstrap trees were integrated into the above NJ tree using
nw_support in the Newick Utilities Tutorial (version 1.6.0) (https://
www.ezlab.org/). The results were visualized with the iTOL (https://
itol.embl.de).

PCA was performed with these SNPs using PLINK (version
1.90b6.26)**. ADMIXTURE (version 1.3.0)* was used to conduct a pop-
ulation structure analysis for K ranging from 2 to 9. Here, K = 6 was
subsequently chosen for its smaller cross-validation error, combining
with theresults of the phylogenetictree, PCA and geographical distri-
butions. The world map was generated using WorldClim (https://world-
clim.org/) where data are freely available for academic use (https://
worldclim.org/about.html).

Plant materials and growth conditions

Seventeen hexaploid oat accessions were selected for de novo assem-
bly, consisting of two cultivated species (A. sativa, A. sativa ssp. nuda)
and three wild species (AACCDD: A. fatua, A. occidentalis and A. sterilis).
Furthermore, 18 wild species including 11 diploids (AA: A. hispanica,
A. brevis, A. hirtula, A. strigosa, A. canariensis, Avena damascene, A.
atlantica, A. longiglumis, A. nuda; CC: A. clauda, A. eriantha) and seven
tetraploids (AABB: A. vaviloviana, A. abyssinica, A. agadiriana, A. bar-
bata; CCDD: A. insularis, A. maroccana, A. murphyi) were collected
fromthe National Crop Genebank of China. These oat accessions were
grown in the greenhouse at 25 °C/18 °C under a 12-h light/12-h dark
photoperiod. N. benthamianawas growninat22 °Cunder al12-hlight-
12-h dark photoperiod.

Genome sequencing and assembly

Among the 35 oat accessions, 28 accessions were sequenced and
de novo assembled in this study. The other seven genomes were
reported in other studies**~', including C1071 (ref. 48). Fresh young
leaves from the tillering stage were collected and sequenced on the
PacBio Revio platform and the DNBSEQ-T7 platform (MGI Tech). For
Hi-C sequencing, fresh leaves were fixed in formaldehyde, and DNA
was digested with the restriction enzyme Mbol. These digested DNA
fragments were sequenced on the lllumina NovaSeq 6000 platformat
Annoroad Gene Technology.

For the 27 newly sequenced oat accessions, PacBio HiFi long
reads were used for assembly using hifiasm (version 0.19.7-r598)°
with parameters--hg-size 11g. Subsequently, the Hi-C datawere aligned
to the contigs by Juicer (version 1.5)” and then clustered into chromo-
somes by 3D-DNA. Juicebox (version 1.11.08)* was used for manual
inspection and adjustment. The reference genome C0191 was assem-
bled using the above-mentioned strategy integrating ~263.5 Gb of ONT
ultralongreads. PacBio HiFilong reads, Hi-C and lllumina data of C0191
were obtained from another study*’. The completeness of genome
assembly was evaluated using the embryophyta_odb10 database of

BUSCO (version 5.2.2)*°, and the LAl value was calculated with LTR_
retriever (version1.9)%.

Genome annotation

RepeatModeler (version1.0.11)*", LTR_FINDER (version1.05)%, LTRhar-
vest (version 1.5.11)** and LTR_retriever (version 2.9.0)°° were used to
construct de novo repeat libraries. RepeatMasker (version 4.1.1)** was
used to identify genome-wide repeat sequences and repeat elements
with the library combined by the de novo library and a known repeat
library (Repbase 15.02). TEsorter (version 1.4.6)*° was used to classify
full-length LTRs, including class 1 and class Il elements covered by the
REXdb database.

A combination of ab initio prediction, homology search and
transcriptional evidence was used to predict coding gene models.
Using transcripts assembled by Trinity (version 2.12), gene struc-
ture was predicted with PASA (version 2.3)¥, and then the gene model
was trained in AUGUSTUS (version 3.2.3)°%. GenomeThreader (ver-
sion 1.7.3)*’ was used to search against protein sequences of closely
related species. RNA-seq reads were mapped to the assembled genome
using HISAT2 (version 2.2.1)"° with default parameters, followed by
genome-guided transcript assembly with StringTie (version 1.13)"".
TransDecoder (version 5.1.0) (https://github.com/TransDecoder/
TransDecoder) was used to predict open reading frames using the
assembled transcripts. Finally, EVidenceModeler”* was used to inte-
grateall predicted gene structuresintoanonredundantgeneset. The
completeness of the final gene set was evaluated using BUSCO with
theembryophyta_odb10 dataset. InterProScan (version 5.48-83.0) was
used to functionally annotate the gene models of the resulting gene
set. KofamScan (version 1.3.0)”* with default parameters was used to
assign each gene KEGG orthology terms.

Subgenome identification of polyploids

Toidentify the subgenomes of polyploids, subgenome-specific k-mers
were identified using SubPhaser (version 1.2.6)”*. Next, we split the
genomic sequence of the A, C and D subgenomes from all polyploids
into 200-kb non-overlapping fragments and aligned them to three
subgenomes of CO191. Only the reads with the best match were used to
calculate genomicidentity and coverage. The syntenic blocks between
published genomes and our polyploids were generated by jcvi (ver-
sion1.2.1).

Phylogenetic tree construction and divergence time
estimation

A total of 2,456 single-copy genes in 44 subgenomes from 25 species
(T. aestivum and L. perenne as the outgroup with data downloaded
from the NCBI) were identified using OrthoFinder (version 2.3.8)"
with default parameters. These genes were passed to MUSCLE (version
3.8.1551)"° to create the concatenated amino acid sequence alignment.
Maximum likelihood inference of phylogenetic relationships was
performed using RAXML (version 8.2.12)”” withthe PROTGAMMAIJTTF
model. One hundred single-copy genes were randomly selected to
align and thenused tobuild a phylogenetictree (repeated1,000 times)
to generate the consensus tree. The distribution of gene trees was
visualized with DensiTree (version 3.0.2) (https://www.cs.auckland.
ac.nz/~-remco/DensiTree/).

Divergence times were estimated using MCMCtree (version 4.9)
in the PAML"® package with parameters ‘model =4, burnin=2,000,
sampfreq =10, nsample =20,000". Polyploidization and divergence
time was also estimated with the formula 7= K/2p (n=6.5x107°)",in
which Tis the divergence time. Finally, CAFE (version 4.2.1)* was used
toidentify expansion and contraction gene families. Karyotypes were
constructed through the ~km and -k subroutines of WGDI (version
0.6.3)*' based on proteinsequences of rice. Rice data (IRGSP-1.0) were
downloaded from Ensembl Plants. According to previous studies®**>*,
the timescales of polyploidization were bracketed from the species

Nature Genetics


http://www.nature.com/naturegenetics
http://www.oatomics.com
http://www.atgc-montpellier.fr/fastme
http://www.atgc-montpellier.fr/fastme
https://www.ezlab.org/
https://www.ezlab.org/
https://itol.embl.de
https://itol.embl.de
https://worldclim.org/
https://worldclim.org/
https://worldclim.org/about.html
https://worldclim.org/about.html
https://github.com/TransDecoder/TransDecoder
https://github.com/TransDecoder/TransDecoder
https://www.cs.auckland.ac.nz/~remco/DensiTree/
https://www.cs.auckland.ac.nz/~remco/DensiTree/

Article

https://doi.org/10.1038/s41588-025-02294-z

divergence as the lower limit to the divergence time of parental line-
ages as the upper limit.

Interchromosomal exchanges in polyploid oat were identified
with SubPhaser.

Chloroplast genome assembly and phylogenetic analysis

Based ontheresequencing data of22 oat accessionsinthis study, along
with four other sets of published resequencing data (Avena wiestii,
Avenalusitanica, T. aestivum, L. perenne), the 26 chloroplast genomes
were assembled using the GetOrganelle (version1.7.7.0)* toolkit with
the parameters -R 21-k 21,45,65,85,105,117 -F embplant_pt -t 5-R25-w
68’. Multiple-sequence alignments were performed using MUSCLE,
and ML analysis was performed using RAXML with100 bootstrap rep-
licates under the GTRGAMMAX evolutionary model. lllumina data for
T. aestivum and L. perenne were downloaded from the NCBI.

Mitochondrial phylogenetic analysis

First, resequencing data of 26 species were aligned to the mitochon-
drial genome of A. longiglumis downloaded from the NCBI using BWA
and then filtered with SAMtools® (view -h -b -q30). SNP calling was
carried out using BCFtools (version1.12)*® -mpileup with default param-
eters. Next, VCF2Dis (version1.47) (https://github.com/BGI-shenzhen/
VCF2Dis) was used to generate the distance matrix and passed to mat-
2nwk (http://www.atgc-montpellier.fr/fastme/).

Karyotypes of A. agadiriana

Chromosome phylogenetic trees were constructed based on
single-copy genes for two subgenomes of A. agadiriana and ten other
subgenomesinAandB lineages. We split the sequences of the Aand B
subgenomes from all diploids and tetraploids (except A. wiestii) into
200-bp non-overlapping fragments and aligned them to both subge-
nomes of A. vaviloviana, A. abyssinica and A. agadiriana.llluminareads
for A. wiestiiwere downloaded from the NCBI. Only the reads with the
best match were used to calculate genomic identity and coverage.
Next, we calculated K, using KaKs_Calculator (version 2.0)*” between
two subgenomes.

Super-pangenome construction and analysis

Orthologous gene families in Avena were clustered using OrthoFinder
with default parameters, referring to recently published genus-level
pangenome studies®**%, Functional enrichment analysis of GO terms
and KEGG categories was performed using the ‘clusterProfiler’R (ver-
sion 4.4.2) package with P < 0.05. K,/K, values were calculated using
KaKs_Calculator based on multiple-sequence alignments performed
with ParaAT (version 2.0)°° with syntenic gene pairs identified using
McscanX (https://github.com/wyp1125/MCScanX).

Identification of SSP, NBS-encoding and cellulose synthase
gene families

HMMER (version 4.0.0)” with an E value of 1 x 10 was used to identify
candidate cellulose synthase genes with the conserved CesA (PF03552.9)
and Csl (PF13641.1) protein domains. The homology sequences of rice
and Arabidopsis were downloaded from the NCBI, and these candidate
genes in oats were aligned with MAFFT to assign them into the seven
subfamilies CslA, CsIC, CsID, CslE, CsIF, CsIH and CslJ. The best model
of the phylogenetic relationships was estimated by IQ-TREE. For SSP,
the conserved protein domains of HMW glutenin (PF03157), gliadin
(PF13016), Tryp-a-amyl domains (PF00234) and the cupin_1 domain
(PFO0190) were used to identify candidate genes in oats with HMMER
using an E value of 1 x 1075, Lastly, candidate proteins of NBS-encoding
families were retrieved using RGAugury®* with default parameters.

Statistics of genotypes
All-to-all alignments were performed with diamond (version 0.9.14)
between the proteins of C0191 and proteins from other species. The

best matches in other species using each of the proteins from C0191
as areference were screened to form homozygous gene groups, and
we counted the number of specific and shared haplotypes within these
homozygous groupsin both wild and cultivated oats.

Transcriptome sequencing and analyses
Amongthe1,401transcriptome samples, 1,365 transcriptome samples
including three biologically independent experiments were collected
andsequencedinthis study. The other 36 transcriptome samples were
obtained from other studies***,

After total RNA extraction, the RNA libraries were constructed
accordingto the manufacturer’sinstructions, and samples fromthese
accessions were sequenced using the lllumina platform. fastp (version
0.20.1)”with‘-e 20 -w10’ was used to trimmed raw RNA-seq reads. For
eachtissue, the cleanreads were aligned to the reference genome using
HISAT2 with default settings. Gene expression levels were calculated
using StringTie, measured as FPKM values. The DESeq2 package was
used foridentifying differentially expressed genes (P value < 0.05and
llog, (fold change)| >1).

Principal-component analysis of the 1,401 RNA-seq samples
For PCA, FPKM values of expressed genes were transformed using
log, (FPKM +1). A distance matrix was then constructed with the dist
function, and, based on the matrix, the neighbor-joining tree was
clustered for different oat tissues and treatments using the hclust
function. PCA analysis was performed with the prcomp functioninR
(version4.1.1) (https://www.r-project.org/).

Expression divergence among subgenomes

Methods for subgenome expression divergence in this study refer to
previously published studies in wheats”, oats** and bamboos™. First,
OrthoFinder wasemployed toidentify1:1:1homoeologous genes across
the three subgenomes from17 hexaploid oat accessions. Additionally,
we defined a triad as expressed when the sum of the A, C and D sub-
genome homoeologs had FPKM > 0.5 and standardized the relative
expression of each homoeolog across the triad. The final dominant
subgenome was determined based on the standardized relative expres-
sion of the A, C and D subgenomes using a Wilcoxon rank-sum test
acrossallsamplesin each accession. A total of 1,143 samples were used
toevaluate subgenome dominance in hexaploid oats. We also evaluated
the subgenome dominance statusin tetraploid CCDD species using the
same approach based on132 transcriptome samples.

Structural variation detection

We firstaligned query genomes to the CO191 reference genome using
MUMmer®*. Raw alignment results were further picked using delta-filter
with the parameter -m -i 90 -1100". SyRI (version 1.6.3)”° with default
parameters was used to identify SVs. In this study, we focus on SVs
ranging from 50 bp to1Mbin size. Two SVs with overlapping genomic
coordinates exceeding 90% were merged.

To obtain presence-absence variations (PAVs) in oat populations
for GWAS, the coverage of nonredundant PAVs in the genome was used
to identify PAVs of each accession. PAVs with coverage less than 70%
were marked as ‘missing’.

Identification of structural variation hotspot regions

The number of SVs within 1-Mb windows (step size of 500 kb) for each
chromosome was calculated. Subsequently, based on the count of
SVs within these windows, the top 5% of windows with the highest SV
frequency were defined as SV hotspots. Following this, contiguous
windowsidentified as hotspots were merged to form ‘hotspot regions’.

SV-eGene identification
Based on the recent study of Brassica oleracea’®, we identified ‘SV
genes’ as genes containing SVs within gene bodies or the regions 3 kb
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upstream or downstream. The effects of SVs on gene expression were
classified into two types: promoting and suppressing gene expression.
We defined genotypes with SVs as ‘presence’ and genotypes sharing the
same sequence with the reference genome as ‘absence’. Among these,
SVgenesthat had different SV genotypesin atleast three genomes were
selected for gene expression analysis. Promoting SVs were defined if
the mean FPKM of a gene with SV presence was at least 1.5-fold higher
than that with SV absence.

Genome-wide association study analysis

Based on the drought tolerance phenotypes of 186 oat accessions,
SNP-based and SV-based GWASs were performed using SNPs or SVs with
minor allele frequency < 0.05 and missing call rate < 0.1 with GEMMA
(version 0.98.5)"” software. Genome-wide significance thresholds
(1.15 x107®) were determined using a uniform threshold of 1/N (N refers
to the effective number of SNPs and SVs calculated by the Genetic
Type l error calculator). To examine whether presence of the SV was
correlated with drought tolerance, we compared the differencesin the
proportions of the two haplotypesin high (survival rate > 50%) and low
(survival rate < 50%) drought-resistant accessions.

Plasmids and cloning procedures

For the VIGS assay, different-length open reading frame fragment
regions of ASARF7 were amplified from C0836 cDNA. These frag-
ments were fused into the pTRV2 virus vector with the Nimble Clon-
ing kit (NC Biotech, NCOO1) to generate pTRV2::AsARF7 constructs.
A3,000-bp genomic DNA fragment containing the ASARF7 promoter
was amplified from C0836 genomic DNA and cloned into pCambia
1305.2, generating the construct pHAP1::AsARF7. We conducted base
insertion using pAsARF7y,::AsARF7 (pHAP1::AsARF7) asatemplate to
generate pAsARF7,,::AsARF7 (pHAP2::AsARF7) via PCR. To generate
the pUBI::AsARF7-GFP construct, a1,982-bp genomic DNA fragment
containing the ASARF7 gene was amplified from C0836 genomic DNA
and cloned into the pCambia 3300 vector by using the ClonExpress 1
One Step Cloningkit (Vazyme, C112-02).

Virus-induced gene silencing mediated by tobacco rattle virus
TRVinfection experiments were performed as previously described .
Toinitiate the experiment, the fragments of ASARF7 used for VIGS were
assembled into the pTRV2 virus vector. Agrobacterium tumefaciens
strain GV3101 with a TRV infectious clone was cultured at 28 °C. After
centrifugation, pTRV1and pTRV2 were supplemented with ACT buffer
(acetosyringone (Coolaber, SL95131,19.62 mg 1), cysteine (Amethyst,
52-90-4,400 mg ™) and Tween-20 (Sigma, P2287, 5 ml 1)) and mixed
atal:lratio.

Plant material preparation for PCR validation

Drought, simulated drought with polyethylene glycol 6000 (PEG
6000; Sangon Biotech, A630434) and ABA hormone (Harvey, PGS1349)
treatment were integrated to verify whether the candidate genes
respond to drought stress at the expression level. Sterilized seeds
were carefully placed on 1/2 MS medium supplemented with 1% (wt/
vol) agar and adjusted to pH 5.8. Once germinated, the seeds were
transferred to pots filled with a1/2 Hoagland solution. When the seed-
lings reached the trifoliate stage, they were subjected to different
treatments: drought, ABA (spraying and soaking) and 20% PEG 6000
solution. Plant aerial parts were collected at specific time intervals
(70% soil moisture content, 35% soil moisture content, 0% soil moisture
content and recovered for 12 h) after the initiation of drought treat-
ment. Treatments were performed using solutions containing 20%
PEG 6000 for drought simulation. Aerial plant parts and roots were
collected at 12 h after the initiation of PEG 6000 treatment. Aerial
plant parts and roots were collected at specific time intervals (0, 1,
3, 6 and 9 h) after the initiation of treatment with ABA at 250 pmol I
(spraying) or 125 pmol I (soaking).

Reverse transcription PCR analysis

Total RNA samples from oat organs were prepared using TRIzol Reagent
(Thermo Fisher Scientific,15596018). To synthesize first-strand cDNA,
reverse transcription PCR was performed on 1 ug of total RNA using
the PrimeScript RT Reagent Kit with gDNA Eraser for qPCR (Takara,
RRO47A).RT-qPCRassays were performed using the SYBR Green Pre-
mix Pro Taq HS qPCR Kit (Takara, RR820A). ASACTIN2 was used as an
internal control. All primers used inthe qPCR assays were synthesized
by Sangon Biotech and are listed in Supplementary Table 25.

Water loss rate assay

Theleaves were taken from six plantsinthe same state, which were cut
off and weighed immediately. The leaves were placed on filter paper at
roomtemperaturefor0,1,2,3,4,5,6,7,8and 9 hand were weighed at
each time point. Three biological replicates were performed for each
line, and the water loss rate was calculated.

Chlorophyll measurement

The chlorophyll measurement assay was performed as previously
described'. The leaves were incubated in 95% (vol/vol) ethanol for
5din the dark. The absorbance was measured at 665 and 649 nm.
Chlorophyll contents were calculated according to the following ratio:
(6.63A45 +18.08A,,,)/g fresh weight.

Nuclear run-on assay

The nuclear run-on assay was performed as previously described'* %,
Three grams of one-tip three-leaf oat leaves were collected to deter-
minetranscription levels after drought treatment. The run-onreaction
was performed at 37 °C for 40 min. Anti-BrdU beads (80 pl, Santa Cruz)
were used to purify RNA at4 °Cfor 2 h. The newly transcribed RNA was
extracted with TRIzol Reagent and used for RT-qPCR analysis.

Transient expressionin N. benthamiana

To verify the effect of SVs on the expression level of ASARF7, the tran-
sientexpression assay was performed in N. benthamiana'®. A. tumefa-
ciens GV3101 containing pHAP1::AsARF7-GFP and pHAP2::AsARF7-GFP
vectors was cultivated overnight at 28 °C and then suspended in MMG
buffer (10 mM MgCl, (Sigma, M9272),10 mM 2-(N-morpholino)ethane-
sulfonicacid (MES; Sigma, M8250, pH 5.7) and 150 pM acetosyringone)
at an optical density at 600 nm of 1.2. Four-week-old N. benthamiana
was injected, and further studies were performed at 3 dpi. The leaves
were placed onfilter paper at roomtemperature for 3 hand then were
collected as materials after drought treatment.

Genetic transformation in A. sativa

A.sativatransformation was performed following previously published
protocols'®7%, Mature embryos from healthy plants of ‘cv. Bayou No.
18 were collected and cultured on L3-M medium (4.6 g I L3 Base Salts
with vitamins (Coolaber, PM1621),30 g I maltose (Coolaber, CM7181),
4 g™ Phytagel (Coolaber, CP8581Z7),2 mg1*2,4-D (Coolaber, PH105),
1mg I Dicamba (Coolaber, PH113)) until an embryonic callus was pro-
duced. A. tumefaciens strain GV3101 containing the pUBI::AsARF7-GFP
construct was cultured overnightat 28 °Cin YEP medium. After centrif-
ugation at 25 °Cand 3,438gfor 10 min, the precipitate was resuspended
in WLS solution (4.30209 g Linsmaier & Skoog Base Salts (Coolaber,
PM1470),100 pl 1,000x MS vitamins (Coolaber, PML1780), 10 g glu-
cose (Sangon Biotech, A501991-0500), 0.5 g MES (Sigma, M8250), add
waterto1l, pH5.8) toanoptical density of 0.5. Equal proportions of A.
tumefaciens strain GV3101 containing the constructs pUBI::ASARF7-GFP
and pUBIL::TaWOXS5 were mixed. The selected embryonic callus was
immersed in a mixed solution of A. tumefaciens strains for 30 min.
Next, the embryogenic callus was removed and cultured onfilter paper
containing 75 pmol acetosyringone in the dark for 3 d. Subsequently,
embryogenic calli were cultured on WLS-RES medium (4.6 g "' L3 Base
Salts with vitamins (Coolaber, PM1621), 0.1g |™ picloram (Coolaber,
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CP8601), 0.5 g 1" L-glutamicacid (Coolaber, CG5771),0.1 g I caseinacid
hydrolysate (Coolaber, CC3191), 0.75 g I""MgCl,-6H,0 (Sangon Biotech,
A610328-0500), 40 g I maltose (Coolaber, CM7181),1.95 g I MES
(Sigma, M8250), 4 g I Phytagel (Coolaber, CP8581Z), 25 pmol AgNO,,
5mg I vitamin C, 0.2 mg ml™ Timentin) for a duration of 5 d. WLS-P5
medium (WLS-RES medium containing 5 mg 1 Basta (Sangon Biotech,
A356357)) was used to screen the successfully surviving callus, which
was then transferred to a regeneration medium (4.6 g L3 Base Salts
with vitamins, 5 mg zeatin (Coolaber, PH110), 20 g sucrose (Diamond,
A100335-0250), 0.5 g MES, 200 pl of 12.5 g I CuS0,-5H,0 (Sangon
Biotech, A600063), 4 g Phytagel, add water to11, pH 5.8) to promote
growth until it reached a size of 3-5 cm. Finally, the roots were culti-
vated in rooting medium (4.6 g L3 Base Salts with vitamins, 0.2 mg mI™
IBA (Coolaber, PH1031),15 gsucrose, 0.5 gMES, 4 g Phytagel, add water
to1l, pH5.8). ASARF7 expression was detected by RT-qPCR.

Fluorescentinsitu hybridization
Primers were designed on the basis of the consensus sequences of the
B subgenome and the As genome.

In situ hybridization assays were performed following the previ-
ous protocol**'°*""°, Oat seeds were germinated and subjected toa24-h
treatmentat4 °C. The seeds were incubated for12 hat 24 °C, followed
by a high-temperature stimulation at 30 °C for 4 h. Root tips were
excised and soaked in distilled water, followed by a24-h pretreatment
at 4 °C. Subsequently, the root tips were transferred to a solution of
0.075 mol I KCl and incubated at 4 °C for 45 min. Next, the root tips
were fixed in Carnoy’s fixative for 24 h. After fixation, the root tips were
subjected to hydrolysis using amixed enzyme solution (1.5% Cellulase
R-10, 0.4% Macerozyme R-10, 0.4 M mannitol,20 mM KCI, 20 mM MES,
pH5.7,10 mM CacCl,, 0.1% BSA and 5 mM 3-mercaptoethanol). Hydro-
lyzed samples were centrifuged and precipitated with 45% acetic acid.
The resulting suspension droplets were heated on glass slides for
preparation. Probes were labeled with biotin-dUTP; primers are listed
in Supplementary Table 25. Hybridization was performed overnight
at atemperature of 37 °C. Alexa Fluor 594-conjugated streptavidin
(Invitrogen) was used forimmunofluorescence. FISH experiments were
repeated independently three times with similar results.

Statistics and reproducibility

To assess the significance of the correlations between (sub)genome
size (Mb) and TE content (Mb), we calculated Pearson’s correlation
coefficient (r) with Student’s ¢t-test (two tailed). This was also used to
evaluate the correlations of the distribution patterns between genes
and different types of TEs. To test for differences in Figs. 3f,g, 4c and
5c,d,g, Extended Data Figs. 6e-h and 9c-f, Supplementary Fig. 16e-g,
Extended Data Fig. 6b and Supplementary Fig. 2, we used a two-sided
Wilcoxon rank-sum test (the wilcox.test function in R with continuity
correction). To test for differences in Fig. 6g-n and Extended Data
Figs. 9c-fand 10d-g, we used Student’s ¢-test (two tailed). The signifi-
cance in Extended Data Fig.10c and Supplementary Fig. 3b was tested
usingone-way ANOVA with Turkey’s multiple-comparisontest (a = 0.05).

Each experimentinvolved at least three biological replicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data (CRA015654 and CRA015559) and genome assemblies
(GWHEROY00000000-GWHGDJH00000000.1) in this study have
been deposited at the Chinese National Genomics Data Center
(https://bigd.big.ac.cn/) under the BioProject accession number
PRJCA024628. Raw sequencing data (SRR31832837-SRR31832882)
and genome assemblies (JBKZJGOO0000000-JBKZJZ000000000 and
JBKZKAO00000000-JBKZKHO00000000) have been deposited at

the NCBlunder the BioProject PRJNA1200805. Transcriptome sequenc-
ing data under normal growth (SRR31798633-SRR31798686 and
SRR31814753-SRR31815091) have been deposited at the NCBI under
the BioProject PRJNA1201252. Transcriptome sequencing data under
different stresses (SRR31832975-SRR31833946) have been deposited
atthe NCBlunder the BioProject PRJNA1203203. Whole-genome rese-
quencing data of 1,078 hexaploid oat accessions were obtained from
the OatOmics database (http://www.oatomics.com). Source data are
provided with this paper.

Code availability

The scripts used in this study are available via GitHub (https://github.
com/HongyuZhang-HBU/oat-pangenome) and Zenodo™ (https://doi.
org/10.5281/zen0do.15761906).
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Extended DataFig.1| Geographical distribution and phenotype diversity of
cultivated and wild oats accessions. a, Principal component analysis (PCA) of
1,079 globally collected hexaploid oat accessions. PC1 (32.14%) clearly separates
wild oat accessions (G1) and cultivated oat accessions (G2-G6); PC2 (19.45%)
clearly separates G5 group of hulless oats from other groups; b, Geographic
distribution of the 17 diverse representative accessions among 1,079 hexaploid

oataccessions. The world map was generated using the WorldClim
(https://worldclim.org/) whose data are freely available for academic use
(https://worldclim.org/about.html). The color of points corresponds to Fig.
1a.c-e, The highly diverse agronomic phenotypes of representative wild oat
accessions, including plantarchitecture (c), spike architecture (d) and spikelet (e).
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Extended Data Fig. 3| Phylogenetic relationships and karyotypes evolution
of Avenaspecies. a, Distribution of Ks for orthologue duplicates identified
between two (sub)genomes to estimate divergence time. Ad (A. damascene), As
(A. brevis), D (A. maroccana-D), B (A. vaviloviana-B). b, SNP-based phylogenetic
tree constructed with A. longiglumis as the reference genome based on our
resequencing dataand published resequencing data. c, A specific FISH probe
targeting the As subtypes can label A. hispanica, A. brevis and A. nuda, but not A.
hirtula, as observed in cells at the metaphase of mitosis. Scale bars, 5 pm.d, The
reconstructed ancestral karyotype of the Avena genus using rice as the outgroup.
Gene families with expansion and contractionin each species and node are
highlighted in blue and orange, respectively. The red pentagrams represent the
position of the inferred ancestor of A, B, Cand D lineages. The arrows represented

that the chromosome1and 4 in C subgenomes of tetraploids exhibited large-
scale rearrangements. The red dashed boxes represent a large segment specific
to the D subgenome of A. insularis but absent in that of A. maroccana and A.
murphyi, then was translocated to the end of chromosome 2D during the process
of polyploidization and retained in the hexaploid oats. e, The density of SVs

in C1071, Afat, Aste, Aocc with the C0191 genome as reference. The average
sequence similarity between subgenomes of C0191and C1071, Afat, Aste, Aocc
are shownin the heatmap. f, Proportions of contrasting gene tree topologies
for100 randomly selected single-copy genes (1,000 times) with regard to three
major conflicting relationships. The values in the upper right corner of each tree
show the percentage of windows that recovered the topology.
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constitution were shown inblue. d, The average sequence similarity between
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Extended Data Fig. 5| Refined model for the origins, polyploidizations and
evolutionary trajectories of Avena species. a, Phylogenetic trees of 24 oat
species with L. perenne and T. aestivum as an outgroup based on 26 chloroplast
(cp) genomes and 7,137 mitochondrial (mt) SNP data sets. b-f, Divergence and
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polyploidization time estimation based on the 2,456 single-copy orthologous
groups using MCMCTree, and distribution of synonymous divergence (Ks) for
orthologue duplicates identified between two subgenomes.
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Extended Data Fig. 6 | Genetic diversity in cultivated and wild oats. a, Venn
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panA, panC and panD of cultivated oats and panA, panB, panC and panD of wild
oats. b, The distribution of CDS length in core, dispensable and private genes

in cultivated and wild pangenomes. Cul-core (n =1,460,017), Cul-dispensable
(n=394,369), Cul-private (n = 8,665), Wild-core (n = 776,159), Wild-dispensable
(n=553,189), Wild-private (n = 35,786). ¢, Proportion of genes with Pfam
domainsin core, dispensable, and private genes in cultivated and wild oats. Blue
histograms indicate the genes with Pfam domain annotation; gray histograms
indicate the gene without Pfam domain annotation. d, Comparison of gene
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expression levelsin core, dispensable, and private genes in cultivated and wild
oats. e-h, Comparison of the TE coverage with awindow of 5 Mb (e), complete
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The raw data and genome assemblies in this study have been deposited in the Chinese National Genomics Data Center (https://bigd.big.ac.cn/) under the BioProject
accession number PRICA024628. The raw sequencing data (SRR31832837-SRR31832882) and genome assemblies (JBKZJGOO0000000-JBKZJZ000000000 and
JBKZKAO00000000-JBKZKHO00000000) have been deposited in the NCBI under the Bioproject (PRINA1200805). The transcriptome sequencing data under normal
growth ( SRR31798633-SRR31798686 and SRR31814753-SRR31815091) have been deposited in the NCBI under the Bioproject (PRINA1201252). The transcriptome
sequencing data under different stresses (SRR31832975-SRR31833946) have been deposited in the NCBI under the Bioproject (PRINA1203203). The whole genome
resequencing data of 1,078 hexaploid oat accessions obtained from OatOmics database (http://www.oatomics.com). Source data are provided in this article and the
associated supplementary materials.
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Sample size No statistical methods were required to establish sample size in this study. We performed RNA sequencing for 1,365 oat samples from 21
wild oat species and 14 cultivated oat accessions. We selected 28 oat accessions to de novo assemble the genome representing 77% of the
species in Avena and spanning cultivated oats and their wild relatives, based on the phylogenetic tree, population structure, principal
component analysis (PCA) , geographical distributions, and genetic background. The selection for the present work aimed at covering all
genome types of the genus Avena.

Data exclusions  No data exclusions. Details of data collection and processing are provided in the Methods.
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(Replications for each experiment were clearly stated in figure legends or Methods section.)
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Eukaryotic cell lines IX D Flow cytometry
Palaeontology and archaeology IX D MRI-based neuroimaging
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Plants

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Ppublic health
D National security

D Crops and/or livestock
D Ecosystems
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D Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

Yes

D Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

XXX XX XXX &
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Any other potentially harmful combination of experiments and agents




Plants

Seed stocks Cultivated and wild oat accessions were provided by the National Crop Genebank of China, Dingxi Academy of Agricultural Sciences
and School of Food and Biological Engineering, Chengdu University.

Novel plant genotypes  Virus-induced gene silencing mediated by TRV was used to generate the knock-down strains.

Authentication Detection of TRV viral content in gene knockdown strains to confirm the success of TRV virus infection and the gRT-PCR assay was
used to detecte the target gene expression level in knockdown mutant and overexpression lines.
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