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Oat grainisatraditional human food thatis rich in dietary fibre and contributes to
improved human health'? Interest in the crop has surged in recent years owing to its
use as the basis for plant-based milk analogues®. Oat is an allohexaploid with a large,
repeat-rich genome that was shaped by subgenome exchanges over evolutionary
timescales*. In contrast to many other cereal species, genomic research in oat is still
atan early stage, and surveys of structural genome diversity and gene expression
variability are scarce. Here we present annotated chromosome-scale sequence
assemblies of 33 wild and domesticated oat lines, along with an atlas of gene expression
across 6 tissues of different developmental stages in 23 of these lines. We construct an
atlas of gene-expression diversity across subgenomes, accessions and tissues. Gene
lossin the hexaploid is accompanied by compensatory upregulation of the remaining
homeologues, but this process is constrained by subgenome divergence. Chromosomal
rearrangements have substantially affected recent oat breeding. A large pericentric
inversion associated with early flowering explains distorted segregation on
chromosome 7D and ahomeologous sequence exchange between chromosomes 2A
and 2Cinasemi-dwarf mutant has risen to prominence in Australian elite varieties.
The oat pangenome will promote the adoption of genomic approaches to understanding
the evolution and adaptation of domesticated oats and will accelerate theirimprovement.

Oat (Avenasativa, 2n = 6x = 42, AA,C.C,D,D, genome®) is the world’s sev-
enthmost widely grown cereal crop®.Itis appreciated for its high content
of dietary fibre, which has been shown to have substantial benefits for
human health'?. In2022-23, more than 25 million metric tonnes were pro-
duced worldwide. Genetically improved cultivars have the potential to
make oat cultivation more productive and sustainable, but much of this
potential remains unrealized, and the first oat reference sequences have
been published only in the past few years*”8, The complexity of the oat
genomeis partly to blame for the slow progress. Oatis anallohexaploid
species withthe subgenomesA, CandD, eachbetween3 Gband4 Gbin
size*.In contrast to bread wheat, which arose as a hexaploid only about

12,000 years ago’’, oat’s conspecific wild progenitor Avena sterilis*",

awild grass that is common in western Asia and the Mediterranean
basin, has been a hexaploid for at least 500,000 years'. Inheritance
in oat is disomic; that is, chromosomes from different subgenomes
(homeologues) do notgenerally recombine. Evenso, the presence” of
three subgenomesinthe same nucleus has afforded opportunities for
rare homeologous exchanges to reshuffle the oat genome*. In the first
analyses of achromosome-scale oat genome sequence*, chromosomes
were assigned tothe A, C and D subgenomes according to which diploid
progenitor their pericentromeres were descended from. However, this
was anincomplete approximation of oat genomic ancestry. Forexample,
genes that could be traced back to C genomes now reside on chromo-
someswhose pericentromeres match those of Aand D genome species®.

A list of affiliations appears at the end of the paper.
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Moreover, allbut one intergenomic interchange occurred between the
CandDsubgenomesinthe evolution of the tetraploid progenitor Avena
insularis (C,C,D,D,), whichmay well have existed for several millionyears
before hexaploidization and the addition of genome A from Avena lon-
giglumis*. Now that contiguous genome sequences can be assembled
even for complex, repeat-rich plant genomes®, the polyploid and mosaic
ancestry of oat should nolonger be seenas a challenge, but rather as an
opportunity for pangenomic analyses. In this context, oat provides a
model system for questions such as how genic presence-absence varia-
tion (PAV) affects gene expressionina polyploid and whether structural
variation in an old polyploid, especially sequence exchange between
subgenomes, affects breeding. To tackle these and other questions,
we studied gene-expression diversity and structural variationin an
annotated pangenome of cultivated oats and allied taxa.

An annotated pangenome of hexaploid oat

Weassembled and annotated the genomes of 33 diverse oat lines (Supple-
mentary Table1). Henceforth, we refer to these lines as the PanOat panel.
This panel comprises (i) commercially successful elite varieties from
major oat-growing regions; (ii) plant genetic resources withinteresting
properties; (iii) two accessions of wild A. sterilis; (iv) Avena occidentalis;
(v) the closest extantrelatives of oat’s diploid and tetraploid progenitors,
A. longiglumis and A. insularis; (vi) Amagalon, a synthetic hexaploid;
and (vii) two distant diploid Avena species, Avena eriantha and Avena
atlantica. The PanOat lines cover most of the genetic diversity space of
the crop™, as represented in a principal component analysis (PCA) of
9,111 diverse wild and domesticated gene-bank accessions, and global
breeding germplasm (Fig.1a). Genome sequences for sixmembers of the
PanOat panel were published previously**. The genomes of three lines—
Gehl, AACNicolas and Avena byzantina P1258586—were sequenced with
llluminashortreads. The remaining 24 genome sequences were assem-
bled from accurate long reads generated on the PacBio HiFi platform
(Supplementary Table 1). All contig-level assemblies were scaffolded
with chromosome conformation capture (Hi-C) sequencing data. On
average, 99.97% of the assembled sequences were assigned to precise
chromosomallocations (Supplementary Table 1). We annotated geneson
these assemblies using amulti-tiered approach'®. To do so, we sequenced
the transcriptomes of 6 different tissues and developmental stages in
23 PanOatlines (Fig.2a, Extended Data Figs.1and 2a,b and Supplemen-
tary Table 2) using lllumina RNA sequencing (RNA-seq). In addition, we
sequenced pooled samples using PacBio Iso-Seq. For two additional lines
(A. sterilis TN4 and A. byzantina P1258586), we used only RNA-seq data.
These data, as well as evidence from protein homology and ab initio
predictions, were used to predict gene models, which were then pro-
jected onto the eight PanOat assemblies without native transcriptome
data. All gene models were assigned to the high- and low-confidence
categories” on the basis of their homology to genesin other plants and
the presence of domains commonly found in transposable elements
(TEs). For a hexaploid oat genome, we predicted between 107,847 and
136,836 genes (Extended Data Fig. 3a), of which 60.5% on average were
expressed (Supplementary Table 2). We used benchmarking universal
single-copy orthologs (BUSCO™) to assess the completeness of our gene
annotations. Out of the 4,896 single-copy near-universal orthologuesin
the Poales BUSCO dataset (poales_odb10), an average of 4,839 (98.8%)
were complete in hexaploid oats. Specifically, 3,680 (75.2%) were trip-
licated, 666 (13.6%) were duplicated and 166 (3.4%) occurred inasingle
copy (Supplementary Table 3 and Extended Data Fig. 3b). Completeness
was slightly lower in short-read thanin long-read assemblies.

A catalogue of gene-based PAV

The gene content of apangenome canbe divided into core, shelland
cloud compartments, which consist of genes present in all, many
orasingle line, respectively”. To study genic PAV, we constructed
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an orthologous framework from our gene annotations using
OrthoFinder?. To define the three genic categories—core, shell and
cloud—in the 30 members of the PanOat panel that are part of this
framework (Supplementary Table 3), we used the following thresh-
olds: core genes are present in 30 genomes; shell genes in 2-29 and
cloud genes in a single genome. Our orthologous framework had
102,076 hierarchical orthologous groups (HOGs). The core genome
comprised 12,671 HOGs (943,786 genes) that contained at least
one orthologous gene from all 30 lines. In total, we found 32.7% of
thegenesinthecore, 66.2%in the shelland1.1% in the cloud genome
(Extended Data Fig. 3¢,d and Supplementary Table 3). By definition,
cloud and shell genes are not present in one or more genomes; we
observed PAVs with varying contributions across different genomes
(Extended Data Fig. 3c,d). The core genome was enriched for genes
involved in essential physiological processes such as flower forma-
tion, nutrient uptake and cell-wall organization (Supplementary
Table 4). By contrast, the shell genome was enriched for genes related
to defence mechanisms and activities, as well as seed storage pro-
cesses. Itincluded genes encoding various transcription-factor fami-
lies such as MYB, WRKY, NAC, AP2/ERF and MADS/AGL. The cloud
genome was notably enriched for phosphoinositide signalling, which
hasarolein plant defence?, and for P-type ATPases, which are crucial
forion transport, pH regulation, nutrient uptake, metal detoxifica-
tion and maintaining electrochemical gradients essential for plant
growth and stress responses®?, These findings are consistent with
reportsin other plant pangenomes*#, Core genes tended to be more
highly expressed than those in the cloud and shell compartments
(Extended Data Fig.3e).Inall polyploid oat genomes and tissues, the
mean expression of genes assigned to the C genome was significantly
lower than that of their A and D counterparts, with a Fisher’s exact
test Pvalue of 5.46 x 10~* (Supplementary Table 5and Extended Data
Fig.4a). This confirms trends reported previously in the first genome
analysis of a single oat variety*.

Diversity in gene-expression dynamics

Ourreplicated expression data allowed us to investigate the complexity
ofthe oat pantranscriptome. Variation occurs at multiple, intersecting
levels: copy numbers of genes vary between subgenomes and across
lines, and expression can differ between tissues, subgenomes and lines.
To quantify transcript abundance, we mapped the RNA-seq reads of 23
oatlinestotheirrespective genomes. Transcript levels acrosslines were
rendered comparable by our orthologous framework. The resultant
gene-expression matrices are available at the Bio-Analytic Resource®
(https://bar.utoronto.ca/~asher/efp_oat/cgi-bin/efpWeb.cgi). Owing
to the plethora of possible patterns, we first focused on a set of 5,965
genes that occurred in single copies in each of the 3 subgenomes in
20 hexaploid A. sativa genomes in our panel (A:C:D 1:1:1 configura-
tionineach), termed ‘60-lets’. The expression patterns of these ‘triads’
in each genome were classified into one of seven categories on the
basis of the Euclidean distance to sevenideal expression level profiles:
A-, C- or D-dominant or A-, C- or D-suppressed, in which one gene is
predominantly expressed or suppressed, and a balanced category,
inwhich A, C and D genes are equally expressed*? (Extended Data
Fig.4b). Almost half (49.4%) of the 60-lets had the same classification
into one of these categories across lines and were termed ‘stable tri-
ads’ (Fig. 2b,c). In most cases (94% on average, with variations across
tissues), the expression of stable triads was balanced among subge-
nomes (Fig. 2b and Supplementary Table 6). These stable balanced
triads were, for example, enriched for essential cellular functions such
as vesicle trafficking, ribosome biogenesis and protein biosynthesis
and modification (Supplementary Table 7). In an average of 3% of the
stable triads, expression was unbalanced, with the bias appearing
mostoftenin the C-genome orthologue (Fig. 2b,c and Supplementary
Table 6).
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Fig.1|Oat pangenome composition and structural variation.

a, Multidimensional scaling (MDS) plot of 9,111 hexaploid oats including
A.sativa, A. byzantina and A. sterilis (light-grey points, ref. 14) overlaid with the
position of PanOat assemblies (numbering refers to the PanOat assemblies
and colours refer to the population assignment (P1-P21; ref. 14). CN25955,
A.occidentalis CN25955; HdA, Hatives des Alpes; Morgan, AC Morgan; Nicolas,
AAC Nicolas; P1258586, A. byzantina P1258586. b, Hexaploid oat pangenome
complexity estimated by single-copy k-mers. The curves trace the growth of
non-redundantsingle-copy sequences as samplesizeincreases. Error barsare

Expressionin roots, embryos and panicles tended to be more con-
served acrosslines, whereas expressionin leaf, internode and caryopsis
tissues was more variable (Fig. 2d and Supplementary Table 6). For
example, HD-ZIP I and HD-ZIP Il transcription factors, which were
enriched amongstable genesinembryotissue, are crucial regulatorsin
plantembryogenesis®*?’, and stable genes in root tissue were enriched
for genes involved in root formation (Supplementary Table 8). This
variability was further highlighted by calculating Cramér’s V matrices
using the expression level categories, revealing notable differences
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derived from100 ordered permutations each. The central line represents the
median; theboxbounds are theinterquartile range (IQR), from the first quartile
tothe third quartile; and the whiskers extend to the most extreme values
within1.5 x IQR from the quartiles. ¢, NGenomeSyn* synteny plot between
representative PanOat assemblies, including the diploid and tetraploid
genome donors (A. longiglumis (A genome) and A. insularis (CD genomes)),
showing major SVs. The grey bars represent syntenic regions between all
assemblies, and the coloured bars mark the SVsin the different assemblies.

between the lines (Fig. 2e). Part of this variability could be attributed
to factors such as geographical distribution, because gene expression
mightreflect adaptations to environmental conditions. To determine
how DNA sequence and expression diversity are related, we compared
the matrices derived from expression data with a genetic distance
matrix derived from single-nucleotide polymorphism (SNP) data.
The clustering analysis performed using these matrices showed broad
agreement with genomic distance measures (Mantel test, P < 0.001),
with consistently positive correlations across all tissues, suggesting
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Fig.2|Anoat pantranscriptome. a, Illustration of the six harvested tissues for
transcriptome sequencing. b, Proportions of stable and variable genes across
20 A.sativalinesin 6 tissues. For stable genes, the expression categories are
classified into A-, C-and D-dominant, A-, C-and D-suppressed, and balanced.

¢, Ternary plot of stable (left, 46.5% of the triads) and variable (right, 53.5%
ofthetriads) triads in caryopsis tissue. Colour intensity in the hexbin plots
represents datadensity onalogarithmicscale, highlighting the distribution

of gene-expression proportionsacross the three subgenomes (A, Cand D).

d, Pairwise distribution of Cramér’s V values between tissues, indicating the
degree of similarity in gene-expression patterns. The central line represents
the median; the box bounds are the 25thand 75th percentiles (IQR); the whiskers
extend to the most extreme datawithin1.5 x IQR of the box; and the points

that variation in DNA sequences, such as in promoter regions or reg-
ulatory elements, contributes to the gene-expression patterns we
observed.

When analysing the stability of 60-lets not only across all lines but
alsoacrossall six analysed tissues, only 13.5% of genes maintained stabil-
ity. The significant reductionin overall stability indicates considerable
tissue-specific differences in gene-expression patterns across geno-
types. Thisset of very conserved genes was enriched for fundamental
cellular processes such as protein biosynthesis, vesicle trafficking and
RNA processing, among others (Supplementary Table 9). On average,
50.1% of the triads exhibited variability in their classification into one
of the seven expression level categories across the 20 A. sativa lines,
and these were termed ‘variable triads’ (Fig. 2b,c). Nearly all of these
variable triads exhibited expression variability inboth lines and tissues.
Single-copy orthologues with expression variability were enriched for
several families of transcription factors, including R2R3-MYB, ERF, NAC
and MADS/AGL (Supplementary Table 7).

4 | Nature | www.nature.com

w |eaf
=== |nternode

C missing

N Root W Embryo
N Leaf Internode

Panicle
I Caryopsis

‘ 0.6

0.5

= ::é'{'-}%%f

[ ]
Cramér’'s V

100| Proportion (%)

0.2

P1182478
Hatives des Alpes

ark
Clintland60
Bilb
OT309
Bingo
Nicolas
San
Aslal
Lion
Rh Delgn
apsody
GS7

I oss

- 0.40

Cramér’'s V

- 0.35

.

Bannister

Gehl

HiFi

(\5/MI423 -
ictoria
FM13

Tara-

Lion
Delfin

Rhapsody
GS7

Park
Bannister
Gehl

HiFi

As[a%
GMI423

P1182478
Bingo
Nicolas
San
Victoria
FM13

Hatives des Alpes

Panicle
Root

Significant
Non-significant

D missing

Cohen’s d

D A C

beyond the whiskers are outliers. Thus, minima and maximarefer to the
non-outlier range. The y axis shows Cramér’s V; n = 380 pairwise line-line
comparisons per tissue (20 lines; all ordered pairs excluding self-comparisons);
each Cramér’sVcomputed across 5,964 genes. e, Distance matrix based on
expression level categoriesin 20 A. sativalines using Cramér’s V, whichis
exemplified by leaf tissue. f, Dynamics of gene expression, comparing complete
triads to those missing ahomeologue from one subgenome. The grey bars
represent the percentage of casesin which the absence of one homeologue
leadstoasignificantexpressionincreaseinthe remaining two subgenomes.
Cohen’sdvalues, comparing expression levelsbetween complete and incomplete
triads, are shown as dot plots, with significant cases highlighted in pink.n=326
(Amissing), 338 (C missing) and 280 (D missing).

After focusing on 60-lets, we relaxed our criteria to include genes
that occurred as 1:1:1 single-copies in some genomes, but lacked the
copy of onesubgenome in others (1:1:0,1:0:1, 0:1:1). We compared the
expression patterns of ‘complete’ and ‘incomplete’ triads between
20 A.sativalinesto see how geneloss in the hexaploid has affected the
expression of the remaining homeologues. The set of incomplete triads
comprised 944 members. Among these, 326,338 and 280 lacked the A,
CandD gene copies, respectively. Loss of either the A or the D genome
copy was accompanied by a significant increase of expression in the
remaining D or A copyin13.3% and 23.2% of cases, respectively. Higher
expression of the C genome compensated for the loss of Aor Dgenesin
only 6% and 5.9% of cases, respectively. Similarly, if a C-derived gene was
lost, compensatory upregulation of its A or Dhomeologues occurred
injust 4.3% and 4% of cases, respectively (Fig. 2f and Supplementary
Table10). The Aand D genomes diverged less than 4.3 million years ago,
and are thus more closely related to each other than to the C genome,
which split from the A and D lineage 8 million years ago’. This shorter



evolutionary distance suggests that Aand D genes can more frequently
compensate for each other than for alost C-subgenome copy.

A map of structural variation

Our chromosome-scale reference sequences made it possible to
study the prevalence and impact of large structural variants (SVs) in
domesticated oats. The mosaic genome of hexaploid oat is the outcome
of rare chromosomal rearrangements that have accumulated over
evolutionary timescales*”. Three chromosomal rearrangements that
are polymorphicin cultivated oat and its immediate wild progenitor
A. sterilis were previously discovered using cytological techniques™.
Not unexpectedly, many of these known events were identified in our
genome assemblies (Supplementary Table 11), including (i) a translo-
cation from chromosome 1C to 1A that has been implicated in pheno-
logical shifts associated with winter types; (ii) a translocation from 6C
to 1D (ref. 30); and (iii) a large pericentric inversion on chromosome
3C (Fig. 1c and Extended Data Fig. 5a). In addition, the pangenome
revealed four previously unknown major structural rearrangements:
analternatereciprocal version of the 1A/1C translocation foundin the
A. occidentalis CN25955 assembly; a2A/2C translocation; a pericentric
inversion on chromosome 4C in Amagalon (Extended Data Fig. 5c¢);
andalarge 420-Mb pericentricinversion on chromosome 7D (Fig. 3a).
The non-reciprocal 1Cto1Atranslocation polymorphismis presentin
A. sterilis and thus must have arisen before domestication'®. The same
applies to the 3C inversion and the pericentric inversion on chromo-
some 7D, the allelic state of which differs between the two A. sterilis
accessions (TN1and TN4) in the PanOat panel (Fig. 1c and Extended
DataFig.5a,b). These rearrangements lead to localized gene-expression
changes near certain translocation break points—especially on chro-
mosomes 1A/1C, 3C and 7D—affecting metabolicand regulatory genes,
which could hint at functional consequences of structural variation
(Supplementary Table 12 and Supplementary Fig. 1).

In the following four sections, we highlight case studies from this
structural variation map that illustrate its functional importance and
applied relevance. These include examples already introduced—the
pericentric chromosomes 7D and the 2A/2C translocation, with clear
links to flowering time and mutation breeding, respectively—as well
as two additional cases: chromosome changes in synthetic-derived
lines and widespread effects of SVs on recombination and segregation
in breeding populations. Notably, many of these rearrangements are
not confined to historical or wild germplasm—they persist in modern
cultivars and continue to shape the genomiclandscape of contempo-
rary oat breeding.

Aninversion linked to early heading

Tinker etal.* observed alack of recombination in a cross that was poly-
morphic on most of chromosome 7D, and postulated the presence of
aninversion. This prediction was borne out by our data. Although we
were not able to design diagnostic markers spanning the inversion
break points, owing to high sequence divergence in these regions,
we observed two long pericentromeric haplotypes among PanOat
lines that were diagnostic of the inversion. These haplotypes were
identified in short-read resequencing data (fivefold coverage) of 295
oat varieties from the Collaborative Oat Research Enterprise (CORE)
panel®, which is composed mainly of North American varieties (Sup-
plementary Table 13, Fig. 3b, Extended Data Fig. 6aand Supplementary
Fig. 7). Those PanOat genomes that had the ancestral state of the 7D
inversion (also seen in A. insularis) had the less common of the two
haplotypes (1), whereas those with the derived allele, allhad the more
frequent haplotype (2). Agenome-wide association scan (kmerGWAS)
for heading date yielded two prominent peaks on chromosomes 7A and
7D, consistent with previous genetic mapping* (Fig. 3¢). Carriers of
haplotype 1 on chromosome 7D flowered on average 3.7 days earlier

than carriers of haplotype 2 (Fig. 3d and Extended DataFig. 7b,c). Three
important quantitative trait loci (QTLs) are mapped to chromosome
7D, involving flowering time (CO and VRN3/FT)* and daylength insen-
sitivity (Di)*. We further examined the genes within the significant
association interval on 7D (468.7-469.8 Mb) and identified an FT1/
VRN3 homologue, a key regulator of flowering time. Its paralogue
on chromosome 7A was also analysed for comparison. Expression
profiling showed increased transcript levels of both genes in inter-
node tissues, with FT1-7D exhibiting markedly higher expressionin
invertedlines (Fig.3e). We also detected structural variation: an18-bp
deletion in FT1-7D specific to inverted lines, and a 12-bp deletion in
FTI-7A introducing a premature stop codon in the same genotypes
(Supplementary Figs. 5 and 6). Further research is required to find
out whether the inversion is associated with flowering owing to sup-
pression of recombination between multiple genes affecting early-
and late-flowering haplotypes or, alternatively, whether it influences
heading date directly; for instance, by leading to altered expression
patterns of flowering time regulators or by affecting the proximity of
genes and regulatory factors.

The hidden legacy of mutation breeding

One of the previously unknown translocations discovered in this study
was ahomeologous exchange of the short arms of chromosomes 2A and
2Cinthe Australian variety Bannister (Figs. 1c and 4a). This is unlikely
tobeanassembly artefact because anintense interchromosomal signal
was observed in the Hi-C data for Bannister mapped to the genome of
GMI423, an accession with the standard karyotype (Extended Data
Fig. 7b). Sequence data from three recombinant inbred lines (RILs)
derived froma cross between Bannister and non-translocated Williams
revealed whole chromosome arm deletions and compensating dupli-
cations on chromosomes 2A and 2C, which are most readily explained
by anomalous meiosis in heterozygotes (Extended Data Fig. 7d). Fur-
thermore, we designed diagnostic PCR marker assays spanning the
translocation break points to confirm the presence of the 2A and 2C
translocations (Extended Data Fig. 7¢). Finally, C-banding in Bannister
confirmed the presence of recombined 2A and 2C chromosomes with
pronounced differences in heterochromatin content between long
and short arms (Fig. 4a).

Tomeasure the frequency of this reciprocal translocationinabroader
set of oat germplasm, we used the translocation diagnostic markers
to genotype 564 accessions from 41 countries around the world and
found 17 (3%) that carried the translocation (Supplementary Table 14
and Supplementary Fig. 8). Carriers were mainly of Australian origin
andincluded cultivars released since the last quarter of the twentieth
century. Among them were the Dolphin, Echidna, Kalgan and Hay varie-
ties, aswell as current highly successful varieties Bannister, Possum and
Wombat. These varieties share acommon parentin OT207,amutation
breeding line created in 1970 using fast neutron irradiation**. 0T207
carriesthe 2A/2C translocation and the Dwé mutant allele on chromo-
some 6D (ref. 35), conferring the semi-dwarf growth habit, but none
ofits parental varieties do (Fig. 4b). As expected, Dwé is not linked to
the 2A/2C translocation and occurs also in the absence of the latter
(forexample, in Bilby). It is thus most likely that the translocationis an
unintended side effect of the mutagenesis. However, it is intriguing that
the2A/2Ctranslocation hasbecome so frequentin Australian varieties.
We speculated that it has adaptive advantages in Australian environ-
ments. To test this hypothesis, we obtained grain yield data from the
Australian National Variety Trials (NVT) for the years between 2017 and
2022, which represented 19 to 31 trials per year across all of Australia
(158 field trials). Varieties carrying this translocation are among the
highest-yielding varieties in Australia and, as a group, significantly
(t-test, P=0.03) out-yielded their non-translocated counterpartsin131
field trials® (Fig. 4c; mean yields of 3,991 kg ha versus 3,667 kg ha™).
However, given the complexity of yield, with low heritability and strong
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G x E effects, this association should be viewed as exploratory, and
warrants targeted studies for confirmation.

To study the effect of the translocation, we analysed a popula-
tion of RILs derived from a cross between Bannister, which carries
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chromosome 7D (400-495 Mb) overlaid with PanOat assemblies (n =24)
(Supplementary Table 1). The box plot shows the difference in heading time in
thelthaca2010 field trial betweeninverted (n = 240) and non-inverted (n = 52)
lines. Box plots show the 25th (bottom edges) to 75th (top edges) percentiles,
with medianlines; whiskers extend to1.5 X IQR; outlier points are observations
beyond1.5xIQR (n=292). TN1, A. sterilisTN1; TN4, A. sterilis TN4. e, Expression
pattern (TPM, transcripts per million) across tissues of the FT1 gene on
chromosome 7D (FT1-7D) and chromosome 7A (FT1-7A) in 21 annotated
hexaploid PanOat accessions. Box plots show the 25th (bottom edges) to 75th
(top edges) percentiles, with median lines; whiskers extend to 1.5 x IQR; outlier
pointsareobservationsbeyond 1.5 xIQR (n=108 (FTI-7A) and n=120 (FT1-7D)).

the translocation, and non-translocated Williams, which does not.
Among 285 RILs, we identified 10 with chromosomal arm deletions;
these showed harmful agronomic traits such as reduced fertility and
grain shattering. Sequencing the genomes of three of the RILs from
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the above ten lines confirmed whole chromosome arm deletions and
compensating duplications on chromosomes 2A and 2C, which are
most readily explained by aberrant meiosis as heterozygotes.

Using the Bannister x Williams population, previous mapping
results® and the genome sequences of both parents to fine-map this
locus, we narrowed down the QTL for plant height to a 554-kb interval
on chromosome 6D. Three members of the PanOat panel—Bilby, Ban-
nister and 0T3098—are semi-dwarfs and share acommon haplotype
in the Dwé interval. This haplotype comprises a 41-kb large insertion
containing nine genes, one of which encodes a fatty acid hydroxylase
(Supplementary Table 15.8). Further functional studies are required to
test whether this gene is causal to the Dwé phenotype.

Genomic changes in synthetic-derived oat

Our pangenome panel includes Amagalon, a synthetic hexaploid oat
that was derived from a cross between diploid A. longiglumis (A /A;;
CW-57) and tetraploid Avena magna (C,,C,,D,,D,,; CI8330), acloserela-
tive of A. insularis (C,C,D,D;)—the putative donor of the CD genome
in hexaploid oat*. A source of disease-resistance genes*, Amagalon
and a derived cultivar HiFi have been widely used in US and Canadian
oatbreeding. The Amagalon assembly revealed several chromosomal
translocations relative to other oat varieties (Extended Data Fig. 5c).
To determine whether these SVs might have affected inheritance in

and maximum (whiskers). d, Karyotypes of Amagalon, A. sativaND060432 and
A.sativa GS7. The karyotypes show the lack of chromosome 6D in ND060432
andits substitution with chromosome 6A from Amagalon. e, Read mapping
countsof whole-genome resequencing datafrom ND060432, showing the
substitution of A. sativa 6D with Amagalon 6A. Reads were mapped to a hybrid
reference combining Amagalon (top) and A. sativa GS7 (bottom). f, Ternary plot
of the expression of triads on chromosome 6 in GS7 (left) and ND060432 (right)
forleaftissue. Each pointrepresents the relative contribution of the three
subgenomes (A, Cand D) to the expression of ahomeologous triad. Colour
intensity in the hexbin plots reflects data-point density onalogarithmicscale.

Amagalon-derived breedinglines, we analysed whole-genome sequenc-
ing (WGS) and genotyping-by-sequencing (GBS) data and identified
numerous regions in whichread depthin1-Mb windows deviated from
the genome-wide average (Extended Data Figs. 8 and 9). The sizes of
these regions varied from several Mb to whole chromosomes, inwhich
the read depth halved, doubled or declined to zero. We found four
lines from the North Dakota State University (ND) breeding program
inour WGS panel (Supplementary Table 13) thatshowed adropinread
depth on chromosome 6D and a concomitant increase on chromo-
some 6A. The pedigree of these lines suggested that some of them
had Amagalon in their pedigree (https://oat.triticeaetoolbox.org/).
We analysed the karyotypes of Amagalon, ND060432 (chromosome
6D, missing) and GS7 (chromosome 6D, present), and confirmed the
presence of two 6A chromosomesin ND060432, 6A,and 6A, (Fig. 4d).
When the sequence data of the four lines were aligned to a reference
combining Amagalon and the variety GS7, few reads mapped to either
ofthe 6D, reference chromosomes; however, reads abundantly mapped
to both 6A, and 6A, chromosomes coming from GS7 and Amagalon,
respectively (Fig. 4e). This suggests that the original cross involving
Amagalon resulted in the A. sativa 6D, chromosome being replaced
with a 6A, chromosome, which is ultimately derived from A. longiglu-
mis. Owing to the low resolution of C-banding, it is unlikely that this
event could have been discovered without genome sequencing and
pangenome analysis.
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We investigated the functional consequences of this SV by ana-
lysing gene expression in leaf tissue of NDO60432 and compared it
to the A. sativa line GS7. Specifically, the average expression across
20 bins on chromosome 6D was 2.22 TPM, compared to 14.81 TPM
on 6A. This difference was highly significant (Wilcoxon rank-sum
test, false discovery rate (FDR)-adjusted P=2.8 x 107%; Extended Data
Fig.4c-eand Supplementary Table16). Subgenome-level categoriza-
tion further confirmed that the D-suppressed expression pattern was
significantly overrepresented in chromosome group 6 (chi-squared
test, P<0.001; standardized residual = 32.8; Fig. 4f, Extended Data
Fig. 4f and Supplementary Table 16), indicating a marked shift in
transcriptional dynamics resulting from the 6D replacement. The
fact that the ND lines were selected for inclusion in the CORE panel
owing to their strong agronomic performance suggests that such
exchanges between homeologous chromosomes—and the resulting
shifts in gene expression—are well tolerated and could be harnessed
infuture breeding efforts.

SVs affect recombination

To gauge the extent to which SVs affect oat breeding, we genotyped
and analysed recombination and segregation patterns in 13 biparen-
tal populations to assess the effect of SVs in an active oat breeding
program. Numerous crosses exhibited segregation distortion as well
as non-linear or suppressed recombination within or between chro-
mosomes (Extended Data Fig. 10a). These include regions on chro-
mosomes 1A, 1C, 3C, 4C and 7D, where inversions and translocations
identifiedin this study and the companion global oat genomic diversity
analysis™ were confirmed. We analysed and karyotyped two half-sib
crosses ingreater detail (Extended Data Fig. 10b-f). One cross exhibited
pseudo-linkage between chromosomes 1A and 1C associated with a
1A/1Creciprocaltranslocation heterozygote, as well asrecombination
suppression on chromosome 7D associated with inversion heterozy-
gotes. The other showed recombination suppression on chromosome
3C, also associated with known chromosome inversion. Signatures of
other SV heterozygotes were observed, including a potential trans-
location between chromosomes 1D and 7C. The companion study*
introduces a SNP-based in-silico karyotyping method that could help
breeders to avoid crosses with segregation irregularities, to design
genomic selection strategies to reduce linkage drag or to use sup-
pressed recombination to preserve blocks of adaptive alleles.

Discussion

The oat pangenome and its detailed analysis reported here should
accelerate the adoption of genomic methods in oat research and
breeding. Multiple reference genome sequences, an extensive
gene-expression atlas and resequencing data of awell-characterized
diversity panel greatly expand the genomic resources available to oat
researchers and will have an immediate effect on genomics-assisted
breeding. As in other crops, the full extent of structural variation in
elite varieties of oat has been unknown. In tracing the origin and effect
of arecent homeologous recombination event, the 2A/2C transloca-
tion, we encountered a situation that is analogous to one described
previously in barley®s. These authors discovered a 141-Mb paracen-
tricinversion, which was probablyinduced by irradiation and spread
owing to a founder effect because the mutant variety had a desired
semi-dwarf growth habit. This supports the notion that mutation
breeding in the twentieth century resulted in positive changes to
agronomically relevant traits, but also led to cryptic chromosomal
aberrationsthat continueto influence cropimprovementinsurprising
ways. Cytological evidence® leads us to expect that more such events
will be discovered in oat germplasm.

A pangenome is an indispensable resource for applications in
marker discovery, genetic mapping and molecular breeding. A map
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of large SVs will help breeders to interpret segregation patterns in
crosses and guide the selection of parents. We also hope that the
resources we have built will stimulate oat research beyond transla-
tional applications, and motivate more scientists to make oat a major
research focus. There are still many open research questions in wild
and domesticated oat that remain unanswered, including the genetic
basis of the domestication syndrome in oat. Its key components are
loss of grain shattering, reduction of the geniculate awn, loss of lemma
pubescence and husk adherence*, as well as loss of dormancy and
changes in photoperiod or vernalization response. Some encourag-
ing progress in the latter trait has been made thanks to the genome
sequence of a hulless oat’. The next steps in oat genomics should be
(i) expanding the pangenome to include all populations of cultivated
oat and its wild progenitor™; and (ii) working towards a genus-wide
pangenome of Avena comprising all of the approximately 30 species
inthe genus. The latter effort would underpininquiriesinto structural
genome evolution, which have so far been limited to the hexaploid
and its immediate progenitors.
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Methods

DNA extraction

Plant growth and isolation of high-molecular-weight DNA. High-
molecular-weight (HMW) DNA was extracted from young leaf tis-
sue from a single two-week-old seedling grown in an isolated growth
chamber under a12-h photoperiod. The growing temperatures ranged
from18 °C (night) to 20 °C (day). The hydroponic growth solution was
prepared using MaxiBloom Hydroponics Plant Food (General Hydro-
ponics) at a concentration of 1.7 g 1. In preparation for PacBio HiFi
sequencing, HMW DNA was extracted from 72-h dark-treated leaf sam-
ples using a CTAB-Qiagen Genomic-tip protocol as described previ-
ously*2. DNA quantification and purity were checked using a Qubit
dsDNA HS assay and a NanoDrop spectrophotometer, respectively.

Short-read sequencing

Six assembliesincludedin PanOat have already been published: A. insu-
laris (BYU2009), A. longiglumis (CN58138) and Sang*; A atlantica and
A.eriantha®; and OT3098, which was made available as a free resource
by PepsiCoin2020 and was laterimproved to pseudomolecules (https://
wheat.pw.usda.gov/GG3/graingenes-downloads/pepsico-oat-ot3098-
v2-files-2021, PRJEB76239 and PRJEB46951).

TheA. byzantina P1258586 contig assembly was assembled using the
TRITEX* pipeline and Hi-C data from the Dovetail Omni-C platform.
Genome assemblies for Gehl and AC Nicolas were scaffolded using
TRITEX and Hi-C to guide pseudomolecule assembly*.

PacBio HiFisequencing

DNA library preparation and PacBio HiFi sequencing. HMW genomic
DNA was sheared to 17 kb on a Diagenode Megaruptor and then con-
verted into SMRTbell adapted libraries using SMRTbell Express Tem-
plate Prep Kit 2.0. Size selection was performed using a Sage Blue Pippin
to select fragments greater than 10 kb. These were then sequenced at
the Brigham Young University (BYU) DNA Sequencing Center, except
for the ‘Aslak’ accession, which was sequenced at the DNA Sequencing
and Genomics Laboratory, Institute of Biotechnology, University of
Helsinki, using the Sequel Il SequencingKit 2.0 with Sequencing Primer
v.5and Sequel Bindingkit 2.2. Run times were 30 h with adaptive load-
ing, following PacBio SMRT Link recommendations.

Hi-Csequencing
In situ Hi-C libraries were prepared from young seedlings according
to the previously published protocol, using Dpnll for the digestion of
cross-linked chromatin? or with a Phase Genomics multi-enzyme mix.
Sequencing and Hi-C raw data processing were performed as previ-
ously described*.

Genome sequence assembly and validation

Chromosome-scale assembly. TRITEX + Dovetail Omni-C.
Chromosome-scale sequence assembly proceeded in three steps: (i)
scaffold assembly using the TRITEX pipeline®; (ii) super-scaffolding
with the Dovetail HiRise pipeline*® (v.2.0.5) using Omni-C data; and
(iii) arranging super-scaffolds into chromosomal pseudomolecules
using TRITEX (https://tritexassembly.bitbucket.io). PE450 reads were
merged with BBmerge*, error-corrected with BFC** and assembled with
Minia3*. Scaffolding and gap filling were done with SOAPDenovo2%°
using MP6 and MP9 data. Super-scaffolds were generated with the
Dovetail HiRise pipeline (v.2.0.5) from alignments of Omni-C data to
scaffolds. Omni-C reads were aligned to the HiRise super-scaffolds with
Minimap2°.. Alignment records were converted to binary Sequence
Alignment/Map format using SAMtools*? and sorted with Novosort
(http://www.novocraft.com/products/novosort/). A list of Omni-C
links was extracted from Hi-C alignments using TRITEX scripts. Omni-C
links and guide-map alignments were imported to the R statistical
environment> and analysed further using TRITEX scripts. An initial

Hi-C map was generated using the minimum spanning tree algorithm
described previously**. The assembly and Hi-C map were iteratively
corrected by inspecting Hi-C contact matrices, guide-map alignments
and physical-coverage Hi-Creads. Sequence filesin FASTA format and
AGP tables for pseudomolecules were compiled using TRITEX scripts.
The pseudomolecules of A. byzantina were aligned against the pseu-
domolecules constructed from along-read sequence assembly of cv.
0T3098. The 0T3098 pseudomolecules (v.2)® were downloaded from
GrainGenes™.
PacBio HiFi. PacBio HiFireads were assembled using hifiasm (v.0.14.1)*
and the TRITEX pipeline* was used for pseudomolecule construc-
tion. Chimeric contigs and orientation errors were identified through
manualiinspection of Hi-C contact matrices*. GMI423 was used as the
reference to map HiFi contigs, using a reduced single-copy genome.

Note on chromosome 7D: while assembling chromosome 7D, we
noticed that, when aligning several of our genotypes to GMI423, there
wasalarge, approximately 450-Mb inversion and asmall approximately
50-Mb sequence with the same orientation as GMI423. We decided to
flip the long sequence to the same orientation as GMI423 and flip the
smallsequence to theinverted orientation, thinking that the small seg-
ment was translocated from one end of the chromosome to the other.
Retrospectively, this was a mistake. The more plausible explanation
would be an inversion of the large sequence, as supported by several
genetic studies” showingadistinct lack of recombinationin this region.
Multidimensional scaling (MDS) of Global Oat Diversity GBS data.
Atotal of 9,111 lines from the Global Oat Diversity (G.0.D.) collection™
were analysed together with the PanOat assemblies. All of the GBS
sequencing data from the G.O.D. lines were aligned to a single refer-
ence genome (GS7) using BWA followed by sorting using NovoSort and
indexing with SAMtools. The PanOat assemblies were aligned to the GS7
genome. We simulated short reads (tenfold coverage) using the fastq
generator (https://github.com/johanzi/fastq_generator) and mapped
these to GS7 using Minimap2®, followed by sorting using NovoSort and
indexing with SAMtools. The resulting mapping files from the PanOat
assemblies and the G.O0.D. were merged into a VCF file using bcftools
mpileup*® with filtering for Q40 or larger and aminimum of 50% miss-
ing data per position or SNP.

MDS analysis was preformed using PLINK> (www.cog-genomics.
org/plink/1.9/) with -maf=0.05 and a maximum of 70% missing data.
Results were plotted in R using the ggplot2 package.

Single-copy pangenome

Assingle-copy pangenome was constructed as described previously®®
(https://bitbucket.org/ipk_dg_public/barley_pangenome/), with one
modification. MMSeq2¢ was used with the option ‘ --cluster-mode’
instead of BLAST for all-versus-all alignment. A minimum sequence
identity of 95% was required to accept matches. To estimate the pange-
nome size, the lengths of the largest sequences in each cluster were
summed up.

PanOat transcriptome sequencing

Plant materials, growing conditions and tissue dissection. A subset of
23 PanOat genotypes was selected for transcriptome sequencing (Sup-
plementary Table 2). RNA was extracted from six tissues (Extended Data
Fig.2a-candFig.2a). The23 genotypes were grownin 6 sets for sampling
eachtissue separately. Each set comprised at least nine biological repli-
cates (different plants) per oat genotype. Every set with replicates was
grown in a separate unit of the growth facility and allocated randomly
using the ‘sample’ functionin the R statistical environment®2, Sampled tis-
sues from 3 different plants (3technical replicates) were pooledintoone
tube, making one biological replicate, and this process was repeated twice
moreto collectatotal of 3 biological replicates for each of the 23 PanOat
genotypes chosenand the 6 selected tissues (Extended Data Fig. 2a-c).
Embryonictissues. Seeds were sterilized in ethanol (70%) and sodium
hypochlorite (50%), then rinsed five times in sterile water, followed
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by germination of dehulled seeds in Petri dishes (50 mm; covered in
two layers of aluminium foil to maintain darkness) in a growth cham-
ber under constant temperature (about 18 °C), humidity (about 75%
relative humidity) and 16-h days. Parts of the coleoptile, mesocotyl
and seminal roots were dissected from germinating seeds starting
from four days after germination (Extended Data Fig. 2b). These were
promptly frozen in liquid nitrogen and stored at -80 °C and thawed
before RNA extraction.

Leaftissue. Seedlings were germinated from sterilized seeds as above,
butlarger Petri dishes (120 mm) were used. Seedlings were grown until
two leaves had emerged. Then, the middle part of the leaf blade was
dissected for RNA extraction.

Root tissue. Seedlings were growninasmall potonaperlite substrate
until threeleaves had emerged (Extended DataFig. 2b). Roots were then
separated from the perlite and rinsed in sterile water. Cleaned roots
were dissected from the top parts of the plants and stored at -80 °C
until RNA extraction.

Stem tissue. Plants were grown in pots (one seed per pot) on a soil
substrate in a greenhouse chamber with constant temperature
(20 °C) and semi-controlled light conditions (16-h light period) until
the main stemand four tillers had developed (Extended Data Fig. 2b).
Two-millimetre-wide stem discs were dissected from the internode
elongating below the flag leaf.

Panicle tissue. Plants were grown as above until the main stem and five
tillers had developed (Extended Data Fig. 2b). A developing panicle
with a size not longer than 15 mm was dissected from the main tiller.
Caryopsis tissue. Plants were grown as above until the phenophase
in between kernel water ripe with no starch and early milk (Extended
Data Fig. 2a,b). This phenophase is recognized to happen four days
after anthesis®.

RNA extraction. Total RNA from embryo tissues, leaves, roots, stem
and developing panicle was extracted using the RNeasy Plant Mini Kit
(QIAGEN). Total RNA from developing caryopsis tissues was extracted
using the RNeasy PowerPlantKit (QIAGEN), according to the manufac-
turer’sinstructions. Before RNA extraction, all samples were digested
using RNase-free DNase (QIAGEN). Tissue samples were thawed and
processed in a random order. Extracted RNA was diluted in 100 pl of
buffer and checked for degradation, quantity and purity. RNA inte-
grity was checked using an Agilent Bioanalyzer. Purity (absence of
contaminating proteins) was checked by measuring the fluorescence
absorbance of nucleic acids at 260 nm and 280 nm using a NanoDrop
spectrophotometer. RNA amounts were determined using a Qubit
fluorometer (Thermo Fisher Scientific). Average RNA integrity numbers
(RINs) varied from 7.62 in leaf tissues to 9.50 in developing panicles
and stem tissues. RIN was, on average, lower in leaf tissues but varied
little between samples. Only pure RNA samples with high RIN scores
(greater than 8.5, except leaves) and sufficient concentration were
used for further processing.

Illumina RNA-seq. Sequencing libraries were prepared for 432 high
quality total RNA samples (RIN > 7.62). First, 500-1,000 ng of total RNA
were Poly(A+) enriched, then RNA-seq libraries were produced using
the CORALL mRNASeq V1kitaccording to the manufacturer’sinstruc-
tions (Lexogen) For eachlibrary, barcoding was done using unique dual
indices (UDI). To avoid any experimenter’s bias, the preparation of the
libraries was done randomly. Sequencing was donein 8 pools, with each
pool containing 54 randomized single libraries in equimolar amounts.
Before sending the pools to the sequencing facility, each pool was
sequenced ontheiSeq100 benchtop sequencer at the Natural Resour-
ces Institute Finland (LUKE) for quality control. Paired-end sequencing
(2 x150 bp) was done onaNovaseq 6000 device (Illumina) distributed
on two full S4 flow cells at the Finnish Functional Genomics Centre in
Turku, Finland. Sequencing (2 x 150 bp) of nine libraries was repeated
onaNextSeq 550 device (Illumina) in the genomics laboratory at LUKE.

The total number of raw reads per sample and the BioSample IDs are
provided in Supplementary Table 17.

PacBio Iso-Seq. For each genotype, total RNAs from all tissues and
replicates from the respective genotypes were pooled, with between
1,623 ng and 2,001 ng of pooled RNA used for each library. In total, 24
full-length cDNAs were prepared using the TeloPrime Full-Length cDNA
kit (Lexogen). Different from the manufacturer’s protocol, the purifica-
tion of 100 pl of cDNA was done with 86 1l ProNex beads (Promega), the
standard size selection was done according to the Iso-SeqTM Express
Template preparation protocol (PacBio) and no enrichment for shorter
or longer transcripts was used. Owing to the 5’ cap specificity of this
method, only full-length, double stranded cDNA was obtained. The
cDNAs ranged in size from 1,000 to 5,800 bp, with mean peak values
between 1,845 bpinHiFiand 2,832 bp in GMI423. After purification, the
cDNAs were quantified with Qubit (Thermo Fisher Scientific). Accord-
ingtothelso-Seq Express Template preparation protocol (PacBio) the
amount of cDNA should be in the range of 160-500 ng for Sequel I
systems. Libraries with alower amount of cDNA were re-amplified
following the PacBio guidelines. After DNA damage repair, end repair,
A-tailing, overhang adapter ligation and clean up, the concentrations
were checked using Qubit. The quality was verified using a Bioanalyzer
(Agilent). Twenty-four cDONA SMRTbell libraries with amean fragment
length distribution between 2,155 bp and 3,557 bp were transferred to
thesequencingfacility. The Iso-Seq SMRTbell libraries were sequenced
at BYU, each library in a separate Sequel Il run. Numbers of reads and
total read lengths are provided in Supplementary Table 1.

Annotation of protein-coding genes

For the 23 oat lines with native transcriptome data generated in this
study (Supplementary Table 2), we performed de novo structural gene
prediction, confidence classification and functional annotation, follow-
inga protocol described previously”. The strategy applied in this study
differs only in the use of TE soft-masked genome sequences instead
of TE hints (see ‘Repeat-masking for gene detection’). We applied the
same gene prediction procedure for the de novo annotation of the lines
A. sterilis TN4 and A. byzantina P1258586 using transcriptome data as
evidence. Gene predictions for the lines OT380, A. sterilis TN1, A. fatua
CN25955, A. eriantha BYU132/CN19328 and A. atlantica Cc7277, which
had no native transcriptome data, were done using a gene consolida-
tion approach that has been described previously*. Here, the gene
predictions for all 30 oat lines described above were cross-mapped
withthe genome sequences of one another toidentify and correct for
missed gene models and to annotate genomes without native tran-
scriptome data.

Finally, for the three lines Leggett, Williams and AC Morgan, we
predicted their gene content using the projections of the aforemen-
tioned evidence-based gene models to their genomic sequences. The
principle of the projection method is described in https://github.com/
GeorgHaberer/gene_projection; applied parameters of the workflow
and code have been deposited in the directory ‘panoat’ in the parent
directory.

Repeat-masking for gene detection

To minimize the inclusion of transposon-related gene models, the
genome assemblies were soft-masked for transposons (TEs) before
gene detection. The TE library used, developed for the oat reference
genome*, masked approximately 60% of the assembly for each line.
Soft-masking was performed using vmatch (anaconda.org/bioconda/
vmatch, v2.3.0) with the following parameters: ‘-1 75 -identity 70
-seedlength 12 -exdrop 5 -d -p -qmaskmatch tolower’.

Construction of the oat core, shell and cloud genomes
Phylogenetic HOGs based on the primary protein sequences from 30
oat lines with consolidated gene predictions were calculated using
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OrthoFinder v.2.5.5%° with standard parameters (see ‘Annotation of
protein-coding genes’ for details; Leggett, Williams and AC Morgan
were not part of this orthologous framework, because their gene
content was not consolidated). Before the analysis, input sequences
were filtered for transposon-and plastid-related proteins and proteins
encoded on unanchored contigs were discarded for this analysis.

Depending on the focus of the analyses, we treated each of the sub-
genomes of hexaploid and tetraploid oat lines either as individual
entities or, for our analysis of core, shell and cloud genomes, as parts
of the single lines.

The scripts for calculating core, shell and cloud genes have been
depositedintherepository https://github.com/PGSB-HMGU/BPGv2.

Core HOGs contain at least one gene model from all 30 compared
oatlines. Shell HOGs contain gene models from at least 2 oat lines and
atmost 29 oat lines. Genes that were not included in any HOG (sin-
gletons), or were clustered with genes only from the same line, were
defined as cloud genes.

GENESPACE®* was used to determine syntenic relationships between
the chromosomes of all 30 oat lines.

Protein functional annotation and gene-set enrichment analysis
For functional enrichment analysis in the identified expression level
categories, Mercator4® (v.6.0) protein functional annotation was
performed for the identified 5,291 single-copy HOGs across the 20
A.sativalines, whichyielded 4,682 protein annotations (Supplemen-
tary Table 18). These annotations were used to test enrichment using
over-representation analysis (ORA) of sets of genes associated with
expression level categories with the R package clusterProfiler®® (v.4.6)
and a Benjamini-Hochberg FDR correction P value cut-off of 0.05.
Similarly, for ORAs across genes classified into core, shell and cloud
categories, all of the 31 oat lines’ proteomes (2,869,876 proteins and
131,729 HOGs) were functionally annotated with Mercator4 (v.6.0).
This resulted in a total of 53,018 annotated HOGs for the core (8,325
annotated HOGs), shell (32,108 annotated HOGs) and cloud (12,585
annotated HOGs) categories, applied as universe in the enrichment
analyses. ORAs showed enrichment across multiple Mercator4
hierarchical categories (labelled as levels 1-7) (https://hmgubox2.
helmholtz-muenchen.de/index.php/s/Y3wWa7bn2rayEqw).

Gene-expression analyses

For the analysis of gene expression, RNA-seq data from 23 oat varie-
ties (Supplementary Table 2) were processed using Fastp® (v.0.24.1)
for trimming, followed by quality assessment and outlier detection.
The datafor each line were aligned to the relevant reference genome
using Kallisto®® (v.0.48; Supplementary Figs. 2 and 3) and normalized
totranscripts per million (TPMs) using Deseq2’s tximport function®®°.
AllRNA-seq data were also aligned to the GS7 reference genome for
specific analyses.

To compare the expression levels across different subgenomes (A,
C and D), gene-expression data from six tissues (leaf, embryo, root,
internode, panicle and caryopsis) were examined.

Wefocused on high-confidence genes and for each gene, the expres-
sionvalue was normalized using alog transformation (log(value + 1)) to
stabilize variance and ensure that the data were suitable for statistical
comparisons. Thelog-transformed expression values were aggregated
by calculating the mean expression level for each line, tissue and sub-
genome combination. To determine whether the expression levels
between different subgenomes were significantly different, Mann-
Whitney U tests were performed for each tissue type. Comparisons
were made between each pair of subgenomes (A versus C; A versus D;
and Cversus D).

For the purpose of identifying genes with stable versus variable
expression, the analysis was limited to 20 A. sativa varieties and 5,965
HOGs. These HOGs were characterized as single-copy orthologues with
an A:C:D ratio of 1:1:1across all 20 varieties, providing a standardized

basis for comparison. HOGs were deemed stable if 90% of the varieties
exhibited the same expression category; otherwise, they were classi-
fied as variable.

In the set of 5,965 ‘60-lets’, expression levels were categorized into
one of 7 categories on the basis of the Euclidean distance to 7 ideal
expression level profiles: A-, C- or D-dominant or A-, C- or D-suppressed,
in which one gene is predominantly expressed or suppressed, and a
balanced category, in which A, C, and D genes are equally expressed,
asoutlined previously*.

Analysis of differences in gene expression between diads and
triads
Wefocused onthe 20 A. sativalines and selected genes that had either
one single-copy homeologue in each of the subgenomes (so forming
complete triads: A:C:D 1:1:1 constitution) or a constitution in which
one triad member was missing (so forming diads: A:C:D 1:0:1,1:1:0 or
0:1:1). The lines were then categorized into groups with complete triads
and diads, while ensuring uniformity in the missing pattern across the
lines. This approach allowed for a controlled comparison across genetic
backgrounds. To ensure robust statistical analysis, specific filtering
criteria were applied. Each group analysed was required to consist of
atleast five lines, allowing us to achieve sufficient statistical power.
We used an unpaired ¢-test to assess the significance of expression
differences between groups with a missing homeologue and those
with complete triads. Furthermore, Cohen’s d was used to determine
the directionality of these differences. A chi-squared test was used
to compare the frequency of significant compensatory expressions
across the different subgenomes.

Analysis of changes in gene expression at translocation break
points

To assess gene-expression changes associated with translocation
break points, we first identified the break points on the basis of the
GS7 genome by aligning the chromosomes of each oat line to GS7 using
Minimap2®. We then extracted 100 syntelogues on either side of each
break point using GENESPACE®*.

For gene-expression profiling, RNA-seq data from all oat lines were
mapped to the GS7 transcriptome using Kallisto®, and differential
gene-expression analysis was performed with DESeq2%. Gene expres-
sion was compared across multiple tissues between lines carrying each
translocation and those without.

To determine whether the regions surrounding translocation break
points were significantly enriched for differentially expressed genes
relative to the rest of the chromosome, we applied a hypergeometric
test. This statistical test assesses whether the observed number of
DEGsinthetranslocationregions exceeds what would be expected by
chance, giventhe total number of genes and DEGs on the chromosome.
Statistical significance was determined using an FDR-adjusted P value
(Benjamini-Hochberg correction, a = 0.05).

Comparative gene-expression analysisin ND060432

Total RNA was extracted from young leaf blades of ND060432 in four
biological replicates and sequenced using the same protocol as was
used for the other PanOat leaf samples. RNA-seq reads from the leaf
samples of GS7 and ND060432 were processed with Fastp® (v.0.24.1) for
trimmingand quality assessment. Processed reads were aligned to the
GS7reference transcriptome using Kallisto®® (v.0.51.1) and normalized
to TPMs. Expression values of biological replicates were summarized to
their median value. To investigate whether the substitution of chromo-
some 6D with 6A affects gene expression, we compared the expression
ratio of A-to D-subgenome genes within each chromosome group, with
aparticular focus onchanges on chromosome 6D. Each chromosome
was divided into 20 bins that were proportional in size to the size of
the chromosomes. The expression was then summarized to the aver-
age value per bin. Statistical comparisons were performed using the
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Wilcoxon rank-sum test with FDR correction for multiple comparisons
in the seven chromosome pairs. Significance levels were denoted as:
***P <(0.001,**P<0.01,*P< 0.05, NS, not significant. Effect size was
calculated asr=1Z|/VN, where Zis the standardized test statistic and
Nisthe total samplesize (n =40 per comparison: 20 bins per chromo-
some x 2 chromosomes; Supplementary Table 16).

To further study the effect of the replacement of chromosome 6D
with chromosome 6A in ND060432, subgenome expression bias cat-
egories were quantified. Therefore, triads were identified in each of
GS7 and ND060432. Expression levels of triads overall and in each
chromosome group were categorized into one of seven categories on
thebasis of the Euclidean distance to sevenideal expression level pro-
files: A-, C-or D-dominant or A-, C- or D-suppressed, inwhich one gene
is predominantly expressed or suppressed, and a balanced category,
inwhich A, Cand D genes are equally expressed, asoutlined in a previ-
ous study*. Because oat has many translocations and triad genes can
be located on chromosomes of different chromosome groups, triad
membership toacertainchromosome group was determined accord-
ing to the location of the D-subgenome gene to investigate the effect
of the replacement of chromosome D. In addition, ternary plots were
generated to visualize these subgenome expression patterns acrossall
triads and within chromosome groups 1-7. These plots illustrate the
distribution of expression bias among the three subgenomes, where
points near the vertices indicate subgenome-specific dominance and
points near the centre represent balanced expression. Statistical signifi-
cance of the bias in the patterns was assessed using chi-squared tests
for each chromosome group (Supplementary Table 16).

WGS of the North American spring oat collection
Sequencing, mapping and GWAS of CORE samples. A total of 295
North American spring oat accessions from the CORE population®
(Supplementary Table13) were sequenced using an lllumina Novaseq
6000 (paired-end 150 bp) withameanread depth of 4.58 per accession.
The genome assembly of GS7 was chosen as a reference because it
is aNorth American variety with along-read assembly. The adapter
sequence (AGATCGGAAGAGC’) was removed using cutadapt” and
then all reads were aligned to the GS7 reference genome using Mini-
map2*, sorted with NovoSort (https://www.novocraft.com/products/
novosort/) and converted to a compressed reference-oriented align-
ment map (CRAM”) file using SAMtools®. A VCF file was created using
beftools ‘mpileup™®, including all variations with mapping quality
higher than 40. Read-depth variation was determined by counting
how many reads were aligned in 1-Mb windows along the genome.
For GWAS, a k-mer-based reference-free pipeline was used (kmer-
GWAS)”. The phenotypes used included heading date, plant height
and grainyield, collected from ten locations in two consecutive years
(2010 and 2011 (ref. 32); Supplementary Fig. 4). k-mers with signifi-
cantassociation (-log;, threshold for 10% family-wise error rate) were
mapped to the GS7 genome.

PanOat assemblies. Toalignthe PanOat assemblies to the GS7 genome,
we simulated short reads (tenfold coverage) using fastq generator
(https://github.com/johanzi/fastq_generator) and mapped these to
GS7 using Minimap2°.. The resulting mapping files were mergedintoa
VCF file together with all 295 CORE genotypes using beftools merge™®.

Genome alignments. Whole-genome alignments of complete pseu-
domolecule assemblies were performed using Minimap2™ with the
-f0.05 option to filter out repetitive minimizers and speed the align-
ment process. Visualization was done using NGenomeSyn* as shown
inFig.1c.

PCA of WGS data. Focusing only on SNPs on chromosome 7D, PCA
analysis was done with all 295 genotypes and PanOat assemblies
using PLINK with -maf=0.05 and a maximum of 70% missing data.

SNP haplotypes were analysed using a custom Perl script” (https://
github.com/guoyu-meng/barley-haplotype-script/tree/main/05.other/
SNP_haplotype_plot), thensorted by the predicted inversion state from
the PCA analysis and plottedinR.

Reciprocal translocation 2A/2Cin Australian and Canadian oat
Plant materials. The oat varieties used in this study were part of aworld-
wide oat germplasmcollection from the Western Crop Genetics Alliance
at Murdoch University (Supplementary Table 14), and included 564
lines from 41 countries. To track down the pedigree of the chromosome
2A/2C translocation, potential parental lines for the varieties with the
translocation were collected for the second-round test with 32 varieties
(Supplementary Table 15.2). Seeds of the oats were grown in potsina
glasshouse, with natural lighting cycles and regular watering. Leaves
from three-week-old seedlings were collected for DNA extraction.

ARIL population was derived from Bannister x Williams crossing.
An F; population was grown in the greenhouse at InterGrain. A total
of 188 lines, together with their parents, were used for molecular
map construction using DArTseq technology, following the online
instruction (Diversity Arrays Technology). Three to five centimetres
of leaf sections were collected for DNA extraction from seedlings at
the three-week stage.

Chromosome-specific molecular markers for 2A/2C translocation.
Genomic DNA was extracted from the leaves of each oat line using
the cetyl trimethyl ammonium bromide (CTAB) method”. DNA qual-
ity was assessed on 1% agarose gels and quantified using a NanoDrop
spectrophotometer (Thermo Fisher Scientific). DNA was diluted to
50 ng pl*for PCR.

Two DNA samples (OT207 and Kanota) used in this study were
obtained from Agriculture & Agri-Food Canada, owing to the unavail-
ability of these varieties in Australia. Specific primers for PCR (Supple-
mentary Table 15.1) were based on sequences from the Australian oat
Bannister and the Spanish oat FM13. Primers Ban2A_F3 and Ban2A_R3
are specific to the Bannister chromosome 2A break point, produc-
ing a PCR amplicon of 397 bp. Another pair of primers, Ban2C_F3 and
Ban2C_R3, is specific to the Bannister chromosome 2C break point,
producing a PCR amplicon of 595 bp. PCR was done in 10-p reactions
in384-well PCR plates (Axygen) containing 50 pM of each of the three
primers,200 pM dNTPs, 1.5 mM MgCl, and BIOTAQ (Bioline Australia)
inaVeriti Thermo cycling machine. The PCR products were separated
and visualized on 2% agarose gels stained with GelGreen (Biotium). Oat
lines containing the 2A/2C translocation produced bands and were
scored as ‘present’, whereas normal oat lines did not produce bands
and were scored as ‘absent’.

Genetic map construction. The RIL lines were genotyped with DArTseq
markers. The genotypes were filtered with the following parameters:
call rate higher than 90%, polymorphic information content higher
than0.2and heterozygous frequency less than 0.6. MSTmap”’ (https://
github.com/ucrbioinfo/MSTmap) was used to construct the genetic
map””. Several rounds of calculations were performed to correct and
impute genotype calls. After the first round of genetic map construc-
tion, the markers were sorted on the basis of the genetic map and
considering the physical orders. Missing data and noisy markers were
correctedifthe physical and genetic orders were consistent. The hetero-
zygous regions were fixed first, and then the nearby markers were cor-
rected in subsequent rounds of calculation. The final genetic map was
calculated after three to four rounds of corrections. The chromosomal
2A/2C translocation-specific molecular markers were manually inte-
grated into the molecular linkage map.

Validation of chromosome 2A/2C fragment deletion in the RIL popu-
lation of Bannister/Williams. The whole-genome DarT seq method
identified ten RILs with potential chromosome fragment deletions
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(Supplementary Table 15.3), but only three RILs had set seeds. On the
basis of DArT marker sequences, PCR primers for different locations on
chromosome 2A or 2C were designed to validate the truncations seen
using agarose-gel-based methods. The primer sequences and loca-
tions (aligned FM13 genome sequences) are listed in Supplementary
Table 15.4. Each pair of primer sequences or amarker is unique and only
has one specificamplicon.

PCR and gel analysis was performed as described above. With this
set of primers, a score of ‘present’ indicated that the DNA sequence
at a particular locus was normal. Those scored as ‘absent’ indicated
mismatches with the primers, or that a sequence was missing. Whena
few consecutive loci on the same chromosome are all scored as absent,
itismost likely that the section of the chromosome has been replaced
oris truncated.

Sixteen markers scattered across chromosomes 2A and 2C were
tested in three lines (BW041, BWO80 and BW123). The three or four
plants from each pot were verified to have the same genetic back-
ground. BW0O41 and BWOSO are likely to be truncated on 2C from
412,337 kb. The tip of chromosome 2A from BW123 is missing; the
truncation point s likely to be between 2A 26,716 kb and 344,891 kb.
The deleted fragments were further validated by 10x whole-genome
shotgun sequencing.

Yield evaluation. Grain yield data were obtained from the Australian
NVT from2018t02022.Eachyearincluded19 to31trialsacross Australia,
with 158 trials designed in 3 replications. There were six 2A/2C trans-
located varieties and 11 non-translocated varieties.

NVTisan Australian national program that provides field-collected
information comparing yield performance and grain quality on com-
mercially available grain varieties, including barley, wheat and oat.
Detailed trial locations are in the oat-growing areas across the whole
continent (Grains Research and Development Corporation, https://
nvt.grdc.com.au). Trials follow a standard protocol to facilitate yield
evaluation and comparison (https://nvt.grdc.com.au/_data/assets/
pdf_file/0023/613166/NVT-PROTOCOLS-v2.0.1_FINAL.pdf).

Trial designs use statistical methodology and allow for site and
subsequent across-site analysis. Trial sites were located through-
out the Australian grain-growing region. Each trial had four to eight
repeated cultivar entries yearly to allow connectivity among trials.
Each cultivar entry was replicated in three randomly placed plots. Plot
size was standard at 1.2 m by 6 m. Seed sowing and trial management
followed the best local agronomic practice. Each trial was harvested
at the earliest opportunity after physiological maturity to minimize
grain losses through wind, insect, rain or pest damage. The field plot
yield was calculated from the harvested grain. Grain yield was adjusted
with linear mixed models, in which variance parameters in the mixed
models were estimated using the residual (restricted) maximum likeli-
hood (REML) procedure with ASRemlI-R (v.4.1.0; https://asreml.kb.vsni.
co.uk/wp-content/uploads/sites/3/2018/07/ASReml-Package.pdf).
Spatial variations were examined, including local autocorrelations,
global trends and extraneous variations. The blocking structure of the
experiments was fitted as random effects. Spatial trends and residual
variances with two-dimensional auto-regressive correlation at first
order for rows and columns were examined and fitted when they were
statistically significant. Statistical tests were used to examine the levels
of significance, includinglikelihood ratio tests for random effects, and
conditional Wald tests for fixed effects. Residual diagnostics were per-
formed to examine the validity of the model assumption of independ-
ence, normality and homogeneity of variance. Both the empirical best
linear unbiased predictions (eBLUPs) estimated means for varieties,
with variety fitted as random effects, and the empirical best linear
unbiased estimations (eBLUEs) estimated means for varieties, with
variety fitted as fixed effects, were produced from respective fitted
models. Trials with an average grain yield of less than 1,000 kg ha™ were
deemed as abnormal and removed from further analysis.

To account for variability between trials and years, we recalculated
the variety yield as the ratio to the average yield of all varieties (17)
within the trial, following:

Variety yield (relative to site average) = Variety trial yield/average
yield within the trial

The average variety yield (relative to site average) within a trial of
translocated and non-translocated varieties across all trials was com-
pared using a two-sided t-test with SPSS v.29 (IBM). Significance was
takenas P<0.05.

Because yield advantages are known to be associated with reduced
plant height, we also examined the height of varieties with or without
the2A/2Ctranslocation. Inacommon-garden experiment, the oat varie-
tiesweregrownin South Perth (Western Australia) for threeyears. The
height was measured from the tip of the panicle to the ground (detailed
experiment and results are to be published in a separate paper). To
account for variability between years, we calculated the height as the
ratio tothe average height of all (17) varieties. The height (relative to the
siteaverage) of translocated and non-translocated varieties across all
trials was then compared using a two-sided ¢-test with SPSS v.29 (IBM).
Significance was taken as P < 0.05.

QTL mapping. Plant height was measured before grain harvest. The
genotypic and quantitative trait data were formatted for use with
MapQTL5.0. A permutation test was performed to calculate the loga-
rithm of the odds (LOD) value threshold for positive QTL detection.
Internal mapping was first performed to identify the markers with the
highest LOD value above 3.2. The markers with the highest LOD values
fromdifferent QTLs were selected for multiple QTL mapping analysis.

Large-scale chromosomal rearrangements shaped segregation
and recombination patterns in progenies of 13 crosses froma
working oat breeding program

ThirteenF,crosses were madein2019 at the oat breeding program at the
OttawaResearch and Development Centre, Agriculture and Agri-Food
Canada (AAFC) (Supplementary Table19.1), among oat lines that were
selected for their excellent trait profiles and adaptation to Canadian
environments. Progenies were advanced by a modified single-seed
descent method to the F, generation. Parents and progeny were
genotyped using a targeted GBS method’. Progenies were filtered to
remove those with more than 90% similarity to a parent and to eliminate
progeny that showed more than 98.5% similarity to another progeny.
The position of tag-level haplotype markers on the Sang reference
genome* was used to compute recombination fractions (r) between
all pairs of markers. Values of r were averaged within a sliding window
of20 Mb at10-Mb increments in two directions of a complete genome
matrix, as described previously®, such that recombination fractions
were scaled to physical distance. Recombination matrices across the
fullgenome were displayed as heat maps, coloured from yellow (r= 0)
tocyan (r=0.2) topurple (r>=0.4) (also in Supplementary Table 19.2).
Chromosomes with inadequate marker coverage to estimate recom-
bination were coloured grey.

C-banding

All karyotypes of lines throughout the manuscript were determined
by C-banding as described previously”, except that 0.1% colchicine at
20 °Cfor threetofive hours was used to arrest microtubule assembly.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data generated by the PanOat Consortium have been made
freely available and publicly accessible through deposition in public
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databases. Sequence data were deposited in the European Nucleo-
tide Archive under project IDs PRJEB56828 (genome assembly raw
data), PRJEB57570 (transcriptome sequencing) and PRJEB62778 (WGS
resequencing data). Project IDs for individual assemblies and Bio-
SamplelDs forindividual CORE genotypes are listed in Supplementary
Tables 20 and 13, respectively. The annotation datasets are available
for download from the USDA-ARS GrainGenes database® at https://
graingenes.org//GG3/content/panoat-data-download-page. This page
alsoservesasalandingpageforaccessnotonlytodatabutalsotogenome
browser tools and BLAST services®’. Thirty-three genome browsers for
eachPanOataccession were created in GrainGenes. The links to these
genome browsers are available from the data download landing page
mentioned above. They are also available from the main GrainGenes
Genome Browser landing page at https://graingenes.org/GG3/
genome_browser. Each genome browser contains datasets as tracks,
whichinclude pseudomolecule sequences, as well as high-confidence
and low-confidence gene models. The gene models have exter-
nal links to the eFP Browser at the University of Toronto (https://
bar.utoronto.ca/eFP-Seq_Browser/). BLAST services in GrainGenes
include databases that have pseudomolecules from 35 accessions,
as well as scaffold sequences from a subset of 6 accessions: BYU960,
A.byzantinaP1258586, Leggett, AC Morgan, OT3098 v2 and Williams.
Note that when a BLAST query sequence hits a region of a genome
assembly that has agenome browser in GrainGenes, aclickable link to
the hit region on that genome browser is made available through the
JBrowse Connect API®!, as are other details, such as hit scores, statistics
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Extended DataFig.1|Images of PanOat accessions in maturity. Images (7) Clintland60 (8) Sang (9) GMI423 (10) Bingo (11) Delfin (12) GS7 (13) 0OT3098
showing onerepresentative individual of each of the 23 oat lines for which (14) Lion (15) HiFi (16) Nicolas (17) Gehl (18) Amagalon (19) Victoria (20) Rhapsody
RNA-seq datawere generated. Accessions showing left to right and top to (21) CN58138(22) BYU209 (23) P1258586. Pictures courtesy of Jorg-Peter

bottom (1) Bannister (2) Bilby (3) Park (4) Hatives des Alpes (5) FM13 (6) Aslak Schnitzler and Georg Gerl from Helmholtz Munich.
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a Tissue Zadoks growth stage Zadoks decimal code Growth place / conditions
Embryo 0 — Germination 07 — Coleoptile emerged from seed Growing cabinet/ controlled humidity, light, temperature
Leaves 1 — Seedling growth 12 - Two leaves emerged Growing cabinet/ petri dishes / controlled humidity, light, temperature
Roots 1 — Seedling growth 13 - Three leaves emerged Growing chambre / small pots filled with perlite / 16/8 day/light
Internode 2 - Tillering 25— Main stem and five or more tillers Greenhouse chambre / pots with soil / semi-controlled temperature and light
Panicle 2 - Tillering 24 - Main stem and four tillers Greenhouse chambre / pots with soil / semi-controlled temperature and light
Caryopsis 7 — Milk development 71 - Kernel water ripe (no starch) - 73 Early milk Greenhouse chambre / pots with soil / semi-controlled temperature and light

3

i

o e

Extended DataFig.2|Tissuesampling and RNA extractionfor transcriptome  1.germinating seed (Delfin), 2. seeding leaf (Aslak) 3. seedling root (0T3098),
sequencing.a, List of oat tissues dissected from 24 members of the PanO 4.stem (Bilby), 5. developing panicle (GMI423) and 6. immature seed (Aslak).
atpanel according to defined growth stages in cereals (Zadoks scale®?). Greybars=0.5cm.c,Sampling scheme used to collect all tissues for RNA-Seq
b, Representative photos of sampled tissuesinselected PanOat lines: andIso-Seqsequencing.
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synthetic Amagalon, and tetraploid BYU209 (A. insularis). b, Expression level
categories wereidentified in 20 A. sativa lines using 5,294 common single-copy
orthologues. Triads were classified as stable or variable based on whether all
pangenomelines shared the same expression level category. c,d, Average
expression levels of the A-and D-chromosomes in each chromosome group in
GS7(c) andND060432 (d); n =40 bins per comparison (20 bins per chromosome
ineach subgenome). For each chromosome, the total number of genes was
dividedinto 20 bins, with each bin representing average expression values of
allgenesinthatgenomic window based on transcripts per million. Number of
genes perchromosome:1A:7,121;2A:6,090;3A:4,307; 4A:7,971; 5A: 6,230; 6A:
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7D:6,194.Box plotsindicate the median (centre line), 25th and 75th percentiles
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Effect Size (r) ® Small (0.1) @ Medium (0.3) @ Large (0.5) @ Very Large (0.7)

Statistical significance was assessed using two-sided Wilcoxon rank-sum tests
with FDR correction for multiple comparisons across seven chromosome pairs,
significancelevels:***P < 0.001, **P < 0.01, *P < 0.05, ns = not significant.

e, Summary of statistical significance and effect sizes for Avs. D expression
differences across chromosome pairsin GS7and ND060432. Statistical
significance was assessed using two-sided Wilcoxon rank-sum tests with FDR
correction for multiple comparisons. The y-axis shows —-log,,(FDR-adjusted
P-values) of the Wilcoxon rank-sumtests. Point size corresponds to effect size
(r), calculated as|Z | /YN, where Z is the standardized test statisticand N =40
per comparison (20 bins per subgenome chromosome) is total sample size
(n=40per comparison:20 bins per chromosome). Exact FDR-adjusted P-values
forchromosome1to 7: for GS7:0.8831,0.8831,0.7029, 0.7509, 0.8831, 0.7029,
0.7029; for ND060432:0.8201,0.5789,0.5727,0.3306,0.8201, 0, 0.3306.

f, Ternary plots of subgenome expressioninall triads and the triads in each of
chromosomegroups1,2,3,4,5,and 7 (the plot for chré6 is displayed in Fig. 4f) in
GS7andND060432.
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Extended DataFig. 6 | Distribution of heading date phenotypeinthe CORE
panelintenenvironments. a, WGS sequencing and mapping statistics for

295 CORE genotypes.b,c, Box plots (b) and histograms (c) of heading date
measurements (NHD) grouped by the allelic state of theinversion on chromosome
7Dasinferred by PCA analysis. A two-sided t-test was used to calculate p-values.
Box plots show the 25th (lower edges) to 75th (upper edges) percentiles with
median lines, and whiskers extending to1.5x the interquartile range (IQR). Outlier
points are observations beyond 1.5xIQR. Sample sizes for each location/year
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Mapped 465,236,133 437,976,338 189,131,003 1,254,042,969
duplicated 105,895,495 86,854,230 2,352,404 307,127,844
>q10 256,308,499 258,649,374 126,588,032 688,270,256
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combination are as follows: Aberdeen_2011; n = 240 (inverted),n=53
(non-inverted), Aberystwyth_2010; n =241 (inverted), n =53 (non-inverted),
Aberystwyth_2011; n =240 (inverted), n = 54 (non-inverted), Fargo_2010;

n =240 (inverted), n =53 (non-inverted), Fargo_2011; n =240 (inverted), n = 52
(non-inverted), Ithaca_2010; n =240 (inverted), n = 52 (non-inverted),
Ithaca_2011; n=239 (inverted), n=53 (non-inverted), Lacombe_2010; n =241
(inverted), n =52 (non-inverted), Ottawa_2011; n =235 (inverted),n=53
(non-inverted), Saskatoon_2010; n =239 (inverted), n=52 (non-inverted).
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Extended DataFig. 8| Chromosomal anomaliesinrepresentative CORE
lines. WGSreads were aligned to the GS7 reference genome and read counts
were aggregated in1Mb windows. Each row shows one genotype (Supplementary

Table13). Red arrows mark SVs. Atleast one chromosomein each genotypeis
affected by large SVs, which are most likely to be deletions, duplications or
homeologous exchanges. A detailed exampleis described in Fig. 3.



Extended DataFig.9|See next page for caption.
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Extended DataFig. 9| Chromosomal anomaliesinrepresentative lines are most likely to be deletions, duplications or homeologous exchanges asin
from the Global OatDiversity panel. G.0.D. GBS datawere aligned to the GS7 theexample elaborated oninFig.3.A283is an A. sterilisaccession from
reference genome and normalized to GBS data from GS7; reads were countedin ~ Morocco. Theread depth varianton3Disshared with A284, also an A. sterilis
1Mb windows. Each row shows one genotype (Bekele et al.™*). Red arrows mark accession from Morocco.

SVs. Atleastone chromosomein each genotypeis affected by large SVs, which
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Extended DataFig.10|Large-scale chromosomal rearrangements shaped
segregation and recombination patternsinthe progenies of13 crosses
made at the Ottawa Researchand Development Centre, AAFC,in2019. The
parentallines were selected for their excellent trait profiles and adaptation

to different Canadian environments. Progenies from these crosses were
genotyped for genomic selection at the F6 generation. Two populations (19529
and 19S43) out of 13 exhibited unusual segregation ratios and recombination
patterns. The progenies of the 19543 population and those from the half-sib
cross 19532, which share the parent 0A1613-5, displayed drastically different
segregation ratios and patterns of recombination shown as recombination
fractions heat maps between all pairs of markers ranging from purple (r = 0.5)
toyellow (r=0).a, The19S32 progenies (n =192) showed the expected
segregation for biparental RILs at the F6 generation (AA:44.9, AB:0.9, BB:54.2).
b, Incontrast, the 19543 progenies (n = 280) showed distorted segregation
(AA:72.2,AB:1.2,BB:26.6). Chromosomes1Aand1C of the19S43 progenies
exhibited suppressed recombination and a pattern typical of pseudo-linkage
between1A/1C, along withsuppressed recombination on chromosome 7D,
similar to the patternsreported by Tinker etal.*. Additional suppressed

chromosomesinclude2C,3A,3C,and 4D. The19S32 population also exhibited
some suppressed recombination, but only onchromosomes 2C and 3C.
Karyotypes of the three parental lines confirmed they have acomplete set of 21
chromosome pairs. ¢, The karyotype of 0A1623-2, the female parent 0of 19532,
confirmed the presence of aheterozygousinversionon3C and the common
translocationon1A.d, The karyotype of 0A1613-5, the pollen donor for the two
crosses, shows ahomozygous 3C inversion (non-ancestral) and the common
1A/1C translocation, confirming the suppressed recombinationin3C and the
expected patterns recombinationin1Aand 1C 0of19S32. e, The karyotype of
0A1568-6, the female parent 0f 19543, shows a pair of ancestral - non-translocated
1A chromosomes, confirming the pseudo-linkage patterns of recombination
incrossesinvolving parents with and without the 1A/1C translocation, and
suppressed recombination on 7D. The co-occurrence of chromosomal
aberrations potentially explains the distorted segregation observed in this
cross. All13 crosses exhibited suppressed recombinationin atleast one of their
chromosomes, similar to that seenin19532 (3C) or 19543 (7D). The following
chromosomes showed recombination suppressionin three or more of the 13
populations: 1C,2C,3C,4C,5A,7Cand 7D.
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