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Phylogenetic origin of the Y haplome present in allopolyploid Triticeae species
remains unknown. Here, we report the 10.47 Gb chromosome-scale genome of
allohexaploid Elymus nutans (StStYYHH). Phylogenomic analyses reveal that
the Y haplome is sister to the clade comprising V and Jv haplomes from
Dasypyrum and Thinopyum. In addition, H haplome from the Hordeum-like
ancestor, St haplome from the Pseudoroegneria-like ancestor and Y haplome
are placed in the successively diverged clades. Resequencing data reveal the
allopolyploid origins with St, Y, and H haplome combinations in Elymus.
Population genomic analyses indicate that E. nutans has expanded from
medium to high/low-altitude regions. Phenotype/environmental association
analyses identify MAPKKK18 promoter mutations reducing its expression,
aiding UV-B adaptation in high-altitude populations. These findings enhance
understanding of allopolyploid evolution and aid in breeding forage and cereal
crops through intergeneric hybridization within Triticeae.

Elymus (wheatgrass or wild rye), the largest genus in the wheat tribe
(Triticeae Dum.) of the grass family (Poaceae), encompasses a multitude
of perennial grasses that are closely related to staple cereal crops, such
as wheat (Triticum aestivum L.), barley (Hordeum vulgare L.) and rye
(Secale cereal L.)'. According to the widely accepted taxonomic
definition?, the broadly defined genus Elymus sensu lato (s.l.) includes
>150 miscellaneous species. These wild Elymus species have been widely

used for ecological restoration and forage and cereal improvement® as a
valuable tertiary gene pool*’. This genus is composed entirely of allo-
polyploid species, originating from allopolyploidization events involving
five basic haplomes or diploid genomes: St (Pseudoroegneria), Y
(unknown), H (Hordeum), P (Agropyron), and W (Australopyrum)°®. The
polyploidization process gives rise to a diversity of genomic combina-
tions, all sharing the St-genome, and spans a range of polyploidy levels
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from tetraploids with StH, StY or StP combinations to hexaploids and
octoploids (Supplementary Fig. 1)’°. The Y haplome is present in >75%
of the known Asian tetraploids and almost all known Asian hexaploids
within Elymus®. Based on cytogenetic and molecular phylogenetic
results, species with a St and Y genomic combination have been sepa-
rated and recognized as an independent genus, Roegneria®. Due to the
lack of discovery of diploid donor species of the Y haplome in nature to
date, these tetraploid Roegneria species are considered to be the
ancestral species of the StY genome for three distinct hexaploid genera,
Campeiostachys (StYH), Kengyilia (StYP) and Anthosachne (StYW), which
have also been separated from Elymus s.L.°. The removal of these allo-
polyploid genera resulted in the restriction of Elymus to the StH hap-
lome combination, Elymus s.s.’. It is noteworthy that some Asian
Campeiostachys species with StYH, for example, C. nutans=E. nutans,
are prone to being confused with co-occurring Elymus s.s. species with
StH genomes, for example, E. sibiricus, in their highly similar morpho-
logical characters, which may arise from the potential recessive effects
of the Y haplome’. This was supported by phylogenetic studies of Tri-
ticeae species based on FISH paintings and ITS sequences that the Y and
St haplomes may have originated from a recent ancestor™" In contrast,
evidence from single-copy nuclear genes such as Accl, PgkI and EF-G has
challenged this notion and suggested that the Y haplome evolved
independently, distinct from the St haplome®®, Therefore, it is crucial to
identify which basic diploid genome of Triticeae has the closest evolu-
tionary relationship to the Y haplome.

The Qinghai-Tibet Plateau (QTP), with an average altitude of
over 4000 meters and intense UV-B radiation", serves as a critical
center for species biodiversity of Asian Elymus species, with almost
half of them thriving there*'*>'°, These species show diverse kar-
yotypes and phenotypic diversity with complex speciation processes
and distributional dynamics®'**"2, Furthermore, native Elymus
species in the QTP region exhibit both short-term phenotype plas-
ticity and long-term genetic adaptation to the challenges of extreme
environmental conditions**?. Except for genome-wide association
studies (GWAS) using recombinant inbred lines from crossing con-
trasting phenotypes, genotype-environment association (GEA) has
been developed to identify key genes and allelic variations for
adaptive local phenotypes with utilization values**?. By integrating
GEA and GWAS with key adaptive traits, we can obtain a more
comprehensive map of the genomic controls underlying local
adaptation. What's more, the annotation of candidate adaptive genes
in representative native species of the QTP can provide insights into
the traits and signaling pathways involved in adaptation in non-
model high altitude organisms.

E. nutans (i.e. Campeiostachys nutans), commonly known as
drooping wheatgrass, is a perennial, self-compatible and long-awned
allohexaploid (2n = 6x = 42, StStYYHH) bunchgrass occurring widely in
the QTP™, It not only possesses desirable forage characteristics, but is
also characterized by its robust tolerance to diverse stress, including
drought, coldness and UV-B radiation that are generally lacking in
cereal crops””. These traits are essential for the maintenance and
renewal of the soil seed bank in alpine grasslands and sustainability of
local ecosystems®?’. However, research progress on E. nutans has
been constrained by the unavailability of a high-quality reference
genome, particularly in areas including environmental adaptation
mechanisms, genetic resource characterization, molecular breeding
development, and interspecific genetic improvement.

In this work, we present a chromosome-scale de novo reference
genome assembly for E. nutans. We resequence 225 accessions of E.
nutans and other Elymus s.l. species consisting of diverse St, H and Y
haplome combinations. By detecting genome-wide single nucleotide
polymorphisms (SNPs), our findings determine the evolutionary origin
of the Y haplome through detailed comparisons with haplome-known
and genome-sequenced representative species in the Triticeae. We
also examine multiple reticulate allopolyploidization events in Elymus

s.l. species. Finally, we infer the demographic dynamics and explore
the potential key genes and allelic variations related to high-altitude
UV-B adaptation of E. nutans.

Results

Assembly of the giant hexaploid E. nutans genome

The genome of the hexaploid E. nutans wild accession FS20130
(2n = 6x =42, StStYYHH) was sequenced and assembled. This sample,
originating from the QTP in western China, represents the highest
altitude recorded for this species, at 5012 meters (Supplementary
Fig. 2). To ensure a high-quality assembly, we generated a total of
366.72 Gb (-35.03x) PacBio HiFi reads and 1.21 Tb (-115.62x) Hi-C reads
(Supplementary Table 1). The initial contig-level assembly performed
using hifiasm?® results in a comprehensive assembly size of 10.47 Gb,
accompanied by an exceptional contig N50 of 76.25 Mb, significantly
surpassing the reported assembly for E. sibiricus®. Utilizing the Hi-C
reads, we successfully scaffolded 95.05% of the contigs into 21 chro-
mosomes (Supplementary Table 2; Supplementary Fig. 3a). A BUSCO
completeness of 99.50% and an LAl value of 13.97 both indicated high
accuracy, completeness, and continuity of our assembly (Supple-
mentary Table 2). A total of 8.67 Gb of TE repetitive sequences were
detected, accounting for 83.02% of the total genome (Supplementary
Table 3). Among them, LTR repetitive sequences were the most
abundant, occupying 62.56% of the genome (Supplementary Table 3),
a proportion similar to that observed in maize®° (62%), barley® (68.3%),
and wheat*” (66.9%). Using a combination of transcript evidence, ab
initio prediction and homologous alignment, we predicted a total of
120,538 genes, with 91.58% protein-coding genes could be annotated in
the gene function databases (Supplementary Table 4).

All chromosomes could be classified into three distinct sub-
genomes through SubPhaser®® (Supplementary Fig. 3b; Supplementary
Fig. 4). We then revealed the syntenic relationships between these
three subgenomes and previously reported genomes containing
similar subgenomes, namely barley (H) and E. sibiricus (St and H)’
(Fig. 1a, b; Supplementary Fig. 5). Finally, we have successfully desig-
nated the assembled chromosomes as En-StO1 to En-St07, En-HO1 to
En-HO7 and En-YOl to En-YO7 (Fig. 1b; Supplementary Fig. 5). The
divergence of the synonymous mutation (Ks) between the three sub-
genomes indicates that the St and Y subgenomes have differentiated
more recently (Supplementary Fig. 6), suggesting a closer genetic
relationship between these two subgenomes. We found that the En-St
subgenome exhibited the highest collinearity with the St subgenome
of E. sibiricus and the H subgenome of barley, showing contiguous
syntenic relationships without translocations, which may reflect an
ancestral state (Fig. 1b; Supplementary Fig. 5). In contrast, the En-H and
En-Y subgenomes contained more chromosomal rearrangements. We
have detected a significant non-Robertsonian reciprocal translocation
(non-RTA) event between the H and Y subgenomes based on both the
subgenome-specific k-mers and syntenic analyses (Fig. 1; Supplemen-
tary Figs. 4, 6a, and 7). This non-RTA occurred at the long arm of HO4
and the short arm of Y03, resulting in En-HO4 being composed of the
larger segment and centromere of HO4 along with a short portion of
Y03, while En-YO3 retained the remaining sequences and the cen-
tromere of YO3. This non-RTA was validated by our Hi-C connected
mapping results (Supplementary Fig. 3a) and a non-denaturing fluor-
escence in situ hybridization (ND-FISH) assay utilizing probe combi-
nations (Fig. 1c). Additionally, we detected a small non-RTA within Y
subgenome when using the En-St genome as a reference, occurring at
the ends of YO4 and YOS, resulting in En-YO4 and En-YOS5 each con-
taining a small portion of the other (Supplementary Fig. 6a). We also
identified that the previously reported non-RTA event between HO4
and HO6 in E. sibiricus is a specific event?’, which is absent in E. nutans
(Fig. 1b; Supplementary Fig. 5).

Polyploidization-triggered differences in the expression of sub-
genome/homoeologue genes may occur due to the sub-functionalization
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Fig. 1| Comprehensive analysis of the allohexaploid Elymus nutans genome
assembly. a The feature of the E. nutans genome. 1, the 21 chromosomes; II, gene
density within a 500 kb sliding window; III, the average GC content in each sliding
window (500 kb); IV, the density of LTR retrotransposons; V, the density of Copia
retrotransposons; VI, the density of Gypsy retrotransposons; VII, syntenic blocks
among the three subgenomes, and chromosomal translocation events were high-
lighted with colors. b The syntenic analysis of the three subgenomes (St, Y, H) of E.

nutans with barley (H) and E. sibiricus (St, H), which possess similar genomic
structures. ¢ The validation of the non-RTA event between En-YO3 and En-H04
using a FISH assay with three independent experiment. The red and green colors on
the chromosomes correspond to the probe colors of the synthetic oligonucleotide
libraries. d, e, A significant non-RTA event between En-YO3 and En-HO4 was vali-
dated based on specific K-mers (d) and karyotype (e) analysis. Source data are
provided as a Source Data file.

and neo-functionalization process*%. A total of 15,875 homoeologue
gene triads that exhibited a 1:1:1 correspondence across the three E.
nutans subgenomes were detected in the hexaploid E. nutans (Supple-
mentary Data 1). We have identified 19,594, 19,802 and 18,040 11
homoeologous gene diplets between En-St and En-Y, En-St and En-H, En-
H and En-Y, respectively (Supplementary Data 1). We further revealed
that missed genes in the third subgenomes of these diplets were mainly
experienced gene pseudogenization, in which nearly 60.18%, 51.90% and
51.52% missing genes in St, H and Y subgenomes were pseudogenes,
respectively (Supplementary Fig. 8; Supplementary Data 2). We then
evaluated the expression biases of each subgenome with these gene
triads, in which seven homologous expression patterns were categorized
under three abiotic stress conditions (drought, UV-B, and cold). The
results showed that the majority of the gene triads (54.34% -~ 62.69%)
displayed balanced expression (Supplementary Figs. 9-14; Supplemen-
tary Data 3-8), while gene triads with expression dominance in a single
subgenome were the least frequent (2.84% ~ 6.47%). The number of gene
triads across the seven homologous expression patterns demonstrated a
negligible difference (degrees of freedom (df) =6, P>0.05, chi-square
test) between the three stress conditions and their corresponding CK
(Supplementary Fig. 13a; Supplementary Fig. 14). Furthermore, no sig-
nificant difference was detected in the number of up- and down-
regulated genes for each subgenome across all abiotic stress conditions
(Supplementary Fig. 13b). The GO enrichment results also showed that

these differentially expressed genes (DEGs) in different subgenomes had
similar functions, indicating no significant function differentiation of the
three subgenomes (Supplementary Fig. 15). We further detected the
differences in the co-expression networks among the subgenomes and
showed that genes from the Y-subgenome were more frequently found
in divergent expression modules than their homoeologues from the H-
and St-subgenomes (df=3, P<0.05, chi-square test) (Supplementary
Fig. 16; Supplementary Data 9). These results suggest that the expression
profiles of the three subgenomes in E. nutans are relatively balanced, but
the divergent expression modules may change under different condi-
tions, which is similar to hexaploid oats*. We also assessed the average
Ka/Ks values for these gene triads, which revealed no significant differ-
ences in Ka/Ks values between the E. nutans subgenomes (Supplemen-
tary Fig. 17; Supplementary Data 10). However, for gene pairs with Ka/Ks
> 1, the genes in St vs H, St vs Y, and Y vs H showed different gene
function (Supplementary Fig. 18; Supplementary Data 11). The divergent
expression pattern (sub-functionalization) and the “homologous gene
function change (neo-functionalization)” (Supplementary Data 12) of the
classical star DEGs (with 1:1:1 gene triads) under each stress condition
were also found. What's more, less than half of the DEGs were included in
the gene triads (Supplementary Table 5), indicating that most of the
DEGs underlying stress tolerance are located in distinct syntenic regions.
All these results suggested that most of the genes may have been con-
served with less change and there are also some genes that experienced
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Fig. 2 | The evolutionary status of E. nutans among the tribe Triticeae and
sequence similarity of the raw reads mapping to the three subgenomes (St/Y/
H) of E. nutans. a The phylogenetic tree is constructed based on the 20 haplomes
from 12 species belonging to Triticeae, using rice (O. sativa) and B. distachyon as
outgroups. The gray rectangle bars indicated the timescale between nodes. The
right image showcases their spikelets. b The sequence similarity analysis was

conducted for raw reads of 28 species mapping with St/Y/H haplomes of E. nutans.
The central box represents the interquartile range, bounded by the first (25th
percentile) and third (75th percentile) quartiles. The horizontal line inside the box
indicates the median (50th percentile). The whiskers denote the standard deviation
of the data, while the shading outside the box plot illustrates the overall dispersion
of the dataset. Source data are provided as a Source Data file.

the sub-functionalization and neo-functionalization process in the three
E. nutans genomes, which may be important for the adaptation of E.
nutans.

Evolutionary position of St, Y and H haplomes among Triticeae
species

We collected 12 species representing 20 haplomes of Triticeae to con-
struct their phylogenetic relationships (Fig. 2a). The results showed that
Ns, Xm, H and St haplomes were successively sister to other haplomes,
with divergence time of 13.92, 11.68, 10.22 and 9.04 million years ago
(Mya), respectively. Notably, we observed that the divergences between
H and St haplomes from E. nutans and E. sibiricus was estimated from
2.62 to 2.90 Mya, which may reflect distinct polyploidization trajectories
among them. A key finding is that the En-Y haplome is closely related to
the V (Dasypyrum villosum) and Jv (Thinopyum intermedium) haplomes,

with a divergence time of 6.29 Mya. This suggests that the ancestral
donor of the Y haplome in Elymus s.l. may be phylogenetically proximate
to Dasypyrum and Thinopyrum, thereby challenging the prevailing
hypothesis that the Y and St haplomes share a homologous origin with a
recent ancestor™”, For the rest haplomes, R haplome emerged at 6.94
Mya and E haplome emerged at 6.11 Mya, and they successively sister to
the cluster containing A, B, D and Jr. Within this group, Jr and D showed
the closest affinity and diverged at 4.75 Mya. In addition, three ancestral
lineages represented by H, St and Y haplomes diverged from 10.22 Mya
to 8.02 Mya.

Reticulate allopolyploidization histories of the Elymus species
involving St, Y and H haplomes

To improve our understanding of the polyploidization history of Ely-
mus, we resequenced 28 species from the genera Pseudoroegneria (St),
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Fig. 3 | Phylogenetics and polyploidization of Elymus allopolyploid species

involving the St, Y, and H subgenomes. a Phylogenetic tree constructed based on
the common plastome genes of 44 relatives of E. nutans, with B. distachyon as an
outgroup. b Phylogenetic tree based on 11,607 high quality single copy genes, with
B. distachyon as an outgroup. Diamond, circle and star represent the genotypes StY,
StH and StYH, respectively. ¢ Diagram of allopolyploid reticulate evolution model
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undetermined donor species. Source data are provided as a Source Data file.

Hordeum (H), Roegneria (StY) and Elymus (StH and StYH), with an
average sequencing depth of 20x. These resequencing datasets were
mapped onto the E. nutans genome, and the results confirmed the
precise genomic composition of these species, which is consistent with
previous reports’ (Fig. 2b). In particular, we found that E. alashanica
(=Roegneria alashanica) actually has a StY genome constitution, cor-
recting the long doubted haplome composition of this species (St[?] or
StStY)*’. Mapping statistics revealed that H. roshevitzii exhibits the
highest homology with the H subgenome (74.74%) of E. nutans, while E.
burchan-buddae (=Roegneria nutans, StY) demonstrates the highest

homology with the St (90.01%) and Y (85.76%) subgenomes of E.
nutans (Fig. 2b).

The single copy orthologous genes between St, Y and H were
firstly identified in E. nutans genome, and then a total of 2046 homo-
logous gene sequences between the different genomes/subgenomes/
haplomes of these 28 species were extracted. The phylogenetic results
clearly divided these genomes/subgenomes/haplomes into three
groups corresponding to the St, Y and H haplomes (Fig. 3). Within each
group, allohexaploids or allotetraploids clustered with the different
diploids or allotetraploids, suggesting the presence of intricate and
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diverse reticulate allopolyploidization histories among these species.
We further confirmed that H. roshevitzii and the H subgenome of E.
nutans form a distinct clade, while E. burchan-buddae and the St and Y
subgenomes of E. nutans form another distinct clade, which suggest
that the ancestors like them may serve as the potential donors of E.
nutans (Fig. 3b; Supplementary Fig. 13¢). The ancestor like H. bogdanii
may serve as a donor of the H haplome for erect-spike Campeiostachys
(such as E. dahuricus = C. dahurica, StYH), although its donor species of
StY was not determined, which differs from the above-mentioned
scenario where the ancestor like H. roshevitzii may act as a donor of the
H haplome for nodding-spike Campeiostachys (such as E. nutans = C.
nutans, StYH) (Fig. 3b). Additionally, our findings suggest that the St
haplomes of the North American Elymus s.s. species, exemplified by E.
lanceolatus (StH), is likely derived from the ancestor like P. spicata, and
their H haplome possibly originated from the ancestor similar to
American perennial Hordeum species, which is consistent with pre-
vious implications*’. However, the ancestor-like donors of St and H
haplomes of the Elymus s.s., typified by E. sibiricus (StH), still remain
challenging to ascertain.

The chloroplast genome (plastome) is often used to determine
the maternal donor of a plant species because of its highly con-
servative and maternal inheritance. The newly assembled 29 plas-
tomes and 16 previously reported plastomes*>** of Elymus s.l. were
used to trace the maternal ancestral donors of these species (Supple-
mentary Data 13). Phylogenetic analysis based on the common plas-
tome genes revealed that species with identical genomic compositions
exhibited variation in their ancestral donors (Fig. 3a; Supplementary
Fig. 19), consistent with the occurrence of multiple origins and
extensive reticulate evolution within the Elymus s.1.°'°. The most
striking examples are E. dahuricus and E. excelsus, both members of the
E. dahuricus complex*, clustered together based on the nuclear single-
copy gene tree, yet demonstrated different potential maternal donors
in the plastome tree. Interestingly, all StYH allohexaploids have a clo-
ser relationship with the StY allotetraploids rather than diploid St/H
species. These results are consistent with previous study, which sug-
gested that the StY allotetraploids is the direct maternal donor of the
StYH allohexaploids, with the diploid perennial Hordeum species being
the likely paternal donor®. Notably, E. burchan-buddae is closest to the
potential maternal ancestor of E. nutans according to the plastome
tree (Fig. 3a). This inference is supported by the similar phenotypic
morphology, such as nodding spikes, and the overlapping habitats,
elevations, and distributions between E. burchan-buddae and E. nutans.
Taken together, these results suggest that the distant ancestors like E.
burchan-buddae and H. roshevitzii may serve as the potential maternal
and paternal donors of E. nutans through distant hybridization,
respectively.

Building on the results presented above and incorporating pre-
vious reports®®, we have developed a reticulate evolutionary model
for allopolyploid species containing the St, Y, and H haplomes within
the genus Elymus s.l. (Fig. 3c). Specifically, the tetraploid species Ely-
mus s.s. (StH) and Roegneria (StY), both sharing a common diploid
ancestor, namely the St haplome in Pseudoroegneria, originated
through a process of hybridization and subsequent polyploidization
with the H and Y haplomes, respectively. Subsequently, the hexaploid
Elymus species, characterized by genomic constitutions such as StHH,
StStH, StStY, StYY, and StYH, were formed through a similar allopo-
lyploidization process, utilizing the aforementioned tetraploid Elymus
species (StY and StH) as a foundation. It is important to note that this
model calls for further refinement with more detailed information to
be completely comprehensive.

Population structure and demographic history

We collected 197 E. nutans wild accessions from the QTP and Central
Asia across its natural distribution (Fig. 4; Supplementary Data 14).
Resequencing these accessions generated totally 21.87 Tb of clean data

with an effective depth of 12x (Supplementary Data 14). We identified a
set of 43,637,347 high quality SNPs evenly distributed across the
genome (Supplementary Fig. 20). Most SNPs were “missense variant”
(Supplementary Fig. 21; Supplementary Table 6) and the short-range
LD (Supplementary Fig. 22) is less extensive than that of other Poaceae
species such as oat" (229 Mb), wheat” (4.2Mb), and barley*®
(2.97 Mb). NJ tree, PCA and pairwise F, analyses identified three clus-
ters with the low- (Cluster I), medium- (Cluster IlI), and high- altitude
(Cluster II) regions (Fig. 4a—c). We also detected a significant pattern of
isolation by distance (IBD) and isolation by environment (IBE) for all
Clusters (Supplementary Fig. 23).

We examined demographic divergences of three clusters in E.
nutans and found the medium-altitude group located in the Heng-
duan Mountains (Cluster IlI: SC, GS, and XZ_EAST) firstly diverged
from the common ancestor of Cluster 1 (QH_EAST) and Cluster Il
(QH_WEST, XZ WEST, and CA) (Supplementary Figs. 24 and 25).
Among 16 possible demographic models, the scenario 16 had the
highest importance and post-possibility (Supplementary Fig. 26).
The result similarly showed that the medium-altitude Cluster III
diverged firstly and the other two high/low-altitude clusters derived
later (Fig. 4e; Supplementary Fig. 27). We also found strong gene flow
between three clusters (Fig. 4d-f; Supplementary Fig. 27). Thus, we
deduced that the medium-altitude Cluster Il from Hengduan
Mountains region with the highest species diversity*’, might act as
the primary origin center of E. nutans. This is also supported by its
highest nucleotide diversity () (Fig. 4d). In addition, the Hengduan
Mountains of the QTP, have served as refugia for many plants during
glacial ages® and they are likely one of the glacial refugia for E.
nutans, as the cluster there shows an increase in Ne size during both
glacial and interglacial periods (Supplementary Fig. 24).

Genetic footprints of environmental adaptation in E. nutans

The high-quality reference genome for E. nutans, combined with the
deep resequencing data generated in this study, enabled the accurate
identification of high-confidence genomic SNPs for adaptation locus
mining. Using GEA approaches, we identified complex signatures
indicative of local adaptation in E. nutans based on nine key environ-
mental factors (Supplementary Data 15; Supplementary Fig. 28). A total
of 2950 SNPs, involving 340 genes, were found to be significantly
associated with one or more environmental factors, widely and evenly
distributed across the genome (Supplementary Fig. 29). Of the SNPs
significantly associated with environmental factors within the LFMM,
541 (involving 1281 genes) showed a pronounced load along one or
more RDA axes (Supplementary Data 16). These SNPs were designated
as “key adaptive SNPs” in E. nutans. The variants of these genes related
to the key environmental factors exhibited varied geographic dis-
tributions in allele frequency. To exemplify their geographic distribu-
tion patterns, we selected three representative environmental
variables to employ the GEA analysis (Fig. 5). For instance, a SNP
located within the promoter region of a NAC gene (Nascent
polypeptide-associated complex, Enu.ptg000038L.G2830) exhibited a
significant association with biol (annual mean temperature; Fig. 5a).
The low level of LD (Supplementary Fig. 30) in this region suggests that
this locus may represent the causal variant. Subsequent analysis
revealed that this locus harbors two alleles: the A allele was pre-
dominantly observed in the QH_WEST region, characterized by a
relatively lower annual mean temperature, whereas the G allele was
nearly fixed in regions with a higher annual mean temperature
(Fig. 5b). This gene has been reported to preserve the stability of CBF
(C-repeat binding factor) protein, thereby enhancing the cold stress
resistance of plants*®. The qRT-PCR result indicated that both alleles
responded to cold stress, with allele A demonstrating significantly
elevated expression levels at every time point (Fig. 5d), suggesting that
individuals carrying allele A in the gene’s promoter region may possess
stronger tolerance to cold stress. The significant selective signal
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detected between the two haplotypes (Fig. 5c) underscored the
adaptive significance of temperature-related traits.

We also identified a set of genes associated with precipitation
factors (Supplementary Data 16), encompassing well-documented
genes such as CYP450, CHS, and GH (Glycoside hydrolase). A notable
example is the CISY4 (citrate synthase) gene, Enu.ptg0000071.G716

(Fig. 5e), which participates in the tricarboxylic acid cycle and the
plant’s resilience mechanisms to drought stress*’, exhibiting allele
frequency distribution patterns comparable to those of genes asso-
ciated with temperature (Fig. 5f). We detected a C/T allele variation
within the 3’-UTR sequences, with individuals possessing the C allele
predominantly originating from regions characterized by higher
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Fig. 5 | Genome scale identification of adaptive loci associated with key
environmental factors. a-i Manhattan plot for variants associated with the annual
mean temperature (biol) (a), annual precipitation (biol2) (e), and sum of monthly
mean UV-B during highest quarter (UVBS) (i) (two-sided Z-test, unadjusted for
multiple tests); b-j the allele frequency structure of Enu.ptg000038[.G2830 (b) and
Enu.ptg0000071.G716 (f), and haplotype frequency structure of
Enu.ptg0000141.G363 (j) associated with biol, biol2, and UVBS5 across the 24 clades,
the temperature, precipitation and UVB range of QTP is represented by color
gradient; c-k Decay of EHH for alternative alleles around Enu.ptg000038L.G2830
(c), Enu.ptg0000071.G716 (g), and Enu.ptg0000141.G363 (k); d-1 Time dynamic

relative expression level of Enu.ptg000038(.G2830 (d), Enu.ptg0000071.G716 (h),
and Enu.ptg0000141.G363 (1) genes between different genotypes using qRT-PCR
under cold, drought, and UV-B treatments, respectively. n =10 biologically inde-
pendent samples. In the box plots, the central box delineates the interquartile
range, which is defined by the first quartile (25th percentile) and the third quartile
(75th percentile). A horizontal line within the box marks the median (50th per-
centile). The whiskers represent the standard deviation of the data. Group com-
parisons were conducted using Welch’s two-sided t-tests, with statistical
significance indicated as follows: *P < 0.05, **P < 0.01. Source data are provided as a
Source Data file.

annual precipitation (Fig. 5f). The qRT-PCR results confirmed that this
gene indeed responds to drought stress, with the T allele exhibiting
greater expression levels compared to the C allele (Fig. 5h), indicating a
heightened response to drought stress. Likewise, robust selection
pressure was discerned between the two alleles of this gene (Fig. 5g). In
addition, we also found that several genes including MYB*°, CHF'
(chalcone isomerase), M3K** (MAPKKK), CHS> (Chalcone synthase) and
chloroplast transport proteins™ (translocon of the inner membrane of
chloroplasts, TIC), were associated with the UV-B adaptation of E.
nutans (Supplementary Data 16). Here, a mitogen-activated protein
kinase kinase kinase gene MAPKKKIS (Enu.ptg0000141.G363) was
found to be significantly associated with six UV-B related environ-
mental factors and exhibited a robust selective signal (Fig. 5i; Sup-
plementary Fig. 31). Subsequent analysis elucidated three SNPs within
its promoter region, that could categorize all E. nutans accessions into
three distinct haplotypes, characterized by significant discrepancies in
geographic distribution (Fig. 5j; Supplementary Fig. 31). Additionally, a
pronounced selective signal was observed between haplotypes HO03
and HOO1/HOO02 in the vicinity of this locus (Fig. 5k). The qRT-PCR
results showed that this gene responds to UV-B treatment, with hap-
lotypes HOO1 and HOO2 exhibiting down-regulation, whereas haplo-
type HOO03, predominantly represented by the QH_EAST group with
the lowest local UV-B pressure, showed a significant up-regulation
(Fig. 5j, ).

GWAS analysis identified candidate genes related to UV-B
resistance

To investigate the genomic loci associated with UV-B resistance in E.
nutans, we conducted a common garden study and performed the
GWAS analysis utilizing 43,637,347 SNPs from 197 accessions (Sup-
plementary Data 17). High intensity UV-B radiation has the potential to
induce DNA damage in plants, trigger the accumulation of reactive
oxygen species, and impair the photosystem PSII, which is integral to
the process of photosynthesis®. Plants have the capacity to mitigate
UV-B stress through the accumulation of flavonoids (Flavo) and total
anthocyanins (TA). Consequently, the levels of chlorophyll A (chlA),
chlorophyll B (chiB), total chlorophyll (chIT), Flavo, malondialdehyde
(MDA) and TA can serve as indicative metrics for evaluating the
capacity of plants to resist UV-B resistance®.

We identified a total of 633 unique loci encompassing 1606 genes,
among which 465 genes exhibited responsiveness to UV-B stress as
indicated by the transcriptome data (|logFC|>1.0, Supplementary
Data 18), with 88 of these genes also identified in the GEA association
results. We also found that the majority of these genes were located at
different gene (syntenic, 1:1:1 or 1:1) regions (Supplementary Table 5).
Numerous genes implicated in growth and development, sugar
transport, energy metabolism, and antioxidant process were also
identified. Notably, the association scans for all six traits revealed a
pronounced peak on the anterior segment of chromosome En-YO7,
which colocalized with the GEA locus discussed previously (En-YO7:
20900000 - 21000000) and once again highlighted the gene
MAPKKK18 (Enu.ptg0000141.G363) (Fig. 6a, b; Supplementary Fig. 31).
MAPK signaling cascades can be selectively activated in response to
UV-B-induced DNA damage, as well as in the context of DNA

replication stress. MKPI and its substrates MPK3 and MPK6 operate in
an antagonistic fashion to modulate UV-B stress tolerance, with MPK3
and MPK6 serving a negative regulatory role in this process®. Here we
found that the first SNP in the promoter sequence of MAPKKK1S
showed the most substantial GWAS effect across all six UV-B related
traits, with HOO3 possessing the A allele while HO01/HOO2 possessing
the G allele in this locus (Fig. 6¢c-e; Supplementary Fig. 32). The HO03
of the MAPKKK18 exhibited a significantly elevated content of negative
traits (MDA) and a notably reduced content of other positive traits
following UV-B treatment (Fig. 6f). Given that E. nutans accessions with
haplotype HOO03 exhibit significantly heightened expression following
UV-B treatment, as indicated in the GEA section (Fig. 5I), it is inferred
that this gene may function as a negative regulator of UV-B resistance.
The dual-luciferase reporter assay revealed that the LUC gene in leaves
transiently expressing the promoters of haplotypes H001, HO02 and
HO0O03 exhibited significant differences under both CK and UV-B stress
conditions. Notably, the LUC expression levels in leaves expressing
haplotype HOO03 were significantly greater than those in HOO1 and
HO002 under UV-B condition (Fig. 6g), providing additional evidence
for this inference. Most importantly, upon heterologous expression of
MAPKKKI8 in Arabidopsis thaliana, the three over-expression (OE)
lines exhibited reduced resistance to UV-B stress relative to the wild
type (WT), as reflected by its sensitive phenotype, lower chlA, chiB,
Flavo and TA content and higher MDA content after UV-B treatment
(Fig. 6h; Supplementary Fig. 33). In addition, the Atm3ki18 mutant lines
showed significantly improved resistance to UV-B radiation compared
to the WT. Notably, despite UV-B treatment, the LUC expression levels
for each haplotype remained consistently low, in agreement with the
transcriptome analysis results (Figs. 6g, 51). Collectively, these data
suggest that the variations within the promoter of the MAPKKKI18 gene
play arole in the adaptation of E. nutans to UV-B stress by maintaining
a low level of gene expression. Interestingly, our findings suggest that
MAPKKKI8 may serve as a distinct, UVRS-independent key player® in
the UV-B stress response and adaptation of high-altitude plants (Sup-
plementary Fig. 34), while the detailed molecular underpinnings await
future investigation.

Discussion

In this study, we present a chromosome-scale, annotation-based
reference genome for E. nutans, encompassing a genome size of
10.47 Gb that has been successfully anchored onto 21 pseudo-
chromosomes corresponding to three subgenomes or haplomes (St,
Y, and H), achieving an anchoring rate of 95.05% (Supplementary
Fig. 3a; Supplementary Table 2). This represents a significant
advancement in hexaploid species characterization, being only the
second such comprehensive analysis after bread wheat and notably
incorporating the Y haplome within the Triticeae tribe. Despite the
typical possession of large, complex, and highly repetitive genomes of
the Triticeae, several genomes have been sequenced at the chromo-
some-level, with N50 values ranging from 29 kb-55.01Mb*. In the
present study, our assembly yielded a contig N50 of 76.25Mb, a
BUSCO completeness score of 99.50% and LAl scores of 13.97,
respectively, which significantly improved the quality of the chromo-
some assembly and ensured a high level of genome contiguity
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MDA, TA, and Flavo) co-localized the gene Enu.ptg0000141.G363 (two-sided Z-test,
unadjusted for multiple tests); b Three SNPs detected within the promoter and
gene regions of Enu.ptg0000141.G363; ¢ Haplotype network constructed based on
the three SNPs; d Three SNPs in the £nu.ptg0000141.G363 promoter divided all
accessions into three haplotypes; e GWAS effect estimation of MDA; f UV-B resis-
tance traits content (pug-L") comparison between three haplotypes. The central box
denotes the interquartile range (25th to 75th percentiles), with the median marked
by an internal line. Whiskers indicate the standard deviation. Group differences
were assessed using Welch two-sided t-tests, with significance levels: *P < 0.05,

**P<0.01, **P< 0.001. Sample sizes: HOO1 (n=76), HO02 (n=52), HO03 (n=12);
g Promoter activity of three promoter haplotypes measured based on Dual-
Luciferase reporter assay at CK and UV-B treatment with the mean and standard
deviation of three biological replicates (n = 3), on the right is a schematic diagram of
the vector construction of different haplotypes and control. Differences between
groups are compared using two-sided Welch t-tests. Significant differences
between the lines are indicated as follows: *P < 0.05, **P < 0.01; h Phenotypic dif-
ferences between wild type and over-expression Arabidopsis thaliana lines (left),
and between wild type and mutant lines (right) before and after UV-B treatment.
Source data are provided as a Source Data file.

(Supplementary Table 2). This genome contributes to the enrichment
of the genomic repository for the wheat tribe and serves as a pivotal
reference for the molecular breeding of wheatgrass species, as well as
for the genetic improvement of forage and cereal crops such as wheat
and barley. Our results will enable the identification of genes asso-
ciated with crucial agronomic traits and stress resilience, thereby
facilitating their utilization in breeding forage and cereal programs.
Through the execution of deep resequencing on 18 Triticeae
species representing the potential ancestral lineages (comprising 13
StStYY and 5 HH species), the chronological allohexaploid origin of E.
nutans and its putative ancestor-like species, H. roshevitzii and E.
burchan-buddae, were successfully elucidated, providing a founda-
tional framework for revealing speciation processes of Triticeae allo-
polyploids (Fig. 3). The formation of E. burchan-buddae-like ancestor

(StStYY) may arise via an allotetraploidization event from diploid StSt
and YY ancestors. Ultimately, the allohexaploidization event of E.
nutans from ancestors like H. roshevitzii and E. burchan-buddae took
place around 1.5 Mya (Supplementary Fig. 13c), predating the poly-
ploidy events observed in crops such as peanut”, oat*, and wheat®.
The StSt diploid species are now found for the genus Pseudoroegneria
while the diploid YY species have not been reported up to now or they
have been extinguished. However, our phylogenomic analyses sug-
gested that Y haplome within E. nutans exhibits the closest similarity to
the V and Jv haplomes from genera Dasypyrum and Thinopyum within
Triticeae (Fig. 2), challenging the previous reports that it is closely
related to the St haplome’*2, The diploid YY lineage may have
diverged from the common ancestor of these two genera around 4
Mya. Our studies also suggest that the diploid ancestral HH, StSt and

Nature Communications | (2025)16:3104

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58341-0

YY lineages successively diverged from 12 to 8 Mya (Fig. 2). The short
divergences may give rise to all likely allopolyploid combinations from
three lineages as found in the diverse Elymus s.l. species (Fig. 3). Such
discoveries enhance our understanding of the phylogenetic relation-
ships among St, H and Y genomes/haplomes as well as reticulate
evolutions through repeated allopolyploidization events between
them within Triticae.

Reticulate polyploidization is typically accompanied by the
pseudogenization, sub-functionalization, and neo-functionalization of
orthologous genes. These processes confer greater genetic diversity
and plasticity to polyploids and co-evolve with subgenomic dynamics,
collectively shaping the adaptability of polyploid species®. In this
study, our extensive analyses based on homologous gene triads did
not suggested a clear global subgenome dominance pattern in aspect
of gene expression, ontology enrichment, and co-expression regula-
tion under the cold, drought and UV-B stress conditions, which similar
to that of Avena sativa®, Brassica napus*’, and Triticum aestivum®*,
although some non-global subgenome bias were found in those spe-
cies. However, the response of star gene triads showed differential
expression in coping with these stress conditions and also different
expression patterns to the same stress. In addition, the “homologous
gene function change” on particular gene triads such as the RUG3-
UVRS-HERC2 (St-H-Y) shift, the BHLH56-PIF3-BHLHI19 (St-H-Y) shift,
and the FACRS-FAR-FACRS (St-H-Y) shift were also found in response to
UV-B, cold, and drought stress, respectively (Supplementary Data 12).
These results suggest that the sub-functionalization and neo-
functionalization of orthologues, which found in other polyploid
species that have undergone intense domestication such as Gossypium
hirsutum® and Triticum aestivum®, also appears to be occurring
among the three E. nutans subgenomes. However, genomic regional
and developmental stage-specific gene expression, often influenced by
transposon insertion, DNA methylation, homoeologous exchange, cell
type, etc., are also critical factors contributing to the establishment of
subgenome dominance, but remain challenging with our current
methodologies and warrant further investigation®*®',

Utilizing whole-genome population genomic data, we identified
the key genes and allelic variations underlying high-altitude adaptation
of E. nutans to the QTP (Figs. 5, 6). Especially, we found that allelic
mutations in the promoter region of the gene MAPKKK18 have altered
its expression that enhances the adaptation of this species to UV-B
radiation in the high-altitude populations. The high-quality genome
represented here as well as the developed comprehensive database
(https://elymus.genome.org.cn/) will act as a repository for the con-
tinuous dissemination and analysis of the fundamental dissections of
reticulate evolutions within the genus Elymus and the tribe Triticeae.
These findings will help researchers to breed forage and cereal crops
through distant hybridization between genera of the Triticeae based
on their solid evolutionary relationships.

Methods
Plant materials and DNA sequencing
This study utilized 198 wild accessions of E. nutans (Supplementary
Data 14), among which accession FS20130 was selected for genome
sequencing and assembly due to its unique characteristic of being
collected from the highest recorded altitude, while the remaining 197
accessions were designated for subsequent genome resequencing
analysis. Each accession was germinated from seed, and then trans-
planted to a common garden located in both field and greenhouse
conditions. Furthermore, 28 related species, including 5 Hrodeum
(HH), 6 Pseudoroegneria (StSt), 2 Elymus s.s. (StStHH), 13 Roegneria
(StStYY), and 2 Campeiostachys (StStYYHH) species were also included
in the genome resequencing analysis, generating approximately 22.78
Tb of raw sequencing data (Supplementary Data 13).

Young leaves from selected accessions were collected for DNA
extraction using a modified CTAB method, with quantification by 1x

dsDNA HS kit. For PacBio sequencing, SMRTbell libraries were pre-
pared following standard protocols, excluding fragments <5 kb, and
sequenced on the Revio platform. Additionally, 350 bp insert-size
lllumina paired-end libraries were constructed using the Proximo Hi-
C plant protocol (Phase Genomics) and sequenced on the NovaSeq
6000 system. Hi-C raw reads were filtered using the following cri-
teria: (1) Q30 quality threshold; (2) exclusion of>10bp adapter
sequences (<2 mismatches allowed) and duplicates; (3) removal of
sequences with >5% ambiguous bases. For genome resequencing,
paired-end libraries (2 x 150 bp) were prepared using the Truseq DNA
PCR-free kit and sequenced on an Illumina HiSeq X Ten platform
(Wuhan, China). Raw data were processed using fastp®” with a 5bp
sliding window (1bp step size), discarding reads with Phred scores
<20 and adapter contamination.

Genome assembly and subgenome identification

Pacbio HiFi reads were used for de novo assembly using the Hifiasm
v.0.19.4%, following the default parameter settings. The Hi-C reads
were aligned to the primary contig assembly using BWA v.0.7.17%*, with
selection criteria focusing on uniquely aligned paired-end reads for
subsequent analyses. The contigs were subjected to clustering,
ordering, and orientation procedures using Juice v.1.6 (https://github.
com/Automattic/juice) and 3D-DNA®, after which they were integrated
into pseudochromosomes. The Juicebox v2.20 software® visualizes
the chromatin interaction matrix derived from the Hi-C data in the
form of a heat map, with the ‘mismatch assembly’ manually adjusted
according to the observed adjacent interactions.

A reference-guided approach using sequence similarity was per-
formed to distinguish the three subgenomes within E. nutans. Whole-
Genome Duplication Integrated analysis®® (WGDI v.0.6.5) was initially
used to assess genomic synteny between the chromosomes of E.
sibiricus (which harbors the St and H subgenomes) and E. nutans
(which comprises the St, H, and Y subgenomes). In addition, SubPhaser
v1.2.6* was employed to facilitate accurate subgenome identification
and ensure accurate differentiation of each subgenome. This software
uses subgenome-specific k-mers (K=15) to cluster chromosomes,
effectively separating them into three distinct groups. Moreover, using
the unique patterns of differential k-mers and chromosome homology,
all chromosomes were accurately assigned to their respective sub-
genomes using unsupervised hierarchical clustering and PCA analysis.
Ultimately, the chromosomes were renamed to reflect their alignment
to barley (H), designated as En-StO1 to En-St07 for the St subgenome,
En-YO1to En-YO7 for the Y subgenome, and En-HO1 to £n-HO7 for the H
subgenome.

Genome quality assessment

The quality of the E. nutans genome was assessed in three dimensions:
continuity, accuracy, and completeness. First, the contig N50 length
was calculated to assess the continuity of the assembly. Subsequently,
the resequenced short reads from each accession were aligned to the
assembly using BWA v.0.7.17°* with standard default parameters.
Reads mapping rate, genomic coverage, and effective mean depth
were used to assess the accuracy of the assembly. Simultaneously, the
HaplotypeCaller module within GATK v4.1.9.0°” was used to analyze
SNPs to estimate base level accuracy. Ultimately, the BUSCO v5.2.2%¢
pipeline was applied to assess gene completeness, while the LAl index
was used to evaluate the completeness within the more highly repe-
titive genomic regions.

Repeat and gene annotation

Repetitive elements within the genome were annotated using a com-
bination of evidence-based and de novo strategies. Initially, Repeat-
Masker v.4.1.0°° was used to identify homologous transposable
elements (TEs) in the genome, using the Repbase database (http://
www.girinst.org/repbase) as a reference. Subsequently, a non-
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redundant database of long-end-repeating retrotransposons (LTR-
RTs) specific to E. nutans was created using LTRharvest v.2.9.8”° and
LTR Finder 1.0.7”, and was further consolidated using LTR retriever
v.2.8.57%, a tool capable of effectively excluding false-positive elements.
Finally, the data from these two approaches were integrated to gen-
erate the final predictions of repetitive elements within the E. nutans
genome.

Predictions of protein-coding genes was achieved by a combina-
tion of transcriptome data, homologous gene annotation and ab initio
gene prediction methods. Prior to gene annotation, the TE sequences
were masked using RepeatMasker v4.1.0°° with the TE library above
mentioned. To enhance the accuracy of the E. nutans gene annotation,
RNA sequencing was performed on three tissues - roots, stems, and
leaves - to provide comprehensive transcriptome data. Total RNA was
extracted from each of the tissue using the TRIzol reagent. A total of
2649Gb of raw sequencing reads were generated by
PE150 sequencing on the MGl platform. Low quality reads were filtered
out using Trimmamatic v.0.387%, and the subsequent transcripts were
assembled using Trinity v.2.6.5"*. Following transcript assembly, tran-
scripts were mapped to the assembled genome using the Program to
Assemble Spliced Alignment PASA v.2.5.3”, and transcript alignments
were then clustered based on their mapping positions. The gene
structure identified in the assembly was then interactively refined
using Augustus v.3.5.07°. Annotations from three related species of E.
nutans, namely E. sibiricus, H. vulgare, and T. aestivum, were integrated
to facilitate the homologous gene annotation of E. nutans using
GeMoMa v.1.7.1”. The masked genome was then subjected to ab initio
gene prediction using Augustus and Helixer v.0.3.27%, Finally, all gene
predictions were combined using EvidenceModeler v.1.1.17°, thereby
generating a consensus gene set.

Moreover, to annotate non-coding RNA, including tRNA, rRNA,
small nuclear RNA (snRNA), and microRNA (miRNA), we employed a
hybrid search strategy integrating de novo prediction and homology-
based methods. Predictions of tRNA and rRNA genes were carried out
using tRNAscan-SE v.2.0.12°° and the barrnap program v.0.8%,
respectively. Prediction of snRNA and miRNA genes was performed
using a combination of Infernal software v.1.1.5%* and the Rfam data-
base (ftp://ftp.ebi.ac.uk/pub/databases/Rfam/) for comprehensive
annotation.

Gene function annotation

To determine the functional role of the protein-coding genes, com-
prehensive searches were performed in multiple databases, including
Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Cluster of Orthologous Groups of proteins (KOG/COG/
eggNOG) based on eggnog-mapper v2.1.6%*; SwissProt, TrEMBL and
Non-Redundant Proteins (NR) by using DIAMOND v2.0.14%*; and Pfam
by applying InterProScan v5.54-87.0%. Furthermore, the DeepGO
tool**was used to predict protein functions based on both sequence
and protein-protein interaction data, using a deep ontology-aware
classifier.

WGD, Ka/Ks, and collinearity analysis

Collinearity between the three subgenomes of E. nutans was assessed
using the JCVI program®. The WGDI pipeline®® was utilized to calculate
the non-synonymous (Ka) and synonymous (Ks) substitution rates
between the rice and E. nutans subgenomes, in addition to char-
acterizing the whole-genome duplication (WGD) events and estimat-
ing the divergence time of the E. nutans subgenomes.

Identification of pseudogenes

The pseudogenization of genes in E. nutans was identified utilizing two
complementary strategies: (1) The WGDI pipeline®® was employed to
determine collinear genes among three subgenomes, specifically
identifying instances where two subgenomes harbored a homologous

gene while the third subgenome lacked this gene; (2) The pseudo-
genization of all extant genes was ascertained using the Pseudogen-
ePipeline v1.0.0%,

Evolution and allopolyploidization history of E. nutans

To investigate the phylogenetic relationships and divergence time of £.
nutans within the Triticae family, the OrthoFinder software v.2.5.5%
was used to analyze the 20 subgenomes of 12 species with available
genome sequences and annotations, yielding a dataset of 305 single-
copy genes. The coding sequences (CDS) of the identified single-copy
orthologs were then extracted, and the aligned protein and CDS
alignments were concatenated to form a supermatrix. Transversion
rates at fourfold degenerate sites (4DTv) were then extracted from the
constructed supermatrix. Finally, an evolutionary tree was constructed
using iqtree2’’ in combination with the astral jar script (https://github.
com/smirarab/ASTRAL). Divergence time was calibrated using data
from the TimeTree online website” and then estimated using the
MCMCTree method within the PAML v4.7 package®.

To elucidate the evolutionary position of E. nutans within the
genus Elymus, determine its exact divergence time, and identify its
ancestral species, we performed an analysis of the 50 subgenomes of
28 representative species of Elymus and its related species using the
-at parameter of the WGDI software®. A collection of 11,607 high
quality collinear genes was compiled, with the criterion that at least
80% of the species were present. Subsequent alignment of these
genes was performed using Muscle v.5.1.0%%, and the resulting phy-
logenetic tree was constructed using iqtree2’. Integration of mul-
tiple phylogenetic trees was achieved through the application of the
astraljar  script  (https://github.com/smirarab/ASTRAL).  This
method was similarly employed for the estimation of divergence
time. Furthermore, the plastomes of 45 species within Elymus s.l.,
Hordeum, and Pseudoroegneria were assembled and annotated to
construct a common gene phylogenetic tree, with Brachypodium
distachyon as the outgroup. Of these, the plastomes for 28 species
were assembled using GetOrganelle v17.7.1°* from the raw rese-
quencing reads. The remaining species were retrieved from the NCBI
database (Supplementary Data 13).

Collinearity and FISH analysis

To identify syntenic blocks across the three subgenomes of E. nutans,
we performed alignments between subgenomes St and Y and H using
minimap2”, followed by sorting of the resulting alignments using
samtools v1.8. Subsequent analysis of the identified syntenic blocks
and structural rearrangements within the three subgenomes was
conducted with SyRi’®, with results visualized using plotsr®’. Further-
more, an all-against-all reciprocal sequence similarity search was per-
formed across all annotated proteins to delineate gene density
landscape similarities, using DIAMOND v2.0.14% for the search. Pair-
wise synteny block detection was then performed using MCScanX®®
with the top homologous pairs of 5, the minimally matched syntenic
anchors of 5, and the maximum number of gene gaps of 25.

A significant inter-chromosomal exchange event between sub-
genomes YO3 and HO4 of E. nutans was verified using non-denaturing
FISH (ND-FISH) and Oligo-FISH painting techniques®. Metaphase
chromosomes from root tips of germinated seeds were prepared fol-
lowing the protocol described by Han et al.”® with modification. Spe-
cifically, root tips were fixed in pre-chilled fixative solution (methanol/
acetic acid =3:1) at 4 °C for 18-24 h, then transferred to 70% ethanol
for storage at 4 °C. The fixed root tips were washed three times with
deionized water and subsequently incubated in enzyme solution (2%
cellulase +1% pectinase) at 37 °C for 35-45 min. The enzyme solution
was gently removed to avoid tissue damage. Following enzyme treat-
ment, root tips were incubated in pre-warmed 0.075 M KCl solution at
37 °C for 25-30 min. The processed root tips were then placed on clean
microscope slides, treated with 45% acetic acid, and covered with

Nature Communications | (2025)16:3104

12


ftp://ftp.ebi.ac.uk/pub/databases/Rfam/
https://github.com/smirarab/ASTRAL
https://github.com/smirarab/ASTRAL
https://github.com/smirarab/ASTRAL
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58341-0

coverslips. Gentle pressure was applied to disperse the cells evenly.
The quality of chromosome spreads was examined under a micro-
scope to ensure proper cell dispersion and intact chromosome mor-
phology before proceeding to FISH hybridization. Synthetic
oligonucleotides Oligo-pSc119.2, Oligo-pTa535, and Oligo-HvCSR were
utilized for ND-FISH analysis, and their details are presented in Sup-
plementary Table 7. Each oligonucleotide probe was labeled at the 5
end with either 6-carboxyfluorescein (6-FAM) for generating green
fluorescence or 6-carboxytetramethylrhodamine (Tamra) for produ-
cing red fluorescence. The FISH results were captured photo-
graphically under an Olympus BX-53 microscope using a DP-70 CCD
camera.

SNP calling and population structure analysis

The genomes of 197 E. nutans accessions and 28 accessions of related
species were resequenced using the Illlumina HiSeq X Ten sequencing
platform. Raw sequencing data were processed with FQC software'” to
remove adapter sequences and bases with a quality score <20. Paired-
end reads from each accession were aligned to the de novo assembled E.
nutans reference genome using BWA v.0.7.17% with default parameters.
Only uniquely mapped and correctly paired reads were retained for
subsequent analyses. Following sorting of the aligned reads with
samtools'®?, PCR products were identified and marked. SNP calling was
then performed using the GATK v4.1.9.0% to generate a merged VCF file.
The SNPs were subjected to filtering in accordance with the following
criteriaz QD<2.0, FS>60.0, MQ <40.0, MQRankSum <-12.5, Read-
PosRankSum <-8.0 with the clusterWindowsSize of 5 and clusterSize of
2" The linkage-disequilibrium (LD), as inferred from squared allele-
frequency correlations (r?), was analyzed at both the species level and
the level of geographic groups using PopLDdecay'®'** with a window
size of 100 kb and a step size of 10 kb. Utilizing LD-pruned SNP variation
data, the genetic structure of the 197 E. nutans accessions was investi-
gated via ADMIXTURE v.1.23'%, with K values (indicative of genetic
memberships) evaluated across the range of 1-10. Principal component
analysis (PCA) was conducted using plink2'®. To elucidate the phylo-
genetic relationships between the 197 E. nutans accessions and their
relative species, an individual-based NJ tree was constructed with fas-
ttree v.2.1'””. The snpEff'® was employed to annotate the identified SNPs.
Nucleotide diversity (1) was computed using VCFtools v.0.1.16'”, with
the resulting  values for each geographic group determined as avera-
ges across the genome. Moreover, to expedite genomic research of
Elymus, we proposed the E. nutans genome database (https://elymus.
genome.org.cn/). This comprehensive resource incorporated the gen-
ome reference sequence, annotations (Supplementary Data 19) and all
associated dataset and findings from this study. Additionally, the data-
base offers Primer3 and KASP primer design tools, enabling researchers
to easily develop SSR and KASP primers for genome-wide analysis,
thereby streamlining germplasm screening and genetic mapping
investigations not only for E. nutans but also for a broad range of other
Elymus species.

IBD and IBE analysis

To investigate the impact of geographic and environmental factors
on spatial genetic variation, total genetic variants and “key adaptive
variants” were used to perform IBD and IBE analyses, respectively.
Pairwise differentiation coefficient (Fs) values were computed using
VCFtools v.0.1.16', with a window size of 100 kb and a step size of
10 kb. The Mantel test was employed to assess the association
between the matrix of Fy/(1-Fs) and the matrices of geographic
distance (km) and environmental distance, utilizing the veganv.2.5R
package™ with 9999 permutations. Environmental distance was
calculated through the Euclidean distance, which integrated 19
bioclimatic environmental factors, altitude, and six factors related
to UV-B radiation.

Demographic history and gene flow

Two methods were employed to estimate the demographic history
of E. nutans. Initially, the PSMC™" was utilized to explore historical
fluctuations in the effective population size (Ne) of E. nutans,
employing default parameters with resequencing data. Repre-
sentative individuals were randomly selected from each geo-
graphical group to conduct PSMC analyses, with 100 bootstrap
estimates executed for each individual to assess the robustness of
the results. The mutation rate was calibrated at 3.75 x1078 per site
per year, with a generation time of 1year assumed for the analysis.
Subsequently, the genetic algorithm for inferring demographic
history (GADMA) tool™ was employed, utilizing the Diffusion
Approximation for Demographic Inference (dadi) engine™, to
automatically infer the joint demographic history of three
Clusters from SNP data. Finally, based on the fundamental insights
derived from the PSMC and GADMA analyses, a simulation of
16 potential demographic history models was conducted, followed
by the application of the approximate Random Forest algorithm
within DIYABC-RF v1.0 software™ to identify the most plausible
model. The inferred population origin and dispersal patterns were
then visualized utilizing the DemesDraw python pipeline (https://
github.com/grahamgower/demesdraw). To assess potential gene
flow across seven distinct geographical groups, the ABBA-BABA
methodology-based software Dsuite™ was used to calculate Patter-
son’s D-statistic. Based on the phylogenetic relationships at geo-
graphic groups level, D and f statistics for branches were used to
reflect the degree of gene flow, including an outgroup of relative
species with StStYY. The migrate-n software® was also utilized to
estimate the historic gene flow dynamics between the seven geo-
graphic groups.

Transcripts assembly, gene expression quantification and co-
expression analysis

To investigate the key genes of E. nutans that mediate responses to
UV-B radiation, cold, and drought, RNA sequencing was conducted
under different stress conditions. Samples exposed to UV-B radia-
tion were collected at the control (CK) condition and 20 days post-
exposure to UV-B radiation, using a wavelength of 311 nm and an
intensity of 1200-mw-m?. RNA sequencing data for drought and
cold stress conditions were retrieved from the NCBI with project
IDs PRJNA596107 and PRJNA320799, respectively. For each stress
condition, as well as the CK, three biological replicates were inclu-
ded. RNA sequencing was carried out on an Illumina Nova6000
platform. The raw RNA sequencing reads were initially processed
through fastp software® to filter and obtain high-quality clean reads.
Subsequent mapping of the clean reads to the E. nutans reference
genome was achieved using Bowtie2'”, with transcripts quantifica-
tion conducted via the RSEM software"®. Differentially expressed
genes (DEGs) were identified using DESeq2" with a criterion of |
log,(D10/CK or D20/CK)| 21 and P,q;<0.05. Transcript sequences
were subjected to alignment against the Nr, SwissProt, KEGG, and
COG/KOG databases using blastx'°, with a threshold of le-5 to
ensure robust function annotation.

The gene co-expression network under three stress conditions
was constructed using the multiscale embedded gene co-expression
network analysis (MEGENA) method™. This method first identifies
gene pairs that have a significant correlation (FDR<O0.05).
These significant gene pairs are then sorted according to their
absolute Pearson correlation coefficients and sequentially
embedded in a three-dimensional topological sphere. The aim
of this process is to determine whether each gene pair can be
plotted on the sphere without any edges crossing each other.
The specific implementation steps were modified according to
Song et al.””.
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Subgenome expression bias

The WGDI v0.6.5° was used to identify gene triads exhibiting a 1:1:1
homologous relationship and positioned within a collinearity block
across the Y, H, and St subgenomes of E. nutans. The total expression
level of a gene triad was determined by summing the transcripts per
million (tpm) values of its three homoeologs as follows:

Total(tpm) = St(tpm) + H(tpm) + Y(tpm) )

To mitigate the influence of genes with negligible expression
levels, potentially due to erroneous alignments, a gene triad was
considered significant if its Total(tpm) >0.5. To normalize the
expression levels of all gene triads within a consistent framework, the
relative expression of each gene within a triad was computed using the
following formulas:

St(tpm) = St(tpm)/Total(tpm) ?2)
Y(tpm) = Y(tpm)/Total(tpm) 3)
H(tpm) =H(tpm)/Total(tpm) 4)

This normalization was performed for gene expression data under
each stress (UV-B, cold and drought) and their respective CKs. Sub-
sequently, gene triads were categorized based on their expression
patterns. Briefly, Euclidean distances were calculated between the
normalized expression values of each gene triad and seven predefined
ideal expression categories (St-dominant, St-suppressed, Y-dominant,
Y-suppressed, H-dominant, H-suppressed and balanced) using the
rdist function in R 4.3.3. The relative expression of each subgenome to
the gene triads was visualized using the ggtern R package'. Each gene
triad was assigned to an expression bias category based on the shortest
Euclidean distance to these ideal categories.

GEA analysis identifying local adaptive SNPs

Two approaches - the univariate latent factor linear mixed model
(LFMM) and redundancy analysis (RDA) - were used to identify genetic
variants associated with environmental factors. As briefly, the LEA
v.3.3.2R package'”, which implements a least squares estimation -
based method, was utilized to identify associations between SNPs and
the 19 bioclimatic environmental variables (https://worldclim.org/),
altitude, and six UV-B-related factors (https://www.ufz.de/gluv/index.
php?en=32435) using the LFMM model. RDA analysis was performed
by the rda function within the vegan package v.2.5"°. We selected nine
variables with pairwise correlation coefficients where r<0.80 or
>-0.80 (Supplementary Fig. 28) using the ‘cor’ function built-inin R. A
standard deviation cut off of 3 was used to detect the significant
environment-associated variants.

Common garden experiment, phenotyping and identification of
UV-B resistance associated genes based on GWAS analysis

To investigate the genomic loci associated with UV-B resistance in E.
nutans, we conducted a common garden study and performed the
GWAS analysis. We grew 197 E. nutans accessions in the common
garden and assessed their UV-B resistance phenotypes, which were
then used for GWAS analyses. For each E. nutans accession, a total of 36
healthy, plump, tender and consistent tillers were evenly transplanted
into six sand culture tubes, each with a diameter of 7 cm. These tubes
were controlled using U-PVC material to regulate the cultivation con-
ditions. Throughout the experimental period, the nutrient solution
was administered regularly to ensure normal growth of the plants. The
experimental design included two treatments: UV-B radiation stress
and CK. Each treatment was replicated three times. An artificial irra-
diation system was established in the greenhouse using UV-B lamps

(G8T5E 313nm UV-B narrowband lamp, YIXIAN). The distances
between the UV-B lamps to the tops of the plants was adjusted every
3 days to maintain a uniform UV-B intensity of 350 mw-m?. The actual
UV-B intensity of each individual was measured repeatedly with a UV
meter (ZJ-5800) equipped with an UV-B sensor. To filter UV-C radia-
tion, the UV-B lamps were enveloped in a 0.125 mm thick cellulose
diacetate film. To mitigate interference from ambient light, the sur-
rounding area of the plants was covered with a black shading net
perpendicular to the ground. UV-B irradiation was applied daily from
9:30 and 17:30. In the CK group, no UV-B radiation treatment was
administered, allowing the plants to grow under natural conditions.
After 20 days of irradiation, samples from both the experimental
group (which was subjected to UV-B radiation) and the parallel CK
group were collected between 10:00 to 12:00 a.m. These samples were
immediately immersed in liquid nitrogen and stored at -80°C until they
were ready for assay analysis. The concentrations of TA, Flavo, chiA,
chiB, and MDA were quantified under both CK and stress conditions
using spectrophotometric methods. The UV-B stress experiments were
conducted three times between years 2021 and 2023. The best linear
unbiased prediction (BLUP) values for each trait were then used for the
subsequent association analysis. In the GWAS analysis, 43,637,347 high
quality SNPs were used to predict genetic-trait associations. The mixed
linear model (MLM) was utilized to conduct the trait-SNP association
analysis, taking into account both population structure (Q) and indi-
vidual genetic membership (K) to eliminate the influence of population
genetic relationships on the association results. The Manhattan plot
was plotted using the CMplot R package'** with a cut-off P-value of 0.1/
number of SNPs.

Dual-luciferase reporter assay

The promoter sequences of the M3kI8 gene (Enu.ptg0000141.G363)
from representative haplotypes (Supplementary Data 20) HO01, HO02,
and HOO3 accessions were cloned into the pGreenll 0800-Luc vector
via the TA cloning method, which were subsequently introduced into
the GV3101 (pSoup-P19) vector. Tobacco leaves, which had been
injected with Agrobacterium, were exposed to UV-B irradiation at a
dose of 0.3w/m? daily between 9:00 - 15:00. It was imperative to
monitor the condition of the tobacco leaves continuously, and protein
extraction was to be performed promptly once the leaves commenced
wilting. The fluorescence activity of the leaves, both with and without
UV-B irradiation, was measured using a luciferase assay kit (cat. no.
DL101, Vazyme Biotech).

Overexpression and mutant lines construction of M3K18 in
Arabidopsis thaliana

The open reading frame (ORF) of the M3K18 gene (Enu.ptg000014L.G363),
which was identified in both GEA and GWAS analyses, was amplified by
PCR using specific forward and reverse primers (Supplementary Table 8).
This amplification was performed on the accession ‘FS 20130’, which was
utilized for genome sequencing and assembly. The amplified fragment
was inserted into the Sall and Kpnl restriction enzyme sites of the binary
vector GV3101. The recombinant vector was then transformed into the
Arabidopsis thaliana Col-O ecotype through the floral dip method.
Transgenic plants were selected on a 0.001% Basta (Phosphinothricin,
PPT) solution. The integration of Enu.ptg0000141.G363 into the trans-
genic lines was confirmed by genomic PCR (Supplementary Table 8). For
the assessment of abiotic stress responses, T3 generation transgenic
plants were subjected to UV-B radiation. The Arabidopsis thaliana m3ki8
mutant line was obtained from the Arabidopsis Biological Resource
Center (Stock No: SAIL 154 HO3). SALK T-DNA primers (LB, LP and RP)
proposed by the Salk institute genomic analysis laboratory were used for
the identification of homozygous mutant lines. Samples exposed to UV-B
radiation were also collected at the control (CK) condition and 20 days
post-exposure to UV-B radiation, using a wavelength of 311 nm and an
intensity of 1200-mw-m? After 20days of exposure, MDA levels,
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flavonoids and total anthocyanins, and chloroplast A/B content were
assessed in both WT, mutant and transgenic plants with six biological
replicates. RNAseq of WT and OE lines of Arabidopsis thaliana were
performed with three biological replicates under 0 day (CK), 3 days, and
10 days UV-B treatment.

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

Data availability

The assembled genome and annotation file in this study have been
deposited in the China National GeneBank DataBase (CNGB) under
accession CNP0O006257. The whole-genome resequencing data for E.
nutans have been deposited in CNGB under accession CNPO004856.
The whole-genome resequencing data for 28 related species of E.
nutans have been deposited in CNGB under accession CNP0O006294.
All genome sequencing data, including the raw data for HiFi and HiC
sequencing, and the genome assembly and annotation file have been
deposited in CNGB under accession CNPO006708. The transcriptomes
sequencing (RNAseq) data of E. nutans used for genome annotation
have been deposited in CNGB under accession CNPO004714. RNAseq
raw data of Arabidopsis thaliana under UV-B stress experiment have
been deposited in CNGB under accession CNP0O006839. All raw
sequencing data files have also been deposited in the Genome
Sequence Archive (GSA) database under the BioProject accession
PRJCA036869. Source data are provided with this paper.

Code availability

All codes and scripts used in this study are available at Github [https://
github.com/xiongyi95/Elymus_nutans-genome-origin-and-evolution.
git]. Codes are also archived at Code Ocean [https://codeocean.com/
capsule/4333238/tree].
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