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In brief

A Tartary buckwheat pangenome is
constructed, allowing identification of the
wild-specific gene FtRNH conferring
high-altitude adaptation, as well as
FtPLATZ structural variants controlling
seed size. By combining these superior
alleles, buckwheat lines are developed
with enhanced high-altitude adaptability
and improved field yields.
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SUMMARY

Tartary buckwheat is a nutritionally important crop of the Himalayas and is crucial for local economies and food
security. However, key genes and superior alleles for high-altitude adaptability and yield remain poorly defined,
constraining the breeding of high-altitude buckwheat varieties. Here, we generated a telomere-to-telomere
reference genome and a 16-accession pangenome spanning Himalayan wild populations and globally distrib-
uted landraces. We identified 123,131 non-redundant structural variations in 16 accessions, including gene
copy-number variations. The graph-based pangenome revealed FtRNH, a wild-specific gene that enhances
high-altitude adaptability. We also identified a copy-number variation at the FtPLATZ locus and a 28-bp inser-
tion in the FtPLATZ3 promoter that together contribute to seed-size variation across wild buckwheat and land-
races. Leveraging these superior FtRNH and FtPLATZ alleles, we developed buckwheat lines with enhanced
high-altitude adaptability and improved yields across sites. These findings establish a pangenome-guided
strategy for recovering wild alleles and combining stress adaptation with yield improvement in crops.

INTRODUCTION ern India, and northeastern Pakistan faces severe food security

challenges.’ Achieving the United Nations Sustainable Develop-
As the highest-altitude region in the world, the Himalayan region = ment Goals (SDGs) of zero hunger necessitates enhancing food
encompassing Nepal, Bhutan, southern Xizang of China, north-  and nutrition security and promoting the marketization of local
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crops. However, intense ultraviolet B (UV-B) radiation and low
temperature in the Himalayas make it impossible for most
economically valuable crops to survive. One notable crop that
both originated and is widely cultivated in this area is Tartary
buckwheat (Fagopyrum tataricum, Polygonaceae),”™ while
barley, another major crop in the Himalayas, originated in the
Fertile Crescent.”

Tartary buckwheat is a traditional underutilized crop,
commonly used as a food and forage crop in high-altitude re-
gions™® (Figure S1A). It is gaining popularity worldwide for its
rich bioactive compounds, which are consumed as tea or nutri-
tional supplements or processed into wine. Among these com-
pounds, flavonoids are particularly significant, having been
extensively studied for their health benefits.°® The enhanced
flavonoid content also provides greater resistance to UV-B radi-
ation and cold stress.?”'" Despite the rich germplasm shaped by
long-term selection,'® buckwheat cultivated in the Himalayas
primarily relies on old landraces with small seeds and low
yields,>>"® while low-altitude landraces developed through arti-
ficial selection for large seeds have partially compensated for
this vield deficiency.”® However, all cultivated landraces,
including those cultivated in the Himalayas, exhibit weaker
high-altitude adaptation than wild accessions of the same re-
gion.® Furthermore, the genetic mechanisms controlling seed
traits and high-altitude adaptability remain unclear, hindering
progress in the molecular breeding of highland crops.

Recent advances in genome sequencing have facilitated the
discovery of the genetic basis for agronomic traits in Tartary
buckwheat. For example, whole-genome resequencing and
comparative genomics have revealed the population structure
and genetic variation underlying agronomic traits,>* flavonoid
content,’®'® and environmental adaptation®'® in germplasm.
However, existing data are insufficient, as current genomes
contain substantial gaps and are limited to a few landraces, rep-
resenting only a fraction of total genetic diversity,>'*"" and
short-read sequencing complicates identification of large struc-
tural variations®® (SVs, >20 bp), including gene copy-number
variations (CNVs). Pangenomes offer a solution by facilitating
identification of large-scale SVs associated with agronomic traits
and environmental adaptation,'®'? particularly beneficial genes
or alleles in wild accessions lost during domestication.”® Hence,
generating a graph-based pangenome by integrating high-qual-
ity genomes from comprehensive germplasm is crucial.
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To achieve a comprehensive understanding of the genetic un-
derpinnings of phenotypic variation, we report a telomere-to-
telomere (T2T) reference genome of Tartary buckwheat, along
with a pangenome encompassing Himalayan wild accessions
and global landraces. By integrating high-resolution variation
maps from 994 accessions, we generated a graph-based
genome enabling the identification of large-scale SVs, including
gene presence/absence and variable gene copy number, which
underlie differences in agronomic traits and environmental
adaptability. Leveraging these SVs, we selected specific germ-
plasms with enhanced yield or high-altitude adaptability for
breeding an ideal buckwheat variety. These results will help
bridge gaps in high-altitude crop breeding and provide scientific
support for improving crop yield in the Himalayan region.

RESULTS

The T2T reference genome and population genetic
structure of the global accessions

To provide a complete reference genome for exploring popula-
tion genomic variation, a widely adapted and cultivated Tartary
buckwheat variety ZK3 (ZHONGKU NO. 3; Figure 1A), known
for its tall plant height and high yield, was selected for T2T
genome assembly using PacBio high-fidelity (HiFi) and Oxford
Nanopore Technologies (ONT) sequencing platforms. Using
31.5 Gb HiFi reads and 16.7 Gb ultra-long reads, a T2T genome
with an N50 of 56.7 Mb was assembled (Figures S1B and S1C;
Tables S1A and S1B). The eight longest contigs, encompassing
453.6 Mb, aligned well with the known chromosome-level
genome (Figure S1D). Benchmarking universal single-copy or-
thologs (BUSCO) analysis identified 98.5% of core conserved
genes (Table S1B). A total of 28,531 genes were annotated
(Table S1C). Moreover, 97.6% (1,575 out of 1,614) of core
conserved plant genes were fully identified using BUSCO anal-
ysis, indicating the credibility of our ZK3 gene annotations
(Table S1D). This assembly exhibited high collinearity and filled
31 gaps harboring 48 new genes (Figures S1C and S1D;
Table S1E) compared to the Pinku genome that is widely used
for genomic analysis, RNA-seq, and gene family analysis. '
We identified 16 telomeres and 8 putative centromeres on the 8
chromosomes (Tables S1F and S1G). The conserved telomeric
repeat units (CCGAAA),, and (CCTGAA),, match the sequence re-
ported for this species.”® Centromere positions were verified
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Figure 1. Population structure and phenotypic variation among Tartary buckwheat germplasms
(A) Phenotypes of the ZK3 and Pinku varieties at 70 days after germination under the same ecological conditions in Zhaotong.
(B) Geographic distribution of the 994 accessions used in this study. HW, Himalayan wild group; SL, Southwestern landraces group; NL, Northern landraces

group.

(C) Phylogenetic tree and population structure of 994 Tartary buckwheat accessions, with inferred clusters at K =2 and K = 3.
(D) Genomic diversity (z, within circles) and pairwise fixation index (Fst, between circles) among three genetic groups. Circle size is proportional to z.
(E) Seed width and diameter differences among HW, SL, and NL groups across multiple environments and years. Significance was assessed by one-way ANOVA

with exact p values shown.

through chromatin immunoprecipitation sequencing (ChlP-seq)
using a centromeric histone H3 (CENHS3) antibody (Figures S1E
and S1F) and fluorescent probe hybridization (Figure S1G). The
concordance of our assembly with experimental data at centro-
meres, which are challenging to assemble due to their repetitive
nature, orthogonally validates its continuity and completeness.
Although the genetic structure of Tartary buckwheat germ-
plasms has been constructed,>® harsh environments led to
insufficient collection of Himalayan accessions. To this end, we
integrated 35 newly collected wild accessions from the Hima-
layas and 379 landraces from around the world, including the Hi-
malayas, for genome resequencing. With prior data, we obtained
a dataset of 994 accessions from 15 countries, with an average
depth >16x covering 98.3% of the genome (Figures 1B and 1C;
Table STH). This collection had a wider altitude distribution and
larger phenotypic variation (Figure S1H). Using the ZK3-T2T

reference, we identified 25,158,039 high-quality SNPs and
134,702 insertions or deletions (indels) (Table S1l). Phylogenetic
and population structure analysis (Figure 1C; Figure S1l) illus-
trated three groups (Himalayan wild group, HW; Southwestern
landraces group, SL; and Northern landraces group, NL) consis-
tent with previous classifications.?”* Among newly added acces-
sions, 176 local landraces mainly from northern China and the
high-altitude Himalayan region were grouped into NL, 197 ac-
cessions mainly from southern China and the Himalayan region
were grouped into SL, and 41 accessions from the Himalayan re-
gion were grouped into HW, which mainly comprises wild acces-
sions and a few Himalayan landraces.

We further examined genetic diversity among the three groups.
Genomic diversity was higher in HW (tq = 1.66 x 107), which
includes all wild accessions, than in SL (rs_ = 6.78 x 10" and
NL (. = 7.76 X 10’4), which include only cultivated accessions
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Figure 2. Genomic SVs revealed by the Tartary buckwheat pangenome

(A) Seed morphology of representative wild accessions and landraces used for genome assembly.

(B) Gene family dynamics in the pangenome. The line plot represents the number of core and pan gene families as the number of included genomes increases.
The pie chart represents proportions of specific gene families.

(C) Synteny and inversions across eight chromosomes in 16 Tartary buckwheat genomes. Grey lines represent conserved synteny blocks, and red lines represent
inversions.

(D) Circular visualization of density of genomic features in the graph-based pangenome. From outer to inner: a, gene; b, SNP (vs. ZK3-T2T); ¢, indel (vs. ZK3-T2T);
d, SV (vs. ZK3-T2T); e, SV (vs. graph-based pangenome); f, SNP (vs. graph-based pangenome).

(E) SV counts in three SV hotspot regions across 15 genomes. Colors represent SV numbers per 1 Mb window (0.5 Mb step).

(legend continued on next page)
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(Figure 1D). This confirms the Himalayan region as the center of
origin and genetic diversity of Tartary buckwheat because culti-
vated landraces fall within all three groups, while HW (containing
wild accessions) exhibits the highest genetic diversity. Linkage
disequilibrium (LD) decayed faster in HW (comprising wild acces-
sions) than in SL and NL (containing only cultivated accessions)
(Figure S1J). The pairwise fixation index (Fst) between HW and
the two cultivated groups was 1.67 and 1.58 times higher
than that between SL and NL (Figure 1D). We also observed sig-
nificant differences in yield-related agronomic traits (e.g., seed
width and diameter) between wild accessions and landraces
(Figure 1E).

Pangenome construction and genomic variations of all
sampled accessions

To explore the genomic variations responsible for agronomic
trait variation in Tartary buckwheat germplasms, three HW,
four SL, and five NL accessions were selected for genome as-
sembly based on phylogenetic relationship and geographic dis-
tribution (Figures 1C and 2A; Figure S2A; Tables S2A and S2B).
All 12 genomes reached reference-quality assembly standards,
with a long terminal repeat (LTR) assembly index (LAI) >10 and
BUSCO completeness >96.6%. Combining the ZK3-T2T, three
previously published genomes,”'*"” and 12 newly assembled
genomes, we established a pangenome of 16 assemblies
(Table S2B). These genomes exhibited little difference in genome
size (450.20-459.10 Mb), gene number (28,531-29,685), and
repeat sequence proportion (50.98%-52.92% of the genome
size; Tables S2B and S2C).

Using these 16 genomes, we constructed the pangenome of
Tartary buckwheat and identified 30,604 gene families, with pan
gene families plateauing when the genome count exceeded
13 (Figure 2B), indicating the representativeness of these
accessions. These gene families were defined as core (71.6%),
softcore (5.1%), dispensable (22.9%), and private (0.4%)
(Figure 2B; Tables S2D-S2G). Genes in core families exhibited
longer lengths, lower exon length ratios, and fewer non-synony-
mous mutations, compared with other categories (Figures S2B-
S2D), indicating their conservation. Additionally, the proportion
of core and softcore genes containing Pfam domains was higher
than that of private genes (Figure S2E). Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis revealed that genes in
core and softcore gene families were mainly enriched in
primary metabolism (e.g., amino acid, nucleotide, and lipid meta-
bolism), while non-core genes were enriched in secondary meta-
bolism (e.g., flavonoid biosynthesis and hormone signaling;
Table S2H). We identified 3,996 gene families absent in ZK3-
T2T (Figure S2F), suggesting that this pangenome compensates
for the limited genetic diversity coverage of a single reference
genome. Pangenome analysis also identified eight large-scale in-
versions distributed across chromosomes (Figure 2C; Table S2I).

We further performed SV (including gene CNVs) calling across
15 genomes using ZK3-T2T as a reference to construct a graph-

¢? CellPress

based pangenome. A total of 123,131 non-redundant SVs (>20
bp) were identified, comprising 46.64% presences, 51.62% ab-
sences, 1.52% translocations, and 0.22% inversions (Figure 2D;
Table S2J). Most SVs were <2 Kb and distributed in intergenic re-
gions (Figure S2G; Tables S2J and S2K). Based on frequency
across 15 genomes, SVs were further classified into core (pre-
sent in all 15), softcore (present in >90% but not all), dispensable
(present in >1% but <90%), and private (present in only one) cat-
egories (Figure S2H). Presence and absence variations (PAVs)
accounted for the majority of SVs in each genome (Figure S2I).
Additionally, we identified SV hotspots on chromosomes 5, 6,
and 7, where HW accessions harbored more SVs than SL and
NL (Figure 2E; Table S2L). These SV-enriched regions, specific
to wild Tartary buckwheat, may harbor regulatory variants under-
lying adaptation traits.

In order to identify SVs responsible for differences in agro-
nomic and adaptability traits, we mapped the resequencing
data to the graph-based pangenome and verified them using
PCR (Table S2M). SV-based principal-component analysis
(PCA) revealed three divergent groups consistent with those
based on SNPs identified using ZK3-T2T as the reference
(Figure 2F; Figure S2J). We further screened genes under selec-
tion based on SNPs identified using ZK3-T2T as the reference
(283 sweeps, 2,133 genes in HW vs SL; 276 sweeps, 2,020
genes in HW vs NL) and SVs identified using a graph-based pan-
genome as the reference (130 sweeps, 818 genes in HW vs SL;
314 sweeps, 2,251 genes in HW vs NL) through the cross-popu-
lation composite likelihood ratio test (XP-CLR; Figure 2G;
Tables S2N-82Q). A total of 254 genes overlapped between
SNP- and SV-based analyses (Tables S2P-S2Q), with 72 genes
overlapping previously reported selection regions using SNPs**
(Figure 2G; Figure S2K). We further analyzed whether SV-based
selective sweeps overlapped with previous genome-wide asso-
ciation study (GWAS) results'® and found 1,667 genes associ-
ated with 292 metabolites within these sweeps (Tables S2P
and S2Q). We also recovered more SVs within or near these
genes (Figure S2L), which may serve as targets of natural or arti-
ficial selection and valuable markers for molecular breeding.

The unique presence and likely high-altitude
adaptability role of FtRNH in Himalayan wild accessions
The Himalayan wild accessions XZ751 and XZ770 (HW group),
which inhabit higher altitudes than all cultivated landraces, ex-
hibited a greater number of private gene families (Table S2G)
and private SVs (Figure S2H). To identify SVs (including PAVs
and CNVs) associated with high-altitude adaptability, we used
the genome of XZ751 (which grows at a higher altitude than
XZ770) as the reference for SV identification across all sampled
genomes (Figure S2M). A total of 218 absent SVs were identified
in the other 14 genomes compared with XZ751 and XZ770
(Table S3A). Notably, five PAVs resulted in six private genes spe-
cific to XZ751 and XZ770 (Table S3B). Among these, one gene
encoding a ribonuclease H protein (FtRNH; Figure S2N;

(F) PCA of 994 Tartary buckwheat accessions based on SNPs (upper) and SVs (lower), using PC1 and PC2.
(G) Genomic regions under selection in SL (green) and NL (blue) relative to HW, identified by SV-based XP-CLR (top 5% threshold). Genes marked “#” harbor SVs
associated with metabolite content divergence between wild accessions and landraces. Unmarked genes were identified in both SNP- and SV-based XP-CLR

analyses, with additional new SVs identified specifically in the SV-based scan.
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Table S3B) is situated in an SV hotspot where HW accessions
exhibited more SVs than cultivated NL and SL landraces
(Figure 2E; Table S2L). Further analysis indicated that FtRNH is
present in high-altitude HW wild accessions XZ770 and XZ751
(Figure 3A). It has also been reported in another high-altitude
wild relative (F. dibotrys) in the Himalayan region®* but is absent
in all cultivated landraces, including those grown in the Himala-
yan and low-altitude regions.

Population genomic analyses revealed higher divergence (1%)
in the FtRNH region compared with other genomic regions
(Figure 3A). Cultivated populations showed a drastic reduction in
nucleotide diversity (x = 4.39 x 10™) compared with wild popula-
tions (x = 3.81x107%), with significantly negative Tajima’s D values
(approximately -2.0), while wild populations exhibited a neutral
pattern (Tajima’s D ~ 0). LD analyses suggested that cultivated
populations displayed abnormally slow LD decay. At a physical dis-
tance of 50 Kb, the linkage strength in cultivated populations (R? ~
0.79) was nearly double that in wild populations (R? ~ 0.40). A fine-
scale scan within the high-LD block upstream of Ft{RNH identified
an XP-CLR selection peak (score = 61, representing the top
7.93% of genome-wide scores) approximately 50 Kb upstream
of the FtRNH locus. Consistent with these findings, genetic diver-
sity decreased while genetic divergence increased in this region
compared with most other regions of Chr7 (Figure S20). These pat-
terns suggest a likely hitchhiking scenario, in which artificial selec-
tion initially acted on favorably linked variants to improve agro-
nomic traits, resulting in a selective sweep that co-fixed the loss
of FtRNH due to strong linkage (R? > 0.7). However, alternative ex-
planations, such as relaxed selection on UV-B and cold tolerancein
low-altitude environments, cannot be ruled out.

¢? CellPress

To explore the potential role of FtRNH in high-altitude adapt-
ability, we conducted redundancy analysis correlating its pres-
ence with climatic factors (Figure S2P; Table S3C). We observed
a correlation with environmental factors, particularly growing-
season temperatures (R?> = 0.08) and intense UV-B radiation
(R? = 0.08; Figure S2Q), although imbalanced sampling, espe-
cially fewer wild accessions from high altitudes, may weaken
such correlations, and other factors, including precipitation
and soil composition, may also contribute to the specific distri-
bution of FtRNH and require further investigation. As a gene
specific to wild Tartary buckwheat within the RNH family
(Figure S2R), FtRNH possesses a promoter containing light-
and cold-responsive elements, such as G-box, GATA maotifs,
and MYB- and MYC-binding motifs?>° (Figure S2S). We then
subjected high-altitude wild accessions (XZ751 and XZ770,
with FtRNH) and the widely cultivated ZK3 (without FtRNH) to
UV-B and cold treatments. RT-gPCR demonstrated that FtRNH
expression was significantly upregulated following UV-B or cold
treatment (Figure 3B). The wild accessions showed significantly
greater resistance to UV-B and enhanced cold tolerance than
ZK3 (Figure 3C). Given that ribonuclease H homologs in other
species selectively degrade RNA strands in RNA-DNA
hybrids (R-loops) to maintain genome stability,>°>* we exam-
ined R-loop dynamics (Figure 3D; Figure S3A). Following UV-B,
cold, or combined treatments, R-loop levels increased signifi-
cantly in all accessions. However, upon recovery, R-loop levels
in wild accessions possessing FtRNH were significantly lower
than in ZK83, indicating more efficient R-loop clearance. Addition-
ally, levels of cyclobutane pyrimidine dimers (CPDs) and 6-4
photoproducts (6-4PPs), two major UV-B-induced DNA lesions,

Figure 3. The private gene FtRNH in wild accession XZ751 contributes to high-altitude adaptability in Tartary buckwheat

(A) From top to bottom: local alignment showing PAV-derived private genes in Himalayan wild Tartary buckwheat genomes. Chromosomal feature distribution of
selection signatures on chromosome 7, including Fst between wild and cultivated populations (the red dashed line indicates the top 1% threshold of chro-
mosome-wide distribution), 1 - manarace/Twia (high values indicate severe loss of nucleotide diversity in landraces relative to wild populations), Tajima’s D of
landraces and wild populations, and XP-CLR (landraces vs. wild, ZK3-T2T as reference genome, the red dashed line indicates the top 1% threshold of chro-
mosome-wide distribution). Pink shaded band represents the candidate selective sweep interval harboring FtRNH.

(B) FtRNH expression before and after UV-B or cold treatment. Data are shown as mean with 95% Cls. p values were calculated using two-way ANOVA. n = 3.
(C) UV-B and cold resistance phenotypes of Tartary buckwheat varieties ZK3, XZ751, and XZ770. Bar, 1 cm.

(D) Dot plot assay exhibiting R-loop accumulation in ZK3, XZ751, and XZ770 under UV-B or cold treatment and 2-day recovery.

(E) Quantification of the efficiency of FtRNH-His protein hydrolysis of three DNA-RNA hybrid substrates (DNA-RNA1/2/3) by 260 nm absorbance assay, with
empty His-tag protein as control, and increased absorbance represents DNA-RNA hybrid degradation into single-stranded nucleic acids. Data are shown as
mean with 95% Cls. p values were calculated using two-way ANOVA. n = 3.

(F) Dot plot assay exhibiting R-loop accumulation in XZ751 and its ftrnh mutants under combined UV-B and cold treatment or after 2-day recovery.

(G) Phenotype of wild accession XZ751 and ftrnh mutants grown at high altitude (3,500 m).

(H) Dot plot assay exhibiting the R-loop accumulation in K3 and FtRNH-overexpressing Tartary buckwheat lines under combined UV-B and cold treatment or after
2-day recovery.

(I) Phenotypes of K3 and FtRNH-overexpressing Tartary buckwheat lines grown at high altitude (3,500 m).

(J) Schematic representation of genomic sequence differences between the two FtRNH haplotypes (Hap1 and Hap2) in wild Tartary buckwheat accessions.
(K) Altitudinal distribution of wild Tartary buckwheat accessions carrying FtRNH-Hap1 vs. FtRNH-Hap2. p value was calculated using Student’s t test.

(L) Dot plot assay showing R-loop accumulation in wild Tartary buckwheat harboring FtRNH-Hap1 or FtRNH-Hap?2 under single, combined UV-B and cold stress,
as well as 2-day post-stress recovery.

(M) Agarose gel electrophoresis analysis of ribonuclease H activity between two haplotypes. Black wedge indicates decreasing FtRNH concentrations (5, 1, 0.5,
and 0.25 uM). DNA-RNA, DNA-RNA hybrid substrate. ssDNA, single-stranded DNA. Control, His-tagged protein (empty vector).

(N) Enzyme kinetic analysis of Hap1, Hap2, and mutants Hap1%'3%* and Hap2°'7¢ using fluorescently labeled DNA-RNA hybrid strands as substrates. Km, the
Michaelis constant. Viax., maximum reaction rate. K.,:/Km, catalytic efficiency. Data are presented as means + SD; n = 3 independent experiments.

(O) Dot plot assay showing R-loop accumulation in ZK3, NIL-FtRNHH3P1, and NIL-FtRNH"2P2 under combined UV-B and cold stress, as well as 2-day post-stress
recovery.

(P) Phenotypes of ZK3, NIL-FtRNH™#" and NIL-FtRNH"#2 grown at high altitude (3,500 m).

(Q) Field phenotypes of ZK3, NIL-FtRNH"2!, and NIL-FtRNH"2P2 under high-altitude field cultivation (3,500 m).

In (D), (F), (H), (L), and (O), signal intensity represents relative R-loop content. In (G), (I) and (P), bar =5 cm.

Cell 189, 1-18, August 20, 2026 7



buckwheat, Cell (2026), https://doi.org/10.1016/j.cell.2026.07.035

Please cite this article in press as: Zhang et al., Pangenome-guided breeding restores high-altitude adaptation and improves yield in Tartary

- ¢? CellPress

increased in all accessions following UV-B treatment but were
resolved more efficiently in wild accessions upon recovery
(Figures S3B and S3C). Although cold stress alone did not
induce these lesions, combined UV-B and cold treatment mark-
edly increased them, with wild accessions again showing signif-
icantly lower CPDs and 6-4PPs levels. Comet assays revealed
that wild accessions displayed less DNA strand breakage than
ZK3 after UV-B, cold, or combined stress, suggesting greater
genomic stability (Figure S3D). Consequently, early DNA dam-
age response (y-H2AX focus formation) and cell death (TUNEL
positivity) were significantly reduced in wild accessions following
individual or combined stress, compared with ZK3 (Figure S3E).
These analyses suggest that FIRNH may enhance high-altitude
adaptability through R-loop regulation and DNA damage repair.

Functional verification of FtRNH in UV-B and cold stress
tolerance

To investigate the functional role of FtRNH in UV-B and cold
stress tolerance, we first assessed whether the protein can
degrade RNA within DNA-RNA hybrids in vitro. Incubation of
hybrid substrates with purified FtRNH-His protein showed that,
with increasing FtRNH-His concentrations, the band intensity
of all substrates decreased in a concentration-dependent
manner, while the corresponding single-stranded DNA product
bands increased (Figure S3F), demonstrating that FtRNH-His
specifically cleaves the RNA component of DNA-RNA hybrids.
Absorbance measurements further confirmed this activity, with
all hybrid substrates exhibiting increased absorbance at
260 nm upon FtRNH-His addition compared with controls
(Figure 3E). This increase in absorbance reflects the exposure
of more nucleotide bases (which absorb strongly at 260 nm) as
double-stranded DNA-RNA hybrids are degraded into single-
stranded nucleic acids. Subcellular localization analysis revealed
that FIRNH localizes to both the cytoplasm and nucleus
(Figure S3G), suggesting its potential to recognize and resolve
R-loop structures within the nucleus.

To verify its function in vivo, we generated FtRNH ethyl metha-
nesulfonate (EMS) mutants in the wild accession XZ751.
Following UV-B or cold stress, mutants showed more severe
damage than the wild type (Figure S3H) and retained significantly
higher levels of R-loops after UV-B, cold, or combined stress fol-
lowed by recovery (Figure 3F; Figure S3A). This impairment in
R-loop resolution correlated with exacerbated DNA damage, as
evidenced by greater accumulation of UV-B-induced lesions
(CPDs and 6-4PPs; Figures S3B and S3C), increased DNA strand
breaks (comet assay; Figure S3D), stronger activation of the DNA
damage response (y-H2AX foci), and elevated cell death (TUNEL
assay; Figure S3E). We further evaluated the performance of
mutants in a native high-altitude environment, where they dis-
played poorer growth than XZ751 (Figure 3G; Table S3D).
Conversely, FtRNH-overexpressing lines (Figure S3l) exhibited
significantly enhanced resistance to UV-B and cold stress
(Figure S3H), associated with more efficient R-loop clearance
(Figure 3H; Figure S3A) and reduced DNA damage markers,
including CPDs/6-4PPs lesions (Figures S3B and S3C), DNA
strand breaks (Figure S3D), y-H2AX foci, and TUNEL signals
(Figure S3E). Under high-altitude conditions, overexpression lines
grew significantly better than the control (Figure 3l; Table S3D).
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Compared with controls, both FtRNH mutant and overexpres-
sion caused widespread transcriptome changes (Table S3E).
Among these, the expression of genes involved in flavonoid
biosynthesis and antioxidant pathways was decreased in mu-
tants and increased in overexpression lines (Figure S4A). Corre-
spondingly, after UV-B, cold, or combined stress, flavonoid
accumulation and antioxidant enzyme activities were signifi-
cantly lower in mutants and higher in overexpression lines
(Figure S4B). Since flavonoids and antioxidant enzymes
contribute to UV-B and cold stress resistance,”" '*° these path-
ways likely participate in FtRNH-involved high-altitude adapta-
tion. To determine whether FtRNH influences these pathways
via R-loop resolution, we performed DNA:RNA immunoprecipi-
tation followed by sequencing (DRIP-seq) under stress condi-
tions (Figure S4C; Table S3F). Overexpression of FtRNH led to
decreased R-loop accumulation across many genomic loci,
including, but not limited to, genes involved in flavonoid
biosynthesis and the antioxidant systems, while FtRNH
mutants resulted in increased R-loop accumulation at these
loci (Figure S4C), suggesting broader functions beyond these
specific pathways. To test whether FtRNH can directly act on
R-loops on these genes, we synthesized R-loop substrates
corresponding to key pathway genes and demonstrated that pu-
rified FtRNH-His effectively degrades them in vitro (Figure S4D),
indicating that FtRNH can resolve R-loops at these loci. Further-
more, treatment of FtRNH-overexpressing plants with the flavo-
noid biosynthesis inhibitor 2-aminoindan-2-phosphonic acid
(AIP) significantly attenuated, though did not completely abolish,
the stress resistance advantage (Figure S4E). Additionally, exog-
enous application of flavonoids or H,O, upregulated FtRNH
expression (Figure S4F). These findings suggest that FtRNH co-
ordinates an adaptive feedback loop for high-altitude stress re-
silience: UV-B and cold stress induce FtRNH expression, and
accumulated flavonoids further feedback to promote it, thereby
continuously amplifying genome protection and defense meta-
bolism (Figure S4G). Finally, to examine whether wild Tartary
buckwheat-specific FtRNH could confer tolerance in other spe-
cies, we expressed it in the eudicot Arabidopsis thaliana and the
monocot rice. In both species, FtRNH-overexpressing lines ex-
hibited visibly greater resistance to UV-B, cold, or combined
stress than wild-type plants (Figures S4H and S4l). Together,
these results demonstrate that FIRNH enhances tolerance to
high-altitude stresses not only in buckwheat but also in heterol-
ogous plant systems.

Allelic variation and the superior allele of FERNH across
wild accessions

To analyze the natural variation in FtRNH, we used resequencing
data from 994 accessions aligned to the FtRNH sequence of wild
accession XZ751. Only 48 Himalayan wild accessions exhibited
high coverage depth in the FtRNH region, while all cultivated
landraces showed zero coverage (Figure S4J). Sequence anal-
ysis of FtRNH in these 48 wild accessions revealed two haplo-
types, defined by missense mutations at Ala47Thr and
Gly59Ala within the functional domain of FtRNH (Figure 3J).
Notably, accessions carrying Hap2 were generally found at
higher altitudes than those carrying Hap1 (which includes
XZ751 and XZ770; Figure 3K), suggesting a potential adaptive
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advantage of Hap2 in more extreme environments. Consistent
with this ecological distribution, accessions carrying Hap2
cleared stress-induced R-loops more efficiently than Hap1 after
UV-B, cold, or combined stress (Figure 3L). They also accumu-
lated lower levels of DNA damage markers, including CPDs/6-
4PPs lesions (Figures S4K and S4L), DNA strand breaks
(Figure S4M), y-H2AX foci, and TUNEL signals (Figure S4N).
Hap2 also exhibited higher ribonuclease H activity, producing
more single-stranded DNA product than Hap1 (Figure 3M),
with higher maximum reaction velocity (Vimax) and a lower Mi-
chaelis constant (Km) (Figure 3N). Consequently, the catalytic ef-
ficiency (Kqat/Km) of Hap2 was significantly greater than that of
Hap1. Site-directed mutagenesis of the two specific amino acid
residues in Hap2 partially reduced Vax, increased Km, and
decreased K.,:/Km, confirming their direct contribution to the
superior activity of the Hap2 variant.

To further validate the functional superiority of Hap2 in planta,
we developed two near-isogenic lines (NILs) in the ZK3 back-
ground: NIL-FtRNHH3P! (containing FtRNH-Hap1 from XZ751)
and NIL-FtRNH"#"2 (containing FtRNH-Hap2 from XZ625). Under
normal conditions, both NILs were phenotypically similar to ZK3
(Table S3D). However, after UV-B, cold, or combined stress,
both NILs exhibited stronger growth than ZK3, with NIL-
FtRNHHP2 outperforming NIL-FtRNH™2! (Figure S40). Mecha-
nistically, the NILs, particularly NIL-FtRNH32 showed more effi-
cient clearance of R-loops (Figure 30; Figure S4P) and reduced
accumulation of DNA damage markers (Figures S4K-S4N)
compared with ZK3 after stress recovery. Field trials under natural
high-altitude conditions further demonstrated that both NILs grew
better than ZK3, with NIL-FtRNH"22 again showing the best per-
formance (Figures 3P and 3Q; Figure S40). These results indicate
that the Hap2 variant of FtRNH possesses a greater capacity to
resolve R-loops and mitigate subsequent DNA damage, aligning
with its survival advantage at higher altitudes.

Pangenome-based GWAS identification of the SV
associated with seed-size variation

Seed size is a key agronomic trait influencing crop yield. Using a
graph-based pangenome and phenotypic data on seed width

Cell

and length collected from common garden experiments, we per-
formed GWAS on 994 accessions, integrating both SVs (>20 bp)
and SNPs. A total of 14 loci encompassing 623 genes were iden-
tified through SV-GWAS and SNP-GWAS (Table S4A). Among
these, 65 genes were repeatedly associated with the same trait
across at least two independent measurements or in common
garden experiments at two distinct locations (Table S4A). A sig-
nificant locus on chromosome 2 was consistently associated
with seed width (Figure 4A; Figure S5A) and corresponded to
gClu1-5, a quantitative trait locus (QTL) cluster previously re-
ported to be repeatedly linked to grain length, width, and
length-to-width ratio in a Tartary buckwheat recombinant inbred
line (RIL) population across four different environments®®
(Figure 4A; Table S4B), indicating this region is a key determinant
of seed size. Further dissection of this locus revealed tandem du-
plications of genes encoding plant AT-rich sequence and zinc-
binding transcription factors (PLATZ) (Figures S5B and S5C).
RT-gPCR showed that these genes were highly expressed dur-
ing the GS1 stage (grain stage 1, seed formation initiation)
compared with GS2 (filling) and GS3 (milk-ripe) stages in ZK3,
with FtPLATZ3 (ZK3006110) showing the highest expression
(Figure S5B), suggesting its potential role in seed-size regulation.

We next examined sequence variations in FtPLATZ3 and
found that a 28-bp insertion in its promoter was significantly
associated with seed width, whereas other non-rare mutations
in the vicinity showed no such association (Figures 4B and 4C;
Tables S4B and S4C). Landraces carrying Hap2 (with the inser-
tion) produced wider seeds and displayed higher FtPLATZ3
expression than landraces carrying Hap1 (without the insertion)
(Figures 4C and 4D). Both haplotypes were also present in Hima-
layan wild accessions (Figure 4E). Deletion of the 28-bp
sequence in the Hap2 background significantly reduced pro-
moter activity, while its insertion into the Hap1 background
enhanced promoter activity, confirming that this 28-bp element
is a functional cis-regulatory variant (Figure 4F). This sequence
contains several putative transcription-binding motifs, and mu-
tation of these motifs reduced promoter activity (Figure S5D).
To validate its functional impact, we knocked out this insertion
in an accession carrying Hap2 (HB91). Knockout lines exhibited

Figure 4. ldentification of FtPLATZ3 and its CNV associated with seed size in Tartary buckwheat
(A) Upper: Manhattan plots from SV- and SNP-based GWAS for seed width (dashed line indicates significance threshold [-logqgp = 5]). Lower: genomic region

associated with seed size identified by QTL mapping.

(B) Schematic representation of genomic sequence differences between the two FtPLATZ3 haplotypes.

(C) Boxplots showing seed width in accessions carrying the two haplotypes. p value was calculated using one-way ANOVA.
(D) FtPLATZ3 expression levels in accessions carrying the two haplotypes. n = 10 per haplotype.

(E) Frequency distribution of the two FtPLATZ3 haplotypes in wild Tartary buckwheat versus cultivated landraces.

(F) The 28-bp insertion is a positive cis-element for FtPLATZ3 promoter activity, as shown by luminescence intensity in Nicotiana benthamiana. Compared with
the wild-type Hap2 promoter, the 28-bp deleted version (pHap222%P) showed drastically decreased activity, whereas inserting the fragment into Hap1
(oHap1*25°P) significantly elevated it. Data are presented as mean with 95% Cls. p values were calculated using Student’s t test. n = 3

(G-J) Seed width of (G) HB91 and ftplatz3-pro1, (H) ZK3 and NIL-FtPLATZ3"32 (1) K3 and its FtPLATZ3 mutants, (J) K3 and FtPLATZ3-overexpressing (OE) lines.
n = 3. Data are presented as mean with 95% Cls. p values were calculated using (G) and (H) Student’s t test and (I and J) one-way ANOVA.

(K) Differentially expressed genes involved in cell division in the transcriptome of FtPLATZ3-overexpression or mutants.

(L) DAP-seq binding peaks of FtPLATZ3 at the loci of downstream target genes FtCYC and FtEXP1. Empty Halo-tagged protein served as the negative control.
(M) EMSA validation of direct binding between FtPLATZ3 and the promoters of FtCYC and FtEXP1.

(N) FtPLATZ3 acts as a transcriptional activator to promote the promoter activity of downstream target genes FtCYC and FtEXP1. The promoters of FtCYC and
FtEXP1 were used as reporters and were co-infiltrated with an empty 62SK or 62SK-FtPLATZ3 effector in N. benthamiana leaves. Data are presented as mean
with 95% Cls. p values were calculated using Student’s t test. n =3.

(O) Yeast two-hybrid assay showing interactions between FtPLATZ3 and FtRPC53a/FtTFC1. Transformed yeast cells were grown on SD (-Leu/Trp) and SD (-Leu/
Trp/His/Ade) media to assess protein-protein interactions.
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significantly reduced seed size (Figure 4G). Conversely, an NIL
(NIL-FtPLATZ3"32) carrying FtPLATZ3-Hap2 from HB91 in the
ZK3 (Hap1) background showed increased seed width (Figure
4H). Together, these results demonstrate that the 28-bp pro-
moter SV in FtPLATZ3 plays a critical role in modulating seed-
size variation in Tartary buckwheat.

Further functional characterization of PLATZ3 in seed-
size regulation across plant species

To further investigate FtPLATZ3 function, we examined its
tissue-specific expression at the full-bloom stage and spatial
distribution within seeds at the GS1 stage. FtPLATZ3 was pre-
dominantly expressed in the embryonic region (Figure S5E).
Subcellular localization assays revealed that FtPLATZ3
localizes to the nucleus (Figure S5F), consistent with its putative
role as a transcription factor. To assess its in vivo function, we
generated FtPLATZ3 knockout lines in the K3 background.
These mutants exhibited significantly reduced seed width
(Figure 41), accompanied by decreased endosperm cell number
and size (Figures S5G and S5H). Conversely, FtPLATZ3 overex-
pression lines (Figure S5l) showed increased seed width
(Figure 4J) and increased endosperm cell number and size
(Figures S5J and S5K). Transcriptome analyses revealed that
genes encoding cell cycle-related proteins (e.g., cyclins, CYC)
and cell expansion factors were significantly upregulated in over-
expression lines and downregulated in knockout lines (Figure 4K;
Table S4D). DNA affinity purification sequencing (DAP-seq),
electrophoretic mobility shift assays (EMSA), and dual-luciferase
reporter assays demonstrated that FtPLATZ3 directly regulates
these genes (Figures 4L-4N; Table S4E).

Previous studies showed that the rice ortholog of
FtPLATZ3 (Os06g0666100) positively regulates seed develop-
ment through interaction with RNA polymerase Il (RNAPIII)
subunit C53 (RPC53) and transcription factor class C1
(TFC1), both essential components of the RNAPIII transcription
complex.>*° To test whether FtPLATZ3 acts through a
conserved mechanism, we performed yeast two-hybrid assays
using Tartary buckwheat orthologs FtTFC1 and FtRPC53a.
Both FtRPC53a and FtTFC1 interacted with FtPLATZ3
(Figure 40; Figure S5L), suggesting that FtPLATZ3 may act
via an RNAPIII-mediated pathway. Furthermore, transgenic
Arabidopsis thaliana lines overexpressing FtPLATZ3 exhibited
increased seed width (Figure S5M), and heterologous expres-
sion of FtPLATZ3 in rice also produced longer seeds
(Figure S5N). Collectively, these results demonstrate that
PLATZ3 functions as a conserved transcription factor regu-
lating seed development across plant species.

We next investigated whether CNV of tandemly duplicated
FtPLATZ genes (Figure S5B) affects seed width. Himalayan
wild buckwheat and high-altitude landraces harbor fewer
FtPLATZ copies than low-altitude landraces (Figure S50).
Although FtPLATZ3 and its orthologs showed the highest
expression during the GS1 stage, other tandem copies were
also transcriptionally active (Figure S5P). Knocking out one
or the two proximal copies reduced seed width (Figure S5Q),
with double-mutants showing a stronger effect, indicating
that CNV at this locus contributes to seed-size differences be-
tween high- and low-altitude accessions. Expression of these
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tandem genes was not altered by UV-B or cold stress
(Figure S5R), suggesting their seed-growth-promoting func-
tion is constitutively maintained. Thus, they represent robust
targets for yield improvement even in stress-prone high-alti-
tude regions.

Breeding an ideal Tartary buckwheat cultivar with high-
altitude adaptability and enhanced field yield

To accelerate breeding of Tartary buckwheat for the high-alti-
tude Himalayan region, we integrated favorable SV alleles
(including CNVs) from both high-altitude wild accessions and
low-altitude landraces. We first evaluated NIL-FtRNH"22,
created by introgressing the FtRNH-Hap2 allele from wild acces-
sion XZ625 into ZK3 (which carries the 28-bp deletion allele
FtPLATZ3-Hap1). Although NIL-FtRNH"32 exhibited similar
seed size and weight to ZK3 (Figures 5A and 5B), it showed su-
perior growth and biomass at high altitude, resulting in signifi-
cantly higher field yield (Figure 5C), attributed to enhanced
high-altitude fitness from FtRNH-Hap2.

To further increase yield potential, we introduced both
FtPLATZ3-Hap?2 (carrying the large-seed-associated 28-bp inser-
tion) and additional FtPLATZ copies. We crossed NIL-FtRNHP2
with NIL-FtPLATZ3™2P2 and self-pollinated the progeny to obtain
homozygous lines harboring both FtRNH-Hap2 and FtPLATZ3-
Hap2, designated NIL-FtRNH32_FtP| ATZ3H3P2 Subsequently,
we identified an unequal recombination in the selfed progeny
derived from a cross between this line and the wild
accession XZ625 (Figure S50). Through backcrossing to the
NIL-FtRNH"3P2_Ftp| ATZ373P2 parent and marker-assisted selec-
tion, we successfully generated a progeny line named NIL-
FtRNH"P2_Ftp| ATZ3"8P2_MC (more copy). This line produced
significantly larger seeds than NIL-FtRNH™22 even at low altitude
(Figures 5A and 5B). Importantly, at high altitudes, it retained
adaptive advantages, exhibiting higher biomass than ZK3 and
higher field yield than both ZK3 and the parental NIL-FtRNH™2P2
(Figure 5C; Table S4F). By combining robust high-altitude perfor-
mance with enhanced seed size and yield traits, NIL-FtRNHMa2-
FtPLATZ3™3P2_MC represents a promising candidate buckwheat
cultivar for the high-altitude Himalayan region (Figure 5D).

DISCUSSION

Plants have evolved complex adaptive mechanisms to mitigate
multiple environmental stresses.*~*° The Himalayan region pre-
sents intense UV-B radiation and cold stress that typically pre-
clude crop cultivation. Yet native wild plants have evolved pro-
tective traits. Many beneficial “super alleles” may have been
lost during domestication of crops such as Tartary buckwheat,
which were historically cultivated in more sheltered, low-altitude
valleys of the same region.*® As documented in other species,
such advantageous alleles are often retained in wild relatives in-
habiting more extreme, high-altitude niches and can be system-
atically uncovered through pangenomic analyses.*”~*° Our study
discovered that FtRNH, involved in mitigating UV-B-induced
DNA damage, is specifically retained in wild Tartary buckwheat
from the high-altitude Himalayas but absent in landraces,
suggesting that F{RNH may have been lost during initial domes-
tication, possibly for other linked traits in lower-altitude
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Figure 5. Pangenome assisted the breeding of Tartary buckwheat with improved seed size and high-altitude adaptability

(A-C) Seed size (A), 1,000-seed weight (B), biomass and grain yield at different altitudes (C) of ZK3, NIL-FtRNH"3P2, and NIL-FtRNH"#2-FtPL ATZ3"3P2_MC. Data
shown represent one independent field plot. p values were calculated using one-way ANOVA (A) and (B) and two-way ANOVA (C). n = 40.

(D) Schematic overview of the pangenome-assisted breeding strategy. High-altitude wild accessions carry FtRNH (conferring high-altitude adaptability), whereas
cultivated landraces (both high- and low-altitude) lack it. High-altitude accessions (wild and cultivated) typically harbor few copies of FtPLATZ, with most wild
accessions and all high-altitude landraces carrying the small-seed haplotype (FtPLATZ3-Hap1). Low-altitude landraces possess more FtPLATZ copies, with
~15% carrying the large-seed haplotype (FtPLATZ3-Hap?2). To develop a high-yielding variety adapted to high-altitude, we introgressed FtRNH (from a high-
altitude wild accession) and the large-seed FtPLATZ3-Hap2 allele into ZK3 (which lacks FtRNH and carries FtPLATZ3-Hap1). Furthermore, we increased
FtPLATZ copy number through unequal recombination, generating NIL-FtRNH"#*2-FtPI ATZ3"3P2_MC, which combines high-altitude adaptability with a large-
seed phenotype.
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environments and/or the alleviated selection pressure from high-
altitude stressors.

Concurrently, enhancing seed size remains a major objective
for improving crop yield.*®*" Our pangenomic analyses of both
low-altitude landraces and high-altitude wild Tartary buckwheat
accessions suggest that seed-size variation is associated with
FtPLATZ SVs, including CNVs and a promoter insertion in
FtPLATZ3. Low-altitude landraces with larger seeds were char-
acterized by higher FtPLATZ copy number and a 28-bp insertion.
This insertion is also present in wild accessions, suggesting that
different domestication events or backcrossing with certain wild
accessions introduced this SV into some landraces. However,
the increased FtPLATZ copy number in some landraces may
have arisen from artificial crossing or natural variation during
long-term breeding practices. Collectively, our pangenome anal-
ysis thus pinpointed independent beneficial alleles for highland
breeding of Tartary buckwheat: one governing high-altitude
adaptability (FtRNH from wild accessions) and the other control-
ling seed size (FtPLATZ CNV and 28-bp insertion).

The strategic integration of superior alleles from diverse
genetic pools represents a powerful approach for crop improve-
ment.”>>* We devised a crossing scheme combining the favor-
able FtRNH allele from wild accessions, conferring high-altitude
adaptability in Tartary buckwheat, and the superior FtPLATZ
haplotypes associated with increased seed size, namely the
FtPLATZ3 promoter insertion and elevated FtPLATZ copy num-
ber. This approach enabled the successful development of a
hybrid line exhibiting both enhanced high-altitude adaptability
and significantly improved yield. Our findings provide valuable
genomic resources for precision breeding in Tartary buckwheat
and demonstrate a generalizable strategy for integrating benefi-
cial alleles, including CNVs, from both wild relatives and local
landraces to accelerate elite crop improvement.

Limitations of the study

Although we demonstrate that all FtRNH is present in high-alti-
tude wild populations of Tartary buckwheat and that the genomic
region surrounding its absence in low-altitude landraces has un-
dergone strong artificial selection, the specific gene(s) within this
linked region responsible for other favorable domestication
traits, and the phenotypes they confer, remain unidentified.
Furthermore, the loss of FIRNH might also stem from relaxed se-
lection on environmental tolerance at low altitude rather than
exclusively through passive hitchhiking. Future studies should
systematically dissect this region through targeted gene
knockout, allelic replacement, and comprehensive phenotypic
characterization to recover these genes and elucidate their un-
derlying mechanisms. Moreover, high-altitude adaptability is a
complex polygenic trait. While our findings indicate that the
Fagopyrum-specific FtRNH contributes to this process by pro-
moting R-loop resolution and DNA damage repair in Tartary
buckwheat, whether it interacts with other genes during this pro-
cess remains unknown. lts broader role in other plant species
and the extent of mechanistic conservation also warrant further
investigation. Furthermore, the genome-wide R-loop changes
observed in DRIP-seq suggest a broader role of FtRNH in tran-
scriptional maintenance, which requires further investigation.
Similarly, although we show that increased FtPLATZ copy hum-
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ber is associated with large seed size and high yield in Tartary
buckwheat landraces, the temporal, spatial, and selective ori-
gins of this copy-number expansion remain unknown. When,
where, and how this favorable CNV was selected during
breeding history has yet to be determined. Whole-genome rese-
quencing of a broader panel of landraces, particularly ancient or
historically preserved accessions, may help clarify the evolu-
tionary trajectory of this locus.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CENH3 antibody Abcam Cat# ab72001

Goat Anti-Rabbit IgG Antibody Sigma-Aldrich Cat# AP132; RRID: AB_11214051
Anti-RNA:DNA hybrid antibody S9.6 Sigma-Aldrich Cat# MABE1095; RRID: AB_2861387
HRP-conjugated Goat Anti-Mouse IgG Cwbiotech Cat# CWO0102S; RRID: AB_2736997
Anti-phospho-Histone H2A.X (Ser139) Millipore Cat# 05-636; RRID: AB_309864

Antibody

Donkey anti-Sheep IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa
Fluor™ Plus 488

Thermo Fisher Scientific

Cat# A11015; RRID: AB_2534082

Bacterial and virus strains

Agrobacterium tumefaciens strain GV3101
Agrobacterium tumefaciens GV3101
(pSoup-p19)

Escherichia coli BL21 (DE3)

Weidi Biotechnology
Weidi Biotechnology

Weidi Biotechnology

Cat# AC1001
Cat# AC1003

Cat# EC1002

Yeast strain Y2HGold Weidi Biotechnology Cat# YC1002
Chemicals, peptides, and recombinant proteins

Cetyltrimethylammonium bromide (CTAB) Coolaber Cat# CC3991
RNase A Vazyme Cat# DE111
Proteinase K Invitrogen Cat# 25530049
DynaGreen™ Protein A/G beads Invitrogen Cat# 80105G
VAHTS DNA Clean Beads Vazyme Cat# N411
GST-Bind™ Resin Millipore Cat# 70541
HaloTag Beads Promega Cat# G7281
Formaldehyde Sigma-Aldrich Cat# F8775
PMSF Sigma-Aldrich Cat# 93482
Complete protease inhibitor cocktail Roche Cat# 4693116001
Hygromycin B Coolaber Cat# CH6361
IPTG Coolaber Cat# SL3861
Propidium iodide (PI) Coolaber Cat# CP9161
DAPI Solarbio Cat# C0060
Toluidine blue Yuanye Cat# S19058
Potassium luciferin Coolaber Cat# CL6930
Recombinant FtRNH-His protein (Hap1) This study N/A
Recombinant FtRNH-His protein (Hap2) This study N/A
Recombinant FtPLATZ3-GST fusion protein This study N/A
Recombinant FtPLATZ3-Halo fusion This study N/A

protein

His-tagged empty protein (control) This study N/A
GST-tagged empty protein (control) This study N/A

Critical commercial assays

HiScript Il RT SuperMix for RT-gPCR Vazyme Cat# R323-01
Polysaccharide and Polyphenol Plant Total Tiangen Cat# DP441

RNA Extraction Kit

(Continued on next page)
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TruePrep DNA Library Prep Kit V2 for Vazyme Cat# TD501

lllumina

OxiSelect™ UV-Induced DNA Damage Cell Biolabs Cat# STA-322-C

ELISA Kit (CPDs and 6-4PPs)

Tetramethyl-Rhodamine (TMR, Red) Servicebio Cat# G1502

TUNEL Cell Apoptosis Detection Kit

LightShift Chemiluminescent EMSA Kit Thermo Fisher Scientific Cat# 20148X

TNT SP6 High-Yield Wheat Germ Protein Promega Cat# L3260

Expression System

StarPrep Gel Extraction Kit Genstar Cat# D205

Hieff® Smearase Yeasen Cat# 12907ES24

Deposited data

PacBio CCS, ONT, Hi-C, and other This study BioProject: PRJCA036855

sequencing data

Genome assemblies This study https://figshare.com/s/
754ddf20dcf4455056¢7

Public buckwheat genome assemblies He et al.?; Linetal."*; Duetal.'” N/A

Public buckwheat whole-genome He et al.; Zhang et al.® N/A

sequencing data

Experimental models: Organisms/strains

Fagopyrum tataricum cv. ZK3 This study N/A

Fagopyrum tataricum accession XZ751 This study N/A

Fagopyrum tataricum accession XZ625 This study N/A

Fagopyrum tataricum accession HB91 This study N/A

NIL-FtRNHHaP This study N/A

NIL-FtRNHHaP2 This study N/A

NIL-FtPLATZ3Har2 This study N/A

NIL-FtRNHH3P2-Ftp| ATZ3HaP2 This study N/A

NIL-FtRNHHP2_FtpL ATZ3"eP2.MC This study N/A

Arabidopsis thaliana (Col-0) Laboratory stock N/A

FtRNH-overexpressing Arabidopsis lines This study N/A

FtPLATZ3-overexpressing Arabidopsis This study N/A

lines

Oryza sativa cv. ZH11 Laboratory stock N/A

FtRNH-overexpressing rice lines This study N/A

FtPLATZ3-overexpressing rice lines This study N/A

Nicotiana benthamiana Laboratory stock N/A

FtPLATZ3-overexpressing Tartary This study N/A

buckwheat lines

FtPLATZ3 knockout Tartary buckwheat This study N/A

lines

FtRNH-overexpressing Tartary buckwheat This study N/A

lines

FtRNH mutant Tartary buckwheat lines This study N/A

Oligonucleotides

See Table S5A This study N/A

Recombinant DNA

pCAMBIA-1307 Novopro Cat# V041077

pCAMBIA-1302 Novopro Cat# V010892

p2300-35S-H2B-mCherry This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pGreenll 0800-LUC Novopro Cat# V010545
pGreenll 62SK Novopro Cat# V012539
pCAMBIA1301UbiNOS This study N/A
pPGEX-4T-1 Novopro Cat# V010918
pGBKT7 Clontech Cat# 630443
pGADT7 Clontech Cat# 630442
FtRNH-pCAMBIA1307 This study N/A
FtPLATZ3-pCAMBIA1307 This study N/A
FtRNH-pCAMBIA1305-GFP This study N/A
FtPLATZ3-pCAMBIA1302-GFP This study N/A
FtPLATZ3-pGEX-4T-1 This study N/A
FtPLATZ3-Halo This study N/A
FtRNH-p1301UbINOS This study N/A
FtPLATZ3-p1301UbiINOS This study N/A
FtPLATZ3 promoter (Hap1)-pGreenll This study N/A
0800-LUC

FtPLATZ3 promoter (Hap2)-pGreenll This study N/A
0800-LUC

FtPLATZ3 promoter (Hap2-28bp)-pGreenll This study N/A
0800-LUC

FtPLATZ3 promoter (Hap1+28bp)-pGreenll This study N/A
0800-LUC

FtPLATZ3 promoter (Hap2 MYB/Dof This study N/A
mutant)-pGreenll 0800-LUC

FtPLATZ3 CDS-pGreenll 62SK This study N/A

FtCYC promoter-pGreenll 0800-LUC This study N/A

FtEXP1 promoter-pGreenll 0800-LUC This study N/A
FtRPC53a-pGBKT7 This study N/A
FtTFC1-pGBKT7 This study N/A

Software and algorithms

hifiasm (v0.18.9-r527)
Chromap (v0.2.4-r467)
YaHSs (v1.2a.1)

BUSCO (v5.4.6)

EDTA (v2.1.0)

GeneWise (WISE2 v2.4.1)
Augustus (v3.5.0)
GlimmerHMM (v3.0.1)
HISAT2 (v2.1.0)

PASA (v2.5.3)

EVidenceModeler (v2.1.0)
quarTeT (v1.1.5)

JCVI/ MCScan (v1.4.23)
SeqKit (v2.8.2)

LiftOn (v1.0.4)

FastQC (v0.12.1)

Trimmomatic (v0.33)

Cheng et al.**

Zhang et al.>®

Zhou et al.*®

Manni et al.®”

Ouetal.”®

Birney et al.*®

Stanke et al.®®

Majoros et al.®’

Kim et al.®?

Haas et al.®®

Haas et al.®
Lin et al.%®
Tang et al.®®

Shen et al.®”

Chao et al.®®

Andrews®®

Bolger et al.”®

https://github.com/chhylp123/hifiasm
https://github.com/haowenz/chromap
https://github.com/c-zhou/yahs
https://busco.ezlab.org/
https://github.com/oushujun/EDTA
https://www.ebi.ac.uk/~birney/wise2/
https://bioinf.uni-greifswald.de/augustus/
https://ccb.jhu.edu/software/glimmerhmm/
https://daehwankimlab.github.io/hisat2/
https://github.com/PASApipeline/
PASApipeline
https://evidencemodeler.github.io/
https://github.com/aaranyue/quarTeT
https://github.com/tanghaibao/jcvi
https://bioinf.shenwei.me/seqkit/
https://github.com/nextgenusfs/LiftOn

https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/
http://www.usadellab.org/cms/
?page=trimmomatic
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bowtie2 (v2.5.4)

SAMtools (v1.17)
GATK (v4.2.2.0)
MACS3 (v3.0.2)
BWA-MEM2 (v2.2.1)

ANNOVAR (v2013-05-20)

PLINK (v1.9)
TreeBest (v1.9.2)
iTOL

ADMIXTURE (v1.23)
GCTA (v1.94.1)

PopLDdecay (v3.41)

DIAMOND (v2.1.4.158)
OrthoFinder (v2.5.5)

MUSCLE (v3.7)
clusterProfiler (v4.8.3)

WGDI (v0.6.5)
MUMmer4 (v4.0.1)
SyRl (v1.7.1)
SURVIVOR (v1.0.7)

vg toolkit (v1.53.0)
XP-CLR (v1.1)
InterProScan
MAFFT (v7.520)
trimAl (v1.4.rev15)
IQ-TREE (v2.2.2.3)
GEMMA (v0.96)

fastp (v1.1.0)
featureCounts (v2.0.3)
DESeq2 (v1.38.3)

Langmead & Salzberg”"

Lietal.”?

McKenna et al.”
Zhang et al.”*

Vasimuddin et al
|.76

|.75

Wang et a
Purcell et al.”’
Vilella et al.”®
Letunic & Bork”®
Alexander et al.®°

Yang et al.®'
Zhang et al.®?

Buchfink et al.®®
Emms & Kelly®*

Edgar®®
Wu et al.®®

Sun et al.?”
Margais et al.®®
Goel et al.*®®

Jeffares et al.”°

Garrison et al.”"

Chen et al.”
Jones et al.”®
Katoh & Standley®

Capella-Gutiérrez et al.*®

Nguyen et al.®®
Zhou & Stephens®’

Chen et al.”®
Liao et al.*®

Love et al.'®

https://bowtie-bio.sourceforge.net/
bowtie2/

http://www.htslib.org/
https://gatk.broadinstitute.org/
https://github.com/macs3-project/ MACS
https://github.com/bwa-mem2/bwa-mem?2
https://annovar.openbioinformatics.org/
https://www.cog-genomics.org/plink/
https://github.com/Ensembl/treebest
https://itol.embl.de/
https://dalexander.github.io/admixture/

https://yanglab.westlake.edu.cn/software/
gcta/

https://github.com/BGI-shenzhen/
PopLDdecay

https://github.com/bbuchfink/diamond

https://github.com/davidemms/
OrthoFinder

https://www.drive5.com/muscle/

https://bioconductor.org/packages/
clusterProfiler/

https://github.com/SunPengChuan/wgdi
https://github.com/mummer4/mummer
https://github.com/schneebergerlab/syri

https://github.com/fritzsedlazeck/
SURVIVOR

https://github.com/vgteam/vg
https://github.com/hardingnj/xpclr
https://www.ebi.ac.uk/interpro/
https://mafft.cbrc.jp/alignment/software/
http://trimal.cgenomics.org/
http://www.igtree.org/

https://github.com/genetics-statistics/
GEMMA

https://github.com/OpenGene/fastp
https://subread.sourceforge.net/

https://bioconductor.org/packages/
DESeq2/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Tartary buckwheat (Fagopyrum tataricum)

A global diversity panel of 994 accessions from 15 countries was used, comprising 580 accessions reported in previous studies®®
and 414 newly collected accessions (see Table S1H for details). ZK3 (ZHONGKU NO. 3) was used for T2T reference genome assem-
bly and served as the genetic background for near-isogenic line development. For pangenome construction, 16 accessions were
selected, including ZK3, three previously published genomes,?'*'” and 12 newly assembled genomes representing the HW, SL,
and NL groups. EMS mutants of FtRNH were generated in the wild accession XZ751 background. Knockout of the insertion in the
FtPLATZ3 promoter was performed in the HB91 background. All other transgenic overexpression and CRISPR-Cas9 knockout lines
were produced in the K3 background. Near-isogenic lines (NILs) were developed in the ZK3 background: NIL-FtRNH'3! (donor
XZ751), NIL-FtRNH"32 (donor XZ625), NIL-FtPLATZ3"3P2? (donor HB91), and NIL-FtRNH32_FtPI ATZ3"3P2, An improved line,
NIL-FtRNH™eP2_FtPL ATZ3"P2_MC (more copy), carrying additional FtPLATZ copies, was generated by unequal recombination
crossing and backcrossing.
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Other experimental models

Wild-type Arabidopsis thaliana (Col-0), Oryza sativa cv. ZH11, Nicotiana benthamiana, Agrobacterium tumefaciens strain GV3101,
Escherichia coli strain BL21 (DE3), and Saccharomyces cerevisiae strain Y2HGold were obtained from laboratory stocks. Transgenic
lines overexpressing FtRNH or FtPLATZ3 were generated in the Col-0 and ZH11 backgrounds, respectively.

METHOD DETAILS

DNA extraction

Healthy leaves were harvested and immediately frozen in liquid nitrogen. Genomic DNA was extracted using a modified cetyltrime-
thylammonium bromide (CTAB) method. RNase A (Vazyme) was used to remove RNA contamination, and DNA quality was assessed
by 1.5% agarose gel electrophoresis.

Genome sequencing, assembly, and quality assessment

Accessions used for genome assembly were grown at the Chinese Academy of Agricultural Sciences in Beijing, China. For PacBio
sequencing, a 15-Kb SMRTbell library was prepared from genomic DNA according to the manufacturer’s guidelines and sequenced
on the PacBio Sequel Il platform. Subreads were processed using CCS software with default settings to generate long (~15 Kb) and
highly accurate (99%) HiFi reads. For Oxford Nanopore Technologies (ONT) ultra-long DNA sequencing, a library was prepared from
high-quality DNA lightly fragmented to preserve >100 Kb lengths, following the standard ultra-long library construction protocol. To
generate the primary contig set, we assembled the HiFi reads using hifiasm (v0.18.9-r527),°" integrating the ONT ultra-long reads via
the —ul parameter to resolve complex repeat regions and close gaps. Hi-C data were employed to anchor contigs, further enhancing
assembly quality. Clean reads were aligned to the assembled genome using Chromap (v0.2.4-r467).°° YaHS (v1.2a.1)°® was used for
correction, clustering, and orientation of the contigs. The integration of HiFi, ONT, and Hi-C data resulted in eight large contigs rep-
resenting the eight chromosomes of ZK3. We applied the same method to obtain HiFi reads for 12 Tartary buckwheat individuals.
Contigs were assembled using the default parameters of hifiasm (v0.18.9-r527). Subsequently, following the same strategy as
ZK3, the contigs of these individuals were anchored to the chromosome level using their respective Hi-C data. Genome complete-
ness was evaluated using BUSCO (v5.4.6)°” with the single-copy orthologs from the embryophyta_odb10.2019-11-20 database.
Genome continuity was assessed by calculating the contig N50 length. Additionally, the assembled genome was evaluated using
the LTR Assembly Index (LAI).

Genome annotation

The prediction of repeat sequences in the genome was performed using the EDTA pipeline (v2.1.0)°® with the parameters —step all -
sensitive 1 —anno 1. Within this pipeline, LTR retrotransposons were identified using LTRharvest, LTR_FINDER, and LTR_retriever.
Generic Repeat Finder and TIR-Learner were employed to predict TIR transposons, while HelitronScanner was used for the predic-
tion of Helitron transposons.

For the prediction of high-quality protein-coding genes, we used a combination of homology-based, transcriptome-based, and de
novo approaches. Homology-based prediction involved using protein sequences from the previously published Fagopyrum tatari-
cum (Pinku1) genome with GeneWise (WISE2 v2.4.1).°° For ab initio gene prediction, we used Augustus (v3.5.0)°° and
GlimmerHMM (v3.0.1).°" Transcriptome-based prediction was conducted using lllumina sequencing data from various tissues,
including leaves, stems, flowers, fruits, and roots. RNA-seq alignment files were generated with HISAT2 (v2.1.0),° and the PASA
pipeline (v2.5.3)°® was used to align spliced transcripts and annotate candidate genes.

Finally, EVidenceModeler (v2.1.0)** was employed to combine the gene models from all approaches. After the initial prediction,
PASA was used for three rounds to update the GFF3 file and incorporate alternatively spliced isoforms into the gene models. Telo-
meres and centromeres in the ZK3-T2T assembly were detected using the software quarTeT (v1.1.5).5°

Genomic collinearity

Macro-level collinearity analysis was conducted using the JCVI toolkit (Python version of MCScan) (v1.4.23).°° Genome orientations
were manually corrected using SegKit (v2.8.2)°” and LiftOn (v1.0.4).°® Plots were generated using JCVI with default parameters. The
locations of inversions were determined based on the output of the simple file.

ChlP-seq analysis

ChlP-seq was performed as previously described.'®" Total proteins were extracted from ZK3 seedlings using lysis buffer (50 mM
Tris-HCI, pH 7.5; 150 mM NaCl; 0.1% Triton X-100; 0.2% Nonidet P-40; 1 mM PMSF; 1x protease inhibitor cocktail) and incubated
on ice for 30 min. The lysate was centrifuged at 12,000 rpm for 30 min at 4 °C. The protein extract was incubated with either a CENH3
(Abcam) antibody or IgG (as a negative control) (Sigma-Aldrich) at 4 °C overnight. DynaGreen™ Protein A/G beads (Invitrogen) were
then added and incubated at 4 °C for 2 h, followed by 4-5 washes with lysis buffer to remove non-specifically bound proteins. An
appropriate amount of 2x SDS loading buffer was added, and the samples were boiled for 10 min. The proteins were separated
by SDS-PAGE and detected using the CENH3 antibody.
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Seedlings of ZK3 were cross-linked in MC buffer (10 mM sodium phosphate, pH 7.0, 50 mM NaCl, and 0.1 M sucrose) on ice under
vacuum with 1% formaldehyde. Three to five grams of fixed tissue were ground into a fine powder in liquid nitrogen for nuclear isola-
tion. Chromatin was then resuspended in sonication buffer (10 mM sodium phosphate, pH 7.0, 0.1 M NaCl, 0.5% Sarkosyl, 10 mM
EDTA, 1x complete protease inhibitor cocktail) and sonicated using a Bioruptor® (Diagenode) to a fragment size of 300 to 500 bp.
Anti-CENH3 and IgG control antibodies were used for immunoprecipitation. The immunoprecipitated protein-DNA complexes were
reverse cross-linked with proteinase K (Invitrogen), and DNA was purified using VAHTS DNA Clean Beads (Vazyme). The DNA sam-
ples were used to construct libraries with the TruePrep DNA Library Prep Kit V2 for lllumina (Vazyme). Libraries were sequenced on an
lllumina NovaSeq platform by Annoroad Gene Technology (Beijing, China).

Raw ChlP-seq reads were quality-checked using FastQC (v0.12.1)°° and trimmed with Trimmomatic (v0.33)"° to remove adapters
and low-quality bases. Cleaned reads were aligned to the reference genome using Bowtie2 (v2.5.4),”" and the resulting BAM files
were sorted with SAMtools (v1.17).”? Duplicate reads were marked using GATK (v4.2.2.0)"® MarkDuplicates to minimize PCR
bias. Peaks were identified using MACS3 (v3.0.2)"* with the following parameters: -f BAMPE —broad —broad-cutoff 0.1, using the con-
trol sample for background correction.

Cytological analysis
Fourteen tandem repeat sequences located in the potential centromeric regions of chromosomes 1, 3, 4, 5, and 7 were used for mul-
tiple sequence alignment using SnapGene (v4.1.9). They showed high homology with each other but differed in length. Thus, the
longest sequence, Chr1TR_00141, was selected to generate 58-nucleotide (nt) k-mers. The resulted k-mers were filtered to discard
those with melting temperature (Tm) < 66 °C, GC content <30% or >90%. K-mers with more than five consecutive identical nucle-
otides were also excluded (e.g. GGGGGG). One of the retained k-mer (AGGCTAGTTAATCACCAGGTTAGTCTATGTACTCA
TCTCCTTGTTTATTGTTGAGAGT) was selected as a probe, 5'-end-label with 6-carboxyfluorescein (6-FAM), and synthesized by
Sangon Biotech (Shanghai).

FISH analysis was performed according to the methods described previously.'% Hybridization signals were visualized and
captured using an Olympus BX-63 epifluorescence microscope equipped with a Photometrics SenSys DP70 CCD camera (Olympus,
Tokyo, Japan).

Genome resequenced

Tartary buckwheat accessions were collected by the National Crop Genebank of China and worldwide buckwheat research groups.
For phenotypic measurements, the 994 accessions were grown in Liangshan (Sichuan Province), Danzhou (Hainan Province), Wein-
ing (Guizhou Province), and Yuanmou (Yunnan Province) from 2018 to 2021. Three randomly selected plants from each accession in
each replicate were assessed, and mature seeds were harvested in mid-July. Methods used for cultivation and phenotype measure-
ment are as previously described.” Genomic DNA was used to construct sequencing libraries and re-sequenced using the lllumina
NovaSeq 6000 platform. Raw reads in FASTQ files were trimmed to remove low-quality bases and adapters using Trimmomatic
(v0.33),”° based on the manufacturer’s adapter sequences. After stringent quality control and removal of low-quality reads, sequence
alignment to the ZK3 genome indicated an average depth of 16x for each individual. Next, the clean reads from 994 individuals were
mapped to the ZK3 genome using the MEM module in BWA-MEM2 (v2.2.1)"° with default parameters. SAMtools (v1.17)"* was em-
ployed to convert the mapping results to BAM format and filter out unmapped and non-uniquely mapped reads.

SNP calling was carried out following the best-practice workflow recommended by GATK (v4.2.2.0).”® In brief, SNPs and indels
were called for each sample using the HaplotypeCaller module in GVCF mode with GATK (v4.2.2.0), and a joint genotyping step
was performed on the combined gVCF file to generate a unified variant call set across all samples. Filtering parameters were set
as QD < 2.0 || MQ < 40.0 || FS > 60.0 || SOR > 3.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0. Additionally, SNPs that
were non-biallelic, had > 10% missing data, < 5x approximate read depth, or <0.05 minor allele frequency were removed, yielding
afinal dataset of 1,158,912 SNPs for further analysis. The identified SNPs and indels were further annotated using the ANNOVAR tool
(v2013-05-20)"° and classified into the following categories: variants in intergenic regions, within 1 Kb upstream or downstream of
transcription start or stop sites, in coding sequences, and in introns.

Annotation of the identified population-based SNPs, indels, and SVs was performed using the ANNOVAR package (v2013-05-20)"°
by referring to the ZK3 genome. The SNPs were classified as follows: exonic regions (overlapping with a coding exon), intronic re-
gions (overlapping with an intron), splicing sites (within 2 bp of a splicing junction), upstream and downstream regions (withina 1 Kb
region upstream or downstream of the transcription start site), and intergenic regions. SNPs in exonic regions were further grouped
into synonymous (resulting in no amino acid change) and non-synonymous (resulting in amino acid changes, including those causing
stop-gain and stop-loss) SNPs. To identify variations in FtRNH among accessions of HW group, genome resequencing data from HW
group accessions were aligned to the XZ751 genome using the same methods described above.

Population genetic analysis

To resolve the population genetic structure and phylogenetic relationships, a neighbor-joining (NJ) tree was constructed based on
pairwise genetic distances using 1,364,845 genome-wide SNPs after linkage disequilibrium (LD) pruning (* < 0.2) with PLINK (v1.9).””
The NJ tree was generated using TreeBest (v1.9.2)"® and visualized with iTOL.”® The robustness of each tree topology was assessed
using 1,000 bootstrap replicates. Population genetic structure was analyzed using the same SNPs as in the NJ tree with ADMIXTURE
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(v1.23),%° where the K value was set from 1 to 6. Principal component analysis (PCA) was performed using 1,364,845 SNPs and
51,201 SVs with GCTA (v1.94.1).%" Population linkage disequilibrium (LD) was estimated as squared allele-frequency correlations
() between pairs of SNP loci and plotted using PopLDdecay (v3.41),%? with r? values expressed as percentages.

Pangenome construction
Core and dispensable gene sets were identified based on gene family clustering. Protein sequences from all accessions were sub-
jected to an all-versus-all homology search using DIAMOND (v2.1.4.158).%° OrthoFinder (v2.5.5)®* was then run with default param-
eters to infer orthologous groups. Gene families shared among all accessions were defined as core gene families; those missing in
one accession were defined as softcore; those missing in two or more accessions were defined as dispensable; and those present in
only one accession were defined as private gene families. For phylogenetic analysis of each gene family, MUSCLE (v3.7)° was used
for sequence alignment, and the R package ggtree was used for phylogenetic tree visualization. Conserved domains of the family
genes were identified using the PfamScan (https://www.ebi.ac.uk/jdispatcher/).

For gene function annotation, Gene Ontology (GO) term enrichment and KEGG pathway analysis were performed using the clus-
terProfiler package (v4.8.3).°° Ka/Ks ratios were calculated for the pangenome dataset across core, softcore, dispensable, and pri-
vate gene sets using WGDI (v0.6.5).%”

SV identification and graph-based pangenome construction

The graph-based pangenome was constructed using the methods described previously.'?® In detail, the ZK3 genome was set as the
reference genome. Synteny analysis of the 15 genomes with ZK3 was performed via whole-genome alignment using MUMmer4
(v4.0.1).%% Genome alignment was carried out using the NUCmer program (-¢c 100 -mum -I 50), followed by alignment block filtering
using the delta-filter program in one-to-one alignment mode (-i 85 -1 100 -m).

We used the SyRI pipeline (v1.7.1)%° with default parameters to detect structural variants from the resulting filtered delta files. Ac-
cording to the definitions of sequence variation in SyRI outputs, these variations were classified into three types of SVs: PAVs
(presence/absence variations), inversions, and translocations. The CPL, DEL, and DUP/INVDP (loss) variants, along with the ZK3 se-
quences in HDR, NOTAL, and TDM regions, were converted to absence SVs (relative to ZK3) in an accession. The CPG, INS, and
DUP/INVDP (gain) variants, together with the query sequences in HDR, NOTAL, and TDM regions, were converted to presence
SVs (relative to ZK3) in an accession. INV variants were regarded as inversion SVs relative to ZK3; TRANS and INVTR variants
were both regarded as translocation SVs relative to ZK3 in an accession. Identical-type SVs with continuous or overlapping coordi-
nates on a reference or query assembly were merged into a single SV that spanned the entire region covered by the continuous SVs.
For details concerning these definitions, refer to: https://schneebergerlab.github.io/syri/fileformat.html. We used a threshold of
>20 bp for SV identification to capture more indels potentially sharing similar functional impacts. The identified SVs from each sample
were then merged using SURVIVOR (v1.0.7)°° with the following parameters: 1000 1 1 1 0 0. The construct function in the vg toolkit
(v1.53.0)°" was used to build the graph-based pangenome by integrating all SVs into the reference genome ZK3-T2T. To genotype
structural variations in the 994 accessions, lllumina short reads from each accession were mapped to the graph-based pangenome
using the vg toolkit with the map and call functions under default parameters.

SV genomic feature annotation

Throughout the manuscript, we describe various relationships between SVs and other genomic features such as genes. Generally,
we annotated our pan-SV genome with genomic features using the ANNOVAR package (v2013-05-20).”° We define an “annotation”
as the association of a particular SV with specific feature IDs (e.g., a gene ID) based on a defined genomic relationship. Accordingly,
some of the annotations reported in the manuscript can be directly interpreted from ANNOVAR output, such as “insertions in exons”
or “deletions overlapping 1 Kb upstream”, as these result directly from feature intersection. Other annotations, such as SVs contain-
ing entire genes, required additional intersection-based calculations. For example, to identify genes fully contained within an SV, we
first checked whether both the start and end positions of a gene intersected the same SV. If so, the SV was considered to contain that
gene. We ultimately produced multiple SV-feature annotation classes, which are described in more detail here. In any applicable
annotation, “upstream” and “downstream” refer to the 5’ or 3’ flanking regions of genes, respectively. In the supplemental material,
these “upstream” and “downstream” regions may also be referred to as “5’ flanking” and “3’ flanking”, respectively.

Pan-graph SV validation

To assess the reliability of pangenomic SVs, eight SVs from different chromosomes were randomly selected for PCR validation in 80
Tartary buckwheat accessions (Primers are listed in Table S5A). The resulting PCR products were aligned to the reference genome
for verification.

Selective sweep identification

To detect genomic selective sweeps and genetic differentiation among subpopulations, 1,364,845 population SNPs aligned to the
ZK3-T2T reference genome, and 51,201 SVs aligned to the pan-graph reference were used in the following analyses. The cross-pop-
ulation composite likelihood ratio (XP-CLR) test was performed using XP-CLR (v1.1).°> Genomic regions with XP-CLR values in the
top 5% were considered selected regions.
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Phylogenetic analysis of genes

The RNH gene family members were identified using OrthoFinder to cluster proteome sequences into orthologous groups. The or-
thogroup containing FtRNH proteins was selected, and sequences were screened for the presence of the Ribonuclease H domain
using InterProScan.?® To ensure data quality, sequences shorter than 100 amino acids were filtered out.

The extracted RNH domain sequences were aligned using MAFFT (v7.520)°* with the —auto strategy, which automatically selects
the appropriate alignment algorithm based on data size. The resulting alignment was trimmed to remove poorly aligned regions using
trimAl (v1.4.rev15)° with the -automated1 heuristic method.

Maximum-likelihood (ML) phylogenetic reconstruction was performed using IQ-TREE (v2.2.2.3).°° The best-fit substitution model
was automatically selected by ModelFinder'®* (-m MFP) based on the Bayesian Information Criterion (BIC). Branch support values
were calculated using 1,000 ultrafast bootstrap replicates'®” (-bb 1000), with the -bnni option applied to reduce the risk of overes-
timating branch supports due to model violations. The final phylogenetic tree was visualized and annotated using iTOL (Interactive
Tree Of Life).

For other genes, the sequences used for phylogenetic analysis were obtained from Ensembl Plants (http://plants.ensembl.org/
index.html) using amino acid sequences as queries. The phylogenetic tree was constructed in MEGA X (v6) using the neighbor-joining
method with the JTT substitution model, “Number of Differences” as the distance model (default setting in MEGA X), and 1,000 boot-
strap replicates.

Genome-wide association study (GWAS)

Genome-wide association studies (GWAS) of yield-associated agronomic traits were performed using the mixed linear model (MLM)
implemented in the genome-wide efficient mixed-model association (GEMMA, v0.96)°” software. After applying filters of MAF > 0.01
and missing rate < 0.1, a total of 4,820,622 SNPs and 51,201 non-redundant SVs from 994 individuals were used for SNP- and SV-
based GWAS, respectively. The following equation was used in the MLM analysis: ‘Y = Xa + Sp + Ku + E’, where Y represents the
phenotype; X, the genotype matrix; S, the population structure matrix; and K, the relative kinship matrix. The terms Xa and S repre-
sent fixed effects, Ku represents a random effect, and E represents the random residual. The first three principal components (PCs)
derived from whole-genome SNPs were used as fixed effects (i.e., the matrix) to correct for population structure, and a kinship matrix
based on simple matching coefficients was used for the matrix. Manhattan plots and quantile-quantile (Q-Q) plots of the GWAS re-
sults were generated using the CMplot package in R (v4.3.0).

Transgenic materials construction

Total RNA from Tartary buckwheat and Arabidopsis seedlings were extracted using the Polysaccharide and Polyphenol Plant Total
RNA Extraction Kit (DP441; Tiangen, Beijing, China) according to the manufacturer’s protocol. First-strand cDNA was synthesized
using HiScript Il RT SuperMix for RT-gPCR (R323-01; Vazyme, Nanjing, China) following the manufacturer’s instructions. The coding
sequences of FtRNH and FtPLATZ3 were amplified with specific primers using cDNA from Tartary buckwheat leaves as the template
and cloned.

Tartary buckwheat overexpression and CRISPR-Cas9 lines were constructed using methods described previously.'°® For the
CRISPR-Cas9 system, sgRNA sequences were designed using CRISPR Primer Designer (v1.1.2) and cloned into the sgRNA-
Cas9 expression vector, which was then introduced into Tartary buckwheat via Agrobacterium tumefaciens-mediated
transformation.

For FtRNH- or FtPLATZ3-overexpressing Arabidopsis, the FtRNH-pCAMBIA1307 or FtPLATZ3-pCAMBIA1307 vector plasmid
was transformed into Agrobacterium strain GV3101.'%" T, seeds from lines overexpressing FtRNH or FtPLATZ3 were screened
on MS solid medium containing 30 pg/mL hygromycin B, and transgenic Arabidopsis plants were verified by PCR or RT-qPCR. T,
homozygous overexpression lines of FtIRNH or FtPLATZ3 were used for subsequent experiments.

For FtRNH- and FtPLATZ3-overexpressing rice, the coding regions of FtRNH and FtPLATZ3 were inserted into the pCAM-
BIA1301UbiINOS vector. All recombinant constructs were introduced into rice (Oryza sativa cv. ZH11) via Agrobacterium tumefa-
ciens-mediated transformation by a commercial service (Wuhan Biorun Biotechnology Co., Ltd.).'%®

Development of NiLs

For NIL-FtRNH"P! or NIL-FtRNH2P? development, high-altitude wild accessions XZ751 (FtRNH-Hap1) or XZ625 (FtRNH-Hap?2)
were used as donors and were crossed with the recurrent parent low-altitude landrace ZK3, respectively. The resultant F4 plants
were backcrossed to ZK3. Plants carrying the FtRNH gene were selected using molecular marker and subjected to five additional
rounds of backcrosses with ZK3. Heterozygous individuals were then self-pollinated to generate homozygous NIL-FtRNHH3PT or
NIL-FtRNHH2P2,

For NIL-FtPLATZ3™2P2 development, recurrent parent ZK3 (FtPLATZ3-Hap1) was crossed with the donor parent HB91 (FtPLATZ3-
Hap2), and the resultant F4 plants were backcrossed to ZK3. Plants harboring a 28-bp insertion in the FtPLATZ3 promoter were
selected using a molecular marker and subjected to five additional rounds of backcrossing with ZK3. Heterozygous individuals
were then self-pollinated to generate homozygous NIL-FtPLATZ3"3P2,
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For NIL-FtRNH™@2-FtPI ATZ3"2P2 development, NIL-FtRNH32 and NIL-FtPLATZ3"3P2 (both in the ZK3 background) were hy-
bridized, and the resultant F4 plants were self-crossed. Homozygous F, plants carrying both F{RNH-Hap2 and FtPLATZ3-Hap?2 al-
leles were selected as NIL-FtRNH"@P2-Ftp| ATZ3"aP2,

For NIL-FtRNH™@P2-FtPI ATZ3"8P2_MC development, NIL-FtRNH™eP2-FtPL ATZ3™82 plants with more FtPLATZ copies were hy-
bridized with the high-altitude buckwheat accession XZ625, which carries few FtPLATZ copies. The F4 plants were then self-crossed
to produce an F, population. Starting from F, individuals with further increased copy numbers (via unequal recombination, when
available) or mixed-copy individuals were selected and self-crossed. Plants with further increased copy numbers were finally ob-
tained in the Fg generation. Fg individuals with further more FtPLATZ copies were selected and backcrossed to NIL-FtRNHH32-
FtPLATZ3"aP2,

Plants carrying more FtPLATZ copies were selected and subjected to five additional rounds of backcrossing with NIL-FtRNH
FtPLATZ3"32 Heterozygous individuals were then self-pollinated to generate homozygous NIL-FtRNH™#2-FtPL ATZ3H3P2-MC.

Hap2_

Plant stress treatments and phenotypic assays

Three-week-old Arabidopsis seedlings, four-week-old Tartary buckwheat and rice seedlings were used for stress treatments. For
UV-B treatment, seedlings were irradiated using Philips TL20W/01 narrow-band UV-B tubes (emission peak ~311 nm) following
the methods described previously.'® To obtain spectrally defined UV-B, the light was filtered using a cellulose diacetate film to re-
move potential UV-C wavelengths. The UV-B irradiance at the seedling level was maintained at 3.64 W m™, as measured using a UV
irradiance meter (UV340B, Xinbao Scientific Instrument, China). For cold treatment, seedlings were placed in a growth chamber set
to 4 °C. For combined UV-B and cold treatment, seedlings were simultaneously subjected to the afore-mentioned UV-B irradiation at
4 °C. Cold stress phenotypic comparison between wild and landrace, and tests with overexpression/mutants were performed in
Liangshan, all other cold and UV-B experiments were in Beijing. For phenotypic observation, seedlings were subjected to specified
stress for 2 days, then transferred to normal conditions for a 2-day recovery period—during which stress-induced phenotypes became
more distinct-before observation. For molecular and biochemical analyses, seedlings were subjected to specified stress for 1 day,
followed by a 2-day recovery under normal conditions. Gene expression and transcriptome profiling were assessed immediately after
the stress treatment to capture transient stress-responsive transcriptional changes. CPDs and 6-4PPs photoproducts and R-loops
were quantified both immediately after stress and after the 2-day recovery period to determine whether the stress conditions indeed
induce these lesions and whether the gene functions in preventing damage formation or facilitating post-stress repair. All other an-
alyses, including TUNEL assay, y-H2AX detection, flavonoid content and the comet assay, were performed exclusively after the
2-day recovery period to allow clearer observation of stress-induced differences. Flavonoid content was measured according to
methods described previously.”*'® To observe growth status at different altitudes, Tartary buckwheat seeds were sown in the
same soil and then placed at test stations at different altitudes (2,100 m, 2,950 m, and 3,500 m) within the same ecological region.

Quantitative RT-PCR and RNA-seq

Quantitative RT-PCR was performed using the LightCycler 480 Real-Time PCR System (Roche, South San Francisco, CA, USA). The
2724% method and the housekeeping gene FtACTIN (ZK3008232) were used to normalize transcript levels and calculate the relative
expression of target genes. Primer sequences are listed in Table S5A. Total RNA from Tartary buckwheat seedlings was extracted
using a Polysaccharide and Polyphenol Plant Total RNA Extraction Kit (TTANGEN) according to the manufacturer’s instructions. The
RNA samples were used for standard lllumina library construction and sequencing by Annoroad Gene Technology. For bioinformatic
analysis, raw sequencing data were quality-controlled using fastp (v1.1.0)°® to remove adapters and low-quality reads. The resulting
clean reads were aligned to the reference genome using HISAT2 (v2.1.0). Gene expression levels were quantified using feature-
Counts (v2.0.3),%° and differential expression analysis was performed using the DESeq2 (v1.38.3)'°° package in R software. Genes
with an adjusted P-value (padj) < 0.05 and an absolute log2 fold change (Jlog2FC|) > 1 were identified as differentially expressed
genes (DEGs).

Dual-luciferase reporter assay

Dual-luciferase assays were performed in Nicotiana benthamiana via agroinfiltration. Promoter fragments of FtPLATZ3 (Hap1, Hap2,
Hap2-28bp, Hap1+28bp, Hap2MYB/Dof mutant) and target genes FtCYC/FtEXP1 were cloned into pGreenll 0800-LUC. The
FtPLATZ3 CDS was constructed into pGreenll 62SK (35S promoter) as effector, with empty 62SK as control. Agrobacterium tume-
faciens GV3101 (pSoup-p19) harboring constructs was infiltrated at ODggo = 0.6-0.8. Following 24 h dark and 48 h light culture, lucif-
erase signals were detected with an LB983 Nightowl! Il imager after 1 mM potassium luciferin treatment. Primer sequences are listed
in Table S5A.

Enzyme activity analysis

For FtRNH enzyme activity assay, single-stranded DNA (ssDNA) and RNA (ssRNA) sequences were generated by ChatGPT-4 as fol-
lows: DNA1: TAGCATCGATCACGTACGAT; DNA2: AGCTGCATCGTACGCGTACC; DNA3: GATCGATCACGTACGATCGG. RNA1:
AUCGUACGUGAUCGAUGCUA; RNA2: GGUACGCGUACGAUGCAGCU; RNA3: CCGAUCGUACGUGAUCGAUC. In addition,
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FtPOD DNA: GGCTTGTCCTGGAGTAGTCT; FtF3’H DNA: GCAGTCCGTGACGAGGCGGC; FtPOD RNA: AGACUACUCCAGGA
CAAGCC and FtF3’H RNA: GCCGCCUCGUCACGGACUGC were designed based on the results of DRIP-seq. All oligonucleotides
were synthesized by Sangon Biotech.

Equimolar amounts of complementary DNA and RNA strands were mixed, denatured at 95°C, and annealed using a temperature
gradient to form DNA-RNA hybrids. Recombinant FtRNH-His proteins (including two haplotypes and mutant proteins) were ex-
pressed and purified from a prokaryotic system. Meanwhile, empty His-tagged protein was purified and used as a uniform control
for all experiments.

For agarose gel electrophoresis analysis, recombinant FtRNH-His protein was serially diluted to final concentrations of 5, 1, 0.5 and
0.25 pM, with empty His-tagged protein as the control. The diluted FtRNH-His proteins at different concentrations were incubated
with 10 mM DNA-RNA hybrid substrate in reaction buffer (10 mM Tris, 1 mM MgCl,, pH 7.8) at 37°C for 70 min. Proteins were
removed using a commercial StarPrep Gel Extraction Kit (D205, Genstar, Beijing), and the remaining nucleic acids were analyzed
by 4% agarose gel electrophoresis. Hybrids exhibited slower electrophoretic mobility than single-stranded nucleic acids due to their
larger molecular weight.

For absorbance at 260 nm assay, 5 pM FtRNH-His protein (final concentration) and 10 mM DNA-RNA hybrid substrates were
added to the abovementioned reaction buffer, and then incubated at 37°C for 70 min. After removing proteins using abovementioned
nucleic acid purification kit, absorbance was measured using a NanoDrop spectrophotometer. The degradation efficiency of FtRNH
on R-loops was quantified according to the change in absorbance, an increase in absorbance indicated that the hybrids were
degraded into single-stranded nucleic acids.

For the enzymatic kinetic assay, reactions were performed in a 100 pL reaction buffer containing 5 pM FtRNH protein (Hap1 and
Hap2, final concentration) and a series of different concentrations of fluorescently labeled DNA-RNA2 substrate, in which DNA
strands were labeled with a 6-FAM fluorophore at the 5’ end, and RNA strands were labeled with a Dabcyl quencher at the 3’
end. The reaction was initiated at 37°C, and the fluorescence change of the product was monitored in real-time using a multimode
microplate reader (excitation: 488 nm; emission: 520 nm) to detect the product formation rate after removing proteins using above-
mentioned nucleic acid purification kit. Initial reaction rates were calculated based on the linear range of fluorescence changes.
Michaelis-Menten kinetic parameters were determined by nonlinear regression analysis of initial velocity data. Curve fitting was per-
formed using GraphPad Prism 8.0.

Antioxidant enzyme activity assays were conducted using methods described previously.'°

R-loop level assay

To preserve R-loop levels, genomic DNA was extracted from different plant materials following a previously described protocol.”""
DNA samples were spotted onto a positively charged nylon membrane (Hybond-N+, GE Healthcare) using a dot-blot apparatus.
To immobilize nucleic acids, membranes were baked at 80°C for 2 hours. Following fixation, membranes were blocked with 5%
(w/v) non-fat milk in TBST buffer. The membrane was incubated with the anti-RNA:DNA hybrid monoclonal antibody S9.6 (1:1000
dilution; MABE1095, Sigma-Aldrich, USA) for 1 hour at room temperature. Subsequently, the membrane was washed and incu-
bated with an HRP-conjugated Goat Anti-Mouse IgG secondary antibody (1:3000 dilution; CW0102S, Cwbiotech, China). Immu-
noreactive signals were visualized using an Enhanced Chemiluminescence (ECL) substrate and subjected to densitometric
analysis.

DRIP-seq

Seedlings subjected to UV-B treatments were used for nuclear extraction. The extracted nuclei were incubated with proteinase
K/SDS lysis buffer (0.5 mg proteinase K, 1% SDS, 50 mM Tris-HCI pH 8.0, 20 mM EDTA, and 100 mM NaCl) at 37 °C overnight
for genomic DNA extraction. The DNA was fragmented to 200-500 bp by enzymatic digestion (Yeasen Hieff® Smearase). Approx-
imately 5 pg of DNA was incubated with 3 pL S$9.6 antibody at 4 °C overnight, followed by the addition of 25 uL DynaGreen™ Protein
A/G beads (Invitrogen) and incubation at 4 °C for 2 h forimmunoprecipitation. The immunoprecipitated DNA fragments were released
from the antibody by proteinase K treatment and then purified by phenol/chloroform extraction and ethanol precipitation. Finally, the
purified DNA was used for library construction with the TruePrep RNA Library Prep Kit for lllumina (Vazyme) and subjected to 150-bp
paired-end sequencing on an lllumina NovaSeq X Plus platform at Berry Genomics.

CPDs and 6-4PPs content measurement

Genomic DNA was isolated from harvested tissues using the CTAB method. The levels of CPDs and 6-4PPs were determined
using the OxiSelect™ UV-Induced DNA Damage ELISA Kits (Cell Biolabs, San Diego, CA), according to the manufacturer’s in-
structions. Briefly, extracted DNA was denatured by heating at 95°C for 10 min and rapidly chilled on ice for 10 min. The denatured
DNA was diluted to 2 pg/mL in cold PBS, and 100 pL of the sample was added to the DNA binding plate (provided in the kit) and
incubated overnight at 4°C. After blocking, the plates were incubated with anti-CPDs or anti-6-4PPs primary antibodies for 1 h at
room temperature, followed by incubation with HRP-conjugated secondary antibodies. The absorbance was measured at 450 nm
using a microplate reader. The relative amounts of CPDs and 6-4PPs were calculated based on the standard curves provided by
the kits.
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Comet assay

The method was adapted from previous research’''? with some modifications. Corresponding samples (80 mg), both before and after
treatment, were excised with a sharp blade and placed in cold PBS buffer. The samples were thoroughly homogenized using a glass
homogenizer, and nuclei were extracted by centrifugation at 12,000 rpm. Subsequently, 100 pl of the supernatant was mixed with
500 pl of 0.5% agarose (Amresco, USA) at 4 °C. The mixture was immediately pipetted onto a microscope slide and cooled on
ice for 1 minute.

The slides were then immersed in lysis buffer (2.5% w/v SDS in 0.5% TBE buffer) for 1 hour, followed by electrophoresis at 15V for
20 minutes. The slides were stained with 1 pg/mL propidium iodide (PIl) for 10 minutes and observed under a fluorescence micro-
scope BX61 (Olympus). The Comet Analysis Software Project (CASP) was used to evaluate comets from 30 nuclei per sample.
The percentage of cellular DNA that migrated into the comet tail (tail DNA content) was used to assess the extent of DNA damage.

v-H2AX immunofluorescence assay

DNA double-strand breaks were visualized via immunofluorescence staining of y-H2AX. Paraffin-embedded sections were deparaffi-
nized, rehydrated, and subjected to heat-induced antigen retrieval in citrate buffer. After blocking with 3% BSA for 30 min at room
temperature, the sections were incubated with an anti-y-H2AX primary antibody (Millipore, 05-636) overnight at 4°C. Subsequently,
the sections were incubated with an Alexa Fluor™ 488-conjugated secondary antibody (1:2,000) for 50 min at room temperature in
the dark. Nuclei were counterstained with Pl (Propidium lodide) for 10 min. To minimize background interference, an autofluores-
cence quencher was applied for 5 min before mounting. Images were captured using a fluorescence microscope, with y-H2AX-pos-
itive signals identified as green fluorescent foci within the nuclei.

TUNEL staining

Cell death in plant tissues was detected using a TUNEL fluorescence assay kit (TMR-red). Paraffin-embedded sections were depar-
affinized, rehydrated, and incubated with Proteinase K (20 pg/mL) at 37°C for 20 min for antigen retrieval. The sections were then
incubated with the TUNEL reaction mixture (containing TdT enzyme and dUTP) in a humidified chamber at 37°C for 1 h in the
dark. Nuclei were counterstained with DAPI. Images were captured using a fluorescence microscope: apoptotic cells exhibited
red fluorescence (TMR, Ex/Em = 510-561/590 nm), while nuclei showed blue fluorescence (DAPI, Ex/Em = 330-380/420 nm).

Subcellular localization identification

The full-length CDS of FtRNH and FtPLATZ3 were cloned into the pCAMBIA1300 vector containing the CaMV 35S promoter to drive
GFP expression. The recombinant vector and p2300-35S-H2B-mCherry (a nuclear marker) were co-transformed into Agrobacterium
tumefaciens GV3101. Following transient expression of the FtPLATZ3-GFP fusion protein in N. benthamiana, subcellular localization
was observed using a laser scanning confocal microscope (LSM900, Zeiss). The experiment was repeated three times using different
leaves of N. benthamiana, yielding consistent results. Primer sequences are listed in Table S5A.

Paraffin sectioning

Immature kernels were collected and immediately fixed in FAA solution (50% ethanol, 10% formaldehyde, and 5% acetic acid, v/v).
Vacuum infiltration was applied for 20 min, and the samples were then stored at 4 °C until further processing. The samples were de-
hydrated through a graded ethanol series, followed by clearing in xylene and embedding in paraffin. Sections of 10 pm thickness were
cut using a microtome and stained with 0.1% toluidine blue. The stained sections were mounted with neutral resin and observed
under a light microscope.

EMSA

The CDS of FtPLATZ3 was cloned into the pGEX-4T-1 vector, and the recombinant plasmid was transformed into Escherichia coli
BL21 (DE3) competent cells. The FtPLATZ3-GST fusion protein and the GST-tag protein (used as a control) were induced with
0.1 mM IPTG at 16 °C when the culture reached an ODgqg of 0.6 and then purified using GST-Bind™ Resin (Millipore). The purified
proteins were subjected to EMSA. Biotin-labeled probes were synthesized by Sangon Biotech. The probes were denatured at 95 °C
for 5 min and then slowly cooled to room temperature to allow annealing into double-stranded DNA. EMSA reactions were performed
using the LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.

DAP-seq

Genomic DNA from ZK3 seedlings was used to construct DNA libraries using the TruePrep DNA Library Prep Kit V2 for lllumina (Va-
zyme). The FtPLATZ3-Halo fusion protein and the empty Halo-tagged protein (as a negative control) were synthesized by in vitro
translation using the TNT SP6 High-Yield Wheat Germ Protein Expression System (Promega). The proteins were then incubated
with HaloTag Beads (Promega) for 2 h, followed by three washes with TBSN buffer (100 mM Tris-HCI, pH 7.5; 50 mM NaCl;
0.005% NP-40). Subsequently, 5 ug of the ZK3 DNA library was added and incubated for 1.5 h, and the beads were washed with
TBSN buffer to remove nonspecifically bound DNA. The bound DNA was eluted with ddH,O and subjected to PCR amplification.
PCR products were purified and size-selected using VAHTS DNA Clean Beads (Vazyme) and sequenced by Annoroad Gene
Technology.
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Yeast two-hybrid assay

The CDS fragments of FtRPC53a and FtTFC1 were ligated into the pGBKT7 plasmid. The full-length coding sequence of FtPLATZ3
was cloned into the pGADT7 AD vector (Clontech, Mountain View, CA, USA). The recombinant AD and BD vectors were co-trans-
formed into the yeast strain Y2HGold. Co-transformants were serially diluted and spotted onto control medium (SD/-Trp/-Leu)
and selective medium (SD/-Trp/-Leu/-His/-Ade), and incubated for 4 days."'® Primer sequences are listed in Table S5A.

Field planting and yield measurement

Field trials were conducted at five elevational sites with three independent experimental plots established at each site. The locations
were as follows: Zhaojue County, Sichuan Province (27.9909°N, 102.8402°E; alt. 2100 m); Zhaotong, Yunnan Province (27.4224°N,
103.3013°E; alt. 3060 m); Nyingchi, Xizang Autonomous Region (29.3253°N, 94.3402°E; alt. 2950 m); Lhasa, Xizang Autonomous Re-
gion (29.3618°N, 90.7408°E; alt. 3600 m); and Xietongmen County, Rikaze, Xizang Autonomous Region (29.4085°N, 88.1886°E; alt.
3900 m). Seeds were sown at each site when the daily mean temperature stably exceeded 10 °C using drill seeding, with a row
spacing of 33 cm and a sowing rate of 6 g/m?. Field management was performed in accordance with local standard agronomic prac-
tices. Phenotypic traits were measured at corresponding developmental stages. Plants were harvested when more than 75% of the
seeds reached physiological maturity, and grain yield was adjusted and calculated based on a standardized seed moisture content of
13%. For phenotypic and yield determination, 40 randomly sampled individual plants per genotype from each independent exper-
imental plot were measured and analyzed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as means + standard deviation (SD) or 95% confidence interval (Cl) as indicated in the corresponding figure leg-
ends. Error bars represent SD or 95% CI. The related environmental factors of accessions are available in Table S3C. The presence
and absence of the related genes and haplotypes were recovered from the corresponding genome data. All statistical analyses
including Student’s t test, one-way ANOVA, two-way ANOVA, and subsequent Tukey’s HSD post hoc test were performed in R soft-
ware (v4.2.3). The results of two-way ANOVA are presented in Table S5B.
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