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Tartary buckwheat (Fagopyrum tataricum), a member of the 
Polygonaceae family, is a crop of substantial medicinal and nutri-
tional importance. Since the initial genome assembly (~450 Mb) 
was published in 2017, two subsequent versions have been re-
ported (Zhang et al. 2017; Du and Liang 2019; He et al. 2023). 
However, these assemblies remain incomplete with persistent 
gaps. Moreover, current genomic studies have primarily focused 
on single nucleotide polymorphisms (SNPs), while structural 
variations (SVs)—a major contributor to genetic diversity-remain 
underexplored (Garg et al. 2024). Here, we present a near com-
plete T2T genome assembly for the high-yield cultivar Heifeng1 
of Tartary buckwheat. We complemented this reference genome 
with deep resequencing of 163 F. tataricum accessions and gen-
erated chromosome-level assemblies for 10 representative acces-
sions (Figure 1A and Figure S1; Table S1). By integrating the T2T 
genome with these 10 new assemblies and two previously pub-
lished chromosomal assemblies, we constructed the first graph-
based pangenome for Tartary buckwheat.

The T2T assembly of F. tataricum cv. Heifeng1 incorporated mul-
tiple sequencing technologies: 51.8× PacBio HiFi reads (43.5 Gb), 
95.8× Oxford Nanopore Technologies (ONT) ultra-long reads 
(23.5 Gb), 58.7× Illumina short reads (26.6 Gb), and 71.1× Hi-C 

data (32.3 Gb) (Figure S2 and Table S2). Our assembly strategy 
yielded a gap-free near T2T assembly spanning 453.9 Mb across 
eight chromosomes, containing eight centromeres and 15 telo-
meres (Figure 1B; Figures S3 and S4; Table S3). Remapping of all 
sequencing data after quality control showed > 99.7% alignment 
rates with uniform coverage distribution across all chromosomes 
(Figures S5 and S6). Benchmarking metrics of the Heifeng1-T2T 
genome demonstrated exceptional assembly quality, with a con-
tig N50 of 56.89 Mb, LTR Assembly Index (LAI) score of 14.76, 
99.1% complete embryophyte BUSCOs, and a Merqury-estimated 
quality value (QV) of 50.59 (Table S4). Comparative analysis with 
existing assemblies revealed significant improvements in our ge-
nome, particularly in telomere resolution (Figure 1B). Notably, 
we identified and validated through Hi-C data a 5.4 Mb peri-
centric inversion on chromosome 7 (19.5–24.9 Mb; Figure  S7), 
demonstrating the assembly's power to resolve complex struc-
tural variation.

Repetitive elements constituted 59.57% of the Heifeng1-T2T ge-
nome, with long terminal repeat (LTR) retrotransposons repre-
senting the most abundant class at 39.23% (Table S4). Tandem 
Repeat Sequences accounted for 3.784%, while protein-coding 
transposable elements (TEs) comprised 12.13% (Table  S4). 
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RNA-seq-guided gene prediction using data from six tissues 
(root, stem, leaf, flower, pod and seed) enabled comprehensive 
gene prediction (Table S5). We integrated predictions from mul-
tiple approaches using EvidenceModeler, yielding 27 341 high-
confidence protein-coding genes and 4838 non-coding RNA 
genes (Table S4).

To establish a graph-based pangenome capturing F. tatari-
cum's genetic diversity, we resequenced 163 accessions (18 wild, 
145 cultivated) spanning 13 Chinese provinces (Figure  1A; 
Figure S1 and Table S1). Based on the SNP-based phylogeny and 
geographic distribution, we then selected 10 phylogenetically 
representative accessions (1 wild, 9 cultivars) for chromosome-
level assembly (Figure  S8). We performed genome assembly 
for each of the 10 accessions using a combination of ONT long-
read and Illumina short-reads (Table S6). The resulting contig 
assemblies achieved N50 values of 10.82–55.21 Mb (Table  S7 
and Figure  S9). The genome sizes of these assemblies ranged 
from 447.2 to 453.9 Mb, with BUSCO completeness scores be-
tween 98.1% and 99.3%, in which the most complete assembly 

contained only five gaps (Table  S7). To further represent the 
major and typical genetic diversity of Tartary buckwheat, we in-
corporated two published genomes, Pinku1-2023 (He et al. 2023) 
and Qianku3-2023 (Lin et al. 2023), alongside the 10 newly as-
sembled genomes. These highly contiguous genome assemblies 
enabled precise SV detection through collinear block alignment 
(Figure 1C,D).

Aligning the 12 genomes to the Heifeng1-T2T reference genome, 
we found that wild accessions exhibited significantly higher SV 
prevalence than cultivated accessions (26 701 vs. 5561 SVs/sam-
ple, p < 1 × 10−5; Figure 1E and Table S8). Size distribution anal-
ysis revealed 76% of PAVs were < 2 kb, and 73.37% of PAVs were 
driven by transposable elements (TEs) (Figure  S10). We iden-
tified 166 SV hotspots showing non-random chromosomal dis-
tribution (Figure S11A). Gene ontology analysis of SV hotspot 
regions identified significant enrichment (p < 0.05, Fisher's 
exact test) for “ADP binding” (GO:0043531), “terpene syn-
thase activity” (GO:0010333) and “lyase activity” (GO:0016829) 
(Figure S11B). Notably, one such SV hotspot on chromosome 6 

−0.3

−0.2

−0.1

0.0

0.1

−0.05 0.00 0.05 0.10 0.15

AT137
AT140

AT15

AT−23

AT30
AT44

AT45

AT96 AT155

AT156

AT111

PC2

PC
3

A

T2T Pinku1
InversionSyntenic Telomere

Chr1

Chr2

Chr3

Chr4

Chr5

Chr6

Chr7

Chr8

B

AT156
AT23
AT44

AT155

AT137
AT15

AT140
AT45

AT96
AT111

AT30
Pinku

Qianku
Chr 1 

Syntenic Inversion Translocation Duplication
Non T2T T2T Published

D

Wild

0

AT156
Qianku

AT155
AT137

Pinku
AT15

AT23
AT44

AT96
AT45

AT140
AT30

SV
 n

um
be

r 20k

10k

E

Deletion

Insertion
Inversion
Translocation

56.23%

43.13% 0.34%

0.30%

Wild

20k

40k

0

3kSV
 N

um
be

r

1 5

F

10
Number of individuals

Core Pan

I

Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08

Sphingosine SNP SV

0

4

2

8

6

-lo
g 10

(P
)

Chr.8 (Mb) 30.5 33.5 35.0
0

50
100
150

-lo
g 10

 (P
)

0

50

100

150 SNPs

SVs

-lo
g 10

 (P
)

32.0

5’3’ 59 bp DEL

mikado.Chr8G1726

G

82.2%

17.8%

100%

Wild Landrace

Non DEL DEL

H J

0

5

10

15

REF ALT

***

Ph
en

ot
yp

e(
1x

10
7 )

C Chr1
0

60

C
hr2

0

60
Ch

r3
0

60

Chr4

0

50

Chr5

0

50

C
hr6

0

50

Ch
r7

0

50

Chr8

0

50

a
b
c
d
e
f

100%

20%

a: Gene
b: TE
c: Insertion
d: Deletion
e: All SV
f: SNP

FIGURE 1    |    Telomere-to-telomere assembly of the Heifeng1 genome and overview of the graph-based pan-genome of Tartary buckwheat. (A) 
Principal component analysis of 164 resequenced accessions. (B) Collinearity analysis between the Heifeng1-T2T assembly and Pinku1-2023 assem-
bly. (C) Distribution map of genetic variations in 12 Tartary buckwheat genomes. (a) Gene density. (b) TE density. (c) Insertion, (d) deletion, (e) non-
redundant SVs and (f) SNP densities across 12 genomes. (D) Synteny alignment of chromosome 1 sequence in the Heifeng1-T2T assembly and 12 new 
assemblies. (E) Number of different types of SVs identified in the 12 newly assembled accessions. (F) Pan-SV and core-SV counts with additional 
genomes. (G) A domestication gene is only detected by SV-based selective analysis, and (H) its frequency distributions in wild and cultivated sub-
populations. (I) GWAS of sphingosine levels based on both SVs and SNPs from the 163 newly resequenced accessions. Red and orange dotted lines 
indicate the Bonferroni significance thresholds for SNP- and SV-based GWAS, respectively. A candidate locus identified exclusively by SV-GWAS is 
highlighted with a red circle. (J) Haplotype analysis of the candidate SV locus associated with sphingosine levels.
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contained a cluster of six nucleotide-binding site (NBS) disease 
resistance genes (Figure S11C). All SVs were merged to generate 
87 876 non-redundant SVs, comprising 49 410 insertions, 37 900 
deletions, 266 translocations, and 300 inversions, with pres-
ence/absence variations (PAVs) accounting for ~99% of the total 
SVs (Figures  1E and  1F). Furthermore, we have constructed 
the first graph pan-genome for Tartary buckwheat based on the 
T2T assembly and newly identified SVs.

Leveraging the graph-based pangenome, we investigated SV 
contributions to Tartary buckwheat domestication and phe-
notypic variation through genotyping 16 044 high-confidence 
SVs across a diverse panel of 730 accessions (84 wild, 646 land-
races). This panel included 163 newly sequenced accessions 
described in this study, as well as 567 previously published ac-
cessions (He et al. 2024; Zhang et al. 2021; Table S9). The reli-
ability of SV calls was confirmed through both ONT long-read 
mapping and PCR-based experimental validation (Figures S12 
and S13).

Phylogenetic reconstruction revealed divergent clustering pat-
terns between SV- and SNP-based approaches: wild and culti-
vated accessions formed overlapping clusters in SV-based trees 
(Figure  S14) contrasting with the clear separation observed in 
SNP-based analyses. Population differentiation analysis identi-
fied 293 SVs under strong selection (top 5%, −log10(p) > 125.97), 
of which only 9.9% (29/293) were detected by SNP-based meth-
ods, and all were located in non-coding regulatory regions 
(Figures S15 and S16). A representative example involves a 59-
bp exonic deletion in mikado.Chr8G1726, showing striking fre-
quency divergence between the wild sub-population (17.8%) and 
the cultivated sub-population (0%) (Figure  1G,H). Functional 
characterisation revealed that this gene encodes GsSRK, a G-
type lectin S-receptor-like serine/threonine protein kinase, 
known as a positive regulator of salt stress tolerance in plants. 
Additionally, a 104-bp deletion was discovered in the intron of 
mikado.Chr7G3091 (Figure  S17), which harbours a rhamnoga-
lacturonan lyase domain, potentially playing a role in contribut-
ing to crop development and maturation.

To further evaluate the impact of SV on phenotypic variations, we 
conducted genome-wide association studies (GWAS) on 10 meta-
bolic traits using both SNPs and SVs in the 163 newly sequenced 
accessions (Table S10). Notably, SV-based GWAS identified a sig-
nificant association signal for sphingosine levels corresponding to 
a 235-bp insertion on chromosome 1, which was not detected in 
the SNP-based analysis (Figure 1I,J).

In summary, this study establishes a near T2T assembly 
that surpasses previous assemblies of Tartary buckwheat. 
Leveraging this benchmark-quality assembly, we developed the 
species' first graph-based pangenome, serving as an unprece-
dented resource for functional genomics and precision breed-
ing. Comparative population analysis and GWAS through this 
pan-genome framework reveal that structural variations repre-
sent a functionally distinct and evolutionarily important source 

of genetic diversity, playing a unique role in Tartary buckwheat 
domestication and agronomic trait improvement.
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