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Increasing number of structural variations (SVs) have been identified as causative mutations for diverse
agronomic traits. However, the systematic exploration of SVs quantity, distribution, and contribution in
wheat was lacking. Here, we report high-quality gene-based and SV-based pangenomes comprising 22
hexaploid wheat assemblies showing a wide range of chromosome size, gene number, and TE component,
which indicates their representativeness of wheat genetic diversity. Pan-gene analyses uncover 140,261
distinct gene families, of which only 23.2 % are shared in all accessions. Moreover, we build a ~16.15 Gb
graph pangenome containing 695,897 bubbles, intersecting 5132 genes and 230,307 cis-regulatory re-

Keywords:
Wr{;t gions. Pairwise genome comparisons identify ~1,978,221 non-redundant SVs and 497 SV hotspots.
Pangenome Notably, the density of bubbles as well as SVs show remarkable aggregation in centromeres, which

probably play an important role in chromosome plasticity and stability. As for functional SVs exploration, we
identify 2769 SVs with absolute relative frequency differences exceeding 0.7 between spring and winter
growth habit groups. Additionally, several reported functional genes in wheat display complex structural
graphs, for example, PPD-A1, VRT-A2, and TaNAAT2-A. These findings deepen our understanding of
wheat genetic diversity, providing valuable graphical pangenome and variation resources to improve the

efficiency of genome-wide association mapping in wheat.
Copyright © 2025, The Authors. Institute of Genetics and Developmental Biology, Chinese Academy of
Sciences, and Genetics Society of China. Published by Elsevier Limited and Science Press. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction et al., 2023), accompanied by massive accumulation of Next-

Generation Sequencing (NGS) data of common wheat and their

Massive efforts have been devoted to assembling the genome of
allohexaploid wheat (Triticum aestivum; AABBDD) in recent years
(Brenchley et al., 2012; IWGSC, 2014; Clavijo et al., 2017; Zimin et al.,
2017), because of its incredibly large size and high complexity. The
chromosome-scale and fully annotated wheat genome (IWGSC
RefSeq v1.0) using Chinese Spring (CS) with high completeness and
accuracy has been released in 2018 (IWGSC, 2018). Since then, a
growing number of high-quality genomes for different wheat breeds
have been published and updated (Guo et al., 2020; Walkowiak et al.,
2020; Athiyannan et al., 2022; Aury et al., 2022; Kale et al., 2022; Jia
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wild relatives (Cheng et al., 2019, 2024; Pont et al., 2019; Guo et al.,
2020; Zhou et al., 2020; Wang et al., 2022), providing essential
support for genomic diversity exploration of this species. These re-
searches mostly used a single reference genome, while it has been
widely accepted that the single genome could not fully capture the
variations within species and further limits the ability to capture
population genetic diversity (Bayer et al., 2020). Pangenome, repre-
senting the collection of all genetic diversity in a species, rapidly
developed and seemed to be a new reference for genome research
and breeding (Shi et al., 2023; Schreiber et al., 2024), especially the
graph-based pangenome that represents tens and hundreds of al-
leles simultaneously without bias (Eizenga et al., 2020).

Compared with other crops, the pan-genomic research on wheat
is still quite inadequate. The first attempt to construct wheat pan-
genome using NGS data from 18 wheat cultivars revealed that 64.3%
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of genes were shared by all cultivars, and only 245 genes were ab-
sent in CS reference (Montenegro et al., 2017). The size of wheat
pangenome was undoubtedly underestimated in this study owing to
the relatively narrow set of cultivars. More recent exploration using
10+ Wheat Genome lines assembled a 15.8 Gb graph and estimated
only 19% of segments were present in all accessions (Bayer et al.,
2022). In addition, our previous research based on pseudo-genome
made up of wild emmer and Ae. tauschii genome retrieved
1517 Mb sequence absent in CS (Cheng et al., 2019). Not taking into
account the sequence absent in CS would lead to a huge amount of
diversity being missed. Therefore, the construction of wheat pan-
genome and subsequent in-depth investigation of its genetic di-
versity based on pangenome are extremely required.

Beyond SNPs and Indels, GWAS and QTL have identified
numerous structural variations (SVs) as causative variations for
important agronomic traits of plant genome, such as fruit flavor, size,
and production in tomato (Alonge et al., 2020), fruit spine in cu-
cumber, and heat tolerance in pearl millet (Yan et al., 2023). Graph-
based pangenomes efficiently accelerated the identification of ma-
jor SVs underlying diverse phenotypes (Zhou et al., 2022; Lyu et al.,
2023; Yan et al., 2023). Up to now, little is known about wheat SVs.
The most prominent SVs identified in wheat were large-scale trans-
locations and inversions between chromosomes (Walkowiak et al.,
2020). Although the sequencing technology and bioinformatic
method have greatly advanced, it is still challenging to characterize
SVs accurately in such an intricate genome. A latest study provided a
refined SV set including 1,030,303 deletions and 1,457,547 insertions
in wheat (Zhang et al., 2024) and thoroughly evaluated the ap-
proaches for SV identification. Taken together with the accumulation
of high-quality wheat genome collections, constructing graph pan-
genome and interpreting patterns of genetic diversity using SVs
became achievable in wheat. However, a high-quality graph pan-
genome that can be widely used in wheat genomic research is
lacking.

In this study, we constructed a gene-based and a graph-based
pangenome by adequately combining 22 assemblies from a
diverse range of wheat lines (Table S1), in contrast with the more
limited scope in previous studies (Montenegro et al., 2017; Jiao et al.,
2024). We further detected millions of SVs, including PAVs, trans-
locations, and inversions, and explored the distribution of SV hot-
spots across the whole genome. To seek out functional SVs
underlying such a large dataset, we then calculated the frequency
difference between Spring and Winter wheat populations. In addition,
we showcased and resolved the subgraph of reported functional
genes contributing to phenotypic variations in wheat (Rasheed et al.,
2024). Our graph-based pangenomes are freely available at http://
wheatpgdb.cn/, where complex local graphs are better presented
compared to the linear pangenome. WheatPGDB will provide an
important public resource for wheat diversity exploration and geno-
mics research. Our attempt to perform graph pangenome con-
struction and SV identification in such a large, complex, and
polyploid genome also provides an example for genomic analysis in
other comparable species.

Results
Evaluation and statistics of multiple wheat assemblies

We first collected 17 chromosome-level and 5 scaffold-level of
well-known hexaploid wheat assemblies from previous publications
(IWGSC, 2018; Guo et al., 2020; Walkowiak et al., 2020; Sato et al.,
2021; Athiyannan et al., 2022), covering several top 10 wheat-
producing countries worldwide (FAO, 2022), including China, Amer-
ica, France, Canada, Germany, and Australia (Fig. 1A; Table S1).
Their phylogenetic relationship was mainly driven by the geographic
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distribution (Fig. 1B), consistent with the patterns reported previously
(Cavanagh et al., 2013; Cheng et al., 2019). The assembly sizes of
these genomes range from 13.9 Gb to 15.0 Gb (including chromo-
some Un or unanchored contigs) (Fig. 1B), with high completeness
supported by a mean of 99.1% (98.5%—99.3%) Benchmarking
Universal Single-Copy Ortholog (BUSCO) (Simao et al., 2015)
(Fig. S1). The transposable elements (TEs) made up 77.4%—86.8%
of these genomes, of which, on average, 66.4% were long terminal
repeat (LTR) and 5.8% were terminal inverted repeat (TIR) (Figs. 1B
and S2; Table S2). The contig N50 and scaffold N50 showed a wide
range because of the difference in resequencing technology; contig
N50 were 16.4 kb—30.2 Mb, and scaffold N50 were
10.2 Mb—717.2 Mb (Fig. 1C). In consideration of the assembly quality
and potential practicability in the breeding process integrally, we
chose Fielder, an American spring cultivar known for its amenability
to genetic editing (Sato et al., 2021), as the backbone of wheat graph
pangenome.

Among these assemblies, the chromosome-level genome as-
semblies exhibited a wide range of chromosome sizes (Fig. 1D). The
length of chromosome 5B can differ by as much as 258.5 Mb
(Table S3), ranging from 467.8 Mb to 726.4 Mb. We performed
alignment genome by genome to explore the contributing factors to
such large-scale variation in chromosome size. We observed that the
most prominent event was translocations between different chro-
mosomes and pericentric inversions within chromosomes (Figs. 1E,
S3-S8). Among them, 5B/7B translocation (Figs. 1E and S3) in
SYMattis and ArinaLrFor, 2B translocation in Lancer, inversion on 4B
(Fig. 1E) in Attraktion, Lancer, Landmark, Renan and Spelt, and
inversion on 5B in Julius have been researched previously
(Walkowiak et al., 2020). Despite these, we still found several unex-
plored large-scale structural variations between pairwise alignments,
including translocations between 7B and 7D, 1B and 1D, 6D and 6B,
and inversions on 3D and 7B (Figs. S3—S8). These large-scale
interchromosomal and intrachromosomal rearrangements, together
with observed variations in genome size and component (such as
gene and TE), highly indicated the representativeness and unex-
plored genic diversity of these 22 genomes to build a wheat graph
pangenome.

A protein-coding gene-based pangenome

Pan-gene map, which clustered all available genic sequences,
provided a complete picture of the presence-absence variations
(PAVs) of genes within a species. Gene PAV was complementary to
other genetic markers in mapping functional genes. Variable genes
have been frequently predicted to be associated with adaptation and
agronomic traits (Li et al., 2014; Golicz et al., 2016; Hubner et al.,
2019). Therefore, we performed an exploration of the PAVs of
protein-coding genes prior to the construction of SV-based graph
pangenome (see Materials and methods). Three accessions
(Attraktion, Kariega, and Renan) were excluded, one for the lack of
genome annotation and the other two for low annotation quality
measuring by BUSCO (562.4% and 5.8%) (Fig. S1). A total of 106,914
to 145,065 protein-coding genes have been annotated in each of the
19 remaining assemblies previously (Table S1). The number of added
gene families declined rapidly with the genome number increased,
and the curve of the pan-gene family number nearly reached a
plateau when the number of accessions was greater than or equal to
17 (Fig. 2A). Only ~310 additional clusters were detected when
adding the 18th accession, indicating that our set of 19 accessions
legitimately captured most of the gene family diversity in wheat.

Based on the frequency of gene families across 19 genomes, we
classified gene families into four categories, as described in a pre-
vious study (Kang et al., 2023). Finally, we constructed a gene-based
pangenome formed by 140,261 non-redundant pan-gene clusters of
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Fig. 1. Overview of geographic distribution, genome assembly statistics, and comparison of 22 wheat assemblies. A: Worldwide distribution of the 22 wheat assemblies. The color and
shape of the points represent the sequencing platforms and improvement status, respectively. The map is accessible at http://www.tianditu.gov.cn with a map ID GS(2016)1611. B:
Phylogenetic relationship followed by genome size, gene number, and TE component. Phylogenic tree was built using sequences of 6855 orthogroups identified by OrthoFinder. There
was no available annotation for Attraktion. C: The assembly statistics, including contig and scaffold N50 of 22 assemblies. D: The variations of chromosome length among different
assemblies. E: Large-scale interchromosomal and intrachromosomal structural variations revealed by pairwise genome alignments.

protein-coding genes, of which 32,529 (23.19%) were core genes
that present in 19 genomes, 19,654 (14.01%) were softcore that
shared by 90 % genome (n = 17 to18) but not all, 83,773 (59.73%)
were dispensable that shared by 1—16 genome, and 4305 (3.07%)
were private that present in only one genome (Fig. 2B). The core gene
percentage was quite low as compared with that reported in previous
studies using genomes with limited scope of geographic origin,
64.3% for 18 cultivars mainly from Australia (16/18) (Montenegro
et al., 2017), 65.66% for 17 cultivars mainly from China (16/17)
(Jiao et al., 2024). We noticed that the frequency distribution of gene
families in wheat was quite different from that in other species, which
pictured a U-shaped distribution in general (Collins and Higgs, 2012;
Liu et al., 2020; Chen et al., 2023; Shi et al., 2024; Zhang et al., 2024).
On average, core genes occupied 40.76% (36.04%—54.60%) of the
total genes per accession (Fig. 2C and 2D; Table S4), much lower
than that in other species, for example, more than 50% in broomcorn
millet (Chen et al., 2023), 80 % in cucumber (Li et al., 2022). In
addition, 71,701 (51.12%) gene families in the graph were absent in
the CS reference genome.

Construction of the SV-integrated graph

To obtain the additional sequences not contained in the present
wheat reference (IWGSC RefSeq v2.1) (Zhu et al., 2021), we used the
Fielder linear reference as the backbone of the graph as described
above and integrated the other 21 assemblies to construct the graph
using minigraph (Li et al., 2020) (see Materials and methods). The
resulting pangenome length was ~16.15 Gb, ~1.76 Gb larger than the
CS2.1 reference (Zhu et al., 2021), ~0.35 Gb larger than the pan-
genome based on 16 wheat assemblies (Bayer et al., 2022),

confirming the ability to capture additional variations of our graph. To
further validate the segments, we aligned the assemblies to this
graph, and those supported by at least one assembly were retained.
The final graph was split into 2,580,200 segments with an average
size of 6.25 kb ranging from 1 bp to 5.29 Mb (Fig. S9; Table S5).
Among them, 9.14%, 9.95%, 66.87%, and 14.13% were core,
softcore, dispensable, and private, respectively (Fig. S10). The fre-
quency distribution of segments among 22 genomes (Fig. S10) was
more like U-shape than gene families (Fig. 2B). We further scanned
segments in each genome. The segment numbers of five scaffold-
level assemblies were significantly lower than chromosome-level
assemblies (Fig. S10), principally resulting from the genome incom-
pleteness induced while establishing pseudochromosomes. How-
ever, Weebill1, one of the five scaffold-level assemblies, possessed
the largest number of private segments (50,175 segments with a total
length of 14.49 Mb). It should be noted that 1,171,211 (45.39%)
segments cannot be fully detected in CS2.1 reference; that is, depth
of coverage was lower than 0.9 measured by assembly-to-graph
mapping (see Materials and methods).

Next, we explored the flexible regions that augment the graph. We
identified 695,879 bubbles with a total length of 1536 Mb across 21
chromosomes (Fig. 3A). There was an obvious asymmetric distribu-
tion of bubbles among subgenomes with B > A > D (Fig. 3A),
consistent with the diversity patterns demonstrated by SNPs, Indels,
and CNVs in previous studies (Cheng et al., 2019; Pont et al., 2019).
We then decomposed bubbles into their constituent structural hap-
lotypes and investigated different coordination of these haplotypes
(alleles/paths). Each bubble contained on average 4.76 segments,
with an extreme case in which 723 haplotypes were nested. Among
these bubbles, 80.36% (559,226) were biallelic, 13.79% had three to
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five alternative alleles, and 5.85% had more than five alleles (Fig. 3B).
The percentage of the biallelic bubble was similar to that of genes
clustered into no more than three haplotypes (83%) in global wheat
(Scott et al., 2021), conformably hinting at limited haplotype diversity.
However, the sufficiently diverged subsequences making up the
multiallelic bubbles potentially have great value in enriching genetic
and phenotypic diversity.

There were on average ~48 bubbles per 1 Mb across the whole
genome (Figs. 3C and S11). Of note, we observed that bubble
breakpoints display significant enrichment in centromeres (CENS),
positioned in IWGSC RefSeq v1.0 (IWGSC, 2018), on almost all the
21 chromosomes (Fig. 3D and Fig. S11). On the contrary, SNPs,
Indels, gene models, and their derived nucleotide diversity (1) were
consistently low across centromere regions (IWGSC, 2018; Pont
et al., 2019; Jia et al., 2023). Functional investigation revealed that
a large part of the bubbles were located in the intergenic region
(Fig. 3E). Moreover, 8843 bubble breakpoints were located in pro-
tein-coding region of 5132 genes in Fielder coordinates (Fig. 3E), of
which 4558 were synonymous variations, 380 were stop-gain mu-
tations, and 19 were stop-loss mutations, indicating their apparent
effect on variability in the length of protein sequences. The involved
genes were annotated to be associated with several important pro-
cesses, such as phenylpropanoid biosynthesis, which was proved to
be associated with insect resistance traits (Wang et al., 2024); ABC
transporters, responsible for transmembrane transport of many pri-
mary metabolites (Fig. S12). To further explore the potential regula-
tory impact of these bubbles, we integrated the available ATAC-seq

(Assay for Transposase-Accessible Chromatin using sequencing)
data of wheat (Lu et al., 2020; Pei et al., 2023a, 2023b; Zhao et al.,
2023b). Using these data, we totally identified 230,307 ATAC-seq
peaks. We then overlapped bubble breakpoints with these peaks
and observed 32,546 bubble breakpoints were located in 22,435
(9.74 %) ATAC-seq peaks (Fig. 3F). The percentage of core segments
was much higher for those overlapped with ATAC peaks than
genome-wide (Fig. 3G), hinting at the evolutionary conservation of
regulatory sequences.

A comprehensive landscape of SVs

Briefly, each assembly was aligned to the Fielder genome, and
then poorly mapped sequences with identity <90% identity and with
lengths <200 bp were excluded. SVs were identified in all accessions
using SyRl (Goel et al., 2019) (Figs. S13—S15). On average, each
accession has 368,430 (100,929-596,971) SVs with a length
exceeding 50 bp (Fig. S16; Table S6) and then merged by subclas-
sification to construct a comprehensive SVs map of wheat and to
enable exploration at the population level. Consequently, we ob-
tained a set of 1,978,221 non-redundant SVs (>50 bp) (Figs. S17 and
S18) and 334,035 NOTAL (Un-aligned region) variations that cannot
be merged because of inconsonant query coordinates. Of the total
SVs set, 60.3% were detected in only one accession (Fig. 4A). We
further examined each SV type across six main length gradients: 50
bp—100 bp, 100 bp—500 bp, 500 bp—1 kb, 1 kb—10 kb, 10 kb—50
kb, and >50 kb. The percentages for length gradients were largely
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different among SV types (Fig. 4B). The proportion of 100 bp—500 bp
range was the highest for insertion (INS) (56.7%), deletion (DEL)
(40.3%), and tandem repeat (TDM) (32.7%). 1 kb—10 kb range was
dominant for duplicated region (DUP), inverted duplicated region
(INVDP), inverted translocated region (INVTR), and translocated re-
gion (TRANS), ranging from 68.9% to 76.6%. The percentages of SVs
over 50 kb were much higher for inversion (INV) and NOTAL
compared to other SV types. Without regard to SV type, 87.2% of
SVs were smaller than 10 kb in total (Fig. S19).

Similarly, patterns of length distribution were not exactly the same
for different SV types. Copy gain (CPG) was primarily concentrated in
~200 bp, 1 kb, 1.8 kb and 2.6 kb, while copy loss (CPL) exhibit peaks
at ~8.8 kb and 12.4 kb (Fig. 4C). Interestingly, the length distributions
of INS and DEL were similar (Fig. 4C), characterized by four main
peaks at about 100 bp, 4.2 kb, 8.8 kb and 14.2 kb, one of which
consistent with CPL peak (8.8 kb) (Fig. 4C).

When compared with the graph bubbles, incorporating multiple
SVs missing from the linear reference genome, we found 606,387
(30.65%) of the SVs overlapped with a graph bubble. 390,621
(56.13%) of bubbles contained at least one SV reciprocally (Fig. 4D).
As for different SV types, the percentages varied greatly from 20.6%
for INVDP to 84.1% for DEL, some of which were even lower than the
total SV set (Fig. 4E). For real insight into influencing factors, we
checked every step carefully. Minigraph only considers SVs of 100
bp—100 kb in length and ignores SVs in alignments shorter than

100 kb in the procedure of graph construction (Li et al., 2020).
Nevertheless, there were 331,247 (16.7%) SVs with a length shorter
than 100 bp and 39,388 (2.0%) SVs exceeding 100 kb in length. We
speculated that length restrictions considerably resulted in the inef-
fective overlapping between SVs and bubbles.

We next turned our attention to SV distribution across the whole
genome. Chromosomal zones exhibited a considerable difference in
SV density, R1/R3 > R2a/R2b > C (Fig. 5A). This pattern was
consistent with the distribution of other variations in wheat (IWGSC,
2018). However, SV density for windows in CENs was not low. Dig-
ging further, we found striking SV peaks around CENs (Fig. S20;
Table S7), consistent with a recent study on wheat pangenome (Jiao
et al., 2024). The SVs within CENs were mainly HDR, NOTAL, and
CPG, accounting for 64.0%. The proportion of HDR was reduced
from 48.4% (genome-wide) to 21.3% (CEN), while it increased from
9.3 % to 21.1% for CPG (Fig. 5B). Besides, the length distribution of
CEN SVs was also different from that of the whole genome (Fig. 5C).
We identified 497 SV hotspots stretching across ~948 Mb of the
graph (Fig. 5D; Table S8). Of these hotspots, 43 were in C region, 122
in R2a/R2b region, and 260 in R1/R3 region.

Regional graph of wheat functional genes

To detect the trait-related SVs with potential phenotypic impact
without accessible measured phenotypes of agronomic traits, which



H. Cheng, L. Kong, K. Zhu et al.

Journal of Genetics and Genomics Xxx (XXXX) XXX

A T C 10 4
i —o— Total 75 INS | 2
751 —&— Different SV types '5 r
i 10
25 L
(0]
501 o Lo
] S 6 DEL
g = La
o 254 = 4
=}
8 24 2
>
01 L Lo
2 4 6 8 10 12 14 16 037 s
B Assembly number 024 r3
100 ' r2
e 11T | ;
875 0 T T T T T T T T T T T -0
8 107 108 108 0 10° 108 107
é «— SV size (bp) —
850 SV size (bp) D  Bubble sv E 100
M 50 bp-100 bp 9 75
100 bp-500 bp g
25 M 500 bp-1 kb 8 50
M 1 kb-10 kb 5
M 10 kb-50 kb o 25
0 - M >50 kb

S
3y &§%$%Q¢®$

I Non-overlapped [l Overlapped

0

A I
S R

Fig. 4. Characterization of SVs. A: Frequency distribution of SVs across 16 chromosome-level genomes. B: The percentage of different length ranges for different SV types. C: Length
distribution of different SVs. Six types of SVs were displayed: CPG for copy gain, CPL for copy loss, INS for insertion, DEL for deletion, INV for inversion, and TRANS for translocations.
The vertical dashed lines indicate peaks, and their approximated locations are marked alongside. D: Validation of SVs using graph bubbles. Grey and navy colorsrepresent private and
overlapped proportions, respectively. E: Percentages of SV overlapped with bubble for different SV types. For each type, the percentage was calculated as follows: overlapped count/

total count. SVs, structural variations.

A D
1000 1a (WL [ 111D
- 16 (I 1] WD
Qo - .
77 . | @ ] |
f= .
3s00d I ¢ ;| »@E LI A [ 111D
~ 1 s
z " : 28 (IO 1 I [T TIC TR
8250+ (TR [l 1 1T D
5 3 (@ 1 1 )
01 s (I _IIT__1 I I 100010
R1 R2a CCEN Rzb rs 30 (WIIIITI | 1D
B 50 S ” 4A ( 1 T TN
m Genome-wide e
aé’ 401 " CEN 4B q]ll T I III]D SV density
§ 30 40 I 11 D) (:Junt/Mb)
& 2 sa (@1 I | W D e
se (11 [ T T 117 I  °°
1 o T T TIT 1 I m 00
-
0_--‘ ‘ - L_-‘. T C region
— <2~<> V\ < 6a (I I D = CEN
N \z
S PSS T % o ] LTI [T
c . o (LTI | D
50 bp-100 bp L
100bp-s00bp 7~ CMIHNTT] I I [ [ T T TITHND
B 500 bp~1 kb 78 (T T TN [ T 1 [T T iD
M 1 kb-10 kb
7D
10 kb-50 kb qﬂﬂﬂ]]] I : | : T IIIIII) |
W >50 kb 0 200 400 600 800

Chromosome position (Mb)

Fig. 5. Distribution of SVs. A: SV density of different chromosomal segments. Chromosomes were divided into five zones, R1, R2a, C, R2b, and R3, as inferred in the previous study
(IWGSC, 2018). CEN represents centromere. Dimensions of chromosomal segments are displayed below the boxplot. Windows in CEN were excluded from the chromosomal “C”
segment in the analysis. B: Comparison of SV composition on genome-wide and CEN. C: Percentage of SVs in different length ranges within CENs. D: Genome-wide distribution of
identified SV hotspots. Coloring indicates the count of SVs in each non-overlapping 1 Mb window. Chromosomal C region and the precise position of CEN are highlighted by light and

dark purple bars, respectively. SVs, structural variations; CEN, centromere.

were essential for GWAS and QTL mapping, we took advantage of
the known growth habit information (Fig. 6A). We divided 22 acces-
sions into two groups, winter (n = 10, 9 winter and 1 semi-winter

accessions) and spring (n = 12, 11 spring and 1 facultative spring
accessions), and then calculated the relative frequency differences
(RFD) of individual segment in our graph between two growth habit
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groups to investigate genomic regions and SVs controlling wheat
growth habit (Fig. 6B). We used the P < 0.0001 (Z test) absolute RFD
as the threshold for identifying “Spring-Winter” highly differentiated
SVs. A total of 13,805 candidate segments (absolute RFD >0.57)
were identified. We compared these outliers with previously mapped
photoperiod and vernalization genes genetically controlling growth
habits in wheat, including Vi and Ppd series genes (Kamran et al.,
2014; Hyles et al., 2020). However, the reported CNVs of VRN-AT
(Jiao et al., 2024) among different ecotypes were not included. We
further examined the copy numbers of VRN-AT in assemblies used in
this study through pairwise alignment. A ~494 kb segment covering
two copies of VRN-AT presented as PAVs, showing an inapparent
difference in frequency between spring and winter groups. We
speculated that the quite different set of samples and assembly
quality probably resulted in the inconsistent findings.

Then, we focused on the segments showing much higher abso-
lute RFD. We identified 2769 segments with absolute RFD exceeding
0.7 and 78 segments exceeding 0.9 (Fig. 6B and 6C), of which 11 (11/
78) located in ATAC peaks. Among them, a 218-bp segment on
chromosome 5B (596,657,558—596,657,775 bp) were present in all
accessions within the spring group, while absent in 90% (9/10) ac-
cessions within the winter group, even in the accessions with 5B/7B
translocation (Figs. 6C, 6D, S21, S22). The only one exception was a
semi-winter wheat (Aikang58) (Fig. 6C). This variation was also veri-
fied in SV dataset. There exists a malate dehydrogenase (VMIDH) gene
(chr5B:596,661,367—596,665,015, TraesFLD5B01G448200) down-
stream this variation according to the genome annotation of Fielder

C B Presence Absense D
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(Fig. 6D). MDHs play crucial roles in various cellular processes, such
as carbon fixation, nitrogen metabolism, plant growth, and devel-
opment (Baird et al., 2024). Two copies of MDH gene were localized
on chromosome 1 and 5 across the three subgenomes of hexaploid
wheat, MDH1 and MDH2, which are cytoplasm targeted and mito-
chondrial targeted, respectively (Rangan et al., 2016). Transcriptomic
and molecular evidence suggested that MDH2 is probably involved in
C4 photosynthesis in wheat grain development (Monson and Sage,
1999; Rangan et al., 2016).

To further evaluate the power of our graph-based pangenome in
capturing genetic variations, we extracted and investigated the
subgraph structures of 335 genes involved in more than 30 traits of
wheat (Table S9). This systematical summarize of wheat functional
genes was mainly supported by a previous review (Rasheed et al.,
2024) and our long-term accumulation of wheat genomic research.
We found that 258 of 319 genes (80.9%) being successfully posi-
tioned in our graph were highly conserved, showing a monoallelic
state. Reduced plant height (Rht) genes, including Rht1, Rht8, and
Rht24, were typical examples (Figs. S23—S25). Only one copy of
Rht8 contained SVs (Fig. S24).

Despite the high proportion of genes with plain graph, there were
still numerous genes located inside of the complex and multiallelic
regions of the graph (Figs. 6E, 6F, and S25). For instance, PPD-D1
(chr2D:38,740,766—38,744,404), one of the primary photoperiod
response genes for wheat (Beales et al., 2007), overlapped with a
complex bubble made up of five segments, comprising three alter-
native paths (Fig. 6E). The 2089-bp segment (s7) upstream of PPD-
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Semi winter — MDH
; Gene annotation o —— ]
Spring n o “ ‘ 576,935 kb 576,940 kb
Attraktion (winter) ety h 5B
. Facultative
Winter spring
9 596,660 kb 596,665 kb
Winter . . Fielder (spring) h & & 5B
1 Semi winter . .
Facultative spring ArinalLrFor (winter) ! " " 0 ; : 7B
B 1 ® @ ® 1_21,('505 kb 121,('510 kb B _131_,6'315_1@ -
3 90, 3 : i
305
£
% 0
jo)}
£
3-0.5 B e i o L
5-1“ S S <0 A ) S S S s
. 1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D
1 -4 7s5 T -~
E Y F oo« Q e
3296 bp PPD-D1 1783 bp e 78 bp ‘;7\ _ VRTA2
2 s7 s9 ‘\ 253Dbp
S o s6 2089 bp 18,453 bp R 6 \
12 bp Sz, == ~292 bp 97883b 155 SO - 5094 bp 7
64bp 4253 bp i P P ~ N X
104bp S4 ~~_sb o 1 B S g -
s3 P 1 § 3395 bp
C
$0.5- 2774 bp 205
o [
s8 9|.E) i e
7200 bp 0- o
1234567839 12345678

Segments

Segments

Fig. 6. Genome-wide screening and annotation of functional structural variations. A: Growth habit of 22 wheat assemblies. B: Genome-wide screening of segments showing significant
frequency differences between spring and winter groups. The horizontal dashed grey lines indicate the threshold (P < 0.0001, Z test) with absolute RFD > 0.567 and RFD > 0.7. C:
Frequency spectrum at four focused segments labeled in B. D: A 218-bp regulatory deletion upstream of MDH gene on chromosome 5B. The light orange and blue rectangle indicate the
location of the ATAC-seq peak and MDH gene, respectively. The gene structure of MDH is displayed on the top. E and F: Visualization of structures surrounding functional genes with
complex local graphs, E for PPD-D1 and F for VRT-A2. The colored lines showed the paths of each segment. The blue dashed circles indicated the approximate position of gene bodies.

The length and frequency of each segment were provided alongside the graphs.
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D1 was identified as a ~2-kb deletion (varieties vs. CS) previously
(Beales et al., 2007; Guo et al., 2010). Moreover, we detected a novel
path covering a ~7-kb substitute allele (s8) (Fig. 6E). Next, we traced
this segment to investigate the subgraph structure in each assembly.
s8 was present in 8 of 22 assemblies. VRT-A2, driving glumes and
grain elongation in wheat (Liu et al., 2021), included two biallelic
bubbles, which were relatively low-complexity region (Fig. 6F). These
findings indicated the potential applications of our graph in identifi-
cation of more novel loci associated with important traits, especially
for complex SVs that are absent in the linear reference genome.

Discussion

In this study, we constructed a gene-based and SV-based pan-
genome by integrating 22 assemblies of different hexaploid wheat
lines. Our graph length is 1.14 times greater than the CS2.1 reference
(Zhu et al.,, 2021). Moreover, we provided a comprehensive SV
dataset and further identified a series of SVs with potential in
phenotypic variations.

Wheat pangenome still needs to be improved

Although we have tried to integrate all the wheat assemblies
available at present, we still need to admit that the graph constructed
in this study was not the best. On the one hand, there was a large
scale of sequences in the backbone genome and other assemblies
that not aligned to each other (Fig. S16), resulting in a lack of potential
location in graph. Most of these NOTAL SVs have not been integrated
in our graph (Fig. 4E). Flanking sequences and Hi-C data can be
applied to determine the physical coordinates of these NOTAL se-
quences (Tian et al., 2020), enable the integration of these SVs to the
present graph. In addition, the assemblies using short-reads prob-
ably affected SV detection, potentially leading to false-positive
identifications.

On the other hand, introducing more assemblies and long-read
sequencing of diverse wheat landraces and their wild relatives will
capture more comprehensive genetic variations and further improve
the graph representativeness of this important crop species.
Nevertheless, the number of inclusive genomes cannot be increased
without restriction, since the paths increased exponentially with the
increase of included variations, which would bring great challenge for
computing resources and mapping accuracy while performing
population-scale map-to-pan (Consortium, 2016; Outten and
Warren, 2021). Objectively speaking, we have accomplished an
important step forward in the wheat pan-genomic research, although
it still needs improvement in graph accuracy and representativeness.

Comparison of gene families and graph segments component
to existing wheat pangenome

As is described above, the frequency distribution of gene families
in our gene-based graph slightly deviated from U-shape pattern,
which usually is pictured in pangenome analyses for other species
(Collins and Higgs, 2012; Liu et al., 2020; Chen et al., 2023; Shi et al.,
2024; Zhang et al., 2024). We supposed such a phenomenon was
associated with gene projection strategies. The gene projection of
most assemblies (16/22), including 10+ Wheat Genomes (n = 15) and
Fielder, were based on high-confidence gene models in Chinese
Spring using alignment (IWGSC, 2018; Walkowiak et al., 2020; Sato
et al., 2021), limiting the investigation of private genes in each
genome. The gene projections of Kariega (Athiyannan et al., 2022)
and Aikang58 (Jia et al., 2023) were only supported by RNA-seq data.
There were only two accessions, Zang1817 (Guo et al., 2020) and
Renan (Aury et al., 2022), which used a comprehensive strategy by
combining Ab-initio prediction, homology-based prediction, and
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RNA-seqg-based prediction. Such non-uniform annotation methods
inevitably influenced the number and quality of gene models.

Furthermore, the percentage of core genes (23.19%) was quite
low as compared with that reported in previous studies: 64.3% for 18
cultivars mainly from Australian (16/18) (Montenegro et al., 2017),
65.66% for 17 cultivars mainly from China (16/17) (Jiao et al., 2024).
Similarly, the percentage of core segments was lower (9.14%) than
that estimated in a wheat pangenome (19%) (Bayer et al., 2022),
which included 15 high-quality bread wheat genome assemblies fully
covered in our study. This percentage showed a wide range among
different species, 40.2% in Arabidopsis thaliana (Lian et al., 2024),
37.9%—46.5% inrice (Wang et al., 2018), and 64.3% in soybean (Liu
et al., 2020). For one certain species, the percentage also differed
when using different individuals. We speculated that these variations
likely stem from the genetic diversity of the selected wheat assem-
blies. In summary, it was difficult to determine the real landscape of
gene PAVs in wheat using available data at present. Improving the
genome annotation quality by taking advantage of federated gene
prediction strategy would be beneficial to decipher it.

Enrichment of SVs in centromere

CEN, a constitutive structure of the chromosomes, plays an
important role in chromosomal pairing during cell division (Kursel and
Malik, 2016). For hexaploidy wheat, this paring process was partic-
ularly challenging. A series of explorations on wheat CEN positioning,
dynamics, and evolution had been performed (Su et al., 2019; Wang
et al., 2022; Ma et al., 2023; Zhao et al., 2023a). To some extent,
CENSs were stable in wheat; large centromeric ancestral haplotypes
group (centAHG) spanning from 80 to 250 Mb acted as backbone of
wheat chromosomes (Wang et al., 2022). Whereas multilevel evi-
dence also supported great dynamics of wheat CENSs, the genetic
diversity of inter-centAHG highly increased than intra-centAHG
(Wang et al.,, 2022). Moreover, obvious physical shifts of CENs
were detected in Aikang58 compared with CS (Zhao et al., 2023a).
Another study using wheat 10+ lines further captured a high degree
of sequences, positioning, and epigenetic variations in CEN (Ma
et al., 2023). But there are few studies of SV landscape in wheat
CEN and their relationship with CEN evolution at the population level
in wheat.

In this study, we systematically identified SVs across the whole
genome using 22 wheat lines and observed remarkable increase-
ment of bubble and SV density in almost all of wheat CENSs (Figs. 3D,
5D, S11, S20). Interestingly, such SV enrichment also remained on
chromosomes involving large-scale pericentric inversions or trans-
locations, suggesting the persistence of these SVs prior to the variety
development. The highly structural dynamics of CEN has been
increasingly reported in other species, such as Arabidopsis thaliana
(Lian et al., 2024) and Brachypodium (Chen et al., 2024). For Bra-
chypodium genus, high degrees of sequence and epigenetic varia-
tions of CEN between different lines were also revealed (Chen et al.,
2024). In human, about a 4.1-fold increase in SNPs appeared when
compared two sets of human centromeres (Logsdon et al., 2024). To
enable the comparison between SVs and SNPs/Indels in this study,
we revisited our previous analyses (Huang et al., 2023), but there was
indeed no remarkable increase of SNPs/Indels in CENs. Based on
these findings, we speculated those larger SVs, rather than small
SNPs/Indels, probably play a vital role in the high robustness for CEN
function maintenance of wheat and ensuring the stability of karyo-
types. Our findings promoted the research on CEN plasticity and
stability of wheat. But it was unclear whether these SVs in CENs were
associated with phenotypic variations of wheat different lines. Their
potential impact on phenotype and breeding process needs further
study.
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Materials and methods
Data sources

All the genome sequences and ATAC-seq data in this study were
obtained from public deposition under accessions (Table S1). The
completeness of whole genome sequence and protein sequence
was assessed by the BUSCO (v.4.0) (Simao et al., 2015),
respectively.

Repeat annotation

We used EDTA (Extensive de-novo TE Annotator) (Ou et al., 2019),
a single-package approach to annotate different types of TEs in all 22
assemblies. TEs were mainly classified into LRT (Copia, Gypsy, and
TRIM), TIR (CACTA, hAT, Mutator, PIF Harbinger, and Tc1 Mariner),
nonLTR (LINE element), nonTIR (LINE element), and simple repeat
region.

Genome alignment

To achieve the accurate alignment among such complex and
huge assemblies, we used complementary approaches that can
enable us to explore SVs both between chromosomes (interchro-
mosomal) and within chromosomes (intrachromosomal). Using the
Fielder genome as the reference, the other 16 chromosome-level
assemblies were aligned to it genome by genome using Anchor-
Wave (Song et al., 2022) and chromosome by chromosome using
MUMmer (Marcais et al., 2018). AnchorwWave has a great advan-
tage in running time and memory, but MAF (Multiple Alignment
Format) output only recorded the alignment of anchors, which were
gene sequences in this study. Therefore, the results of AnchorWave
were mainly used to identify the large-scale interchromosomal SVs.
The result of MUMmer showing precise alignment positions was
used to detect smaller intrachromosomal SVs.

Construction of the protein-coding gene-based pangenome

First, we extracted protein sequences for projected genes. For
genes with multiple transcripts, only the longest transcript was
retained. ArinaLrFor, lacking genome annotation, and Renan and
Kariega, showing low BUSCO, were excluded from 22 assembilies in
this section. Then, we used OrthoFinder (Emms and Kelly, 2019) to
identify gene families. The simulation of pan- and core-genome size
(Fig. 2A), calculation of core, softcore, dispensable, and private gene
families, and their distribution in each accession (Fig. 2B—2D) were
performed using custom scripts.

Construction of pseudochromosomes and graph-based
pangenome

Five of the genomes in this study were assembled to the scaffold
level (Cadenza, Paragon, Robigus, Claire, and Weebill), which were
incompatible with minigraph (Li et al., 2020). We used RagTag
(Alonge et al., 2022), a homology-based toolset for assembly scaf-
folding and patching, to establish chromosome-scale genomes of
these five scaffold assemblies. Then, we used minigraph to construct
wheat graph pangenome with Fielder as reference genome. The
output graph was in Graphical Fragment Assembly (GFA) format,
which describes constituent segments (lines starting with “S”) and
links between them (lines starting with “L”) (Li et al., 2020). The raw
graph contained 2,618,041 segments.

To improve the quality of our pangenome, we realigned individual
genomes to the graph using minigraph (Li et al., 2020), respectively.
According to the reported depth of coverage in output Graphical
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mApping Format (GAF) file, only the segments supported by at least
one assembly (coverage > 0.9) were retained. After being filtered,
there were 2,580,200 segments retained in the final graph pan-
genome (Fig. S10). Then, we used “gfatools bubble” to detect the SV
sites of graph. Gfatools is available at https://github.com/Ih3/
gfatools. The minigraph SVs output is a BED-like file, giving the po-
sition, source, list of the segments, and all possible paths of a bubble
variation. We counted the bubbles with different numbers of paths/
alleles to estimate wheat genetic diversity (Fig. 3B). To explore the
bubble distribution across the whole genome, we calculated the
number of bubbles in non-overlapping 1 Mb windows (Fig. S11).

Positioning of centromeres in Fielder genome

The precise positions for centromeres and chromosomal struc-
tural partitioning (R1, R2a, C, R2b, R3) have been defined in IWGSC
RefSeq v1.0 (IWGSC, 2018). To determine the boundary locations of
these segments in our graph, we truncated sequences surrounding
the boundaries from IWGSC RefSeq v1.0 and performed sequence
alignment between IWGSC RefSeq v1.0 and Fielder genome (Sato
et al., 2021). This approach was reasonable since core centromere
repeats are homogeneous and dominant in different wheat lines (Ma
et al., 2023). Except for the locations of R2b/R3 boundary on 5B and
C/R2b boundary on 6B, all the boundary locations and centromere
positions were successfully resolved (Table S7).

Identification of ATAC peak

Raw sequencing data of ATAC-seq were downloaded from NCBI
Sequence Read Archive under accession number PRINA779945 (Pei
et al., 2023b) and PRJNA886977 (Pei et al., 2023a), from European
Nucleotide Archive under accession number PRJEB29868(Lu et al.,
2020), and from Genome Sequence Archive (https://bigd.big.ac.cn/
gsa) under accession number PRJCA008382 (Zhao et al., 2023b).
SRA files were converted to FASTQ format using “fastg-dump”
function in SRA Toolkit. Adapter trimming and quality filtering of raw
reads were performed using fastp (Chen et al., 2018). The processed
reads were then mapped to the IWGSC RefSeq v1.0 using Bowtie2
(Langmead and Salzberg, 2012). Mapped reads were sorted using
samtools (Danecek et al., 2021), and redundant reads and PCR du-
plicates were marked using Picard (Wysokar et al., 2014).

Peak calling was performed using MACS2 with the following pa-
rameters “-g 14e9 —-nomodel -q 0.05” (Feng et al., 2012). To improve
the accuracy, duplicated reads were not considered ("-keep-
dup = 17). To mitigate experimental noise from different projects,
only peaks present in at least 20% of the samples were retained.
Finally, we detected a total of 230,307 ATAC peaks, covering
185,338,412 bp (1.30%) sequence of the genome. The average
length of peak was ~804 bp.

Identification of SVs

Based on the results of MUMmer above, we used identified SyRlI
(Goel et al.,, 2019) to identify SVs and used plotsr (Goel and
Schneeberger, 2022) to visualize the synteny and SVs between ge-
nomes (Figs. S13—S15). The SVs were classified into 12 types in SyRl
output, including CPL, DEL, DUP, HDR, INVDP, NOTAL, TDM, GPG,
INS, INV, INVTR, and TRANS (Fig. S16; Table S6). In consideration of
the effect of scaffold-level assemblies with low Contig N50 values on
SV detection, only the chromosome-level assemblies were used in
SVs identification. We classified these variations into three main
types according to previous relevant studies (Qin et al., 2021): PAVs
(Presence/Absence Variations), inversions, and translocations. CPL,
DEL, DUP (copyloss), INVDP (copyloss), and the Fielder sequence in
HDR, NOTAL, and TDM were converted as Absence SVs in a given
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accession. CPG, INS, DUP (copygain), INVDP (copygain), and the
query sequences in HDR, NOTAL, and TDM were converted as
Presence SVs. INVs were regarded as inversion SVs. TRANS and
INVTR were both regarded as translocation SVs. After filtering out all
SVs less than 50 bp in length, a total of 1,1978,221 SVs were
detected in at least one genome as compared with Fielder genome.

SVs merge and hotspot identification

The SVs identified by SyRl above were merged into a non-
redundant call set using SURVIVOR (Jeffares et al., 2017). The
command is as follows: SURVIVOR merge input_filelist 1000 1
0 0 0 50, in which “1000” means SVs within 1 kb between two as-
semblies were merged, and “50” means only SVs with lengths larger
than 50 bp were considered. To improve the accuracy, different
types of SVs were merged separately and then integrated into a final
set. INS variations that cannot be merged by SURVIVOR were
merged using the merge tool of BEDTools (Quinlan and Hall, 2010). It
should be specially explained that NOTAL variations in query ge-
nomes, which were absent in Fielder, do not have corresponding
coordinates in Fielder genome. Therefore, these NOTAL variations
cannot be merged to a common coordinate to enable the exploration
on population scale. In total, there were 334,035 such NOTAL SVs.

Using the non-redundant call set above, we investigated SVs
distribution in non-overlapping 1 Mb sliding windows as the calcu-
lation for bubbles. All windows were ranked in descending order
according to the number of SVs within the window. We defined the
top 1 % of all windows with the highest density of SVs as SV hot-
spots, then merged hotspot windows separated by a distance of
<1 Mb as “hotspot regions”. We obtained 1440 hotspot windows
and 497 hotspot regions (Fig. 5D).

Differentiated SVs between spring and winter wheat groups

We divided 22 accessions in this study into two groups according
to growing habits. “Spring” group (n = 12) includes 11 spring and 1
facultative spring accessions. “Winter” group (n = 10) includes 9
winter and 1 semi-winter accessions (Table S1). To identify the
differentiated SVs between spring and winter groups, we calculated
the frequency of each segment in our graph pangenome for the two
groups, respectively. Next, we used the relative frequency difference
to measure the differentiation of these segments. The formula was as
follows:

RFD = Fspring - Fwinterwhere Fgpring @and Fyinter represent the fre-
quency of individual segments in spring and winter groups, respec-
tively. We calculated the P values according to Z-transformed RFD,
and the segments with P < 0.001 were defined as potential regions
associated with growth habit regulation. This threshold is much
higher than the highest 1 % (>0.50) and genome-wide mean absolute
RFD (>0.12).

Local graph investigation of functional genes

Currently discovered genes associated with various traits,
including yield, disease resistance, and adaptability, were used to
locate the corresponding copies in our graph. Since most of these
genes were reported in IWGSC RefSeq v1.0 coordinate, we trun-
cated genic sequences from IWGSC RefSeq v1.0 and then aligned
them to Fielder (the backbone of graph pangenome) using BLAST to
determine their position in our graph. Three hundred and nineteen of
the 335 functional genes found appropriate hits showing high
sequence identity and complete coverage. Then, we used “Gfatools
view” to extract subgraphs overlapping functional genes as well as
other candidate regions and used Bandage to visualize the bubbles/
nodes of subgraphs (Wick et al., 2015).
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