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mosome 2A with the highest number of deletions (2773) and insertions (2645), while
chromosome 3B had the most inversions (359). Duplications were most frequent
on 2A (337), and contractions on 5B (122). The gene content of the major resis-
tance quantitative trait loci on 3B, Fhbl, largely validates previous annotations for
CS, although we discovered two new genes at approximately 12.4 Mb, including
an additional copy of a terpene synthase, further suggesting homology with CS 3D
over 3B. Differential expression analysis highlighted up-regulation of three genes
coding pore-forming toxin-like protein, sina superfamily protein, and plastid-lipid-
associated proteins potentially involved in FHB resistance. This assembly provides
critical insights into FHB resistance and offers a valuable genomic resource for wheat

breeding programs.

Plain Language Summary

Fusarium head blight is a destructive disease of small grains that decreases yield and
grain quality, leading to reduced revenue for producers. The most efficient method of
limiting disease in the field is cultivation of genetically resistant crop varieties, which
are developed through deployment of resistance gene regions. Several of these gene
regions arise from the remarkably resistant variety Sumai 3, which has been the most
important source for small grains breeders throughout the world. Here we present
a high-quality genome sequence of this variety along with a characterization of all
its genes. This information will provide an accurate framework to accelerate research
into the molecular mechanism of how this variety combats disease and make it easier
to utilize these gene regions in the future.

development of wheat varieties with enhanced resistance to

Bread wheat (Triticum aestivum L.) is one of the most widely
grown and important staple crops, providing a significant
source of calories and nutrients to the global population
(Shiferaw et al., 2020). However, wheat production faces
numerous challenges, including the threat of Fusarium head
blight (FHB), also known as scab, caused by the fungal
pathogen Fusarium graminearum Schwabe (Dweba et al.,
2017; Lilleboe & Roth, 2011; McMullen et al., 2012; Salgado
et al., 2015). FHB is a disease of wheat spikes that severely
reduces grain quality and leads to substantial yield losses
(Rojas et al., 2020). Spring grain crops are especially suscepti-
ble to FHB since their flowering usually occurs during warm
and humid environmental conditions that favor the growth,
infection, and spread of the fungus (Birr et al., 2020; Doohan
etal., 2003; Parry et al., 1995; X. M. Xu et al., 2008). A major
FHB epidemic in 1993 severely impacted wheat production
in the northern United States hard red spring wheat growing
areas of Minnesota, North Dakota, and South Dakota, result-
ing in a yield loss of 4.8 million metric tons and causing an
economic loss of approximately $704 million (Beard & Ham-
lin, 1995). This epidemic underscored the urgent need for the

FHB to ensure the sustainability and profitability of wheat
production in the region.

Resistance to FHB in wheat is a complex trait that is
inherited quantitatively and involves multiple genetic loci
and environmental interactions (Mesterhazy, 2020). The resis-
tance is classified into four major types: type I, which confers
resistance to initial infection, type II, which limits the spread
of the fungus within the spike, type III, which is resistance
to kernel infection, and type IV, which is resistance to myco-
toxin accumulation (Mesterhazy, 1995; Miller & Amison,
1986; Schroeder & Christensen, 1963). Genetic studies have
identified numerous quantitative trait loci (QTLs) and genes
associated with disease resistance, with Fhbl (Cuthbert et al.,
2006; S. Liu et al., 2006 and Fhb7 (Guo et al., 2015; Wang
et al.,, 2020) being among the most significant loci con-
trolling type II resistance. The Fhbl gene, located on the
short arm of chromosome 3B, has been “cloned” by three
different groups identifying different genes as the causative
agent. Rawat et al. (2016) described the Fhbl gene as a
gene coding pore-forming toxin-like (PFT) protein, suggest-
ing a direct antimicrobial role in FHB resistance. In contrast,
Su et al. (2019) later identified Fhbl as the nearby gene
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encoding a putative nuclear-localized, histidine-rich calcium-
binding protein, working through a susceptibility mode of
action where resistance results from a loss-of-function muta-
tion. Building on this, G. Li et al. (2019) fine-mapped Fhbl
to a 23.8-kb interval and pinpointed TaHRC as the sole can-
didate gene within that region. However, unlike Su et al.,
G. Li et al. interpreted the resistance-conferring allele as a
functional variant rather than a knockout, emphasizing the
complexity of FhbI’s molecular nature. Over the years, Fhbl
has been extensively incorporated into more than 20 modern
cultivars used for wheat production (Z. Zhu et al., 2019). How-
ever, this locus has shown inconsistent effectiveness when
introgressed into many different genetic backgrounds (Brar
etal., 2019; G. Lietal., 2023; Neupane et al., 2024; Yan et al.,
2025). Durum wheat is especially vulnerable to this variable
efficacy, and it has been postulated that accessory genes on
other chromosomes interact with FhblI to promote or limit its
function (X. Zhu et al., 2022; 2016).

Despite extensive investment in research, the complete
set of genes conferring resistance or tolerance to FHB has
eluded complete characterization for decades. This challenge
has largely been due to the complex genetic architecture of
wheat, combined with the lack of comprehensive sequence
information in the reference genome (The International
Wheat Genome Sequencing Consortium [IWGSC], 2018;
Walkowiak et al., 2020). The lack of detailed genetic maps
has confounded efforts to pinpoint the specific interacting
loci and resistance haplotypes associated with FHB resis-
tance (Bai & Shaner, 2004). Traditional mapping techniques
have often fallen short in resolving the intricate network of
QTLs that govern this resistance, leading to a significant
gap in our understanding of the genetic basis of FHB resis-
tance (Buerstmayr et al., 2009). The multi-genic nature of
FHB resistance, coupled with environmental interactions, fur-
ther complicates the identification and functional validation
of resistance genes (Mesterhazy, 1995). Recent advance-
ments in genomic technologies have begun to overcome
these hurdles. The advent of high-throughput sequencing
methods, including short-read sequencing (The International
Wheat Genome Sequencing Consortium [IWGSC], 2018),
third generation long-read sequencing (Pucker et al., 2022),
and high-resolution genotyping platforms (Geethanjali et al.,
2024), have revolutionized our ability to dissect the wheat
genome. These technologies provide the resolution neces-
sary to identify small polymorphisms, structural variants, and
presence-absence variations that determine FHB resistance.
For instance, the development of long-read sequencing plat-
forms such as PacBio and Nanopore has enabled the rapid
assembly of contiguous genome sequences, revealing pre-
viously hidden genetic elements that contribute to disease
resistance (Murigneux et al., 2020). Moreover, the integra-
tion of chromosome conformation capture (Hi-C) sequencing
data has facilitated the scaffolding of these contigs into chro-

Core Ideas

¢ Chromosome-scale genome of Sumai 3, a key
source of fusarium head blight resistance in wheat.

* High-quality assembly improves resolution of key
loci like Fhbl, a major contributor to Fusarium
head blight resistance.

mosomal pseudomolecules, allowing for the production of
many new wheat genomes (Akpinar et al., 2022; Athiyan-
nan et al.,, 2022; Aury et al., 2022; Kale et al., 2022; Z.
Liu et al., 2024; S. Liu et al., 2025; Sato et al., 2021; T.
Zhu et al., 2021) and more accurate mapping of resistance
loci (Ghurye et al., 2019). Here, we report the utilization of
these technologies to generate a high-quality de novo assem-
bly of the Sumai 3 cultivar for use as a robust foundation
to build genomics research upon and better understand this
disease.

2 | MATERIALS AND METHODS

2.1 | Plant materials, library preparation,
and sequencing

T. aestivum L. cv Sumai 3, used to generate a chromosome-
level genome assembly, was developed in China by crossing
two moderately susceptible parents, Funo and Taiwanxiao-
mai, and was found to exhibit high-level FHB resistance
and other important agronomic traits (Bai & Shaner, 1994).
Seedlings of Sumai 3 were grown in a controlled hydro-
ponic growth chamber adjusted with 12-h photoperiod and
day/night temperature set to 20°C/18°C. The growth solu-
tion was made using MaxiBloom Hydroponics Plant Food
(General Hydroponics) at a concentration of 1.7 g/L. In
preparation for Pacific Biosicences High-Fidelity (PacBio
HiFi) sequencing, high-molecular weight (HMW) DNA was
extracted from 2-week-old young leaf tissues after 72-h dark
treatment using a cetyltrimethylammonium bromide-Qiagen
Genomic-tip protocol as described previously (Vaillancourt &
Buell, 2019). DNA quantity and quality were checked using
the Qubit double-stranded DNA high sensitivity assay and
Nanodrop spectrophotometer, respectively. HMW genomic
DNA was sheared to 17 kb on a Diagenode Megaruptor and
then processed into single molecule real-time (SMRT) bell-
adapted libraries using the SMRTbell Express Template Prep
Kit 2.0. Size selection was performed using a Sage BluePip-
pin to select fragments greater than 15 kb and then sequenced
at the Brigham Young University DNA Sequencing Center
(Provo, UT) using Sequel II Sequencing Kit 2.0 with Sequenc-
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ing Primer v5 and Sequel Binding Kit 2.2 for 30 h with
adaptive loading using PacBio SMRT Link recommendations.
In total 21 cells were run resulting in 397 Gb of circular con-
sensus sequencing (HiFi CCS) data, which is approximately
25.6x genome coverage. For Hi-C sequencing, two indepen-
dent libraries were prepared by Phase Genomic, Inc. using the
four-base restriction endonuclease DPNII and sequenced on
the Illumina NovaSeq platform (Illumina) with a total out-
put of 45x coverage. Total RNA was extracted from stem,
leaf, spikelet, and rachis tissues with a Qiagen RNA Easy
Plant Kit, pooled at equimolar concentrations, and converted
into a single IsoSeq library. This library was sequenced with
one PacBio HiFi cell, resulting in 7.3 Gb of data. Total RNA
was also extracted from spikelet tissues collected 5 days post-
inoculation with water (treated as mock) and F. graminearum
conidia spores under three replications. High-quality RNA
(RNA integrity number [RIN] > 8) was sent out to Novogene
where libraries were prepared and sequenced, yielding ~10
Gb raw reads per individual samples. Raw reads were trimmed
using Trimmomatic (Bolger et al., 2014), and quality was
checked using FASTQC (fast quality control; Andrews, 2010).
Clean reads (Q > 30) were mapped to a de novo high-quality
Sumai 3 genome using HISAT2, and differentially expressed
genes were identified using the Hisat2-featurecounts-DESeq2
pipeline. Differential gene expression analysis was performed
using DESeq2 (Love et al., 2014), applying a stringent alse
discovery rate (FDR) cutoff of < 0.05 and log2 fold change
(log2FCl) > 1 to identify significantly regulated genes.

2.2 | Genome assembly and scaffolding
Primary assembly contigs were generated by assembling
PacBio HiFi reads with Hifiasm v0.16.1 using default param-
eters and option —10 (disable duplicate purging). The TRITEX
pipeline (Monat et al., 2019) was used to inspect and curate
the contig sequences and scaffold primary contigs into pseu-
domolecules with Hi-C proximity. Briefly, Hi-C reads were
aligned to the primary contigs and only uniquely aligned
paired-end reads were retained for downstream analyses.
The resulting files were plotted as part of the TRITEX
software pipeline (Monat et al., 2019; Figure S1b) and to
facilitate manual curation in cases where the Hi-C map
did not show a contiguous sequence. The final assembly
consisted of 21 pseudomolecules and 4362 unanchored con-
tigs that were concatenated into an unknown chromosome
pseudomolecule. NCBI Foreign Contamination Screen (FCS)
(Astashyn et al., 2024) was employed to detect and eliminate
contaminant sequences. The FCS identified 67 contami-
nant fragments, including 66 adaptor fragments and one
mitochondrial fragment across 21 pseudomolecules, totaling
3898 (0.03%) contaminant nucleotides that were subsequently
hard-masked.

2.3 | Genome assembly quality and
annotation of repetitive and non-coding
elements

Genome completeness of Sumai 3 was assessed relative
to conserved orthologous genes with the poales_odbl0
database using benchmarking universal single-copy orthologs
(BUSCO) v5.7.1 (Manni et al., 2021). Transposable elements
(TEs) were annotated using a homology-based approach
implemented in RepeatMasker v4.2.0 (Smit et al., 2015). A
custom repeat library was constructed by combining wheat
TE sequences from ClariTeReP (https://github.com/jdaron/
CLARI-TE) and 801 T. aestivum TE elements (https://trep-
db.uzh.ch/?db=TREP_main). Long terminal repeats (LTRs)
were initially identified using LTR_FINDER v1.06 (Z.
Xu & Wang, 2007). To enhance detection efficiency
and accuracy for estimating LTR assembly index (LAI),
LTR_FINDER_parallel vl1.2 (Ou & Jiang, 2019) was
employed. Non-coding RNAs (ncRNAs), including microR-
NAs (miRNAs), small nuclear RNAs (snRNAs), ribosomal
RNAs (rRNAs), and other regulatory elements, were anno-
tated using Infernal v1.1.2 (Nawrocki et al., 2009) against
the Rfam database v14.8 (where Rfam is RNA families)
(Grifths-Jones et al., 2005). Further identification of riboso-
mal and transfer RNAs (tRNAs), RNAmmer v1.2 (Lagesen
et al., 2007) and tRNAscan-SE v1.3.1 (Lowe & Eddy, 1995)
were used, respectively, identifying functional RNA elements
across the genome.

24 | Gene prediction, functional annotation,
and comparative gene analysis

We performed de novo structural gene prediction, confidence
classification, and functional annotation, following the proto-
col described by Mascher et al. (2021). The strategy applied
in this study only differs in the use of Helixer (Stiehler et al.,
2021), run with standard parameters, as an additional ab initio
input source for Evidence Modeller (weight set to 10). Further
refinement, untranslated region (UTR) as well as isoform call-
ing was perform2ed using Mikado, improving the confidence
and completeness of the final gene set (Venturini et al., 2018).
To assess gene conservation and classification, a comparative
analysis of high-confidence (HC) and low-confidence genes
was conducted using Chinese Spring IWGSC RefSeq v2.1
(CS) as reference and Sumai 3 as the query.

2.5 | Whole-genome alignment and
structural variant analysis

Whole-genome alignments between CS and Sumai 3
genomes were performed using Minimap2 v2.24 (H. Li,
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2018) to generate pairwise alignments and assess large-scale
genome structure and conservation. Dot plots visualizing
the alignments were generated with a custom R script
(https://github.com/rrubylyn-mijan/whole-genome-dotplot-

from-PAF-alignment.git) with the ggplot2 package to
illustrate overall syntenic relationships. Structural variants,
including insertion, deletion, duplication, translocation,
inversion, and contraction, were detected between the
telomere-to-telomere (T2T) reference genome CS-TAAS
(Chinese Spring-Institute of Advanced Agricultural Sci-
ences; S. Liu et al., 2025) and the query Sumai 3 with
MUM&Co (v 3.8) using default parameters, including a
minimum alignment length of 50 bp (O’Donnell & Fisher,
2020), enabling identification of genome-wide differences
contributing to structural divergence.

2.6 | FhbI region synteny analysis

For the synteny analysis of the Fhb1 region, coding sequences
of annotated genes within the known Fhb1 locus were aligned
to Sumai 3 chromosome 3BS bacterial aritificial chromosome
(BAC) sequence (GenBank Accession KX907434.1) and the
Chinese Spring International Wheat Genome Sequencing
Consortium (IWGSC) RefSeq v2.1 3BS and 3DS chromo-
somes using basic local alignment search tool (BLAST)
v2.16.0 (Altschul et al., 1990) to assess sequence similar-
ity and identify homoeologous regions. This alignment-based
comparison enabled quantification of coding sequence con-
servation and identification of potential homologs across
wheat subgenomes. Gene collinearity and syntenic relation-
ships within Fhbl region were visualized using Jbrowse2
(Diesh et al., 2023) and the interactive web-based platform
SynVisio (Bandi & Gutwin, 2020) (http://synvisio.github.
io/), facilitating detailed examination of gene orientation,
and structural conservation (Figure S2). To complement the
structural comparison, RNA-seq data from Sumai 3 and
control plants inoculated with F. graminearum spores were
analyzed to evaluate expression patterns of genes annotated
within Fhbl region, enabling integration of transcriptomics
evidence with structural comparisons.

3 | RESULTS AND DISCUSSION

3.1 | Chromosome-scale genome assembly of
Sumai 3

Using PacBio HiFi CCS and Hi-C reads, the final assembly of
Sumai 3 genome (Figure 1; Figure S1b) was compared against
five other wheat varieties, including Fielder (Sato etal., 2021),
Kariega (Athiyannan et al., 2022), Attraktion (Kale et al.,
2022), Renan (Aury et al., 2022), and CS (T. Zhu et al., 2021).

The total genome sizes across all varieties remain comparable,
ranging from 14.26 Gb (Renan) to 14.7 Gb (Fielder). Sumai
3’s genome spans 14.6 Gb, slightly larger than the reference
genome CS (14.57 Gb) and similar to the other cultivars. The
total chromosome lengths for Sumai 3 are closely aligned
with CS. The D-genome chromosomes (Chr1D, Chr4D, and
Chr6D) remain the smallest across assemblies supporting
their relatively compact and conserved nature (Athiyannan
et al., 2022; Aury et al., 2022; Kale et al., 2022; Sato et al.,
2021; T. Zhu et al., 2021). In contrast, the largest chromo-
somes are consistently found in the A and B subgenomes,
particularly Chr3B (858.38 Mb), which shows only minor size
variation among cultivars, further indicating strong structural
conservation (Table S1). The longest contig length in Sumai
3 (245.2 Mb; Table S2) is markedly larger than any of the
other genomes, with the next highest being 171.22 Mb in
Fielder and 158.43 Mb in Kariega. CS, being assembled from
short read sequences, exhibits the most fragmented assembly,
with its longest contig being only 3.53 Mb. Similarly, con-
tig N50, which represents the contig length at which 50%
of the genome is contained in contigs of at least that size,
is 41.9 Mb in Sumai 3, double that of Fielder (20.70 Mb)
and higher than Kariega (30.22 Mb), and significantly higher
than CS (0.34 Mb). The contig count further highlights the
fragmentation of CS (306,274 contigs) compared to Sumai 3
(832 contigs), suggesting a more contiguous and high-quality
assembly in Sumai 3. Across all assemblies, BUSCO com-
pleteness remains high, with Sumai 3 at 99.7% (Table 1;
Figure Sla), slightly surpassing CS (99.3%) and other culti-
vars (99.2%-99.4%). In terms of HC genes, Sumai 3 contains
104,620 genes, which is fewer than CS (106,913 genes) and
other varieties such as Fielder (116,480 genes) and Kariega
(116,838 genes), likely due to the limited number of tissues
that were used in the IsoSeq library preparation. While Sumai
3 has a slightly lower number of annotated genes (Table 1), its
high contiguity and assembly quality suggest improved struc-
tural integrity and accuracy in gene localization (Michael &
VanBuren, 2020).

Despite this overall conservation, differences in assembly
quality were observed across subgenomes. The LAI values
indicate a high-quality assembly, with A subgenome show-
ing slightly higher values, ranging from 23.93 (Chr4A) to
25.61 (Chr5A) (Table S3), suggesting more complete rep-
resentation of repetitive elements consistent with previous
findings associating higher LAI scores with extensive reten-
tion and continuity of LTR elements (Ou et al., 2018). The D
subgenome exhibited comparatively lower LAI values, with
Chr3D (22.42) and Chr7D (22.44), but also showed reduced
fragmentation, with fewer contigs and higher contiguity. In
contrast, the B subgenome displayed higher contig counts (92
contigs), making it the most fragmented chromosome in the
Sumai 3 assembly. ncRNA distribution varied across chro-
mosomes, with enrichment patterns differing by subgenome.
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Overview of Sumai 3 chromosome-scale assembly. (a) Distribution of the Aegilops tauschii Coss. clone A6-10 subtelomeric

tandem repeat sequence (GenBank Accession AY249980.1). (b) Distribution of the A. tauschii clone 6C6-3 (GenBank Accession AY249981.1) and
6C6-4 (GenBank Accession AY249982.1) and Triticum monococcum ssp. aegilopoides (Link) Thell. clone BAC TbBACS5 (GenBank Accession
DQ904440.1) and TbBAC30 (GenBank Accession EF624064.1) centromere-specific tandem repeat sequences. (c) Distribution of the noncoding
gene density. (d) Distribution of tandem repeat density (e) Distribution of the long terminal repeat density. (f) the high-confidence protein-coding

gene density. (g) Distribution percentage of GC content. Links between chromosomes are collinearity blocks, which are colored according to the

homeologous group.
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TABLE 1 The summary results of genome assemblies of wheat cultivars Sumai 3, Fielder, Kariega, Attraktion, Renan, and Chinese Spring
IWGSC RefSeq v2.1 (CS).
Genome features Sumai 3 Fielder Kariega Attraktion Renan CS
Total size (Gb) 14.60 14.70 14.68 14.68 14.26 14.57
Longest contig (Mb) 245.2 171.22 158.43 113.94 15.12 3.53
# Contigs 832 1428 717 1553 12,982 306,348
Contig N50 (Mb) 41.90 20.70 30.22 17.3Mb 2.20 0.34
BUSCO completeness (%) 99.70 99.30 99.30 99.40 99.20 99.30
# High confidence genes 104,620 116,480 116,838 NA 109,543 106,913

Abbreviations: BUSCO, benchmarking universal single-copy orthologs; IWGSC, International Wheat Genome Sequencing Consortium; NA, not available.

miRNAs were most abundant in the B subgenome, with
Chr2B (5948) and Chr3B (5753) showing the highest count.
rRNA, small nucleolar RNAs, and snRNAs were unevenly
distributed across chromosomes and do not indicate major
structural divergence specific to Sumai 3 (Table S3).

3.2 | Transposable element composition and
repeats in the Sumai 3 genome

TEs play a significant role in genome structure, evolution, and
regulation by contributing to genome expansion and genetic
diversity. TEs constitute a major fraction of the Sumai 3
genome (84.88%) (Table S4), consistent with other wheat
assemblies. The overall TE composition closely mirrors that
of previously reported cultivars, with retrotransposons domi-
nating repeat landscape (Aury et al., 2022; Sato et al., 2021;
T. Zhu et al., 2021). The LTR retrotransposons account for
the largest portion (70.23% of all TEs), particularly Copia
(15.73%) and Gypsy (52.58%) elements, reinforcing their cen-
tral role in genome expansion and structural organization in
wheat. Subgenome-level differences were observed, with the
A genome showing slightly higher LTR content (71.87%),
suggesting reduced turnover or greater retention of repetitive
elements while the D genome (67.90%) exhibited compar-
atively lower LTR abundance, potentially reflecting higher
rates of recombination or TE removal (Kent et al., 2017; Tiley
& Burleigh, 2015). DNA transposons (Class II TEs) consti-
tute a minor fraction (10.15%) of the Sumai 3 with CACTA
elements (8.84%) being the most prevalent. Other superfam-
ilies such as Mutator DNA transposon (DTM), Harbinger
DNA transposon (DTH), Mariner DNA transposon (DTT),
hAT DNA transposon (DTA), and Helitron DNA transpo-
son (DHH) were present at lower frequencies (<1% each)
(Table S4) but may play roles in structural regions such as
centromeres and telomeres. Overall, the repeat landscape of
Sumai 3 is highly consistent with other wheat genomes, sup-
porting the conclusion that its global genome architecture is
conserved (Athiyannan et al., 2022; Aury et al., 2022; Kale
et al., 2022; Sato et al., 2021; T. Zhu et al., 2021).

3.3 | Synteny analysis and structural
variants between Sumai 3 and Chinese Spring

A synteny analysis was conducted between Sumai 3 and Chi-
nese Spring. The comparison confirmed strong collinearity
between the homoeologous chromosomes of the two culti-
vars, as evidenced by the prominent diagonal line spanning
the plot, consistent with previous wheat studies (Athiyannan
etal., 2022; Aury et al., 2022; Z. Liu et al., 2024). Each chro-
mosome pair demonstrated a high degree of synteny, with
minimal structural rearrangements observed. However, minor
deviations from perfect collinearity, visible as scattered points
outside the diagonal, may indicate small-scale structural vari-
ants or potential assembly or annotation differences between
the genomes (Figure 2; Figure S3).

Comprehensive structural variant (SV) analysis identified
deletions, insertions, duplications, contractions, inversions,
and translocations across all chromosomes. Structural vari-
ants analysis between Sumai 3 and CS T2T assembly revealed
deletions and insertions as the most dominant variant types,
with 23.36% being less than 500 bp. Chromosome 2 A exhibits
the highest number of deletions (2773) and insertions (2645),
with a net increase of 1.89 Mb compared to CS T2T (Table 2;
Figure 3). In contrast, chromosome 4D had the lowest dele-
tion (299) and insertion (275) counts, with a net decrease in
270 kb compared to CS T2T. Among inversions, chromosome
3B showed the highest frequency (359), while chromosome
4D had the fewest (seven), suggesting localized chromoso-
mal rearrangements that could impact gene regulation and
recombination in this region. Duplications and contractions
followed similar trends, with chromosome 2A containing the
highest number of duplications (337) and chromosome 5B
with the highest number of contractions (122), whereas chro-
mosome 3D and chromosome 6D generally exhibited the
lowest counts across these categories (Table 2; Figure 3).
Notably, no translocations were detected across any chro-
mosome, indicating that interchromosomal rearrangements
between Sumai 3 and CS T2T are minimal. Overall, the rel-
atively balanced number of insertions and deletions across
chromosomes suggests a stable genomic structure, with vari-
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FIGURE 2
Consortium [IWGSC] RefSeq v2.1).

ation primarily driven by localized structural changes rather
than extensive genome-wide reorganization.

The use of a telomere-to-telomere reference minimizes
biases associated with fragmented or short-read-based assem-
blies, providing a more accurate representation of struc-
tural variant. The identified SVs, particularly inversions and
duplications likely influence gene expression and functional
diversity, potentially influencing important agronomic traits
such as disease resistance and stress adaptation (Macca-
ferri et al., 2019). Together, these results highlight both the
overall conservation and targeted divergence between Sumai
3 and Chinese Sprin,g with specific chromosomal regions
likely contributing to phenotypic differences between the two
cultivars.

Whole genome comparison of Sumai 3 with Chinese Spring IWNGSC RefSeq v2.1 (International Wheat Genome Sequencing

3.4 | Comparative analysis of the Fhbl
region of Sumai 3 on chromosome 3BS with the
equivalent regions on CS chromosomes 3BS
and 3DS

To evaluate gene conservation and variation at the Fhb1 locus,
we compared the annotated genes in chromosome 3BS of our
chromosome-scale Sumai 3 assembly to the previously pub-
lished Sumai 3 BAC sequence (Rawat et al., 2016), and the
Chinese Spring (CS) reference genome, focusing on homoe-
ologous regions on chromosomes 3BS and 3DS (IWGSC
RefSeq v2.1; Su et al., 2019). This comparison focuses on an
approximately 377 kb-sized interval located at 12.4 Mb con-
taining the FhbI locus (Figure 4a), which allowed us to assess
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FIGURE 4 Synteny analysis of Fhbl region. (a) Chromosome location of the Fhbl1 region on 3BS of Sumai 3; (b) Fhbl region of Sumai 3,
containing 15 open reading frames (arrows) and their respective positions within the interval; (c) and (d) comparison of gene region in Sumai 3 3BS

(Rawat et al., 2016) and CS 3BS (Su et al., 2019); and (e) comparison of homoeologous region in CS 3DS. Arrows represent gene orientation. Genes
highlighted in orange were identified as upregulated in resistant lines based on RNA-seq analysis. Solid lines connecting orthologs indicate sequence
identity >90%. Genes without connecting lines were not detected or did not meet alignment thresholds in the corresponding genome. Asterisks above
gene abbreviations indicate genes previously ruled out as Fhbl candidates based on transformation studies (S. Liu et al., 2008; Pumphrey, 2007).
Ala-RNA, alanyl-tRNA synthetase; CHP/HCP/Hyp, hypothetical protein; cys, cystatin; FB, F-box domain containing protein; HC, high-confidence
or HCBT-like defense response protein; His/HRC; histidine-rich calcium-binding protein; MT/TRM, tRNA methyltransferase; NAD/OND,
oxidoreductase NAD-binding; NBA, Nb-ARC domain containing protein; PAP, plastid-lipid associated protein; PFT, pore-forming toxin-like
protein; PG/PGP, polygalacturonase; SG, serine-glycine-asparagine-histidine plant lipase-like protein; Sin, sina superfamily protein; TS/TPS, terpene
synthase.
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TABLE 2  Structural variant summary of Sumai 3 compared to CS T2T.
Chromosomes Deletions Insertions Duplications Contractions Inversions Translocations
ChrlA 1535 1508 151 58 196 0
ChrlB 1437 1285 173 99 216 0
Chr1D 314 334 81 46 53 0
Chr2A 2773 2645 337 97 337 0
Chr2B 1228 1157 151 84 222 0
Chr2D 396 352 94 55 44 0
Chr3A 1368 1353 161 83 209 0
Chr3B 2180 2140 214 86 359 0
Chr3D 442 369 90 42 34 0
ChrdA 1567 1480 201 101 197 0
Chr4B 1503 1427 160 89 218 0
Chr4D 299 275 80 46 7 0
Chr5A 756 727 91 37 92 0
Chr5B 2033 1939 243 122 295 0
Chr5D 377 369 90 43 32 0
Chr6A 639 533 86 63 94 0
Chr6B 1468 1418 170 66 265 0
Chr6D 378 347 94 34 28 0
Chr7A 1922 1889 209 67 251 0
Chr7B 1386 1398 172 102 202 0
Chr7D 360 343 106 82 26 0

Abbreviations: Chr, chromosome; IWGSC, International Wheat Genome Sequencing Consortium.

coding sequence identity and to contextualize the annotation
within previously published resources.

In the chromosome-scale Sumai 3 assembly, we anno-
tated a total of 15 genes spanning the Fhbl interval. These
included functionally characterized or predicted genes such
as alanyl-tRNA synthetase (Ala-RNA), hypothetical protein
(Hyp/CHP/HCP)-A, plastid-lipid-associated proteins (PAP),
tRNA methyltransferase (MT/TRM), polygalacturonase (PG),
oxidoreductase NAD-binding (NAD/OND), terpene syn-
thase (TS), Hyp-D, histidine-rich calcium-binding protein
(His/HRC), PFT, sina superfamily protein (Sin), two copies
of serine-glycine-asparagine-histidine plant lipase-like pro-
tein, cystatin (Cys), and F-box domain-containing protein
(Figure 4b). Several genes, including Ala-RNA, Hyp-A, PAP,
MT, PG, and His, showed high coding sequence (CDS) iden-
tity (>90%) and full or near-full alignment lengths when
aligned to the Sumai 3 BAC (Figure 4c; Table S5), CS
3BS (Figure 4d; Table S5), and CS 3DS (Figure 4e; Table
S5), indicating strong conservation across B-genome and
D-genome. While Sumai 3 BAC represents the same 3BS hap-
lotype, not all annotated genes showed 100% identity. This
is likely due to a combination of factors, including differ-
ences in sequencing and assembly approaches (BAC-based
Sanger sequencing versus long-read HiFi assembly), potential
base-calling or polishing discrepancies, and minor structural

or allelic variation within the region. In addition, the BAC
sequence represents a single clone spanning a limited interval,
whereas the chromosome-scale assembly integrates genome-
wide context and may resolve regions that were previously
collapsed, truncated, or misassembled in the BAC. NAD
aligned well to BAC and CS 3BS sequences, with 100.0%
and 97.0% identity across 805 bp, respectively. Alignment
to CS 3DS showed slightly lower identity at 96.6% over a
shorter 675 bp region, reflecting typical divergence between
B and D subgenomes. For TS, two tandem copies were previ-
ously annotated in CS 3DS. The Sumai 3 annotation aligned
with high identity (98.2%) to the TS copy of CS 3DS at
7.10 Mb, whereas the Sumai 3 BAC and CS 3BS annota-
tions aligned to the second TS copy at 7.03 Mb of CS 3DS,
with 94.2% and 94.9% identity and alignment lengths of 1546
and 1000 bp, respectively. Importantly, the TS copy present
in the Sumai 3 annotation, along with Hyp-D, was located
within the ~76 kb physical gap previously reported in the
Sumai 3 BAC sequence (Rawat et al., 2016). Hyp-D did not
align to the BAC, CS 3BS, or CS 3DS, further supporting its
position within the BAC gap. BLAST analysis revealed that
Hyp-D encodes a protein with a zf-RVT (zinc finger-reverse
transcriptase) domain and an RNase H-like domain, suggest-
ing it is derived from a retrotransposon. While its function
remains unclear, the specific localization within previously
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missing regions may indicate a structural or regulatory role
in genome evolution or disease response. The Sumai 3 PFT
gene showed 100% identity to the BAC gene, reinforcing
annotation consistency in this region. The gene Sin revealed
an interesting divergence pattern, while the CDS in Sumai
3 aligned with high identity to BAC sequence (99.7% over
338 bp), CS 3BS (93.6% over 484 bp), and CS 3DS (94.6%
over 573 bp), only the CS 3DS alignment covered over 95%
of the full gene length (605 bp), compared to ~80% for CS
3BS and ~56% for the BAC sequence. To investigate the
transcriptional relevance of these genes, a preliminary RNA-
seq analysis was performed using F. graminearum-inoculated
wheat lines, including resistant lines (Sumai 3, ND2710, and
Alsen), sensitive lines (Wheaton and Steele-ND), and more
variable, moderately resistant lines (Rollag and Glenn). Dif-
ferential expression analysis between the R and MR/S groups,
applying a threshold of llog2FoldChangel > 2 for upreg-
ulation and < —2 for downregulation, revealed that PAP,
PFT, and Sin were consistently upregulated across R sam-
ples. Importantly, this upregulation was not induced when
comparing fungal to mock infection, but observed between
the resistance classifications, suggesting that these genes are
part of a shared transcriptional pathway immediately avail-
able to fight pathogen challenge. No genes within the interval
were significantly downregulated across the treatments tested.
Although the coding sequence of PAP and Sin did not show
complete identity to the previously reported Sumai 3 BAC
sequence (Table S5), their high sequence similarity and con-
served annotation strongly support that they represent the
same orthologous genes. The slight sequence differences are
likely attributable to allelic variation, improved sequence res-
olution in the chromosome-scale assembly, or differences
in annotation between the present assembly and the earlier
BAC-based sequence. Such minor CDS differences are not
unexpected in independently assembled references and do not
preclude functional conservation. The corresponding genes
identified in the syntenic regions of Chinese Spring 3BS and
3DS were included for comparative sequence analysis only.
Because homeolog-specific expression was not evaluated in
this study, we cannot determine whether related copies outside
the Fhbl interval also responded to infection. Nonetheless,
the differential expression observed for genes within the
Fhbl interval supports their candidacy for involvement in
resistance-associated responses in Sumai 3.

Together, this comparative analysis of the FhbI region on
chromosome 3BS demonstrates strong conservation of gene
content between our chromosome-scale assembly, the Sumai
3 BAC, and the Chinese Spring reference genome. The reso-
lution of previously missing genes (TS and Hyp-D) within the
~76 kb BAC gap highlights the improved completeness of our
assembly. While most genes exhibited high sequence similar-
ity, moderate divergence in TS, Sin, and NAD underscores
the importance of subgenome-specific variation. Notably, the

upregulation of PAP, PFT, and Sin in resistant lines suggests
functional relevance of these genes in host defense. Overall,
our integration of structural and transcriptomic data provides
arefined view of the Fhb1 locus and strengthens the utility of
the Sumai 3 reference for understanding FHB resistance.

AUTHOR CONTRIBUTIONS

Rubylyn D. Mijan: Formal analysis; investigation; method-
ology; visualization; writing—original draft. Bikash Poudel:
Data curation; formal analysis; investigation; methodol-
ogy; writing—review and editing. Sittal Thapa: Method-
ology; resources. Oluwatayo Ajayi-Moses: Methodology;
resources. Thomas Lux: Formal analysis; methodology;
resources; software. Raz Avni: Formal analysis; investi-
gation; resources; software; writing—review and editing.
Steven Xu: Resources. Manuel Spannagl: Conceptualiza-
tion; formal analysis; methodology; resources; software;
writing—review and editing. Martin Mascher: Formal anal-
ysis; methodology; resources; software; writing—review and
editing. Jeff Maughan: Conceptualization; formal analysis;
investigation; methodology; resources; software; writing—
review and editing. Jason D. Fiedler: Conceptualization; for-
mal analysis; methodology; project administration; resources;
supervision; writing—review and editing.

ACKNOWLEDGMENTS

We would like to acknowledge Mary Osenga and Terrance
Peterson at the USDA-ARS North Central Small Grains
Genotyping Laboratory for technical assistance. We also
thank Steven Xu, Shaobin Zhong, Xiwen Cai, and Andrew
Green, and for seed lots of the Sumai 3 cultivar. This research
used resources provided by the USDA-ARS SCINet project
0201-88888-003-000D. This work was supported in part by
funding from the U.S. Wheat and Barley Scab Initiative
(USWBSI) through USDA-ARS project number 3060-21000-
046-000-D. Mention of trade names or commercial products
in this publication is solely for the purpose of providing
specific information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture. USDA
is an equal opportunity provider and employer.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

Data associated with this genome are deposited in the NCBI
under BioProject accession number PRINA1247523. These
include the fully scaffolded pseudomolecules, PacBio reads
from the genome (HiFi) and transcription (IsoSeq), as well as
short-read data from RNA-Seq and HiC library preparations.

ORCID

Rubylyn D. Mijan ‘® https://orcid.org/0009-0004-5450-2695

85UB01 7 SUOWIIOD @A 81D 8|cedlidde 8Ly Aq peusenob ae sajoe YO ‘8N JO Sa|nJ 1o} Akeiqi8ulJUO A8]IM UO (SUOI IPUOO-PUR-SUIBY /WD A8 | I AReiq)|BU1|UO//STRY) SUORIPUOD PUe SWS | 8L} 88S *[9202/0T/2T] Uo A%eiqi8uliuo A8|IM ‘8202 2BdY/Z00T 0T/10p/uiod A8 | im Arelq 1 jeuU0'SSssde//SdNY wouy papeojumoq ‘€ ‘9202 ‘ZLEEOVET


https://orcid.org/0009-0004-5450-2695
https://orcid.org/0009-0004-5450-2695

12 of 15 The Plant Genome .0

MIJAN ET AL.

Bikash Poudel
Oluwatayo Ajayi-Moses
7215-1209
Raz Avni
Steven Xu
Martin Mascher
Jeff Maughan
Jason D. Fiedler

https://orcid.org/0000-0002-0117-581X
https://orcid.org/0000-0002-

https://orcid.org/0000-0002-0801-5093
https://orcid.org/0000-0001-7000-2034
https://orcid.org/0000-0001-6373-6013
https://orcid.org/0000-0003-3714-3411
https://orcid.org/0000-0001-7736-4484

REFERENCES

Akpinar, B. A., Leroy, P., Watson-Haigh, N., Baumann, U., Barbe, V.,
& Budak, H. (2022). The complete genome sequence of elite bread
wheat cultivar, “Sonmez.” F1000Research, 11, 614. https://doi.org/
10.12688/f1000research.121637.1

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D.
J. (1990). Basic local alignment search tool. Journal of Molecular
Biology, 215(3), 403-410. https://doi.org/10.1016/s0022-2836(05)
80360-2

Andrews, S. (2010). FastQC: A quality control tool for high
throughput sequence data. Babraham Bioinformatics. https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/

Astashyn, A., Tvedte, E. S., Sweeney, D., Sapojnikov, V., Bouk, N.,
Joukov, V., Mozes, E., Strope, P. K., Sylla, P. M., Wagner, L., Bidwell,
S.L.,Brown, L. C., Clark, K., Davis, E. W., Smith-White, B., Hlavina,
W., Pruitt, K. D., Schneider, V. A., & Murphy, T. D. (2024). Rapid and
sensitive detection of genome contamination at scale with FCS-GX.
Genome Biology, 25(1), Article 60. https://doi.org/10.1186/s13059-
024-03198-7

Athiyannan, N., Abrouk, M., Boshoff, W. H. P., Cauet, S., Rodde,
N., Kudrna, D., Mohammed, N., Bettgenhaeuser, J., Botha, K. S,
Derman, S. S., Wing, R. A., Prins, R., & Krattinger, S. G. (2022).
Long-read genome sequencing of bread wheat facilitates disease
resistance gene cloning. Nature Genetics, 54, 227-231. https://doi.
org/10.1038/s41588-022-01022- 1

Aury, J-M., Engelen, S., Istace, B., Monat, C., Lasserre-Zuber, P., Belser,
C., Cruaud, C., Rimbert, H., Leroy, P., Arribat, S., Dufau, I., Bellec,
A., Grimbichler, D., Papon, N., Paux, E., Ranoux, M., Alberti, A.,
Wincker, P., & Choulet, F. (2022). Long-read and chromosome-scale
assembly of the hexaploid wheat genome achieves high resolution for
research and breeding, GigaScience, 11, giac034, https://doi.org/10.
1093/gigascience/giac034

Bai, G. H., & Shaner, G. (1994). Scab of wheat: prospects for control.
Plant Disease, 78, 760-766.

Bai, G. H., & Shaner, G. (2004). Management and resistance in wheat
and barley to Fusarium head blight. Annual Reviews Phytopathol-
0gy, 42, 135-161. https://doi.org/10.1146/annurev.phyto.42.040803.
140340

Bandi, V., & Gutwin, C. (2020). Interactive exploration of genomic
conservation. In Proceedings of the 46th graphics interface confer-
ence on proceedings of graphics interface 2020 (GI’20), (pp. 74-83).
Canadian Human-Computer Communications Society.

Beard, L., & Hamlin, W. G. (1995). North Dakota agricultural statistics.
USDA and North Dakota State University.

Birr, T., Hasler, M., Verreet, J. A., & Klink, H. (2020). Composition and
predominance of Fusarium species causing Fusarium head blight in
winter wheat grain depending on cultivar susceptibility and meteo-
rological factors. Microorganisms, 8(4), 617. https://doi.org/10.3390/
microorganisms8040617

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible
trimmer for Illumina sequence data. Bioinformatics, 30(15), 2114—
2120. https://doi.org/10.1093/bioinformatics/btul70

Brar, G. S., Briilé-Babel, A. L., Ruan, Y., Henriquez, M. A., Pozniak,
C.J., Kutcher, H. R., & Hucl, P. J. (2019). Genetic factors affecting
Fusarium head blight resistance improvement from introgression of
exotic Sumai 3 alleles (including Fhbl, Fhb2, and Fhb5) in hard red
spring wheat. BMC Plant Biology, 19, Article 179. https://doi.org/10.
1186/512870-019-1782-2

Buerstmayr, H., Ban, T., & Anderson, J. A. (2009). QTL mapping
and marker assisted selection for Fusarium head blight resistance in
wheat: A review. Plant Breeding, 128, 1-26. https://doi.org/10.1111/
j.1439-0523.2008.01550.x

Cuthbert, P. A., Somers, D.J., Thomas, J., Cloutier, S., & Brulé-Babel, A.
(2006). Fine mapping Fhb1, a major gene controlling Fusarium head
blight resistance in bread wheat (Triticum aestivum L.). Theoretical
and Applied Genetics [Theoretische Und Angewandte Genetik], 112,
1465-1472. https://doi.org/10.1007/s00122-006-0249-7

Diesh, C., Stevens, G. J., Xie, P., Martinez, T. D. J, Hershberg, E. A.,
Leung, A., Guo, E., Dider, S., Zhang, J., Bridge, C., Hogue, G.,
Duncan, A., Morgan, M., Flores, T., Bimber, B. N., Haw, R., Cain, S.,
Buels, R. M., Stein, L. D., & Holmes, 1. H. (2023). JBrowse 2: A mod-
ular genome browser with views of synteny and structural variation.
Genome Biology, 24, Article 74. https://doi.org/10.1186/s13059-023-
02914-z

Doohan, F. M., Brennan, J., & Cooke, B. M. (2003). Influence of cli-
matic factors on Fusarium species pathogenic to cereals. European
Journal of Plant Pathology, 109, 755-768. https://doi.org/10.1023/
A:1026090626994

Dweba, C. C., Figlan, S., Shimelis, H. A., Motaung, T. E., Sydenham,
S., Mwadzingeni, L., & Tsilo, T. J. (2017). Fusarium head blight of
wheat: Pathogenesis and control strategies. Crop Protection, 91, 114—
122. https://doi.org/10.1016/j.cropro.2016.10.002

Geethanjali, S., Kadirvel, P., & Periyannan, S. (2024). Wheat improve-
ment through advances in single nucleotide polymorphism (SNP)
detection and genotyping with a special emphasis on rust resistance.
Theoretical and Applied Genetics [Theoretische Und Angewandte
Genetik], 137(10), Article 224. https://doi.org/10.1007/s00122-024-
04730-w

Ghurye, J., Rhie, A., Walenz, B. P, Schmitt, A., Selvaraj, S., Pop,
M., Phillippy, A. M., & Koren, S. (2019). Integrating Hi-C links
with assembly graphs for chromosome-scale assembly. PLoS Com-
putational Biology, 15(8), e1007273. https://doi.org/10.1371/journal.
pcbi. 1007273

Griffiths-Jones, S., Moxon, S., Marshall, M., Khanna, A., Eddy, S.R., &
Bateman, A. (2005). Rfam: Annotating non-coding RNAs in complete
genomes. Nucleic Acids Research, 33(Suppl 1), D121-D124. https://
doi.org/10.1093/nar/gki0O81

Guo, J., Zhang, X., Hou, Y., Cai, J., Shen, X., & Zhou, T. (2015). High-
density mapping of the major FHB resistance gene Fhb7 derived
from Thinopyrum ponticum and its pyramiding with Fhb1 by marker-
assisted selection. Theoretical and Applied Genetics [Theoretische
Und Angewandte Genetik], 128, 2301-2316. https://doi.org/10.1007/
s00122-015-2586-x

Kale, S. M., Schulthess, A. W., Padmarasu, S., Boeven, P. H. G., Schacht,
J., Himmelbach, A., Steuernagel, B., Wulff, B. B. H., Reif, J. C., Stein,
N., & Mascher, M. (2022). A catalogue of resistance gene homologs
and a chromosome-scale reference sequence support resistance gene

85UB01 7 SUOWIIOD @A 81D 8|cedlidde 8Ly Aq peusenob ae sajoe YO ‘8N JO Sa|nJ 1o} Akeiqi8ulJUO A8]IM UO (SUOI IPUOO-PUR-SUIBY /WD A8 | I AReiq)|BU1|UO//STRY) SUORIPUOD PUe SWS | 8L} 88S *[9202/0T/2T] Uo A%eiqi8uliuo A8|IM ‘8202 2BdY/Z00T 0T/10p/uiod A8 | im Arelq 1 jeuU0'SSssde//SdNY wouy papeojumoq ‘€ ‘9202 ‘ZLEEOVET


https://orcid.org/0000-0002-0117-581X
https://orcid.org/0000-0002-0117-581X
https://orcid.org/0000-0002-7215-1209
https://orcid.org/0000-0002-7215-1209
https://orcid.org/0000-0002-7215-1209
https://orcid.org/0000-0002-0801-5093
https://orcid.org/0000-0002-0801-5093
https://orcid.org/0000-0001-7000-2034
https://orcid.org/0000-0001-7000-2034
https://orcid.org/0000-0001-6373-6013
https://orcid.org/0000-0001-6373-6013
https://orcid.org/0000-0003-3714-3411
https://orcid.org/0000-0003-3714-3411
https://orcid.org/0000-0001-7736-4484
https://orcid.org/0000-0001-7736-4484
https://doi.org/10.12688/f1000research.121637.1
https://doi.org/10.12688/f1000research.121637.1
https://doi.org/10.1016/s0022-2836(05)80360-2
https://doi.org/10.1016/s0022-2836(05)80360-2
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1186/s13059-024-03198-7
https://doi.org/10.1186/s13059-024-03198-7
https://doi.org/10.1038/s41588-022-01022-1
https://doi.org/10.1038/s41588-022-01022-1
https://doi.org/10.1093/gigascience/giac034
https://doi.org/10.1093/gigascience/giac034
https://doi.org/10.1146/annurev.phyto.42.040803.140340
https://doi.org/10.1146/annurev.phyto.42.040803.140340
https://doi.org/10.3390/microorganisms8040617
https://doi.org/10.3390/microorganisms8040617
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1186/s12870-019-1782-2
https://doi.org/10.1186/s12870-019-1782-2
https://doi.org/10.1111/j.1439-0523.2008.01550.x
https://doi.org/10.1111/j.1439-0523.2008.01550.x
https://doi.org/10.1007/s00122-006-0249-7
https://doi.org/10.1186/s13059-023-02914-z
https://doi.org/10.1186/s13059-023-02914-z
https://doi.org/10.1023/A:1026090626994
https://doi.org/10.1023/A:1026090626994
https://doi.org/10.1016/j.cropro.2016.10.002
https://doi.org/10.1007/s00122-024-04730-w
https://doi.org/10.1007/s00122-024-04730-w
https://doi.org/10.1371/journal.pcbi.1007273
https://doi.org/10.1371/journal.pcbi.1007273
https://doi.org/10.1093/nar/gki081
https://doi.org/10.1093/nar/gki081
https://doi.org/10.1007/s00122-015-2586-x
https://doi.org/10.1007/s00122-015-2586-x

MIJAN ET AL.

The Plant Genome

13 of 15

mapping in winter wheat. Plant Biotechnology Journal, 20, 1730—
1742. https://doi.org/10.1111/pbi.13843

Kent, T. V., Uzunovi¢, J., & Wright, S. 1. (2017). Coevolution between
transposable elements and recombination. Philosophical Transac-
tions of the Royal Society, 372, B37220160458. https://doi.org/10.
1098/rstb.2016.0458

Lagesen, K., Hallin, P, Rgdland, E. A., Staerfeldt, H. H., Rognes, T.,
& Ussery, D. W. (2007). RNAmmer: Consistent and rapid annotation
of ribosomal RNA genes. Nucleic Acids Research, 35(9), 3100-3108.
https://doi.org/10.1093/nar/gkm160

Li, G., Yuan, Y., Zhou, J., Cheng, R., Chen, R., Luo, X., Shi, J., Wang,
H., Xu, B., Duan, Y., Zhong, J., Wang, X., Kong, Z., Jia, H,, &
Ma, Z. (2023). FHB resistance conferred by Fhb1 is under inhibitory
regulation of two genetic loci in wheat (Triticum aestivum L.). The-
oretical and Applied Genetics, 136, Article 134. https://doi.org/10.
1007/s00122-023-04380-4

Li, G., Zhou, J., Jia, H., Gao, Z., Fan, M., Luo, Y., Zhao, P., Xue, S., Li,
N., Yuan, Y., Ma, S, Kong, Z., Jia, L., An, X., Jiang, G., Liu, W., Cao,
W., Zhang, R., Fan, J., ... Ma, Z. (2019). Mutation of a histidine-rich
calcium-binding-protein gene in wheat confers resistance to Fusarium
head blight. Nature Genetics, 51(7), 1106-1112. https://doi.org/10.
1038/s41588-019-0426-7

Li, H. (2018). Minimap2: Pairwise alignment for nucleotide sequences.

34(18), 3094-3100. https://doi.org/10.1093/
bioinformatics/bty191

Lilleboe, D., & Roth, G. (2011). Fusarium head blight in 2011: An
overview. US Wheat US Wheat and Barley Scab Initiative. https://
scabusa.org/pdfs/USWBSI- Article_2011-Update_9-29-11.pdf

Liu, S., Li, K., Dai, X., Qin, G., Lu, D., Gao, Z., Li, X., Song, B., Bian, J.,
Ren, D., Liu, Y., Chen, X., Xu, Y., Liu, W,, Yang, C., Liu, X., Chen, S.,
Li,J.,Li, B., ... Deng, X. W. (2025). A telomere-to-telomere genome
assembly coupled with multi-omic data provides insights into the evo-
lution of hexaploid bread wheat. Nature Genetics, 57, 1008-1020.
https://doi.org/10.1038/s41588-025-02137-x

Liu, S., Pumphrey, M. O., Gill, B. S., Trick, H. N., Zhang, J. X., DoleZel,
J., Chalhoub, B., & Anderson, J. A. (2008). Toward positional cloning
of Fhbl, a major QTL for Fusarium head blight resistance in wheat.
Cereal Research Communications, 36(Suppl 6), 195-201. https://doi.
org/10.1556/CRC.36.2008.Suppl.B.15

Liu, S., Zhang, X., Pumphrey, M. O., Stack, R. W,, Gill, B. S., &
Anderson, J. A. (2006). Complex microcolinearity among wheat, rice,

Bioinformatics,

and barley revealed by fine mapping of the genomic region harboring
a major QTL for resistance to Fusarium head blight in wheat. Func-
tional & Integrative Genomics, 6, 83-89. https://doi.org/10.1007/
$10142-005-0007-y

Liu, Z., Yang, F., Deng, C., Wan, H., Tang, H., Feng, J., Wang, Q., Yang,
N., Li, J., & Yang, W. (2024). Chromosome-level assembly of the
synthetic hexaploid wheat-derived cultivar Chuanmai 104. Scientific
Data, 11, Article 670. https://doi.org/10.1038/s41597-024-03527-2

Love, M. 1., Huber, W., & Anders, S. (2014). Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biology, 15, Article 550. https://doi.org/10.1186/s13059-014-0550-8

Lowe, T. M., & Eddy, S. R. (1995). tRNAscan-SE: A program for
improved detection of transfer RNA genes in genomic sequence,
Nucleic Acids Research, 25(5), 955-964. https://doi.org/10.1093/nar/
25.5.955

Maccaferri, M., Harris, N. S., Twardziok, S. O., Pasam, R. K., Gundlach,
H., Spannagl, M., Ormanbekova, D., Lux, T., Prade, V. M., Milner, S.
G., Himmelbach, A., Mascher, M., Bagnaresi, P., Faccioli, P., Cozzi,

P., Lauria, M., Lazzari, B., Stella, A., Manconi, A., ... Cattivelli, L.
(2019). Durum wheat genome highlights past domestication signa-
tures and future improvement targets. Nature Genetics, 51, 885-895.
https://doi.org/10.1038/s41588-019-0381-3

Manni, M., Berkeley, M. R., Seppey, M., & Zdobnov, E. M. (2021).
BUSCO: Assessing genomic data quality and beyond. Current
Protocols, 1,e323. https://doi.org/10.1002/cpz1.323

Mascher, M., Wicker, T., Jenkins, J., Plott, C., Lux, T., Koh, C. S., Ens,
J., Gundlach, H., Boston, L. B., Tulpova, Z., Holden, S., Herndndez-
Pinzén, 1., Scholz, U., Mayer, K. F. X., Spannagl, M., Pozniak, C.
J., Sharpe, A. G., §imk0vé, H., Moscou, M. J., ... Stein, N. (2021).
Long-read sequence assembly: A technical evaluation in barley. The
Plant Cell, 33(6), 1888—1906. https://doi.org/10.1093/plcell/koab077

McMullen, M., Bergstrom, G., De Wolf, E., Dill-Macky, R., Hershman,
D., Shaner, G., & Van Sanford, D. (2012). A unified effort to fight
an enemy of wheat and barley: Fusarium head blight. Plant Disease,
96(12), 1712-1728. https://doi.org/10.1094/PDIS-03-12-0291-FE

Mesterhazy, A. (1995). Types and components of resistance against
Fusarium head blight of wheat. Plant Breeding, 114,377-386. https://
doi.org/10.1111/j.1439-0523.1995.tb00816.x

Mesterhazy, A. (2020). Updating the breeding philosophy of wheat to
Fusarium head blight (FHB): Resistance components, QTL identifi-
cation, and phenotyping—A review. Plants, 9(12), 1702. https://doi.
org/10.3390/plants9121702

Michael, T. P., & VanBuren, R. (2020). Building near-complete plant
genomes. Current Opinion in Plant Biology, 54, 26-33. https://doi.
org/10.1016/j.pbi.2019.12.009

Miller, J. D., & Amison, P. G. (1986). Degradation of deoxynivalenol
by suspension cultures of the Fusarium head blight resistant wheat
cultivar Frontana. Canadian Journal of Plant Pathology, 8, 147-150.
https://doi.org/10.1080/07060668609501818

Monat, C., Padmarasu, S., Lux, T., Wicker, T., Gundlach, H.,
Himmelbach, A., Ens, J., Li, C., Muehlbauer, G. J., Schulman, A.
H., Waugh, R., Braumann, I., Pozniak, C., Scholz, U., Mayer, K.
F. X., Spannagl, M., Stein, N., & Mascher, M. (2019). TRITEX:
Chromosome-scale sequence assembly of Triticeae genomes with
open-source tools. Genome Biology, 20, Article 284. https://doi.org/
10.1186/s13059-019-1899-5

Murigneux, V., Rai, S. K., Furtado, A., Bruxner, T. J. C., Tian, W.,
Harliwong, 1., Wei, H., Yang, B., Ye, Q., Anderson, E., Mao, Q.,
Drmanac, R., Wang, O., Peters, B. A., Xu, M., Wu, P., Topp, B., Coin,
L.J. M., & Henry, R. J. (2020). Comparison of long-read methods for
sequencing and assembly of a plant genome, GigaScience, 9, giaal46.
https://doi.org/10.1093/gigascience/giaal46

Nawrocki, E. P., Kolbe, D. L., & Eddy, S. R. (2009). Infernal 1.0: infer-
ence of RNA alignments, Bioinformatics, 25, 1335-1339. https://doi.
org/10.1093/bioinformatics/btp157

Neupane, B., Bisek, B., & Marais, F. (2024). A diallel study to detect
genetic background variation for FHB resistance in winter wheat.
Scientific Reports, 14, Article 4614. https://doi.org/10.1038/s41598-
024-53710-z

O’Donnell, S., & Fischer, G. (2020). MUM&Co: Accurate detection
of all SV types through whole-genome alignment. Bioinformatics,
36(10), 3242-3243. https://doi.org/10.1093/bioinformatics/btaal 15

Ou, S., Chen, J., & Jiang, N. (2018). Assessing genome assembly quality
using the LTR assembly index (LAI). Nucleic Acids Research, 46(21),
e126. https://doi.org/10.1093/nar/gky730

Ou, S., & Jiang, N. (2019). LTR_FINDER_parallel: parallelization of
LTR_FINDER enabling rapid identification of long terminal repeat

95UB017 SUOWIOD 9AIER1D) 8|qeal|dde sy Ag peusenob ale sejoie O ‘8sN Jo SajnJ 10} AfIqiT 8UIIUO AB[IA UO (SUONIPUOI-PUR-SWLBY/L0D A8 1M Alelg Ul |uo//Sdny) SuonipuoD pue swiie | 8y 8es *[9z0z/0T/2T] uo Akeiqiauliuo Ao|iM ‘5820, 26d1/Z00T 0T/10p/wod Ao 1m Arelq 1 jpul|U0'Ssese//:sdny WoJj pepeojumod ‘€ ‘9202 ‘2/EE0r6T


https://doi.org/10.1111/pbi.13843
https://doi.org/10.1098/rstb.2016.0458
https://doi.org/10.1098/rstb.2016.0458
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1007/s00122-023-04380-4
https://doi.org/10.1007/s00122-023-04380-4
https://doi.org/10.1038/s41588-019-0426-7
https://doi.org/10.1038/s41588-019-0426-7
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/bty191
https://scabusa.org/pdfs/USWBSI-Article_2011-Update_9-29-11.pdf
https://scabusa.org/pdfs/USWBSI-Article_2011-Update_9-29-11.pdf
https://doi.org/10.1038/s41588-025-02137-x
https://doi.org/10.1556/CRC.36.2008.Suppl.B.15
https://doi.org/10.1556/CRC.36.2008.Suppl.B.15
https://doi.org/10.1007/s10142-005-0007-y
https://doi.org/10.1007/s10142-005-0007-y
https://doi.org/10.1038/s41597-024-03527-2
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1038/s41588-019-0381-3
https://doi.org/10.1002/cpz1.323
https://doi.org/10.1093/plcell/koab077
https://doi.org/10.1094/PDIS-03-12-0291-FE
https://doi.org/10.1111/j.1439-0523.1995.tb00816.x
https://doi.org/10.1111/j.1439-0523.1995.tb00816.x
https://doi.org/10.3390/plants9121702
https://doi.org/10.3390/plants9121702
https://doi.org/10.1016/j.pbi.2019.12.009
https://doi.org/10.1016/j.pbi.2019.12.009
https://doi.org/10.1080/07060668609501818
https://doi.org/10.1186/s13059-019-1899-5
https://doi.org/10.1186/s13059-019-1899-5
https://doi.org/10.1093/gigascience/giaa146
https://doi.org/10.1093/bioinformatics/btp157
https://doi.org/10.1093/bioinformatics/btp157
https://doi.org/10.1038/s41598-024-53710-z
https://doi.org/10.1038/s41598-024-53710-z
https://doi.org/10.1093/bioinformatics/btaa115
https://doi.org/10.1093/nar/gky730

14 of 15 The Plant Genome .0

MIJAN ET AL.

retrotransposons. Mobile DNA, 10, Article 48. https://doi.org/10.
1186/s13100-019-0193-0

Parry, D. W., Jenkinson, P., & McLeod, L. (1995). Fusarium ear blight
(scab) in small grain cereals—A review. Plant Pathology, 44, 207-
238. https://doi.org/10.1111/j.1365-3059.1995.tb02773.x

Pucker, B., Irisarri, 1., de Vries, J., & Xu, B. (2022). Plant genome
sequence assembly in the era of long reads: Progress, challenges and
future directions. Quantitative Plant Biology, 3, e5. https://doi.org/10.
1017/qpb.2021.18

Pumphrey, M. O. (2007). Towards map-based cloning of Fusarium head
blight resistance QTL Fhbl and non-additive expression of homoe-
ologous genes in allohexaploid wheat [Doctoral dissertation, Kansas
State University].

Rawat, N., Pumphrey, M. O., Liu, S., Zhang, X., Tiwari, V. K., Ando, K.,
Trick, H. N., Bockus, W. W., Akhunov, E., Anderson, J. A., & Gill,
B. S. (2016). Wheat Fhbl encodes a chimeric lectin with agglutinin
domains and a pore-forming toxin-like domain conferring resistance
to Fusarium head blight. Nature Genetics, 48(12), 1576-1580. https://
doi.org/10.1038/ng.3706

Rojas, E. C., Sapkota, R., Jensen, B., Jgrgensen, H. J. L., Henriksson, T.,
Jgrgensen, L. N., Nicolaisen, M., & Collinge, D. B. (2020). Fusarium
head blight modifies fungal endophytic communities during infection
of wheat spikes. Microbial Ecology, 79(2), 397-408. https://doi.org/
10.1007/500248-019-01426-3

Salgado, J. D., Madden, L. V., & Paul, P. A. (2015). Quantifying the
effects of Fusarium head blight on grain yield and test weight in soft
red winter wheat. Phytopathology, 105(3), 295-306. https://doi.org/
10.1094/PHYTO-08-14-0215-R

Sato, K., Abe, F., Mascher, M., Haberer, G., Gundlach, H., Spannagl,
M., Shirasawa, K., & Isobe, S. (2021). Chromosome-scale genome
assembly of the transformation-amenable common wheat cultivar
‘Fielder’. DNA Research, 28(3), dsab008. https://doi.org/10.1093/
dnares/dsab008

Schroeder, H. W., & Christensen, J. J. (1963). Factors affecting resistance
of wheat to scab caused by Gibberella zeae. Phytopathology, 53, 831—
838.

Shiferaw, Q., Abinasa, M., & Tadesse, W. (2020). Evaluation of bread
wheat (Triticum Aestivum L.) genotypes for stem and yellow rust resis-
tance in Ethiopia. Computational Biology and Bioinformatics, 8(2),
43-51. https://doi.org/10.11648/j.cbb.20200802.13

Smit, A. F. A., Hubley, R., & Green, P. (2015). RepeatMasker Open-4.0.
2013—2015. https://www.repeatmasker.org

Stanke, M., Keller, O., Gunduz, I., Hayes, A., Waack, S., & Morgenstern,
B. (2006). AUGUSTUS: Ab initio prediction of alternative tran-
scripts. Nucleic Acids Research, 34(Suppl 2), W435-W439. https://
doi.org/10.1093/nar/gkl1200

Stiehler, F., Steinborn, M., Scholz, S., Dey, D., Weber, A. P. M., &
Denton, A. K. (2021). Helixer: cross-species gene annotation of large
eukaryotic genomes using deep learning. Bioinformatics, 36(22-23),
5291-5298. https://doi.org/10.1093/bioinformatics/btaal 044

Su, Z., Bernardo, A., Tian, B., Chen, H., Wang, S., Ma, H., Cai, S., Liu,
D.,Zhang, D., Li, T., Trick, H., St Amand, P., Yu, J., Zhang, Z., & Bai,
G. (2019). A deletion mutation in 7aHRC confers Fhbl resistance to
Fusarium head blight in wheat. Nature Genetics, 51(7), 1099-1105.
https://doi.org/10.1038/s41588-019-0425-8

The International Wheat Genome Sequencing Consortium (IWGSC).
(2018). Shifting the limits in wheat research and breeding using a fully
annotated reference genome. Science, 361, eaar7191. https://doi.org/
10.1126/science.aar7191

Tiley, G. P., & Burleigh, J. G. (2015). The relationship of recombi-
nation rate, genome structure, and patterns of molecular evolution
across angiosperms. BMC Evolutionary Biology, 15, Article 194.
https://doi.org/10.1186/s12862-015-0473-3

Vaillancourt, B., & Buell, C. R. (2019). High molecular weight DNA
isolation method from diverse plant species for use with Oxford
Nanopore sequencing. BioRxiv. https://doi.org/10.1101/783159

Venturini, L., Caim, S., Kaithakottil, G. G., Mapleson, D. L., &
Swarbreck, D. (2018). Leveraging multiple transcriptome assembly
methods for improved gene structure annotation. GigaScience, 7(8),
giy093. https://doi.org/10.1093/gigascience/giy093

Walkowiak, S., Gao, L., Monat, C., Haberer, G., Kassa, M. T.,
Brinton, J., Ramirez-Gonzalez, R. H., Kolodziej, M. C., Delorean,
E., Thambugala, D., Klymiuk, V., Byrns, B., Gundlach, H., Bandi,
V., Siri, J. N., Nilsen, K., Aquino, C., Himmelbach, A., Copetti, D.,
... Pozniak, C.J. (2020). Multiple wheat genomes reveal global vari-
ation in modern breeding. Nature, 588, 277-283. https://doi.org/10.
1038/s41586-020-2961-x

Wang, H., Sun, S., Ge, W., Zhao, L., Hou, B., & Wang, K. (2020). Hor-
izontal gene transfer of Fhb7 from fungus underlies Fusarium head
blight resistance in wheat. Science, 368, eaba5435. https://doi.org/10.
1126/science.aba5435

Wicker, T., Gundlack, H., Spannagl, M., Uauy, C., Borrill, P., Ramirez-
Gonzales, R. H., De Oliveira, R., International Wheat Genome
Sequencing Consortium. Mayer, K. F. X., Paux, E., & Choulet, F..
(2018). Impact of transposable elements on genome structure and evo-
lution in bread wheat. Genome Biology, 19(1), Article 103. https://doi.
org/10.1186/s13059-018-1479-0

Xu, X. M., Nicholson, P., Thomsett, M. A., Simpson, D., Cooke, B.
M., Doohan, F. M., Brennan, J., Monaghan, S., Moretti, A., &
Mule, G. (2008). Relationship between the fungal complex caus-
ing Fusarium head blight of wheat and environmental conditions.
Phytopathology, 98, 69-78. https://doi.org/10.1094/PHYTO-98-1-
0069

Xu, Z., & Wang, H. (2007). LTR_FINDER: An efficient tool for
the prediction of full-length LTR retrotransposons, Nucleic Acids
Research, 35(Suppl 2), W265-W268. https://doi.org/10.1093/nar/
gkm?286

Yan, L., Tian, J., Li, J., Li, S., Zhang, C., He, Y., & Xia, L. (2025). Anal-
ysis of a series of mutants highlights complex regulation of Fusarium
head blight resistance conferred by Fhbl locus in wheat. Plant
Biotechnology Journal, 23, 5891-5893. https://doi.org/10.1111/pbi.
70318

Zhu, T., Wang, L., Rimbert, H., Rodriguez, J. C., Deal, K. R., De
Oliveira, R., Choulet, F., Keeble-Gagnere, G., Tibbits, J., Rogers,
J., Eversole, K., Appels, R., Gu, Y. Q., Mascher, M., Dvorak, J., &
Luo, M.-C. (2021). Optical maps refine the bread wheat Triticum aes-
tivum cv. Chinese Spring genome assembly. The Plant Journal, 107,
303-314. https://doi.org/10.1111/tpj.15289

Zhu, X., Boehm, J. D., Jr., Zhong, S., & Cai, X. (2022). Genomic com-
patibility and inheritance of hexaploid-derived Fusarium head blight
resistance genes in durum wheat. The Plant Genome, 15(2), €20183.
https://doi.org/10.1002/tpg2.20183

Zhu, X., Zhong, S., & Cai, X. (2016). Effects of D-genome chromo-
somes and their A/B-genome homoeologs on Fusarium head blight
resistance in durum wheat. Crop Science, 56, 1049-1058. https://doi.
org/10.2135/cropsci2015.09.0535

Zhu, Z., Hao, Y., Mergoum, M., Bai, G., Humphreys, G., Cloutier, S.,
Xia, X., & He, Z. (2019). Breeding wheat for resistance to Fusar-

95UB017 SUOWIOD 9AIER1D) 8|qeal|dde sy Ag peusenob ale sejoie O ‘8sN Jo SajnJ 10} AfIqiT 8UIIUO AB[IA UO (SUONIPUOI-PUR-SWLBY/L0D A8 1M Alelg Ul |uo//Sdny) SuonipuoD pue swiie | 8y 8es *[9z0z/0T/2T] uo Akeiqiauliuo Ao|iM ‘5820, 26d1/Z00T 0T/10p/wod Ao 1m Arelq 1 jpul|U0'Ssese//:sdny WoJj pepeojumod ‘€ ‘9202 ‘2/EE0r6T


https://doi.org/10.1186/s13100-019-0193-0
https://doi.org/10.1186/s13100-019-0193-0
https://doi.org/10.1111/j.1365-3059.1995.tb02773.x
https://doi.org/10.1017/qpb.2021.18
https://doi.org/10.1017/qpb.2021.18
https://doi.org/10.1038/ng.3706
https://doi.org/10.1038/ng.3706
https://doi.org/10.1007/s00248-019-01426-3
https://doi.org/10.1007/s00248-019-01426-3
https://doi.org/10.1094/PHYTO-08-14-0215-R
https://doi.org/10.1094/PHYTO-08-14-0215-R
https://doi.org/10.1093/dnares/dsab008
https://doi.org/10.1093/dnares/dsab008
https://doi.org/10.11648/j.cbb.20200802.13
https://www.repeatmasker.org
https://doi.org/10.1093/nar/gkl200
https://doi.org/10.1093/nar/gkl200
https://doi.org/10.1093/bioinformatics/btaa1044
https://doi.org/10.1038/s41588-019-0425-8
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1186/s12862-015-0473-3
https://doi.org/10.1101/783159
https://doi.org/10.1093/gigascience/giy093
https://doi.org/10.1038/s41586-020-2961-x
https://doi.org/10.1038/s41586-020-2961-x
https://doi.org/10.1126/science.aba5435
https://doi.org/10.1126/science.aba5435
https://doi.org/10.1186/s13059-018-1479-0
https://doi.org/10.1186/s13059-018-1479-0
https://doi.org/10.1094/PHYTO-98-1-0069
https://doi.org/10.1094/PHYTO-98-1-0069
https://doi.org/10.1093/nar/gkm286
https://doi.org/10.1093/nar/gkm286
https://doi.org/10.1111/pbi.70318
https://doi.org/10.1111/pbi.70318
https://doi.org/10.1111/tpj.15289
https://doi.org/10.1002/tpg2.20183
https://doi.org/10.2135/cropsci2015.09.0535
https://doi.org/10.2135/cropsci2015.09.0535

MIJAN ET AL.

The Plant Genome & 15 of 15

ium head blight in the Global North: China, USA, and Canada, The
Crop Journal, 7(6), 730-738. https://doi.org/10.1016/].cj.2019.06.
003

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Mijan, R. D., Poudel, B.,
Thapa, S., Ajayi-Moses, O., Lux, T., Avni, R., Xu, S.,
Spannagl, M., Mascher, M., Maughan, J., & Fiedler, J.
D. (2026). Chromosome-scale assembly of wheat
cultivar Sumai 3, a major germplasm source for
Fusarium head blight resistance. The Plant Genome,
19, €70285. https://doi.org/10.1002/tpg2.70285

85UB01 7 SUOWIIOD @A 81D 8|cedlidde 8Ly Aq peusenob ae sajoe YO ‘8N JO Sa|nJ 1o} Akeiqi8ulJUO A8]IM UO (SUOI IPUOO-PUR-SUIBY /WD A8 | I AReiq)|BU1|UO//STRY) SUORIPUOD PUe SWS | 8L} 88S *[9202/0T/2T] Uo A%eiqi8uliuo A8|IM ‘8202 2BdY/Z00T 0T/10p/uiod A8 | im Arelq 1 jeuU0'SSssde//SdNY wouy papeojumoq ‘€ ‘9202 ‘ZLEEOVET


https://doi.org/10.1016/j.cj.2019.06.003
https://doi.org/10.1016/j.cj.2019.06.003
https://doi.org/10.1002/tpg2.70285

	Chromosome-scale assembly of wheat cultivar Sumai 3, a major germplasm source for Fusarium head blight resistance
	Abstract
	Plain Language Summary
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Plant materials, library preparation, and sequencing
	2.2 | Genome assembly and scaffolding
	2.3 | Genome assembly quality and annotation of repetitive and non-coding elements
	2.4 | Gene prediction, functional annotation, and comparative gene analysis
	2.5 | Whole-genome alignment and structural variant analysis
	2.6 | Fhb1 region synteny analysis

	3 | RESULTS AND DISCUSSION
	3.1 | Chromosome-scale genome assembly of Sumai 3
	3.2 | Transposable element composition and repeats in the Sumai 3 genome
	3.3 | Synteny analysis and structural variants between Sumai 3 and Chinese Spring
	3.4 | Comparative analysis of the Fhb1 region of Sumai 3 on chromosome 3BS with the equivalent regions on CS chromosomes 3BS and 3DS

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


