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Abstract

Bread wheat (Triticum aestivum) remains a major source of food and calories glob-
ally, yet its vast genome, polyploidy, and high number of repetitive sequences make
genomic research challenging in this crop. In this review, we discuss the progress
and future perspectives of genome research in wheat. Current efforts focus on the
establishment of genome assemblies, advances in functional genomics, advances in
epigenetics, translational genetics, and CRISPR-Cas9 genome editing offers a pow-
erful tool for site-specific genome editing for wheat improvement and functional
genetic analysis. These approaches have elucidated the genetic basis of many impor-
tant agronomic traits such as grain yield, biotic and abiotic stress, and wheat quality.
Future aims are expected to expand to pan-genomics, the mechanism of wheat domes-
tication, funnel the outputs of functional genomics for deployment in wheat breeding,
multi-omics studies facilitate genetic dissection, and the era of big data: creation,

integration and utilization, and artificial intelligence breeding.

Plain Language Summary

Wheat feeds billions worldwide, but its genome is very large and complex, which
makes genetic research hard. This review summarizes what scientists have learned
about wheat’s genome and what they expect to explore next. We survey recent lit-
erature on wheat genome sequencing, assembly, and annotation to evaluate how
the genome’s size, polyploidy, and repetitive content shape current methods. The
goal is to identify methodological gaps and propose directions that will accelerate
genome-enabled wheat breeding and biology. A major finding of this review is that
coordinated advances across genome assembly, functional genomics, epigenetics,
translational genetics, and CRISPR-Cas9 editing are enabling the identification of
genetic bases for key bread wheat traits, paving the way for more precise breeding
and functional validation. However, the wheat genome’s size, polyploidy, and high

repetitive content continue to constrain comprehensive knowledge, underscoring the
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urgency of pan-genomics, multi-omics integration, and Al-driven breeding to fully

unlock genome-enabled improvement.

1 | INTRODUCTION

Bread wheat (Triticum aestivum) is the most important sta-
ple crop worldwide. It accounts for 17% (one-sixth) of all
crop acreage and provides 20% (one-fifth) of all food calo-
ries and protein needed for human nutrition However, to meet
the world’s food demand by 2050, agricultural production
must rise by 50% (Senapati et al., 2022), despite facing severe
challenges, such as climate change (temperature, heat, and
drought), degrading soil health (type of soil and organic com-
position), and the overuse of pesticides and fertilizers (Bibi &
Rahman, 2023; Wan et al., 2022).

Wheat was one of the first crops grown in the Fertile
Crescent during the agricultural revolution 10,000 years ago
(Gutaker & Purugganan, 2024). Bread wheat contains three
related sub-genomes. The diploid progenitors of the A and
D sub-genomes have been identified, while the origin of
the B genome has been a long-standing subject of debate
(Levy & Feldman, 2022). Given its complex evolution, several
types of wheat species exist: bread wheat (hexaploid, 7. aes-
tivum, AABBDD, 2n = 6x = 42), tetraploid wheat (Triticum
turgidum, AABB, 2n = 4x = 28), and einkorn wheat (Triticum
monococcum, AA, 2n = 14). For along time, genome research
in wheat has lagged other staple crops (e.g., rice and maize),
due to its large and highly repetitive genome (C. Wang & Han,
2022; N. Yang & Yan, 2021). However, over the past decades,
sustained efforts have led to significant advancements, gen-
erating a wealth of knowledge and resources that have been
leveraged to improve the crops’ yields, grain quality, and
stress tolerance (X. Huang et al., 2022; Yao et al., 2025).

In this review, we describe areas of recent progress and
future perspectives of genome research in wheat. The estab-
lishment of a reference genome along with advancements
in functional genomics, epigenomics, and molecular genetics
have laid a solid foundation for future research in these fields
such as pan-genomics, multi-omics, “big data” analysis, and
artificial intelligence (AI) breeding.

2 | MAJOR ADVANCES IN WHEAT
GENOME RESEARCH

2.1 | The establishment of genome
assemblies

During the last two to three decades, multiple efforts have
been made to create new resources for wheat genome

research. The sequencing of different sub-genomes of wheat
and its relatives has been completed (Figure 1). The Inter-
national Wheat Genome Sequencing Consortium (IWGSC),
established in 2005, was the first to publish the physical
map and reference sequence of chromosome 3B in bread
wheat, which provided guidance for deciphering the sequence
of the other chromosomes in wheat (Choulet et al., 2014).
Using first- and second-generation technologies has facili-
tated the assembly of numerous plant genomes. The initially
fragmented assemblies created from short reads have been
significantly enhanced by long-read sequencing, streamlining
the process and improving the generation of chromosome-
level assemblies while reducing costs and improving quality
(Tiwari et al., 2024). Triticum urartu (diploid, AA) was con-
firmed as the progenitor of the A sub-genome of wheat. Ling
et al. (2018) thus completed the first draft of the A subgenome
and a high-resolution reference genome for this species. To
verify the D sub-genome progenitor, Aegilops tauschii acces-
sion AL8/78 was first sequenced (M. Luo et al., 2017; G.
Zhao et al., 2017). To date, a number of high-quality reference
genomes of A. tauschii have been constructed (Cavalet-Giorsa
et al., 2024; Gaurav et al., 2022; L. Wang et al., 2021; Y.
Zhou et al., 2021). The species consists of three lineages
distinguished by subtle phenotypic variations. Lineage 1, A.
tauschii spp. tauschii, is distributed throughout the native
range of A. rauschii, whereas Lineage 2, A. tauschii spp. stran-
gulata, is predominantly located near the Caspian Sea in Iran
and Azerbaijan. Lineage 3 has not yet been assigned a name
from the historical subspecies classifications. Lineage 2 is
recognized as the main contributor of the D sub-genome in
wheat (Delorean et al., 2021). Although the exact progen-
itor of the wheat B genome is unknown, the genomes of
several related Sitopsis species have been explored, for exam-
ple, Aegilops speltoides, Aegilops bicornis, Aegilops searsii,
Aegilops longissimi, and Aegilops sharonensis (L. Li, Zhang,
etal., 2022; Y. Yang et al., 2023). The long-held belief that A.
speltoides was the origin of the B sub-genome of wheat has
been refuted by a comparison of these species’ genomes with
the B sub-genome of polyploid wheat. As a result, scientists
generally agree that the origin of the B sub-genome is either
undiscovered or extinct.

Tetraploid wild emmer wheat (T. turgidum ssp. dicoc-
coides) followed by domesticated emmer wheat (7. turgidum
ssp. dicoccum) are known as the progenitors of durum wheat
(T. turgidum ssp. durum) (Figure 1). Wild emmer accession
Zavitan, derived from Israel’s Zavitan nature reserve, was
sequenced in 2017 (Avni et al., 2017). A 10.45 Gb reference
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FIGURE 1 Phylogenetic representation of wheat evolution and important milestones in genomics. Wheat evolution is shown starting from a

progenitor that gave rise to the A and B subgenomes merged to form emmer wheat, then fused D subgenome to generate bread wheat. With the

development of sequencing technology, several wheat genomes have been produced. IWGSC, International Wheat Genome Sequencing Consortium;

T. dicoccoides, Triticum turgidum ssp. dicoccoides; T. dicoccum, T. turgidum ssp. dicoccum.
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genome of the durum wheat variety Svevo was subsequently
generated (Maccaferri et al., 2019). As expected, compara-
tive studies revealed substantial synteny between the genomes
of Zavitan and Svevo, with high similarity in the number
of high confidence genes, chromosome structure, and con-
tent of transposable elements, These are attributed to their
short-term evolutionary, making them conserved evolutionary
relationships.

In 2018, the IWGSC finalized and published the culti-
var Chinese Spring v1.0 chromosome-scale pseudomolecule
sequences (~16 Gb), later updated to v2.1 currently repre-
senting the gold standard reference sequence of hexaploid
wheat (IWGSC, 2018; Zhu et al.,, 2021). Recently, near-
complete assembly of the CS-CAU and telomere-to-telomere
gap-free CS-IAAS genomes were finished to support wheat
breeding and functional research (S. Liu et al., 2025; Z.
Wang et al., 2025). It is worth mentioning that Walkowiak
et al. (2020) released the first pan-genome, which included
eight spring and seven winter varieties representing differ-
ent regions and breeding programs. Beside, pan-genomes
were constructed from 17 common cultivars, and researchers
discovered a considerable number of structural variations,
encompassing presence-absence variations (PAVs), translo-
cations, and inversions. By comparing PAV frequencies
across cultivars from various decades, they revealed the incor-
poration of European germplasm into contemporary Chinese
wheat breeding (Jiao et al., 2024). To date, many additional
wheat genomes from around the world have been assembled
(Table 1), which greatly accelerate research in the following
key areas (Figure 2): (i) structural and functional genomics,
(ii) epigenomics, (iii) and molecular genetics.

2.2 | Advances in functional genomics
High-resolution genome assemblies have unlocked functional
genomics studies and allowed precise mapping and cloning of
genes, and quantitative trait loci (QTLs) for yield and stress
tolerance. Functional genomics has been greatly facilitated
with the advent of wheat genome sequencing (Mao et al.,
2018). The challenge lies in determining the functions of large
volumes of genome sequences and understanding surrounding
regulatory networks that control key traits for optimal crop
growth. These traits include those related to grain yield and
its components, resistance to biotic and abiotic stresses, as
well as traits related to grain end use and nutritional quality
(Figure 2). Researchers can unravel the genetic basis of traits
and improve wheat breeding programs by integrating genomic
data. This knowledge is crucial for developing resilient wheat
varieties that can withstand climate change and meet global
food demands.

2.2.1 | Grain yield contributing traits

Higher grain yield is the most considered trait for meeting
the objective of feeding an increasing population. Grain size,
grain number, and spike number per unit area are three com-
ponents that make up the complex quantitative feature of
grain yield. The post-anthesis phase includes cell prolifera-
tion, grain filling, and grain desiccation until grain maturity.
Under extreme weather conditions, grain size may be directly
or indirectly influenced by post-anthesis variables (Brinton &
Uauy, 2019; Gasparis & Mitoszewski, 2023; Ugarte et al.,
2007). The negative balance between grain size and grain
number has posed a challenge to increasing grain produc-
tivity. Grain yield-related genes were successfully isolated,
including the CYTOKININ OXIDASE/DEHYDROGENASE
gene TaCKX2-1 (Z. Zhang et al., 2019), TaGW2 (W. Wang
et al., 2018), the FLOWERING LOCUS T (FT) (Sakuma
& Schnurbusch, 2020), and the wheat ortholog of the
rice ABNORMAL CYTOKININ RESPONSEI REPRESSORI1
(TaAREI) (J. Zhang et al., 2021), all of which control grain
size and weight. Grain yield in transgenic plants has shown
to be increased when the dominant 7aCol-B5 allele is con-
stitutively overexpressed in a common wheat cultivar, by
generating additional tillers and spikes and increases the num-
ber of spikelet nodes per spike (X. Zhang et al., 2022). The
WHEAT ORTHOLOG OF APOI gene (TaWAPOI) was iso-
lated from wheat chromosome 7AL and natural alleles were
observed, which increases the number of spikelets per spike
(Wittern et al., 2022). The transcription factor LEAFY (LFY)
interacts both genetically and physically with WAPO! to con-
trol the number of spikelets per spike and the growth of the
florets (Paraiso et al., 2024). The discovery of these genes
offers enormous potential for increasing yields.

2.2.2 | Biotic and abiotic stress
Fluctuating climates increase wheat’s vulnerability to biotic
(e.g., pests and pathogens) and abiotic stresses (e.g., heat,
drought, and salt). Understanding the function of stress-
related genes is therefore crucial for developing wheat
varieties that can thrive under challenging conditions.

NLR (nucleotide-binding leucine-rich repeat) genes are
a class of genes that play a crucial role in plant immune
responses. The isolation of NLR has been an important aspect
of plant molecular breeding and functional genomics. With
advancements in high-throughput sequencing technologies
and bioinformatics tools, researchers are able to identify
and characterize these genes in plant genomes efficiently.
The MutRenSeq (combines chemical mutagenesis with
exome capture and sequencing) and AgRenSeq (association
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(Continued)

TABLE 1

Genome size (Gb) References

14.71

Gene count Type

Contig N50
66 kb

Ploidy

Varieties/accession

Species

The Plant Genome &

(W. Guo et al., 2020)

AABBDD

118,078

2n=6x=42

Tibetan semi-wild wheat cv. Zang

1817

T. aestivum ssp. tibetanum

(Avni et al., 2022; L. Li,

Zhang, et al., 2022)

5.13

SS

36,928

3.1 Mb

=14

=2

2n

Sitopsis, close to B-genome

Aegilops speltoides

(Ahmed et al., 2023; X. Wang

et al., 2024)

AmA™ 5.2

41,507

344 kb

=14

=2x

2n

Einkorn, A genome, cv. TA10622,

TA299, and PI 306540

Triticum monococcum

(Avni et al., 2022)
(Avni et al., 2022)

6.7

68,797
68,093

12.4 Mb

3.7 Mb

2n=2x=14

2n

Sitopsis, close to B-genome

Aegilops sharonensis

LIU ET AL.

6.7

SS
SS

14
14

2x
2x

Sitopsis, close to B-genome

Aegilops longissima

(L. Li, Zhang, et al., 2022)

~4—6

9.16/1.05/0.56/ ~61,000

1.01/1.78 Mb

2n =

Sitopsis, close to B-genome

Aegilops bicornis, A.

longissima, Aegilops

searsii, A. sharonensis, A.

speltoides

(G. Lietal., 2021)

7.9

RR
EE

45,596
44,474

480.35 kb
2.15Mb

2n=2x=14

Wild relative

Secale cereale

(H. Wang et al., 2020)

4.63

2n=2x=14

Wild relative

Thinopyrum elongatum

genetics with R gene enrichment sequencing) strategies are
applied to rapidly clone R genes. Using these methods,
the stem rust resistance genes Sr22, Sr33, and Sr45 were
successfully cloned (Arora et al., 2019; Steuernagel et al.,
2016).

Related to abiotic stress, the dehydration-responsive ele-
ment binding (DREB) transcription factor gene (TaDTG6-B)
detected through genome-wide association studies (GWAS)
has shown proven effects for drought tolerance. Overexpres-
sion and introgression of TaDTG6-BP¢7 displayed enhanced
drought tolerance (Mei et al., 2022). Besides, TaSPL6-D was
acquired using expression GWAS. The gene is a suppressor
of TaHKT1;5-D, overexpression of TaSPL6-DP¢! increased
wheat salt sensitivity. The discovery of these genes has greatly
improved the resilience of wheat.

2.2.3 | Wheat quality

The demand for high quality flour is rising among consumers
and industry due to the changing standards of living. There
is a particularly strong demand for soft wheat flour, often
employed in cakes and biscuits. The amount and character-
istics of the constituent gluten proteins and starch primarily
determine the wheat flour’s end use value (Sharma et al.,
2020). The polymeric glutenins and the monomeric gliadins,
which give wheat dough its distinct viscoelastic qualities
(Biesiekierski, 2017). In breeding for bread or noodles, key
goal is to enhance baking properties and pasta color, respec-
tively. L. Gao, Meng, et al. (2021) discovered the gene
Ta-NACO019-BI to be exceptional for flour processing qual-
ity, emphasizing TaNACO019 as a strong candidate for breeding
higher quality wheat (Y. Gao, An, et al., 2021). Thus, it will
greatly improve end-use quality.

2.2.4 | CRISPR-based genome editing tool for
genomics research

CRISPR-based genome editing is a powerful tool for func-
tional genomics, specifically for gene validation. The technol-
ogy utilizes artificial nuclease to make targeted modifications
to the genome (Ahmar et al., 2023). CRISPR has been devel-
oped to modify the wheat genome in a precise and predictable
way without the introduction of foreign DNA fragments and
can target desired agronomic features with great efficiency.
The primary genetic alterations produced through genome
editing include chromosomal rearrangements, point muta-
tions, base substitutions, or targeted insertions or deletions
(INDELS). Another advantage of genome editing is its abil-
ity to target multiple sites simultaneously. For instance, in
hexaploid wheat, multiple gene-editing constructs have suc-
cessfully edited two, three, four, and even five genes at up to
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FIGURE 2 Schematic diagram of the wheat genome research program. This workflow illustrates the identification of quantitative trait loci
(QTLs)/genes using genomic-based methods from a germplasm/mutant library and the production of multi-omics data through high-throughput
sequencing, aiming to achieve stable high yields, superior grain quality, and robust resistance to stress.
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15 genomic loci within a single generation. In the T1 gen-
eration, plants with inherited mutations at multiple genomic
loci were successfully obtained, demonstrating the feasibil-
ity of using CRISPR for creating elite breeding materials
with desirable alleles (J. Luo et al., 2021), as it accelerates
the breeding process with unprecedented speed and cost-
effectiveness (Ahmar et al., 2023; Awan et al., 2022; K.
Chen et al., 2019; X. Zhou et al., 2023). Taken together, this
capability has the potential beneficial for wheat improvement.

2.3 | Advances in epigenetics

Epigenetics encompasses the study of DNA methylation,
histone modification, noncoding RNA regulation and chro-
matin three-dimensional structure reconstruction (Kohler &
Springer, 2017). The two hybridization events that formed
hexaploid wheat were accompanied by abundant epigenetic
variation (X. Guo & Han, 2014; Y. Liu et al., 2021), but
little is known about the magnitude and significance of
the epigenetic modifications that occurred during the shift
from diploid to tetraploid and hexaploid wheat. Genome-
wide analysis of DNA methylation landscapes was performed
to investigate the changes induced by the separation and
merger of polyploid wheat genomes, revealing dynamic and
reversible alterations in chromatin and DNA methylation
that were associated with gene expression and transposon
activity (Yuan et al., 2020). A study of the methylation
status of Tausch’s goatgrass during its interaction with pow-
dery mildew revealed abundant differentially methylated
regions with CHH (H = C, T, or A) hypomethylation near
transposable elements. Silencing of a DOMAINS REAR-
RANGED METHYLASE 2 (DRM2) homolog enhanced
plant resistance to powdery mildew, through the upregula-
tion of a pathogenesis-related f-1,3-glucanse gene. Thus,
the study laid a foundation for the analysis of the interac-
tions between epigenomics and plant immunity (Geng et al.,
2019).

Histone modifications play a crucial role in most biolog-
ical processes involving DNA manipulation and expression
(T. Zhao et al., 2019). These modifications function as a
type of “histone code,” dominating the actions of genes
and chromatin. Histone modifications appear to be important
for plant development and responses to environmental stim-
uli. Histone H3K27 di-methylation (H3K27me2) and H3K27
tri-methylation (H3K27me3) plays a role in the regulation
of gene expression and chromatin structure. Mapping the
H3K27me2 and H3K27me3 genes in wheat revealed that
H3K27me3 remained relatively stable across different ploidy
levels. However, the ChIP-seq (chromatin immunoprecipita-
tion) peak of H3K27me2 increased with the rise in ploidy.
The H3K27me?2 peak was co-localized with numerous ampli-
fied transposons in the euchromatin, which might explain the

histone modification increase in H3K27me?2 during polyploid
wheat evolution. This may further explain the silencing of
euchromatin transposons to maintain genome stability dur-
ing polyploid wheat evolution (Y. Liu et al., 2021). In winter
wheat, the key vernalization gene VERNALIZATIONI (VRNI)
exhibited opposing patterns for two core histone modifica-
tions, H3K27me3 and histone H3 lysine 36 trimethylation
(H3K36me3), which corresponded to the gene’s activation
after cold exposure. After cold exposure, the H3K36me3
histone modification level at VRN remained high, possibly
maintaining its active methylation state (X. Liu, Deng, et al.,
2024).

Meanwhile, techniques like ChIP-seq, DNA afinity
purification sequencing, micrococcalnuclease sequencing,
ATAC-seq (assay for transposase-accessible chromatin using
sequencing), and CUT&Tag (cleavage under targets and tag-
mentation) are increasingly used to detect transcription factor
binding sites and chromatin accessibility both in vitro and
in vivo (Concia et al., 2020; Y. Liu, Liu, et al., 2024). In the
future, increasing epigenetic studies will reveal more about
the lesser-known mysteries of life, providing deeper insights
into the biological processes that govern development and
environmental responses.

2.4 | Translational genetics

Molecular genetics involves the utilization of methods that
detect variations in plant DNA. DNA differences can be single
nucleotide polymorphisms (SNPs) or INDELs made visible
via molecular markers. When markers are closely linked to a
genomic region of interest, they can help to indirectly select
for desirable traits, which is named marker-assisted selection.
Through QTL mapping, GWAS, and other molecular genetic
analyses enabling map-based cloning, the last two decades
have witnessed the identification of essential QTL/genes
associated with agronomic traits (Colasuonno et al., 2021;
Dreisigacker et al., 2021; Juliana et al., 2019; Song et al.,
2023).

Many molecular marker technologies are available and
widely utilized in wheat, including sequence tagged site, sim-
ple sequence repeat, genotyping by sequencing, SNP arrays,
kompetitive allele-specific PCR, cleaved amplified polymor-
phic sequence, semi-thermal asymmetric reverse PCR, and
genotyping by target sequencing, these techniques enable the
separation of QTL/genes with their different efficiencies and
advantages (Song et al., 2023). Molecular detection strategies
have undergone significant innovation, with the emergence
of solid-based or liquid-based SNP genotyping platforms that
demonstrate high genotyping accuracy and ease of applica-
tion across laboratories. Various types of SNP microarrays,
such as 15K, 35K, 55K, 90 and 660K, as well as Wheat-
Pan800K, 120K-4HWA, and TaNG have been developed for
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wheat (Burridge et al., 2024; Sun et al., 2020). These arrays
have been widely used for QTL mapping (F. Huang et al.,
2023), phylogenetic analysis (L. Gao, Meng, et al., 2021),
and haplotype detection (S. Yu et al., 2020). The 660K SNP
array for wheat has been thoroughly employed to locate the
genetic loci linked to quality characteristics, agronomic traits,
and disease resistance in wheat (Ma et al., 2023; X. Yangetal.,
2019).

Increasingly, whole genome sequencing (WGS) is being
utilized to discover genetic variants in mapping populations
(Schneeberger, 2014). For example, WGS has been employed
to discover genomic variations in potential genes to Fe and Zn
uptake among different genotypes, resulting in 254 genomic
variants being isolated that have a deleterious impact on pro-
tein function (Kumar et al., 2022). Furthermore, WGS of 827
Watkins landraces and 208 modern cultivars, along with com-
prehensive field evaluations conducted over a decade, were
followed by linkage disequilibrium-based haplotype and asso-
ciation genetics analyses. These analyses linked the Watkins
genomes to high-resolution QTL and identified significant
marker—trait associations. Numerous unique Watkins haplo-
types were uncovered that could impart superior traits to
modern wheat (Cheng et al., 2024).

Exome capture technology at accessible cost to cover ade-
quate coverage in most gene coding regions can facilitate the
finding of the causative genes (He et al., 2019). A total of
287 wheat accessions have been exome sequenced, 6.7% of
the wheat genome has been identified within the selection
sweeps occurring between landraces and cultivars, includ-
ing the genes known to increase yield (A. Li, Hao, et al.,
2022). GWAS was conducted to reveal marker-trait associ-
ations with heat tolerance traits and to evaluate their impact
under favorable conditions. Three genetic loci derived from
exotic sources were identified by assessing 149 spring wheat
lines, which together can enhance yield and lower canopy
temperature (Molero et al., 2023).

Bulk-segregant analysis (BSA) is an easy-to-use and
affordable method for mapping QTL and genes (Zou et al.,
2016). It involves creating two groups by crossing individu-
als with extremely opposite phenotypes, selecting individuals
from the tails of the phenotypic distribution for pool sequenc-
ing. Allele frequencies are then estimated for the two groups,
and differences will be observed between them if there are
causal loci in the genome (Nguyen et al., 2019). To iden-
tify QTL/genes, different types of populations have been
employed, including biparental populations (F2 or recombi-
nant inbred lines), natural populations, multi-parent popula-
tions, and mutant libraries. Specific forms of BSA include
QTL-seq, MutMap, and GradedPool-seq. As an example, the
early leaf senescence (els) gene was cloned on chromoso-
mal arm 2BS located in a 1.5 cM genomic region using BSA
and RNA sequencing (RNA-seq) techniques (Nguyen et al.,
2019).

GWAS uses high-throughput genotyping technologies to
detect common genetic variants related to complex traits.
By leveraging genetic diversity and principles of population
genetics, GWAS can identify numerous natural allelic vari-
ants that influence complex agronomic traits (Yano et al.,
2016). Comparatively, GWAS is regarded as a robust and
cost-effective method for identifying QTL/genes as GWAS
panels can be phenotyped for may trait at a time. GWAS has
identified two underlying genes, TaDEPI, which encodes a
G-protein, and TaARF12, which encodes an auxin response
factor, both of which pleiotropically govern plant height and
grain weight (Kong et al., 2023; A. Li, Hao, et al., 2022).

3 | FUTURE PERSPECTIVES

Based on the current advances in sequencing wheat and build-
ing diverse genomics resources, future research will likely
include the following areas: pan-genomics, the mechanism
of wheat domestication, funnel the outputs of functional
genomics for deployment in wheat breeding, multi-omics
studies facilitate genetic dissection, and the era of big
data: creation, integration and utilization, and Al breeding
(Figure 3).

3.1 | Pan-genomics
Genetic variation arises from various changes in the genome,
such as SNPs, INDELSs, and structural variants. Pan-genome
analysis offers a framework for assessing the genetic diver-
sity of a species by examining its complete collection of
genomes (Igolkina et al., 2024; Rasheed et al., 2025; Tao
et al., 2019). In recent years, third-generation sequencing has
been widely applied to crops, utilizing the long-read sequenc-
ing technology on the PacBio platform for more accurate and
efficient genome analysis. This advancement has shifted the
study of species from relying on a single reference genome
to incorporating multiple reference genomes, marking the
dawn of the pan-genomic era in crop research (J. Shi et al.,
2023). Using the pan-genome as a reference enables the iden-
tification of novel loci associated with important traits and
enhances genomic analysis by uncovering additional genetic
diversity and valuable genes with high precision.
Undoubtedly, pan-genome research could encourage the
utilization of population DNA sequences to replace or sup-
plement single linear genomes, making genetic analysis more
efficient (Bayer et al., 2020). However, the main limitations
of plant pangenomes stem from high computational costs,
difficulties in managing complex genomes and repetitive
sequences, and the lack of mature tools for advanced anal-
ysis. These challenges hinder the accurate representation of
genetic diversity and the effective application of pangenome
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era of big data: creation, integration and utilization, and artificial intelligence (Al) breeding, along with modern breeding techniques, will

significantly contribute to advancing wheat breeding.

data in breeding programs. To fully utilize and benefit from
this valuable resource, future research should shed light on the
following: (i) grouping all the available genome sequences,
one can create nonredundant pan-genome sequences; (ii)
providing deep annotation for identified variable and core
sequences/genes; and (iii) aligning all genomes to a high-
quality backbone genome to identify variations and construct
a graph pangenome.

3.2 | The mechanism of wheat domestication
Wheat is a polyploid species consisting of diploids,
tetraploids, and hexaploids, making it an ideal model organ-
ism for studying the evolutionary dynamics of allopolyploid
speciation, adaptation, and plant domestication (Han et al.,
2025; Venske et al., 2019; Z. Wang et al., 2023). Domesti-
cation has led to genetic modifications in key traits such as
brittle rachis, persistent glume, and non-free threshability,
with several significant genes identified. Until now, only a
small portion of chromosomal regions, or syndrome factors,
are involved in wheat domestication. Following the com-
pletion of genome assemblies for diploid wheat species (T.
urartu and A. tauschii), more domestication-associated genes
are expected to be discovered, providing deeper insights into
wheat’s domestication process. To address this challenge,
breeders must leverage wheat biodiversity and wild wheat
species to preserve a diverse gene pool.

Key areas for future domestication research are (i) unrav-
eling the connection between genomic and epigenomic
diversity in the regulatory roles of noncoding genomes, (ii)
identifying further functional and regulatory genes that were

lost from the cultivars during the domestication process, and
(iii) enhancing genetic diversity through the reintroduction of
absent genes from wild relatives.

3.3 | Extracting the outputs of functional
genomics for deployment in wheat breeding

QTL/genes discovery is accelerated due to the advent of
genomics, yet there is a gap of efficient application of these
discoveries in breeding programs (Purugganan & Jackson,
2021). For example, finding functional genes has become
relatively straightforward, but integrating several favorable
alleles together in combinations into a single variety for
improved agronomic traits performance remains difficult and
limited, especially for complex inherited traits.

Applying functional genomics to wheat breeding, unsolv-
able issues still hinder the translational progress. For instance,
how can larger numbers of alleles be effectively utilized in
breeding? How can the trade-offs among desired traits be
balanced? To address these challenges and advance wheat
breeding goals, it will be essential to prioritize the devel-
opment of robust models and algorithms, as well as to
creatively integrating different types of data (genomic, phe-
notypic, epigenomic, etc.), taking into account nonlinear
interactions, including genotype-by-environment effects in
genomic selection and genomic prediction approaches.

Historically, wheat improvement has largely been a
mechanical process, centered on quantitative genetic breed-
ing parameters and/or phenotypic observations. With a few
notable exceptions, the molecular basis of agronomically
significant traits or phenotypes have yet not been well under-
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stood. Molecular geneticists have advanced in revealing the
genetic foundation of specific traits, including flowering time,
root branch, photosynthesis, and stress reaction. The chal-
lenge now lies in consistently applying this knowledge to
practical wheat improvement. Advances in genomic technolo-
gies and computational methods are expanding the ability
to investigate critical wheat traits, which could lead to more
effective breeding practices.

3.4 | Multi-omics studies facilitate genetic
dissection

The rapid accumulation of multi-omics data has ushered
in the era of interactome big data for wheat genome
research, enabling integrated analyses of wheats’ genetic
complexity. Apart from genomics, additional omics method-
ologies such as transcriptomics, proteomics, metabolomics,
epigenomics, and phenomics (often combined with high-
throughput sequencing strategies, ChIP-seq, CUT&Tag, and
ATAC-seq etc.) now allow for precise measurement of
thousands of corresponding elements simultaneously. Tra-
ditionally, each data type such as DNA, RNA, protein, or
metabolite profiles, has been analyzed individually (Rhaman
et al., 2024). DNA is the genetic material that carries instruc-
tions for an organism’s development and function. RNA
translates these instructions into proteins, which are essen-
tial for protein synthesis. Proteins perform various functions
in the cell, such as catalyzing reactions and regulating bio-
logical processes. Cross-talk between multiple groups has
not yet been correlated in research. The incorporation of
multi-omics datasets holds great potential for discovering
QTL/genes, elucidating regulatory networks and for pre-
dictive breeding. In the wheat variety Fielder, RNA-seq,
ATAC-seq, and CUT&Tag techniques were employed to ana-
lyze transcriptional and chromatin changes during the early
regeneration stages from the scutellum of immature embryos.
It was discovered that 446 important transcription factors
dominated the process of promoting wheat regeneration (X.
Liu et al.,, 2023). Furthermore, epigenomic landscapes of
the leaf, axillary bud, and shoot apex were created during
wheat vernalization through combining RNA-seq, ATAC-seq,
and ChIP-seq, revealing unique responses in various tissues.
Making use of a range of complimentary functional data,
including transcription factor binding, gene expression, chro-
matin accessibility, sequence motif, and regulation that has
been conserved over time, wheat integrative gene regulatory
network (wWGRN) platform (http://wheat.cau.edu.cn/wGRN/)
was built for exploring regulatory networks and discovering
trait-associated genes (Y. Chen et al., 2023).

Spatiotemporal transcriptomics (ST) analysis, as a method
for multi-omics, has been developing rapidly, with an increas-

ing number of articles highlighting remarkable progress in
revealing plant cell development and differentiation, biosyn-
thetic pathways, responses to biotic and abiotic stresses, and
analyzing cell type differentiation across species (Yin et al.,
2023; X. Yu et al.,, 2023). By sequencing the single-cell
transcriptome of plants, researchers gain insights into gene
expression at various growth stages and under different envi-
ronmental conditions. This precise genomic information helps
identify key genes associated with plant traits and reveals
the mechanisms underlying plant responses to adversity (e.g.,
drought, salinity, disease, etc.). In combination with single-
cell transcriptome sequencing (single-cell RNA sequencing
[scRNA-seq]), it enables the examination of cellular hetero-
geneity, classification of cell types, and establishment of cell
lineages (Mo & Jiao, 2022; Shahan et al., 2022). Nonetheless,
scRNA-seq demands cell dissociation from tissues, leading
to a loss of spatial context. Conversely, ST allows for the
analysis of single-cell heterogeneity and identification of cell
types while preserving spatial information. The emergence
of ST has led to discoveries in various fields. Using spatial
location data from stereo-seq, researchers have differenti-
ated different epidermal cells, together with palisade and
sponge mesophyll cells. Additionally, these findings provide
a wealth of markers for different types of leaf cells (Xia
et al., 2022). ST application to wheat research is lacking and
future efforts will need to address several issues: how to dis-
tinguish different tissue structures, how to simplify sample
preparation, how to enhance capture efficiency with opti-
mized statistical analysis, and how to handle the large amounts
of data generated. In addition, the integration of multi-omics
studies with plant single-cell transcriptome sequencing, in
conjunction with other sequencing methods, will enable com-
prehensive and in-depth investigations of plants from various
perspectives. Integrating multi-omics provides a compre-
hensive perspective on wheat research, but the associated
costs can be a significant barrier for many researchers. To
address this, cost-effective data integration methods utiliz-
ing existing tools and resources should be recommended.
Promoting collaboration among researchers and institutions
can also enhance access to shared resources and expertise,
making multi-omics integration more feasible. Addition-
ally, leveraging open-source software and publicly available
datasets can help lower costs while still enabling robust
analyses.

Multi-omics data are essential for better understanding
wheat biology and isolating more efficient targets for wheat
improvement. Future directions should focus on (i) choosing
an appropriate data integration approach based on the biolog-
ical question and the types of omics data available and (ii)
conducting statistical and computational analyses to identify
genes, proteins, metabolites, or other molecular features that
are differentially expressed between conditions.


http://wheat.cau.edu.cn/wGRN/

The Plant Genome .0

12 of 18

LIU ET AL.

WheatOmics 1.0

Wheat Proteome:
Wheat SnpHub Portal

TABLE 2 Representative databases and tools for wheat research.

Database Description

GrainGenes A database for Triticeae and Avena

IWGSC International Wheat Genome Sequencing Consortium

KOMUGI Wheat Genetic Resources Database

MASwheat Marker-assisted selection in wheat

TGT Triticeae-GeneTribe

wGRN A platform using wheat integrative regulatory networks to
guide functional gene discovery

WGVD Wheat Genome Variation Database and selective
signatures

WheatCNVb Database of read depth based fingerprint in wheat

WheatComp Database Genetic relationship information database for wheat
germplasms

WheatIS International Wheat Information System

A platform combining multiple omics data to accelerate
functional genomics studies

The Harvey Millar Group

Genomic variation datasets of wheat and its progenitors

Website

http://wheat.pw.usda.gov
http://www.wheatgenome.org/
https://shigen.nig.ac.jp/wheat/komugi/about/about.jsp
https://maswheat.ucdavis.edu/
http://wheat.cau.edu.cn/TGT/
http://wheat.cau.edu.cn/wGRN/

https://db.cngb.org/WGVD/

http://wheat.cau.edu.cn/WheatCNVb/
http://wheat.cau.edu.cn/WheatCompDB

http://www.wheatis.org/

http://wheatomics.sdau.edu.cn/

https://wheatproteome.org/
http://wheat.cau.edu.cn/Wheat_SnpHub_Portal/

3.5 | The era of big data: Creation,
integration and utilization

As the era of big data progresses, numerous high-quality
wheat single- and multi-omics databases have been estab-
lished worldwide (Table 2), covering genomics, transcrip-
tomics, proteomics, metabolomics, and phenomics data. This
has transformed wheat biology into an information-intensive
field. However, a major challenge remains in efficiently cre-
ating, integrating, and utilizing this vast amount of data. The
datasets include complex multidimensional data, such as mul-
tilocation, multiyear, and multi-trait information, reflecting
crop growth, responses to various stresses, and other envi-
ronmental factors. For example, phenomics data (measured
dynamically across crop cycles) encompass a wide range of
phenotypic traits, including growth parameters, yield, and
physiological responses. Such rich datasets offer valuable
insights into the interactions between genetics, environment,
and management practices, and are crucial for understanding
the adaptive capacity of organisms under changing conditions.

For data integration, traditional data processing methods
are no longer able to cope with the demands of modern big
data. From local to international, there is also a pressing
urgency to develop new platforms and algorithms to man-
age this complex data. The following measures can be taken:
(i) establish efficient big data platforms for management, (ii)
develop innovative data processing machine learning algo-
rithms, (iii) build specialize tools and algorithms to enable
cross-domain data integration and to mine useful informa-
tion from it, (iv) optimize existed computational methods
to make them more efficient and adaptable to large-scale

data, and (v) produce visualization tools that can cope with
high-dimensional data and large-scale data.

3.6 | Al breeding

Al is transforming several scientific fields and is well-known
for its capabilities in large data analysis and pattern identifi-
cation, including crop breeding (Farooq et al., 2024; C. Zhang
et al., 2023). Al in crop breeding is increasingly at the fore-
front of modern agriculture, playing a key role in addressing
climate change and improving production efficiency. Tradi-
tional breeding methods are often time-consuming, costly,
and reliant on extensive trials and screening, whereas Al-
driven breeding technologies accelerate and optimize the
breeding process through machine learning. Al can ana-
lyze large volumes of genomic data, phenotypic information,
and environmental factors, helping breeders predict relation-
ships between plant traits and genes (Harfouche et al., 2019;
Xu et al.,, 2022). However, Al breeding holds significant
promise for advancing agricultural practices, yet its effective-
ness remains uncertain due to several critical factors. One
major concern is the dependence of machine learning mod-
els on the quality and representativeness of training data. If
the data are biased or lack diversity, the models may yield
misleading predictions, potentially resulting in ineffective
breeding decisions. In addition, the biological complexity of
plants and the variable environmental interactions complicate
the accurate modeling of breeding outcomes, emphasizing the
need for comprehensive datasets that capture genetic variabil-
ity and real-world conditions. Furthermore, many traditional
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breeders may lack the technical expertise in data science
necessary to adopt these Al-driven technologies, which can
hinder their integration into existing workflows. By address-
ing these challenges and enhancing understanding of AI’s
capabilities and limitations, the agricultural community can
make informed decisions, ultimately improving productiv-
ity and sustainability in breeding programs. This will make
breeding more digital and intelligent, ushering in a new era of
Al breeding.

The combination of big data and Al is seen as the promise
of a second green revolution. However, several concerns need
to be addressed: (i) How can Al-assisted breeding be applied
from theoretical study and evaluation to the practical breeding
process? (ii) How can we predict which trait, thus streamlin-
ing the selection process? (iii) How can models be developed
to predict the performance of different breeding strategies
across various environmental conditions, helping breeders
make informed decisions prior to conducting actual field tri-
als? (iv) How can we effectively achieve data collection,
storage, and utilization, thereby enhancing breeding informa-
tion systems? In short, Al-driven breeding technologies offer
new opportunities for modern agriculture, not only shorten-
ing the breeding cycle, but also dramatically improving crop
productivity and environmental adaptability.

4 | CONCLUSION

While several aspects of wheat genomics have been summa-
rized in previous reviews (Gupta et al., 2008; Haas et al., 2019;
Tiwari et al., 2024). This review provides a chronological
and comprehensive summary of the progress made in wheat
genome over the past few decades and it offers a wealth of
insightful and up-to-date perspectives on significant scientific
issues based on the most recent research findings.

Conducting wheat genome research at an unprecedented
pace allows wheat genomic resources and new technologies
to accomplish critical goals. Over the past decades, the pri-
mary objectives of wheat genomics have included genome
sequencing, functional genomics, epigenomics, and molec-
ular genetics. With rapid technological advancements, the
Gordian knot in wheat research can be untangled, reveal-
ing new insights into the genome diversity of wheat, gene
networks, enable big data analytics, allowing environmental
adaptation through predictive breeding.

In addition, more cutting-edge technologies, such as
genome editing and Al techniques, will be integrated to com-
pletely transform wheat breeding methods. To address the
challenges of population growth and climate change, we ulti-
mately anticipate that the rapid advancement of wheat genome
will accelerate and transform crop breeding.
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