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ABSTRACT

Advances in DNA sequencing technology have sparked a genomics revolution, driving breakthroughs in
plant genetics and crop breeding. Recently, the focus has shifted from cataloging genetic diversity in plants
to exploring their functional significance and delivering beneficial alleles for crop improvement. This trans-
formation has been facilitated by the increasing adoption of whole-genome resequencing. In this review,
we summarize the current progress of population-based genome resequencing studies and how these
studies affect crop breeding. A total of 187 land plants from 163 countries have been resequenced,
comprising 54 413 accessions. As part of resequencing efforts 367 traits have been surveyed and 86
genome-wide association studies have been conducted. Economically important crops, particularly ce-
reals, vegetables, and legumes, have dominated the resequencing efforts, leaving a gap in 49 orders,
including Lycopodiales, Liliales, Acorales, Austrobaileyales, and Commelinales. The resequenced germ-
plasm is distributed across diverse geographic locations, providing a global perspective on plant geno-
mics. We highlight genes that have been selected during domestication, or associated with agronomic
traits, and form a repository of candidate genes for future research and application. Despite the opportu-
nities for cross-species comparative genomics, many population genomic datasets are not accessible,
impeding secondary analyses. We call for a more open and collaborative approach to population
genomics that promotes data sharing and encourages contribution-based credit policy. The number of
plant genome resequencing studies will continue to rise with the decreasing DNA sequencing costs,
coupled with advances in analysis and computational technologies. This expansion, in terms of both scale
and quality, holds promise for deeper insights into plant trait genetics and breeding design.
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INTRODUCTION These advances have revolutionized our understanding of plant

biology and facilitated groundbreaking discoveries in trait
The publication of the Arabidopsis thaliana genome in 2000 marked

a significant milestone in plant genomics, heralding the beginning of
anew erain plant research (Poczaiet al., 2014). Since then, the field
has Witn_essed remarkable advances in genomics, resulting in the Published by the Molecular Plant Shanghai Editorial Office in association with
sequencing and assembly of more than 700 plant genomes.  Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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Figure 1. Temporal progression of resequencing and phylogenetic distribution of resequenced plant populations
(A) The changes of the size of resequenced populations. Individual data points are size scaled in accordance with the genome size of corresponding

species.
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genetics and crop improvement (Marks et al., 2021; Sun et al,,
2021; Kress et al., 2022).

Following the accomplishment of reference genome assembilies,
genome resequencing initiatives have explored the genetic
diversity in plant populations. Initially, the high cost of DNA
sequencing posed challenges for these endeavors. The first study
in the 1001 Genomes Project, for example, sequenced only three
ecotypes of A. thaliana, namely the reference (Col-0) and two
others (Bur-0 and Tsu-1), using short-read lllumina technology
with coverages ranging from 15- to 20-fold (Ossowski et al.,
2008). Despite these limitations, the alignment of these short
reads to the reference genome sequence (Col-0) enabled the iden-
tification of 823 325 single-nucleotide polymorphisms (SNPs). With
decreasing costs, whole-genome resequencing has expanded in
scale, enabling characterization of genetic variations within
larger populations. For example, the comparison of SNP diversity
between wild and domesticated landraces has enabled the
characterization of domestication sweeps and the genes
associated with domestication (Purugganan and Fuller, 2009;
Meyer and Purugganan, 2013; Zhao et al.,, 2019a; Wei et al.,
2021a). Integrating genome resequencing with phenotype
measurements, such as crop yield, plant height, and metabolite
abundance, has facilitated the detection of loci underlying these
traits (Fang et al., 2017; Wu et al., 2019; Alseekh et al., 2021;
Uffelmann et al., 2021; Marsh et al., 2023), and plant genome
resequencing has greatly enhanced our understanding of crop
domestication, plant adaptation, and evolution and the
identification of loci conferring valuable traits (Huang et al., 2010;
Jia et al., 2013; Abrouk et al., 2020; Mamidi et al., 2020; Kang
etal., 2021; Lovell et al., 2021; Wang et al., 2021; Feng et al., 2022).

The construction of whole-genome variation maps has facilitated
marker-assisted selection and genomic selection approaches to
accelerate crop improvement. The driving force behind these ad-
vances is the growth of DNA sequencing data, often coupled with
the construction of structured family-based mapping populations
and, more recently, the application of machine-learning approaches
for trait association (Danilevicz et al., 2021a, 2021b; Bayer et al.,
2021; Gill et al., 2022). The development and increasing adoption
of long-read DNA sequencing technologies (e.g., PacBio HiFi and
Nanopore) have enabled the capturing of more extensive complex
structural variations (SVs) and repetitive regions, which has pushed
the boundaries of plant genome research.

We review studies of plant genome resequencing and the insights
gained in relation to crop domestication and selection, plant-
environment interactions, and genome-phenotype associations
and provide a repository of candidate genes associated with
various traits, which can be used for future research and applica-
tion. In total, 187 plant species with 54 413 accessions have been
resequenced. Although the resequenced species span the entire
range of land plants, taxonomic gaps exist and most of the plant
genome resequencing studies are focused on crops, particularly
cereals and legumes. Future efforts are needed to fill these gaps

Status and prospects of plant genome resequencing studies

to further our understanding of plant genome evolution. The
sequenced germplasms were collected globally from locations
with a wide span of latitude and altitude and substantial variation
of environmental factors, such as temperature, precipitation, and
solar radiation, which can potentially facilitate more extensive
studies of plant genomic responses to environments. The collation
of data from broad communities presents an opportunity to
conduct extensive comparative studies of plants. However, most
ofthese genotyping datasets are not accessible. This lack of acces-
sibility has hindered the secondary use of these datasets and led to
redundant resequencing of germplasm.

WHOLE-GENOME RESEQUENCING:
FROM MODEL ORGANISMS TO
TAXONOMIC DIVERSITY

Whole-genome resequencing projects have grown rapidly with the
continued reduction in DNA sequencing costs (Figure 1A). To date,
genome resequencing has been reported for 187 plant species
(Figure 1B; Supplemental Table 1). The number of accessions in
each of these resequencing studies reached a peak of 3525 for
grapevine (Vitis vinifera) accessions (Dong et al., 2023), followed
by 3366 chickpea (Cicer arietinum) accessions with the
completion of the chickpea genome project (Varshney et al,
2021), 3010 Oryza sativa accessions (Wang et al., 2018a), and
2898 soybean (Glycine max) accessions (Liu et al., 2020a). These
large-scale resequencing endeavors have facilitated the genera-
tion of nearly complete SNP maps, including rare alleles. Initially,
genome resequencing studies focused on model plants and crops
with small, diploid genomes, such as O. sativa (Huang et al., 2010)
and tomato (Solanum lycopersicum) (Causse et al., 2013), after the
release of respective high-quality reference genome assemblies
(Figure 1A; Supplemental Video 1) (Marks et al., 2021; Sun et al.,
2021). The resequencing of plants with large and more complex
genomes faced the challenges of higher costs and demanding
computational requirements. However, despite these limitations,
population genomic studies on plants with large and complex
genomes emerged soon after the completion of reference
genome sequences (Fernandez et al., 2022). For example, after
the publication of the hexaploid wheat (Triticum aestivum)
reference genome in 2018 (Appels et al.,, 2018), several
resequencing studies of wheat were published in 2019 and 2020
(Cheng et al., 2019; Hao et al., 2020; Walkowiak et al., 2020;
Zhou et al., 2020). As costs come down, genome and pan-
genome references are being constructed for the
less mainstream crops (Bayer et al., 2020; Golicz et al., 2020),
including sorghum (Sorghum bicolor L.) (Ruperao et al., 2021),
pigeonpea (Cajanus cajan L.) (Zhao et al., 2020), and banana
(Musa spp.) (Rijzaani et al., 2022). The development of more
advanced sequencing techniques (Wenger et al.,, 2019; Khan
et al., 2020; Michael and VanBuren, 2020; Yuan et al., 2020) and
assembly algorithms (Koren et al., 2017, 2018; Ruan and Li, 2020;
Chen et al.,, 2021) capable of managing complex genomes,
including heterozygous and polyploid genomes (Danilevicz et al.,

(B) The phylogenomic distribution and summary of the resequenced plant populations. The stacking histogram delineates the cumulative number of
species with reference genome assemblies, with the quantity of resequenced species in each taxonomic order represented by orange bars. Accom-
panying boxplots depict the range of genome size and population size for resequenced species per order.

(C) Number of species with a reference genome assembly and the species in each family with a resequenced population. The number of resequenced

species within each family is designated by orange bars.
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2020), is expected to further expand the number of resequenced
species and the publication of additional high-quality reference
genome assemblies.

While reference genomes have been established for species span-
ning the phylogenetic tree of land plants, resequencing studies
have been more concentrated within a few orders and families
(Figures 1B and 1C; Supplemental Tables 2 and 3). Out of the 187
resequenced species, 38% belong to four families, with 12% (23)
in Poaceae, 11% (21) in Fabaceae, 7% (13) in Brassicaceae, and
8% (14) in Rosaceae (Figure 1C; Supplemental Table 3). When
considering the number of accessions resequenced for each
species, it is evident that the scale of genome resequencing
studies is strongly influenced by the economic importance of the
species, with a significant bias toward crops, particularly those in
the Fabaceae and Poaceae families. There are still 49 orders for
which no species have been resequenced. Although reference
genomes are available for some species in 23 of these orders, a
reference genome is still lacking for the remaining 26 orders
(Supplemental Table 2). With the decreasing cost of DNA
sequencing, recent efforts have expanded beyond crops to
include a broader range of species, including gymnosperms
(Zhao et al., 2019b; De La Torre et al., 2019; Kress et al., 2022).

Gymnosperms once dominated land on earth but are represented
by only four lineages today: Coniferophyta, Cycadophyta, Ginkgo-
phyta, and Gnetophyta, comprising approximately 1000 species
(Crang et al., 2018). The genomic datasets obtained from these
gymnosperms  provide opportunites to enhance our
understanding of plant genome evolution and adaptation. For
example, the sequencing of 545 Ginkgo biloba genomes has
provided insights into the population dynamics of this species
during the Pleistocene glaciations, revealing multiple rounds of
expansion and reduction that correlated with climate change
(Zhao et al., 2019b). The exploration of taxonomic diversity can
be enriched by studies of medicinal plants that are widely
distributed taxonomically. Reference genomes of medicinal
plants are rapidly accumulating, and we can expect a similar
growth in genome resequencing studies. Ren et al. (2021)
recently resequenced 110 accessions of Cannabis sativa, leading
to the identification of genes associated with the differentiation of
drug-type and hemp-type cultivars.

The African Orphan Crops Consortium (AOCC), established in
2011, aims to generate reference genome assemblies for 101 Af-
rican orphan crops and to resequence 100 accessions for each
crop (http://africanorphancrops.org/). Although the focus of the
AOCC is on crops, many of these species do not belong to major
crop families. Plants targeted by AOCC include species in 28 or-
ders, representing 45 families, in 19 of which no resequencing
has been done to date (Hendre et al., 2019). Consequently, the
completion of this project would not only advance research and
breeding for these orphan crops but also contribute to filling the
taxonomic gaps in genome resequencing endeavors.

CO-DOMESTICATION OF LEGUMES AND
CEREALS

A total of 54 413 accessions were obtained from 163 countries
across all continents except Antarctica (Figure 2A;
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Supplemental Table 4). The distribution of germplasm collection
centers aligns with the Vavilovian centers of crop plant origins,
with eight centers showing exact concordance (Harlan, 1971)
(Figure 2A). Additionally, two centers, West Africa and America,
have been suggested to be domestication centers for rice in
other studies (Cubry et al., 2018). Interestingly, there is a
significant overlap in the collection locations of grasses
and legumes (Figure 2B), implying co-domestication. The
domestication centers and spreading routes can be deduced
by analyzing the SNP datasets of populations, and by taking
this approach, resequencing initiatives have reported the
domestication centers of 28 crops, including six cereals, six
legumes, six vegetables, and 10 fruits (Supplemental Table 5).
The results reveal that the domestication of cereal and legume
crops is often intertwined. For example, rice, millet, and
soybean were domesticated in China, while wheat, barley,
chickpea, and lentil were domesticated in the Fertile Crescent.
Sub-Saharan Africa was the domestication center for crops
such as sorghum, pearl millet, and cowpea, whereas maize, com-
mon bean, and lima bean were domesticated in Meso-America
(Abbo and Gopher, 2017). These domestication centers
represent the early agricultural communities where different
crops were domesticated. The simultaneous domestication
of cereals and legumes could also be attributed to their
complementary nutritional profiles. Cereals serve as the primary
carbohydrate source but have low protein content (Henchion
et al., 2017), whereas legumes are rich in proteins (20%-45%)
(Maphosa and Jideani, 2017) and minerals. Moreover, legumes
are abundant in essential amino acids such as lysine but low in
sulfur-containing amino acids (SCAAs) such as methionine,
cystine, and cysteine. On the other hand, cereals are rich
in SCAAs but deficient in lysine (Staniak et al., 2014).
The combined consumption of cereals and legumes in the
domestication centers likely provided balanced nutrition to the
inhabitants.

GENE SELECTION DURING
DOMESTICATION

Selection for traits such as low seed shattering and enhanced inflo-
rescence structures in grain crops during domestication leads to
reduced nucleotide diversity (Gross and Olsen, 2010).
Comparative analysis of wild and cultivated populations allows
for the detection of selection signals during domestication and
the identification of genes for breeding improved varieties (Tirnaz
et al., 2022). Huang et al. (2012a) identified 60, 62, and 55
domestication-related loci in indica, japonica, and mixed rice
populations, respectively, encompassing known domestication
genes linked to seed shattering (sh4, gSH7), hull color (Bh4),
pericarp color (Rc), tiller angle (PROG1), grain width (gSW5), and
grain quality (Waxy). PROG1 also exhibited evidence of strong
selection during the domestication of African rice (O. glaberrima),
indicating convergence of domestication between Asia and Africa
(Cubry et al., 2018). Domestication of other cereal crops, such as
wheat (Cheng et al.,, 2019; Zhou et al., 2020), maize (Hufford
et al., 2012), Coix (Liu et al., 2020b), pearl millet (Varshney et al.,
2017), foxtail millet (Jia et al., 2013), and fonio millet (Abrouk
et al., 2020), also involved selection of genes involved in plant
architecture, spike morphology, seed shattering, grain width, or
flowering.

Molecular Plant 16, 1252-1268, August 7 2023 © 2023 The Author. 1255
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Figure 2. Geographic distribution and environmental context of germplasm collection sites for population resequencing.

(A) Global distribution of all collected germplasms, with numbered orange-circled regions denoting Vavilov centers of origin.

(B) Geographical distribution of the top three families (Poaceae, Fabaceae, and Brassicaceae) with the most resequenced germplasms.

(C) Latitude, average temperature, and precipitation variables at the locations of collected, resequenced germplasms. Additional environmental variables
are provided in Supplemental Table 4.
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Genes selected in wheat included those controlling non-brittle
rachis and shattering (e.g., TtBtr1-A and TtBtr1-B) as well as those
involved in circadian rhythm pathways and flowering (Cheng et al.,
2019; Zhou et al., 2020). Approximately 7.6% of the maize genome
experienced selection during domestication, and these
regions included genes potentially associated with flowering,
yield, nitrogen mobilization, seed germination, and gibberellin
biosynthesis (Hufford et al., 2012). Selection in legume genomes
primarily targeted genes involved in pod dehiscence, seed size,
seed development and germination, stress responses, and
flowering (Zhou et al., 2015; Varshney et al., 2019; Garcia et al.,
2021). For example, the selected regions detected in the
soybean genome overlapped with quantitative trait loci (QTLs)
harboring genes responsible for pod dehiscence (Zhou et al,,
2015). A significant loss of gene content and average gene
number was also observed during domestication in soybean in a
study of >1000 resequenced lines from the US Department of
Agriculture (USDA) soybean collection (Bayer et al., 2022b).
These data have been reused to define characteristics of gene
families affecting traits of agronomic importance such as protein
content (Marsh et al., 2022) and oil production (Derbyshire et al.,
2023). Domestication sweeps in fruit and vegetable crops
favored genes related to taste, flavor, nutrition, and disease
resistance (Shang et al., 2014; Duan et al., 2017; Zhu et al,,
2018; Guo et al., 2019). Peach domestication is associated with
sweeps related to sugar and acid content (Li et al., 2019a).
Domestication in leafy vegetables favored regions associated
with leaf traits such as leaf surface texture, leaf base shape, and
petiole color. For example, selected regions in the spinach
genome contain genes involved in cutin assembly, and a
selected region in lettuce was found to overlap with a QTL
controlling lobed leaf morphology (Wei et al, 2021a; Cai
et al., 2021).

Genes selected during domestication are targets for further crop
improvement, especially because of their consistent overlap with
QTLs for desirable agronomic traits (Huang et al., 2012a; Zhao
et al., 2019a; Wei et al., 2021a; Garcia et al., 2021), some of
which have undergone secondary selection in breeding
programs (Mace et al., 2013; Li et al., 2019a; Varshney et al,,
2021). However, functional characterization is still lacking for
many genes within these regions, warranting further investigation.

GENOMICS RESPONSES TO
ENVIRONMENTAL ADAPTATION

With the increasing effect of climate change on agriculture,
there is an urgent need to breed crops adapted to new and
more variable climates (Abberton et al., 2016; Anderson et al.,
2020). Understanding species-wide diversity enhances the iden-
tification of suitable adaptive alleles (Marsh et al., 2021; Petereit
et al., 2022). Resequencing datasets that span a wide range of
habitats can provide valuable insights into understanding how
genomes respond to changing environments. Figure 2A
presents an example of a resequencing dataset with collection
sites that vary in latitude (68°N to 52°S) and altitude (—29 to
5482 m) (Figure 2A; Supplemental Video 1). To illustrate the
environmental variation, we examined climatic data from
Worldclim (https://www.worldclim.org/), which showed a range
of annual average temperatures (—10.5°C-30.4°C), precipitation
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(0-5561 mm), and solar radiation (736722 789 kJ m~2 day ™)
across these locations (Figure 2C; Supplemental Table 4). This
rich geographic and bioclimatic diversity has facilitated the
investigation of genomic responses to different environments
and the identification of adaptive genes (Exposito-Alonso et al.,
2019; Li et al., 2020; Mamidi et al., 2020; Ji et al., 2021).

Flowering time

Flowering time is an important phenotype associated with plant
adaptation. The 1001 Genomes Project uncovered significant as-
sociations between the flowering time of Arabidopsis and genes
involved in vernalization and flowering regulation. Notable
examples include VERNALIZATION INSENSITIVE3 (VIN3), FLOW-
ERING LOCUS C (FLC), FLOWERING LOCUS T (FT), SHORT
VEGETATIVE PHASE (SVP), and DELAY OF GERMINATION 1
(DOG1). In Brassica napus, 28 MADS-box genes, including FLC,
were found to be associated with variation of flowering time
(Song et al., 2020). Similarly, SENSITIVITY TO RED LIGHT
REDUCED 1 (SRR1) and VIN3 were found to be associated with
flowering time in B. juncea (Kang et al., 2021), while, in sunflower,
genomic regions harboring FT, FLOWERING LOCUS M (FLM),
and EARLY FLOWERING?7 (ELF7) were associated with flowering
(Todesco et al., 2020). Several of these genes are conserved
across different plant species, reflecting conserved mechanisms
that regulate flowering time and adaptation to environments.

Temperature and precipitation

Genes associated with response to abiotic stress are valuable
resources for crop breeding and a subject of extensive investiga-
tion. For example, the gene HEAT-INTOLERANT1 (HIT1),
which confers heat stress tolerance, was found to be associated
with several temperature-related climatic variables in a study
on sunflower (Todesco et al., 2020). In Setaria viridis, 140 loci
near or within genes related to organellar genome maintenance,
protein breakdown, gibberellic acid homeostasis, and fucose
metabolism were associated with adaptation to extreme
temperature and precipitation (Mamidi et al., 2020). Analysis of
fonio millet revealed that genomic loci associated with heat
stress also harbored genes related to hormone biosynthesis,
metabolic processes, shoot apical meristem maintenance,
and root growth and development, while a locus associated
with drought response included a homolog of Arabidopsis
WSD1, which is known to enhance drought tolerance
through wax accumulation (Abrouk et al., 2020). In a study in
soybean, SNPs within genes encoding several protein kinases,
and a gene encoding a 14-3-3 protein, and a gene encoding a
C-repeat-binding factor were associated with temperature
response, and homologs of these genes in Arabidopsis are
known for their involvement in cold and freezing stress tolerance
(Wang et al., 2022). Similarly, a walnut genome-environment as-
sociation study identified three temperature-associated genomic
regions containing genes related to cold tolerance, along
with a precipitation-associated region harboring a cluster of
nucleotide-binding site leucine-rich repeat (NBS-LRR) genes
and a gene with a GRAM domain known to confer drought and
salt tolerance in rice (Zheng et al., 2020a; Ji et al., 2021).

By revisiting the genotyping dataset of the 1001 Arabidopsis ge-
nomes project, Ferrero-Serrano and Assmann (2019) found that
variation in the heterotrimeric G-protein subunit AGG3 was

Molecular Plant 16, 1252-1268, August 7 2023 © 2023 The Author. 1257
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associated with cold tolerance, and this was experimentally
confirmed by observing the cold-induced leaf senescence in sin-
gle and triple agg mutants. Certain genes involved in flowering
have also been reported to overlap with regions responsive to
temperature or precipitation. For example, a walnut gene homol-
ogous to Arabidopsis TERMINAL FLOWER 1 (TFL1) was found in
a temperature-associated region; a soybean homolog of the
PHYTOCHROME E gene was located within a block associated
with temperature; and a flowering-related gene, GmELF4, was
located near a region associated with precipitation response (Li
et al., 2020). When comparing genes regulating flowering with
those associated with temperature adaptation, it is apparent
that different plants employ distinct elements to cope with
changing environments.

Solar radiation

Investigating adaptation to variation in solar radiation often
involves the study of accessions collected from high-altitude re-
gions, such as the Qinghai-Tibetan plateau. In the case of gingke,
a Tibetan variety of barley, several genomic regions were found to
be associated with high-altitude adaptation (Zeng et al., 2018). In
a study of Tibetan poplar, 74 SNPs were found to be associated
with altitude, while 82 SNPs were associated with solar radiation.
Notably, an SNP located within a gene encoding a putative
receptor-like protein kinase was found to be associated with
both variables (Zheng et al., 2020b). In wheat, nearly 2000
genomic regions harboring 3847 genes were identified as being
under selection in a high-altitude environment. The authors impli-
cated a gene homologous to Arabidopsis ELONGATED HYPO-
COTYL 5 (HY5) as playing an important role in mediating wheat’s
adaptation to the plateau. Interestingly, over 86% of Tibetan
wheat accessions carry one haplotype (AT haplotype) of HY5,
whereas most accessions from low-altitude environments carry
an alternative GC haplotype (Guo et al., 2020a). In walnut, a
gene encoding leucoanthocyanidin dioxygenase (LDOX), which
is involved in flavonoid biosynthesis and known to combat
reactive oxygen species resulting from ultraviolet radiation, was
located within a genomic region associated with adaptation to
high altitude (Ji et al., 2021), and this gene was positively
selected in walnut accessions collected from Tibet. In a
genome-environment association study of Arabidopsis, the
SPAT1-RELATED 2 (SPA2) gene, which is known to respond to
various light conditions and to inhibit de-etiolation of Arabidopsis
seedlings, was found to be significantly associated with radiation
intensity during summer (Ferrero-Serrano and Assmann, 2019).
These findings highlight the genetic mechanisms underlying
plant adaptation to solar radiation and the importance of
specific genes in enabling plants to thrive under varying light
conditions.

Soil fertility

Adaptation to variation in soil fertility has also been investigated.
In a study of A. lyrata, seven loci potentially associated with
serpentine adaptation were identified by comparing the nucleo-
tide diversity between populations collected from serpentine
and granitic soils (Turner et al., 2010). In sunflower, three
genomic regions on chromosomes 9, 11, and 14 were found to
be associated with soil characteristics (Todesco et al., 2020).
Furthermore, Liu et al. (2021) discovered an SNP on rice
chromosome 6 related to tillering in response to nitrogen, which
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serves as a proxy for nitrogen-use efficiency (NUE). This finding
was made by sequencing accessions collected from locations
with varying soil nitrogen. These studies shed light on the genetic
mechanisms underlying plant adaptation to soil fertility, particu-
larly in relation to specific soil types and nutrient availability.

GENOME-TRAIT ASSOCIATION STUDIES

Advances in DNA resequencing have enabled rapid discovery of
SNPs in crops, facilitating the identification of genes or loci
associated with a variety of important traits, thereby enhancing
our understanding of these crops and accelerating their breeding
(Figure 3) (Huang and Han, 2014). Through genome-wide associa-
tion studies (GWASS), regions associated with specific traits have
been identified. In addition to loci associated with climatic adapta-
tion, several genomic regions have been reported to be related to
field traits, such as NUE, yield components, and metabolite
content. A total of 8332 loci conferring 367 phenotypes were
identified from 38 crops, among which 6573 loci were associated
with 257 field traits (Supplemental Table 6). Four major categories
of phenotypes were studied, namely yield, plant architecture,
tolerance to biotic and abiotic stresses, and metabolite diversity.
Supplemental Table 7 provides a list of genes related to these
traits that were identified in previous GWAS analysis. Although
most of these genes have not yet been experimentally validated,
they hold potential as candidates for future research and
application in breeding.

Yield

Yield-related traits hold great economic importance and have
therefore been extensively studied. Many important loci related
to yield have been identified through GWAS. For example, a
QTL region associated with soybean seed weight has been map-
ped to the gSW locus (Zhou et al., 2015). Si et al. (2016) and Yu
et al. (2017) identified genes encoding a plant-specific transcrip-
tion factor, OsSPL13, and APETALA2/ethylene-responsive
element binding protein 125 that control rice grain length and
enhance vyield. Ma et al. (2019) identified another gene
controlling rice grain size, OsSNB, where a mutation can lead to
an increase of grain length, width, and weight. Transcription
factors have been found to play important roles in crop yield
traits. For example, an MYB transcription factor was associated
with rice grain weight (Huang et al., 2012b), while a region
containing two auxin response factor-encoding genes was
linked to storage root weight in cassava (Hu et al.,, 2021).
Additionally, ARF18 and ribosome recycling factor genes were
found to be associated with seed weight and silique length of
rapeseed (Hu et al., 2022). In tartary buckwheat (Fagopyrum
tataricum), genes encoding an AP2 transcription factor and a
tryptophan aminotransferase-related protein were identified as
candidates influencing seed weight and seed size, respectively
(Zhang et al., 2021a). Similarly, an AP2 transcription factor has
been associated with cotton vyield traits, and an AP2/
ETHYLENE response factor-encoding gene was identified as
conferring an increase of lint yield, the number of bolls per plant,
and a decrease of seed index (Fang et al., 2017). WRKY, bZIP,
and NAC transcription factors were found to be associated with
the seed size of castor bean (Cai et al., 2021). Genes involved
in ubiquitination have also been associated with yield traits.
A region harboring a gene encoding a ubiquitin-conjugating
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enzyme E2 was associated with yield-related traits in soybean
and flax seed (Fang et al., 2017; Guo et al., 2020b). Studies
have found that cytochrome genes are frequently associated
with seed weight in B. juncea (Kang et al., 2021) and common
bean (Wu et al., 2020).

Plant architecture

Plant architecture is determined by various complex traits,
including plant height, branch structure, tiller angle, and leaf and
panicle morphology (Cheng, 2022). The application of plant
genome resequencing has expedited the identification of several
genes governing plant architecture. In rice, loci related to tiller
angle were detected by GWAS, leading to the identification of
TAC3 as a candidate causal gene (Dong et al., 2016) responsible
for increased tiller angle. Similarly, three basic helix-loop-helix
(bHLH) family genes, OsbHLH153, OsbHLH173, and OsbHLH174,
were found to be associated with leaf angle in rice (Dong et al.,
2018). Genes with pleiotropic effects have also been reported,
including a GATA zinc-finger-type transcription factor associated
with both plant height and panicle length, as well as OsNAL1,
which is associated with panicle number and leaf blade width
(Yano et al., 2016). In rice, a GWAS facilitated the identification of
an N-acetyl glucosamine transferase-encoding gene (OsSPY)
that controls rice architecture (Yano et al., 2019). Some regions
associated with tiller angle and leaf angle in different studies were
found to be overlapping (Dong et al., 2018). Resequencing in
spinach led to the identification of a FAR7-related gene that was
located within a locus associated with petiole width, while a beta-
tubulin gene was proposed as a candidate for a leaf surface texture
trait (Cai et al., 2021). Hu et al. (2022) reported BnPIN2, which
encodes an auxin efflux carrier, to be associated with leaf angle
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Figure 3. Schematic representation of the
population genomics approach in plant
breeding.

in rapeseed. In sorghum, the SbTB1 gene
was identified as a candidate related to
lateral branch number (Wu et al., 2022),
while a GWAS analysis in Populus led to
the identification of GAUT9 as a gene
influencing leaf area (Chhetri et al., 2019).

Tolerance to abiotic stress

The ability of plants to tolerate various abiotic
stresses, such as extreme temperature, salt,
and drought, is important for their growth and
adaptation. GWAS has proved to be valuable
in identifying loci and candidate genes asso-
ciated with tolerance to these stresses. For
example, GWAS revealed three cotton loci
containing genes from the G-type lectin re-
ceptor kinase family that are related to high-
temperature responses (Ma et al., 2021a). In
rice, GWAS identified a gene encoding
Stress-Associated Protein 16 (OsSAP16),
which controls low-temperature germination
(Wang et al., 2018b). Additionally, GWAS
enabled the identification of a gene, NIP1;1,
in Arabidopsis that confers sensitivity to toxic H,O, (Sadhukhan
et al., 2017). Several transporters associated with salt tolerance
were identified through GWAS in different plants, including
OsHKT1;1, OSHKT1;4, OsHKT1;5, OsHKT2;1, OsMOLYBDATE
TRANSPORTER1;1, OsHAK5, OsHAK6, and OsZmHAK4 (Meyer
et al., 2016; Campbell et al., 2017; Yang et al., 2018; Zhang et al.,
2019a; Hartley et al., 2020). However, identifying genes
associated with these traits can be laborious, highlighting the
need for more efficient methods. One such method is a non-
destructive phenotyping pipeline that offers a means of automati-
cally monitoring drought response in crops. In a rice study by
Guo et al. (2018), 51 image-based traits (i-traits) related to drought
tolerance (DT) were collected using a non-destructive phenotyping
facility, and subsequently used for GWAS. A total of 443 loci asso-
ciated with DT were identified, 93% of which overlapped with pre-
viously reported DT-related loci. Furthermore, a new gene
(OsPP15) associated with DT was discovered and experimentally
validated. The same technology was applied to maize to identify
loci for DT by monitoring phenotypes under normal and drought-
stress conditions for 98 days (Wu et al., 2021). Consequently,
1592 loci containing 2318 candidate genes were detected,
including previously known drought-responsive genes, two of
which (ZmcPGM2 and ZmFAB1A) have been experimentally vali-
dated. These studies demonstrate the value of non-destructive
phenotyping performed in combination with GWAS for the identifi-
cation of genes and loci associated with tolerance to abiotic stress
in crops.

Resistance to biotic stress

Both major and minor genes have been implicated in
the response to biotic stress. The major disease resistance
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(R) genes often have a classic NBS-LRR structure. In a GWAS for
rice blast resistance, associated SNPs were reported to co-
localize with an NBS-LRR gene (Xiao et al., 2021). Similar
reports have been made in spinach for white rust disease and
downy mildew (Cai et al., 2021; Shi et al., 2022). Consequently,
the R gene enrichment and sequencing (RenSeq) method was
developed for NBS-LRR gene sequencing (Jupe et al., 2013)
and has been successfully applied in several different plants,
including tomato (Jupe et al., 2013), potato (Witek et al., 2016;
Chen et al., 2018), Arabidopsis (Van de Weyer et al., 2019),
wheat (Arora et al., 2019; Strachan et al., 2019), and lettuce
(Parra et al., 2021). When combined with mutagenesis and
kmer-GWAS, RenSeq enables rapid identification of genes
conferring resistance to different diseases. For example, the
stem rust resistance genes Sr22 and Sr45 were identified in hexa-
ploid wheat (Steuernagel et al., 2016), while Sr33, Sr45, Sr46, and
SrTA1662 were identified in Aegilops tauschii (Arora et al., 2019),
the D genome donor of bread wheat. Other genes associated
with disease resistance in other species include Ga11G2352, a
gene encoding a glutathione S-transferase and conferring
resistance to Fusarium wilt disease in cotton (Du et al., 2018).
Another gene, GhNCS, encoding S-norcoclaurine synthase,
was identified as a candidate associated with susceptibility to
Verticillium wilt of cotton (Ma et al., 2021b). In maize, ZmFBL41,
a gene encoding an F-box protein, was associated with
resistance to maize banded leaf and sheath blight caused by
Rhizoctonia solani (Li et al., 2019b). An F-box protein-encoding
gene in Medicago truncatula was also shown to be involved in
disease resistance, with SNPs within its promoter region reported
to be associated with resistance to Aphanomyces euteiches
(Bonhomme et al., 2014). Using GWAS, Li et al. (2017) identified
a natural allele of a C2H2-type transcription factor that conferred
broad-spectrum resistance to rice blast.

Metabolites

Metabolite-based GWAS (MGWAS) has increased in popularity
with the ability to profile diverse metabolites coupled with
crop resequencing, and it has enabled the identification of
loci associated with flavor, nutrition, and abundance of
bioactive substrates. mMGWAS has been particularly useful in
studying leafy vegetables, fruit crops, and medicinal plants.
The first mGWAS study was conducted in A. thaliana, in
which 43 metabolites including the contents of individual
glucosinolate (GSL) secondary metabolites and their ratios,
were investigated, leading to the identification of two loci
conferring variation in GSLs (Chan et al., 2010). Since then,
mMmGWAS has been widely applied in the study of horticultural
crops, including apple (Malus) (Bilbrey et al., 2021) and tomato
(S. lycopersicum) (Zhu et al., 2018).

Sugar content has also been widely studied, resulting in the iden-
tification of sucrose synthase and raffinose synthase as being
associated with watermelon flesh sweetness (Guo et al., 2019).
Loci associated with sucrose and acid content, as well as 12
aromatic compounds, were identified in grapevine (Liang et al.,
2019), while loci associated with soluble sugar contents,
malate, and citrate accumulation (Liao et al., 2021) have been
identified in apple. Flavor and taste in vegetables and fruits are
often linked to volatile compounds. In a tomato study, 251 loci
were found through GWAS to be associated with 20 traits,
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including 4 non-volatile and 15 volatile flavor compounds
(Tieman et al., 2017). In a study in blueberry, several SNPs were
reported to be associated with volatile compounds, including
linalool, D-limonene, and eucalyptol (Ferrao et al., 2020). The
abundance of stone cells in pear has been associated with 12
loci, with several genes implicated in lignin regulation (Zhang
et al., 2021b). Comprehensive metabolic profiling of 442
accessions of S. lycopersicum, coupled with genomic
association analysis, led to the identification of 3526 loci
associated with 514 metabolites, including 351 uncharacterized
ones (Zhu et al.,, 2018). In the same study, analysis of the
association between genomic variants and transcriptome
variation was performed, resulting in the identification of 2566
cis- and 93 587 trans-eQTLs for 2566 and 2461 genes,
respectively. Additionally, genomic variants have been
associated with other molecules, including proteins (Zhang
et al., 2019b; Liang et al., 2019; Liu et al.,, 2019; Sun et al.,
2019) and minerals (Qin et al.,, 2015; Hindu et al., 2018).
Although only a few loci have been identified thus far to be
associated with small molecules (Supplemental Table 6),
ongoing research investment in medicinal plants rich in
secondary compounds with potential pharmaceutical or
industrial value will likely lead to an expansion of this list.

GENOMIC-ASSISTED BREEDING

The identification of genomic variants through genome rese-
quencing studies provides valuable resources for breeding
and crop improvement. These DNA sequence variants can be
used to introduce specific alleles, predict hybrid performance,
and design more effective breeding strategies. For example,
the introduction of haplotype H of OsTCP19 (OsTCP-H) into
two elite rice cultivars increased tiller number under low- and
moderate-nitrogen conditions (Liu et al., 2021). Resequencing
more than 3000 accessions of chickpea, Varshney et al.
(2021) identified 24 consistent and stable superior haplotypes
absent in 80% of breeding lines and assisted in the selection
of 56 donor lines for use in breeding. Resequencing data can
be helpful in the prediction of hybrid performance. A model
trained to predict grain yield in pearl millet identified 170
promising hybrid combinations, with 11 showing improved
performance and 159 combinations showing potential for
future improvement (Varshney et al., 2017). Similarly, models
trained using GWAS-derived SNPs enabled the prediction of
white rust resistance in spinach, achieving a correlation higher
than 0.75 with only 40 SNPs (Shi et al., 2022). In a recent
maize study, environmental variables were integrated into
models to accurately predict maize yield across Europe under
different conditions (Millet et al., 2019). Wei et al. (2021b)
developed RiceNavi, an in silico breeding system composed
of three major modules: RiceNavi-QTNpick, -Sim, and -Sample-
Select. This system enables sample selection, breeding design,
and optimization in silico, allowing for precise introgression of
target genotypes in a short period while reducing linkage
drag. While the power and efficiency of RiceNavi has been
demonstrated in rice, more sophisticated systems for other
crops are still required. Plant genome resequencing data pro-
vide fundamental resources with considerable value for training
performance prediction models and developing advanced in sil-
ico breeding systems that can significantly accelerate crop
breeding programs.
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CONCLUDING REMARKS AND
PERSPECTIVES

A new era of plant population genomics

The decreasing cost of high-throughput DNA sequencing has led
to an explosion of large-scale population genomic studies.
The read-length limitations of early next-generation sequencing
(NGS) platforms (Slatko et al., 2018) encouraged the heavy
reliance of population studies mainly on SNP variants. Although
some earlier studies employed methods for identifying SVs (Liu
et al., 2020a; Mamidi et al., 2020; Todesco et al., 2020), it was
challenging to accurately detect SVs from NGS datasets (Ho
et al, 2020; Yuan et al, 2021). The availability of more
advanced DNA sequencing technologies currently offers a
solution for the characterization of SVs. The long-read DNA
sequencing techniques from PacBio high fidelity (HiFi) and
Oxford Nanopore GridION have been used to construct pan-
genomes for several crops (Khan et al., 2020), including
soybean (Liu et al., 2020a), wheat (Walkowiak et al., 2020;
Bayer et al., 2022a), rice (Qin et al., 2021), barley (Jayakodi
et al., 2020), tomato (Zhou et al., 2022), and potato (Tang et al.,
2022). These studies mark the beginning of a new era of
genome research. Long-read genome resequencing has pro-
vided insights into the evolution and roles of SVs, which cannot
be adequately resolved using short NGS reads. For example,
Walkowiak et al. (2020) detected several presence/absence
variants and copy number variants of genes, along with large-
scale SVs, including introgressions, translocations, and shifts of
centromeres across wheat genomes. In a soybean resequencing
study, the genomes of 26 representative soybean individuals
were assembled de novo, revealing fusion genes and large-
scale SVs. Approximately 1000 of the SVs were reported to result
in changes in gene expression levels associated with agronomic
traits (Liu et al., 2020a).

The application of long-read DNA sequencing has enabled the
construction of graph-based pan-genomes that can replace sin-
gle reference genomes in plant genome studies (Bayer et al.,
2020; Zanini et al., 2022), capturing heritability that is often
missed in linear references (Edwards and Batley, 2022)(Zhou
et al., 2022). As variant calling relies on a reference genome, it
is important to reevaluate population resequencing data once a
graph pan-genome reference becomes available. One approach
is to map NGS reads to the graph-genome reference and call the
variants. Several tools have been developed for this purpose,
including GraphTyper (Eggertsson et al., 2017), GraphAligner
(Rautiainen and Marschall, 2020), and HISAT2 (Kim et al,
2019). Although graph-based mapping and variant calling are
generally slower and require more memory compared to linear
reference genome analysis (Eizenga et al., 2020), a newly
developed tool, Giraffe, can accurately map NGS reads to the
graph-genome and call variants, including SNPs, insertions and
deletions, and SVs, at a speed comparable to that of a single
linear genome (Sirén et al., 2020). An alternative solution
involves converting single genomes to graph pan-genomes,
which is more efficient and may require less computational
resources. By doing this, SNPs identified from single genomes
can be relocated to the pan-genome coordinate system.
However, this approach may not be suitable for SVs that are
difficult to detect using short NGS reads. In a recent human
study, long-read sequencing was used to resequence more
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than 3000 individuals (Beyter et al., 2021). While the high cost
of long-read sequencing currently limits its population-scale
application in plant studies, decreasing costs will increasingly
make long-read sequencing the standard for population studies.
Variants called from long reads are more capable of resolving SVs
and insertions and deletions in highly repetitive genomes, and in
some cases facilitate the direct detection of methylated nucleo-
tides, such as N6-methyladenine (m6A), 5-methylcytosine
(5mC), and 5-hydroxymethylcytosine (5hmC) (Flusberg et al.,
2010; Tse et al., 2021; Ni et al., 2023). Epigenetic variation in
genomes can result in substantial phenotypic changes (Ong-
Abdullah et al., 2015; Song et al., 2017; Han et al., 2018; Ji
et al., 2018; Wibowo et al., 2018), and the application of long-
read techniques can potentially identify epigenetically modified
alleles conferring traits that cannot be solely explained by DNA
sequence variants. These emerging techniques hold promise
for plant population studies, although their application at large
scale is currently limited by affordability for many research
groups.

Greater data accessibility is needed

Sharing data with the research community has proved to be bene-
ficial, with many outstanding studies conducted through the
compilation and secondary analysis of public data providing in-
sights into genome evolution and transcription regulation
(Ramirez-Gonzalez et al., 2018; Zhang et al., 2023). Population
genomic datasets have significant potential for reuse by other
researchers for diverse purposes, such as meta-GWAS (Zhao
et al., 2019c) and the identification of unannotated open reading
frames (Jiang et al., 2022). However, the secondary analyses of
population genomic datasets are relatively uncommon, partly due
to the difficulty in accessing these datasets, which can be more
challenging than accessing genome or transcriptome datasets.
Despite most journals requiring or encouraging the sharing of
genomic data, access to genotyping data in many studies
remains restricted. A survey of data-sharing policies in journals
revealed that approximately 36% of the journals require sharing
of genomic data (Vasilevsky et al., 2017), with 12% mandating
data sharing as a condition of publication. For example, the
Nature Portfolio of journals requires data availability as a
condition of publication, and the submission of genetic
polymorphism data to public repositories is mandatory (https://
www.nature.com/ng/editorial-policies/reporting-standards).
However, in some publications within these journals, either no
data access is provided or the access links are invalid. In our
analysis of currently published plant genome resequencing
studies, only 21% (74 of 356) of papers published between 2008
and 2023 provided access to the variant calling format (VCF) file,
and, even among those, only 82% of the links were still valid
(Supplemental Table 1).

To understand the poor accessibility of genotyping datasets,
we compared studies with available genotyping datasets to
those without in terms of the population and genome sizes they
studied. Surprisingly, datasets derived from larger genomes
and larger populations were more accessible than small datasets
(Figure 4A), despite the potential difficulty in uploading large
datasets. This counterintuitive conclusion suggests that
the challenge of transferring large data is not a major factor
preventing the sharing of genotyping datasets. Two reasons
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lyses of these data, we propose to include
the following information in the submitted
datasets: (1) the description of species,
such as the name and taxonomy; (2) the
description of genomes, including the ploidy
and the size of the genome, as well as the
version of the reference genome; (3) the
tool and parameters used for SNP calling
and filtering; (4) detailed information about
the samples, such as collection locations
and the breeding status (wild species,
landraces, or elite cultivars); and (5) the raw
SNP datasets in case future users need to
refilter the SNPs with their customized
parameters.

In summary, although the quantity and qual-
ity of population resequencing data are
rapidly increasing, the analysis of existing
datasets remains inadequate. More compre-
hensive analyses and deeper mining of

could potentially explain this observation. First, most large-scale
population studies are international collaborations involving
many institutes from different countries, such as the 1001 Ge-
nomes Project (Alonso-Blanco et al., 2016) and the 3000 Rice
Genomes Project (Wang et al., 2018a), where data generating
and sharing is one of the major goals of these projects.
Second, large-scale population studies have a greater chance
of being published in top-tier journals that require data sharing
as a condition of publication. Indeed, our data show a strong cor-
relation between data accessibility and publishers. Datasets pub-
lished in AAAS and Springer Nature journals are more accessible
than datasets from other journals (Figure 4B). We noticed that
many of these datasets, particularly old datasets, became
inaccessible only because of the discontinued maintenance of
the sites where the datasets were deposited. Therefore, it is
necessary to submit the datasets to a permanent database,
such as European Variation Archive (https://www.ebi.ac.uk/eva/
?Home), China National GeneBank Database (https://db.cngb.
org/), and the Genome Variation Map of the China National Center
for Bioinformation (https://ngdc.cncb.ac.cn/gvm/home) with a

these datasets are necessary for future
N studies. The accumulation of large-scale
plant population genomic datasets has pro-
vided an unprecedented opportunity to
further our understanding of plant genome
evolution and adaptation. A future direction
for plant genomic studies could involve per-
forming meta-analysis using these datasets
to gain further insights into plant genome evolution and response
to environmental change. The broad distribution of the rese-
quenced plant genomes across the Tree of Life (Figure 1B)
facilitates the analysis of intra- and inter-species evolution of
plant genomes, which could be further accelerated by the
ongoing accumulation of relevant datasets. Secondary analyses
of publicly available genomic datasets hold great promise for
generating novel insights and hypotheses related to plant
genome evolution. To facilitate such analyses, barriers to their ac-
cess should be removed by encouraging more open sharing. This
is not only essential for reproducing published analysis but also
beneficial for reducing redundant work and fostering secondary
analyses through data compilation.
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