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SUMMARY

Deep sequencing is a term that has become embedded in the plant genomic literature in recent years and
with good reason. A torrent of (largely) high-quality genomic and transcriptomic data has been collected
and most of this has been publicly released. Indeed, almost 1000 plant genomes have been reported (www.
plabipd.de) and the 2000 Plant Transcriptomes Project has long been completed. The EarthBioGenome pro-
ject will dwarf even these milestones. That said, massive progress in understanding plant physiology, evolu-
tion, and crop domestication has been made by sequencing broadly (across a species) as well as deeply
(within a single individual). We will outline the current state of the art in genome and transcriptome
sequencing before we briefly review the most visible of these broad approaches, namely genome-wide
association and transcriptome-wide association studies, as well as the compilation of pangenomes. This
will include both (i) the most commonly used methods reliant on single nucleotide polymorphisms and
short InDels and (ii) more recent examples which consider structural variants. We will subsequently present
case studies exemplifying how their application has brought insight into either plant physiology or evolu-
tion and crop domestication. Finally, we will provide conclusions and an outlook as to the perspective for
the extension of such approaches to different species, tissues, and biological processes.
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Bullet-Point Summary

+ Sequencing technology has driven the release of complex genomes, the emergence of population-scale and single-cell
scale multi-omics data, and the identification of more genetic variations in plant science.

« These broadly and deeply developed technologies provide opportunities to answer important evolutionary and physio-
logical questions in plant science with respect to phenomena such as gene loss and gain during domestication and the]
convergent evolution of different plants.

Open Questions

« Efficient ways to construct unbiased reference pangenomes are needed
« Little is known about the roles of genetic variations and gene gain and loss during crop domestication.
« Combining prior knowledge, public databases, and omics data, we can go further into the plant regulatory networks.
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SEQUENCING - THE STATE OF THE ART

Alongside CRISPR, next-generation sequencing has
undoubtedly been the most prominent technology of 21st-
century plant science. Its scope is vast and as we will
describe below, it is difficult to think of a sub-discipline of
plant science that has not been dramatically impacted by
its application. Given that there are several excellent sum-
maries of the underlying technologies (Dumschott
et al., 2020; Metzker, 2010; Wenger et al., 2019), we will not
detail these aspects here, but rather provide a brief over-
view of the novel insights that became achievable thanks
to the adoption of so called next-generation sequencing as
well as long-read sequencing technologies. For this pur-
pose, arguable as good a starting point as any is the
review by Weigel and Tautz, who stated 12 years ago in
their visionary overview that genomic analysis would soon
be applied to large numbers of species to answer impor-
tant ecological and evolutionary questions (Tautz
et al., 2010). The first sequenced plant genome was that of
Arabidopsis in 2000 (The Arabidopsis Genome, 2000),
rapidly followed by that of the first crop species rice (Oryza
sativa) in 2002 (Goff et al., 2002), which both spurred basic
and applied plant sciences. These genomes were still
sequenced using classical Sanger sequencing, as were the
few plant genomes that were sequenced in the years fol-
lowing. With the advent of next- or second-generation
sequencing driven by Illlumina and the long discontinued
454 sequencing technologies, plant genome analyses
began to really take off, but were still not as prevalent as
those in vertebrates. During evolution, plant genomes
were heavily reshaped by polyploidy, several rounds of
whole genome duplication, gene family expansion, and
transposon amplification. This added complexity made
short-read-based analysis of plant genomes more difficult
than that of animals (Jiao & Schneeberger, 2017) and has
potentially hampered the impact of next-generation
sequencing in plants compared to animals. The rise of
long-read sequencing technologies brought opportunities
to overcome these barriers. Today, 1000 plant species gen-
omes have been sequenced already (see https://plabipd.de/
timeline_view.ep), where most new genomes have been
analyzed using long sequencing technologies by Oxford
Nanopores Technology (ONT) and/or Pacific Biosciences
(PacBio) (Marks et al., 2021). This is because long-read
sequencing has become much cheaper and at the same
time more precise during the last few years, thereby allow-
ing the relatively easy assembly of even complex plant
genomes (Jiao & Schneeberger, 2017).

Historically, PacBio technology delivered long reads
with error rates above 10% in ‘continuous long read’ (CLR)
mode. Nevertheless, it was taken up rapidly in the field of
plant genomics, wherein the longer reads for example
allowed the assembly of the genome of the desiccation-
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tolerant grass Oropetium thomaeum with high quality
(VanBuren et al., 2015) and provided insights into a new
Arabidopsis ecotype besides the Arabidopsis reference
genome (Zapata et al., 2016). That said, very recent gen-
ome publications still used this technology, including
reports describing the genome of a tea tree (Camellia
sinensis (L.) O. Kuntze) (Zhang et al., 2020), lychee (Litchi
chinensis) (Hu et al., 2022), or the tomato relative Solanum
lycopersicoides (Powell et al., 2022). PacBio has continu-
ously evolved since the publication of the Oropetium gen-
ome, providing continuously increasing output, thus
decreasing the cost per sequence.

Since the last few years, most PacBio sequencing data
use circular consensus reads (CCS or HIFI), which rely on
sequencing the same molecule multiple times and thus
achieve very high base accuracy featuring an error rate of
well below 1%. However, this technique results in a read
length of typically around 20 kb (Hon et al., 2020). It can be
argued that the high-quality long-read sequences as pro-
vided by the PacBio HIFI technique allow to assemble gen-
omes with very little resources if homozygous plant
genomes are to be sequenced, as bioinformatics tools like
hifiasm (Cheng et al., 2021) make the whole genome
assembly process easy, user-friendly, and computationally
tractable without having to rely on high-performance com-
pute clusters.

Similarly, the competing ONT keeps on evolving
rapidly and can be accessed without any major capital
investment, which is still the case for PacBio (Jain
et al., 2018; Schmidt et al., 2017). Improved DNA extraction
protocols (e.g., Vaillancourt & Buell, 2020, Vilanova
et al., 2020) have helped to extract good-quality DNA more
rapidly, and further throughput and accuracy improve-
ments made it possible to obtain a near complete Ara-
bidopsis genome sequence including centromeric regions
(Naish et al., 2021).

Usually, the advantage of PacBio HIFI technology still
remains the lower error rate, even though ONT has drasti-
cally improved recently. An early comparison of barley
(Hordeum vulgare) assemblies in 2021 (Mascher
et al., 2021) concluded that most long-read assemblies are
superior to earlier short-read-based assemblies, but that
PacBio HIFI performed best. They showed that this is par-
ticularly important for the analysis of disease resistance
loci, which are difficult to assemble otherwise as they often
contain clusters of the same gene families. Since this com-
parison (van Rengs et al., 2022) could show (i) that both
technologies are somewhat complementary and (ii) how
they could be combined to generate a gapless tomato
(Solanum lycopersicum) genome assembly for a cultivar
harboring tobacco mosaic virus (TMV) resistance. Rengs
et al. used the assembly and the analysis of additional
tomato varieties to show that the introgressed TMV resis-
tance was accompanied by a large linkage drag region.
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Since then, ONT has released a new ‘Q20’ chemistry
to reduce the error rate. In addition, it is possible to get so-
called duplex reads, where both the forward and reverse
sequence of a molecule are combined, allowing the con-
sensus sequence to achieve error rates of well below 1%.
That said, typically the yield of these duplex reads is cur-
rently below 10% of the total (Sanderson et al., 2022). New
algorithms have been developed to combine the long-
accurate reads with the ultra-long reads and utilize
haplotype-specific markers to assemble high-quality gen-
omes (Rautiainen et al., 2022), and these have been added
to hifiasm now as well. With the improvement of sequence
accuracy and the development of new algorithms, before
long will come an era of telomere-to-telomere plant gen-
omes.

HOTSPOTS OF REARRANGEMENTS/COMPLEX
GENOMES, PHASING, AND SINGLE-CELL SEQUENCING

The advent of these technologies and here especially Pac-
Bio HIFI sequencing has enabled to also determine individ-
ual haplotypes (Jiang et al., 2022). The aforementioned
hifiasm provides this information by default, but necessi-
tates high-quality HIFI reads to do so. An alternative is to
use biological information in the form of haploid gametic
cells. Sequencing of multiple gametes can be used to
reveal crossover events (Li et al., 2015; Luo et al., 2019).
Furthermore, by analyzing many different sperm cell ‘gen-
omes’, Zhang et al. (2021a) and (2021b) were able to recon-
struct the full haplotyped genome of the paternal plant
(Zhang et al., 2021b). The authors of (Sun et al., 2022b)
combined this technique with Hi-C data to reconstruct a
tetraploid phased genome for potato (Solanum tuberosum)
and showed that multiple regions were ‘identical by des-
cent’ between haplotypes. Such techniques are often nec-
essary for autopolyploid haplotype phasing as typical
haplotype-based assemblers such as hifiasm were pro-
grammed for diploid cases. In the particular case of potato,
given the large ‘identical-by-descent’ regions it is concep-
tionally not possible to resolve haplotypes in these regions
without information spanning over these blocks. Hence,
also longer ONT reads only allowed partial reference-
based phasing using whatshap polyphase (Schrinner
et al., 2020), but for (near) chromosome phasing, deep Hi-C
data (Tang et al., 2022; Wang et al., 2022a) or offspring
information (Schrinner et al., 2022; Serra Mari et al., 2022)
is often available for agricultural species where necessary.

GWAS AND TWAS

Genome-wide association study (GWAS) has been widely
used in human (Visscher et al., 2017), livestock (Gan
et al., 2020; Uemoto et al., 2021), and crop populations
(Huang et al., 2010; Zhou et al., 2015) to identify associations
between genetic and phenotypic variations and analyze the
genetic basis of complex traits, especially after the advent

of next-generation sequencing. With the increasing number
of sequence tags due to the advances in sequencing tech-
nology and the expansion of population size, new software
and methods based on the mixed linear model (MLM) (Yu
et al., 2006) have been developed. The compressed MLM
decreases the effective sample size by clustering individuals
into groups and reduces the computational effort (Zhang
et al., 2010), the multi-locus mixed model (MLMM) method,
which takes multi-locus effects into account, showed a bet-
ter performance with respect to false discovery rate and
effect power according to data in human and Arabidopsis
thaliana (Segura et al., 2012), and the multi-trait mixed
model (MTMM) method, considering the variation between
and within traits, is suitable for the analysis of multiple traits
(Korte et al., 2012). Despite these improvements, more than
90% of variants associated with human disease are located
in non-protein-coding regions and far away from annotated
genes (Maurano et al., 2012), implying the importance of
uncovering the regulatory mechanisms underlying complex
traits. Intermediate phenotypes, such as expression, can
also integrate signals from changes in multiple components
of a network. Recent technologies which permit the quantifi-
cation of intermediate phenotypes like mRNA, metabolite,
or protein abundance now enable mapping and trait dissec-
tion to be done between intermediate levels of biological
organization, and new pipelines have been implemented for
sample preparation and data normalization when perform-
ing GWAS with large populations (Bulut et al., 2021).
Transcriptome-wide association study (TWAS) using
gene-based association methods such as PrediXcan and
FUSION could detect known or novel genes associated
with human disease (Gamazon et al.,, 2015, Gusev
et al., 2016). This approach includes three main steps: (i)
training a predictive model between variants and gene
expression based on a known expression reference panel
such as Genotype-Tissue Expression (GTEx) (Battle
et al., 2017), (ii) using the trained model to predict the
expression in individuals in the GWAS population, (iii)
association analysis between expression and phenotypes
(Wainberg et al., 2019). This approach has been widely
used in the study of human diseases, including schizophre-
nia (Gandal et al., 2018), Parkinson’s disease (Li
et al., 2019), breast cancer (Feng et al., 2020), depression
(Dall’Aglio et al., 2021), and anxiety (Su et al., 2021), due to
the availability of comprehensive expression quantitative
trait locus (eQTL) databases. For other species, large-scale
transcriptome sequencing is an alternative approach to
identify candidate genes. Li et al. (2020) sequenced fiber
transcriptomes of 251 cotton (Gossypium hirsutum) acces-
sions and identified 15 330 eQTLs, and 13 causal genes for
differential fiber quality were prioritized through a TWAS
of the local eQTL and GWAS data. Tang et al. (2021)
sequenced transcriptomes of Brassica napus seed at two
developmental stages (309 accessions and 274 accessions,
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respectively); as a result, 605 and 148 genes were detected
to be related to seed oil content according to the associa-
tion analysis between gene expression and seed oil con-
tent, and the sequenced data were also applied to the
association of seed glucosinolate content in B. napus (Tan
et al., 2022). Although TWAS has its advantages in identify-
ing trait-associated genes compared with GWAS (see also
Wainberg et al., 2019) and methods like FOCUS and MR-
JTI have been proven to be effective in improving the reso-
lution for causal gene mapping (Mancuso et al., 2019; Zhou
et al., 2020), its application in complex traits research of
animals and plants is not so extensive as the latter. Further
efforts such as building a species genotype-tissue expres-
sion database and development of tools for multi-omics
analysis would make full use of the rapidly expanding bio-
logical sequencing data.

SINGLE-CELL TRANSCRIPTOMICS

Transcriptomics analysis has been the golden standard to
investigate how organisms respond to developmental and
environmental cues at the global transcriptional level,
which contributes to our understanding of spatiotempo-
rally regulated transcriptional programs in organisms
(Ozsolak & Milos, 2011; Wang et al., 2009). Early transcrip-
tomics analyses were mainly applied to parts of tissues or
organs, or even entire organisms, which can only generate
average cell data and lose information about cell hetero-
geneity (Gutjahr et al., 2015; O'Connell et al., 2012). How-
ever, different cell types have biologically distinct roles in
development and environmental adaptation (Hong
et al., 2017; Libault et al., 2017; Misra et al., 2014), and
compared with traditional sequencing, single-cell RNA
sequencing (scRNA-seq) methodologies have overcome
the problem of averaging gene expression levels across
whole tissues, enabling the identification of individual cells
at high resolution, the discovery of novel cell types, and
more accurate and integrated understanding of their roles
in life processes (Kolodziejczyk et al., 2015).

The scRNA-seq workflow includes dissociation of tar-
get cells from the tissue, cell isolation, RNA extraction,
cDNA synthesis by reverse transcription, and single-cell
sequencing, followed by bioinformatics analyses, including
expression matrix construction, cell type identification, and
cell cluster annotation (Bawa et al., 2022). Early attempts to
increase the spatiotemporal solution with techniques such
as laser capture microdissection (LCM) (Asano et al., 2002;
Cai & Lashbrook, 2006; Tomlins et al., 2007), capturing
cells with fluorescence-activated cell sorting (FACS) (Birn-
baum et al., 2003; Brady et al., 2007), or isolation of nuclei
tagged in individual cell types (INTACT) (Deal & Henik-
off, 2011) could only analyze hundreds of cells at very high
resolution. Most recently, the droplet-based method is
commonly used for the isolation of massive numbers of
cells in scRNA-seq analyses (Macosko et al., 2015).
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Commercial microfluidics technologies such as the 10x
Genomics platform can increase the throughput to nearly
10 000 cells per run (Seyfferth et al., 2021).

Compared to animals, the development of plant
scRNA-seq has been hampered by the diversification of
plant samples and the difficulty of preparing single-cell
suspensions. Various factors can influence the efficiency of
protoplast isolation, such as cell wall composition, size of
cells, and isolation methods; therefore, scRNA-seq datasets
often do not truly reflect the original cell populations
(Denyer et al.,, 2019; Shulse et al., 2019; Valihrach
et al., 2018). But the development of new technologies
such as microwell-based systems and single-nuclei RNA-
seq may be able to mitigate these issues to some extent
(Ding et al., 2019; Lake et al., 2019). So far, the most pro-
filed tissue by scRNA-seq is the Arabidopsis primary root
tip (Apelt et al., 2022; Gala et al., 2021; Jean-Baptiste
et al., 2019; Zhang et al., 2019). These studies generated a
spatiotemporal gene expression atlas with specific cell
types and enabled the reconstruction of a continuous dif-
ferentiation trajectory of root development. For example,
the earliest steps of lateral root development only occur in
a small number of cells, and scRNA-seq captured the tran-
scriptomes of the xylem pole pericycle cells where lateral
roots originate and discovered many upregulated target
genes associated with this process (Gala et al., 2021). Apelt
et al. (2022) conducted scRNA-seq analysis and found dif-
ferences between root and aboveground tissues. Depend-
ing on the time of day, alterations in RNA levels occur in
distinct tissues to various degrees. MERCY1 was found to
be a marker of dividing cells, suggesting its function in
meristematic development.

In addition to the applications in Arabidopsis primary
root tips, scRNA-seq has been applied to study other dicots
and monocots, as well as in leaves, inflorescences, and
other tissues (Sun et al., 2022a; Zong et al., 2022). More
recently, it was found that CYCLING DOF FACTOR 5 (CDF5)
and REPRESSOR OF GA (RGA) have potential roles in the
early development and function of leaf veins in cotyledons
(Liu et al., 2022b). Sun et al. (2022a) identified cell types in
mature and developing stomata of maize (Zea mays)
epidermis-enriched tissue and found that guard cells (GCs)
and subsidiary cells (SCs) displayed differential expression
of genes, which, besides those encoding transporters,
were involved in the abscisic acid, CO,, Ca®", starch meta-
bolism, and blue light signaling pathways.

Many studies on stress resistance and adaptation to
the environment also rely on scRNA-seq. The comprehen-
sive definition of cell types by scRNA-seq helps us under-
stand how root cells differentiate and how root system
architecture is shaped in response to environmental cues,
such as drought or flooding (Zhang et al., 2021a). By gen-
erating and exploiting a high-resolution single-cell gene
expression atlas of Arabidopsis roots, Wendrich
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et al. (2020) found that the TMO5/LHW heterodimer trig-
gers biosynthesis of mobile cytokinin in vascular cells and
increases the root hair density under low-phosphate condi-
tions by modifying both the length and the cell fate of epi-
dermal cells. Bai et al. (2022) using scRNA-seq obtained a
pseudotime trajectory revealing mechanisms underlying
the transition from normal functioning to the defense
response in epidermal and mesophyll cells upon Botrytis
cinerea infection.

In addition to scRNA-seq, other single-cell omics tech-
nologies, such as scATAC-seq, have been developed.
Recently, Marand et al. (2021) built a single-cell cis-
regulatory atlas in maize leveraging scATAC-seq data from
six maize organs and provided a software program,
Socrates, to help better understand the single-cell cis-
regulatory variation.

PLANT PANGENOMES

Pangenomics, as first proposed in microbiology (Vernikos
et al., 2015), has now been increasingly seen application to
eukaryotic genomes for its abilities to reduce the reference
bias and provide additional information of the species
(Eizenga et al., 2020). With the ability to acquire high-
quality genome sequences for individuals of a given plant
species or clade, the past few years have witnessed a rapid
growth of plant pangenomics-related works. Since the
detailed methodologies for linear pangenome construction
(Golicz et al.,, 2016a), pangenome graphs (Eizenga
et al., 2020), and the advances of plant pangenomics until
2021 (Lei et al., 2021) have already been well reviewed,
here we will focus on the newly published plant pangen-
omes (Table 1), updating the work previously reported by
(Lei et al., 2021).

With the explosion of sequence data, public resources
available online allow researchers to construct pangen-
omes with a reanalysis of previously published genomes,
which enhances the possibilities of generating new pan-
genomes in the future. A typical example is the sorghum
(Sorghum bicolor) pangenome, which was constructed
using 176 genomic sequences (with a minimum coverage
of 10x) available in the databases (Ruperao et al., 2021).
This pangenome was constructed following the iterative
assembly strategy used for Brassica (Golicz et al., 2016b).
Each iteration added on average 1.9 Mb of new sequence
to the genome, resulting in a 174.5 Mb (approximately
20%) increase compared to the reference genome. Of the
genes identified, 47% were ‘core genes’, or genes found in
every accession sequenced. Of the genes that were newly
identified, 79 were drought-related, as their expression
was increased under drought conditions, making them
potential subjects for further characterization. Up to 91 000
new single nucleotide polymorphisms (SNPs) were identi-
fied; some of them were identified as trait-related SNPs,
which enhances the use of the pangenome for further

identification of candidate genes in sorghum improve-
ment.

Two different pangenomes for soybean (Glycine max)
have been published recently (Bayer et al., 2022; Torka-
maneh et al., 2021). Torkamaneh et al., 2021 used previ-
ously reported sequencing data, selecting 204 different
accessions with a sequencing depth of >15x. Their study
added 108 Mb to the reference genome used (cv. Williams
82), with 1659 new genes. Of the identified genes, 90%
were found in all the accessions sequenced, a number
much higher than for the sorghum pangenome. Nonethe-
less, many non-common genes were related to defense
responses and plant development, according to Gene
Ontology (GO) enrichment analysis, which makes them
potential subjects for further study. Bayer et al., 2022
reported the sequencing data of 1110 different accessions
(886 newly sequenced) with a minimum depth of 8.5x of
the genome. Using the reference genome of cv. Lee,
198.4 Mb was added to the pangenome, with 3765 new
genes (Bayer et al., 2022). Of the identified genes, 86.8%
were found in all the sequenced accessions, a similar num-
ber previously reported by Torkamaneh et al., 2021. The
GO terms associated with the variable genes are also simi-
lar to the ones reported in previous work, which supports
the idea that different accessions have evolved to cope
with certain environmental factors and to survive in these
environments. Among the sequenced accessions, Bayer
et al., 2022 included wild Glycine soja plants, different lan-
draces, and commercial cultivars; they found that during
domestication, up to 1.5% of genes were lost. Moreover,
different gene frequencies were reported among the popu-
lation screened. The frequency of genes related to defense
and salt responses was decreased, while the frequency of
genes related to flowering time and seed composition was
increased. This reveals that during domestication, growers
selected those lines with shorter flowering time and
enhanced pod traits rather than disease-resistant plants.

Using PacBio sequencing, Li et al., 2022 constructed
the cucumber (Cucumis sativus) pangenome. As discussed
above, PacBio allows to obtain longer sequences, resulting
in more reliable sequence results. The 11 cucumber acces-
sions sequenced yielded a genome coverage higher than
45x. In the pangenome constructed, around 80% of the
identified genes were core genes, and the variable genes
were shorter and their expression was lower than that of
the core genes (Li et al., 2022). The GO terms of the vari-
able genes were related to the auxin response and cell pro-
liferation. Over 2.5 million SNPs and 1.3 million small
insertions/deletions (InDels) were also identified, of which
2.5% and 1.5%, respectively, induced changes in protein
sequences as amino acid changes or premature stop
codons. A deep study of these InDels identified a 51-nt
deletion in the CsTu gene, resulting in warted fruits. This
deletion leads to a loss of DNA binding ability of the
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transcription factor, thus resulting in a non-active form.
Newly identified InDels related to flowering locus T were
associated with another important trait, flowering time.
This information may be useful in cucumber domestica-
tion, as early flowering rather than late flowering acces-
sions were selected, similar to the situation in soybean.

Recently, the pangenomes of two species with high
economical value, tomato and potato, have been published
(Tang et al., 2022; Zhou et al., 2022). For tomato, the
authors constructed a new reference genome, adding
almost 20 Mb of new sequence and eliminating almost
90% of the sequencing gaps from the previous version.
This, added to the higher quality obtained by PacBio,
allowed the identification of new polymorphisms with a
dataset containing over 17 million SNPs. In addition, long-
read sequencing of additional genomes and the incorpora-
tion of data of earlier ONT long-read genomes (Alonge
et al., 2020) allowed in-depth identification of structural
variants (SVs) whose incorporation into the genetic frame-
work markedly increased the estimated heritability. The
authors also identified genes related to the soluble solid
contents and to flavor traits, which confirms that the identi-
fication of new genome variants is a helpful tool for
tomato breeding (Zhou et al., 2022). The potato pangen-
ome permitted researchers to identify genes related to
tuber development and to understand its appearance dur-
ing potato domestication. Also, they determined the level
of homozygosity, which will help to select lines for diploid
hybrid breeding to genetically improve this crop (Tang
et al., 2022).

Most of the pangenomic studies focused on the pan-
genome of a species. Recently, the ‘super-pangenome’
(Khan et al., 2020), a broader level of pangenome that rep-
resents the genome of a genus, has stood out in crops for
better leveraging the wild relatives in genomics-assisted
breeding. The super-pangenomes of two main crops, rice
and maize, have been released in 2022 (Gui et al., 2022;
Shang et al., 2022). For the rice super-pangenome, the
authors have selected 251 rice accessions representing the
genetic and phenotypic diversity of cultivated and wild rice
germplasm, and the super-pangenome was constructed
based on the ONT sequences of these 251 accessions. The
resulting super-pangenome consisted of 1.52 Gb non-
redundant sequences, including 1.15 Gb non-reference
sequences. The super-pangenome harbors 51 359 genes,
with 42.62% core genes and 57.38% variable genes. Based
on the super-pangenome, a total of 193 880 SVs were iden-
tified. Further analyses have highlighted the important
effects of SVs on important agronomic traits (thousand-
grain weight and grain length) through altering gene
expression levels. For the Zea super-pangenome, the
authors have constructed a pan-Zea genome of approxi-
mately 6.71 Gb using publicly available maize genome
assemblies and de novo fragmental assemblies of 721

© 2022 The Authors.

Sequencing plant species to improve our knowledge 453

pan-Zea individuals (Gui et al., 2022). The authors have
highlighted the potential value of this pan-Zea genome in
maize breeding (introduced in more detail in the case stud-
ies section below). Moreover, the sequencing of 744 gen-
omes from maize and all wild taxa of the Zea genus
revealed over 70 million SNPs, underlining the importance
of studying variation in wild relatives to identify genes that
are important in crops (Chen et al., 2022a).

The construction of plant pangenomes allows not only
to identify new genes that might serve as targets for breed-
ing or functional studies, but also to reveal SVs in genes
already selected in breeding that help to understand the
domestication of plants. However, most of the current
pangenomic studies focused on gene presence/absence
variants and canonical SVs. Besides, while the pangen-
omes of most major crops have been studied, less effort
has been made to construct the pangenomes of orphan
crops despite their importance for dryland agriculture.
Recently, several African orphan crops have had their gen-
ome sequenced (reviewed in Ghazal et al., 2021), which
provides opportunities to perform pangenomic analyses to
further understand the domestication history and support
genome-assisted breeding of these African orphan crops.
With the development of more whole genome comparative
algorithms (Kille et al., 2022), graph-genome-based map-
ping (Siren et al., 2021), and downstream analysis tools
(Liao et al., 2022), we could soon be able to get accurate
multi-alignment results of whole genomes, identify more
complex sequence variations such as transposable ele-
ments (TEs) and nested SVs, and use pan-reference gen-
omes to update traditional bioinformatics pipelines for
different omics (for the further application of graph pan-
genomes in crop improvement, please also refer to
Hameed et al., 2022, Wang et al., 2022b, Zanini
et al., 2022). By then, pangenomic analysis could help us
better understand the evolution of different plants, the ori-
gin of new genes, and the molecular basis of complex phe-
notype variations.

INSIGHT INTO STRUCTURAL VARIANTS

Various types of SVs, including transposons, constitute the
majority of the genomic differences among plant species.
Two breakthrough studies in tomato recently explored the
effects of retrotransposons and other SVs on tomato phe-
notypes of agricultural importance (Alonge et al., 2020;
Dominguez et al., 2020). Despite its narrow genetic basis,
tomato (S. lycopersicum) exhibits wide phenotypic diver-
sity in metabolic and developmental traits with much of
this diversity being historically ascribed to the selection of
rare alleles with large effects (Gao et al., 2019). However,
this viewpoint is challenged by the fact that GWAS tends
to focus only on SNPs and short InDels (for a notable
exception to this statement, see Akakpo et al., 2020),
although pangenome analyses have revealed that SVs
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account for a larger proportion of sequence differences in
this species. The approach taken in both papers was essen-
tially the same that of Dominguez et al. (2020), who relied
on available resequencing data from over 600 cultivated
and wild accessions (Zhu et al., 2018), whereas Alonge
et al. additionally generated long-read data for 100 tomato
accessions. These data allowed the establishment of a
pan-SV genome with any individual accession harboring
between 1928 and 45 840 SVs (with the wild species being
the most highly divergent). These SVs were largely com-
posed of, or generated by, transposons (Lisch, 2013), the
function of which, whilst well characterized at the molecu-
lar level (Chuong et al., 2017), remains somewhat contro-
versial on a wider genomic scale. To address this,
Dominguez et al. (2020) assessed the set of TE families
with recent mobilization activity and revealed that the
majority of transposon insertion polymorphisms resulted
from the mobilization of COPIA-like retrotransposons.
Intriguingly, the mobilome fraction was much greater in
wild tomato relatives and early domesticates than in estab-
lished cultivars as a result of significant gene flow between
these groups. Further analysis revealed that COPIA and
many other TE families were found preferentially in or near
genes, whilst GYPSY TEs mainly cluster in the pericen-
tromeric regions. Moreover, COPIA TEs integrate within
environmentally responsive genes (Quadrana et al., 2019),
as was identified as being conspicuous in the Solanum
pennellii genome (Bolger et al., 2014).

CASE STUDIES ON EVOLUTION AND DOMESTICATION

Similarly, deep and broad sequencing was instrumental in
demonstrating the convergent selection of a WD40 tran-
scriptional regulator which enhances grain yield in both
maize and rice (Chen et al., 2022b). Indeed, knockout of
KRN2 in maize or OsKRN2 in rice increased grain yield by
approximately 10% and approximately 8%, respectively,
with no apparent trade-offs in other agronomic traits (Fig-
ure 1). Beyond this, genome-wide scans relying on the
sequencing data of approximately 600 maize and 170 rice
genotypes identified a total of 490 pairs of orthologous
genes that underwent convergent selection during maize
and rice evolution. These genes were considerably
enriched for two shared molecular pathways (starch and
sucrose metabolism, biosynthesis of cofactors), suggesting
these pathways to be an excellent target for future cereal
crop improvement. That said, the recent finding of a role
for a WD40 transcription factor in the coordination of
tomato fruit ripening (Zhu et al., 2022) suggests that these
results may have even broader importance in this respect.
Another example of the application of broad sequencing in
maize is that carried out to better understand the unilateral
cross-incompatibility (UCI) that occurs between popcorn
(Z. mays var. everta) and dent corn (Z. mays var. indentata)
and is associated with the Gametophyte factor1 (Ga1)

locus. However, the underlying genetic basis has remained
unclear for decades (Wang et al., 2022c). In this study a
Z58 x SK recombinant inbred line (RIL) population was
developed and genotyped using high-density markers. A
segregation distortion locus where the genotypes of the
two parents significantly deviated from the expected 1:1
ratio was detected on chromosome 4, which overlapped
with the defined Ga1 locus in previous reports (Zhang
et al., 2012; Zhang et al., 2018). Approximately 5000 indi-
viduals from the Z58 x SK F2 population were subjected
to sequencing in order to fine-map the Ga1l locus using
genotypic segregation distortion as a phenotype. Two
components which influenced segregation distortion were
narrowed to a small region. Following this approach,
seven linked genes were identified, encoding three types
of proteins that affect UCI. These include five pollen-
expressed PECTIN METHYLESTERASE (PME) genes
(ZmPMEs-m), one silk-expressed PME gene (ZmPME3),
and one silk-expressed gene encoding a cysteine-rich pro-
tein (ZmPRP3). Whereas ZmPMEs-m confer pollen compat-
ibility, ZmPME3 causes silk reject incompatibility, while
ZmAPG1 promotes pollen tube growth and thereby breaks
the inhibitory effect of ZMPME3. The three types of genes
independently regulate the growth of pollen tubes but with
both antagonistic and synergistic effects. This deepens our
understanding of the complex regulation of cross-
incompatibility. The near isogenic lines (NILs) presented
variation in ZmBAM1d, a gene associated to a yield QTL,
identified due to the high sequencing quality of the SK line
(Yang et al., 2019). This thus represents an excellent case
study exemplifying the power of broad sequencing to dis-
sect hitherto recalcitrant genomic regions.

Whilst the above two examples clearly show the role
of broad sequencing in addressing targeted questions,
two further studies that look at a much more global level
have also recently been published that are worth dis-
cussing. In the first of these, Chen and co-workers charac-
terized a high-density genomic variation map from
approximately 700 genomes encompassing maize and all
wild taxa of the genus Zea, identifying over 65 million
SNPs, 8 million InDel polymorphisms, and over 1000
novel inversions (Figure 1). This variation map revealed
evidence of selection within taxa displaying novel adapta-
tions such as perenniality and regrowth. However, most
striking in this dataset was the evidence of convergent
adaptation in highland teosinte and temperate maize.
Indeed, this study not only indicated the key role of
hormone-related pathways in highland adaptation and
flowering time-related pathways in high-latitude adapta-
tion, but also identified significant overlap in the genes
underlying adaptation to both environments. In order to
illustrate how these data can be used to identify useful
genetic variants, the authors subsequently generated and
characterized novel mutant alleles for two flowering time
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Figure 1. Schematic representation of how sequencing technology has driven the study of plant physiology and evolution. The development of sequencing
technologies has promoted the generation of different omics data in plants, including high-quality genome assemblies, pangenomes, population-scale genetic
variations, and single-cell transcriptomes. These omics data have helped in studying variation during plant evolution and domestication and in uncovering the

molecular mechanisms underlying important plant physiological features.

candidate genes. To summarize, this work provides the
most extensive sampling to date of the genetic diversity
inherent in the genus Zea, resolving questions on evolu-
tion and identifying adaptive variants for direct use in
modern breeding. In a sister paper, Gui and co-workers
constructed both a super-pangenome for the Zea genus
and a comprehensive SV map for maize breeding. As dis-
cussed above, this generated an approximately 6.71-Gb
pan-Zea genome containing approximately 4.57 Gb of
non-B73 reference sequences from fragmented de novo
assemblies of 721 pan-Zea individuals. A total of 58 944
pan-Zea genes were annotated, and approximately 44.34%
of them were dispensable in the pan-Zea population.
Moreover, 255821 common SVs were identified and
genotyped in a maize association mapping panel. Further
analyses revealed the gene presence/absence variants and
their potential roles during domestication of maize. Simi-
lar to earlier observations in tomato (Alonge et al., 2020;
Alseekh et al., 2020; Dominguez et al., 2020), combining
genetic analyses with multi-omics data, Gui and co-

© 2022 The Authors.

authors demonstrated how SVs are associated with com-
plex agronomic traits. As such, their results highlight the
underexplored role of the pan-Zea genome and SVs to
further understand domestication of maize and explore
their potential utilization in crop improvement.

CONCLUSIONS AND PERSPECTIVES

In summary, improvements in sequencing technology
have made it cost-effective to generate high-quality gen-
ome assemblies and population-scale multi-omics data in
plants. These new resources, along with the development
of statistical and bioinformatics methods, have not only
brought great opportunities to answer broad evolutionary
questions with respect to, for example, the evolution and
domestication history of plants, but also help in digging
deeper into the molecular regulatory mechanisms of
important plant physiological features and promote the
application of genomics-assisted breeding.

With great opportunities come great challenges. One
technical issue the community must face is how to make
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sense of these multi-omics data efficiently. For pange-
nomics, the unbiased representation of graph pangenomes
is still under rapid development (Garrison & Guarra-
cino, 2023); pangenome-based bioinformatics analyses are
still not as effective as the canonical linear reference
genome-based ones. For population genetics, we still need
new bioinformatics algorithms, new causal inference
strategies, and larger-scale omics data to reveal the poten-
tial roles of rare and complex genetic variations. For
single-cell technologies, solutions to reduce the sequenc-
ing noise, to achieve higher throughputs, and to make
improvements to algorithms to deal with missing values
are needed, as well as methods to isolate single cells from
more plant tissues. Additionally, we still need efficient
ways to integrate multi-omics data to draw more compre-
hensive pictures of the regulatory networks of plant
physiology.

The rapid growth of biological Big Data has triggered
a trend of combining the data-driven ‘Kepler paradigm’
with the rationale-driven ‘Newtonian paradigm’ in biology
studies. By combining sequencing technology with genetic
engineering technology, we are able to go broader in the
study of patterns of large evolutionary problems and dee-
per in the study of the detailed underlying molecular
mechanisms. With the further application of technologies
such as complex network analysis and deep learning, with
the increasing availability of data at different scales such
as population-scale and single-cell sequencing data (Yazar
et al., 2022) in plant sciences, it will not be too long before
we go broad and deep simultaneously to uncover the
detailed genetic regulatory mechanisms underlying varia-
tion in plant physiology during domestication and more
precisely design, breed, and improve crops.
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