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Abstract

Population genetic studies have long been an essential part of dissecting important traits of crops. The advent of genomic resources has signifi-
cantly enhanced the efficiency of genetic mapping studies. Concurrently, the integration of multi-omics approaches affords a comprehensive
perspective of plant systems, enabling researchers to investigate the correlations between genetic variations and horticultural traits across
multiple dimensions. This review summarized studies combining forward genetics with multi-omics resources to analyze the genetic basis of
important traits in horticultural crops. The strategies for the effective application of these integrated approaches in the genetic dissection of
ornamental plant populations was discussed. The challenges in processing large dataset were acknowledged and promising prospects of artificial
intelligence (Al) when addressing such issues were outlined. The review aims to provide guidance for population genetic research of horticultural

crops and ornamental plants in the multi-omics era.
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Introduction

The domestication and breeding of crops initiated over ten
thousand years agol'l. The process saw its major transforma-
tion with the advent of Mendelian genetics and quantitative
genetics. This shift accelerated breeding from simple pheno-
typic selection (Breeding v1.0) to more sophisticated hybridiza-
tion (Breeding v2.0). The advent of modern biotechnological
tools, such as molecular markers, whole-genome prediction,
and transgenic technologies, has ushered in the third genera-
tion of breeding. Forward genetics continues to be a pivotal
approach for elucidating the genetic basis of critical traits and
pinpointing key genetic loci in horticultural crops. Meanwhile,
the integration of multi-omics resources is serving as effective
accelerators to further promote horticultural crop breeding
towards stage 4.0[2],

In plant breeding, the dissection of gene-trait associations
has been the foundation for efficient breeding. Forward gene-
tics combines traits with variants using statistical methods to
identify key loci associated with specific traits, also known as
quantitative trait loci (QTL). Current methods include linkage
mapping and association mapping. Linkage mapping relies on
recombination events and polymorphic markers generated in
experimental populations to identify QTLs based on genetic
linkage maps. Genome-wide association studies (GWAS) leve-
rages the principle of linkage disequilibrium, using historical
recombination accumulated across panels of essentially unre-
lated individuals to assess the correlation between phenotypes
and genetic markers.

With the reduction in sequencing costs and a significant
increase in throughput, omics data are now extensively applied
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in plant research. Multi-omics studies offer a comprehensive
analysis of biological processes, encompassing genomics, tran-
scriptomics, proteomics, metabolomics, and epigenomicsil.
Increasingly, research integrates multi-omics techniques with
traditional forward genetics, increasing efficiency and preci-
sion in variant detection, genetic mapping, gene discovery, and
regulatory network construction!®. At the same time, artificial
intelligence (Al) and machine learning (ML) also provide power-
ful tools for multi-omics data processing, enabling predictive
models in genome selection and breeding®!, high-throughput
phenotypingld, etc. Such strategies add new vitality to modern
plant biology, facilitating our understanding of biological phe-
nomena and mechanisms.

This review summarizes studies that use multi-omics data to
assist mapping for important traits in horticultural crops, while
proposing how such methods can be applied in ornamental
plants, along with their precautions. We wish to provide
concrete examples of how to efficiently combine multi-omics
data with forward genetics, aiming to explore the relationship
between genes and traits in different dimensions.

Population genetics aided by genomic
resources

Reference genome assembly

Since the publication of the first Arabidopsis thaliana genome
in 2000, plant genomics have rapidly developed over the past
two decades!”). The publication of the grapevine (Vitis vinifera)
genome in 2007 marked the beginning of the genomic era for
horticultural crops!®l. Plum blossom, also known as mei (Prunus

Www.maxapress.com/opr
WWW.maxapress.com


mailto:yuchao@bjfu.edu.cn
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
mailto:yuchao@bjfu.edu.cn
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
https://doi.org/10.48130/opr-0024-0020
http://www.maxapress.com/opr
http://www.maxapress.com

Ornamental
Plant Research

mume), was the first ornamental plant to have its reference
genome assembled®]. With advancements in sequencing and
assembly technologies, plant genomics has shifted its focus
from establishing reference genomes to unveiling complex
biological questions related to plant origins, evolution, domes-
tication, and trait dissection through comparative genomics!'l,

Reference genomes are essential for detecting variations

In population genetic analyses, short-read sequences have to
be accurately aligned to a reference genome for variant calling
and genotyping. A genome-wide variation map not only cha-
racterizes genetic diversity, it also serves as a foundation for the
analysis of key agronomic traits. Thus, the quality of the refe-
rence genome significantly influences mapping results. High-
quality reference genome assemblies, combined with linkage
mapping and association analysis, have efficiently aided in
dissecting key traits in fruits!''-14, vegetables!'%], ornamental
and medicinal plants'é17], In the association study of peach
fruit traits, Tan et al.'2 assembled five Prunus reference geno-
mes for variant calling of 417 accessions. They further disco-
vered an inversion of the OVATE transcription factor controlling
fruit shape and duplications of the NAC transcription factor
controlling fruit development.

Using genome annotation to locate candidate genes

The process of genetic mapping can be both laborious
and time-consuming. Nevertheless, as genome information
becomes more accessible, studies have efficiently identified
candidate genes within QTL intervals using genome annota-
tions. Wei et al.l'8 used the annotation information of a high-
quality eggplant (Solanum melongena) genome to identify a
candidate gene, Smechr0301963, within a ~7 Mb (71.29-78.26
Mb) interval. A GWAS analysis on six fruit quality traits in longan
(Dimocarpus longan) cultivars resulted in a single co-localized
QTL intervall'l, Three candidate genes associated with total
soluble solids and seed weight were revealed using the geno-
me annotation of longan 'JDB' reference genome. Zhou et al.l2%
used both genetic mapping and bulked segregant analysis
(BSA) results to identify the gibberellin-related GID1b gene
related to plant height, assisted by the annotations from the
high-quality Lagerstroemia indica genome.

T2T gap-less genomes assist fine-mapping

Gaps and errors during genome assemblies are inevitable in
most cases, which can result in inaccurate variant identification
and consequently interfere with downstream analyses['o.
Nowadays, the long-read sequencing technologies have
enabled the near-complete assembly of each chromosome (i.e.
telomere-to-telomere assemblies)?!], which has been applied
in several horticultural crops(?2-261, This achievement allows for
more refined and accurate detection of genetic variants across
the entire genome and population. Using the watermelon
(Citrullus lanatus) line G42, Deng et al.l?3l assembled a T2T
genome and detected a nonsynonymous mutation CIFST
related to fruit shape. Fu et al.l?2 identified structural variants
(SVs) and presence-absence variants (PAVs) related to fruit qua-
lity, terpene metabolism, and trait evolution based on the T2T
genome of bitter melon (Momordica charantia var. abbreviata).
Li et al.2”! conducted variant calling and GWAS analysis utiliz-
ing the T2T reference genome of melon (Cucumis melo). Using
different melon lines, they identified a significant SNP related
to fruit ripening and successfully mapped a candidate gene
CmABA2.
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Reference genome assemblies of ornamental plants

We summarized studies on the genome assemblies of orna-
mental plants from 2012 to the present (Supplemental Table
S1). The main objectives of ornamental plant genome research
include the dissection of characteristic metabolic pathways
(such as floral fragrance, flower color, hormones, etc.), as well as
the exploration of genes involved in floral development, flo-
wering time regulation, etc. Before 2017, most genomes were
based on short-read sequencing for genome assemblies, resul-
ting in many genomes remaining at the draft level. Since 2018,
with the popularization of third-generation sequencing tech-
nology, the quality of ornamental plant genomes has generally
improved. In recent years, a total of seven ornamental plants
have achieved T2T-level genome assembly28-34], These studies
provided insights into mechanisms of flower color, flower
scent, and disease resistance. However, due to repeated hybri-
dization and genome duplication events, many ornamental
plant genomes are large and highly heterozygous, leading to
challenges in genomic research for these species. At present,
most ornamental plant genomes are still merged genomes (i.e.
not phased or haplotype-resolved) with a lack of information
regarding allelic variants. In addition, we found that the plant
materials used for genome assembly are mostly wild and
diploid species, which may lack representative traits unique to
certain varieties. Among all these materials, polyploid species
only accounted for 8.5%. A recent study has made significant
progress in assembling the hexaploid chrysanthemums
genomel3], delving into the origin and breeding history of
cultivated chrysanthemums, and laying the foundation for
further studies of important ornamental traits (flower shape,
color, plant architecture, stress resistance, etc.). Therefore,
future studies for ornamental plant genomic research may
focus more on representative varieties with target ornamental
traits. In addition, it is necessary to further overcome the pha-
sing difficulties of polyploid genomes to reveal allelic varia-
tions with haplotype-specific genome assemblies.

Genome re-sequencing: genomic variations for all

Variant calling is a fundamental step in mapping genetic
traits within populations. As more species have completed
reference genome assemblies, whole genome re-sequencing
(WGS) is becoming increasingly popular in both breeding
populations and natural populations. The rapid development
of WGS technology has constructed genomic landscapes for
various species, which makes variants more accurate and
comprehensive. These variants can be valuable in the evalua-
tion of genetic diversity, and population genomics, and can be
applied in marker-assisted breeding.

Re-sequencing in breeding populations

In breeding populations of horticultural crops, genome re-
sequencing has improved the marker density and coverage of
genetic linkage maps, continuously refining QTL mapping
results36-38], For example, the density of grape genetic maps
has been increasing, which has led to rapid progress in
mapping important traits such as berry shape, berry color, and
aromal373940l, Based on simplified genome sequencing and
genetic map construction, a PyPPCD1 gene related to pear
(Pyrus spp.) russet fruit skin was fine-mapped and identified“'.
Similarly, a WGS-based high-density genetic map of pear
mapped multiple QTLs for fruit quality traitsi8l. In experimen-
tal populations of ornamental plants, such as modern roses
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(Rosa spp.) and ornamental kales (Brassica oleracea var.
acephala), the marker density of the genetic linkage maps has
been greatly increased by WGS technology, laying the founda-
tion for further fine-mapping studies of important ornamental
traits4243],

Re-sequencing in natural populations

WGS technology is also driving advancements in population
genetics of natural populations. Song et al.*4 provided a
detailed summary of the research progress on plant popula-
tion genome re-sequencing, as well as its applications and
prospects in population genetics. The evaluation of genetic
diversity, population structure, and reconstruction of dynamic
history based on genome-wide variations can provide a basis to
study crop evolution and improvement. Many important horti-
cultural crops have utilized WGS based on extensive material
collections to trace the domestication history and identify key
domestication genes. In a recent study, Dong et al.*! recon-
structed the historical events of grape origin and domestica-
tion process based on genome-wide information from 3,525
grape genetic resources worldwide. Taking roses as a represen-
tative example, studies have revealed that genetic diversity and
breeding history of roses using a wide range of accessions,
meanwhile  identifying  selection loci  related to
domestications 6471, In addition, WGS and SNP calling in
specific hybrid populations or wild accessions can be applied in
developing high-density SNP arrays, which can be widely used
in marker-assisted breeding in horticultural crops. Wei et al.l*8!
developed the 200K SNP array for tea (Camellia sinensis), using
the 'Longjing 43' genome as a reference and 139 re-sequen-
cing accessions of Camellia resources. Based on this SNP array,
the authors constructed a high density genetic linkage map of
tea plants and two major loci controlling leaf size were located.
Meanwhile, genotyping based on SNP arrays has advantages
such as low cost, accuracy, and efficiency, especially for poly-
ploid species. Various polyploid horticultural crops have high-
density SNP arrays for marker genotyping, such as kiwifruit
(Actinidia spp.)*9, roses (Rosa spp.)%, potato (Solanum
tuberosum)5'], and sugarcane (Saccharum spp.)i, etc.

Re-sequencing in ornamental plant populations

The studies of population genetics in ornamental plants
based on whole genome re-sequencing were summarized
(Supplemental Table S2). It was found that the majority of these
studies have been conducted within natural populations, rather
than breeding populations, which may be due to the heterozy-
gous and polyploid backgrounds of most ornamental plants,
making it difficult to construct artificial populations. Notably,
significant achievements have been made in mapping orna-
mental traits in numerous important woody plant species,
including Prunus mume, Rosa spp., Osmanthus fragrans, Prunus
persica and Prunus campanulata, through the utilization of
extensive germplasm collections and population genetic
approaches. However, in comparison to horticultural crops,
several considerations should be considered for future studies
in ornamental plant population genetics:

i) Population size. According to Hardy-Weinberg principles,
the size of a population significantly influences linkage disequi-
librium (LD) decay, which in turn affects the accuracy of
mapping results. The present review indicates that only 9 out of
23 studies included populations exceeding 200 individuals
(Supplemental Table S2). Therefore, population studies in
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ornamental plants must encompass a more extensive and
comprehensive collection of plant materials to ensure robust
and precise mapping results.

i) Identification of plant materials. The classification of
species, variants, and varieties is complex in ornamental plants,
which can easily lead to inaccurate identification of plant mate-
rials and resulting in unreliable results.

iii) Grouping of plant materials. Compared to horticultural
crops, ornamental plants have experienced large hybridization
events in a short period of time, resulting in unclear differentia-
tion between wild species, landraces, and varieties. Conse-
quently, it is necessary to consider how to scientifically group
these materials (based on sampling regions/genetic relation-
ships/breeding events, etc.), further evaluate the degree of
differentiation between different groups, and then conduct
subsequent analysis.

Pan-genome as the new reference

Plant genomes exhibit both conservation and diversity.
Although the assembly of a single reference genome for the
species can characterize genetic diversity at a given scale (e.g.,
SNPs, small InDels), it represents a limited range of genetic varia-
tion. Increasing evidence shows that large structural variations
(SVs) play a crucial role in plant adaptive evolution and func-
tional diversity>3l. Genome-wide SVs show powerful potential
in GWAS analysis, possibly leading to the discovery of more
novel loci related to important traits>4. Plant pan-genomes can
capture the genetic diversity of almost the entire spectrum of
certain species and their wild relatives, therefore more compre-
hensively reflect genetic information, and present a complete
picture of population genomics. Despite the nascent stage of
pan-genome research in horticultural crops, which is subject to
a multitude of factors including genome complexity, analytical
methodologies, software applications, and genotyping approa-
ches, significant progress has been made in various horticul-
tural crop species, including pepper (Capsicum spp.)©%, tomato
(Solanum  lycopersicum)>356571 citrus (Citrus spp.)859, rape-
seed (Brassica napus)!5%, apple (Malus spp.)®"! and sunflower
(Helianthus annuus)52, We have compiled an overview of the
current pan-genome research conducted in horticultural crops,
as detailed in Supplemental Table S3. The predominant assem-
bly strategies employed in these studies encompass 'map to
pan', de novo assembly, and graph-based pan-genome
approaches.

Detecting large-scale variations

Utilizing a pan-genome as reference can reduce misalign-
ment caused by linear reference genome and reveal large-scale
variations that may associate with agronomic traits. Zhou et
al.b7l used both single linear genome and pan-genome as refe-
rences to detect SVs in tomatoes. It is proved that SVs are
important sources of heritability and the ability of a pan-
genome can increase the identification of heritability by 24%. Li
et al.P3! constructed a tomato graph-pan-genome by assem-
bling the genomes of 11 chromosome-scale wild and culti-
vated tomato species. These genomes covered the major
branches of the tomato's wild relatives and their correspon-
ding cultivated varieties. By integrating previously reported
tomato genomes and SV variations, they genotyped SVs in a
tomato population with 321 accessions. Furthermore, an SV-
based GWAS analyses on 32 flavor-related compounds and 362
fruit metabolic products was conducted, detecting significant
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association signals for 17 flavor volatiles and 249 fruit
metabolic products. Polyploid plants face greater challenges in
pan-genome assembly. Song et al.lé% assembled and anno-
tated eight representative allotetraploid rapeseed genomes
and created a comprehensive variation map of the rapeseed
pan-genome, including SNPs, InDels, PAVs, and homologous
exchanges (HE). They employed a PAV-based genome-wide
association study (PAV-GWAS) for three yield-related traits and
identified PAVs that cause functional gene variations. The study
also proposed a strategy of combining SNP-GWAS and PAV-
GWAS to detect loci associated with target traits at different
variation levels, offering a novel methodology for association
analysis of important crops.

Tracing origins and domestication history

The assembly of a pan-genome using materials with diffe-
rent genetic backgrounds can effectively trace key genes
related to crop domestication and breeding events. A graph-
based pan-genome for the orange subfamily (Aurantioideae)
and the genome sequences of 314 accessions revealed the
origin center of the Citrus genus®8l. By compiling gene expres-
sion results, researchers identified a CitPH4 gene, involved in
citric acid accumulation during Citrus domestication. In a
recent study of pepper, three accessions were selected to
represent three distinct clades of cultivated Capsicum, for
sequencing and assembly of pepper reference genomesl3l,
Based on a graph-pan genome and re-sequencing of 500
Capsicum accessions, differentiated genomic regions and
domestication sweeps were identified for fruit size, shape and
pungency traits.

Pan-genomes of ornamental plants

Currently, among ornamental plants, mei and sunflower
have taken the lead in completing pan-genome
constructions!'7621, Targeting important ornamental traits and
resistant traits, studies revealed several important loci at the

Population genetics aided by multi-omics

population scale. The materials used in both studies were rela-
tively comprehensive, covering wild species, closely related rela-
tives, landraces, varieties, and mapping populations. However,
limited by the sequencing technology, their reference genomes
and pan-genome assemblies were based on lllumina short-read
sequencing. Thus, the quality of the reference genomes was
not guaranteed and they were not capable of identifying large-
scale variations. At present, many ornamental plants, such as
roses and chrysanthemums, are expected to further promote
pan-genomic research with many genomic resources gradually
published. At the same time, taking close wild relatives into
pan-genome analyses can provide additional genetic diversity,
which is the key to breaking through the genetic bottleneck of
ornamental plants in future breeding works. In addition, it
should be aware that polyploid genomes may have a larger
proportion of variable genes and core genes, together with
high levels of tandem repeats (TE), which may affect the accu-
racy of detecting large variants. Thus, it is still challenging to
effectively cover the information of polyploid genomes during
the pan-genome construction.

Mapping traits in different dimensions

Traditionally, QTL refers to the quantitative trait loci associa-
ted with phenotypic traits. Nowadays, the concept of 'trait' has
been broadened to encompass multi-faceted biological data,
such as gene expression profiles, protein abundance levels, and
differential metabolite concentrations (Fig. 1). Numerous
studies have demonstrated the utility of integrating these
diverse datasets through linkage or association analyses, to
elucidate plant biological mechanisms at different levels.

Mapping expression data
Expression quantitative trait loci (eQTL) are genomic loci that
control the expression levels of quantitative traits. Genome
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Utilizing multi-omics technologies to assist genetic mapping in different dimensions.
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variations such as SNPs, do not necessarily affect the expres-
sion abundance of certain mRNAs or proteins. Only genes that
are expressed and translated may have a direct influence on
phenotypes. This has led to the exploration of mapping
another dimension of data, expression data of mRNA. eQTL
analysis associates genetic variation with transcriptomic data-
sets, which can be served as a powerful tool to understand
gene expression variations between individuals(®3]. With recent
development, eQTL analysis has been used for association
analysis and construction of regulatory networks in various
horticultural crops, such as tomatol®4, strawberries (Fragaria x
ananassa)l'3, peony (Paeonia suffruticosa)i®], sweet potato
(Ipomoea batatas)!e0l,

In rapeseed, multiple studies have combined transcriptome
data to conduct association analysis and locate seed oil content
(SOQ) traits. Tang et al.l*”] performed both GWAS and transcrip-
tome-wide association study (TWAS) to construct a gene regu-
latory network related to SOC using rapeseed inbred lines. Tan
et al.l’8l combined eQTL analysis with transposase-accessible
chromatin sequencing (ATAC-seq) to predict the mechanisms
affecting the SOC regulated by eQTL hotspot and identified
two transcription factors positively regulate the SOC in rape-
seed. Zhang et al.l*l integrated GWAS and TWAS methods to
systematically analyze the genetic basis of seed coat percen-
tage in 382 rapeseed accessions.

In octoploid strawberries, researchers integrated multi-omics
to detect SNPs and SVs that may affect strawberry flavors('3l,
Combining GWAS and eQTL analysis, they focused on the co-
localized intervals and further identified key genes related to
flavor traits. This integrative approach effectively combined
various genetic and genomic tools to elucidate the complex
genetic architecture underlying strawberry flavors.

On the other hand, eQTL approach has been relatively
limited in ornamental plants. Compared to crops like rice and
maize, the construction of mapping populations required for
eQTL analysis is still challenging for most ornamental plants,
due to their complex and polyploid genetic backgrounds. In
addition, the largely clonal propagation of ornamental crops
leads to a lack of natural genetic recombination, limiting the
genetic variation for eQTL analysis. Meanwhile, the high cost of
transcriptome sequencing and data analysis can also be a
significant barrier. In a recent study of peony, Peng et al.l%%]
utilized 24 phenotypic traits and transcriptome data for 119
varieties. They conducted a population association analysis and
identified a total of 86 GWAS-related cis-eQTLs and 3,188 trans-
eQTLs. These eQTLs were found to be associated with traits
such as the number of petals, stamens, and carpels in peonies.
However, the results of eQTLs are easily lost in the vast amount
of data. Therefore, it is more accessible to perform such analy-
sis on a single gene with clear functions, to identify regulatory
loci and construct expression networks for specific pathways.

Mapping metabolites

Metabolites are more stable and exhibit higher heritability
and consistent diversity in plants, making them ideal traits for
population genetics studies. Mapping metabolite quantitative
trait loci (mQTL) has been widely used over the past 15 years to
dissect the genetic architecture of various metabolites in
plants. There have been numerous studies on integrated
metabolomics for genetic mapping in horticultural crops,
which involved primary and secondary metabolites. These
studies mainly focused on flavor, color, and nutrient-related
traits.
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Flavor traits are important but complex quantitative traits in
horticultural crops, encompassing dimensions such as taste
and aroma. Numerous studies have explored the impact of
specific metabolites on flavors based on targeted/widely
targeted metabolomics, and have used genetic mapping or
association analysis to locate genes that affect flavor traits in
populations, promoting quality improvement of horticultural
crops. Szymanski et al.7% conducted transcriptome and meta-
bolome analysis on 580 lines derived from wild and cultivated
tomato varieties. By integrating eQTL and mQTL analysis, it
revealed a key pathway during fruit development and ripening,
that the a-Tomatine was converted into saponins. Yuan et al.l’"]
carried out LC-MS/MS analysis to identify a total of 346 meta-
bolites in watermelons (Citrullus lanatus). MGWAS was then
performed on these metabolites, and 29 candidate genes were
predicted to be involved in regulating fruit taste and resistance
quality.

The metabolic traits may also be influenced by human selec-
tion. Cao et al.7? systematically elucidated the changes in the
metabolic profiles of peaches during their evolutionary process
through comprehensive metabolomic analysis, mMGWAS analy-
sis, and eQTL analysis. Meanwhile, the study also speculated
that the preference for peach fruit flavors by eastern and wes-
tern breeders and consumers may lead to different anticancer
activity among peach varieties. By integrating population
genetic analysis and metabolomic analysis, Lin et al.”3! charac-
terized significant SNPs using mGWAS in 292 apple accessions,
revealing fruit quality changes in the apple domestication
process.

Ornamental traits such as floral pigments and volatiles are
involve in multiple metabolic pathways. Therefore, conducting
mQTL analysis in ornamental plants can effectively reveal the
genetic patterns of metabolic-related traits. In roses, metabolic
analysis has been conducted to reveal the pigment composi-
tion in rose petals. Together, GWAS or QTL mapping analysis
have been conducted to identify the major QTLs controlling
pigment content traits*374751, It should be noted that due to
cost constraints, limited research conducts biological repeats
on metabolic measurement within populations, thus the
mapping results need to be further validated.

Mapping translation profiles

According to the central dogma of molecular biology, tran-
scription of DNA into RNA requires further translation into
proteins with specific amino acid sequences to perform func-
tions. The abundance of protein expression is influenced by
genotype x environment (G X E) interactions, which can be
analyzed through plant proteomics and protein quantitative
trait loci (pQTL) mapping’¢l. However, the capability of specific
plant proteomics studies depends on the quality and availabi-
lity of genomic annotation information’”], and the analysis of
the relative abundance of protein spots can be laborious at the
population level.

With the development of biotechnology and proteomics,
pQTL analysis has been attempted in crops such as maize (Zea
mays) in recent yearsl7879, yet the applications of pQTL in horti-
cultural crops are still very limited. In a study on the fruit traits
of chili peppers, a high-density genetic linkage map was first
constructed based on an RIL population for QTL mapping(®°.
Then transcriptome and proteomic data were combined to
perform TWAS and proteomic association analysis (PWAS) on
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fruit color, fruit length, fruit width, and fruit weight. The identi-
fied hotspot protein regions were integrated with eQTL
regions, and 12 significant QTL loci with related candidate
genes were screened for pepper fruit traits.

Although pQTL analysis combined with genomic, transcrip-
tomic, and metabolomic data can effectively explore gene
regulatory and translational networks, dissecting the contribu-
tions of genetic factors and environmental influences in pQTL
studies is still challenging. Moreover, pQTLs may exhibit var-
ying effects in different plant tissues or cell types, adding to the
complexity of the analyzing process. Until now, such applica-
tion remains blank in ornamental plant research. One of the
many reasons is that ornamental plants are still in the early
stages of genomic research, with incomplete genomic annota-
tion information, which limits the depth of proteomics
research. Additionally, proteomics experiments are costly and
demand large sample sizes, which also limits their application.

Mapping epigenetic level

Epigenetics modifies and regulates gene expression without
altering the variation in DNA sequences, which plays a crucial
role in plant growth and development. These epigenetic modi-
fications mainly involve DNA methylation, histone modifica-
tions, and small RNA (sRNA) mediated modifications8'l. Recent
advancements in technologies such as bisulfite sequencing
(BS-Seq) and methyl C sequencing (methyl C-Seq) have signifi-
cantly enhanced our ability to predict DNA methylation status
across the entire genome. Furthermore, genome-wide bisulfite
sequencing (WGBS) has enabled the construction of high-reso-
lution genome-wide DNA methylation maps at the single-base
level. These breakthroughs have not only deepened our under-
standing of epigenetic mechanisms but also opened new
avenues for exploring the intricate relationship between epige-
netic and plant biological processes.

Epigenetic quantitative trait loci (epiQTL) refer to the genetic
loci that influence epigenetic traits, focusing on the association
between epigenetic markers (such as DNA methylation, histone
modifications, etc.) and epigenetic traits. Similar to GWAS,
epigenome-wide association studies (EWAS) have proven effec-
tive in exploring the impact of epigenetic modifications on
phenotypes when whole-genome epigenetic markers are avail-
able. Comprehensive reviews have summarized studies and
challenges in mapping epigenetic loci in plants and their appli-
cation prospects in crop improvement82, Quantitative epige-
netics is still advanced in plant research and predominantly
conducted in model plants like A.thaliana8384, while also
making progress in horticultural crops in recent years.

Long et al.®% first analyzed epiallelic loci in the rapeseed
genome, employing methylation-sensitive amplified fragment
length polymorphism (MSAP) and retrotransposon (RT) epige-
netic markers. They discovered that 90% of the markers exhi-
bited stable allelic patterns across different environments or
developmental stages and identified QTLs associated with
seven important traits in a mapping population. A recent study
in tomatoes has advanced the field of population epigenetics
in horticultural crops. Guo et al.8¢! conducted WGBS, RNA-seq,
and metabolomic analyses in a tomato population. They identi-
fied large differentially methylated regions (DMRs) while revea-
ling a strong association of DMRs with adjacent SNPs. Further-
more, the study also performed mGWAS based on both SNPs
and DMRs. Integrating multi-omics data, they identified 13
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candidate genes and updated the polyphenol biosynthesis
pathway, indicating that DNA methylation changes might be a
genetic basis for plant metabolic diversity.

In ornamental plants, studies have shown that ornamental
traits such as flower color and scent may be regulated by
methylation sites. In osmanthus (Osmanthus fragrance), the
expression levels of genes related to aromatic components,
such as TPS2, CCD4, and CCD1, are associated with methylation
levels and chromatin accessibility®”). In chrysanthemums
(Chrysanthemum morifolium) it is proved that the methylation
level of CmMYB6 promoter affects anthocyanin accumulation
and can be inherited by offspring through mitosisi®8l. Such
stably inherited loci with phenotypic diversity can be potential
targets for natural/artificial selection for ornamental plants
improvement.

Mapping high-throughput phenotypic data

Plant phenotyping is a comprehensive assessment of
complex traits such as development, growth, resistance, yield,
etc. Traditional phenotyping methods are costly, labor-inten-
sive, destructive, and may affect the accuracy of mapping
results. Over the past decade, ground and aerial platforms
equipped with multiple sensors have been rapidly adopted for
phenotyping various traits throughout the developmental
stages of crop plants®l. High-throughput phenotyping (HTP)
based phenomes are now widely applied for analyzing plant
and animal phenotypes at the cellular, organ, individual, and
population levels, providing comprehensive and repeatable
datal®l. Many crops have integrated HTP with High-through-
put genotyping (HTG) and located genomic loci associated
with different traits based on linkage and association analyses,
advancing genomic selection in crops. Lorencel®? outlined the
most commonly used sensors in plant phenotyping studies and
summarized plant identification and characterization methods.
Yang et al.’"l detailed the development of HTP technologies in
crops over the past decades. The technology has great poten-
tial in population analysis for complex agronomic traits in horti-
cultural crops.

Wageningen University developed a phenotyping device
equipped with RGB cameras and real-time depth sensors,
SPICY2, The system is capable of capturing plant images with
intervals of 5 cm, at 3-m height. Utilizing such a system in a RIL
population of peppers comprising 151 genotypes, researchers
successfully identified three QTLs associated with leaf size and
one related to leaf angle. This technology represents an
advancement in phenotypic measurement in horticultural crop
populations, offering enhanced precision and depth in trait
analysis and QTL mapping.

In rapeseed, the dynamics of growth were captured through
HTP technology, yielding phenotypic data on traits relevant to
early growth stages, including biomass, early plant height, and
mean color values®3l, Combining GWAS analysis, the study
identified several major loci associated with biomass and
further pinpointed candidate genes involved in meristem
development and cell wall modification. The results also
showed that early growth of plants is a highly complex trait
controlled by several medium effect loci and many minor effect
loci. Zhang et al.®¥ employed a continuous detection on rape-
seed natural populations under different salt stress using HTP
platforms and imaging techniques such as hyperspectral and
RGB. Rich image-based traits were obtained during given
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development stages. GWAS analysis based on these traits iden-
tified a large number of candidate genes and QTLs related to
salt stress, providing a genetic basis for the improvement of salt
tolerance in rapeseed.

HTP holds vast potential for dissecting and analyzing many
ornamental traits due to its advantages in processing complex
traits. By utilizing image-based phenotyping technologies,
studies have analyzed traits such as plant architecturel®,
flower color!®! and flower intensity®”] in ornamental crops. A
noticeable example was using the 3D digitalization method to
analyze rose bush architecturel®l. Researchers phenotyped two
segregating rose bush populations by 3D digitalization, and
then selected the most relevant variables for QTL analysis.

The data landscape generated by HTP omics is high-dimen-
sional and complex, presenting an ongoing challenge in deve-
loping corresponding software and algorithms. Appropriate
statistical and computational methods are needed for dimen-
sionality reduction, data filtering, and integration, in order to
efficiently obtain useful information. Meanwhile, as HTP can
elucidate correlations between traits and genotypes, deriving
biological patterns and functional studies from these correla-
tions remains challenging. Artificial intelligence and machine
learning are now promising powerful solutions for dissecting
complex patterns in these large datasets, enabling more accu-
rate plant phenotype models while significantly cut the redun-
dant processing timel%],

Taken together, by employing multi-omics technologies
across various genetic resources, researchers can obtain a
comprehensive perspective spanning from the genome to the
transcriptome, proteome, and metabolome, thereby delving
into the intricate networks and interactions of plant biological
systems. This integrative approach not only provides a multi-
dimensional insight into plant phenotypes, but also enables
the capture of dynamic changes in plants under varying deve-
lopmental stages and environmental conditions, fostering a
better understanding of the relationship between environ-
ment and genotype. Furthermore, comparing multi-omics data
from different populations allows for the identification of
molecular markers associated with specific traits. These func-
tional markers are of great significance for the breeding and
genetic improvement of horticultural plants, enhancing the
precision and efficiency of the breeding process. Through this
comprehensive application, we can better shape the systema-
tic understanding of plants, thereby addressing global food
demands and improving the yield, disease resistance, and
adaptability of horticultural crops.

Challenges and future perspectives

The rapid advancement of next-generation sequencing tech-
nology provides a wealth of genetic data. This coupled with the
ongoing evolution of omics methodologies has unlocked
opportunities to reveal the origins, domestications, and genetic
mechanisms of key traits in horticultural crops.

As ornamental plants are increasingly gaining attention,
some flowers have been considered as model species for
studying crucial traits, leading to the growing application of
omics technologies in ornamental plants. However, mapping in
populations requires years of material collection and popula-
tion construction, which is one of the main challenges that
limits such studies. Wide germplasm collection and accurate
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phenotyping are still prerequisites for genetic analyses of com-
plex ornamental traits. Currently, the increased sequencing
throughput and the complexity of integrating multi-level omics
data present theoretical and computational challenges. More-
over, the genetic transformation system for many ornamental
plants requires further optimization to validate mapping results
effectively.

Mapping multi-omics data at the population level characte-
rized by its broad scope, high resolution, and efficiency, will
undoubtedly accelerate the breeding process of ornamental
crops. With new techniques such as single-cell transcriptomics
and 3D genomics, more dimensional data will be available to
broaden our understanding of genetic regulation in plants.
Thus, developing robust algorithms and integrating with Al and
ML frameworks for efficient data processing is urgent and
necessary. Future interdisciplinary collaboration can realize the
transformation from research to new plant varieties, and
enhancing the theoretical foundation and practical application
of ornamental plant breeding. Together with enhancements in
gene editing and genetic transformation systems, it is concei-
vable that the field of breeding ornamental plants will transi-
tion into the 4.0 era of precise and efficient molecular breeding
within the near future.
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