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Abstract This involved constructing high-density genetic maps, analyzing quantitative trait loci (QTL) for growth traits, and
identifying key genes involved in various biological processes. The study successfully constructed a high-density genetic map using
single-nucleotide polymorphism (SNP) markers, covering 90% of the E. ulmoides genome with a total genetic distance of 4051.11
c¢M and an average marker distance of 0.45 cM. A total of 44 QTLs associated with growth traits were identified, along with 33
candidate genes related to energy storage, signal transmission, hormones, and metabolic pathways. Additionally, the genome of E.
ulmoides was sequenced, revealing insights into sex differentiation and o-linolenic acid biosynthesis. The study also identified 71
NAC transcription factors and their potential role in rubber biosynthesis, and 119 MYB transcription factors involved in growth and
development. The integration of functional genomics with breeding in Eucommia ulmoides has provided a solid foundation for future
genetic improvement and breeding programs. The identification of key QTLs and candidate genes will facilitate targeted breeding
strategies to enhance desirable traits, thereby improving the economic and ecological value of this important species.
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1 Introduction

Eucommia ulmoides, commonly known as the hardy rubber tree, is a unique species renowned for its dual utility
in both traditional medicine and industrial applications. The tree is the sole member of the family Eucommiaceae
and is highly valued for its ability to produce rubber and various medicinal compounds. The rubber produced by .
ulmoides is distinct due to its reliance on the methylerythritol-phosphate (MEP) pathway, which is different from
the mevalonate (MVA) pathway used by other rubber-producing species like Hevea brasiliensis. Additionally, the
tree's leaves and bark are rich in chlorogenic acid, a compound with significant medicinal properties (Li et al.,
2020).

Despite its economic and medicinal importance, the cultivation and breeding of E. ulmoides face several
challenges. One of the primary issues is the dioecious nature of the species, which means that male and female
flowers are produced on separate trees. This characteristic complicates early sex identification, making traditional
breeding methods inefficient and time-consuming (Wang et al., 2020). Furthermore, the genetic regulation of sex
determination in E. ulmoides is complex, involving various MADS-box transcription factors that exhibit
sex-specific expression patterns (Zhang et al., 2023b). These challenges hinder the optimization of breeding
programs aimed at improving yield and quality.

Integrating functional genomics into breeding programs offers a viable solution to the challenges faced in
Eucommia ulmoides cultivation. High-quality genome assemblies and advanced genomic tools provide deep
insights into the genetic and molecular mechanisms of important traits such as rubber biosynthesis and sex
determination (Li et al., 2020; Zhang et al., 2023b). For instance, the recently acquired high-quality haploid
genome assembly of Eucommia ulmoides has greatly enhanced our understanding of its genomic structure and
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evolution, providing direction for targeted genetic engineering (Li et al., 2020). Additionally, the identification of
sex-related molecular markers through technologies like ddRAD-seq can facilitate early and accurate sex
determination, simplifying the breeding process (Wang et al., 2020).

This study aims to integrate functional genomics with traditional breeding methods to overcome the existing
challenges in E. ulmoides cultivation. By leveraging high-quality genomic data and advanced molecular
techniques, we seek to enhance the efficiency and effectiveness of breeding programs. The specific objectives of
this study include elucidating the genetic basis of key traits such as rubber biosynthesis and sex determination,
developing reliable molecular markers for early sex identification, and applying genomic insights to improve the
industrial and medicinal value of E. ulmoides through targeted breeding and genetic engineering strategies. By
addressing these objectives, this study will contribute to the sustainable cultivation and commercial exploitation of
E. ulmoides, ensuring its continued significance in both traditional medicine and industry.

2 Functional Genomics: A Tool for Breeding

2.1 Definition and key components of functional genomics

Functional genomics is an interdisciplinary field that aims to understand the complex relationships between
genetic information and phenotypic traits. It involves the study of gene expression, protein function, and
regulatory networks to elucidate the roles of genes and their interactions within an organism. Key components
include:

Gene Expression: Investigating how genes are transcribed into RNA and translated into proteins, and how these
processes are regulated.

Protein Function: Understanding the roles of proteins encoded by genes, including their interactions and
pathways.

Regulatory Networks: Mapping the interactions between genes, proteins, and other molecules to understand the
regulatory mechanisms controlling gene expression and function (Ge et al., 2003; Kumar et al., 2020).

2.2 Role of functional genomics in understanding key traits

Functional genomics plays a crucial role in understanding key traits in Eucommia ulmoides, such as latex
production and stress resistance. By analyzing gene expression and protein function, researchers can identify the
genetic basis of these traits and how they are regulated. For instance, the identification of candidate genes related
to energy storage, signal transmission, hormones, and metabolic pathways can provide insights into growth traits
and other important characteristics (Jin et al., 2020; Liu et al., 2022). Additionally, understanding the regulatory
networks involved in stress responses can help in developing more resilient varieties (Varshney et al., 2005;
Weckwerth et al., 2020).

2.3 Advances in genomic sequencing technologies applied to E. ulmoides

In recent years, breakthroughs in genome sequencing technology have significantly enhanced our ability to study
Eucommia ulmoides at the molecular level. High-quality genome assemblies have been achieved using
technologies such as PacBio and Hi-C, providing detailed insights into the genetic makeup of this species. These
advancements have made it possible to construct high-density genetic maps and identify quantitative trait loci
(QTL) associated with important traits (Li et al., 2020; Liu et al., 2022; Du et al., 2023). The availability of
comprehensive genomic data has facilitated the application of functional genomics in breeding programs, making
the selection of desirable traits more precise and efficient (Poland, 2015; Kumar et al., 2020).

2.4 Case study: genomic studies on latex production in E. ulmoides

A notable case study in the application of functional genomics to E. ulmoides is the investigation of latex
production. Researchers have utilized high-quality genome assemblies to identify the pathways involved in rubber
biosynthesis. It was found that E. ulmoides relies predominantly on the methylerythritol-phosphate (MEP)

pathway for isoprenyl diphosphate synthesis, which is crucial for rubber production. This pathway operates
143



o

~

D Genomics and Applied Biology 2024, Vol.15, No.3, 142-152
http://bioscipublisher.com/index.php/gab

—

BioSci Publisher®

mainly in the trans-polyisoprene-containing leaves and central peels of the plant (Li et al., 2020) (Figure 1). Such
insights are invaluable for breeding programs aimed at enhancing latex yield and quality, demonstrating the
practical applications of functional genomics in improving economically important traits (Li et al., 2020; Du et al.,
2023).
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Figure 1 The E. ulmoides rubber biosynthesis pathway and expression profiles of genes involved in the pathway (Adopted from Li et
al., 2020)

Image caption: The expression level is presented by log2-transformed fragments mapped per kilobase of transcript length per million
total mapped reads (log2-FPKM). ACAT acetyl-coenzyme A (CoA) C-acetyltransferase; HMGS hydroxymethylglutaryl-CoA
synthase; HMGR hydroxymethylglutaryl-CoA reductase; MVK mevalonate kinase; PMK 5-phosphomevalonate kinase; MPD
mevalonate pyrophosphate decarboxylase; DXS 1-deoxy-d-xylulose 5-phosphate synthase; DXR 1-deoxy-d-xylulose 5-phosphate
reductoisomerase; MCT 2-C-methyl-d-erythritol 4-phosphate cytidylyltransferase; CMK 4-(cytidine
5'-diphospho)-2-C-methyl-d-erythritol ~ kinase; MDS  2-C-methyl-d-erythritol ~ 2,4-cyclodiphosphate  synthase;  HDS
4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HDR 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; IDI isopentenyl
diphosphate isomerase; GPS geranyl diphosphate synthase; FPS farnesyl diphosphate synthase; GGPS, geranylgeranyl diphosphate
synthase; SRPP small rubber particle protein; Acetyl-CoA acetyl coenzyme-A; Acetoacetyl-CoA, 3-acetoacetyl-CoA; HMG-CoA,
3-hydroxy-3-methylglutaryl-CoA; MVA mevalonate; MVA-5P mevalonate-5-phosphate; MVA-5PP mevalonate-5-diphosphate;
GA-3-P, glyceraldehyde 3-phosphate; DXP, 1-deoxy-d-xylulose 5-phosphate; MEP 2-C-methyl-d-erythritol 4-phosphate; CME
4-(cytidine 5'’-diphospho)-2-C-methyl-d-erythritol;, PCME 2-phospho-4-(cytidine 5’-diphospho)-2-C-methyl-d-erythritol; CMEC
2-C-methyl-d-erythritol 2,4-cyclodiphosphate; HMED 4-hydroxy-3-methylbut-2-enyl diphosphate; IPP isopentenyl diphosphate;
DMAPP, dimethylallyl diphosphate; GPP geranyl diphosphate; FPP farnesyl diphosphate; GGPP, geranylgeranyl diphosphate. LF
leaf; CP central peel; PE peel edge; XM xylem; SD seed (Adopted from Li et al., 2020)
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3 Breeding Strategies in E. ulmoides

3.1 Traditional breeding approaches: limitations and successes

The traditional breeding methods for Fucommia ulmoides mainly rely on phenotypic selection and hybrid
breeding. These methods have been successful in improving certain traits, such as growth rate and yield. However,
they also have significant limitations. Eucommia ulmoides takes seven to eight years to flower from the seedling
stage, and it is difficult to distinguish the sex before flowering using morphological or cytological methods,
making early identification of superior traits challenging and extending the breeding cycle (Wang et al., 2011).
Furthermore, the genetic basis of many important traits remains poorly understood, limiting the effectiveness of
traditional selection methods (Li et al., 2014; Jin et al., 2020). Despite these challenges, traditional breeding has
laid the foundation for more advanced technologies by providing genetic diversity and heritability of traits, giving
us a fundamental understanding of the breeding process.

3.2 Modern breeding techniques: marker-assisted selection, genomic selection

Modern breeding techniques have revolutionized traditional Eucommia breeding by integrating molecular markers
and genomic data. Marker-assisted selection (MAS) utilizes the close linkage between molecular markers and
genes determining target traits. By detecting molecular markers, the presence of the desired gene can be identified,
allowing for the selection of target traits. MAS offers advantages such as speed, accuracy, and being unaffected by
environmental conditions, making it particularly effective in identifying and selecting quantitative trait loci (QTL)
with large effects (Li et al., 2014; Jin et al., 2020). For example, high-density genetic maps developed using single
nucleotide polymorphism (SNP) markers have facilitated the identification of QTLs related to growth traits,
enabling more precise selection (Liu et al., 2022).

Genomic selection (GS) is a new method for breeding selection that uses high-density markers covering the entire
genome. It goes a step further than marker-assisted selection by using genome-wide markers to predict an
individual's breeding value. This method can capture the effects of all QTLs, including small-effect QTLs, thereby
improving selection accuracy (Goddard and Hayes, 2007; Heslot et al., 2015; Merrick et al., 2022). GS has shown
outstanding performance in accelerating breeding cycles and increasing genetic gain per unit of time, making it a
valuable tool for improving complex traits in Eucommia ulmoides (Varshney et al., 2017).

3.3 Hybrid breeding strategies and their application in E. ulmoides

Hybrid breeding strategies combine traditional and modern technologies to maximize genetic gain while
controlling inbreeding. One such approach is Mate Selection (MS), which uses optimization algorithms to select
the best individuals and their pairings. This method has been shown to reduce inbreeding and increase genetic
gain in other species, and it also holds potential for Fucommia ulmoides (Tchounke et al., 2022).

The integration of functional markers (FMs) into hybrid breeding strategies can further enhance the precision of
selection. FMs are closely associated with phenotypic traits and can be used to directly select for desirable genes,
thereby increasing selection efficiency (Salgotra and Stewart, 2020). The use of FMs in combination with MAS
and GS can provide a comprehensive approach to breeding E. ulmoides, addressing both the limitations of
traditional methods and the complexities of modern genomic techniques.

4 Integrating Functional Genomics into Breeding Programs

4.1 How functional genomics enhances trait selection and breeding efficiency

Functional genomics plays a key role in improving trait selection and breeding efficiency by providing detailed
insights into the genetic basis of target traits. By identifying and characterizing functional genes, breeders can
more efficiently enhance traits such as yield, disease resistance, and stress tolerance through marker-assisted
selection (MAS) and genomic selection (GS). For example, the use of functional markers (FMs) allows direct
selection of genes associated with phenotypic traits, thus improving selection efficiency and accelerating the
breeding of superior varieties. The precision of breeding has greatly improved. Furthermore, advancements in
high-throughput sequencing and genome editing have made variety development faster and more precise, further
enhancing breeding efficiency (Salgotra and Stewart, 2020).
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4.2 Identification of key genes responsible for desirable traits

Identifying key genes responsible for target traits such as growth, disease resistance, and drought tolerance is the
foundation of functional genomics. In Eucommia ulmoides, several studies have focused on quantitative trait loci
(QTL) analysis and identified candidate genes related to growth traits. For instance, one study identified 89
putative QTLs associated with growth traits, including 25 related to tree height, 32 related to ground diameter, and
15 related to crown diameter (Jin et al., 2020). Another study used single nucleotide polymorphism (SNP) markers
to construct a high-density genetic map, identifying 44 QTLs related to growth traits and 33 candidate genes
involved in energy storage, signal transduction, hormones, and metabolic pathways (Liu et al., 2022). These
findings provide a solid foundation for improving the genetic basis of Eucommia ulmoides through
genome-assisted breeding.

4.3 Case study: genetic improvement of stress resistance through genomics-assisted breeding

A notable case study in the genetic improvement of stress resistance through genomics-assisted breeding can be
seen in the application of genomic selection (GS) in various crops and tree species. GS uses genetic markers
covering the whole genome to predict breeding values with high accuracy, thereby facilitating the rapid selection
of superior genotypes (Goddard and Hayes, 2007; Crossa et al., 2017). In Fucommia ulmoides, the integration of
functional genomics with breeding programs has led to the identification of key genes and QTLs associated with
stress resistance traits. For instance, the MYB transcription factor family in E. ulmoides has been studied for its
role in regulating rubber biosynthesis and stress responses, providing valuable insights for breeding programs
aimed at enhancing stress resistance (Hu et al., 2023) (Figure 2). By leveraging these genomic tools and insights,
breeders can develop E. ulmoides varieties with improved stress resistance, contributing to the sustainability and
productivity of this economically important tree species.

5 Genomic Tools and Resources for E. ulmoides

5.1 Overview of current genomic databases and resources for E. ulmoides

The genomic resources for Fucommia ulmoides have significantly expanded in recent years, providing valuable
data for both basic and applied research. A high-quality chromosome-level genome assembly for the female E.
ulmoides was obtained using PacBio and Hi-C technologies, resulting in a 1.01 Gb genome with 17
pseudochromosomes and 31 665 protein-coding genes. This assembly also facilitated the reassembly of the male
genome, enhancing its scaffold N50 to 48.30 Mb and increasing the number of predicted genes by 11 266 (Du et
al., 2023). Additionally, a high-quality haploid genome assembly was generated, improving the scaffold N50 to
53.15 Mb and providing insights into rubber biosynthesis and genome evolution (Li et al., 2020). These genomic
assemblies are crucial for understanding the genetic basis of important traits and for advancing breeding
programs.

5.2 High-throughput sequencing platforms and bioinformatics tools for functional analysis

High-throughput sequencing platforms such as Illumina, PacBio, and Hi-C technologies have played a crucial role
in generating comprehensive genomic and transcriptomic data for Eucommia ulmoides. For example, the Illumina
platform was used for sequencing the transcriptomes of male and female flower buds, identifying 75 065 unigenes
and a large number of single nucleotide polymorphisms (SNPs) (Liu et al., 2016). PacBio and Hi-C technologies
were employed to produce high-quality genome assemblies, which are essential for detailed functional genomics
studies (Li et al., 2020; Du et al., 2023). Bioinformatics tools such as Trinity have been used for de novo assembly
of large datasets, and various annotation pipelines have been analyzed to provide in-depth insights into gene
function and regulation for functional analysis of Eucommia ulmoides (Liu et al., 2016).

5.3 Importance of genome-wide association studies (GWAS) and quantitative trait loci (QTL) mapping

Genome-wide association studies (GWAS) and quantitative trait loci (QTL) mapping are pivotal for identifying

genetic variants associated with important traits in E. ulmoides. A high-density genetic map constructed using

genotyping-by-sequencing (GBS) identified 191 095 SNPs and mapped 10 103 SNP markers across 17 linkage

groups, covering 90% of the genome. This map facilitated the detection of 44 QTLs associated with growth traits,

providing a foundation for marker-assisted selection (Liu et al., 2022). Another study updated the genetic linkage
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map and identified 89 QTLs related to growth traits over a decade, highlighting the potential for long-term genetic
improvement (Jin et al., 2020). These approaches are essential for dissecting the genetic architecture of complex
traits and enhancing breeding efficiency in E.
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Figure 2 Collinearity analyses of the MYB gene family between E. ulmoides and four other species (Adopted from Hu et al., 2023)
Image caption: From top to bottom, the species collinearity analysis of E. ulmoides-Vitis vinifera (yellow), E. ulmoides-Arabidopsis
thaliana (green), E. ulmoides-Coffea canephora (brown), E. ulmoides-Sorghum bicolor (blue). Gray lines in the background indicate
the collinear blocks within E. ulmoides and different plant genomes, whereas red lines highlight syntenic MYB gene pairs (Adopted
from Hu et al., 2023)

6 Challenges and Limitations in Integrating Functional Genomics and Breeding

6.1 Technical challenges: data analysis, genomic data integration, and interpretation

Integrating functional genomics with breeding in Eucommia ulmoides presents several technical challenges. One
significant issue is the complexity of data analysis and the integration of vast genomic datasets. For instance, the
high-quality chromosome-level genome assembly of E. ulmoides, which includes 31 665 protein-coding genes,
requires sophisticated bioinformatics tools for accurate data interpretation and integration (Du et al., 2023).
Additionally, the construction of high-density genetic maps using genotyping-by-sequencing (GBS) and
single-nucleotide polymorphism (SNP) markers involves managing and analyzing large volumes of data, which
can be technically demanding (Liu et al., 2022). The identification and mapping of quantitative trait loci (QTL)
for growth traits further complicate the data analysis process, as it requires long-term phenotypic data collection
and advanced statistical methods to correlate genetic markers with phenotypic traits (Li et al., 2014; Jin et al.,
2020).

6.2 Economic and logistical challenges in deploying advanced genomics in breeding programs

Deploying advanced genomic technologies in breeding programs for E. ulmoides also faces economic and
logistical challenges. The cost of high-throughput sequencing technologies, such as PacBio and Hi-C, and the
subsequent data analysis can be prohibitive for many research institutions and breeding programs (Li et al., 2020;
Du et al., 2023). Additionally, the establishment and optimization of techniques like AFLP (Amplified Fragment
Length Polymorphism) require significant investment in laboratory infrastructure and technical expertise (Dawei
et al., 2010; Wang et al.,, 2011). Logistically, the long juvenile phase of E. ulmoides, which delays the
identification of sex and other important traits, poses a challenge for timely breeding interventions (Wang et al.,
2011). The need for extensive field trials to validate genomic predictions further adds to the logistical burden,
requiring substantial time and resources (Jin et al., 2020; Liu et al., 2022).
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6.3 Solutions and future directions: multi-omics integration, collaborative research efforts

To overcome these challenges, several solutions and future directions can be considered. One promising approach
is to integrate multi-omics data, including genomics, transcriptomics, and metabolomics, to gain a comprehensive
understanding of the genetic and molecular mechanisms of key traits in Eucommia ulmoides (Li et al., 2020; Du et
al., 2023; Hu et al., 2023). Collaborative research at both national and international levels can help pool resources
and expertise, making advanced genomic technologies more accessible and cost-effective (Wang et al., 2018;
Zhang et al., 2023a). Additionally, the development of molecular markers such as sex-specific AFLP and SCAR
markers can facilitate early identification of important traits, thereby accelerating breeding cycles (Wang et al.,
2011). Investments in bioinformatics infrastructure and training can also effectively enhance data analysis and
interpretation capabilities, ensuring that the large volumes of genomic data generated are effectively utilized in
breeding programs (Jin et al., 2020; Liu et al., 2022; Du et al., 2023).

7 Future Prospects of Functional Genomics in E. ulmoides Breeding

7.1 Potential breakthroughs in crop improvement

Integrating functional genomics into the breeding of Eucommia ulmoides holds great promise for significant
breakthroughs in crop improvement. Advances in genome editing technologies, especially CRISPR/Cas9, have
revolutionized this field by offering an efficient and flexible method for precise gene editing, making it possible to
modify plant genomes with accuracy. This technology allows for the deletion of detrimental traits and the addition
of beneficial characteristics, thereby accelerating the development of novel plant varieties with improved traits
such as disease resistance, drought tolerance, and enhanced nutritional profiles (Bortesi and Fischer, 2015; Arora
and Narula, 2017; Rao and Wang, 2021). Additionally, the ability to generate diverse cis-regulatory alleles through
CRISPR/Cas9-mediated editing of promoters can provide beneficial quantitative variation for breeding, which is
crucial for improving complex traits like yield and plant architecture (Rodriguez-Leal et al., 2017).

7.2 Exploring the role of CRISPR-Cas9 and other gene-editing technologies in accelerating breeding
CRISPR-Cas9 and its variants have emerged as powerful tools for accelerating the breeding process in E.
ulmoides. The technology's ability to introduce site-specific double-stranded DNA breaks and facilitate precise
genome modifications has made it a cornerstone of modern plant breeding (Bortesi and Fischer, 2015; Zhang et al.,
2017). Base editing, a derivative of CRISPR/Cas9, allows for precise single-nucleotide changes without the need
for double-strand breaks, offering a new avenue for creating desirable traits in crops (Li et al., 2023). The
development of delivery systems, such as DNA-free methods and CRISPR ribonucleoproteins (RNPs), has further
enhanced the efficiency and specificity of genome editing, making it a more viable option for practical breeding
applications (Arora and Narula, 2017; Chen et al., 2019) (Figure 3). These advancements are expected to
significantly reduce the time required to develop new E. ulmoides varieties with improved traits.

7.3 Collaborative efforts between academia and industry in genomics-based breeding initiatives

The successful integration of functional genomics into E. u/moides breeding will require robust collaboration
between academic institutions and industry stakeholders. Academia can contribute cutting-edge research and
technological innovations, while industry can provide the resources and infrastructure necessary for large-scale
breeding programs. Collaborative efforts have already shown promise in other crops, where partnerships have led
to the development of genome-edited varieties with enhanced traits (Wang et al., 2019; Ahmad et al., 2020). By
leveraging the strengths of both sectors, it is possible to accelerate the translation of genomic research into
practical breeding solutions. Such collaborations can also facilitate the sharing of genomic data, the development
of standardized protocols, and the establishment of regulatory frameworks to ensure the safe and effective use of
genome editing technologies in crop improvement (Wan et al., 2021).

8 Concluding Remarks

Functional genomics holds great potential for revolutionizing Fucommia ulmoides breeding. The availability of

high-quality male and female plant genome assemblies provides a solid foundation for understanding the genetic

basis of key traits, including sex differentiation and a-linolenic acid biosynthesis. The identification of

sex-specific markers, such as SCAR markers for early sex identification, can significantly improve breeding
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efficiency by selecting desired traits at an early stage. Moreover, the construction of high-density genetic maps
and the identification of quantitative trait loci (QTL) associated with growth traits offer valuable insights into the
genetic and molecular mechanisms underlying these traits, promoting marker-assisted selection and genetic
improvement. The integration of transcriptome analysis further identifies differentially expressed genes and
potential sex-related genes, offering deeper insights into the genetic regulation of sexual dimorphism and other
important traits. Overall, functional genomics provides a comprehensive toolkit for accelerating the breeding of
high-quality Eucommia ulmoides varieties, enhancing their potential in medicinal, economic, and ecological

value.
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Figure 3 CRISPR-Cas9 gene editing technology (to make appropriate modifications from Arora and Narula, 2017)

Image caption: A. The double-strand break (DSB) is repaired by a non-homologous end join (NHEJ) repair mechanism, introducing
insertion or deletion (indels) mutations[Knockcut]. B. The Homology-direct repair (HDR) mechanism is used to Repair of
double-strand break (DSB) and introduce specific mutations or foreign sequences on target genes [Knockin] (to make appropriate

modifications from Arora and Narula, 2017)

Moving forward, several key priorities should be addressed to fully harness the potential of functional genomics
in E. ulmoides breeding:

Enhanced Genomic Resources: Continued efforts to improve the quality and completeness of genomic assemblies,
including the integration of additional omics data such as proteomics and metabolomics, will provide a more
comprehensive understanding of the genetic architecture of E. ulmoides.

Functional Characterization of Key Genes: Functional validation of candidate genes identified through QTL
mapping and transcriptome analyses is crucial. Techniques such as CRISPR/Cas9-mediated gene editing can be
employed to elucidate the roles of these genes in trait expression and regulation.

Development of Molecular Markers: The identification and validation of additional molecular markers, including
SNPs and SSRs, will enhance the precision and efficiency of marker-assisted selection in breeding programs.

Breeding for Specific Traits: Focused breeding efforts should target specific traits of economic and ecological
importance, such as rubber biosynthesis, growth traits, and stress resistance. The integration of functional
genomics with traditional breeding methods can accelerate the development of high-yielding and resilient E.
ulmoidesvarieties.

Conservation and Genetic Diversity: Ensuring the conservation of genetic diversity within E. wu/moides
populations is essential for sustainable breeding. Studies on genetic diversity and population structure should

inform breeding strategies to maintain a broad genetic base.
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Collaborative Research and Data Sharing: Collaborative efforts among researchers, breeders, and industry
stakeholders will be vital for the successful application of functional genomics in E. ulmoides breeding.
Establishing databases and platforms for data sharing and collaboration can facilitate the exchange of knowledge
and resources.
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