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Abstract This study explores poplar gene annotation techniques, including methods for annotating functional genes, challenges in
annotation accuracy, and advances in computational tools for genome annotation. Through specific case studies, key functional genes
in poplar are analyzed, and their functions are experimentally verified, with comparative analyses conducted against gene function
studies in model plants. Functional genomics plays a critical role in poplar research, involving the use of gene knockout and
overexpression studies to verify gene functions, and the integration of transcriptomic and proteomic data to support gene annotation.
Insights from the poplar genome are also applied in biotechnological and environmental management, such as improving wood
quality and growth rates, enhancing stress resistance and phytoremediation capabilities, and developing poplar breeding programs.
Emerging genomic technologies such as CRISPR and other genome editing tools are revolutionizing approaches to studying the
poplar genome. This research aims to advance poplar genomics studies, providing scientific support for sustainable forestry.
Keywords Poplar; Gene annotation; Functional genomics; Biotechnology; Sustainable forestry

1 Introduction
Poplar trees (Populus L.), belonging to the genus Populus, are of immense significance in both forestry and
biotechnological applications. They are widely cultivated for their rapid growth, ease of vegetative propagation,
and small genome size, making them ideal for genetic studies and biotechnological interventions (Confalonieri et
al., 2003; Brunner et al., 2004). Poplars provide a range of ecological services, including carbon sequestration,
bioremediation, and habitat provision, which are crucial for maintaining ecological balance. Additionally, they are
valuable for the forest products industry, contributing to the production of timber, pulp, and paper, and are
increasingly recognized for their potential in renewable energy production (Chen et al., 2023). The ability to
genetically engineer poplars to enhance traits such as pest resistance, herbicide tolerance, and wood quality further
underscores their importance in forestry and biotechnology.

The sequencing of the poplar genome has marked a significant milestone in plant genomics, providing a
comprehensive resource for understanding the genetic basis of various traits in trees (Brunner et al., 2004; Tuskan
et al., 2004). The U.S. Department of Energy's initiative to sequence the Populus trichocarpa genome has enabled
researchers to compare the genetic makeup of perennial trees with annual plants, offering insights into
tree-specific genetic programs. The availability of extensive expressed sequence tags (ESTs) and full-length
cDNA sequences has facilitated the annotation of the poplar genome, allowing for the identification of genes
involved in critical processes such as cellulose biosynthesis, secondary xylem formation, and defense against
biotic stress (Joshi et al., 2004; Ralph et al., 2008). These genomic resources have also paved the way for the
development of functional genomics tools, such as cDNA microarrays, to study gene expression in response to
environmental stimuli.

This study utilizes extensive genomic data to analyze the genetic mechanisms behind key traits of poplar trees
such as growth, development, and stress responses. It also explores the potential applications of these findings in
improving poplar genotypes for use in forestry and biotechnology, to address challenges such as climate change
and sustainable forest management. The research aims to advance poplar breeding programs and the sustainable
management of forest resources.
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2 Overview of Poplar Genome Structure
2.1 Characteristics and complexity of the poplar genome
The poplar genome is notable for its modest size and extensive genetic diversity, making it an ideal model for tree
molecular biology and biotechnology. The genome of Populus trichocarpa, for instance, has been sequenced to an
approximately 6x depth, revealing a genome size of around 520 Mbp (Brunner et al., 2004). This genome size is
relatively small compared to other tree species, facilitating easier manipulation and study. The poplar genome also
exhibits high levels of structural variation (SV), including insertions, deletions, and copy number variations
(CNVs), which play significant roles in genome evolution and adaptation (Pinosio et al., 2016). These SVs are
often located in low-gene density regions and are associated with transposable elements, indicating a dynamic
genome structure.

2.2 Major milestones in poplar genome sequencing
The sequencing of the poplar genome has been a collaborative international effort, spearheaded by the U.S.
Department of Energy. The annotated whole genome sequence of Populus trichocarpa was released to the public
in early 2004, marking a significant milestone in tree genomics (Tuskan et al., 2004). This project provided the
first opportunity to compare the genome of a perennial tree with that of annual plants, offering insights into
tree-specific genetic traits such as dormancy and long-term host-pest interactions. Additionally, the assembly of
the Populus alba genome, which is highly collinear with P. trichocarpa, further expanded the genomic resources
available for poplar research (Ma et al., 2018). The development of comprehensive functional genomics resources,
including cDNA libraries and microarray platforms, has also been crucial in advancing our understanding of
poplar gene expression and regulation (Ralph et al., 2006; 2008).

2.3 Comparative genomics
Comparative genomics has revealed significant insights into the unique features of the poplar genome in relation
to other tree species. For instance, the coding content of the poplar genome shows high similarity to that of
Arabidopsis, an annual plant, suggesting that differences between these species are primarily due to gene
regulation rather than gene content (Sterky et al., 2004). This similarity allows researchers to leverage the
extensive functional genomic information available for Arabidopsis to study poplar 8. Furthermore, the expansion
of certain gene families in poplar, such as those related to histone and auxin, highlights the evolutionary
adaptations of poplar to its perennial lifestyle (Ma et al., 2018). Comparative analysis with other plant species has
also identified unique multigene families in poplar, which may be related to its adaptation to environmental
stresses (Park et al., 2005).

3 Gene Annotation Techniques in Poplar
3.1 Methods for annotating functional genes in the poplar genome
Gene annotation in poplar involves a combination of high-throughput sequencing, computational tools, and
manual curation. One prominent method is the use of RNA-Seq data to identify and annotate carbohydrate-active
enzymes (CAZymes) in the Populus trichocarpa genome. This approach allows for the identification of genes
involved in the biosynthesis of cell wall polymers and other important metabolic processes by analyzing gene
expression patterns across different tissues (Kumar et al., 2019). Another method involves the sequencing and
annotation of large genomic sequences, such as a 95-kb stretch of Populus deltoides, which revealed disease
resistance genes and transposable elements. Tools like ANNOVAR are also employed to annotate genetic variants
by examining their functional consequences on genes and identifying variants in conserved regions (Wang et al.,
2010).

3.2 Challenges in accurate gene annotation
Accurate gene annotation faces several challenges, including the high rate of misannotations due to the reliance on
sequence homology and the propagation of errors through databases. Misannotations can be detected using
methods that analyze genomic correlations to identify genes with unusually weak correlations in their assigned
network positions (Hsiao et al., 2009). Another challenge is the integration of diverse types of functional genomic
data, which requires sophisticated computational frameworks to combine data from different sources, such as
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microarray analyses and protein interaction data (Kemmeren et al., 2002; Troyanskaya et al., 2003). The
complexity of the poplar genome, with its large number of paralogous genes and transposable elements, further
complicates the annotation process (Lescot et al., 2004).

3.3 Advances in computational tools for genome annotation
Recent advances in computational tools have significantly improved the accuracy and efficiency of genome
annotation. Tools like GenoCanyon use unsupervised statistical learning to integrate multiple computational and
experimental annotations, predicting functional regions in the genome with high accuracy (Lu et al., 2015). The
development of semi-automated methods, such as SamPler, allows for the optimization of annotation algorithms
by selecting the best parameters based on manual curation of a sample set of genes (Cruz et al., 2019).
Additionally, bioinformatics enrichment tools categorize and analyze large gene lists to identify biological
processes relevant to the study, enhancing the functional annotation of genes (Huang et al., 2008). These
advancements provide powerful resources for annotating the poplar genome and understanding its functional
genomics.

4 Case Studies
4.1 Detailed analysis of key functional genes in poplar
The analysis of key functional genes in poplar has been significantly advanced through various genomic studies.
For instance, a comprehensive genome-wide analysis of structural variation in three intercrossable poplar species
(Populus nigra, Populus deltoides, and Populus trichocarpa) identified numerous insertions and deletions
(INDELs) and copy number variations (CNVs) affecting thousands of genes. These structural variations were
found to be associated with transposable elements and stress response genes, providing insights into the functional
dynamics of the poplar genome (Figure 1) (Pinosio et al., 2016).

Figure 1 Genomic distribution of INDELs and genic CNVs (Adopted from Pinosio et al., 2016)
Image caption: The number of deletions (dark blue track, y axes range  =  0-20), insertions (blue track, y axes range  =  0-40), genic
CNVs (yellow track, y axes range  =  0-15), annotated genes (red track, y axes range  =  0-80), and the repetitiveness of the genome
(green track, y axes range = 0-10) are represented in windows of 250 kb along the 19 Populus trichocarpa chromosomes (outer gray
bars). Predicted centromeric regions are highlighted in red (Adopted from Pinosio et al., 2016)

Pinosio et al. (2016) demonstrated structural variations in the poplar genome, which are predominantly
concentrated in regions of low gene density and closely associated with transposon activity. Genes affected by
structural variations exhibit lower expression levels than average, and these genes have higher dN/dS ratios,
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indicating they are under less selective pressure or are pseudogenes. These structural variations have significant
impacts on the phenotypic diversity and genomic evolution of poplars. Transgenic technologies showcase
tremendous potential in synthetic biology, improving industrial applications of wood such as biofuel production
by optimizing lignin biosynthesis and cell wall structure.

Additionally, the PoplarGene network offers extensive functional annotations and interactions for approximately
70% of poplar genes, facilitating the understanding of biological processes such as wood development (Liu et al.,
2016). Furthermore, the annotation of 19 841 full-length cDNA clones from Populus nigra has enriched the
functional genomics resources, aiding in the accurate molecular annotation of poplar genes (Nanjo et al., 2007).

4.2 Success stories of gene verification through experimental approaches
Experimental approaches have played a crucial role in verifying gene functions in poplar. For example, the
sequencing and annotation of a 95-kb genomic sequence from Populus deltoides revealed a cluster of disease
resistance genes and novel transposable elements, which were experimentally validated to understand their roles
in disease resistance (Lescot et al., 2004). Another success story involves the generation of a high-quality
full-length cDNA collection for poplar, which was used to identify genes responding to insect feeding. This
collection has been instrumental in reassessing gene predictions and identifying differentially expressed
transcripts associated with defense mechanisms (Ralph et al., 2008). Additionally, the use of comparative
genomics and functional genomic data from model microorganisms has enabled the prediction and experimental
validation of functions for previously uncharacterized protein families, demonstrating the power of integrative
approaches in gene function discovery (Gerdes et al., 2011).

4.3 Comparative analysis with gene function studies in model plants
Comparative analysis with model plants such as Arabidopsis thaliana has provided valuable insights into gene
functions in poplar. The PLAZA 3.0 platform, which integrates comparative genomics data for 37 plant species,
including poplar and Arabidopsis, allows for the transfer of functional annotations between species. This platform
has facilitated the study of genome organization and gene functions across different plant species (Proost et al.,
2014). Moreover, the re-annotation of carbohydrate-active enzyme (CAZyme) genes in Populus trichocarpa,
based on RNA-Seq data, revealed similarities and differences in gene families between poplar and Arabidopsis,
highlighting the evolutionary conservation and divergence of these enzymes (Kumar et al., 2019). The
standardized genome-wide function prediction using the GOMAP pipeline has further enabled comparative
functional genomics analyses, demonstrating that functional annotations across multiple species can retain
sufficient biological signal to recover known phylogenetic relationships (Fattel et al., 2021).

5 Functional Genomics in Poplar Research
5.1 Role of functional genomics in unraveling gene functions
Functional genomics plays a crucial role in understanding the complex biological functions of genes within the
poplar genome. By integrating various high-throughput techniques, researchers can systematically investigate
gene functions and their interactions. For instance, the integration of transcriptomic and proteomic data has been
shown to significantly enhance the accuracy of genome assembly and gene annotation, as demonstrated in studies
involving Anopheles stephensi (Prasad et al., 2017). This approach can be similarly applied to poplar to identify
and correct incomplete genome assemblies and to discover novel genes and gene functions.

5.2 Techniques for gene function verification
Gene function verification in poplar research often involves techniques such as gene knockout and overexpression
studies. These methods allow researchers to observe the phenotypic consequences of gene disruption or
overexpression, thereby elucidating gene functions. For example, the use of high-throughput sequencing and
functional annotation tools like ANNOVAR can help identify functionally important genetic variants and their
effects on gene expression (Wang et al., 2010). Additionally, the application of Bayesian frameworks to integrate
heterogeneous data sources can improve the accuracy of gene function predictions, as seen in studies on
Saccharomyces cerevisiae.
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5.3 Integration of transcriptomic and proteomic data
The integration of transcriptomic and proteomic data is essential for accurate gene annotation in poplar research.
This combined approach allows for a more comprehensive understanding of gene expression and protein function.
For instance, integrating deep transcriptome and proteome data has been shown to correct genome assembly errors
and improve gene model predictions, leading to the discovery of novel exons and protein-coding genes (Prasad et
al., 2017). Furthermore, the use of bioinformatics enrichment tools can facilitate the functional analysis of large
gene lists, enhancing the identification of relevant biological processes (Huang et al., 2008). By leveraging these
integrated data sets, researchers can achieve more precise and reliable gene annotations in poplar.

6 Applications of Genomic Insights in Poplar
6.1 Biotechnological applications
Genomic insights have significantly advanced the biotechnological applications in poplar, particularly in
improving wood quality and growth rates. By engineering lignin biosynthesis and modifying cell wall biogenesis,
researchers have been able to enhance the properties of wood, making it more suitable for industrial applications
(Tang et al., 2003). For example, the bicistronic expression of genes such as PdGA20ox1 and PtrMYB221 in
transgenic poplars has resulted in increased biomass production and improved wood quality, demonstrating the
potential of synthetic biology in this field (Figure 2) (Cho et al., 2018).

Figure 2 Transgenic poplars produce improved quality of woody biomass (Adopted from Cho et al., 2018)
Image caption: (a) Enhanced wood formation but reduced secondary wall thickening in DX15::PdGA20ox1-2A-PtrMYB221
transgenic poplars; (b) Expression of genes involved in the lignin biosynthetic pathway (Adopted from Cho et al., 2018)
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Cho et al. (2018) found that the wood of genetically modified poplar trees not only exhibited a significant
reduction in lignin content (by approximately 16%) but also an increase in cellulose content, thereby enhancing
the overall quality of the wood. This transgenic technology demonstrates tremendous potential in the field of
synthetic biology by optimizing lignin biosynthesis and cell wall structure, which can improve the industrial
applications of wood, such as in the production of biofuels.

The sequencing of the poplar genome has facilitated the identification of key genes involved in wood formation
and growth regulation. For instance, the development of the PoplarGene network has enabled researchers to
prioritize genes related to wood development and other traits, thereby enhancing the understanding of biological
processes underlying wood quality (Liu et al., 2016). Additionally, the discovery of single nucleotide
polymorphisms (SNPs) in genes expressed in developing xylem has provided valuable resources for studying
wood formation and secondary growth (Geraldes et al., 2011).

6.2 Environmental applications
Genomic insights have also been pivotal in enhancing the environmental applications of poplar, particularly in
improving stress resistance and phytoremediation capabilities. The characterization of full-length enriched
expressed sequence tags (ESTs) from stress-treated poplar leaves has provided a comprehensive understanding of
the molecular responses to environmental stressors such as dehydration, salinity, and temperature extremes (Nanjo
et al., 2004). This knowledge has facilitated the development of strategies to improve the environmental stress
tolerance of poplar, making it a more resilient species in the face of climate change.

Moreover, genetic engineering has been employed to enhance the phytoremediation capabilities of poplar. For
instance, transgenic poplar trees expressing the yeast cadmium factor 1 (ScYCF1) gene have shown increased
tolerance to heavy metals and improved accumulation capacity, making them suitable for phytoremediation of
contaminated soils (Shim et al., 2013). These transgenic plants exhibited enhanced growth and reduced toxicity
symptoms in mine tailing soil, highlighting the potential of genetic engineering in environmental applications.

6.3 The Role of genomic information in poplar breeding programs
The integration of genomic information into poplar breeding programs has revolutionized the field, enabling more
precise and efficient breeding strategies. The sequencing and annotation of the poplar genome have provided a
wealth of genetic information that can be leveraged to identify and select desirable traits. For example, the
identification of structural variations (SVs) and their association with stress resistance and pathogen defense has
provided valuable markers for breeding programs aimed at enhancing these traits (Pinosio et al., 2016).

Additionally, the availability of comprehensive gene interaction networks, such as PoplarGene, has facilitated the
identification of candidate genes for targeted breeding efforts (Liu et al., 2016). The use of genome editing
technologies, such as CRISPR/Cas9, has further expedited the pace of poplar improvement programs by allowing
precise modifications of specific genes involved in growth, development, and stress responses (Thakur et al.,
2021). These advancements underscore the critical role of genomic information in modern poplar breeding
programs, paving the way for the development of superior poplar varieties with enhanced traits.

7 Advances in Genomic Technologies
7.1 The impact of next-generation sequencing on poplar genomics
Next-generation sequencing (NGS) has significantly advanced the field of genomics by enabling rapid and
comprehensive sequencing of entire genomes. This technology has been pivotal in the study of poplar genomics,
allowing researchers to obtain detailed genetic information within a short time frame. NGS technologies have
facilitated the identification of genetic variations and mutations, which are crucial for understanding the genetic
basis of traits and diseases in poplar. The ability to sequence whole genomes or exomes has also accelerated the
functional annotation of genes, providing insights into their roles and interactions (Schulze and Lammers, 2020).
The continuous improvement of NGS technologies promises to further enhance our understanding of poplar
genomics by providing more accurate and comprehensive data (Schulze and Lammers, 2020).
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7.2 Emerging technologies
The advent of CRISPR/Cas9 and other genome editing tools has revolutionized the field of functional genomics.
CRISPR/Cas9, in particular, has become a widely adopted tool due to its high efficiency, ease of use, and
precision in editing specific genomic loci. This technology allows for the addition or removal of alleles, enabling
the study of gene function and the development of genetically modified Poplar with desirable traits (Manghwar et
al., 2019; Zhang et al., 2021). Other genome editing tools, such as zinc-finger nucleases (ZnF) and transcription
activator-like effector nucleases (TALENs), also play significant roles in genome engineering, although
CRISPR/Cas9 remains the most prominent due to its versatility and efficiency. Emerging CRISPR systems,
including base editing and prime editing, offer even more precise and efficient genome editing capabilities, further
expanding the potential applications in poplar genomics (Manghwar et al., 2019; Erwood et al., 2021).

7.3 Future outlook
Looking ahead, several emerging technologies are poised to further enhance genome analysis in Poplar. One such
technology is CRISPR prime editing, which allows for precise and efficient introduction of genetic variants,
addressing some of the limitations of traditional CRISPR/Cas9 editing (Erwood et al., 2021). Additionally, the
development of high-throughput functional genomics tools, such as CRISPR interference (CRISPRi) and CRISPR
activation (CRISPRa), enables large-scale genetic screens to identify and characterize gene functions (Shalem et
al., 2015; Ford et al., 2019; Zhang et al., 2021). These technologies, combined with advancements in single-cell
sequencing and other high-resolution genomic techniques, will provide deeper insights into the complex
regulatory networks and functional elements within the Poplar genome. As these technologies continue to evolve,
they will undoubtedly play a crucial role in advancing our understanding and manipulation of Poplar genetics for
both basic research and applied breeding programs (Hartenian and Doench, 2015; Hilton and Gersbach, 2015; Yan
et al., 2015). By integrating these advanced genomic technologies, researchers can achieve a more comprehensive
and functional understanding of the Poplar genome, paving the way for innovative applications in forestry,
bioenergy, and environmental sustainability.

8 Integrating Genomic Data with Ecological and Physiological Studies
8.1 Ecological genomics
Ecological genomics aims to elucidate how genetic variations within poplar species influence their interactions
with the environment. The sequencing of the poplar genome has provided a robust foundation for understanding
these interactions. Poplars, being ecologically dominant, contribute significantly to carbon sequestration, nutrient
cycling, and habitat formation (Brunner et al., 2004). The integration of genomic data with ecological studies has
revealed insights into the genetic programs controlling ecological adaptation and environmental physiology
(Brunner et al., 2004). For instance, the study of hybrid poplar interactions with forest tent caterpillars has
highlighted the role of specific genes in plant defense mechanisms, which are crucial for ecological resilience
(Ralph et al., 2006). Additionally, the genomic landscape of poplar has been mapped to understand local
adaptation to environmental gradients, such as temperature, which is critical for predicting responses to climate
change (Fitzpatrick and Keller, 2015).

8.2 Contributions of genomic studies to the physiology of poplar
Genomic studies have significantly advanced our understanding of the physiological processes in poplar. The
availability of extensive expressed sequence tags (ESTs) and full-length cDNA libraries has facilitated the
identification of genes involved in key physiological functions such as growth, development, and stress responses
(Ralph et al., 2006). For example, the PoplarGene network provides a comprehensive resource for studying gene
interactions related to wood development and other physiological traits. Moreover, the integration of gene
expression data from various stress conditions has enabled the identification of genes that contribute to poplar's
physiological adaptations to environmental stressors (Liu et al., 2021). These genomic resources are instrumental
in dissecting the molecular mechanisms underlying poplar's physiological responses and improving its resilience
to biotic and abiotic stresses.
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8.3 Case Studies of genomic applications in ecological restoration
Genomic applications have shown great promise in ecological restoration efforts involving poplar species. The
characterization of the poplar pan-genome has revealed structural variations that play a role in stress resistance
and adaptation, which are essential for successful restoration projects (Pinosio et al.., 2016). Additionally, the use
of genomic data to model the geographic distribution of genetic variation in response to environmental changes
has provided valuable insights for selecting appropriate genotypes for restoration in different ecological contexts
(Fitzpatrick and Keller, 2015). Case studies have demonstrated the utility of genomic tools in identifying and
prioritizing genes for functional studies, which can inform breeding programs aimed at enhancing traits such as
disease resistance and environmental tolerance (Ralph et al., 2008; Liu et al., 2016). These genomic applications
are paving the way for more effective and sustainable ecological restoration strategies using poplar species.

9 Future Research Directions in Poplar Genomics
9.1 Unexplored areas and emerging fields in poplar genomic research
Despite significant advancements in poplar genomics, several areas remain underexplored. One such area is the
comprehensive understanding of structural variations (SVs) and their impact on the poplar genome. Recent studies
have highlighted the presence of numerous insertions and deletions (INDELs) and their association with
transposable elements, suggesting a complex genomic architecture that warrants further investigation (Pinosio et
al.., 2016). Additionally, the role of gene dosage and its effects on quantitative traits and heterosis in poplar is
another emerging field. The development of a genome-wide structural variation system for dosage-based
functional genomics offers a promising avenue for future research (Henry et al., 2015).

9.2 Potential for collaborative research projects and international cooperation
The poplar genome project has already demonstrated the benefits of international collaboration, as seen in the
coordinated efforts to sequence and annotate the Populus trichocarpa genome (Tuskan et al., 2004). Future
research can build on this foundation by fostering global partnerships to explore functional genomics and gene
interactions in poplar. For instance, the PoplarGene network provides a valuable resource for mining functional
information and can be leveraged for collaborative studies across different woody plant species (Liu et al., 2016).
Additionally, initiatives like the Functional Annotation of All Salmonid Genomes (FAASG) can serve as a model
for similar collaborative efforts in poplar genomics, promoting integrative research and resource sharing
(Macqueen et al., 2017).

9.3 Funding and policy needs for sustained research in tree genomics
Sustained research in poplar genomics requires robust funding and supportive policies. The establishment of
comprehensive functional genomics resources, such as cDNA libraries and microarray platforms, underscores the
need for continued financial investment to maintain and expand these resources (Ralph et al., 2006). Furthermore,
policies that encourage data sharing and open access to genomic databases will be crucial for advancing research.
The creation of centralized databases, like the Poplar Functional Gene Database, can facilitate the organization
and dissemination of experimental data, thereby enhancing the efficiency of research efforts (Si et al., 2015). To
ensure long-term progress, funding agencies and policymakers must prioritize tree genomics and recognize its
importance for both ecological and industrial applications.

10 Concluding Remarks
The analysis of the poplar genome has provided significant insights into the structural and functional aspects of
this model woody plant. A comprehensive genome-wide analysis identified a substantial number of structural
variations (SVs), including 7 889 deletions and 10 586 insertions, which affect 3 230 genes. These SVs are
predominantly located in low-gene density regions and are associated with transposable elements, indicating their
role in genome evolution and adaptation. Additionally, the creation of a functional gene network, PoplarGene, has
facilitated the understanding of gene interactions and functional annotations, covering approximately 70% of the
poplar genes. The development of full-length cDNA libraries and the identification of differentially expressed
genes in response to insect feeding have further enriched the genomic resources available for poplar, aiding in the
study of gene functions related to defense mechanisms.
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This study has made substantial contributions to forestry science and genetic engineering by providing a detailed
catalog of structural variations and their functional implications in poplar. The identification of genes involved in
stress and pathogen resistance, as well as those associated with secondary cell wall biosynthesis, offers valuable
targets for genetic improvement and breeding programs. The stability of transgene expression over multiple field
seasons underscores the potential for reliable genetic modifications in poplar, which is crucial for both functional
genomics studies and commercial forestry applications. Furthermore, the establishment of a dosage-based
functional genomics system enables the exploration of gene dosage effects on quantitative traits and hybrid
performance, paving the way for advanced breeding strategies.

Future genomic research should focus on expanding the functional annotation of the poplar genome, particularly
in identifying and characterizing genes involved in key physiological processes such as dormancy, secondary
growth, and long-term host-pest interactions. Integrating high-resolution RNA-Seq data with co-expression
network analysis can provide deeper insights into the regulatory mechanisms governing these processes.
Additionally, leveraging the PoplarGene network for cross-species functional annotation can enhance our
understanding of gene functions in other woody plants, thereby broadening the scope of forestry research.
Practical applications should prioritize the development of genetically engineered poplar varieties with enhanced
resistance to biotic and abiotic stresses, improved wood quality, and optimized growth characteristics. This can be
achieved through targeted manipulation of identified candidate genes and the application of advanced breeding
techniques such as CRISPR/Cas9-mediated genome editing. By building on the foundational knowledge provided
by this study, future research and practical applications can significantly advance the field of forestry science and
contribute to sustainable forest management and wood production.
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