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Abstract

Over the past two decades, poplar (Populus) genomics has evolved from the construction of initial single-species reference genomes to the resolution of
complex genomic variation within and across species. This review traces this trajectory, highlighting how advances in sequencing and assembly
technologies have enhanced genomes' quality and yielded new insights into species' evolution and the molecular basis underlying key breeding traits.
Throughout this progression, first-generation Sanger sequencing produced the first tree reference genome of Populus trichocarpa, establishing a foundation
for comparative and functional studies. Second-generation short-read sequencing subsequently lowered the costs and enabled broader sampling, although
assemblies often remained fragmented in repetitive regions and areas of complex structural variation. More recently, third-generation long-read
sequencing (e.g., PacBio HiFi), combined with long-range scaffolding techniques, have dramatically improved contiguity. These technologies are now
approaching telomere-to-telomere (T2T) completeness, making haplotype-resolved assemblies practical for both wild and cultivated species. On this
stronger genomic foundation, comparative genomics, population genomics, and pangenome analyses can more accurately detect structural variants and
variation in genes' presence/absence, better associating them with adaptation, divergence, and agronomically important traits. Finally, we summarize the
contributions of poplar genomics to forest tree biology and discuss future directions, including T2T and haplotype-resolved pangenomes, as well as the
deeper integration of multi-omics, artificial intelligence (Al), and genome editing technologies to facilitate and accelerate future Al-driven smart breeding of

poplar for diverse environments.
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Populus: from ecological keystone tree
to the genomic model system

Forest trees are long-lived perennial species that play critical roles
in global carbon cycling, biodiversity maintenance, and ecosystems'
stabilityt"2l. However, compared with annual model plants such as
Arabidopsis thaliana and major crops, genetic and genomic studies
in trees are often constrained by their inherent biological factors.
Characteristics such as long generation times, large physical size,
and predominantly outcrossing mating systems hinder the elucida-
tion of the molecular basis underlying complex traits that are eco-
nomically and ecologically important®4., These include secondary
growth, dormancy, and responses to biotic and abiotic stimuli.
Consequently, functional validation and both conventional and
molecular breeding efforts have been significantly impeded in trees
relative to other plant species®>l,

Within this context, poplar (Populus), has emerged as a premier
woody model system that integrates ecological relevance with
experimental tractability. The genus Populus (Salicaceae) comprises
approximately 30 species that are native to the Northern Hemi-
sphere, where they are widely distributed from temperate to boreal
regionsl®. As pioneer or foundation species in riparian and early-
successional habitats, poplars exhibit rapid growth, pronounced
developmental plasticity, and dioecy, which is a mating system that
maintains high levels of genetic diversity in natural populations!8l,
Moreover, poplars are economically and ecologically important in
timber and pulp production, short-rotation bioenergy systems, and
phytoremediation, linking poplar research to both traditional
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forestry and climate-oriented land-use strategies®-'"l. Collectively,
these characteristics, together with their broad environmental
adaptability, make poplars an ideal system for investigating how
long-lived trees respond to heterogeneous environments and
climate change as well as for advancing forestry breeding
programs!812,

Notably, poplar is widely regarded as an ideal model tree for
genomics and functional biology because of its relatively compact
genome (~400-500 Mb), which greatly facilitates sequencing,
assembly, and annotation of this species compared with the excep-
tionally large genomes of many conifers'3l. Moreover, stable
Agrobacterium-mediated transformation systems and well-estab-
lished transient expression assays (including protoplast-based
systems) have made poplar highly amenable to molecular experi-
mentation['413, The development of clustered regularly inter-
spaced short palindromic repeat (CRISPR)/CRISPR-associated protein
(Cas) technologies has further strengthened functional testing of
the genes and regulatory elements involved in wood formation,
development, and stress responses!’®'71. Consequently, poplar serves
as a complementary comparative model to Arabidopsis for distin-
guishing conserved biological pathways from tree-specific innova-
tions, especially those related to secondary growth, secondary
metabolism, and long-term environmental responses’:8:13],

Marking two decades since the release of the first poplar genome,
this review synthesizes the progress of poplar genomics over the
past 20 years. We emphasize how technological transitions have
driven improvements in the quality of genome assemblies and
enabled deeper inference of genomic variation and its biological
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consequences. We summarize key milestones spanning construc-
tion of the reference genomel'3], population-scale genomics and
pangenome resources!'8-201, and multi-omics-enabled functional
annotation and trait-mechanism dissection[2'22l, Together, these
advances reflect both methodological progress and increasing
application-oriented momentum in forest tree genomics!®12231, By
reviewing these milestones, we aim to provide a forward-looking
perspective on the future directions of poplar genomics and its
potential to address challenges common to long-lived woody
plants. Ultimately, we hope this synthesis offers transferable frame-
works for resource development, genomic variation analysis, and
molecular breeding in other forest tree species!12:20-23],

Two decades of progress in Populus
genome sequencing and assembly

Over the past 20 years, the Populus genus has become an indis-
pensable model system for understanding the molecular biology,
evolution, and environmental adaptation of woody plants. As one of
the few perennial genera with broad ecological amplitude and
economic significance, Populus displays remarkable genetic diver-
sity and adaptive traits related to growth, phenology, and stress
tolerance. The progress of Populus genomics closely parallels
advances in sequencing technologies, from the first Sanger-based
assembly to the current era of haplotype-resolved and pangenomic
approaches (Fig. 1; Supplementary Table S1).

The Sanger sequencing era and the first tree
genome

First-generation sequencing, commonly known as Sanger
sequencing?¥, is renowned for its high accuracy (approaching
99.99%). It remains the gold standard for validating relatively short
sequences (< 1 kb) and served as the cornerstone of the Human
Genome Projectl?5], In woody plant genomics, Tuskan et al. pub-
lished the genome of Populus trichocarpa (black cottonwood), which
was the first-ever release of a tree genomel’3l. Using Sanger-based
whole-genome shotgun sequencing of the female clone 'Nisqually-1',
the consortium assembled a 485-Mb draft genome (2n = 38),
anchoring ~410 Mb (94%) to the 19 chromosomes via integrated
genetic and physical maps!'3]. Genome annotation predicted 45,555
protein-coding genes and revealed a recent whole-genome duplica-
tion (the Salicoid event, ~65 Mya) that retained approximately 8,000
paralogous gene pairs('3l,

As the third plant genome sequenced after Arabidopsis thalianal2%!
and rice (Oryza sativa)l?’), P. trichocarpa marked the dawn of the
"tree genomics era". This foundational resource not only demon-
strated the feasibility of assembling moderately complex, heterozy-
gous genomes using first-generation technology but also estab-
lished a critical reference framework for subsequent comparative
and functional studies across the genus Populus and other Sali-
caceae species!’3]. Nevertheless, the inherent limitations of Sanger
sequencing, namely its low throughput, high cost, and protracted
turnaround times, ultimately constrained its scalability for wide-
spread application in other nonmodel trees(2425],

The next-generation sequencing boom and
population genomics

Next-generation sequencing (NGS) catalyzed a fundamental shift
in population genetics, moving the field from low-throughput,

Page2of11

https://doi.org/10.48130/fra-0026-0008

locus-by-locus genotyping toward genome-wide inference at the
population scalel?8l. Given the advantages of the technology,
whole-genome resequencing became feasible for many nonmodel
organisms[?8l. Dense variant discovery, initially dominated by single
nucleotide polymorphisms (SNPs) and short insertions and dele-
tions (indels), and increasingly encompassing structural variants
(SVs), emerged as a routine foundation for population-level infer-
ence of population structure, genetic diversity, natural selection,
and environmental adaptation[2829], These advances were particu-
larly consequential for long-lived forest trees, where extended
generation times, pronounced population structure, and complex
trait architectures often limit experimental approaches!*39. Conse-
quently, by enabling genome-wide data generation at a population
scale, NGS advances helped establish a unified analytical toolkit
spanning diversity inference, selection scans, demographic recon-
struction, association mapping, and genotype—environment analy-
ses, thereby accelerating the rise of modern tree population
genomics(2830],

Driven by these advances, Populus rapidly emerged as a flagship
system for studies of the population genomics of forest trees. A
representative study in P. trichocarpa integrated genome-wide scans
for selection with trait association analyses, illustrating how popula-
tion resequencing can identify candidate targets of selection and
connect them to adaptive phenotypic variation across environmen-
tal gradientsB'l. At the species level, resequencing-based analyses
across multiple Populus species showed that genome-wide diversity
and differentiation patterns are nonrandom and have been strongly
shaped by heterogeneity in the recombination rateand pervasive
linked selectionB2l, This provided a general explanatory framework
that ties recombination landscapes, effective population size, and
selection together at the genomic scaleB2. Moreover, population
genomic studies enabled more mechanistic interpretations of diver-
gence landscapes. This includes evidence that "genomic islands"
can arise through processes such as ancient polymorphism and
divergence hitchhiking rather than necessarily requiring extensive
recent gene flow33, and that the joint effects of demography and
selection can be traced across genomes to illuminate the distribu-
tion of barriers to introgression and the dynamics of deleterious
variationB41,

More recently, the focus of tree population genomics has
expanded beyond identifying adaptive loci toward predicting adap-
tive capacity under climate change. Studies have increasingly inte-
grated genotype-environment association (GEA) analysis with
climate modeling to infer climate-related genetic variation, quantify
potential maladaptation, and identify populations that may be espe-
cially vulnerable under future scenariosi®>3¢l. At the same time,
integrative designs that combine chromosome-level reference
genomes, population resequencing, and multi-omics evidence
(e.g., stress-responsive transcriptomics) are strengthening the link
between statistical associations and biological mechanisms, thereby
providing a more comprehensive framework for understanding
climate responses and adaptive evolution in long-lived forest
trees!37.38],

Overall, the NGS era fundamentally reshaped Populus genomics
by extending analyses beyond single-reference genomes to
population-scale investigations of genetic diversity. Large-scale
resequencing studies enabled the systematic characterization of
the population history, gene flow, linked selection, and variation
in the recombination rate across the genus, substantially improv-
ing our understanding of its local adaptation and climate
responsiveness.
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Populus Sequecing Timeline
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Fig. 1 Representative milestones in Populus genome sequencing and assembly over the past 20 years. The timeline summarizes major advances from the
first P. trichocarpa reference genome in 2006 to recent telomere-to-telomere, haplotype-resolved, pangenome, super-pangenome, and three-dimensional
(3D)-genome resources. Key representative studies are arranged chronologically along the curved timeline, with each box showing the species or
genomic resource, publication date, authors, and journal abbreviation. Different colors indicate the dominant technical category of each milestone,
including first-generation sequencing, second-generation sequencing, third-generation sequencing, telomere-to-telomere assembly, pangenome or
super-pangenome construction, haplotype-resolved assembly, and 3D-genome resources. This timeline illustrates the transition of Populus genomics
from single-reference genome construction toward high-continuity, population-scale, and structurally comprehensive genome resources. Journal
abbreviations: NC, Nature Communications; PBJ, Plant Biotechnology Journal; CB, Communications Biology; ME, Molecular Ecology; HR, Horticulture
Research; MP, Molecular Plant; MER, Molecular Ecology Resources; PJ, The Plant Journal; NEE, Nature Ecology & Evolution.
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Third-generation sequencing and applications in
wild species

Third-generation sequencing technologies, also known as single-
molecule sequencing, have advanced rapidly since the early 2010s.
These platforms primarily include PacBio's single-molecule real-
time (SMRT) sequencing and Oxford Nanopore Technologies (ONT)
nanopore sequencing, both capable of generating long reads rang-
ing from ~10 kb to the megabase scale. Compared with first-genera-
tion Sanger sequencing and second-generation NGS, the long reads
generated from third-generation sequencing enable improved reso-
lution of repetitive regions, structural variations, and epigenetic
modifications such as DNA methylation[39-41],

By leveraging long-read capabilities, third-generation sequenc-
ing platforms (PacBio and Nanopore) overcame the fragmentation
limitations that were inherent to second-generation assemblies,
expanding research into the poplar genome to include more culti-
vated varieties and wild species. For instance, long-read sequenc-
ing substantially improved the continuity and overall quality of the
genome of the ecologically important nonmodel poplar species,
Populus euphratica, a desert-adapted tree species known for its
capacity to adapt to extreme environmentsi?l. Furthermore, the
integration of PacBio and Hi-C technologies enabled chromosome-
level assemblies of both male and female individuals, leading to the
identification of the sex determination region and ARR17-associated
regulatory mechanisms, and clarifying the molecular basis of sexual
dimorphism!#3.,

For species widely used in breeding, such as Populus tomentosa,
long-read sequencing resolved major assembly challenges, produc-
ing a high-quality, haplotype-resolved genome that clarified its
hybrid origin from Populus adenopoda and Populus alba var. pyrami-
dalis, as well as its evolutionary characteristics*4l. Using a chromo-
some-level genome, Li et al. revealed associations between hetero-
zygous alleles and wood traits in P. tomentosa, identifying the regu-
latory roles of heterozygous alleles (e.g., PtoARF8) in determining
wood cellulose content!®], In addition, long-read sequencing can
also be used to sequence and assemble mitochondrial genomes,
which are usually characterized by complex structures, enriching
our understanding of how the organelle genome evolved!“e),

Beyond these examples, third-generation sequencing has been
widely applied to genomic studies in multiple wild Populus species,
including Populus deltoides, P. alba, Populus giongdaoensis, Populus
simonii, and Populus tremula¥’-5¢1, Additionally, the high-quality
genome assemblies facilitated by long-read sequencing have fur-
ther advanced population genomic studies of local environmental
adaptation and adaptive evolution in species such as Populus kore-
ana, Populus cathayana, and Populus lasiocarpal3>3638],

The introduction of third-generation sequencing technologies
markedly improved the resolution of complex genomic architec-
tures in Populus. Long-read sequencing substantially enhanced
assemblies' continuity, completeness, and haplotype-resolved accu-
racy, allowing repetitive regions, structural variants, and heterozy-
gous loci to be characterized with greatly improved precision. These
advances facilitated the generation of high-quality genomes from
nonmodel Populus species and elite breeding materials, while also
strengthening efforts to link structural genomic variation to adap-
tive and agronomically important traits. Nevertheless, highly repeti-
tive regions, such as telomeres and centromeres, continue to chal-
lenge even long-read assemblies, leaving many population- or
lineage-specific genomic components incompletely represented.
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The current frontier: telomere-to-telomere gap-
free assemblies and the pangenome era

With the widespread adoption of long-read sequencing technolo-
gies such as PacBio HiFi and ONT, poplar genomics has entered the
telomere-to-telomere (T2T) gap-free assembly era. The central goal
of T2T assembly is to achieve complete chromosome-scale continu-
ity, allowing the precise resolution of highly repetitive and struc-
turally complex regions, including the centromeres and telomeres(>7.,
This advancement provides a robust and precise reference genome
for downstream studies. By conducting comparative analyses of four
nearly complete Salicaceae genomesl®8], Wang et al. characterized
the genetic and epigenetic landscapes of their centromeres, reveal-
ing transposable element-dominated centromere organization and
rapid turnover dynamics across species®8l. In addition, a haplotype-
resolved T2T assembly of P. lasiocarpa further elucidated retrotrans-
poson-driven centromere evolution®, while the gap-free genome
of P. deltoides resolved centromeric sequences and deepened our
understanding of karyotype evolution within Salicaceael®, Method-
ological innovations have also contributed to improved assembly
quality. For example, the nearly gapless genome of Populus ussurien-
sis, generated using a doubled haploid line, reduced assembly
complexity caused by heterozygosity and provided a practical strat-
egy for resolving highly heterozygous poplar genomesf¢'l, Beyond
structural genomics, T2T assemblies have substantial value for
molecular breeding by enabling precise genome-wide marker local-
ization and optimizing selection strategies, as demonstrated in
hybrid populations of P. deltoides!62).

T2T assembly is also driving a paradigm shift in poplar genomics
from collapsed single-reference genomes toward refined, haplotype-
resolved assemblies. The high heterozygosity of poplar genomes
frequently causes traditional assemblies to merge parental haplo-
types, thereby masking true allelic and structural differences and
limiting downstream genetic analyses. Haplotype-resolved assem-
blies overcome this limitation by explicitly distinguishing homolo-
gous chromosomes and revealing extensive inter-haplotype varia-
tion, providing a more reliable basis for trait-related genetic infer-
ence. Generating such assembilies typically requires the integration
of long-read sequencing, long-range scaffolding technologies, and
sometimes independent experimental validation. For instance, the
haplotype-resolved genome of P. trichocarpa combined long-read
data with advanced scaffolding strategies, markedly improving
assembly accuracy and continuity®3l. In the hybrid poplar '84K’, a
widely used model for molecular functional studies, haplotype-
resolved analysis identified more than 34,000 structural variants
between haplotypes, directly influencing the expression of thou-
sands of functional genesl®. In the stabilized interspecific hybrid
P. tomentosa, large-scale structural divergence between haplotypes
has been proposed as a key factor underlying its broad environmen-
tal adaptability*4.

Building on these high-quality assemblies, poplar genomics is
now moving beyond single-reference frameworks through the
development of genus-wide and population-scale pangenomes. By
synthesizing genomic data across diverse species and genotypes,
pangenomes offer a comprehensive framework for investigating
species' evolution, trait regulation, and molecular breeding®566l,
Early milestones in this domain include comparative analyses of
P. trichocarpa, Populus nigra, and P. deltoides, which highlighted
extensive structural variation and underscored the role of dispens-
able genes in stress responses and disease resistancels”). Sub-
sequent genus-level resequencing efforts identified abundant
SNPs and indels, revealing an enrichment of heterozygous loss-of-
function variants in resistance genes and providing genomic
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evidence of ancient hybridization across the genus!’®. More
recently, a comprehensive super-pangenome integrating 19 poplar
genomes demonstrated the pivotal role of variable genes and
structural variation in ecological adaptation and species
diversification[2], Looking forward, rapid technological advance-
ments are poised to establish pangenome graphs as the standard
approach for capturing the full spectrum of high-resolution genetic
variation in Populus—a methodological leap that will likely expand
to other forest tree species in the near future.

In summary, the emergence of T2T assemblies, haplotype-resolved
genomes, and pangenomic approaches has further expanded
Populus-related genomics from improving reference assemblies to
comprehensively capturing genomic diversity across the genus.
Near-complete assemblies of centromeric and telomeric regions,
together with large-scale analyses of haplotype divergence, struc-
tural variation, and dispensable genes, have revealed previously
inaccessible aspects of the genome's evolution and trait differentia-
tion. Concurrently, pangenomic analyses now provide a broader
foundation for investigating hybridization history, ecological adap-
tation, and functional diversification both within and across Populus
species.

Translating high-quality genome resources into
trait architectures in Populus

Advances in sequencing technologies have shifted Populus-
related genomics from a resource-oriented field to a systems-level
framework for understanding the genetic basis of complex traits.
This transition is particularly important, given the high heterozygos-
ity, frequent hybridization, extensive structural variation, and
dynamic sex chromosomes in Populus species, as these features are
difficult to fully capture using single-reference genomes. Because
wood formation is one of the most important traits in trees, the
genes and regulatory networks involved in this process have been
rapidly and comprehensively characterized. This progress has been
driven by the availability of high-quality genome assemblies and
gene annotations, as well as advances in other omics technologies
such as epigenomics, single-cell transcriptomics, and spatial tran-
scriptomics. Given these advances, it is now possible to reveal cellu-
lar heterogeneity in cambial tissues and uncover developmental
trajectories linking stem cell maintenance, vascular differentiation,
hormone signaling, and chromatin regulation(®86°. Within this con-
text, regulatory modules such as PtrWOX4a-PtrVCS2U9, Auxin-
PLT5U, PagMYB3172, and PtrSHR1173! are increasingly regarded as
interconnected components within broader developmental net-
works coordinating wood formation and secondary growth.

In addition to wood formation, complex environmental adapta-
tion represents another crucial set of traits in forest trees. Recent
studies have emphasized multilayered regulatory systems involving
transcriptional, post-transcriptional, and epigenetic regulation.
For example, SC35-mediated alternative splicing of bZIP49 regulates
AKT1-dependent ion homeostasis under salt stress, whereas the
miR169z-NF-YA5-GPDHc1 module contributes to drought tolerance
in poplar by reducing the accumulation of reactive oxygen species
(ROS)74751, Beyond acute stress, perennial adaptation in Populus is
frequently described as involving interactions among hormonal
signaling, circadian regulation, developmental age pathways, and
seasonal environmental cues(76-79],

Moreover, benefiting from the high quality of genome assem-
blies across a broader range of Populus species, recent studies have
expanded into previously inaccessible areas of research regarding
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sex chromosomes' evolution. The sex-determining regions in Sali-
caceae are highly repetitive and structurally dynamic and are often
associated with suppressed recombination. Recent studies identi-
fied ARR17 as a key regulator of sex determination and reported
recurrent suppression of recombination, gene movement, and tran-
sitions between XY and ZW systems[>58081], Beyond reproduction,
sex-linked loci may also influence growth and physiological traits.
For example, sex-dependent regulation of cytokinin signaling
contributes to differences in drought responses between male and
female individuals, highlighting pleiotropic links between reproduc-
tive and environmental adaptation governed by sex determination
loci in Populust®283],

Lastly, because most complex traits are regulated by many small-
effect loci, genomic selection (GS) has revolutionized the breed-
ing of forest trees, including Populus, by overcoming traditional
bottlenecks such as long generation times and late-expressing
phenotypes. By utilizing genome-wide markers to predict genomic
estimated breeding values (GEBVs) at the seedling stage, GS signifi-
cantly accelerates breeding cycles and enhances the genetic gain
of complex traits like wood quality, growth rate, and stress
resiliencel6284-861, |n addition to traditional SNP markers, incorporat-
ing SVs, presence-absence variation, and regulatory variation could
capture a greater proportion of the genetic variance underlying
these traits, driven by advances in pangenomics and associated
methodologies*>62l, Thus, a broader and more comprehensive
capture of genomic variation could facilitate the development of
more accurate, advanced predictive breeding tools in the future,
although their practical performance will continue to depend on
high-quality phenotyping, multienvironment trials, and robust
model validation.

Together, these findings support a more integrated view of Popu-
lus biology, in which regulatory modules operate across reproduc-
tive, developmental, and environmental contexts. Enabled by long-
read sequencing, T2T assembly, pangenomics, and multi-omics inte-
gration, current studies are yielding increasingly comprehensive
insights into wood formation, environmental adaptation, and sex
chromosomes' evolution. Ultimately, Populus genomics has evolved
from gene-centric and resource-building efforts to integrative analy-
ses of regulatory systems across molecular, developmental, and
ecological scales.

Challenges and future perspectives:
from poplar genomic resources to
predictive breeding

Although current advances in genome assembly, pangenomics,
population genomics, and multi-omics-based functional analysis
have greatly improved our understanding of the genome's evolu-
tion, adaptive variation, and complex trait regulation in Populus, the
practical transition from resource construction and discovery of the
mechanisms to their application in breeding remains incomplete.
This section therefore focuses on current progress, emerging tech-
nologies, and future directions for developing a Populus-centered
genomics-assisted breeding framework. Such a framework should
connect the discovery of natural variation, functional validation,
predictive modeling, genome editing, and evaluations of field-
based breeding trials, while providing useful guidance for the
genetic improvement of other woody species (Fig. 2).
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Future Perspectives and Outlook
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Fig. 2 Future perspectives on translating the genomic resources of Populus into predictive breeding applications across the following four directions.
(a) Construction of population-scale pangenomes from wild Populus populations using de novo assembly, variation graphs, and map-to-pan strategies,
integrated with multi-omics data across various tissues (e.g., assay for transposase-accessible chromatin using sequencing [ATAC-seq] for chromatin
accessibility, whole-genome bisulfite sequencing [WGBS] for DNA methylation, and RNA sequencing [RNA-seq] for transcriptomics). (b) Development of
integrated genotype-phenotype-environment databases that combine phenotypic and environmental data with genomic variations, including SNPs,
SVs, and copy number variants (CNVs). Artificial intelligence and machine learning approaches will facilitate predictive modeling and prioritization of the
candidate genes. (c) Precision genome editing across diverse genetic backgrounds to generate elite genotypes, followed by tissue culture, plant
regeneration, greenhouse validation, and multilocation, multiyear field evaluations. (d) Translation of genomic discoveries into breeding applications to
improve adaptations to combined stresses (e.g., salinity and drought, high light and high temperature, or nutrient uptake and cold tolerance).

Progress and remaining challenges in poplar
genomics

Although important foundations have been established for
constructing reference genomes, population resequencing, iden-
tification of adaptive loci, and discover of functional genes in Popu-
lus species, which have long served as a representative model
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system for forest trees, there are still unresolved challenges and
bottlenecks in transitioning from genomic resource accumula-
tion to functional interpretation of the mechanisms and breed-
ing applicationsi®'l. Most studies to date that have detected
genetic variation across populations and species continue to rely
on a single reference genome. However, a major limitation of this
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single-reference framework is its incomplete representation of
genomic diversity, especially for tree species like Populus that
exhibit a wide geographic distribution, frequent interspecific hybri-
dization and introgression, and generally high heterozygosity!20:87.881,
Consequently, reliance on a single reference genome and SNP-
centered analytical strategies may underestimate genome-wide
genetic variation and miss important components of functional and
adaptive variation in Populusl'529, particularly SVs, variation in the
presence/absence of certain genes, and copy number variation.

Recent pangenome and super-pangenome studies that integrate
multiple representative individuals and/or species offer new oppor-
tunities to capture a more complete spectrum of genomic variation.
Compared with materials that have experienced long-term artificial
selection and cultivation, wild poplar germplasm resources typically
retain richer natural genetic variation. Over evolutionary timescales,
they have accumulated favorable allelic variants associated with
drought, cold, salt, and alkali tolerance; pest and disease resistance;
phenological regulation; root adaptation; and growth stability89-911
(Fig. 2a). Therefore, the systematic collection and analysis of wild
Populus resources will help expand the variation spectrum of poplar
pangenomes and graph-based pangenomes, thereby reducing the
bias caused by single-reference genomes, but also provide a more
realistic natural experimental background for identifying adaptive
loci and mining favorable alleles®°,

However, although wild germplasm facilitates the identification
of more adaptive variants, subsequent functional validation and
applied translation still face multiple constraints, including low
transformation efficiency, genotype dependence, outcrossing, highly
heterozygous genetic backgrounds, gene redundancy, and long life
cycles. Consequently, although the efficient use of wild resources
will probably provide higher resolution for identifying variants
closely associated with ecological adaptation, species diversifica-
tion, phenological regulation, stress resistance, and growth-related
traits, the transition from adaptive allele discovery to practical appli-
cation will require substantial future work!17:23.91],

Emerging technologies for functional dissection
of key traits in Populus

Beyond the development of advanced pangenomes, recent break-
throughs in single-cell and spatial transcriptomics have provided
cell-type- and tissue-resolved contexts for interpreting candidate
genes and regulatory variants in Populusl21.92-971, Rather than rely-
ing solely on bulk tissue profiles, these approaches allow researchers
to link genomic and transcriptomic variation to specific cell types,
developmental stages, and spatial domains. Together with epige-
nomic and chromatin accessibility data, these technological devel-
opment and multi-omics datasets have established a crucial
foundation for connecting functional regulatory networks to
developmental and environmental responses at a finer cellular
scalel21,6869,76,92,98]

Alongside advances in multi-omics, genome editing technologies
are rapidly progressing and have emerged as a practical means
of validating candidate adaptive loci and improving key traits in
poplar. Broadly, genome editing tools include zinc finger nucleases
(ZFNs) , transcription activator-like effector nucleases (TALENs), and
CRISPR/Cas systems. ZFNs and TALENs are among the earliest gene
editing tools, but because of their complex design, lower efficiency,
and higher operational costs, their application in forest trees has
been limited. In contrast, CRISPR/Cas systems are simpler to design,
highly efficient, and highly scalable, making them increasingly
popular for functional genomics and genetic improvement in
poplar®21001 Furthermore, emerging technologies such as base
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editors, prime editing, mitoTALEN, and retron library recombineer-
ing (RLR), which enable targeted mutations, base substitutions,
small indels, transcriptional regulation, and genome modifications
of organelles, hold immense promise for future researchl!7.99-1031,
Nevertheless, although genome editing provides essential tools for
dissecting the molecular mechanisms underlying important traits in
poplar, its widespread application remains constrained by factors
such as transformation efficiency, regeneration capacity, genotype
dependency, off-target effects, and editing stability. These limita-
tions are particularly evident in wild Populus species, as successful
editing is currently restricted to a few cultivated genotypes!!7:104-1071,

Future perspectives: from genomic advances to
breeding applications

Despite some unresolved challenges, current technological foun-
dations provide an optimistic outlook for translating advanced
technologies into breeding applications for poplar. Leveraging
the extensive genomic variation found in wild Populus species
and germplasms, the integration of pangenome and multi-omics
datasets will help establish a comprehensive understanding of natu-
ral genomic diversity (Fig. 2a). Alongside the wealth of genomic
resources generated by advanced sequencing technologies, the
rapid development of high-throughput phenotyping, artificial intel-
ligence (Al), and machine learning are poised to become essential
tools in modern forest tree breeding, mirroring their success in
many crop species!’-1111 For example, a recent study demon-
strated that machine learning approaches have been successfully
integrated into multi-parameter phenotyping systems, enabling the
precise assessment of drought responses by combining proximal
sensing with high-throughput imaging!''2. Consequently, establish-
ing large-scale genotype-phenotype-environment data platforms
will provide a robust foundation for identifying candidate adaptive
loci, prioritizing favorable allele combinations, and optimizing data-
driven breeding decisions!199.110],

Looking ahead, Al models may further enable the in silico simula-
tion of virtual genotypes under multiple stress scenarios (such as
drought, salinity, and extreme temperatures), thereby helping to
identify superior genomic configurations (Fig. 2b). This capability
could provide precise guidance for targeted genome editing and
molecular breeding strategies in poplar. Accordingly, future genome
editing strategies in poplar are expected to transition from single-
gene knockout toward more precise and programmable genome
engineering. Multiplex CRISPR/Cas9 editing targeting tandem arrays
can generate a range of mutation types, including structural vari-
ants like translocations and inversions, highlighting the potential to
engineer genome structures under controlled conditions!'3.114],
Although the targeted manipulation of large genomic fragments is
not yet routine in Populus, recent advances in plant genome engi-
neering suggest that this approach will become feasible in the near
future (Fig. 2c). Therefore, integrating Al-assisted target prioritiza-
tion with next-generation genome editing platforms could acceler-
ate the functional validation of adaptive variants and inform future
breeding strategies!108:109,113,114],

Ultimately, integrating these advanced technologies aims to facil-
itate poplar breeding by translating genomic discoveries into the
development of elite, stress-resilient cultivars (Fig. 2d). The combi-
nation of adaptive genomic resources, predictive models, and
biotechnological innovations should provide a comprehensive
and efficient foundation to support the creation of poplar varieties
that are capable of adapting to diverse and complex environ-
ments, including drought-prone regions, saline and alkaline soils,
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high-temperature zones, and high-altitude habitats!'7:31:6291,115,116],
For this reason, future poplar breeding should not rely on any single
technology. Instead, it must operate through an iterative frame-
work that links the exploration of wild germplasm, pangenome
construction, multi-omics data integration, Al-driven prediction,
precision genome editing, and field validation. Within this frame-
work, pangenomes and wild germplasm resources provide the foun-
dational genetic variation; multi-omics analyses help prioritize
candidate genes and regulatory networks; Al models support trait
prediction and the design of allele combinations; genome editing
enables the functional testing of selected targets; and field trials
provide the definitive evaluation of breeding value. However, it
should be noted that these perspectives remain largely conceptual,
and their practical implementation and real-world efficacy will
require extensive further research and considerable timel'16-118], As
Populus serves as a model system for forest trees, we believe that
advancements in this field will also propel research and breeding
efforts in nonmodel tree species of high ecological and economic
value, such as Eucommia ulmoides, oak (Quercus spp.), pine (Pinus
spp.), and spruce (Picea spp.).
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