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Plant genome biology is entering a new era defined by fully
phased, chromosome-scale, telomere-to-telomere assem-
blies, enabled by the convergence of long-read sequencing
technologies, improved assembly algorithms, and powerful
scaffolding strategies. Gapless, haplotype-resolved genomes
are now feasible even for polyploid species, shifting the
bottleneck from assembly to annotation and interpretation.
Genome annotation remains one of the greatest opportunities
and challenges in plant biology. While ab initio methods still
form the backbone of structural prediction, evidence-based
frameworks that integrate RNA sequencing, chromatin
accessibility, methylation, and 3D genome data are rapidly
advancing the field. At the same time, artificial
intelligence—driven protein-coding gene predictors are rede-
fining ab initio gene finding, and large-scale orthology net-
works continue to improve functional inference. The next
frontier is extending annotation beyond protein-coding genes
into regulatory and structural dimensions, a goal increasingly
enabled by single-cell and multi-omic technologies. Looking
forward, the integration of Al, multi-omics, and large language
models promises to standardize and automate workflows from
DNA isolation to functional annotation. These innovations will
accelerate fundamental plant biology discovery, enable next-
generation biodiversity conservation, and transform strategies
for crop improvement and biotechnology.
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Introduction

Plant de novo genome assembly has entered a new era,
defined by fully phased, chromosome-scale, haplotype-
resolved, telomere-to-telomere (T2T) genomes [1].
Driven by breakthroughs in sequencing technologies,
plant genomics has achieved levels of accuracy,
throughput, and accessibility that were unimaginable a
decade ago [2—4]. Yet plant genomes remain among the
most challenging in nature: they are often exceptionally
large, dominated by repetitive elements such as cen-
tromeres, telomeres, ribosomal DNA (rDNA) and
transposable elements (TEs) [5] (Figure 1). Recurrent
rounds of polyploidy further complicate assembly, blur-
ring haplotype boundaries and amplifying complexity
[6,7]. Despite these obstacles, innovations in
sequencing, scaffolding, and computational algorithms
have reshaped the landscape of plant genomics [8].

The history of plant genome assembly mirrors this rapid
technological progress. The first reference genome,
Arabidopsis thaliana in 2000, inaugurated the BAC-by-BAC
era, during which genomes were assembled by cloning
large DNA fragments into bacterial artificial chromosomes
(BAC), sequencing and assembling each clone separately,
and then stitching them together, a labor-intensive pro-
cess that took years and cost millions of dollars, which
ultimately limited high-quality genome assemblies to a
few model organisms [2]. The rise of short-read
sequencing transformed genome sequencing into a
computational challenge, producing hundreds of assem-
blies with expanded gene-space coverage but often frag-
mented and incomplete genomes [4]. A new phase began
with long-read sequencing and advanced scaffolding
methods, which enabled the first round of highly contig-
uous, almost complete T2T genomes [3]. Recent T2T
assemblies of Arabidopsis now provide the first complete
views of entire centromeres, illuminating previous dark
matter driving the evolution of plant genomes [9].

"Today, de novo strategies routinely produce chromosome-
scale, haplotype-resolved genomes, spanning both
model species and key crops. These resources are
fueling innovations in annotation frameworks, including
pangenomes, machine learning, and multi-omic inte-
gration, which now reveal functional elements long
hidden by fragmented, low-contiguity plant genomes.
Looking forward, continued progress promises deeper
resolution of polyploid complexity and more consistent
gene predictions, with artificial intelligence and large-
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Plant and human cells differ in key cellular and genomic features that impact genome assembly complexity. Plant cell (left): Features a rigid cell
wall composed of polysaccharides and large central vacuole that accumulates secondary metabolites such as polyphenols, both of which can interfere
with DNA extraction. Plant cells also harbor endophytic and epiphytic bacteria (~6 Mb genomes). Organellar genomes include multiple copies of
mitochondrial genomes (~10 per cell, ~500 kb each; MT) and chloroplast genomes (~100 per cell, ~125 kb each; CP). The redwood nuclear genome is
hexaploid (n = 71, 6n = 66) with very large chromosomes, some exceeding 2 Gb in size, and includes repetitive features such as rDNA (45 S, 5 S),
centromeres, and telomeres that are difficult features to assemble in telomere to telomere (T2T) efforts. Human cell (right): Surrounded by a flexible
plasma membrane, human cells contain hundreds to thousands of mitochondria, each with multiple ~15 kb genomes (~1000 copies per cell). The
nuclear genome is diploid (n = 23, 2n = 46) and totals ~3.2 Gb, with chromosome sizes ranging from ~249 Mb (chromosome 1) to ~48 Mb (chromosome

21). Although human genomes also contain challenging regions such as complex centromeres and large ribosomal DNA arrays that complicate
complete T2T assembly, their overall genome size, ploidy, and structural complexity are substantially lower than those of many plant genomes.

scale machine learning poised to standardize assembly;,
polishing, and annotation pipelines. Yet critical chal-
lenges remain, as sample selection, preservation, and
extraction of high-molecular-weight (HMW) DNA
continue to represent major bottlenecks. While prior
reviews have focused on technical aspects of sequencing
and assembly [1,5,8,10], this article emphasizes the
end-to-end process of building high-quality plant ge-
nomes from tissue collection and DNA isolation through
assembly, scaffolding, and annotation highlighting both
current best practices and the opportunities on the
horizon (Figure 2).

Collection, preservation and DNA isolation
critical to plant de novo assembly

A hallmark of the current state of plant genome as-
sembly is its broad accessibility across laboratories and
projects, which has elevated tissue collection, preser-
vation, and DNA isolation to some of the most critical
determinants of success. A persistent limitation in e
novo plant genome sequencing remains the quality of
input DNA used to generate long-read data [11]. Unlike
microbial or animal systems, plant tissues are notoriously
difficult substrates, often containing abundant second-
ary metabolites, polysaccharides, and polyphenols that
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Plant de novo genome assembly workflow. The major stages of plant
genome sequencing are shown, from project conception to comparative
analysis. Following definition of the biological question, plant material is
collected, preserved, and stored (Collection). DNA is extracted using
protocols optimized for either low-molecular-weight (LMW) or high-
molecular-weight (HMW) DNA (Extraction). Short-read sequencing and
quality control are then used to estimate genome size, heterozygosity,
and repeat content, informing sequencing strategy and depth (Planning).
Long-read sequencing produces genome assemblies that progress from
draft to refined to final stages (Assembly). Hi-C scaffolding further orga-
nizes contigs into chromosome-scale assemblies through iterative in-
spection and correction (Scaffolding). Gene prediction and annotation
follow, typically beginning with ab initio, Al-based approaches and refined
through functional annotation; empirical data may be incorporated to train
models, validate gene structures, and identify untranslated regions,
promoters, enhancers, and other non-coding features (Annotation). As-
sembly, scaffolding, and gene prediction are inherently iterative pro-
cesses (double-headed arrows), as annotation metrics can reveal gaps
or misassemblies requiring revision. Finally, comparative analyses,
including dot plots, synteny assessment, and gene family characteriza-
tion, place the genome in an evolutionary context (Comparative
Analysis).

interfere with DNA extraction, library preparation, and
downstream sequencing (Figure 1). For high-quality
assemblies, particularly those aiming for chromosome-
scale, T2T resolution, the availability of HMW DNA
of exceptional purity and integrity is essential [12,13].

The earliest stages of a project, sample collection and
preservation, are decisive in determining DNA integ-
rity [14,15] (Figure 2). Factors such as tissue type,
developmental stage, and storage method (e.g., im-
mediate flash-freezing, silica gel desiccation, ethanol
fixation, or liquid nitrogen) all strongly influence the
success of downstream DNA isolation [16,17]. Even
subtle degradation reduces read lengths and
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compromises assembly contiguity, making careful
planning and preservation protocols as critical as
sequencing itself.

The importance of DNA quality has only increased with
the latest long-read sequencing technologies. Platforms
such as Oxford Nanopore Technologies (ONT), with
their portability and steadily improving accuracy, and
Pacific Biosciences (PacBio) HiFi chemistry, with its
exceptional per-read fidelity, now enable high-quality ¢
novo assemblies that were once restricted to specialized
genome centers (Figure 3a and b). Portable sequencing
has created opportunities for field-based genome pro-
jects, allowing reference-quality data to be generated
directly from fresh collections in remote environ-
ments [18].

These innovations are transforming the accessibility and
impact of plant genomics. Conservation and ecological
restoration programs can now rapidly assemble genomes
of endangered or rare species to guide management
decisions. Botanical gardens and herbaria are increas-
ingly adopting these technologies to build genomic
catalogs of their collections, creating enduring resources
for biodiversity preservation. Such efforts are also
informing breeding programs, adaptation studies, and
climate resilience strategies by linking high-quality
genomic resources with applied goals [19].

Fully-phased, chromosome-scale,
haplotype-resolved, telomere-to-telomere,
plant genomes

The field of plant genomics has entered a new era
defined by fully-phased, chromosome-scale, haplotype-
resolved, T2T assemblies. This transformation has
been propelled by the convergence of high-accuracy
long-read sequencing technologies from PacBio and
ONT coupled to next-generation assembly algorithms
and scaffolding strategies capable of resolving some of
the largest and most complex polyploid genomes
(Figure 3). Recent advances now demonstrate that
gapless T2T assemblies can be achieved with ONT
ultra-long reads alone [20] or through gap filling enabled
by ONT adaptive sampling [21]. Despite these recent
advances, most genome assemblies described as T2T
still fail to fully resolve highly repetitive centromeric
and ribosomal DNA (rDNA) regions, and robust poly-
ploid genome assembly remains beyond the reach of
even the best assembly tools. Nevertheless, these de-
velopments underscore the remarkable speed with
which plant genome assembly has progressed from a
technically formidable endeavor to an increasingly
routine practice.

Achieving T2T resolution in plants has long been a
challenge, largely due to the prevalence of highly re-
petitive genomic features, high levels of heterozygosity
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Plant genome assembly advanced by several key innovations from sequencing to visualization. Tools and visualizations are shown that
collectively enable chromosome-scale, haplotype-resolved plant genome assembly and analysis, progressing from data generation to phasing, quality
control, and comparative interpretation. (a—b) Long-read sequencing technologies form the foundation of modern assemblies. (a) PacBio Revio gen-
erates highly accurate HiFi reads, shown as read length versus quality distributions, which support precise base-level assembly, repeat resolution, and
error correction. (b) Oxford Nanopore Technologies (ONT) PromethlON produces ultra-long reads, visible as extended read-length distributions, that
span centromeres, ribosomal DNA arrays, and other long repetitive regions, enabling improved contiguity and assembly across structurally complex loci.
(c—d) Haplotype phasing integrates complementary sequence- and contact-based evidence. (c) k-mer multiplicity distributions separate haplotype-
specific k-mers from shared sequence content, allowing estimation of heterozygosity and haplotype balance and enabling assignment of reads to
parental or haplotypic origins, as used in trio-binning—based phasing. (d) Hi-C contact maps display chromatin interaction frequencies between genomic
regions (brighter red indicating higher contact density), which tools such as HapHiC exploit to phase and scaffold contigs into chromosome-scale
haplotypes and to identify phase blocks and large-scale structural consistency. (e—f) Haplotype quality control (QC) identifies phasing errors and
structural inconsistencies. (e) k-mer—based haplotype consistency analysis (e.g., PanKmer) tracks haplotype-specific k-mer coverage along chromo-
somes, where abrupt shifts in signal indicate haplotype switching, collapse, or over-separation. (f) Hi-C contact maps provide an orthogonal QC signal, in
which disrupted diagonal patterns, unexpected inter-haplotype contacts, or contact discontinuities reveal mis-joins, orientation errors, or phasing errors
that often require manual inspection and correction. (g—h) Visualization tools enable interpretation of complex plant genomes. (g) Genome-wide
visualization integrates multiple features across chromosomes, including gene density (purple to yellow color scale), GC content (track width), haplotype
synteny (grey connecting lines), and structural variation (orange triangles), facilitating assessment of assembly completeness, structural integrity, and
haplotype divergence. (h) Comparative visualization frameworks such as GENESPACE enable cross-species analyses of synteny and genome evo-
lution, with conserved syntenic blocks shown as color-matched regions and structural variation or rearrangements highlighted by disruptions or gaps,
placing newly assembled genomes in an evolutionary context.

and polyploidy [22]. Centromeres, telomeres, TDNA,  Equally transformative is the ability to generate fully
and large blocks of transposable elements (TEs), espe-  phased, haplotype-resolved assemblies (Figure 3¢ and
cially long terminal repeat retrotransposons (LT'R-RTs),  d). Unlike haploid consensus genomes, phased assem-
posed persistent obstacles to contiguity and accuracy  blies capture heterozygosity and structural variation,
(Figure 1). Ultra-long ONT reads, with lengths  providing critical insights into outcrossing species, hy-
exceeding hundreds of kilobases, provide the continuity  brids, and polyploids. Several complementary strategies
to span centromeric regions, while PacBio HiFi reads  are used for haplotype resolution, with Hi-C—based
supply the base accuracy needed to minimize assembly  phasing emerging as the standard approach due to its
errors (Figure 3a and b). Complementary scaffolding  broad applicability and scalability [24]. Hi-C leverages
technologies, including optical maps and high  chromatin contact maps to phase haplotypes along
throughput chromatin conformation capture (Hi-C),  chromosome-scale scaffolds; however, this approach
have further anchored contigs into complete chromo-  often requires extensive manual inspection and correc-
somes [22]. tion of contact maps. Mis-joins, orientation errors, and
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Future directions in plant genome assembly and annotation. Plant genome research is moving toward a future defined by the seamless integration
of empirical data, comparative genomics, and artificial intelligence. Left: Arabidopsis, shown as an example of a model system, illustrates how
comprehensive datasets spanning whole-plant and developmental stages at single-cell resolution will serve as the foundation for predictive models that
refine gene prediction, functional annotation, and even genome assembly. Top right: Expanding empirical datasets, including full-length cDNA
(FLcDNA), long- and short-read transcriptomes, and epigenomic layers such as DNA methylation, provide high-resolution evidence to accurately define
coding and noncoding features, regulatory elements, and chromatin states. Bottom right: Al-driven approaches are poised to harness the rapidly growing
databases of assembled genomes and annotated features to deliver standardized, automated assembly and annotation pipelines, ultimately enabling
predictive and interpretable models of genome function across diverse plant species.

haplotype switching are frequent, particularly in poly-
ploid genomes and those enriched for long repetitive
elements, necessitating expert-driven quality-control
workflows. More specialized strategies include trio
binning, which uses parental sequence data to assign
offspring reads to haplotypes [23], and pollen
sequencing, which exploits haploid gametophytes to
directly phase haplotypes [25]. Together, these ap-
proaches enable genome reconstructions that reveal
allele-specific expression, structural rearrangements,
and evolutionary histories often obscured in haploid
assemblies [26].

Despite these advances, polyploid genome assembly
remains challenging. Most current long-read assemblers
are fundamentally designed around diploid assumptions,
modeling assembly graphs as two-haplotype bubbles. In
polyploid genomes, particularly autopolyploids or
recently diverged allopolyploids, this frequently results
in collapse of similar homeologs, retention of redundant
contigs, or haplotype inflation driven by sequencing and
assembly errors. Distinguishing true structural variation
from assembly artifacts also remains difficult in

repetitive regions. Although high-quality polyploid plant
genomes can be produced through careful parameter
tuning, coverage management, and auxiliary data inte-
gration, robust automated polyploid-aware assembly
remains an unresolved challenge.

As assemblies approach T2T and fully phased status,
quality control (QC) has necessarily evolved beyond
traditional benchmarks [27]. While Benchmarking
Universal Single-Copy Orthologs (BUSCO) remains
widely used for measuring gene content, its reliance on a
limited set of orthologs (~3000) only provides one
measure of completeness [28]. Additional metrics now
include the TR Assembly Index (LLAI), which quan-
tifies retrotransposon assembly quality [29]. Merqury,
which assesses base-level accuracy via k-mer analysis;
and switch error rates, which evaluate phasing fidelity
[30]. Standard QC measures such as coverage unifor-
mity and read mapping rates remain indispensable [31].
Beyond single-genome assessment, pangenome frame-
works are now being leveraged to identify structural
inconsistencies, haplotype switching, and assembly gaps
across species and families [32] (Figure 3e and f).

www.sciencedirect.com
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Increasingly, specialized visualization tools including
GeneSpace for synteny, haplotype divergence, and
structural variation [33] are being complemented by
new strategies for exploring repetitive regions [34] and
novel frameworks for visualizing haplotypes [35]
(Figure 3g and h).

Plant genome annotation developing from
an art to a science

Although fully phased, chromosome-scale, haplotype-
resolved, T2T plant genomes are becoming increasingly
routine, genome annotation remains one of the most
persistent challenges, and greatest opportunities for
advancing discovery in plant biology, agriculture, and
biotechnology [36] (Figure 4). Annotation encompasses
not only the accurate prediction of genomic features
such as protein-coding gene models, but also the reliable
assignment of biological functions to those genes.
Furthermore, the rapid expansion of multi-omic data-
sets, enabled by innovative sequencing applications that
effectively position sequencing as the “new micro-
scope,” has broadened the scope of annotation well
beyond protein-coding genes [37].

The field is steadily moving beyond traditional @b initio
prediction toward evidence-based annotation frame-
works. A growing empbhasis is placed on generating
comprehensive RNA sequencing (RNA-seq) datasets
across diverse tissues, developmental stages, and envi-
ronmental conditions to improve gene model prediction
and capture isoform diversity [38]. In parallel, multi-
omic integration combining assay for transposase-
accessible chromatin sequencing (ATAC-seq), chro-
matin immunoprecipitation sequencing (ChIP-seq),
DNA methylation profiling, and Hi-C provide comple-
mentary and orthogonal evidence [39]. Together, these
datasets not only enhance the training and identification
of features such as promoters, untranslated regions
(UTRs), enhancers, insulators, activation domains, and
topologically associating domains (TADs), but also
extend annotation into the regulatory and structural
dimensions of the genome that have historically been
underexplored (Figure 4).

Concurrently, artificial intelligence (Al)-driven gene
predictors have emerged that outperform many tradi-
tional @b imitio tools in both accuracy and efficiency, even
without empirical evidence (Figure 4). Helixer, for
instance, combines convolutional and recurrent neural
networks with a Hidden Markov Model decoder to
predict gene structures, and has been shown to improve
exon-intron boundary accuracy compared to classic
predictors such as AUGUSTUS [36,40]. Tiberius ad-
vances this approach by integrating convolutional layers,
bidirectional long short-term memory networks, and a
differentiable Hidden Markov Model (HMM) into a
single end-to-end framework, enabling it to learn both

sequence features and structural rules directly from
DNA [41]. As with other @b initio gene predictors, cur-
rent Al-based methods face challenges in defining exon-
intron boundaries, UTRs, and authentic single-exon
genes in repeat-rich plant genomes, and typically do
not model alternative splicing, instead reporting primary
gene models. Looking forward, these Al-based pre-
dictors could be further enhanced by training on rapidly
expanding multi-omic datasets, allowing them to cap-
ture subtle genomic signals and regulatory complexity
that evidence-only pipelines may overlook [42].

Beyond structural prediction, functional annotation is
benefiting from the exponential growth of plant
genomic resources. More than 5000 plant genomes are
now deposited in NCBI, of which approximately 1500
meet the criteria for draft genome assemblies. Although
many of these genomes lack high-quality annotation, the
recent advances in Al-based gene prediction enable the
rapid generation of standardized gene models. These
uniform annotations facilitate comparative analyses,
such as OrthoFinder, that leverage dense orthology
networks to produce increasingly accurate cross-species
gene function predictions [43,44]. At the same time,
large language models (LLLLMs) and graph-based Al
frameworks are being developed to synthesize hetero-
geneous data sources including sequence homology,
gene expression, protein—protein interactions, and
evolutionary signals to annotate genes that lack well-
characterized homologs [45]. Despite these advances,
annotation remains an iterative and interpretive process,
requiring expert oversight to distinguish biologically
meaningful features from technical artifacts.

Prospects for de novo plant genome
assembly and annotation with Al

Future de novo plant genome assemblies will increasingly
depend on automated, end-to-end pipelines that mini-
mize manual intervention while improving consistency,
scalability, and reproducibility (Figure 4). As sequencing
throughput continues to increase and costs decline,
next-generation frameworks will integrate long- and
short-read data, optical maps, and Hi-C signals into
near-complete assemblies in a largely automated fashion
[46]. Continuous benchmarking through standardized
pipelines will further harmonize quality control,
reducing variability across projects and ensuring reliable
comparisons [47].

LLMs represent a particularly promising new direction
for genome interpretation that has been largely un-
tapped to date [48]. Adapted for biological sequences
and genome graphs, LLLMs offer the potential to trans-
form phasing and haplotyping of complex plant ge-
nomes, especially polyploids and aneuploids where
traditional methods often fall short [46]. By learning to
recognize recurring sequence and structural patterns,
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LLMs may help disentangle haplotypes across highly
repetitive and centromeric regions that remain chal-
lenging even for current T2T assemblies.

In parallel, the integration of single-cell genomics and
other multi-omic datasets will refine both assemblies
and annotations [49]. Single-cell and single-nucleus
RNA-seq (sc/snRNA-seq) together with ATAC-seq
provide unprecedented resolution of expression and
chromatin accessibility, enabling cell-type- and stage-
specific functional gene annotation. When coupled
with proteomic, metabolomic, and methylome data,
these modalities will power Al-driven models capable of
detecting subtle regulatory features such as enhancers,
insulators, and TADs [50]. The outcome will be func-
tionally enriched, context-aware plant genome annota-
tions that bridge structure with function.

Looking ahead, the convergence of automated assembly
pipelines, LLLM-guided phasing, and multi-omic inte-
gration points toward a future where generating a fully-
phased, chromosome-scale, haplotype-resolved, and
functionally annotated plant genome becomes routine
and possibly most important, reproducible (Figure 4).
Such standardization will usher in a new era of genome
exploration, with transformative impacts on biodiversity
conservation, ecological restoration, precision agricul-
ture, and synthetic biology. Ultimately, this paradigm
will make possible a seamless transition from raw
sequence data to functionally interpretable genomes,
accelerating  both  fundamental discovery and
applied innovation.
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