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SUMMARY

Land plants underpin civilization and planetary health, yet their genomic diversity remains largely uncharted.
Current resources are unstandardized and scarce, lacking reference genomes for 95% of genera, 70% of
families, and 51% of orders, impeding evolutionary and functional insight. We thus propose the PLANeT
initiative, an international effort to generate high-quality, standardized genomes across the plant tree of
life. Integrating artificial intelligence (Al) with genomics, we will decode conserved principles to advance
fundamental plant biology, biodiversity conservation, crop improvement, and natural product discovery.
Engaging around 100 labs to train 1,000 scientists, we will tackle pivotal questions for a sustainable future.

INTRODUCTION

Land plants (embryophytes), with ~450,000 species, form the
foundation of terrestrial life and human civilization."? They
display a staggering breadth of morphological, karyotypic,
ecological, and physiological diversity: genome sizes range
from under 0.1 to over 160 Gb; life histories can be dominated

by haploid gametophyte or diploid sporophyte phases; and
complex organs such as roots, leaves, flowers, and fruits were
gained during their evolution but can be lost or become highly
modified.>* Their abundant phenotypic diversity enables land
plants to succeed in an enormous variety of habitats, including
marine, arctic, alpine, and desert ecosystems,5 but many spe-
cies are progressively threatened by global climate change
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and habitat deterioration,®® posing a risk to human health and
well-being. At the same time, much of land plant diversity re-
mains uncharacterized.

A reference genome provides essential genetic information for
a species—it not only captures its shared history and its unique
traits but is also the platform for understanding intraspecific vari-
ation. Following the release of the first plant genome assembly in
2000 by the Arabidopsis Genome Initiative,® genomic biology is
helping us to understand, utilize, and preserve plant diversity.'°
Nevertheless, the quality of genome assemblies and annota-
tions, which is partially a consequence of the complex structure
and history of plant genomes, is very uneven,'" hampering prog-
ress in both comparative and functional genomics. Furthermore,
although expansive “omics” datasets have established founda-
tional knowledge islands, the sampled species are a poor reflec-
tion of overall embryophyte diversity, such that, as of 2024, 95%
of genera, 70% of families, and 51% of orders do not contain
species with a reference genome.'”'* Although the angio-
sperms, or flowering plants, are best studied, reference ge-
nomes are lacking for more than half of all angiosperm families
and almost one out of five orders, some of which represent basal
lineages (Figure 1). This is limiting the full resolution of their evolu-
tionary history and thereby our understanding of the principal
drivers of diversification at multiple phylogenetic levels, espe-
cially for plants from the Southern Hemisphere, where genomic
diversity is largely untapped.'® The gaps described above
make it difficult to transfer knowledge gained from model and
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crop species to wild species, which are crucial sources of new
medicines and crops, key players in ecosystems, and essential
contributors to the planet’s and our own history and vice versa.

A primary challenge in making use of genomic information is to
understand how genomes are organized and how genome orga-
nization relates to dynamic gene regulatory networks. Current ef-
forts, which rely heavily on comparative genomics across limited
model organisms, have struggled to capture the full spectrum of
functionally relevant sequences in a systematic way. Emerging
artificial intelligence (Al) algorithms have begun to offer powerful
solutions, enabling, for example, the high-throughput explora-
tion of regulatory diversity'®'® and the prediction of function
from DNA sequences.?’ The power of Al models scales with
the quality, diversity, and volume of training data,”’ as shown
by recent studies.””** Notably, Pavlopoulos and colleagues®®
uncovered billions of novel protein sequences from metage-
nome data that bear no similarity to any known proteins. We
therefore urgently need datasets encompassing the entire
breadth of plant diversity, as genomes from a limited number
of species are unlikely to provide sufficient sequence diversity
for robust parameter learning.?*

To address the above-mentioned challenges and to ensure
that humanity continues to live on a planet with not only a wide
range of diverse plants but also genetically diverse plant popula-
tions, we propose an international collaborative effort, PLANeT,
with the goal of characterizing the full spectrum of land plant
genomic diversity and revealing the drivers that determine how
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this diversity is generated, maintained, or lost. The proposed
sampling prioritizes orders, families, and genera that lack a refer-
ence genome, aiming to resolve phylogenetic uncertainties and
establish a robust framework for investigating trait evolution.
Our vision is to work collaboratively to compile a digital library
of the collective biological information of many thousands of
land plant reference genomes,’? representing approximately
470 million years of evolution.?® Guided by open science princi-
ples, this initiative will democratize genome accessibility across
the diversity of plants and leverage Al to decipher conserved
genomic principles underlying the regulation of genomic activ-
ity—including regulatory grammar, genomic organization, and
molecular interactions—using scalable, diverse, and standard-
ized datasets. Reference genomes also serve as a platform for
the discovery of intraspecific diversity, which, in turn, can be a
resource for enriching the genetic basis of cultivated crops, aid-
ing policymaking on biodiversity preservation, and elucidating
biosynthetic pathways of bioactive compounds (Box 1).

Based on extensive community discussion, this perspective
lays out priorities, opportunities, and pressing questions across
both the fundamental and applied disciplines of plant biology. An
integral part of the project will be the establishment of bio-
informatic platforms utilizing machine learning and other Al ap-
plications (Box 1). We also propose a list of questions that can
be explored using the plethora of genome sequences we will
generate (Note S1); discuss PLANeT’s architecture and imple-
mentations (Note S2); and propose standard operating proced-
ures for sample collection, data generation, and genome assem-
bly (Note S3). These combined efforts will have far-reaching
impacts on global food security, helping to deliver a sustainable
future, improve human health, and train and empower a new
generation of plant scientists.

FUNDAMENTAL PLANT BIOLOGY

Scientists have long been fascinated by the incredible diversity
and adaptation of plants through deep time, a pursuit dating
back to Darwin’s theory of natural selection. Currently, the over-
arching challenge is to tease out the complex evolutionary paths
behind key trait innovations and to reveal the mechanisms that
drove the explosive diversification of land plants. A central puz-
zle is reconstructing the land plant “tree of life” with genomic
data. In angiosperms, for example, a consensus recognizes
the ANA grade (Amborellales, Nymphaeales, and Austrobai-
leyales) and five main lineages: eudicots, monocots, magnoliids,
Chloranthales, and Ceratophyllales (Figure 1).'®*” However, the
phylogenetic relationships between the five lineages remain
controversial. This incongruence is linked to Darwin’s “abomi-
nable mystery” —the rapid radiation of angiosperms. Both
incomplete lineage sorting (ILS) and ancient hybridizations may
have contributed to this phylogenetic uncertainty.*®° With
newly de novo-assembled genomes filling phylogenetic gaps,
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along with published genomes from representative orders,
families, and genera, a time-calibrated phylogenetic tree of
land plants can be constructed.

This tree will serve as the basis for large-scale comparative ge-
nomics, revealing at scale the balance between purifying selec-
tion, which maintains the function of universally important DNA
sequences (constraint), and positive selection, which supports
evolutionary innovation. By providing chromosome-level ge-
nomes for over 90% of land plant families, we seek to unravel
the evolutionary constraints and genomic innovations associ-
ated with each significant node in the land plant phylogenetic
tree. This is akin to connecting disparate islands of knowledge
(from accumulated omics data for a limited number of crops
and model species) with “stepping-stones and milestones,”
revealing the entire “ocean” of land plant evolutionary journeys
(Figure 2).

The greatly improved phylogenetic tree of land plants will also
enable insights into the genetic basis of major evolutionary transi-
tions, such as the origins of seeds and flowers, as well as trait vari-
ation. Genome size varies more than 2,600-fold, from 61 Mb/1C
(Genlisea tuberosa) to 160,000 Mb/1C (Tmesipteris oblanceo-
lata).® Genome size determines the time to complete the cell cycle
due to its impact on the duration of mitosis and meiosis and DNA
synthesis (S-phase), as well as the minimum nuclear, and hence
cell, size via the biophysical constraints imposed by fitting DNA
into the nucleus. In turn, these nuclear and cellular constraints in-
fluence phenotypes, physiological and metabolic functions, and
ultimately species distributions and extinction risk.**%~*5 What
are the forces driving the evolution of very small or very large
genomes? How do polyploidization and rediploidization, genome
downsizing, repetitive DNA amplification, and DNA removal
contribute to genome size evolution? Given the “large genome
constraint hypothesis,”*’ do adaptive potential and extinction
risk differ between species with large and small genomes?

Another important set of questions concerns heterotrophic
plants that exploit fungi (mycoheterotrophy), other plants (para-
sitism), or animals (carnivorism) to obtain minerals and carbohy-
drates. Each type of heterotrophy is found in at least six orders,
indicating convergent evolution (Figure 3), but the underlying
genetic basis is unknown. Extensive genomic coverage of het-
erotrophic plants will facilitate the elucidation of evolutionary
parallelism in both physiology and underlying molecular net-
works, which will enrich our understanding of ecological interac-
tions between angiosperms and other multicellular organisms.

BIODIVERSITY CONSERVATION

The genomic resources made available through PLANeT will not
only facilitate research on plant and trait evolution but also assist
in biodiversity conservation. A major obstacle in conservation
biology is the limited assessment of conservation status and
extinction risk for different plants.*® This lacuna can lead to

Figure 1. Phylogeny of 64 angiosperm orders

Bold indicates orders without public genomes as of December 31, 2024. The pie charts on the outside indicate the percentages of families with at least one
reference genome in the corresponding orders. The numbered pictures denote species selected for genome sequencing and assembly in PLANeT to represent
orders without reported genomes. The tree topology, based on chloroplast sequences, is modified from Angiosperm Phylogeny Group IV classification'® and Li

etal.”
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Box 1. Vignettes of PLANeT

COMPLEMENTATION TO OTHER LARGE-SCALE GENOME INITIATIVES

PLANeT builds on the success of other large-scale initiatives, which have already demonstrated the power of genomic data across phylogenetic
scales to address long-standing biological questions.”®" Plants are included in several other, broader sequencing efforts, such as the Earth
BioGenome (EBP),'° the Darwin Tree of Life (DToL),*” and the African Biogenome Projects.®**° The latter two have, however, a regional focus
and do not explicitly prioritize the targeting of phylogenetic gaps among their samples, whereas EBP is a federated effort that is not centrally sup-
ported by any funding agency in its entirety, which has limited its progress, particularly for plants. The community lacks a large-scale genome project
that encompasses a substantial fraction of land plant lineages, aiming for taxonomic and geographic balance across samples. With its phylogenet-
ically balanced sampling of all land plant lineages, PLANeT complements existing projects (Table S1). The PLANeT consortium includes colleagues
from the previously launched 10,000 Plant Genomes Project,® the EBP, and DToL to achieve shared goals and realize a shared vision of genomics
for the benefit of humanity.

MISSION

Our mission is to decode conserved principles governing land plants using evolutionary and functional genomics, with profound implications for
securing global food supplies and enabling a sustainable future. Our vision is to establish a genomic infrastructure that will empower research in
fundamental plant biology, support biodiversity conservation, boost breeding efforts for crops, and fuel NP-inspired drug discovery, as well as
enable young scientists with creative thinking and bold actions. PLANeT will serve as a central hub for ongoing projects and researchers worldwide,
minimizing redundancy, disseminating best practices, and standardizing genomic outputs.

Crop
Improvement

NP-inspired
Drug Discovery

Biodiversity
Conservation

Fundamental Biology

(Continued on next page)
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Box 1. Continued

MILESTONES AND TIMELINES

INVITATION TO JOIN

beyond our collective imagination!

We aim for chromosome-level reference genomes. Within 3 years, genomes will be available for >95% of flowering plant families and >95% of non-
flowering plant orders. Within ca. 12 years, genomes will be available for >90% of genera of flowering plants and >90% of non-flowering plant fam-
ilies, and genomes will have been explored to answer fundamental questions. Within a decade, PLANeT will involve at least 100 labs, engaged in the
training and/or mentoring of at least 1,000 plant scientists, to collectively generate answers to hundreds of relevant questions. These milestones and
goals will be achieved by 2036, memorializing the 200-year anniversary of the successful ending of the HMS Beagle voyage.

We extend a wholehearted invitation to institutions and researchers passionate about land plant genomes—our common heritage —or enthusiastic
about answering fascinating biological questions with the envisioned dataset. Please join us in making the benefits of PLANeT everlasting and

critical discrepancies, where some species designated as “en-
dangered” show no signs of genetic decline, while numerous
species that have not yet been assessed for their extinction
risk are experiencing a loss of genetic diversity.*® Genomic
data can address this gap by providing efficient estimates of
genetic diversity and historical population size, which are crucial
indicators of a species’ adaptive potential and extinction risk.
Reference genomes will serve as fundamental resources for
biodiversity assessments, robust conservation decisions, and
the development of appropriate restoration plans.’®®' For
instance, by comparing the genomes of severely damaged and
fully healthy beech trees in close proximity, loci for drought resis-
tance have been identified, and this information has been used to
select trees better adapted to drought.>” A collection of refer-
ence genomes of species that are extinct or have become
recently extinct, and for which well-preserved specimens are
available, will serve as a digital Noah’s ark for the planet that
we share with all other living creatures.

CROP IMPROVEMENT

A serious challenge in crop improvement is the constrained ge-
netic diversity accessible within domesticated populations.
Many modern crop varieties suffer from domestication bottle-
necks, reduced genetic diversity, and an unintended increase
in genetic load.>*°® Although wild plants may help restore ge-
netic diversity that was lost during crop domestication,® they
are profoundly underrepresented among species with high-qual-
ity genome assemblies. A better understanding of the breadth of
genomic diversity will enable us to harness key phenotypic traits
from wild plants, particularly those relating to environmental
adaptation, for crop improvement. Awareness of how different
wild plants have convergently adapted to similar environmental
and climatic conditions will help us identify genes and alleles
that can be ported to crops.®° Therefore, expanding our knowl-
edge of wild plant genomes is not merely an academic pursuit
but a critical step for accelerating breeding and securing a resil-
ient food supply in the face of climate change and rapid changes
in the dietary preferences of humans.

Another difficulty is knowing which genomic variants influ-
ence crop traits. Although genome-wide association studies
(GWASSs) have linked genetic variants to specific traits in
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many species, these methods often struggle to identify the
true causal variants amid hundreds of candidates.® An evolu-
tionary genomic perspective can help address this challenge
via identifying genomic variants that have mutated or been re-
tained at rates significantly different from those expected under
neutral evolution. By pinpointing nucleotide positions that have
undergone minimal changes across many millions of years of
evolution, we can compile a catalog of constrained loci among
distantly related species with diverse evolutionary histories
(Figure 4).52%% Mutations occurring at such loci in crops will
often be deleterious and represent targets for enhancing
fitness-related traits such as yield. The rich genomic data for
popular crops, combined with a genomic perspective of
distantly related taxa, function like a “microscope” (with fine-
grained functional resolution) fortified with a “telescope” (offer-
ing deep evolutionary context) (Figure 4). This approach aids in
identifying valuable functional variation, based on evolutionary
constraints and footprints of adaptation identified from pange-
nomes of crops and crop wild relatives (CWRs), allowing for hy-
pothesis testing in key crops (Figure 4). However, numerous
questions remain unanswered, and these explicitly constitute
the objectives of the initiative (Note S1). For instance, how
can data across different phylogenomic scales, from reference
genomes of distantly related plant species to population
genomic data of crops and CWRs, be integrated?

NATURAL-PRODUCT-INSPIRED DRUG DISCOVERY

Beyond visible adaptive traits, wild plants are a source of myriad
natural products (NPs), which are typified by massive chemical
scaffold diversity and complexity, often encompassing uncom-
mon functional groups. Plant NPs have played key roles in the
discovery of important drugs,®* such as the antimalarial medi-
cine artemisinin from sweet wormwood (Artemisia annua)®®
and the first-line chemotherapeutic paclitaxel from the bark of
Taxus trees.®® NPs usually exhibit spatial conformations and
3D “bulky” structures,®” often making them difficult to synthe-
size chemically. Other major differences compared with syn-
thetic drugs include NPs’ higher molecular weight (>500 Da),
higher hydrophilicity, and greater molecular rigidity, all of which
can be advantageous for designing oral drugs that are not easily
inactivated by protein-protein interactions.®”
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Figure 2. Our view of “knowledge islands” of representative model and crop species and how genomes of distantly related taxa can connect
these islands

Using angiosperms as an example, the “stepping-stones” in the ocean denote monocotyledon and eudicotyledon orders connecting the highlighted model and
crop species.

Monocotyledon orders: ACO, Acorales; ALI, Alismatales; DIO, Dioscoreales; PAN, Pandanales; LIL, Liliales; ASP, Asparagales; PET, Petrosaviales; ARE, Are-
cales; POA, Poales; ZIN, Zingiberales; COM, Commelinales.

Basal eudicotyledon orders: CER, Ceratophyllales (uncertain placement); RAN, Ranunculales; PRO, Proteales; TRO, Trochodendrales; BUX, Buxales; GUN,
Gunnerales; DIL, Dilleniales.

Superasterid orders: BER, Berberidopsidales; SAN, Santalales; CAR, Caryophyllales; COR, Cornales; ERI, Ericales; AQU, Aquifoliales; AST, Asterales; ESC,
Escalloniales; BRU, Bruniales; API, Apiales; DIP, Dipsacales; PAR, Paracryphiales; ICA, Icacinales; MET, Metteniusales; GAR, Garryales; BOR, Boraginales;
GEN, Gentianales; LAM, Lamiales; VAH, Vahliales; SOL, Solanales.

Superrosid orders: SAX, Saxifragales; VIT, Vitales; ZYG, Zygophyllales; OXA, Oxalidales; CEL, Celastrales; MALP, Malpighiales; FAB, Fabales; ROS, Rosales;
CUC, Cucurbitales; FAG, Fagales; MYR, Myrtales; GER, Geraniales; CRO, Crossosomatales; PIC, Picramniales; SAP, Sapindales; HUE, Huerteales; BRA,
Brassicales; MALV, Malvales.

Rapid advances in sequencing genomes and transcriptomes of  and exploitation of the biosynthetic pathways underlying plant
non-model plants and in analytical chemistry, along with chemodiversity,°® providing a basis for the scale-up and sustain-
systematic and synthetic biology, have enabled the discovery able metabolic production of bioactive compounds using chassis
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Figure 3. Distribution of heterotrophic plants
across the angiosperm phylogeny

The orders in bold contain heterotrophic plants, with
the types of heterotrophies indicated by the colored
symbols. The numbered pictures show Petrosavia sinii
(1), Gastrodia elata (2), Hypopitys monotropa (3), Bur-
mannia itoana (4), Neottia acuminata (5), Sapria hima-
layana (6), Cuscuta chinensis (7), Balanophora fungosa
(8), Cynomorium songaricum (9), Orobanche sordida
(10), Nepenthes mirabilis (11), Dionaea muscipula (12),
Drosera dielsiana (13), Sarracenia leucophylla (14),
Cephalotus follicularis (15), and Utricularia aurea (16).
The tree topology is adopted from Li et al.””
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Figure 4. A diagram exemplifying how phylogenomics (the “telescope” of evolutionary biology) and pangenomes (the “microscope” of
evolutionary biology) can be combined to identify constrained, adaptive, and deleterious sites in the genomes as potential targets for

molecular breeding

cells instead of pure chemical synthesis. Complete reference ge-
nomes will also support the large-scale discovery of biosynthetic
gene clusters (BGCs)®® across the entire diversity of land plants.”®
Investigating genes and genomic variation underpinning metabolic
traits will provide insights into the evolutionary history of chemodi-
versity in a wide range of taxa,”" which should inspire drug discov-
ery programs based on the modification of bioactive compounds,
ultimately empowering new drug design and metabolic engineer-
ing strategies.”

Al FOR GENOMICS

The development and application of Al tools are woven into the
fabric of the four areas discussed above. Al approaches hold sig-
nificant potential for revealing the causes of important biological
patterns, and several foundation models have demonstrated po-
tential to decipher the complex “language” in biology, both for
RNA”® and DNA.”*® The highly diverse collection of plant ge-
nomes generated in PLANeT will serve as the basis for a founda-
tion model that allows fine-tuning and/or zero-shot inference,
flanked by task-specific models at multiple levels, including
structural annotation of noncoding sequences, transcription
units, and coding sequences, along with effective prediction
for both coding and noncoding variants (level 1); functional anno-
tation of DNA-RNA/protein interactions, expression patterns,
and subcellular colocalization (level 2); detection of purifying
and diversifying selection, neutral divergence, and introgression
(level 3); and discovery of functional gene modules, circuits for
key traits including NP biosynthesis, and species to be prioritized
in biodiversity conservation (level 4) (Figure 5).

The feasibility of leveraging deep learning is nicely demon-
strated with Helixer,”” a fast and user-friendly gene structural
annotation tool, and with a recently developed gene expression
prediction model.”® The prediction of the effects of variants using

machine learning has a long history,”® although there are still limits
to these approaches.’® The repertoire of small proteins, also
known as microproteins, is likely to be much larger than appreci-
ated,®’ and deep-learning methods are excellent at discovering
these from sequence data.’’ Machine-learning methods have
also been very successful in identifying new antimicrobial pep-
tides (AMPs) in the global microbiome,®*** and such approaches
can even be extended to ancient microbiomes and pro-
teomes.®>%® Plants do not have specialized immune cells as ani-
mals do, but they can produce non-specific immune molecules,
including AMPs, when attacked by pathogens.®” Thus, plant ge-
nomes are very likely to be an untapped source of bioactive pep-
tides that could be useful in many different settings.

CONCLUSIONS AND OUTLOOK

Tracing the evolutionary history of land plants with whole-
genome sequences can be likened to illuminating the life of
plants with the “floodlight” of genomics. By revealing both
shared and unique evolutionary trajectories, we hope to begin
to understand the diversity of ways in which plants can adapt
to a changing environment. Much of plant biology has empha-
sized similarities across species. Instead, we aim to learn from
the diversity of solutions that land plants have found to the
same challenges. A comprehensive evolutionary perspective
will contribute to a better understanding of how land plants
have become so successful and help us predict the fate of
natural plant populations in the face of global change. With an
expansive digital library of plant genomes at our disposal, we
anticipate the training and emergence of a new generation of
plant genome explorers, the Darwins and Wallaces of our age.
Considering how plant diversity is distributed across the
globe, PLANeT will make a key contribution to uniting plant sci-
entists from the Global South and Global North in a common

Cell 189, April 30, 2026 2527




¢ CellPress

OPEN ACCESS

Cell

Figure 5. A diagram illustrating the imple-
mentation of Al-driven approaches in
PLANeT

A genomic language foundation model will serve
as the computational core, and specialized ma-
chine-learning pipelines will be developed for
model fine-tuning, designed to investigate bio-
logical questions across four hierarchical scales.
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cause. Without a unified international effort, research in low- and
lower middle-income countries will struggle to keep pace with
global advances, which, in turn, would affect the conservation
and exploitation of local plant diversity and the breeding of
locally adapted crops. Conversely, breeding of major crops
would not live up to its full potential, as important parts of the
evolutionary telescope would be missing. The integration of
knowledge from wild plants, crops, and weeds will promote
innovation in fundamental plant research, biodiversity conserva-
tion, agriculture in all countries, and plant-inspired drug discov-
ery, thereby better supporting the sustainable future of our
planet.

In 20 or 30 years, when we step into a forest, a desert, atundra,
or a grassland, we foresee that we will be able to use the equiv-
alent of a tricorder, the fictional handheld sensor from Star Trek,
to instantly read the genome of any species of interest. When the
data are probed with sophisticated Al-based algorithms, the
mysteries hidden in each species will be unlocked.

CONSORTIA

The initial members of the PLANeT consortium include Mo-
hamed Amar, Carlos I. Arbizu, John L. Bowman, Charles H. Can-
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Guo, Chuan He, Peter Hollingsworth, Qing Hu, Sanwen Huang,
Hongzhi Kong, llia J. Leitch, Dezhu Li, Jiayang Li, Hongtao Liu,
William Lucas, Eshchar Mizrachi, Mijoro Rakotoarinivo, Hai
Ren, Loren Rieseberg, Jue Ruan, Rosa Scherson, Harald
Schneider, Marcio C. Silva-Filho, Stephen Smith, Douglas E.
Soltis, Pamela S. Soltis, Hang Sun, Alex Twyford, Bjoérn Usadel,
Yves Van de Peer, Cassio Van den Berg, Rajeev K. Varshney, Ly-
derson Facio Viccini, Li Wang, Qingfeng Wang, Xiao-Quan
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Wing, Gane Ka-Shu Wong, Yaowu Xing, Xun Xu, Nieng Yan,
Huanming Yang, Shouzhou Zhang, and Yuxian Zhu (in alphabet-
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