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SUMMARY

The Fabaceae encompasses key agricultural species such as soybean, barrel medic (Medicago), and com-
mon bean, which are valued for their contributions to global food security and their ability to perform symbi-
otic nitrogen fixation. Although substantial progress has been made in sequencing economically important
legumes, the taxonomic coverage remains uneven, with a disproportionate emphasis on model crops.
Furthermore, most genome assemblies lack telomere-to-telomere (T2T) resolution, limiting insights into
complex genomic regions and regulatory mechanisms. Emerging T2T technologies offer a transformative op-
portunity to overcome these limitations. By generating complete T2T assemblies for a representative range of
Fabaceae species, including underrepresented lineages, researchers should obtain novel comparative and
functional insights into the genetic and epigenetic bases of symbiotic nitrogen fixation. These high-resolution
assemblies potentially facilitate the identification of conserved and divergent regulatory networks, shed light
on the evolution of nodulation processes, and deepen our understanding of agronomically important traits.

INTRODUCTION

Symbiotic nitrogen fixation (SNF) is an interaction established
between a host plant and nitrogen-fixing microorganisms. This
interaction leads to the formation of a specialized organ in the
host plant, the root nodule, which harbors intracellular bacteria.'
Through this association, the microsymbiont converts atmo-
spheric N, into NH3, which is more readily taken up by the plant.
In turn, the host plant reciprocally provides the microsymbiont
C4 dicarboxylic acids, such as succinate and malate, as well
as pyruvate, serving as carbon and energy sources. Plant spe-
cies capable of SNF are restricted to a monophyletic lineage
that is found in the orders Fabales (including the bean family), Fa-
gales (including the birch family), Rosales (including the rose
family), and Cucurbitales (including the Coriariaceae family).?
This evolutionary branch is referred to as the nitrogen-fixing
clade (NFC), which encompasses two forms: predominantly
nodulation-based nitrogen fixation and, to a lesser extent, acti-
norhizal nitrogen fixation.*>™

The evolutionary history of SNF remains controversial. Studies
show that novel complex traits have been generated through the
reutilization of existing molecular mechanisms,® but the origin
and the gains and losses of SNF remain uncertain.” This contro-
versy stems primarily from the fact that there is a discontinuous
phylogenetic distribution of nitrogen fixation across the NFC,
which encompasses approximately 30,000 species. Additionally,
evolutionary evidence remains elusive due to lineage loss, specif-
ically (1) the extinction of ecologically or phylogenetically core
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species and (2) the disappearance of ancient lineages hypothe-
sized to represent intermediate stages in the evolution of SNF.?

Currently, two primary evolutionary hypotheses have been
proposed: a single-origin hypothesis (scenario I) and a multi-
ple-origin model (scenario I1).% Recent studies have provided ev-
idence supporting the evolution of nitrogen fixation® '?; howev-
er, they have not fundamentally resolved which hypothesis is
correct. The prevailing hypothesis of a single origin followed by
extensive parallel losses has been challenged by a phyloge-
nomic study proposing 16 independent origins and 10 subse-
quent losses.”'® Zhang et al. investigated the single origin of
root nodules with genomic and transcriptomic data and pro-
posed a gradual functionalization of nodule inception (NIN)
from NLP precursors during evolution."" The common point of
the two hypotheses is that multiple losses of the root nodule
phenotype have occurred following its initial acquisition. Current
evidence suggests that nodulation may have arisen from preex-
isting symbiotic programs, such as those underlying mycorrhizal
associations, implying that few, if any, of its components evolved
from novel genetic precursors. Traits associated with nodulation
can be interpreted either as evidence of divergence from a com-
mon ancestor or as convergent evolution in distantly related lin-
eages. Therefore, new approaches are needed to distinguish be-
tween a shared homologous origin and repeated independent
assembly of similar genetic modules.

Considerable questions regarding the difference between these
two hypotheses remain. The evolutionary formation of nodules in-
tegrates diverse biological processes found in non-nodulating
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plants, including immune recognition, lateral root development,
phytohormone signaling, and arbuscular mycorrhizal symbiosis.
These functions establish a complex regulatory network that con-
trols and coordinates nodule organogenesis and nitrogen fixation
while facilitating the evolutionary emergence of novel genes and
functions. However, hypotheses differ regarding the homology of
root nodule symbiosis. The core issue is how these biological pro-
cesses are reorganized and regulated in root nodules. This phe-
nomenon is not caused by changes in one or afew genes but rather
is the result of multiple evolutionary events.

The core transcription factor NIN may be key to unraveling this
evolutionary puzzle.® The initial regulatory network for root
nodule symbiosis, comprising 523 genes, originated from the
common ancestor of nitrogen-fixing lineages. This network
was constructed through a modular recruitment strategy, inte-
grating and reorganizing genes from three major pathways:
mycorrhizal symbiosis, nitrate response, and stress response.'?
Specifically, the ongoing debates center on three key issues:
whether nodulation evolved once with multiple losses or inde-
pendently multiple times; the extent to which pre-existing path-
ways were co-opted versus novel innovations emerged; the pre-
cise evolutionary timeline and selective pressures driving these
multiple evolutionary events. The composition of the compara-
tive genomic dataset used for analyses can significantly impact
evolutionary studies on nodulation and nitrogen fixation. There-
fore, more genetic data are needed to resolve these hypotheses
and identify the core evolutionary mechanisms underlying the
emergence and loss of nodulation. Clarifying the evolutionary re-
lationships of SNF and identifying the minimal gene set required
for its establishment have long been central research goals.

Fabaceae, the third-largest angiosperm family, comprising
approximately 19,500 species across 765 genera, represents
the primary NFC among plants. Therefore, its members serve
as the primary resources for studying root nodulation-mediated
nitrogen fixation.'> Contemporary phylogenomic studies have
resolved Fabaceae into six subfamilies: Cercidoideae, Detarioi-
deae, Duparquetioideae, Dialioideae, Caesalpinioideae, and
Papilionoideae (Figure 1). The most well-known nodulating
model species, Glycine max, Medicago truncatula, and Lotus ja-
ponicus, belong to this family. Crops in the Fabaceae not only
sustain global food security but also play critical roles in sustain-
able agriculture through nitrogen fixation.'* This symbiotic pro-
cess, mediated by root nodule formation with rhizobia, reduces
reliance on synthetic nitrogen fertilizers, contributing to environ-
mental sustainability and cost-effective crop production.’®

Therefore, Fabaceae plants have a significant competitive
advantage in nitrogen-deficient environments. The nodulating
ability of Fabaceae corresponds to their phylogeny; nearly all
Papilionoideae species exhibit nodulation, and the loss of this
ability is more prevalent toward the basal nodes of the tree
(Figure 1). These characteristics suggest that legumes occupy
a unigue and essential position in the analysis of the evolutionary
process of SNF. Investigations of the diversity of nodulation and
nitrogen fixation in Fabaceae plants may provide evidence of the
evolutionary origin of root nodule-mediated nitrogen fixation.
Additionally, integrating omics-level data analysis to elucidate
the mechanisms underlying the loss of root nodule phenotypes
could further inform this understanding.
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THE TELOMERE-TO-TELOMERE GENOME AND
ASSEMBLY STRATEGY

A telomere-to-telomere (T2T) genome assembly refers to a com-
plete, gapless genome sequence that spans each chromosome
from one telomere to the other without any gaps or missing re-
gions.'” High-quality reference genomes serve as a critical foun-
dation for deciphering the genetic and regulatory mechanisms
underlying morphological development through comparative
genomic analyses. Currently, the construction of T2T genomes
requires an integrated strategy that combines multiple long-
read sequencing technologies with specialized assembly
algorithms to resolve highly repetitive regions, including the cen-
tromeres and telomeres.'® The foundational step involves gener-
ating high-accuracy, haplotype-resolved contigs; for example,
using Pacific Biosciences (PacBio) high-fidelity (HiFi)
sequencing, which produces reads of 15-25 kb with >99.9% sin-
gle-read accuracy. To span the longest and most complex repet-
itive regions, ultra-long reads from Oxford Nanopore Technology
(ONT), often exceeding 100 kb, are incorporated. These long
reads are essential for bridging gaps and resolving structural var-
iations in centromeric and pericentromeric regions. Subse-
quently, high-throughput chromosome conformation capture
(Hi-C) sequencing is integrated to scaffold the assembled con-
tigs into chromosome-scale sequences, providing long-range
ordering and orientation information. The sequencing depth
required for the three aforementioned sequencing technologies
varies depending on genome size and genomic complexity;
typical read coverage recommendations are approximately
60x for HiFi, 100x for ONT, and 100x for Hi-C.

The assembly workflow typically follows a multi-stage pro-
cess.'? First, high-fidelity PacBio HiFi reads and ONT ultra-long
reads are assembled de novo using specialized tools such as Hi-
fiasm.?>?" Subsequently, Hi-C data are used to scaffold the as-
sembly into chromosome-level sequences using Jucier, 3D-
DNA, and HapHIC software (Figure 2).?>*® The resulting contigs
are then extended and merged using ONT ultra-long reads to close
gaps, particularly within challenging heterochromatic regions, us-
ing tools such as TGS-GapCloser.”* The final stage of T2T comple-
tion entails the precise identification and closure of residual gaps
at telomeres and centromeres. This is achieved by mapping
the canonical telomeric repeat motif (e.g., Arabidopsis-type
“TTTAGGG”) and analyzing centromere-specific satellite repeats
and chromatin signatures using TeloComp, CentlER, and quarTeT
tools.?* " Assembly completeness and accuracy are rigorously
assessed using established metrics, including Benchmarking Uni-
versal Single-Copy Orthologs (BUSCO) and Quality Value (QV)
scores, and validation of expected telomere and centromere
counts per chromosome.”®?° The inclusion of transcriptomes
from roots and root nodules will further improve annotation accu-
racy using the BRAKERS pipeline.®° High-quality T2T reference
genomes can be obtained using the workflow described above.

ADVANCES IN GENOMIC RESEARCH ON FABACEAE
PLANTS

Genomic data represent the fundamental genetic code and pro-
vide the foundation for phenotypic diversity.>’ Genome
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Figure 1. The diversity of leguminous plants

¢? CellPress

OPEN ACCESS

=~ Gastanogpermur

austral®

“Arachis
duranénsis

Leguminous plants exhibit remarkable diversity in their morphology, ecology, and genomic architecture, reflecting their widespread adaptation to diverse
environmental conditions and their evolutionary success across a broad range of ecosystems. Information regarding the phylogenetic tree was obtained from
http://www.timetree.org/home. The image was obtained from https://ppbc.iplant.cn/class with proper authorization.'®

assemblies are commonly categorized by continuity and
completeness into five hierarchical levels: contig, scaffold, chro-
mosome, near-complete T2T (near-T2T), and T2T. The Faba-
ceae family has seen significant advances in the numbers of ge-
nomes sequenced over the past decade. To date, sequencing
records are available for ~81 genera (~167 species). Among
these, assemblies have been achieved at the contig level for
~15 species, at the scaffold level for ~40 species, at the chro-
mosome level for >100 species, and at the T2T level for ~10
species.*

Genome sequencing of major Fabaceae crops has provided
evidence to support the application of trait-regulating mecha-
nisms for crop improvement. Legumes with high commercial

value were the first to be sequenced: G. max (soybean), fol-
lowed by M. truncatula (barrel medic), Phaseolus vulgaris (com-
mon bean), Vigna angularis (adzuki bean), Pisum sativum (pea),
Arachis hypogaea (peanut), and L. japonicus (Japanese
trefoil).**° Most sequenced Fabaceae genomes have been
assembled using a combination of short-read sequencing
methods (e.g., lllumina) and long-read technologies (e.g.,
PacBio and ONT). The resulting assembilies reflect early-stage
genome assembly quality. At this stage, while most genomic
regions can be assembled into contigs, many remain unan-
chored to chromosomes, and numerous gap regions persist.
Although these approaches have enabled chromosome-scale
assemblies for some species, many genomes remain at
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Figure 2. The process and advantages of T2T genome assembly
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(A) Sequencing status and nodulation phenotypes of leguminous plants. Red bar chart, the number of sequenced genera; green bar chart, the approximate

proportion of nitrogen-fixing species.

(B) T2T sequencing and assembly utilize 3 different methods to generate long reads: HiFi, Hi-C, and ONT.
(C) T2T sequencing can resolve telomere and centromere region functional analysis and identification of errors introduced by genome assembly gaps.

contig-level resolution, limiting their utility for comparative ge-
nomics.>* The majority of genomic data are currently concen-
trated within the Papilionoideae subfamily of legumes, with
the remaining five subfamilies lacking high-quality chromo-
some-scale genomes. Even contig-level reference genomes
are absent in some subfamilies (Table 1). Consequently, the
absence and uneven distribution of genomic data have hin-
dered the full use of Fabaceae diversity in research on the evo-
lution of SNF.*4°

Researchers are pursuing two main fronts: (1) improving the
genome assembly quality and (2) expanding the taxonomic
coverage of sequenced species. With respect to the first
aspect, some studies are underway. For example, in
P. sativum, an improved reference genome and a draft pan-
genome, derived from second-generation sequencing data,
have elucidated key genomic features of the species and
shed light on the evolutionary dynamics underlying pea diver-
sity.°® Other chromosome-level genome assemblies and ge-
netic variation maps of pea provide a valuable genomic
resource for crop improvement. Additionally, the identification
of trait-associated loci and candidate genes further supports
this effort.”® Due to errors in the pea genome assembly,
genome-wide association study (GWAS) mapping has been
inaccurate when comparing different versions of the reference
genome.®”*°

In G. max, the most commonly used reference genome,
Wm82, has been updated to version 6, with continuous improve-
ments in assembly quality to ensure accurate research in
resource applications.**>"+>8 The high-quality reference genome
assemblies of multiple soybean varieties have enabled the iden-
tification of single-nucleotide polymorphisms (SNP) and struc-
tural variation as well as analyses of population domestication
analysis and phenotypic GWASs.**? Similarly, an improved
version of the genome of M. truncatula (Mt4.0), an important
forage crop, has been released.®® This advancement has pro-
pelled genome assembly into a new phase, “complete” ge-
nomes, which, compared to earlier assemblies of comparable
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quality, achieve near-complete chromosomal scaffolding and
substantially reduce gap regions. However, complete genomes
remain unable to resolve highly repetitive sequences and other
structurally challenging regions.

Some studies are also underway with respect to the second
aspect. Chromosome-level reference genomes for seven
economically significant species within the Caesalpinioideae
subfamily—Mimosa bimucronata (two-spurred mimosa), Leu-
caena leucocephala (white popinac), Acacia confusa (Taiwan
acacia), Delonix regia (flame tree), Albizia julibrissin (silk tree),
Biancaea sappan (sappan wood), and Gleditsia sinensis (zao-
jlao)—were used to analyze the evolutionary basis of chromo-
somal base number variation in this group.’® Expanding the
sequencing scope of legume genomes provides richer genomic
resources for analyzing the diversity of root nodule nitrogen fix-
ation across legumes, facilitating the identification of evolu-
tionary changes in core gene families. Studies within these
taxa have identified lineage-specific recent whole-genome
duplication (WGD) events, characterized gene copies associ-
ated with secondary metabolites, and documented de novo
gene origination events. They have also revealed genomic adap-
tations to extreme environments. Collectively, these findings
may enhance our understanding of the genetic diversity of spe-
cies in the Fabaceae.**>?

The studies mentioned above did not involve research on SNF.
However, the genomic data generated can provide valuable sup-
port for future investigations. For example, the construction of a
high-quality reference genome for Zenia insignis, combined with
transcriptome analysis, revealed that the silencing of the nodula-
tion factor receptor genes NFR5/NFP and the key transcription
factor NIN, both essential for nodule initiation in legumes, may
underlie the evolutionary loss of root nodules in this species.®®
The chromosomal-level genome sequencing and assembly of
Acacia melanoxylon (black wattle) and comparative genomic an-
alyses revealed dynamic expansion and contraction events in
gene families associated with root nodule symbiosis and heart-
wood biosynthesis. Thus, these investigations refine the
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Table 1. A summary of the highest-quality reference genomes for some key species across major Fabaceae plants

Subfamily Species Sequencing technologies Assembly levels Contig N50 (genome size) BUSCO
Papilionoideae Glycine max™' PacBio HiFi, Hi-C, ONT T2T 48.76 Mb (0.93 Gb) 99.60%
Papilionoideae Medicago truncatula A17*? PacBio HiFi, Hi-C, ONT T2T 63.90 Mb (0.48 Gb) 99.19%
Papilionoideae Medicago truncatula R108*? PacBio HiFi, Hi-C, ONT T2T 54.40 Mb (0.41 Gb) 99.32%
Papilionoideae Sesbania cannabina™® PacBio HiFi, Hi-C, ONT T2T 180.56 Mb (2.04 Gb) 98.50%
Papilionoideae Arachis hypogaea** PacBio HiFi, Hi-C, ONT T2T 126 Mb (2.6 Gb) 98.30%
Papilionoideae Phaseolus vulgaris*® PacBio HiFi, Hi-C, ONT T2T 55.11 Mb (0.55 Gb) 99.50%
Papilionoideae Vigna radiata“® PacBio HiFi, Hi-C, ONT T2T 46.00 Mb (0.47 Gb) 98.80%
Papilionoideae Lotus japonicus MG-20%° PacBio, Hi-C chromosome 2.40 Mb (0.51 Gb) 92.71%
Papilionoideae Pisum sativum?®’ PacBio HiFi, Hi-C chromosome 4.23 Mb (3.93 Gb) 99.20%
Papilionoideae Vigna umbellate*” PacBio, Hi-C chromosome 1.71 Mb (0.59 Gb) 97.20%
Caesalpinioideae Acacia melanoxylon“® PacBio, Hi-C, ONT chromosome 0.79 Mb (0.66 Gb) 90.00%
Caesalpinioideae Gleditsia sinensis*® PacBio HiFi, Hi-C chromosome 40.11 Mb (0.85 Gb) 98.90%
Caesalpinioideae Biancaea sappan™® PacBio HiFi, Hi-C chromosome 49.83 Mb (0.81 Gb) 99.30%
Caesalpinioideae Albizia julibrissin®® PacBio HiFi, Hi-C chromosome 41.11 Mb (0.66 Gb) 99.40%
Caesalpinioideae Delonix regia™® PacBio HiFi, Hi-C chromosome 34.15 Mb (0.54 Gb) 99.40%
Caesalpinioideae Acacia confusa*® PacBio HiFi, Hi-C chromosome 40.55 Mb (0.53 Gb) 99.20%
Caesalpinioideae Leucaena leucocephala™® PacBio HiFi, Hi-C chromosome 18.50 Mb (1.25 Gb) 99.70%
Caesalpinioideae Mimosa bimucronata*® PacBio HiFi, Hi-C chromosome 38.00 Mb (0.60 Gb) 99.40%
Cercidoideae Bauhinia variegata®° PacBio, Hi-C chromosome 4.55 Mb (0.32 Gb) 98.70%
Cercidoideae Phanera championii® PacBio HiFi, Hi-C chromosome 27.71 Mb (0.38 Gb) 98.80%
Cercidoideae Cercis chinensis® PacBio HiFi, Hi-C chromosome 33.27 Mb (0.35 Gb) 98.30%
Dialioideae Zenia insignis®® PacBio HiFi, Hi-C chromosome 10.03 Mb (0.39 Gb) 99.00%
Caesalpinioideae  Eperua falcata®™ = contig = =

Cercidoideae Cercis canadensis® - contig - -

phylogenetic placement of Acacia within the Fabaceae family.
Several gene families, including RRS and PHYS, have been iden-
tified as key regulators of both root nodule formation and broad
ecological adaptability. These findings provides novel functional
and evolutionary insights into the molecular mechanisms under-
lying SNF in legumes.*®

Thus, genomic research in legumes has provided valuable in-
sights into the gene families associated with nodulation, stress
responses, and yield traits. Moreover, the core gene regulatory
network of SNF is highly complex, and research on SNF, partic-
ularly quantitative and functional phenotypes, including root
nodule presence/absence, nodule number, and nitrogenase
activity, remains insufficient. Additionally, existing assemblies
often lack the resolution to elucidate complex genomic regions,
such as centromeres, telomeres, and other repetitive regions.
These regions are difficult to assemble using data from the
original chromosome-level assembly strategy. They may harbor
loci associated with important agronomic traits and key biolog-
ical pathways. Additionally, centromere dynamics and struc-
tural variations act synergistically to drive rapid morphological
diversification in plants.®* Thus, genomic investigations play a
crucial role in elucidating evolutionary trajectories and func-
tional adaptations. As the quality of genome assemblies signif-
icantly influences the accuracy of related research, T2T ge-
nomes can more effectively address assembly errors and
reduce false positives in comparative genomics analyses.®>¢®
However, most Fabaceae genomes lack T2T-level resolution,

limiting their utility in comparative genomic and functional
studies (Figure 2).%”

THE ADVANTAGES OF T2T GENOMES IN FABACEAE
PLANTS

Advances in sequencing and assembly technologies have driven
the progressive refinement of genome assemblies from frag-
mented draft sequences toward T2T assemblies. Currently,
T2T genome assembly is broadly categorized into two tiers:
near-T2T and T2T assemblies. The key distinction lies in the pro-
portion of chromosomes successfully assembled into T2T se-
quences relative to the full chromosomal complement. The first
T2T genome assembly was achieved in human genomics, begin-
ning with the complete resolution of individual chromosomes,
starting with chromosome 8°® and culminating in the assembly
of a human T2T reference genome (T2T-CHM13).° In other an-
imal species, a T2T genome assembly of a male Sus scrofa (do-
mestic pig), designated T2T-pig1.0, has been released,
leveraging the Chinese Wuzhishan miniature pig as a model.
This assembly encompassing the full Y chromosome and all
centromeric repeat arrays.’® A T2T genome assembly of the
Capra hircus (cashmere goat), designated T2T-goat1.0, has
been released, with a total length of 2.86 Gb, encompassing a
fully resolved Y chromosome of 20.96 Mb.""

Increasing numbers of T2T reference genomes have been
generated for plant species. In Arabidopsis thaliana, researchers

Cell Genomics 6, 101246, June 10, 2026 5
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reassembled the Col-0 genome to generate Col-CEN v1.2, a
near-T2T reference genome. Chromosomes 1, 3, and 5 are fully
T2T, while chromosomes 2 and 4 retain minor gaps predomi-
nantly located in pericentromeric and subtelomeric regions.'®
The Col-PEK assembly, a near-T2T reconstruction of the Col-0
ecotype, resolves the vast majority of gaps across the genome,
including all five centromeric regions.”” In Oryza sativa (rice),
near-T2T reference genomes were first generated for two rice
cultivars.”® Subsequently, the first rice T2T reference genome,
T2T-NIP (AGIS-1.0), was released, closing ~3% of the sequence
gaps present in the prior reference IRGSP-1.0 and fully resolving
the telomeric and centromeric regions across all 12 chromo-
somes. Similar T2T genomic advances have been demonstrated
in Zea mays (maize), showcasing the transformative potential of
T2T genomics in resolving long-standing questions in plant
biology.”*

Additionally, T2T reference genome assemblies have been
completed for several economically important crops and fruits
species: Momordica charantia (bitter melon)’® and Actinidia chi-
nensis (kiwifruit)’® are near-T2T assemblies; whereas wild Musa
acuminata (banana),”” Citrullus lanatus (watermelon),”® and wild
Fragaria vesca (strawberry)’® are T2T assemblies. These re-
sources collectively provide a foundation for phenotypic mining
and diversity identification. T2T reference genomes of polyploid,
highly repetitive, and highly heterozygous species are being
continuously generated, such as Solanum tuberosum (potato)=°
and Triticum aestivum (wheat),®’ demonstrating the feasibility of
T2T assembly in such species.

The advances described above demonstrate that T2T assem-
bly is now achievable for complex plant genomes, including
those of the Fabaceae family.®” Currently, only a handful of Fa-
baceae genomes, such as G. max, M. truncatula, and Sesbania
cannabina,*’™** have reached T2T standards, providing com-
plete assemblies that resolve centromeres, telomeres, and large
structural variations.

S. cannabina exhibits strong tolerance to alkaline soil and em-
ploys a distinct alkali tolerance pathway compared with both
Medicago sativa (alfalfa) and Sorghum bicolor (sorghum). The
T2T reference genome allowed the identification of four unique
phosphate transporters (PHT1 genes) induced by alkalinity in
S. cannabina. This genetic distinction underlies S. cannabina’s
unique alkali tolerance. However, the functional role of this
gene remains experimentally unvalidated in other crop species,
highlighting the potential for enhancing the adaptability of crops
to phosphate deficiency in alkaline soils.*® For the model acces-
sions A17 and R108 of M. truncatula, high-quality T2T genome
versions were obtained. Comparisons of the two genomes iden-
tified structural characteristics and evolutionary patterns of the
centromere regions.*

Similarly, comparing a published soybean “complete” genome
(ZH13v2)®® and a T2T genome (ZH13-T2T) assembly was gener-
ated.”’ This genome sequence adds approximately 26 Mb of
novel sequences and identified a previously unseen large inver-
sion at the centromere, along with numerous other structural var-
iations across the chromosomes.”' Researchers constructed
complete maps of centromeric satellite repeats from three T2T
soybean genomes, elucidated their chromosome-specific evolu-
tion and interaction with CENH3 (centromere-specific histone
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H3), and proposed a model for centromeric DNA replication.®
Plant centromeres typically consist of extensive repetitive DNA,
but the functional centromere core is defined by the genomic re-
gion occupied by the centromere-specific histone CENH3. Only
the T2T-grade assembly provides a complete, gapless represen-
tation of the entire centromere region, enabling rigorous investiga-
tion of centromere structure, evolution, and function. The T2T
genome assembly of the wild soybean, Glycine soja YSD56, resis-
tant to the soybean cyst nematode (one of the most destructive
pathogens affecting soybean production), provides a high-quality
genetic resource for studying disease resistance and soybean
breeding.®® Comparisons of the soybean ZN06 T2T genome
and 341 germplasm resources resulted in the identification of
three key genes: GmFula, GmPdh1, and Dt1, which are, respec-
tively, associated with pod number, pod shattering, and growth
habit.®® These T2T assemblies have begun to provide critical in-
sights into repetitive elements, stress-responsive pathways, and
the evolution of nodulation in legumes.

Several studies have also focused on complex legume ge-
nomes, such as those that are polyploid and highly heterozygo-
sis and have high repeat content and a large genome size. One
study generated a T2T genome assembly of the tetraploid culti-
vated peanut (A. hypogaea) and investigated its evolutionary tra-
jectory from its diploid wild progenitors (Arachis duranensis and
Arachis ipaensis) to the cultivated species.** Some polyploid
plants, particularly allopolyploids, have subgenomes, one of
two evolutionarily distinct ancestral diploid genomes that collec-
tively constitute the extant polyploid species. Accurate subge-
nome assignment is a foundational step in polyploid genomics
and is dependent on robust identification of ancestral genome
origins and reconstruction of their evolutionary relationships. In
the case of peanut, most regions of subgenome A (subA) and
subgenome B (subB) exhibit high collinearity, although multiple
homologous exchange events were also detected.”* Homolo-
gous recombination events reflect localized, intersubgenomic
DNA exchanges that occurred during the evolutionary diver-
gence of the two subgenomes. In A. hypogaea, such recombina-
tion is stochastic and can drive functional divergence among ho-
moeologous gene pairs.

A closer examination of assembly metrics highlights dispar-
ities in genome quality across the Fabaceae. For instance, the
T2T assemblies of G. max and S. cannabina have contig N50
values exceeding 20 Mb and BUSCO completeness scores
above 98%.%"® By contrast, basal lineages such as Cercis can-
adensis (eastern redbud) and Eperua falcata (wallaba), are repre-
sented only by contig-level assemblies, with N50 values below 1
Mb and BUSCO scores under 90%.%°* These discrepancies un-
derscore the need for targeted efforts to generate high-resolu-
tion assembilies of underrepresented lineages, which are essen-
tial for reconstructing the evolutionary history of Fabaceae and
for identifying conserved and divergent regulatory networks. Ef-
forts to generate additional T2T assembilies, particularly for basal
and underrepresented lineages, are crucial to addressing
these gaps.

Achieving complete, high-resolution assemblies for various
Fabaceae species will enable comparative and functional in-
sights into SNF and other key traits, supporting the develop-
ment of innovative approaches for crop improvement and
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sustainability. Such efforts should provide a robust foundation
for comparative genomics and enable the identification of
conserved pathways, novel regulatory elements, and lineage-
specific adaptations that drive key traits. Through the genomic
analysis of Fabaceae T2T genomes, we anticipate that the
intrinsic mechanisms underlying the occurrence and loss of
nodulation and nitrogen fixation phenotypes will also be clarified.
This will enable a more accurate and comprehensive identifica-
tion of the regulatory gene network for root nodules, the identifi-
cation of core regulatory elements, and the detection of struc-
tural variations such as chromosomal rearrangements and
inversions. Using these resources, the causes of nitrogen fixa-
tion formation likely will be comprehensively understood, and
the origin model of root nodule nitrogen fixation (single or multi-
ple times) can be clearly determined.

THE INITIATIVE OF FABACEAE T2T

Globally, initiatives such as the Earth BioGenome Project (EBP),
Ruminant T2T (RT2T), and African Orphan Crops Consortium
(AOCC) have underscored the importance of comprehensive
genomic characterization across diverse plant and animal fam-
ilies.? "% These programs aim to generate high-quality assem-
blies to facilitate comparative studies and inform breeding pro-
grams. Similarly, we propose an initiative for the sequencing
and assembly of Fabaceae plants, named the Fabaceae T2T
(FT2T) initiative. The ultimate goals are to generate high-quality
reference genomes for a broader range of legume species, ad-
dressing the current limitations of insufficient genome represen-
tation and uneven taxonomic distribution; to utilize these re-
sources to elucidate the regulatory networks underlying SNF;
as well as to explore potential functional roles of centromeres,
telomeres, and other complex genomic regions in this process.

We have launched FT2T through a collaborative sampling and
phenotyping network with leading Chinese institutions, including
the Chinese Academy of Sciences, Chinese Academy of Tropical
Agricultural Sciences, and China National Botanical Garden. In
the current phase, our laboratory bears the core costs for high-
fidelity genome sequencing and reference-grade assembly,
while partner institutions provide well-documented germplasm
accessions, rich associated metadata, and high-quality pheno-
typic data, including standardized assessments of nodulation
and nitrogen fixation traits where biologically relevant. To ensure
efficient coordination and prevent redundant effort, the FT2T
currently operates through a tiered, mission-aligned consortium.
It consists of a central sequencing, assembly, and quality control
(SAQC) hub, hosted at the Yazhouwan National Laboratory in
Sanya, China, that is responsible for generating, curating, and
releasing reference-quality genomes and distributed partner
teams focused on taxon-specific sample acquisition, trait char-
acterization, and functional follow-up studies. At the current
stage, species prioritization is coordinated by the corresponding
authors together with core collaborating investigators, using
explicit multi-dimensional criteria; as the initiative expands, this
framework will transition into a broader steering structure with
community participation.

Building on FT2T, high-quality T2T genome assemblies will be
generated for approximately 100 phylogenetically diverse and
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carefully selected legume species. The primary consideration in-
volves establishing clear species selection criteria that are
tailored to the six subfamilies of Fabaceae, with distinct strate-
gies applied to each. First, particular emphasis is placed on un-
derrepresented basal clades, such as Cercidoideae and Detar-
ioideae, with a representative species targeted for inclusion in
each genus. Second, small subfamilies occupying basal phylo-
genetic positions, such as Duparquetioideae (comprising one
genus) and Dialioideae (17 genera), are prioritized due to their
significant evolutionary relevance—they represent early-
diverging lineages that retain key ancestral traits and are crucial
for understanding the origin, diversification, and character evolu-
tion of Fabaceae — despite their limited species diversity, and ef-
forts are made to include all genera, each represented by one to
two species. Third, Caesalpinioideae, the most taxonomically
diverse subfamily, requires comprehensive sampling to include
a broad representation of genera with careful inclusion of both
nodulating and non-nodulating species, particularly when these
traits co-occur within the same genus. Finally, within Papilionoi-
deae, a representative set of core genera will be selected, with
particular attention directed toward those that may have
secondarily lost the capacity to form root nodules, such as Cas-
tanospermum and Bowringia.”® During species selection,
genome size, complexity, geographic origin, and phenotypic
characteristics, including potential absences, must also be
considered.

Diploid species with relatively small genome size (less than 3
Gb) will be prioritized to facilitate high-quality assembly and
reduce associated costs.’’ When sufficient DNA for library con-
struction cannot be obtained, optimized DNA extraction and
sequencing library preparation methods will be applied. When
phenotypic data are missing, field investigations will be conduct-
ed or seeds will be collected for cultivation, followed by pheno-
typic identification of the resulting seedlings. If all of these issues
remain unresolved, the species will be excluded from the selec-
tion list. The selected species span multiple lineages within Fa-
baceae, including model species, crops, and wild relatives.
Other representative taxa include Callerya speciosa (dragon’s
claw vine), Trifolium pratense (red clover), Cicer arietinum
(chickpea), Vigna unguiculata (cowpea), Astragalus membrana-
ceus (milk vetch), Lupinus angustifolius (narrow-leafed lupin),
Dalbergia odorifera (rosewood), Desmodium incanum (beggar-
weed), Psoralea corylifolia (babchi), and Erythrina variegata (coral
tree).

Inthe next phase, we anticipate that FT2T will become an inter-
national, contribution-based consortium. Because many Faba-
ceae lineages are geographically restricted to specific regions,
building a truly representative family-wide T2T resource will
require participation from researchers across multiple countries
and regions. External groups will be able to participate by con-
tacting the corresponding authors and contributing prioritized
germplasm, voucher information, phenotype datasets, or down-
stream functional validation capacity. To ensure cross-species
comparability, sequencing assembly and quality assessment
will continue to be coordinated through the SAQC hub. To sup-
port transparency and reuse, raw sequencing data, genome as-
semblies, annotations, and associated metadata will be released
through established public repositories with stable accession
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numbers, version tracking, and clear quality metrics. In parallel,
an FT2T database, which is currently under development, will
provide an integrated entry point for assembly statistics, prove-
nance records, phenotype descriptors, and comparative ana-
lyses across species. After release, datasets will be made freely
available to the research community without consortium-
restricted access. Authorship and consortium recognition will
follow transparent, contribution-based principles that consider
germplasm contribution, phenotyping, sequencing, assembly,
annotation, and downstream biological validation.

At present, the core sequencing and assembly effort is sup-
ported by existing laboratory and project resources, whereas
further expansion will depend on competitive national and inter-
national funding. Because FT2T is being developed in stages,
not all further support has been secured in advance; rather, con-
sortium growth will be matched to available resources and com-
munity participation.

Success will be rigorously evaluated against four primary met-
rics: (1) generation of reference-quality, near-T2T or T2T genome
assemblies for a broad representation of Fabaceae species; (2)
reconstruction of the gene-regulatory network underlying root
nodule diversity; (3) identification and experimental validation
of two to three evolutionarily conserved, functionally essential
core genes underlying SNF; and (4) construction of a legume su-
per-pan genome integrating genomic variation across the family.
Through these efforts and attempts, a large number of high-qual-
ity T2T genomes can be generated, encompassing previously
inaccessible genomic regions, such as centromeres, telomeres,
and highly repetitive sequences, that are typically unresolved in
conventional genome assemblies. These genomes provide
robust data support for subsequent comparative genomic ana-
lyses integrating nodulation and nitrogen fixation phenotypes.

DISCUSSION

Integrating these newly generated genomes with previously pub-
lished legume reference genomes enables systematic investiga-
tion of one of the most distinctive biological innovations in plant
biology: SNF. Previous studies of the evolution of SNF have been
hindered by the uneven quality of the genomes involved, which
may introduce analytical errors.®”'" These proposed high-reso-
lution T2T genome assemblies will enable the elimination of
analytical errors caused by genome assembly inaccuracies
(Figure 2C). Gene gain and loss events associated with the emer-
gence of the SNF phenotype, evolutionary trajectories of key
genes, and the origin of novel genes can be systematically iden-
tified.®>°2 The minimal gene set required for root nodule SNF in
legumes, as well as core regulatory genes beyond NIN, may be
identified, leading to a more comprehensive understanding of
the genetic and epigenetic foundations of SNF.

Furthermore, precise structural comparisons will be conduct-
ed for all identified SNF genes, along with analyses of their
conserved non-coding regulatory elements. By integrating
phenotypic data on root nodule nitrogen fixation with genome-
wide structural variation profiles in leguminous plants, this inte-
gration may refine the mapping of structural variants associated
with nitrogen fixation traits.’® Additionally, the analysis of centro-
meric and telomeric regions in T2T assemblies elucidates
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genomic features that affect chromosome stability, recombina-
tion rates, and trait inheritance, improving our understanding of
how genome structure shapes the evolution of legumes.”* As
WGD events and transposable elements are also significant
drivers of genomic evolution,”®°° the roles of centromeric re-
gions, telomeric regions, and WGD events in the emergence of
nitrogen fixation phenotypes remain to be elucidated.

The traditional “single-reference genome” misses much of a
species’ genetic variation. The pan-genome, built from multiple
diverse individuals, captures more of its genetic repertoire and
evolutionary history and helps identify core regulatory genes
linked to phenotypes. Pan-genome studies have been conduct-
ed in various crops to investigate specific phenotypic traits.
Research on the Solanum genus (which includes tomatoes and
potatoes) has revealed that paralogous genes can serve as
reservoirs for functional innovation in crop engineering.”® Pan-
genome analysis of 33 rice accessions uncovered previously un-
detected genomic variations.®” In maize, a high-quality pan-
genome has enabled the identification of structural variations
such as ZmASI3 that contribute to drought resistance.”® Further-
more, integrating genomic and transcriptomic data from nine
wheat varieties, a high-quality wheat pan-genome and pan-tran-
scriptome have been constructed, providing insights into the
core and variable genomic compartments, variety-specific
genes, and transcriptional divergence.’® T2T assemblies can
enhance the integrity, accuracy, and comprehensiveness of
pan-genome construction.

The combination of phased T2T assemblies and a super pan-
genome is emerging as the ultimate reference framework for
plant genomics.'?° For example, T2T assemblies of 27 Citrullus
genotypes across seven species enabled construction of a
high-quality pan-genome. It revealed strong structural variation
(SV) associations with domestication traits—bitterness loss,
sweetness, flesh color, and disease resistance —and weak asso-
ciations with seed size, fruit shape, and maturity. These insights
streamline marker-assisted breeding in watermelon.”®' Re-
searchers assembled two T2T-level reference genomes from
wild Solanum aethiopicum (African eggplant) and a cultivated
accession (Solanum melongena). By integrating 22 representa-
tive germplasm accessions and four chromosome-level ge-
nomes, they constructed a representative pan-genome for the
Asian eggplant and identified 463.94 Mb of non-reference se-
guences.'% Wang et al. conducted a pan-genome analysis of
edible legumes and explored several functions associated with
nitrogen fixation.'?® These studies established a methodological
framework for constructing T2T pan-genomes in legumes, lead-
ing to the identification of core, variable, and unique gene sets
associated with root nodule formation and nitrogen fixation.

A T2T-level genome provides the highest-quality reference for
integrating and comparing diverse omics datasets. As an
example, comparative transcriptomics were used to examine
symbiotic gene expression of nine host plants to investigate dif-
ferences associated with various types of SNF.'%* Building on
comparative genomics and transcriptomics, single-cell compar-
ative transcriptomics addresses the challenge of high heteroge-
neity within the nodules. Studies have uncovered both universal
and lineage-specific regulatory mechanisms and gene expres-
sion signatures in specific and rare cell populations with higher
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sensitivity.'°® However, due to inherent limitations in library con-
struction and read acquisition in single-cell transcriptome
sequencing, single-cell analyses have more stringent require-
ments for reference genomes compared to bulk RNA
sequencing (RNA-seq), and a T2T genome can provide the high-
est-quality reference to meet these demands.'% Currently, sin-
gle-cell studies of legume root nodules are limited to model spe-
cies, and comparative transcriptomic analyses at the single-cell
level across multiple legume species are lacking.®”""° Simulta-
neously, we call for a legume plant database or symbiotic nitro-
gen-fixing plant database to be developed by integrating newly
generated and published genomic data into a centralized

resource.*

CONCLUSIONS

T2T genomics provides a transformative framework for under-
standing the complexities of the Fabaceae, reflecting both
their ecological and agricultural significance. By generating
T2T genome assemblies across various legume species,
including underrepresented basal lineages, this study high-
lights the essential role of high-resolution genomic resources
in addressing long-standing questions related to SNF and
other agronomically important traits. The integration of T2T
assemblies with comparative genomic and functional ap-
proaches, such as single-cell and spatial transcriptomics, of-
fers opportunities to dissect conserved and divergent regula-
tory networks that govern nodulation and nitrogen fixation.
These efforts will not only deepen our understanding of
legume evolution but also enable targeted crop improvement
strategies, supporting sustainable agriculture and global food
security. By bridging taxonomic and genomic gaps, this study
underscores the pivotal role of T2T genomics in establishing
new benchmarks for exploring complex plant genomes. It pro-
vides a robust foundation for research integrating compara-
tive, functional, and evolutionary genomics to harness the
full potential of Fabaceae in addressing pressing global
challenges.
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