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Abstract

Single-cell and spatial transcriptomics have revolutionized studies of symbiotic nitro-
gen fixation by resolving cellular heterogeneity, spatial gene-expression, and regula-
tory dynamics within root nodules. Recent investigations in model legumes have
revealed conserved and species-specific programs controlling immune recognition,
nodule development, and nitrogen-fixation metabolism. Integrating these datasets
with single-cell epigenomic profiles, such as chromatin accessibility and three-
dimensional genome architecture, provides new insight into epigenetic mechanisms
that regulate key symbiotic genes. Comparative single-cell analyses across legumes
and non-legumes elucidate phenotypic diversity and core regulatory networks of sym-
biotic nitrogen fixation at the cellular level, offering critical frameworks for engineering
this process in non-legume crops.

Keywords: Comparative multi-omics, Nodulation-based nitrogen fixation, Single-cell
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Introduction

Symbiotic nitrogen fixation represents a mutually advantageous symbiotic relationship
established via precise mutual recognition and coordination between plants and nitro-
gen-fixing bacteria [1]. This process efficiently transforms inert atmospheric nitrogen
(N,) into plant-available ammonia (NHj;), thereby playing a pivotal role in maintaining
ecosystem stability and enhancing sustainable agriculture [2]. Since the first descriptions
of nitrogen-fixing nodulation symbioses with rhizobia (in 1888) and Frankia (in 1895)
[3, 4], the reorganization of the phylogenetic tree of angiosperms has demonstrated that
plant species capable of forming nitrogen-fixing nodulation symbioses are confined to
the orders Fabales, Fagales, Cucurbitales, and Rosales, which are collectively known as
the nitrogen-fixing clade (NFC) [5, 6]. Only 10 of the 28 plant families within the NFC
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contain nodulating taxa, and these nodule-forming families do not constitute a mono-
phyletic group. Furthermore, the majority of the genera within 9 of these 10 families are
incapable of forming nitrogen-fixing nodulation symbioses [7]. Legumes (Fabales) and
the non-legume Parasponia (Rosales) engage in nodulation with rhizobia, besides spe-
cies of the actinobacterial genus Frankia establish root nodule symbioses with actinorhi-
zal plants from 8 different plant families across the orders Fagales, Cucurbitales, and
Rosales [8, 9]. Among these, nitrogen fixation mediated by root nodules is considered
the most efficient.

The formation of root nodules constitutes the central process of symbiotic nitrogen
fixation, encompassing rhizobial infection, infection thread formation, symbiotic cell
differentiation, and the establishment of mature symbiotic structures [10, 11]. Based on
their developmental characteristics, rhizobial nodules can be classified into determinate
nodules, in which meristematic activity ceases after initiation (e.g. those formed on the
roots of Phaseolus vulgaris, Lotus japonicus, and Glycine max), and indeterminate nod-
ules, which have persistent meristematic activity (e.g. those formed on Medicago trun-
catula, Pisum sativum, and Trifolium spp. roots). Infection modes also vary, including
intercellular “crack” entry (e.g. in Arachis hypogaea roots) and intracellular infection
thread formation via the root hair pathway. Additional classification criteria include the
presence or absence of symbiosomes (individual or clustered bacteroids enclosed by a
plant membrane-derived symbiosome membrane) and fixation threads (defined as mod-
ified infection threads that ramify within infected cells and harbor bacteroids during
nitrogen fixation) [12, 13]. Nodulation involves complex signaling pathways associated
with plant immunity, hormonal regulation, and lateral root development [10, 14-17].
Each stage entails distinct cell types and the intricate regulation of signal pathways. Sev-
eral core genes have been experimentally validated to regulate nodulation and nitrogen
fixation, including the flavonoid biosynthesis gene MtCHS [18], the central transcription
factor NIN [19], immune-associated R genes [20], MtCLEs involved in the autoregula-
tion of nodulation (AON) pathway [21, 22], the cell surface receptor kinases M¢LICK1/2
[23], and factors associated with the acquisition of SHR-SCR stem cell identity in plant
cortical cells [24]. Over the past few decades, traditional transcriptome approaches at
the whole-organism, tissue-specific, or cell-population-level transcriptome approaches,
such as microdissection, have enabled the identification of key genes involved in symbi-
otic nitrogen fixation and nodule development [25-28]. However, these methods strug-
gle to accurately distinguish among heterogeneous cell types within a tissue and fail to
effectively uncover the precise spatial distribution of gene expression across such cells,
thereby significantly limiting in-depth investigations into root nodule cell differentiation
and the mechanisms of symbiotic nitrogen fixation.

Dissecting nitrogen fixation through single-cell technologies

In recent years, the rapid development and uptake of single-cell and spatial transcriptom-
ics have offered novel methodological frameworks to address these challenges [29, 30].
Single-cell transcriptomics technologies with platforms such as 10 x Genomics Chromium
and STAMP (Single-cell transcriptomics analysis and multimodal profiling through imag-
ing) enable the analysis of cellular heterogeneity and functional states at single-cell resolu-
tion. Spatial transcriptomics platforms (10 x Visium, and Stereo-seq) map gene expression
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spatially while preserving tissue structure and revealing specific patterns and domains.
These technologies have been extensively applied in animal and biomedical research, iden-
tifying numerous key genes and therapeutic targets for a wide range of human diseases
[31-34]. In addition, pan-single-cell transcriptome (PanSci) has also been applied to study
cell-population dynamics [35]. Due to technical limitations, plant research has significantly
lagged. Single-cell transcriptomics in plants can be categorized into two distinct types: sin-
gle-cell RNA sequencing (scRNA-seq) and single-nucleus RNA sequencing (snRNA-seq).
Given the low yield of single cells extracted from plants, snRNA-seq has emerged as the
predominant method. These technologies have enabled the construction of comprehensive
multispecies single-cell expression atlases, including those for various plants and tissues,
and have addressed various biological questions (Fig. 1A) [36—53]. Single-cell research in
plants is growing steadily (Fig. 1B), such atlases have proven instrumental in plant develop-
mental biology research, for example, in root morphogenesis and leaf senescence dynam-
ics in Arabidopsis thaliana, endosperm differentiation in Zea mays, and the establishment
of Oryza sativa embryo development trajectories [38, 50, 52, 53]. Further integration with
single-cell ATAC sequencing (scATAC-seq) technology can reveal the coupling mechanism
between chromatin accessibility dynamics and gene expression regulation, offering a mul-
tidimensional perspective for elucidating the epigenetic basis of cell heterogeneity [51, 54,
55].

Besides, single-cell technology offers a powerful strategy to overcome the challenges
posed by cellular heterogeneity in studies related to nodule development and nitrogen
fixation. Moreover, recent studies have demonstrated the feasibility and potential of sin-

gle-cell techniques for investigating these processes. Notably, the mechanism of nodule
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Fig. 1 Advances in plant single-cell omics and applications to nitrogen-fixing species. A Representative
plant species for single-cell technology application and current single-cell solutions. B Annual publication
counts and the number of studies performing multi-omics integration. Note: data obtained from Dimensions
(https//www.dimensions.ai/) using the following research terms for plants: (single-cell transcriptomics

and plants) or (single-nuclei transcriptomics and plants) or (spatiotemporal spatial transcriptomics and
plants) or (single-cell ATAC and plants). C Advances in single-cell/nucleus and spatial transcriptome

analyses of nodulating nitrogen-fixing plants. Note: The orange segments represent studies on single-cell
transcriptomes, while the pink segments denote studies on spatial transcriptomes. Roman numerals
illustrate the four key stages of nodule development: I. root hairs undergo curling; Il. formation of the nodule
primordium; Ill. small root nodule; IV. nodule maturation and the onset of nitrogen fixation
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organogenesis for the establishment of symbiotic nitrogen fixation exhibits significant
homology with that of lateral root development [56]. By employing single-cell multi-
omics technology to analyze the spatiotemporal characteristics of cell lineage differentia-
tion, hormone signal transduction, and the activation of key transcription factors during
lateral root primordia formation, critical paradigms can be established to elucidate the
reprogramming mechanism of host cells in the symbiotic nitrogen fixation system [57,
58]. These methodological advances not only extend the application boundaries of plant
single-cell technology in non-model species but also establish a technical foundation for
dissecting the dynamic regulatory network of cell-microbe interactions in this complex
biological process.

Resolving root nodule cell diversity with single-cell transcriptomics

The construction of single-cell atlases for root nodules and the analysis of their regu-
latory networks have significantly lagged that of other plant organ systems owing to
technical challenges, including the highly complex cellular heterogeneity, separation
efficiency influenced by cell wall lignification, insufficient optimization of tissue-specific
enzymatic digestion conditions, and interference from intracellular rhizobia. However,
in recent years, single-cell transcriptome technology has made significant progress in
the study of root nodules in model leguminous plants, such as M. truncatula, G. max,
and L. japonicus, revealing the heterogeneity of cell types in root nodules of different
species and differences in their gene expression (Fig. 1C).

In M. truncatula, single-cell transcriptome studies on the root nodule development
process have provided novel insights into the symbiotic relationship between legumi-
nous plants and rhizobia. These studies elucidated the dynamic regulatory networks
governing the three key stages of root nodule development: (i) early immune recogni-
tion, (ii) cell division and organogenesis, and (iii) the mature nitrogen-fixing stage. Sin-
gle-cell atlases of roots inoculated for 48 h, determined through snRNA-seq, revealed
that root hairs and cortex cells exhibit significant differential regulatory features dur-
ing the early symbiotic response. Key functional modules, such as nodulation factor
(NF) signaling pathways, infection-related genes, plant hormones, and signal peptide
molecules, displayed cell-type-specific expression patterns [59]. Time-series snRNA-
seq of roots treated with Nod factors for 0.5, 6, and 24 h revealed finely tuned regula-
tion of plant defense responses, in which defense-related genes are transiently activated
at 0.5 h and rapidly downregulated thereafter. These studies also led to the classifica-
tion of epidermal cells into two subcellular subtypes (subclusters 1-0 and 1-1), with
NFs inducing distinct responses among these subclusters. In infected epidermal cells,
MUtFER and MtLYK3 displayed a coordinated response pattern, and co-localized in a
co-expression module rich in nodulation genes, suggesting that MtLYK3-mediated
MLFER phosphorylation may serve as a hub for coordinating the expression of key genes
involved in development, immunity, and symbiosis [60]. Notably, a recent study mapped,
for the first time, the complete differentiation trajectory of M. truncatula nodule cells
using snRNA-seq, revealing a stage-specific expression pattern of the classical symbi-
osis gene NIN in infected cells. NIN regulates hormone levels in different cortical cell
types through its downstream target STY4, thereby orchestrating nodule development
[61]. Regarding symbiosis, sScRNA-seq analysis was first applied to M. truncatula, and
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its results challenged the traditional understanding of the process and uncovered a con-
siderable functional division of labor in nitrogen fixation metabolism: (i) infected cells
specialize in assimilating atmospheric nitrogen into glutamine, whereas (ii) uninfected
cells are responsible for subsequent conversion into asparagine. This finding refined the
theoretical model that suggested that "nitrogen-fixing cells independently complete the
entire metabolic process” [62, 63].

Recent studies performing the first scRNA-seq analyses in L. japonicus revealed that
specific subpopulations of cells in the epidermis and cortex display distinct responses
to rhizobial infection. Additionally, the protein SYMRKLI1 (whose extracellular domain
is highly similar to that of the symbiotic receptor SYMRK) has been identified as a criti-
cal regulatory factor for the proper formation of infection threads [64]. These studies
have successfully resolved cell-specific processes that are challenging to discern using
traditional bulk tissue expression analyses, thereby uncovering previously unrecognized
transcriptional regulatory modules involved in symbiotic interactions. Related studies
uncovered considerable differences in the nitrogen metabolism mechanisms in G. max
and M. truncatula nodules. Unlike that of M. truncatula, which utilizes amide-depend-
ent pathways, the nitrogen fixation metabolism of G. max nodules relies on ureide-based
pathways. In the G. max symbiotic system, nitrogen metabolism exhibits a precise spa-
tial division of labor, and infected cells specialize in synthesizing uric acid (UA), which is
subsequently transported to the inner cortex of the nodule and converted into allantoic
acid (Aln) by uricase. Aln and residual UA are further transported to the nodule peri-
cycle, where they are metabolized into allantoic acid (Alc), by the enzyme allantoinase,
and eventually transported to the aerial organs of the plant via the vascular system [62,
65]. Unlike the amide assimilation in non-N,-fixing plants that typically occurs within
a single cell, legume nodules partition the pathway by cell type: infected cells perform
upstream ammonium assimilation and precursor formation, whereas other cells are
enriched for downstream steps that generate the exported N form; together they com-
plete nitrogen synthesis and export (ureides in G. max, amides in M. truncatula). Studies
also showed that uninfected cells in G. max nodules originate from peripheral cortical
cells, whereas inner cortical cells enriched in key nodulation genes originate from mer-
istematic pericycle-related procambium cells. Notably, the GmCREI gene, which is spe-
cifically expressed in inner cortical and vascular cells, exhibits dual regulatory functions;
it regulates both the nodule number and efficiency of the subsequent symbiotic nitrogen
fixation process [65]. There are significant differences in the nodulation types between
G. max and M. truncatula, primarily determined by the specific cortical cell layer that
gives rise to the nodule primordium and by the presence or absence of a persistent mer-
istem. Nevertheless, both species display certain similarities: each nodule type features
peripheral vascular bundles and a central zone primarily composed of infected cells,
where nitrogen fixation occurs, interspersed with a smaller proportion of uninfected
cells [66]. Cell populations in the nitrogen-fixing core region of G. max nodules can be
categorized into infected non-nitrogen-fixing and infected nitrogen-fixing cell clusters.
These cell clusters exhibit functional parallels to cells in zone II and III of M. truncatula
nodules, respectively; however, this similarity reflects a functional analogy rather than
a strict one-to-one correspondence in zonation. Moreover, determinate and indetermi-

nate nodules differ not only in overall morphology (spherical versus cylindrical) but also
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in cellular developmental organization. Specifically, in indeterminate nodules, infection,
nitrogen fixation, and senescence of the nitrogen-fixing zone are spatially segregated; in
contrast, these processes occur concurrently and without spatial compartmentalization
in determinate nodules [66]. An snRNA-seq analysis revealed the molecular heterogene-
ity of cells in the infection zone of G. max nodules. Non-nitrogen-fixing cells are primar-
ily regulated by the core symbiotic transcription factor network comprising NIN/NF-YA/
KNAT/BLH, whereas infected nitrogen-fixing cells are significantly enriched with genes
associated with nodule autoregulation and environmental stress responses. Membrane
systems (including the plasma and symbiosome membranes) also play critical roles in
nitrogen fixation. The plasma membrane-associated protein GmFWL3 regulates rhizo-
bial infection. This protein is localized not only in the plasma membrane, but also in
that of the symbiosome, suggesting that dynamic remodeling of host membrane systems
exerts important regulatory effects on symbiotic nitrogen fixation [67].

Cross-species comparative studies have uncovered differences in the expression pat-
terns of key orthologous genes. For example, the NIN gene shows distinct interspecies
variation in its timing and expression intensity despite being detected in infected cells
across G. max, L. japonicus, and M. truncatula. Nevertheless, as a core regulatory fac-
tor for symbiotic nitrogen fixation, NIN is universally involved in the entire regulatory
process from early immune recognition and nodule organogenesis to the establishment
of nitrogen fixation functionality [59-62, 64, 67]. This interspecies variation in expres-
sion patterns reflects, to some extent, the evolutionary adaptability of symbiotic nitro-
gen fixation strategies across different species. Overall, current single-cell transcriptome
studies have provided an unprecedented resolution for understanding the heterogeneity
of nodule cells and uncovered multiple new genes and cell types. However, discrepancies
among different studies indicate that more rigorous experimental designs and integrated
data analyses are required to better elucidate both universal and species-specific mecha-
nisms underlying nodule development and symbiotic nitrogen fixation.

Mapping spatial and single-cell transcriptional landscapes of nitrogen fixation

Single-cell transcriptome technology has precisely revealed cellular heterogeneity and
dynamic changes in gene expression during nodule development. However, disruption
of the tissue structure during the experimental process causes the resulting single-cell
data to lack clear spatial position information, thereby failing to accurately reflect the
spatial pattern of gene expression within the tissues. However, spatial transcriptomics
effectively compensates for this limitation by allowing in situ capture and sequencing of
tissue sections and visually presenting the distribution patterns of gene expression at the
tissue spatial level [68]. This makes spatial transcriptomics particularly suitable for ana-
lyzing tissue structures with distinct functional zonation, such as nodules.

For the first time, spatial transcriptomics has been employed in L. japonicus-related
studies to systematically analyze the dynamic developmental process of the root nod-
ule infection zone from pre-infection through functional maturation. Such studies
revealed that LjNLP3 plays a critical regulatory role in root nodule developmental stage
transitions and that its overexpression significantly promotes early nodule maturation.
Researchers have demonstrated that the differentiation of peripheral tissues and the
infection zone surrounding the two key regions in the root nodule occurs concurrently
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in determinate nodules, and this coordinated development is closely associated with the
symbiotic nitrogen fixation function of the root nodule. A core gene set involved in this
process has been identified, including SCR and PLT, which are crucial for the regulation
of root nodule meristems. Identified spatial co-expression modules indicate that Ljsym-
LHW functions as a transcription factor that may play a regulatory role in root nodule
development [69]. In addition, specialized structures such as Casparian strips play a crit-
ical role in the development of root nodules in L. japonicus. The spatial distribution and
expression patterns of these structures are fundamental for nodule formation. Notably,
spatiotemporal analyses have enabled the dissection of the underlying spatial regulatory
networks associated with this process [70].

By combining snRNA-seq and spatial transcriptome data (ST-seq), researchers gener-
ated a high-resolution cell atlas of G. max nodules. This study revealed the functional
specialization of uninfected cells in the central infection zone and identified enrich-
ment patterns of nodulation-related genes in transitionally infected cells. Of particular
significance is the discovery of a rare cell subtype that is potentially involved in infec-
tion thread extension, and rhizobial release. Functional gene studies have demonstrated
that knocking out genes specifically expressed in this cell subtype results in an increased
nodule number and whitening of the infection zone, highlighting their essential role in
regulating symbiotic interactions [71]. At a broader level, the integration of snRNA-seq
and ST-seq has yielded an organ-development atlas of G. max across its entire life cycle.
In total, 12 spatial and 26 single-cell clusters were identified within the root nodule tis-
sues. Moreover, the expression of symbiotic nitrogen fixation genes such as ENOD40
was detected in specific cell clusters. Additionally, the knockout of GmPMTs, which are
specifically expressed in root nodules, significantly decreased the number of root nod-
ules. Known symbiotic nitrogen fixation genes were found to be active in five distinct
cell clusters, while two key cluster-specific genes, GmHBIa and GmHB1b, were identi-
fied. GmHB1a is predominantly expressed in cells at the vascular bundle junction of the
root nodule, whereas GmHB21 is primarily localized in vascular bundle cells. GmHB1a
and GmHB1b regulate the likelihood of infectious events during nodule development
[72]. Integrating of scATAC-seq, snRNA-seq, and ST-seq datasets from ten G. max tis-
sues revealed 303,199 accessible chromatin regions (ACRs) and 103 distinct cell types
[73]. Among these ACRs, 71.9% exhibited activating features, 24.1% repressive char-
acteristics, and 3.9% both positive and negative correlations. Moreover, approximately
40.23% (122,558) were classified as cell type-specific ACRs (ctACRs). Enrichment anal-
ysis of transcription factor motifs in ctACRs relative to those in non-ctACRs across
different cell types and tissues revealed both known and potentially novel regulatory ele-
ments. Researchers have observed that 73 enriched transcription factor motifs are spe-
cifically associated with infected cells, including the well-characterized nodule symbiosis
regulatory motif NLP7, which exhibits non-cell-autonomous activity, and that the NIN-
centered regulatory network is highly conserved among leguminous plants. The most
enriched transcription factor motifs in the infected cell-specific ACRs were AHL13 and
ANTHOCYANINLESS 2, which have been implicated in jasmonic acid biosynthesis
and signaling and in anthocyanin accumulation and primary root tissue development,
respectively [73].
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Further integration of epigenomic datasets, including ATAC-seq, histone modifica-
tions, and chromatin conformation capture (Hi-C), is anticipated to dissect the epige-
netic mechanisms of gene regulatory networks underlying symbiotic nitrogen fixation
[74-78]. The application of Hi-C technology in peanut reveals that, relative to roots,
approximately 2.0% of chromosomal regions switch from the inactive B compartment
(densely packed heterochromatin with low gene density and transcriptional inactivity)
to the active A compartment (decondensed euchromatin enriched in genes and marked
by active transcription) during nodule development. This shift coincides with signifi-
cant remodeling of topologically associating domains and increased active cis-regula-
tory interactions. Together, these features indicate a genome-wide reorganization of
three-dimensional chromatin architecture during nodule development [79]. The use of
scATAC-seq technology enables precise identification of chromatin accessibility regions
specific to distinct cell types during nodulation development. Concurrently, analyses of
histone modifications—such as H3K27ac and H3K4mel—can further delineate regula-
tory elements, including enhancers, associated with these cell types. Integrating Hi-C
data allows for the mapping of chromatin loops that interact with nitrogen fixation
genes, thereby facilitating the reconstruction of gene regulatory networks underlying
root nodule development. Collectively, these epigenetic datasets provide a comprehen-
sive framework for elucidating how transcriptional regulation, epigenetic modifications,
and three-dimensional chromatin architecture coordinately govern nitrogen-fixation
efficiency at single-cell resolution. Importantly, most studies have focused on a single
species, with few incorporating cross-species or cross-nodule-type comparison. There-
fore, cross-species comparative studies of spatial transcriptomics in leguminous plants
are expected to uncover spatial conservation and divergence in gene expression among
different types of root nodules (determinate vs. indeterminate) and diverse symbiotic
patterns. These data can provide valuable support for understanding the evolutionary
diversity of symbiotic nitrogen fixation based on cellular expression differences. They
also provide critical theoretical foundations and technical support for the molecular
breeding of high-efficiency nitrogen-fixing crops. Nevertheless, key challenges remain,
particularly in overcoming barriers related to host-microbe recognition and oxygen-sen-
sitive regulation mechanisms [80].

Cross-species single-cell insights into nodule type divergence

To elucidate the mechanisms underlying nodule formation and nitrogen fixation, and to
identify the minimal set of gene clusters required for these processes, researchers have
undertaken a variety of investigative approaches. Based on comparative genomics, two
primary evolutionary hypotheses have been proposed concerning the origins of nodu-
lation and nitrogen fixation. Recent phylogenetic analyses suggest that the capacity for
symbiotic nitrogen fixation has been independently lost multiple times throughout plant
evolution [81]. However, this does not explain how nodules were first developed. Further
research has provided relevant insights on the origin of this process, for example, the
evolution of NIN was used as a case study to elucidate how the transition from NLPI
and NLP2 to NIN coincides with the emergence of the nitrogen-fixing phenotype [82].
Using corHMM method to estimate evolutionary rates of root nodule symbiosis (RNS)

across species, another study proposed a two-step evolutionary process: an ancestral
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precursor state first transitioned to a more labile state from which RNS was rapidly
gained at multiple points in the NFC. The study provides new evidence for the multi-
ple independent gains and losses of RNS. Lines of the primary genetic and evolutionary
evidence supporting multiple origins and multiple losses includes: (1) different species
employ distinct genes or pathways; (2) pseudogenes are absent in non-nodulating spe-
cies, or their distribution is unrelated to the trait; (3) the evolutionary histories of trait-
associated genes conflict with the species phylogeny; and (4) a lack of gene collinearity
is observed. In contrast, a single origin with multiple losses hypothesis is less consist-
ent with these observations. These data suggest that a broader phylogenetic and genetic
framework is necessary for effective genome-phenome mapping [83]. Noteworthy,
the non-leguminous plant Parasponia independently evolved the ability for symbiotic
nitrogen fixation with rhizobia via convergent evolution [84]. Additionally, comparative
analyses of core transcription factors such as NIN and NF-YA across species revealed
conserved and species-specific regulatory modules. In particular, the loss or silencing
of the key initiating transcription factor NIN can explain the evolutionary loss of the
nodule phenotype in certain legumes [85]. Comparative transcriptomics further showed
that the ancestral RNS transcriptomic signature closely resembles that of extant species,
suggesting that it likely evolved from a non-RNS-forming state. A regulatory connection
between the common symbiosis pathway and the key transcription factor NIN could
have played a crucial role in facilitating this evolutionary transition [86]. These observa-
tions indicate that gene presence or absence alone may not capture the complexity of
symbiotic nitrogen fixation. Therefore, from a data-analytic perspective, researchers are
increasingly investigating the formation and regulation of root nodule symbiosis across
multiple dimensions.

Given the cellular heterogeneity within nodule tissues, we propose an analytical
framework (perspective)—single-cell comparative transcriptome analysis—that offers
high precision and can elucidate the core regulatory network of the legume-rhizobia
symbiotic system at the cellular level (Fig. 2). Moreover, comparative single-cell tran-
scriptome analyses primarily address three key scientific questions: (i) formation mecha-
nism differences between determinate and indeterminate nodules and other symbiotic
situations, (ii) regulatory pathway similarities and dissimilarities between crack entry
and root hair infection, and (iii) the molecular basis underlying variations in nitrogen
fixation efficiency across species [87]. By acquiring and comparing single-cell transcrip-
tomic data from root nodules in the leguminous plants, such as G. max, P. sativum, M.
truncatula, L. japonicus, and A. hypogaea, and the non-leguminous plant P. andersonii,
with corresponding root data from non-nodulating species, including A. thaliana, Fra-
garia ananassa, and Citrullus lanatus (Fig. 2A), we can perform cross-species single-cell
comparative analysis. The initial step is to identify orthologous genes across species and
to characterize gene diversity (Fig. 2B). Cluster annotation and expression quantification
of single-cell data are then conducted across five representative developmental stages
within a single species (Fig. 2C). Cross-species data integration is subsequently per-
formed using CCA/scANVI, SAMap, SATURN, and other relevant methods, after which
tools such as XSpeciesSpanner are applied to achieve robust and reliable cross-species
cell type annotation (Fig. 2D) [88-90]. Finally, based on the orthologous-gene set, gene
expression patterns and regulatory networks are analyzed systematically (Fig. 2E). This
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Fig. 2 Comparative single-cell transcriptomic analysis in nitrogen-fixing plants. A Phylogenetic tree of
species sampled within and outside the nitrogen-fixing clade (NFC), with the four angiosperm orders
containing nodulating lineages highlighted by background shading: Fabales (light beige), Fagales (light
blue), Rosales (light pink), and Cucurbitales (light green). Species-name font colors indicate symbiotic
category: red, Rhizobial nodulators; blue, Frankia-associated nodulators; black, non-nodulating taxa. Stars
denote species selected for cross-species single-cell comparative analyses. B The gene evolutionary model
of nitrogen-fixing plants: D Genes common to all examined plants (including nodulating nitrogen-fixing
plants, non-nitrogen-fixing plants in NFC and non-nitrogen-fixing plants as outgroup); @ Genes only existing
in nodulating nitrogen-fixing plants; @ Genes exclusively found in determinate nodule; @ Genes exclusively
found in indeterminate nodule; ® Other cases (species-/lineage-specific). C Single-cell transcriptome
analyses across five representative developmental stages in different species, including clustering and
cell-type annotation. Comparative stages are defined as follows: (a) Uninoculated; (b) Root-hair curling; (c)
Nodule primordium formation; (d) Young nodule; (e) Nodule maturation and nitrogen fixation initiation.
Note: The labels shown on the UMAPs indicate dataset-specific sampling time points. HpiO0 and Dpi00
(uninoculated controls) correspond to stage (a); Hpi0.5, Hpi06, Hpi24, Hpi48, and Dpi02 correspond to stage
(b); Dpi07 to stage (c); Dpi12 and Dpi14 to stage (d); and Dpi21 to stage (e). D Integration of single-cell
transcriptomic data across different species using multiple software tools based on orthologous genes.
Several algorithms were listed as SAMap, SATURN, ScGEN, and CCA/scANVI. E Gene expression profiles and
regulatory networks reconstructed from single-cell analyses of nodules across different plant species

research framework can systematically dissect cellular-level differences underlying
nodule initiation, development, and nitrogen fixation differentiation. Integration with
comparative genomic analyses further enables evaluation of phenotypic evolutionary
diversity at single-cell resolution. This research strategy provides a comprehensive over-
view of cell-type-specific gene expression patterns during nodulation and offer valuable
insights into the identification and selection of key regulatory genes. As such, they have
the potential to address the long-standing challenge of establishing functional nodula-
tion and biological nitrogen fixation in grasses.

Concluding remarks and future perspectives

Single-cell and spatial transcriptomics are reshaping research on symbiotic nitrogen
fixation, delivering unprecedented resolution on nodule cell heterogeneity, cellular
differentiation, and spatial gene-expression patterns. With continuing technological
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advancements and improvements in integrative multi-omics methods, these approaches
are poised to transform our understanding of the interactions between legume-rhizobia.
Looking ahead, several directions deserve particular attention. First, using single-cell
and spatial atlases to map in vivo legume-rhizobia interactions, such as ligand—receptor
pairs and metabolite exchange. Second, deploying single-cell multi-omics to reconstruct
cell-type-specific regulatory networks by linking enhancers, transcription factors and
three-dimensional chromatin contacts. Third, leveraging single-cell and spatial datasets
to probe the evolutionary origins of symbiosis. Taken together, the integration of spa-
tial and single-cell transcriptomics with epigenomics, and synthetic biology can drive a
pivotal shift from foundational discovery to the molecular breeding of high-efficiency,
nitrogen-fixing crops, advancing sustainable agricultural development.
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