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ABSTRACT
Although root nodules are essential for bio-
logical nitrogen fixation in legumes, the cell
types and molecular regulatory mechanisms
contributing to nodule development and ni-
trogen fixation in determinate nodule legumes,
such as soybean (Glycine max), remain in-
completely understood. Here, we generated a
single‐nucleus resolution transcriptomic atlas
of soybean roots and nodules at 14 days post
inoculation (dpi) and annotated 17 major cell
types, including six that are specific to nodules.
We identified the specific cell types responsible
for each step in the ureides synthesis pathway,
which enables spatial compartmentalization
of biochemical reactions during soybean
nitrogen fixation. By utilizing RNA velocity
analysis, we reconstructed the differentiation

dynamics of soybean nodules, which differs
from those of indeterminate nodules in Medi-
cago truncatula. Moreover, we identified
several putative regulators of soybean nod-
ulation and two of these genes, GmbHLH93 and
GmSCL1, were as‐yet uncharacterized in soy-
bean. Overexpression of each gene in soybean
hairy root systems validated their respective
roles in nodulation. Notably, enrichment for
cytokinin‐related genes in soybean nodules led
to identification of the cytokinin receptor,
GmCRE1, as a prominent component of the
nodulation pathway. GmCRE1 knockout in
soybean resulted in a striking nodule pheno-
type with decreased nitrogen fixation zone and
depletion of leghemoglobins, accompanied by
downregulation of nodule‐specific gene ex-
pression, as well as almost complete abroga-
tion of biological nitrogen fixation. In summary,
this study provides a comprehensive per-
spective of the cellular landscape during
soybean nodulation, shedding light on the un-
derlying metabolic and developmental mecha-
nisms of soybean nodule formation.
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INTRODUCTION

Biological nitrogen fixation (BNF) is a crucial biological
process that allows plants to efficiently obtain the ni-

trogen they need to grow. In this process, legume plants form
a beneficial relationship with soil bacteria called rhizobia,
which colonize in special nodules and fix atmospheric ni-
trogen into a form the plants can use. The nodule is com-
posed of plant cells and symbionts that have undergone a
series of complex genetic and molecular changes in re-
sponse to signals from the rhizobia and plants. While nitrogen
fixation provides an important source of nitrogen for legume
plants, the gene expression regulation of nodule develop-
ment is complex and not yet fully understood (Oldroyd,
2013; Roy et al., 2020).

Legume nodulation is a complex process regulated by
various factors such as phytohormones, microRNAs, small
peptides, reactive oxygen species (ROS), light, and nutrients
(Ferguson et al., 2019; Roy et al., 2020; Wang et al., 2021; Xu
et al., 2021; Ji et al., 2022; Luo et al., 2023; Yun et al., 2022).
For example, phytohormones play vital roles in all nodulation
processes, including epidermal infection, infection thread
invasion, nodule organogenesis, and nitrogen fixation acti-
vation (Velandia et al., 2022). Cytokinin is known to be one of
the crucial phytohormones involved in nodulation, as it has
been shown to be necessary and sufficient to initiate nodule
formation (Cooper and Long, 1994; Heckmann et al., 2011).
Furthermore, many other hormones regulate legume nod-
ulation in a cytokinin‐dependent way. For example, cytokinin
signaling appears to act upstream of auxin biosynthesis and
transport to regulate nodule organogenesis (Plet et al.,
2011; Ng et al., 2015; Gao et al., 2021). Genetic data posi-
tions cytokinin signaling upstream of NIN, NSP2 and
DELLAs, the repressors of GA signal pathway, as the spon-
taneous nodule phenotype of snf2 (cre1) mutant requires
these transcription regulators (Tirichine et al., 2007; Jin et al.,
2016). The positive role of cytokinin in nodulation was sup-
ported by a series of evidence from the cytokinin receptor
mutants’ characterization (Murray et al., 2007; Tirichine et al.,
2007; Plet et al., 2011). CRE1 knockdown causes dramati-
cally reduced nodule number in M. truncatula and the L.
japonicus cytokinin receptor lhk1 lhk1a‐1 lhk3 triple mutant
has no nodule (Gonzalez‐Rizzo et al., 2006; Held et al., 2014).
Reduction of the endogenous active cytokinin level by over-
expressing a CYTOKININ OXIDASE/DEHYDROGENASE
(CKX) or knockdown LOG1 gene leads to decreased nodule
number in L. japonicus and M. truncatula, respectively (Lohar
et al., 2006; Mortier et al., 2014). However, some seemingly
contradictory results were also reported. For example,
epidermis‐specific cytokinin depletion led to increased
nodule number in M. truncatula, and a mutation of L. japo-
nicus CKX3 gene causes evaluated endogenous cytokinin
level and reduced nodule number (Jardinaud et al., 2016;
Reid et al., 2016). In contrast, knockdown a cytokinin pathway
positive regulator, GmRR11, causes increased nodule number
in soybean (Chen et al., 2022). These observations underscore

the complexity of cytokinin's role and the delicate balance of
signaling during nodulation, necessitating further investigation
into these intricate relationships.

Legume roots form two types of nodules, determinate and
indeterminate, based on their morphological characteristics
(Hirsch, 1992). These two types differ in primordium origin,
meristem maintenance, and mature nodule shape (Hadri
et al., 1998; Xiao et al., 2014). Determinate nodules are
spherical in shape, lack persistent meristem, and originate
from the outer cortex (Doyle et al., 2000; Smith and Atkins,
2002). Most species of the tropical legume tribes such as
soybean, cowpea (Vigna unguiculata), common bean (Pha-
seolus vulgaris), and mung bean (Vigna radiata), form deter-
minate nodules. On the other hand, indeterminate nodules
have a more persistent meristem, resulting in a cylindrical
shape, and originate from the inner cortex. Indeterminate
nodules are typically found in temperate species in Papil-
ionoideae, such as Medicago (Medicago truncatula), clover
(Trifolium repens), and pea (Pisum sativum).

Legume nodules can also be classified according to their
exported forms of fixed nitrogen: amide‐forming and ureide‐
forming. Amide‐forming nodules assimilate fixed nitrogen as
asparagine (Asn) and glutamine (Gln), which are then trans-
ported out of nodules, while ureide‐forming nodules export
allantoin (Aln) and allantoic acid (Alc) out of nodules. In-
determinate nodules are all amide‐forming, while determinate
nodules are almost exclusively ureide‐forming (Tegeder,
2014; Valentine et al., 2017). An exception is the nodule of Lotus
japonicus, which is determinate but uses Asn as the exported
fixed nitrogen (Smith and Atkins, 2002). Despite the significant
differences between these two types of nodules, the underlying
metabolic and developmental mechanisms are still not clear.

Studying nodulation is challenging due to the intricate heter-
ogeneity encompassed within nodules. Therefore, investigating
legume nodules at the single‐cell level is necessary for a thor-
ough understanding of the process. Indeed, the advances in
single‐cell RNA sequencing (scRNA‐seq) and single‐nucleus
RNA sequencing (snRNA‐seq) have revolutionized our ability to
investigate the transcriptomes of highly heterogeneous cell types
(Denyer et al., 2019; Liu et al., 2021; Wang et al., 2021). Recent
studies in M. truncatula have demonstrated the utility of these
techniques in exploring the differentiation trajectories of sym-
biotic and un‐symbiotic cells (Cervantes‐Pérez et al., 2022; Ye
et al., 2022), as well as the early response to rhizobial infection
(Cervantes‐Pérez et al., 2022). Additionally, a study performing
transcriptome profiling for individual cell types has revealed
genes responsible for carbon/nitrogen metabolism and transport
in infected cell (IC) and uninfected cell (UC) in L. japonicus (Wang
et al., 2022). Therefore, it is important to perform scRNA‐seq/
snRNA‐seq on soybean nodules to unravel the heterogeneity of
cells and understand the specific genes involved in
metabolism and development.

Here, we used snRNA‐seq to construct a comprehensive,
high resolution transcriptomic atlas of soybean roots and nod-
ules. This dataset was used to identify all major cell types present
in the underground organs of soybean, including six nodule‐
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specific cell types. Comparison of these snRNA‐seq data with
publicly available scRNA‐seq/snRNA‐seq datasets from M.
truncatula nodules revealed significant differences in the molec-
ular regulatory mechanisms controlling nodule development and
nitrogen metabolism between determinate and indeterminate
nodules. In line with previous studies, pathways involved in
ureide, rather than amide, biosynthesis and transportation were
prominently enriched in determinate nodules. In addition, we
examined the progenitor cells and differentiation trajectories of
nodule‐specific cell lineages, and experimentally demonstrated
the role of cytokinin receptor, GmCRE1, in nodule formation and
biological nitrogen fixation. These findings address long‐standing
questions about the cellular composition and development of
determinate nodules and can serve as a resource to guide bio-
technological improvements to nitrogen fixation in soybean and
other determinate nodule legume crops.

RESULTS

Construction of a transcriptional atlas of soybean
roots and nodules at single‐nucleus resolution
To investigate the molecular mechanisms underlying nodule
organogenesis in soybean, we inoculated roots of 5‐d‐old
Glycine max cv. Williams 82 (W82) seedlings with or without
rhizobium (hereafter referred to as N group, including
both nodules and roots, and R group, including roots
only, respectively). The complete underground organs
were collected from each group at 14 dpi for snRNA‐seq to
identify nodule‐specific patterns of gene expression span-
ning all stages of nodule development.

Nuclei were isolated using fluorescence‐activated nucleus
sorting stained with DAPI (4′,6‐diamidino‐2‐phenylindole, Figure
S1). High‐quality snRNA‐seq libraries were prepared using the
10x Genomics Chromium single‐cell microfluidics platform and
subjected to high‐throughput sequencing. We obtained 23,063
and 19,712 transcriptomes from the N and R groups, re-
spectively, with a median number of 1,471 and 1,411 expressed
genes per nucleus (Table S1). To validate the efficiency of mRNA
capture in our snRNA‐seq results, bulk RNA‐seq was conducted
in parallel for the N and R samples. The gene expression levels
estimated from the pooled nuclei in the snRNA‐seq experiment
(i.e., pseudobulk) were highly correlated with corresponding ex-
pression levels in the bulk RNA‐seq (ρ>0.8 in both groups,
Spearman's correlation, Figure S2), supporting the reliability and
accuracy of our snRNA‐seq data.

We combined the snRNA‐seq data from the N and R
groups and used the “sctransform” algorithm (Hafemeister
and Satija, 2019) to normalize the transcriptomes among
individual nuclei. Individual transcriptomes were then vi-
sualized in two‐dimensional space by uniform manifold ap-
proximation and projection (UMAP) analysis, and a total of 21
cell clusters were identified by the Louvain method (clusters
0–20, Figure 1A). We observed considerable overlap between
the N and R groups for most clusters, with the exception of
clusters 18, 19, and 20, which almost exclusively contained N

group nuclei (Figure 1B). This finding suggested that clusters
18–20 potentially contained transcriptomes of either nodule‐
specific cells or root cells with transcriptomes that were
fundamentally altered during nodulation.

To identify the tissue origin of cells in clusters 18–20, we
examined the expression patterns of well‐known genes to
participate in soybean nodulation, including NIN1a, NFR1,
NSP1, RPG, NF‐YA, ENOD40, TML, and DNF2 (Roy et al.,
2020). We found that most of these genes were specifically
expressed in one or more of these three clusters, further
supporting that these three clusters comprised nodule‐
specific cell types (Figures 1C, S3). These observations in-
dicated that soybean nodule‐specific cells were successfully
captured by our snRNA‐seq analysis.

Six cell types specific to nodules in soybean
We next annotated the various cell types in each cell cluster.
Given the limited availability of cell‐type specific marker
genes reported for soybean roots and nodules, we utilized a
strategy based on the cluster‐specific expression of ortho-
logs of Arabidopsis marker genes (Denyer et al., 2019; Zhang
et al., 2019) to infer soybean cell types. This analysis suc-
cessfully identified four cell types, including trichoblast
(cluster 6), meristem (cluster 10), phloem (clusters 12 and 13),
and xylem (cluster 16, Figures 2C, S4; Table S2).

To annotate cell types in the remaining cell clusters, we
computationally identified 20 cluster‐enriched genes in our
snRNA‐seq data (Table S3) and experimentally determined their
expression pattern in planta using a β‐glucuronidase (GUS) re-
porter system in transgenic hairy roots. For example, we de-
tected the cluster 0‐specific geneGmWRKY72 (Figure 2A), which
was exclusively expressed in the epidermis of both roots and
nodules (Figure 2B), indicating that cluster 0 contained epidermal
cells (Figure 2C, D). Similarly, clusters 2 and 3 were designated
as cortical cells based on the high expression of GmPLA2A and
GmABCG37, while cluster 7 was annotated as vascular cells
based on enrichment with GmFLA transcripts, and clusters 14
and 15 were defined as procambial cells due to the high ex-
pression of GmNDL2 and GmTPC1, respectively (Figure 2).

In addition, some nodule‐specific cell types were
identified in clusters 18–20. We designated clusters 18 and
19 as the nodule phloem pole pericycle and infected
cells, respectively, based on enrichment with GmTPS1
and Gm17G050100 transcripts (Figure 2). As the irregular
distribution of cluster 20 in the UMAP space, we hypothe-
sized that this cluster might contain multiple cell types. To
investigate this cell cluster, we further divided cluster 20
into seven subclusters (Figure S5A) and identified four
subcluster‐enriched genes. Detection with the GUS reporter
system showed that these genes, GmTAT7, GmCYP83B1,
GmTOPII, and Gm05G212300, were expressed in the outer
cortex, inner cortex, pericycle related procambium, and
uninfected cells/vascular cells, respectively, leading to the
designation of cluster 20 as nodule ground tissue com-
posed of at least the four abovementioned anatomical cell
types (Figures 2, S5A).
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Further experimental examination of eight additional
cluster‐enriched genes (Figure S5B‐D) finally enabled the
complete annotation of all 21 clusters into 17 distinct cell
types, including epidermis, trichoblast, cortex, meristem,
vascular cells, endodermis, procambium, pericycle,

pericycle related procambium, phloem, xylem, phloem
pole pericycle, xylem pole pericycle, inner cortex, outer
cortex, uninfected cells, and infected cells (Figure 2).
Notably, we observed high variation in the number of cells
obtained for each cell type, ranging from 181 to 11,750

Figure 1. Identification of 21 cell clusters in soybean roots and nodules using snRNA‐seq
(A) Uniform manifold approximation and projection (UMAP) visualization of 21 cell clusters for 19,712 and 23,063 nuclei of soybean roots without (R group)
or with (N group) rhizobium inoculation, respectively. Each dot in the UMAP visualization represents an individual cell. (B) Identification of common and
specific clusters between R and N groups. Left: Visualization of cells from R (cyan) and N (coral) groups in the same UMAP space. Right: Proportion of R
group and N group cells in all 21 clusters. (C) UMAP visualization for the expression of nodulation‐related genes in soybean. Dots represent individual cells,
which are colored according to the normalized gene expression levels (i.e., log (CPM+ 1)). Here, CPM refers to the number of transcripts of a particular
gene in a cell, normalized to a million total transcripts.
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Figure 2. Cell‐type annotation of 21 clusters identified in soybean roots and nodules
(A) Uniform manifold approximation and projection (UMAP) visualization of cluster‐enriched gene expression in soybean roots and nodules. Cells are
colored according to the normalized gene expression levels (i.e., log (CPM+ 1)). (B) Determination of the expression patterns of the identified cluster‐
enriched genes using promoter:GUS staining. Scale bar: 100 μm. (C) Schematic illustration of the anatomy of soybean roots and nodules, with different cell
types shown in various colors. (D) UMAP visualization of cell type in soybean roots and nodules. Individual cells are represented dots and are colored
according to the schematic in (C). Sclerenchyma cells, characterized by their high lignin content and located between the inner and outer cortex in soybean
nodules, were not captured in our snRNA‐seq analysis, likely due to challenges associated with protoplasting these heavily lignified cells. CO, Cortex; ME,
Meristem; EN, Endodermis, EP, Epidermis; PER, Pericycle; PP, Pericycle related Procambium; PH, Phloem; PPP, Phloem Pole Pericycle; PR, Procambium;
XY, Xylem; TR, Trichoblast; VA, Vascular; XPP, Xylem Pole Pericycle; SC, Sclerenchyma; IC, Infected Cell; InC, Inner Cortex; OuC, Outer Cortex; UiC,
Un‐infected Cell.
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sequenced cells. Having constructed a cell atlas for soy-
bean roots and nodules, it has instigated further inquiries
regarding their concerted efforts in carrying out nitrogen
fixation, as well as the origin of nodule‐specific cells
within the soybean roots.

Spatial compartmentalization of ureides synthesis in
soybean nodules
The discovery of the six nodule‐specific cell types in soybean
(i.e., determinate nodule) has raised questions about their
relationship with nodule cell types in M. truncatula (i.e., in-
determinate nodule). Previous studies in M. truncatula have
identified 13 cell types in 14‐dpi nodules by scRNA‐seq (Ye
et al., 2022), and 10 cell types in the 2‐dpi root tips by snRNA‐
seq (Cervantes‐Pérez et al., 2022). To compare the scRNA‐
seq/snRNA‐seq data between soybean and M. truncatula
nodules, we integrated the two datasets in M. truncatula with
our soybean N group based on orthologous gene expression
levels (see Materials and Methods). After applying di-
mensionality reduction using UMAP, we observed that the
soybean and M. truncatula cell clusters generally overlapped
rather than spatially separated on the UMAP graph,
suggesting that experimental batch effects were largely
eliminated (Figure S6A, B).

To investigate differences in gene expression between
soybean and M. truncatula, we used Spearman's correlation
coefficient among corresponding genes between the two
species to calculate the pairwise expression similarity. This
analysis showed that although the same or corresponding
cell types shared similar transcriptomes between soybean
and M. truncatula roots (Figure S6C), this transcriptomic
similarity was greatly reduced for nodule cell types, except
for that of infected cells (Figure S6D). In order to specifically
identify differences between determinate and indeterminate
nodules, we restricted data integration to the six nodule‐
specific cell types in soybean and cell types identified in the
14‐dpi nodules ofM. truncatula, removing one mix cell cluster
and two unknown cell clusters (Figures 3A, S6E). This com-
parison showed that even the infected cells in soybean
nodules were only moderately correlated with the infection
cells, pre‐infection cells, and nitrogen fixation cells identified
in M. truncatula (all three Spearman's correlation coefficients
ρ< 0.2; Figure 3B). These observations further implied the
substantial differences in nodule structures, nitrogen fixation
products, and bacteroid characteristics between soybean
and M. truncatula may contribute to the observed lower
transcriptomic similarity in nodule cells compared to root
cells.

To explore differences in nodule development and me-
tabolism between determinate and indeterminate nodules,
we conducted functional enrichment analysis on highly ex-
pressed genes in soybean and M. truncatula nodules. In
contrast to M. truncatula nodules, soybean nodules were
highly enriched with upregulated genes associated with the
“Purine metabolism” (Figure 3C). Among the 37 annotated
genes involved in purine metabolism and transportation in

soybean (Table S4), 32 were exclusively expressed in soy-
bean nodule‐specific cells (six genes in cluster 20, 21 in
cluster 19, and seven in cluster 18, Figure 3D). For example,
GmNSH2a (encoding a nucleoside hydrolase) was ex-
clusively expressed in cluster 19, GmALN1a (encoding an
allantoinase) was specifically expressed in cluster 18,
GmPUR3 (encoding a glycinamide ribonucleotide trans-
formylase) was highly expressed in clusters 19 and 20, while
GmUOX (encoding a uricase) was expressed in clusters 18
and 20.

This striking overrepresentation of purine pathway‐related
genes in soybean nodules was particularly noteworthy be-
cause purine serves as the precursor for ureides, the primary
form of assimilated and transported nitrogen in soybean BNF
(Smith and Atkins, 2002). Our data showed that genes in-
volved in the initial steps of de novo purine biosynthesis, from
phosphoribosylpyrophosphate to uric acid (UA), were spe-
cifically expressed in infected cells (cluster 19, Figure 3D).
Genes encoding UA transporters, such as ureide permease 1
(GmUPS1a and 1b), were upregulated in inner cortex of
soybean nodules (cluster 20, Figure 3D). In addition, the gene
encoding uricase (GmUOX), which catalyzes UA into Aln, was
specifically expressed both in inner cortex (cluster 20) and
phloem pole pericycle (cluster 18), and genes encoding al-
lantoinase (GmALN1a, GmALN1b, and GmALN1c), which
catalyze Aln into Alc, were exclusively expressed in phloem
pole pericycle (cluster 18, Figure 3D; Table S4).

By integrating cell type‐specific gene expression patterns
with our understanding of biochemical reactions, we postu-
lated a model of nitrogen assimilation in soybean nodules
that incorporates spatial compartmentalization of ureides
biosynthesis (Figure 3E). In this model, UA is synthesized in
infected cells, then transported to the inner cortex of soybean
nodules. In the inner cortex, UA is catalyzed into Aln by
uricase, after which it is then transported into the nodule
pericycle, along with any residual UA, where it is further
transformed into Alc. Finally, Aln and Alc in the nodule peri-
cycle are loaded into vascular bundles for transport to the
shoot. Notably, this metabolic pathway is fundamentally
distinct from that in M. truncatula nodules, which showed
enrichment for genes involved in amino acid and flavonoid
biosynthesis (Figure 3C), consistent with the previous report
(Ye et al., 2022). Collectively, these results indicated that the
ureide‐dependent metabolic processes of nitrogen fixation
and transport in determinate nodules of soybean funda-
mentally differ from the corresponding amide‐dependent
processes in indeterminate nodules of M. truncatula.

Reconstructing the dynamics of nodule‐specific cell
differentiation
To explore the developmental origin(s) of soybean nodule tis-
sues, a long‐standing question in BNF, we used RNA velocity
analysis to reconstruct the dynamic differentiation trajectory of
the cell types in N group. This analysis showed root devel-
opmental streams in which young epidermal cells progressed to
trichoblasts; cortical cells, which contain intercalary meristem,
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Figure 3. Comparison of single cell/nucleus transcriptomes between soybean and M. truncatula nodules
(A) Uniform manifold approximation and projection (UMAP) visualization of soybean and M. truncatula nodule cells. Each dot represents an individual cell
and is colored according to its species of origin. (B) Heat map shows the pairwise Spearman's correlation coefficients between cell types in soybean and
M. truncatula nodules. Each row represents a cell type from M. truncatula, and each column represents a cell type from soybean. Abbreviations from
soybean are based on those used in Figure 2D. Abbreviations from M. truncatula correspond to cell types identified in Ye et al. (2022): NF1, 2, Nitrogen
Fixation 1, 2; PI, Pre‐infection; IF, Infection; NP, Nodule Parenchyma; VA, Vascular tissue; UiC, 1, 2, Un‐infected Cell, 1, 2; NA2, Nodule Apex 2. (C)
Functional enrichment analysis of high expressed genes in soybean and M. truncatula nodules. (D) Expression pattern of genes involved in the purine
metabolic pathway in soybean roots and nodules. Each dot is colored based on the scaled average gene expression level across all cells within a cluster,
and the radius represents the percentage of cells expressing the gene within a cell cluster. (E) Schematic illustration of the nitrogen assimilation process in
soybean nodules. Bac, Bacteroid; Gln, Glutamine; IMP, Inosine monophosphate; UA, Uric acid; ALN, Allantoin; ALC, Allantoic acid; PUR, Purine bio-
synthesis protein; NSH, Nucleoside hydrolase; XDH, Xanthine dehydrogenase; UOX, Uricase; ALNS, Allantoin synthase; ALN1, Allantoinase 1; UPS, Ureide
permease.
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Figure 4. Reconstruction of developmental trajectory and identification of driver genes in soybean nodulation using RNA velocity
(A) Visualization of velocities for cells in the N group as streams in the uniform manifold approximation and projection (UMAP) space. The red dashed
rectangle highlights nodule‐specific cells (clusters 18–20) and their adjacent cell types in the UMAP plot (clusters 9, 10, 14, and 17). (B) Visualization of
velocities for nodule‐specific cells and their adjacent cell types as streams in the UMAP space. The red dashed rectangles 1 and 2 highlight streams from
nodule outer cortical cells to uninfected cells and from pericycle related procambial cells to the inner cortex, respectively. (C) UMAP visualization of nodule‐
specific cells. Outer cortical cells and uninfected cells are colored according to their scVelo's latent time, and other cells are shown in gray. (D) Similar to
(C), inner cortical cells and pericycle related procambium cells are colored according to their scVelo's latent time. (E) Heat map showing the scaled
expression levels of the 1,200 genes with highest likelihood of dynamic expression along the scVelo's latent time from outer cortex to uninfected cells. (F)
Similar to (E), heat map showing the scaled gene expression levels along the scVelo's latent time from pericycle related procambium cell to the inner cortex.
(G) From left to right: Unspliced–spliced phase portraits (cells colored according to individual gene's velocity), velocity and expression of GmbHLH93
among cells, expression level of GmbHLH93 in transgenic hairy roots, and nodule number per hairy root when GmbHLH93 is overexpressed (OX) from the
35S promoter. The expression levels were measured using qRT‐PCR and were normalized to the expression level of GmABCT. Data are presented as
means± standard deviation (SD) from three independent experiments. Asterisks indicate statistical significance, compared to the empty vector (EV)
control. Two‐tailed Student's t‐test, ***, P< 0.001; ****, P< 0.0001. (H) Similar to (G), for GmSCL1.
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differentiated into endodermis; and procambial cells formed
xylem pole pericycle (Figure 4A). These observations were
consistent with established knowledge of root development
(Petricka et al., 2012; Denyer et al., 2019; Liu et al.,
2021; Shahan et al., 2022). By contrast, some differentiation
streams led to formation of nodule ground tissues (cluster
20, Figure 4A). Whereas the origins of all nodule cells had not
been determined, RNA velocity analysis of nodule‐specific cells
(clusters 18–20) and their adjacent cell types in the UMAP plots
(clusters 9, 10, 14, and 17) showed that uninfected cells in
soybean nodules were likely derived from the nodule outer
cortical cells while the inner cortex in soybean nodules was
plausibly derived from pericycle related procambial cells
(Figure 4B).

To gain a better understanding of gene expression dy-
namics along cell differentiation streams, we determined the
latent time of individual cells using scVelo, a likelihood‐based
model that solves cell differentiation dynamics (Bergen et al.,
2020). This latent time analysis showed that outer cortex and
pericycle related procambium cells differentiated earlier in
soybean nodules within their respective streams (Figure 4C,
D). Since genes with pronounced transcriptional activation
are likely to serve as drivers of cell differentiation, we identi-
fied putative driver genes of nodule‐specific cell lineages
along the estimated latent time. Notably, several well‐known
nodulation‐related genes emerged, including GmNIN1a,
GmCYCLOPS, GmBCH1, GmIFS1, GmPIN (Figure 4E, F).

To investigate other putative driver genes of nodule for-
mation identified from scVelo modeling (Figure 4E, F), we ex-
amined two of them, beta HLH protein 93 (GmbHLH93) and
SCREAM‐like protein (GmSCL1), which are expressed in outer
cortex and inner cortex, respectively, and also exhibited
dynamic expression patterns but their potential functions in
nodulation have not been reported yet. To verify their roles in
nodulation, we generated transgenic hairy roots overexpressing
each gene individually. Phenotypic analyses showed that
overexpression of either GmbHLH93 or GmSCL1 resulted in
significantly greater nodule numbers than that in vector control
hairy roots (Figure 4G, H), supporting their potential roles as
regulators of soybean nodule organogenesis.

Cytokinin receptors coding gene, GmCRE1, is a key
regulator of soybean nodulation and nitrogen fixation
In light of overrepresentation with highly expressed genes re-
lated to “Cytokinin signaling” in soybean nodules (Figure 3C),
we next investigated the potential roles of genes related to
cytokinin signaling in soybean nodule organogenesis. Indeed,
more than 26% of genes in the entire cytokinin pathway were
exclusively expressed in the three nodule‐specific cell clusters
(clusters 18–20), which showed a higher proportion than that
of all other phytohormone‐related genes (Figure 5A). Fur-
thermore, the results of functional enrichment analysis implied
that the identified nodule‐specific cytokinin pathway genes
encompassed the complete cytokinin pathway, comprising
genes related to cytokinin biosynthesis, metabolism, and
signal transduction (Figure S7A; Table S5). We also noted that

some negative regulators of the cytokinin pathway, such as A‐
type GmRRs (suppressors of cytokinin signaling) and CKXs
(encoding cytokinin oxidase/dehydrogenase, which degrades
cytokinin), were also specifically expressed in the three nodule‐
specific cell clusters (Figure S7B). These observations together
indicated that a sophisticated regulatory network modulated
cytokinin signaling in soybean nodules.

Notably, genes encoding cytokinin receptors, GmCRE1a/b/
c/d, were highly expressed in nodule inner cortex and vascular
cells (cluster 20, Figures 5B, S7C), and in particular, GmCRE1b
(Gm08G049000) exhibited dynamic expression during soybean
nodulation (Figures 4F, S7D), suggesting their function in soy-
bean nodulation. We thereby focused on exploring the role of
GmCRE1 in soybean nodule formation through experiments in
planta. To this end, we generated a Gmcre1a/b/c/d quadruple
knockout line in soybean (Gmcre1s hereafter) through CRISPR‐
Cas9 gene editing (Figure S8A).

Compared to the wild‐type (WT) W82 soybean plants,
Gmcre1s plants had a greater number of xylem cells
(Figure 5C), shorter primary roots and less lateral roots
(Figure S8B), suggesting that GmCRE1 participated in regu-
lating soybean root development. Moreover, nodule number
was significantly lower in Gmcre1s plants compared to WT
(Figure 5D), and Gmcre1s nodules had a sunken distal region,
rather than spherical as in WT nodules (Figure 5E). In addi-
tion, Gmcre1s nodules had substantially smaller nitrogen
fixation zones than WT, with pale white interior. Indeed,
nitrogenase activity indicated by acetylene reduction assay
(ARA) confirmed that the capacity for nitrogen fixation was
almost completely abolished in Gmcre1s nodules (Figure 5E).
Consistent with these findings, we further observed that
leghemoglobin genes (LGBs) expression, which is essential
for nitrogen fixation, was significantly decreased in Gmcre1s
nodules relative to WT (Figure S8C).

To further investigate the molecular mechanisms by which
GmCRE1 participates in soybean nodule organogenesis, we
performed bulk RNA‐seq on WT and Gmcre1s roots and nod-
ules. We found that down‐regulated genes in Gmcre1s plants
were significantly overrepresented in pathways related to
“nodulation”, “nitrogen fixation”, and “purine‐related metabo-
lism” (Figure 5F), which highly overlapped with the pathways
activated in soybean nodule‐specific cell types (Figure 3C, left
panel). These down‐regulated genes in Gmcre1s plants were
specific to nodule‐specific cells types, especially the infected
cells (cluster 19, Figure 5G). Collectively, the observation that
knockout of GmCRE1 could almost completely block BNF in
soybean demonstrated the critical role of GmCRE1‐dependent
cytokinin signaling in the formation of soybean nodules.

DISCUSSION

The process of nitrogen fixation in legume nodules requires
precise coordination of transcriptional programs across cells.
Here, we applied snRNA‐seq to construct a comprehensive
transcriptomic atlas of soybean roots and nodules, identifying six
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Figure 5. Experimental investigation of the cytokinin signal pathway in soybean nodulation and nitrogen fixation
(A) The proportion of genes exclusively expressed in soybean roots and nodules for each phytohormone pathway. (B) Uniform manifold approximation and
projection (UMAP) visualization and histological analysis of GmCRE1a and GmCRE1b expression. The GUS staining results are presented for 14‐dpi
nodules of transgenic hairy roots. Scale bar: 100 μm. (C) Phenotypic changes in Gmcre1s roots. The autofluorescence of xylem was observed from the UV
channel. Scale bar: 100 μm. The number of xylem cells was quantified based on root sections. Three independent experiments (n> 20) were performed and
similar results were obtained. (D) Phenotypic changes in Gmcre1s nodules. Nodule number was quantified from three independent experiments (n> 20).
Scale bar: 0.5 cm. Asterisks in (C) and (D) indicate statistically significant difference compared to the wild‐type W82. Two‐tailed Student's t‐test, ****, P<
0.0001. (E) Characterization of the nitrogen fixation zone in soybean nodules. Left panel: blade slides observed using a stereoscopic microscope; middle
panel: low‐gelling temperature agarose slides observed using a microscope. Scale bar: 100 μm. Right panel: Acetylene reduction assay (ARA) of nodules
from W82 and Gmcre1s plants grown 14 dpi without external nitrogen sources. Data are presented as a mean± SD from three independent experiments.
(F) Functional enrichment analysis of down‐regulated genes in Gmcre1s plants. (G) Expression enrichment of down‐regulated genes in Gmcre1s plants
across 21 cell clusters in soybean roots and nodules. The figure is similar to Figure 3D except that it shows the expression of down‐regulated genes in
Gmcre1s plants.
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nodule‐specific cell types as well as their likely cellular progeni-
tors. Moreover, we characterized the precise cell types specifi-
cally responsible for each step in the ureides synthesis pathway.
Furthermore, our analyses highlight the crucial role of cytokinin in
soybean nodulation and identify putative driver genes in this
process. In particular, we experimentally validate the role of cy-
tokinin receptor, GmCRE1, in planta as an essential component
of nodule development and nitrogen fixation. Overall, our study
addresses several as‐of‐yet unknown questions in the develop-
ment of determinate nodules, and can serve as a resource for
molecular breeding or biotechnology strategies to enhance le-
gume crop productivity and sustainability.

In this study, we used snRNA‐seq instead of scRNA‐seq for
two main reasons. Firstly, the process of protoplasting in plant
scRNA‐seq is susceptible to the introduction of erroneous gene
expression and the loss of specific cell types (Birnbaum et al.,
2003; Han et al., 2017; Denyer et al., 2019). Secondly, snRNA‐
seq is favorable over scRNA‐seq as it provides a higher fraction
of unspliced pre‐mRNA, owing to the subcellular localization
from which RNA was extracted. This feature is crucial for de-
termining the transient cellular dynamics of gene expression with
RNA velocity analysis (La Manno et al., 2018; Bergen et al.,
2020; Weiler et al., 2023). Indeed, we observed a higher fraction
of unspliced pre‐mRNA in our snRNA‐seq data (~33% across all
relevant cell types, Figure S9A, B) compared to less than 5%
commonly seen in plant scRNA‐seq experiments (Jean‐Baptiste
et al., 2019; Zhang et al., 2021). Despite the potential difference
between nucleus and whole‐cell RNA, snRNA‐seq allows for
greater accuracy in tracking the trajectory of gene expression
changes over time, and is particularly valuable for characterizing
cell fate decisions during development. Indeed, the experimental
validation employed by this study confirmed the computational
analysis results.

In contrast to a recent scRNA‐seq study of indeterminate
nodules in M. truncatula that uncovered two groups of apical
meristem cell types differentiating into symbiotic or non‐
symbiotic cells (Ye et al., 2022), our study reveals the pres-
ence of nodule‐specific phloem pole pericycle and pericycle
related procambial progenitors within determinate nodules in
soybean. Such progenitors exhibit transient meristematic
activity, which is a distinctive feature of intercalary meristem,
unlike the indeterminate nodules in M. truncatula that origi-
nate from a persistent apical meristem.

This study shows that the majority of genes in the ureides
metabolism pathway are expressed at high levels in soybean
nodules, aligning well with previous reports establishing the
prevalence of ureides metabolism in soybean nodules (Tegeder,
2014; Valentine et al., 2017; Fan et al., 2022). Our results en-
hance our understanding of the cell type‐specific expression of
these genes within soybean nodules (Figure 3D), illustrating the
compartmentalization of biochemical reactions across different
cell types within nodules (Figure 3E), to physically separate
pathway reactions and thereby prevent deleterious reversible
reactions caused by accumulation of intermediates or products.
Furthermore, these findings based on high‐resolution tran-
scriptomics and GUS staining results, show that UA is likely

catalyzed into Aln and Alc in inner cortex and pericycle cells of
the nodule, respectively (Figure 3E), contradicting the opinion
that Aln and Alc are synthesized in uninfected cells (Smith and
Atkins, 2002; Carter and Tegeder, 2016).

As the complex ureides synthesis pathway requires approx-
imately 20 enzymes, in contrast to only four enzymes required for
Asn synthesis (Witte and Herde, 2020), it is intriguing that many
agriculturally important legume crops, such as soybean, cowpea,
common bean, and mung bean, all employ ureides for nitrogen
assimilation and long‐distance transport. One possible ad-
vantage of ureides is their low carbon:nitrogen (C:N) ratio of 1.0,
meaning that one ureides molecule comprises four carbon and
four nitrogen atoms. In contrast, Gln and Asn have C:N ratios of
2.5 and 2.0, respectively, necessitating more carbon for nitrogen
fixation via amides than ureides. This hypothesis of C:N
economy in BNF is supported by seminal work showing that
cowpea nodules, which depend on ureides, consumed sig-
nificantly less carbon and lost less CO2 than white lupine (Lu-
pinus albus) nodules, which rely on amides (Layzell et al., 1979).
As BNF is an energy‐intensive process, the coordination of
carbon and nitrogen in legume nodules likely represents a crucial
target of evolutionary selection (Sprent and McKey, 1994; Lavin
et al., 2005). Indeed, a previous study showed that over-
expression of common bean UPS1, which encodes a ureide
transporter, led to improve BNF, shoot nutrition, and seed yield in
soybean (Carter and Tegeder, 2016). The importance of ureides
metabolism and transportation in soybean BNF highlights a po-
tential strategy to enhance symbiotic nitrogen fixation and ulti-
mately increasing legume crop productivity, via optimizing the
ureide pathway.

Our study elucidates the predominant role of the cytokinin
receptor, GmCRE1, in late developmental stages or mature
soybean nodules, which is in contrast to a recent snRNA‐seq
study on M. truncatula. The latter study showed that many
early nodulation genes, which participate in cytokinin sig-
naling, exhibit cell type‐specific expression patterns, high-
lighting the crucial function of cytokinin in initiating nodulation
(Cervantes‐Pérez et al., 2022). In contrast to Mtcre1 mutant
nodules, which maintain nitrogen‐fixing capacity similar to
that of WT nodules (Boivin et al., 2016), our results show that
Gmcre1s mutant nodules in soybean have almost completely
lost their ability to fix nitrogen (Figure 5E). Moreover,
the soybean Gmcre1s mutant exhibited an increase in the
number of xylem cells in primary roots and decreased in the
number of lateral roots compared to the WT, whereas two
allelic mutants of Mtcre1 showed a reduction in xylem poles
and increase in lateral roots (Laffont et al., 2015). Taken to-
gether, these observations suggest that the role of cytokinin
in both roots and nodules varies between legumes with de-
terminate and indeterminate nodules.

A recent report established a cell atlas of soybean nodules
and roots using single‐nucleus and spatial transcriptomics
(Liu et al., 2023). Their study provided valuable insights into
the specialization of uninfected cells into functionally distinct
subgroups and the identification of a transitional subtype of
infected cells during nodule development. Our study expands
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findings from this work by applying RNA velocity analysis to
reconstruct the dynamic differentiation trajectory of cell
populations and predict driver genes in soybean nodulation.
In line with previous studies, we identified several putative
driver genes, whose functions were known during nodulation,
such as Rboh, PIN, PHO1, NIN1, and IFS1 (Schauser et al.,
1999; Huo et al., 2006; Subramanian et al., 2006; Marino
et al., 2011; Arthikala et al., 2017; Gao et al., 2021; Nguyen
et al., 2021). Furthermore, the expression dynamics of these
genes during nodulation were elucidated using latent
time analysis, revealing their temporal roles in distinct de-
velopmental stages (Figure 4). For instance, GmRbohA is
highly expressed in the early stage of nodule‐specific cell
differentiation (Figure 4E), which is in agreement with the
previous work showing that reactive oxygen species pro-
duced by RBOH participates in nodule inception (Arthikala
et al., 2017). Likewise, dramatic changes in the expression of
GmNIN1a in the late stage of nodule formation (Figure 4F)
corroborate the established function of NIN protein in the
nitrogen fixation stage (Feng et al., 2021).

Identification of driver genes that control nodulation is crucial
as it provides the potential for biotechnological approaches to
enhance nitrogen fixation efficiency in legume crops. Our study
identifies several genes that could be exploited to improve ni-
trogen fixation. In particular, the cytokinin receptor, GmCRE1,
which plays a critical role in nodule development and nitrogen
fixation, was confirmed through phenotypic characterization of
the Gmcre1s soybean mutant (Figure 5). We also investigated
the functions of two previously uncharacterized putative driver
genes, GmbHLH93 and GmSCL1. Overexpression of these
genes in transgenic hairy roots resulted in a higher number of
nodules than that in vector control plants, supporting a likely
role in promoting nodulation.

In summary, our study provides a valuable resource for un-
derstanding determinate nodules at single‐cell resolution, re-
vealing the metabolic mechanisms that promote BNF efficacy in
soybeans as well as the developmental mechanisms that drive
cell differentiation in nodulation. Overall, this snRNA‐seq analysis
with experimental assays provide potential strategies for agro-
nomic improvement of BNF efficiency in legumes and expands
our understanding of determinate nodule development as it dif-
fers from the indeterminate nodule model legume, M. truncatula.

MATERIALS AND METHODS

Plant materials and growth conditions
Glycine max cv. Williams 82 was used as the wild type for all
snRNA‐seq and hairy root transformation experiments. The
soybean seeds were sowed into sterile vermiculite for ger-
mination. Plants were grown in a phytotron set to a 16‐h‐light/
8‐h‐dark period at 25°C, 65% relative humidity. The 5 d post
germination seedlings were inoculated with a suspension of
Sinorhizobium fredii CCBAU45436 strain (OD600= 0.05), and
nodules were collected at 14 dpi. As a negative control, un‐
inoculated seedlings were grown under the same conditions.

Nuclei isolation, library construction, and
snRNA‐sequencing
We isolated soybean nuclei following a published protocol
(Thibivilliers et al., 2020) with minor modification. Briefly,
soybean seedlings with their aerial parts removed were col-
lected in a precooled 90mm Petri dish containing NIB
(Sigma). Roots were quickly chopped with a razor blade and
then incubated in the cold room for 15min with gentle hori-
zontal shaking. The isolated nuclei were filtered through a 40‐
μm strainer (Falcon) into a 50mL centrifuge tube (Corning).
Subsequently, 1 mL of the isolated nuclei was transferred to a
1.5 mL centrifuge tube and stained with DAPI for 10min. The
stained nuclei were sorted using a BD FACASAria II cell
sorter, and the purified nuclei were counted using trypan blue
in a count broad.

Cell capture was performed using the commercially
available “Chromium Single Cell B Chip Kit”, following the
recommended protocol provided by 10x Genomics. Library
construction was performed using “Single Cell 3’ Library”
and “Gel Bead Kit V3.1”, and the resulting libraries were
sequenced using the “Illumina Novaseq 6000” platform, tar-
geting a sequencing depth of at least 100,000 reads/cell,
based on the PE150 protocol.

Raw data processing and generation of single‐nucleus
gene expression matrices
The fastq files of snRNA‐seq were generated from Illumina
binary base call (BCL) files using the “mkfastq” function of
Cell Ranger (version 7.0.0, 10x Genomics) (Zheng et al.,
2017). These fastq files were subsequently aligned to the
soybean reference genome (version v2.1, annotated by the
U.S. DOE Joint Genome Institute) using STAR (version
2.7.1a) (Dobin et al., 2013) embedded in the “count”
function of Cell Ranger. The reads that shared the same
cell barcode, gene identity, and unique molecular identifier
(UMI, with one mismatch allowed) were collapsed into a
UMI count. Finally, a gene expression matrix was gen-
erated for each snRNA‐seq sample, including only cells
identified as genuine by the cell‐calling algorithm (Lun
et al., 2019). Each row of the matrix represents a gene and
each column represents a genuine cell.

Given that the N group sample has the potential to
contain symbiotic rhizobia, it is possible that the plant cell
nuclei were inadvertently contaminated during the prepa-
ration of the snRNA‐seq library. To ascertain whether
transcripts from rhizobia were indeed present, we con-
ducted an alignment of the R2 (i.e., read 2) fastq file of the
N group sample to the rhizobium genome (S. fredii
CCBAU25509). Only a small fraction of the reads (18,388
reads, ~0.004%) could be uniquely mapped to the rhi-
zobium genome, indicating that rhizobial contamination is
unlikely to pose a significant issue. Since only the se-
quencing reads aligned to the soybean genome were used
in our study, any sequencing reads originating from the
rhizobia were effectively eliminated from further down-
stream analysis.

A single‐nucleus resolution atlas of soybean nodules Journal of Integrative Plant Biology
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Normalization, dimensionality reduction, cell
clustering, and cell‐type annotation for
snRNA‐seq data
All analyses of single‐nucleus gene expression matrices
were performed using the R package “Seurat” (version
3.2.3) (Stuart et al., 2019). The gene expression matrices
for the N group and R group were merged and then nor-
malized using function “SCTransform” (Hafemeister and
Satija, 2019). The normalized data were subsequently
subjected to linear dimensionality reduction using function
“RunPCA”, and the top 30 principal components were
chosen for non‐linear dimensionality reduction and visual-
ization using function “RunUMAP” (McInnes et al., 2018)
(with parameters “min.dist = 0.5” and “n.neighbors = 30”).
Based on the Louvain algorithm (Blondel et al., 2008), cell
clustering was performed using functions “FindNeighbors”
and “FindClusters” (with parameter “resolution = 0.3”),
according to the top 30 principal components from the
linear dimensionality reduction. The cell types of each
cluster were annotated based on genes previously re-
ported to be expressed in specific cell types and the genes
identified by GUS staining (Table S3). The cluster‐enriched
genes were identified using function “FindAllMarkers” (with
parameters “min.pct = 0.1” and “test.use =wilcox”), with
the criteria of a fold difference > 2 and an adjusted P‐value
< 0.01 between the two groups of cells.

Integration of M. truncatula and soybean scRNA/
snRNA‐seq datasets
To compare gene expression across different species, the or-
thologous pairs of the Medicago (MtrunA17r5.0) and soybean
were predicted on their protein sequences by software “ortho-
finder” (Emms and Kelly, 2019) (version 2.2.7, with the param-
eter “‐S diamond”). Taking into account gene duplication events
and the resulting paralogs, homologous genes were combined
into groups. The UMI counts for all homologous genes within
each group were summed to obtain a total UMI count for a
species. An expression matrix for each species was then gen-
erated, with each row representing a gene group, and each
column representing a genuine cell.

The gene expression matrices for samples from the two
species were normalized using function “SCTransform”. The
top 3,000 genes that showed highest variability across samples
were selected using functions “SelectIntegrationFeatures” and
“PrepSCTIntegration”. The “reference‐based” Seurat integration
workflow (version 3.2.3) was then used to integrate the ex-
pression datasets, with the N group sample as the reference.
Specifically, functions “FindIntegrationAnchors” and “In-
tegrateData” were used to identify common variation across
datasets while removing batch effects. This computational
method involves a combination of canonical correlation analysis
(CCA) and mutual nearest neighbors (MNN).

Functional enrichment analysis
The functional enrichment analysis of gene sets was per-
formed on the website DAVID (https://david.ncifcrf.gov/tools.

jsp) (Huang et al., 2009a, 2009b). The terms in “GO-
TERM_BP_DIRECT”, “KEGG_PATHWAY”, “UP_KW_BIOLO-
GICAL_PROCESS” categories were used.

RNA velocity analysis
A file containing spliced and unspliced UMI counts for
each gene (i.e., the loom file) was generated using function
“run10x” in software “velocyto” (version 0.17.17) (La
Manno et al., 2018). The resulting loom file was then im-
ported into the Python environment and all downstream
analyses were conducted with Python package “scVelo”
(version 0.2.3). Data preprocessing, including gene se-
lection, normalization, moment computation among
nearest neighbors in PCA space, was performed using
functions “scv.pp.filter_and_normalize” (with min_shar-
ed_counts = 30, n_top_genes = 3,000) and “scv.pp.mo-
ments” (with n_pcs = 30, n_neighbors = 20). RNA veloc-
ities were then estimated using either the default model
with function “scv.tl.velocity” (mode = “stochastically”) or
the dynamical model with functions “scv.tl.recover_dy-
namics” and “scv.tl.velocity” (mode = “dynamical”). The
dynamical model simultaneously generated a model‐
based estimation of the extent to which a gene is
dynamically expressed, which was then used to select
putative driver genes. The latent time of individual cells
along a developmental trajectory was estimated using
function “scv.tl.latent_time”.

Bulk RNA‐seq
Total RNA was extracted from fresh plant tissues or nuclei
using TRIzol. RNA‐seq libraries were constructed and se-
quenced by the Illumina NovaSeq. 6000 in paired‐end
mode with 150‐nt reads. Sequencing reads of low quality
(>50% bases with a Phred score < 20) were filtered. After
sequencing adapters were removed by software “fastp”
(Chen et al., 2018), the clean reads were aligned to
the soybean reference genome (version v2.1) and counted
for each gene using STAR (version 2.6.0a, with parameter
“‐‐quantMode TranscriptomeSAM GeneCounts”). Differ-
entially expressed genes between W82 and Gmcre1s
plants were identified from three biological repeats using R
package “edgeR” (version 3.28.1) (Robinson et al., 2010),
with criteria of >2‐fold difference and FDR < 0.05.

Plasmid construction
To generate the promoter:GUS constructs, the promoter re-
gions (~3,000 bp) of soybean cluster‐enriched genes were
amplified and subcloned into the entry vector pGWCm. The
promoter constructs were transferred from the entry vectors
to pBGWFS7, which contains the open reading frame of
GUS, via LR reactions (Invitrogen). For overexpression con-
structs, the coding sequences of GmbHLH93 and GmSCL1
were cloned into vector pUB‐GFP‐Flag by a Seamless As-
sembly cloning kit (CloneSmarter). The detailed information
regarding promoter lengths and primers can be found
in Table S6.
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Hairy roots transformation and the generation of
stable transgenic soybean
The overexpression constructs were transformed into Agro-
bacterium rhizogenes strain K599, which was further used to
infect soybean seedlings following a previously published trans-
formation protocol (Kereszt et al., 2007), with minor mod-
ifications. Briefly, hypocotyls of 5‐d‐old soybean seedlings were
injected with K599 and kept at high humidity (>90%) with plastic
lids, until hairy roots at the injection sites had grown to 5–10 cm
long. The primary roots were then cut and the hairy roots were
immersed in water for 7 d before being transferred into pots with
sterilized vermiculite and inoculated with 50mL of Sinorhizobium
fredii (CCBAU45436) suspension (OD600=0.05) per pot.

The Gmcre1s mutant (GmCRE1a/b/c/d quadruple knockout
line) was created using CRISPR/Cas9 gene editing. The CRISPR/
Cas9 vector contained gRNAs (AACCTGGTCAATGGCA-
GAAGGG and GGTTGAAACAAGGATGGCAAGGG, with the
underlined sequences representing the target regions shared by
GmCRE1a/b/c/d), which were transformed into W82 using the A.
tumefaciens EHA105 strain. The putative editing region of the
resulting transgenic plants were amplified using gene‐specific
oligos, and the PCR products were sequenced to identify
transgenic lines with gene editing. The stable transgenic line
used for analysis was homozygous for all four genes (GmCRE1a/
b/c/d) without Cas9 elements. The primer sequences are listed
in Table S6.

DNA extraction
DNA was extracted from fresh soybean samples using the CTAB
(cetyltrimethylammonium bromide) method. Briefly, 600 μL of
CTAB buffer was added to each sample, followed by grinding
and incubation at 65°C for 20min. After cooling, 200μL of
chloroform was added and mixed thoroughly to extract genomic
DNA. The aqueous phase was collected by centrifugation at
12,000 r/min for 15min and transferred to 1.5mL tubes. The
DNA was further purified by precipitation using ethanol.

Quantitative reverse transcription PCR
Total RNA was extracted from soybean hairy roots with TRIzol.
First‐strand cDNA was synthesized from 1μg of RNA using the
HiScript III RT SuperMix for qPCR Kit with gDNAWiper (Vazyme)
according to the manufacturer's instructions. The reaction mix-
ture was prepared following the protocol of SYBR® Green Pro
Taq HS kit (Accurate Biology). The qRT‐PCR experiments were
carried out using the qTOWER³ real‐time PCR detection system
(Analytik Jena). The reference gene GmABCT was used for
normalization. The primer sequences are listed in Table S6.

Histological analysis and microscopy
For GUS staining analysis, transgenic hairy roots were sub-
merged in a 100mM PBS solution (pH=7.0) containing 10mM
EDTA disodium salt, 100mM NaH2PO4, 0.5mM K4Fe(CN)6, 0.5
mM K3Fe(CN)6, 0.1% Triton‐X100, and 1mg/mL X‐gluc (1758–
0600, Inalco) at 37°C for at least 2 h. The stained roots and
nodules were embedded in 3% (m/v) low‐gelling temperature
agarose (111860, Biowest), sectioned at 50 μm using a Leica

VT1100S, and observed and photographed with a ZEISS Axio
Scope A1 pol microscope.

Acetylene reduction assay
Nodules (14 dpi) were harvested and placed in 20‐mL vials,
followed by injection with 2mL of acetylene. The vials were
then incubated for 1 h at 25°C. The amount of ethylene pro-
duced was measured using gas chromatography (GC9310‐
VI) through an acetylene reduction assay (ARA).

Data availability statement
All sequencing data and process data have been deposited to
the National Genomics Data Center (https://ngdc.cncb.ac.cn/),
Beijing Institute of Genomics, Chinese Academy of Sciences,
under the BioProject number PRJCA015369. Codes to analyze
the data and generate figures are available at GitHub (https://
github.com/Yuwang-art/snRNA_seq_in_soybean).
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