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Abstract 

Background  The mutualistic beneficial relationship between legume plants and rhizobia enables the growth 
of plants in nitrogen-limiting conditions. Rhizobia infect legumes through root hairs and trigger nodule organogen-
esis in the cortex. The plant hormone cytokinin plays a pivotal role in regulating both rhizobial infection and the initia-
tion of nodule development. However, the mechanism used by the cytokinin output module to control symbiosis 
remains poorly documented.

Results  In this study, we identified a cytokinin signaling output component encoded by the Type-B RESPONSE 
REGULATOR (RRB) gene, LjRRB12, which is expressed in Lotus japonicus nodule primordia and young nodules. Disrup-
tion of LjRRB12 leads to a reduction in nodulation and to an increase in the number of infection threads. Overex-
pression of LjRRB12D76E, an active form of the LjRRB12 protein, induces nodule-like structures in wild type and hit1 
(hyperinfected 1/lotus histidine kinase 1) mutants but not in nin2 (nodule inception 2) mutants. Additionally, we uti-
lized nCUT&Tag and EMSA to demonstrate that LjRRB12 can bind a CE (cytokinin response element) from the LjNIN 
promoter.

Conclusions  Our results provide a deeper understanding of nodule organogenesis by establishing a link 
between the cytokinin signal and the transcriptional regulation of LjNIN.
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Background
Legumes have evolved particular nitrogen-fixing organs 
called root nodules which provide an ideal microoxic 
environment for the nitrogen-fixing activity of intracel-
lular symbiotic rhizobia. The crosstalk between rhizobia 
and legume plants begins with flavonoids secreted by 
plant roots [1, 2] and nodulation factors (NFs), lipochi-
tooligosaccharide molecules produced by rhizobia [3, 
4]. The Nod Factor Receptor 1/5 (NFR1/NFR5) complex 
on the plant membrane perceives NF and triggers plant 
responses, including cytoplasm and nuclear Ca2+ spik-
ing [5, 6], cytoskeleton rearrangements [7], and plant 
cell wall degradation [8], all of which are crucial for the 
initiation and progression of infection threads in legume 
plants [9]. Nuclear calcium oscillations trigger a tran-
scriptional regulatory cascade associated with the sym-
biotic process [9, 10]. Several transcription factors, such 
as LjCYCLOPS/Interacting Protein of DMI3 (MtIPD3) 
[11, 12], ERF Required for Nodulation (ERN) [13, 14], 
Nodulation Signaling Pathway 1 (NSP1) and NSP2 [15–
17], and Nodule Inception (NIN) [18–20] are indispen-
sable for the NF-induced transcriptional network and IT 
progression.

Root nodule formation arises from cortical or endo-
dermal cells in the root differentiation zone and requires 
these cells to re-enter mitotic division and undergo de-
differentiation [21–23]. Cortical cell division occurs 
before IT penetrates the epidermal layer, suggesting that 
a mobile signal connects the infection and nodulation 
organogenesis programs [9]. However, at the early stage, 
the Ca2+ spiking signal induced by NF is immobile and 
confined to the epidermis [19]. Cytokinin, a plant hor-
mone, may serve as one of the potential mobile signals 
that relay symbiotic signals from the epidermis to the 
cortex. Cytokinin plays a significant role in various sym-
biotic processes [24, 25]. Endogenous bioactive cytokinin 
levels were enhanced during the early nodulation stage 
[26, 27]. Several cytokinin synthesis and signaling-related 
genes, including Isopentenyl Transferase (LjIPT) and 
Lonely Guys (LjLOG) [27], cytokinin transporter ATP-
binding cassette (ABC) gene MtABCG56 [28], cytokinin 
receptor Histidine Kinase 1 (LjLHK1) [29, 30], and the 
synthetic cytokinin response reporter Two-Component 
Signaling Sensor (LjTCS) or LjTCSnew [27, 29], are tran-
scriptionally upregulated in response to the rhizobial 
infection.

Cytokinin regulates several rhizobia-induced nod-
ule specific genes such as MtNSP2, MtNIN/LjNIN and 
MtNF-YA1/LjNF-YA1 [31–35]. The essential role of 
cytokinin signaling in infection and nodulation was sup-
ported by the symbiotic phenotypes of two L. japoni-
cus ljlhk1 mutants, the loss-of-function hyperinfected  1 
(hit1) [30] and the gain-of-function spontaneous nodule 

formation 2 (snf2) mutants [36]. In hit1 roots, nodulation 
is aborted even though the root hairs are hyperinfected 
[30]. Conversely, spontaneous nodulation occurred in 
snf2 roots in the absence of rhizobia [36]. These distinct 
phenotypic differences underscore that the cytokinin 
signal is both essential and sufficient for dedifferentia-
tion and cell division, ultimately leading to nodulation. 
Cytokinin accumulation is tightly regulated and cyto-
kinin homeostasis is required for efficient infection, nod-
ule organogenesis, and regulation of nitrogen fixation in 
mature nodules [26, 37, 38]. Cytokinin also participates 
in the nitrogen fixation-senescence transition in Med-
icago truncatula nodules [39].

Sinorhizobium meliloti-induced symbiotic signal-
ing genes in M. truncatula are dependent on MtCRE1 
and MtNIN [34]. Overexpression of MtNIN in the 
cortex of cre1 is sufficient to induce cell division and 
nodule formation, indicating that MtNIN functions 
downstream of MtCRE1 [19]. Further studies showed 
that LjLHK1/MtCRE1-dependent cytokinin signaling 
was required for the cortical expression of NIN, which is 
indispensable for the initiation and development of nod-
ule primordia [19, 33]. A conserved cis-regulatory ele-
ment in the distal region of the NIN promoter, known as 
the cytokinin response element-containing region (CE), 
was found to be necessary for MtNIN expression in the 
cortex and pericycle layers, and it contains the putative 
core binding site for type-B response regulators (RRBs) 
[33]. While the genetic association of cytokinin signal-
ing and symbiotic signaling has been well established, the 
mechanism by which cytokinin signaling output mod-
ules, particularly the RRBs, affect symbiotic nitrogen fix-
ation remains unclear.

In higher plants, the transduction of cytokinin signal-
ing depends on a His-Asp phosphorelay system, which is 
commonly observed in bacterial two-component signal-
ing pathways [40]. The extracellular CHASE (cyclases/
histidine kinases associated sensory extracellular) 
domain of Histidine Kinase recognizes cytokinin and 
triggers the transfer of a phosphate group to His-con-
taining Phosphotransferase (HP) and Response Regulator 
(RR) [41–43]. Based on these conserved domain struc-
tures, RRs are classified into four groups including A, B, 
C-type RRs, and pseudo-RRs [44, 45]. Arabidopsis thali-
ana RRBs, the key transcription factors involved in cyto-
kinin signal transduction, contain a receiver domain in 
the N-terminal region, a Myb-like domain for DNA bind-
ing, and a proline-rich region in the C-terminal region 
[46]. RRBs serve as connectors between cytokinin signal-
ing and other pathways and play major roles in regulating 
cell proliferation throughout plant development [45, 47, 
48].
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In M. truncatula, RRBs directly activate the expression 
of MtNSP2, basic Helix-Loop-Helix (MtbHLH) and Ana-
phase-Promoting Complex (APC) activator Cell Cycle 
Switch 52A (MtCCS52A), thereby initiating a transcrip-
tional network to promote nodule formation [35, 49]. 
However, the specific roles of RRBs in symbiosis are not 
fully understood. In this study, we identified an RRB gene, 
LjRRB12 in the Arabidopsis ARR10/ARR12 subclade 
that is not orthologous to the previously characterized 
MtRRB1 and MtRRB3 genes. LjRRB12 is expressed at the 
onset of root cortical cell division. Phenotypic characteri-
zation of two LORE1 insertional mutants of LjRRB12 and 
roots that overexpressed LjRRB12 revealed that LjRRB12 
may play a positive role in nodulation and a negative role 
in epidermal infection. Our data additionally show that 
LjRRB12 may regulate the expression of LjNIN by inter-
acting with a remote element in the LjNIN promoter. This 
study unveils a new member in the cytokinin signaling 
pathway that contributes to rhizobial infection and nod-
ule organogenesis.

Results
Identification of LjRRB genes from Lotus japonicus
To identify RRB genes in L. japonicus, the amino acid 
sequences of A. thaliana ARR1 and ARR2 were used 
as BLAST queries of the L. japonicus Gifu v1.3 genome 
[50] available in Lotus Base [51]. We identified ten L. 
japonicus RRB genes, each containing a phosphoreceiver 
domain and a Myb-like DNA-binding domain (Addi-
tional file  1: Fig. S1 and Additional file  2: Table  S1). A 
phylogenetic tree was constructed to compare the LjRRBs 
with known RRBs from M. truncatula and A. thaliana 
(Fig. 1). RRB proteins comprise six subfamilies, as previ-
ously reported [52]. In A. thaliana, the ARR10/ARR12/
ARR18 and ARR1/ARR2 clades are the most well-char-
acterized RRB subfamilies [53–55]. Two members of the 
ARR10/ARR12/ARR18 clade in M. truncatula named 
MtRRB1 and MtRRB3 have been well studied (Fig.  1) 
[35, 49]. Consistent with previous observations in M. 
truncatula [56], an expansion of the gene number within 
the ARR10/ARR12/ARR18 clade was also observed in L. 
japonicus (Fig. 1), which is consistent with a role for this 
clade in symbiosis. In L. japonicus, the ARR10/ARR12/
ARR18 clade includes six LjRRBs, with four LjRRBs more 
closely related to MtRRB1/MtRRB3, one LjRRB (Lotja-
Gi1g1v0572600_LC.1) in the early branching within this 
clade, and the last one (LotjaGi6g1v0205900.1) closely 
related to ARR12/ARR10 (Fig. 1). LotjaGi6g1v0205900.1 
shared the most sequence similarity with Arabidopsis 
ARR12, and was therefore named LjRRB12. The amino 
acids essential for the phosphorelay in Arabidopsis ARR1 
(D44, D89, K138) are conserved in LjRRB12. In contrast, 

we observed an Aspartate to Asparagine substitution in 
LotjaGi1g1v0572600_LC.1 (Additional file 1: Fig. S1). The 
focus of this research was then directed towards charac-
terizing the influence of LjRRB12 on symbiosis.

Expression pattern of LjRRB12 during nodule 
organogenesis
To confirm whether the expression of LjRRB12 corre-
lates with nodule development, a spatiotemporal expres-
sion analysis was conducted through histochemical 
staining. A reporter gene (pLjRRB12::GUS) containing 
the 3-kb LjRRB12 promoter driving the expression of a 
β-glucuronidase (GUS) reporter gene was introduced 
into L. japonicus by hairy root transformation. Basal 
activity of the LjRRB12 promoter was detectable in the 
root apex (Fig. 2A) and vascular tissues of uninoculated 
roots (Fig. 2B,C). In uninoculated roots, GUS activity was 
undetectable in the root cortex in the susceptible zone 
(Fig. 2B,C). At the early stage of infection, GUS activity 
was detected in the dividing root cortical cell layers at 3 
dpi (Fig. 2D) and in the developing nodule primordium at 
5 dpi (Fig. 2E, I) and 7 dpi (Fig. 2F, J).

At the later stages of nodule development, LjRRB12 
promoter-driven GUS expression was confined to the 
cortical layer of young nodules (14 dpi) (Fig. 2G, K) and 
was ultimately limited to the vascular bundles of fully 
mature nodules (21 dpi) (Fig.  2H, L). Cross-sections 
confirmed the absence of detectable GUS activity in the 
nitrogen-fixing region of both pre-mature and mature 
nodules (Fig.  2K,L). Taken together, our results provide 
evidence that rhizobial inoculation induces the expres-
sion of LjRRB12 in the root cortical cells and subse-
quently in the cortex tissues of the outer nodule.

LjRRB12 positively regulates nodule organogenesis 
and negatively regulates rhizobial infection
Several studies reported that cytokinin acts as a bifunc-
tional regulator, negatively affecting rhizobial infection 
in the epidermal layer and positively regulating nodule 
development in the cortex cell layer [30, 33]. To deter-
mine the role of LjRRB12 in symbiosis, we obtained 
ljrrb12 mutants from a LORE1 insertion mutant library 
[57]. Two mutant lines, namely ljrrb12-1 and ljrrb12-2, 
were identified, harboring a LORE1 insertion either in the 
5′ UTR (ljrrb12-1) or in exon1 (ljrrb12-2) (Fig. 3A,B). The 
mRNA levels of LjRRB12 in the roots from ljrrb12-1 and 
ljrrb12-2 mutants were significantly reduced, reaching 
only 12% and 22% of the levels in Gifu plants, respec-
tively (Fig.  3C). At 5 dpi, ITs successfully crossed over 
the epidermal cells and reached the cortex cells in Gifu 
roots (Fig.  3D,E). In contrast, a significant number of 
ITs in both mutants followed aberrant paths within the 
root epidermis (Fig. 3F–I). As a result, the frequency of 
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microcolony and epidermal infection threads (eITs) was 
notably increased by ~ 45% in the ljrrb12 mutants relative 
to WT (Fig. 3K). While most ITs failed to induce corti-
cal cell division, a small number of ITs escaped the epi-
dermal arrest and successfully induced the initiation of 
nodule meristems (Fig.  3F). Overall, formation of nod-
ule primordia (NP) occurred at a lower frequency in the 
mutant plants, with rates of 77% for ljrrb12-1 and 75% for 
ljrrb12-2 compared to WT (Fig. 3L).

The phenotype of decreased nodulation and increased 
epidermal infection in the ljrrb12 mutants is consistent 
with the effects of cytokinin on epidermal infection and 
early-stage nodulation that were reported previously [30]. 
At a later symbiotic stage, the shoot fresh weight (FW) of 
ljrrb12-1 and ljrrb12-2 mutants was significantly reduced 
compared to WT (Fig.  4A,B). The nodule number and 
ARA activity of the two ljrrb12 mutants, either normal-
ized on a per plant or per nodule fresh weight basis, were 
also significantly reduced (Fig.  4C–E). Taken together, 

Fig. 1  Phylogenetic analysis of type-B response regulators. Phylogenetic tree analysis of RRBs from Arabidopsis thaliana, Lotus japonicus, 
and Medicago truncatula. The conserved receiver domains of RRBs were used to construct an evolutionary tree using a Neighbor-Joining method 
and 1000 bootstrap replicates with MEGA 11. The scale bar indicates the number of amino acid substitutions per site
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these results are consistent with LjRRB12 affecting nod-
ule numbers and the nitrogen fixation activity of mature 
nodules.

The symbiotic gene LjNIN is transcriptionally regulated 
by LjRRB12
We next investigated how expression of the key cytokinin 
signaling and the symbiotic signaling pathway genes was 
affected in the ljrrb12-1 mutant. Roots of mutant and 
wild-type Gifu plants were treated with 10−7 M 6-Ben-
zylaminopurine (6-BA) for 1 h and harvested for an 
RT-qPCR analysis. The expression of LjRRB12 was not 
induced by cytokinin (Fig. 5A), which is consistent with 
the observation in A. thaliana that the mRNA levels 
of many B-type response regulators, including ARR1/
ARR2/ARR10, are not induced by cytokinin [58]. The 
mRNA level of the cytokinin receptor gene LjLHK1 was 
upregulated by cytokinin in Gifu roots. This upregula-
tion also occurred in ljrrb12-1 and the mRNA levels after 

cytokinin treatment did not differ significantly between 
ljrrb12-1 and Gifu (Fig.  5A). Without a cytokinin treat-
ment, the transcript abundance of the cytokinin response 
gene LjRRA5 (a type A RR, also named as LRR5) [30] 
was significantly higher in the ljrrb12-1 mutant com-
pared to Gifu, whereas after the cytokinin treatment, the 
expression of LjRRA5 was similar in the two genotypes 
(Fig. 5A).

Among the symbiotic signaling genes, expression 
of LjNSP2 was inhibited by a cytokinin treatment in 
Gifu (Fig. 5B), consistent with the previous results in L. 
japonicus [31]. The expression of LjNSP2 was signifi-
cantly higher in the ljrrb12-1 mutant than in Gifu and 
was insensitive to the cytokinin treatment (Fig. 5B). Con-
sistent with previous studies [31], LjNIN and LjNF-YA1 
were upregulated by the cytokinin treatment (Fig.  5B). 
The expression of LjNIN was significantly reduced in 
the ljrrb12-1 mutant relative to Gifu after the cytokinin 
treatment (Fig.  5B). However, there was no significant 

Fig. 2  Analysis of LjRRB12promoter activity at different stages of nodule development. Promoter activity was assayed by staining for GUS activity 
using hairy roots harboring the pLjRRB12::GUS reporter geneat different stages of nodule development, including roots at 0 dpi (A–C), nodule 
primordia at 3 and 5 dpi (D, E, I), young nodules at 7 and 14 dpi (F, G, J, K), and mature nodules at 21 dpi (H, L). The red arrow indicates a nodule 
primordium in D. Images are representative of at least ten independent transgenic plants. VB, vascular bundle; NC, nodule cortex; NP, nodule 
primordium. Scale bars, 25 μm (D, I), 50 μm (A–C, E, F, J), and 200 μm (G, H, K, L)
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Fig. 3  Symbiotic nitrogen fixation phenotype of the ljrrb12 mutants. A Gene structure of LjRRB12 and LORE1 insertion sites in the ljrrb12-1 
and ljrrb12-2 mutants. Black boxes, white boxes, lines, triangles and arrows indicate exons, 5′ and 3′ untranslated regions (UTR), introns, LORE1 
insertions, and PCR genotyping primers, respectively. Scale bar represents 500 base pairs. B Identification of the LORE1 insertion mutants using 
PCR and specific primers (Additional File 3: Table S2). WT, wild type; HZ, heterozygous mutant; HM, homozygous mutant. C Expression of LjRRB12in 
Gifu, ljrrb12-1, and ljrrb12-2 mutants. Relative mRNA levels were normalized to LjUBQ1. The values are means ± SD from three biological replicates. 
D–I Infection and early nodulation phenotype of Gifu,ljrrb12-1 and ljrrb12-2 mutants. Roots were inoculated with M. loti NZP2235 (hemA::lacZ) 
and the symbiotic phenotype was analyzed. Representative images of roots from Gifu (D, E), ljrrb12-1 (F, G), and ljrrb12-2 (H, I) at 5 dpi are shown. 
Rhizobia were visualized using X-Gal staining. Red arrows indicate nodule primordia. A normal infection thread that crossed an epidermal cell 
and reached the underlying dividing cortical cells is shown (E). Arrested or mis-guided infection threads are shown (G, I). Scale bars, 100 μm. 
J Diagrams of different infection progresses. Left panel, bacterial microcolony inside a curling root hair; Middle panel, elongating infection 
thread in the epidermal layer (eIT, epidermal infection thread); Right panel, infection thread reaches the cortical cell layer (cIT, cortical infection 
thread). K Number of infection events in Gifu, ljrrb12-1,andljrrb12-2 mutants at 5 dpi, including microcolony, eITs, cITs, and the total number. L 
Number of nodule primordia (NP) per plant at 5 dpi. In K and L, values are means ± SD (n =21~24). A non-parametric test was used for statistical 
comparisons in C, K, L. ns, not significant; **,P < 0.01; ***, P < 0.001; ****, P< 0.0001
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difference in the expression of LjNF-YA1 in cytokinin-
treated WT and ljrrb12-1 roots (Fig. 5B), indicating that 
cytokinin-triggered LjNF-YA1 expression is independent 
of LjRRB12 and might be associated with other cytokinin 
downstream signaling. We also analyzed the expression 
of CLAVATA3/ESR (CLE)-RELATED-ROOT SIGNAL 
(CLE-RS) genes, which inhibit the formation of excess 
infection threads [59]. We found that all three genes were 
upregulated by the cytokinin treatment in Gifu. LjCLE-
RS1 and LjCLE-RS2 were also upregulated in ljrrb12-1, 
but the mRNA levels were lower relative to Gifu after the 
cytokinin treatment, indicating a potential upregulation 
of LjCLE-RS1 and LjCLE-RS2 by LjRRB12 upon stimula-
tion with cytokinin. Moreover, LjCLE-RS3 was not cyto-
kinin-inducible in ljrrb12-1 (Additional file 1: Fig. S2).

LjRRB12 interacts with the LjNIN promoter
Based on the reduction in LjNIN expression after the 
cytokinin treatment in the ljrrb12-1 mutant (Fig. 5B), we 
investigated whether LjNIN is a direct target of LjRRB12. 
The LjNIN promoter contains two previously reported 
conserved cis elements: one is the CYCLOPS Response 
Element (CYC-RE), which is essential for the epidermal 
expression of NIN in regulating IT formation [12, 33]; the 
other is the cytokinin response element (CE) required for 

the expression of NIN in the endodermis or pericycle lay-
ers and that was predicted to serve as an RRB binding site 
[33, 60]. Analysis of the LjNIN promoter revealed three 
conserved regions that are present in the promoters of 
various legume NIN genes but are absent from the pro-
moters of L. japonicus NIN-like protein (LjNLP) genes 
(Additional file 1: Fig. S3) [33, 61].

The D1 and D3 region of the CE element contains sev-
eral putative RRB binding motifs (Fig.  5C) [33, 60]. To 
clarify whether the LjRRB12 binding sites are enriched 
in the D1 or D3 regions of LjNIN, we employed a PCR-
assisted SELEX (Systematic Evolution of Ligands by 
EXponential enrichment) assay to identify the binding 
motif of LjRRB12. After eight rounds of enrichment, 
individual clones were randomly selected for sequenc-
ing. The sequences were analyzed using MEME [62] and 
a 6-bp consensus sequence [5′-(A/T)GAT(A/T)(C/T)−3′, 
or the reverse complement 5′-(G/A)(A/T)ATC(A/T)−3′] 
was identified (Additional file 1: Fig. S4A-B). By compar-
ing the core 6-bp LjRRB12 binding site and a more con-
served core 5′-AGAT-3′, eight and three of such potential 
binding sites (LjRRB12BSs) were found in the D1 and D3 
regions, respectively (Fig. 5C).

To verify whether LjRRB12 binds to the LjNIN pro-
moter in  vivo, we isolated nuclei from transgenic 

Fig. 4  LjRRB12 deficiency inhibits nitrogen fixing activity in maturenodules. A Representative images of Gifu, ljrrb12-1 and ljrrb12-2 plants at 28 
dpi. Scale bars, 1 cm. B,C Shoot fresh weight (FW) and nodule number of Gifu and the ljrrb12 mutants at 28 dpi. Values in B and C are means± SD 
(n = 43~54). Student’s t test was used for the statistical comparisons between Gifu and each mutant. D,E ARA (acetylene reduction assay) activity 
per plant (D) or per nodule fresh weight (E) of Gifu and theljrrb12 mutants at 28 dpi. Values in D and E are means ± SD (n = 4~6). A non-parametric 
test was used for the statistical comparisons between Gifu and each mutant. *, P < 0.05; **, P < 0.01; ***, P< 0.001; ****, P < 0.0001
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hairy roots of Gifu overexpressing 3 × Flag (EV) or 
LjRRB12-3 × Flag for the nCUT&Tag assay. Fragments 
of the D1 and D3 regions were significantly enriched in 

the LjRRB12-3 × Flag transgenic roots relative to the EV 
roots using sequences from the first intron as an endog-
enous negative control for qPCR (Fig.  5D). To further 

Fig. 5  Interactions between LjRRB12 and the D1 and D3 cis-elements of the LjNIN promoter. A,B Expression analysis of genes associated 
with cytokinin signaling (A) and symbiotic signaling (B) in Gifu and ljrrb12-1 roots after the exogenous cytokinin treatment for 1 h. 
6-Benzylaminopurine (6-BA) was added at a final concentration of 10−7 M. Relative expression levels were normalized to LjUBQ1 expression levels. 
Data in A and B indicate means ± SD of three biological replicates. Statistical analysis was performed using Tukey’s multiple comparison test. 
Means labeled with the same letter are not significantly different (i.e., P < 0.05). Ctrl, Control. C Diagram of the CE (cytokinin response element) 
region in the LjNIN promoter and the putative LjRRB12 binding motif in the CE. Black triangles indicate the binding motif 5′-(A/T)GAT(A/T)(C/T)-3′. 
DNA fragments in the D1 region (D1-F), D3 region (D3-F), and the first intron of NIN (Intron1-F) were used for nCUT&Tag-qPCR. Scale bars, 50 bp 
(in the CE region) or 100 bp (in the exon and intron region). D Enrichment levels of the LjRRB12 binding sites. An anti-Flag antibody was used 
to pull down DNA fragments from the transgenic hairy roots expressing LjRRB12-3×Flag (or 3×Flag as the control), and qPCR analyses were 
performed using appropriate primer pairs. The relative enrichment level of DNA was calculated by normalizing against the amount of standard DNA 
in the assay kit (5 pg in each sample). Data indicate mean values ± SD calculated using two biological replicates. A non-parametric test was used 
for statistical analysis. *, P < 0.05; ****, P < 0.0001. E,F EMSA (electrophoretic mobility shift assay) analysis for the binding of GST-LjRRB12_BD (BD, 
DNA binding domain) fusion protein to the NIN promoter, using either a short D1 (sD1, 146 bp) (Eand Additional file 1: Fig. S4C) or short D3 (sD3, 
111 bp) (Fand Additional file 1: Fig. S4C) region. FAM-labeled sD1 and sD3 were used as probes. Unlabeled competitors (WT, wild type sequence; 
Mut, mutated sequence, Additional file 1: Fig. S4C) were used at 5-, 20-, and 40-fold (E) and at 20-fold (F) molar excess relative to the labeled probe. 
Arrows indicate the labeled free probes. Arrowheads indicate the shifted bands
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confirm the interaction between LjRRB12 and the D1 
and D3 regions, we performed an electrophoretic mobil-
ity shift assay (EMSA) experiment (Fig. 5E,F). The GST-
tagged DNA binding domain of the LjRRB12 protein 
(GST-LjRRB12_BD) was expressed and purified from 
Escherichia coli. 5-Carboxyfluorescein (FAM)-labeled 
D1 and D3 fragments were produced and incubated 
with GST-LjRRB12_BD, resulting in bands with shifted 
mobilities (Fig.  5E,F). The addition of excess unlabeled 
competitor probes drastically reduced the abundance of 
the shifted bands, whereas the mutant competitors had 
no such effects (Fig. 5E,F). These data make the case that 
LjRRB12 binds the D1 or D3 regions of the LjNIN pro-
moter both in vitro and in vivo.

To investigate whether a spatiotemporal colocalization 
exists between LjRRB12 and LjNIN, the distant CE region 
and the ~ 5 kb proximal promoter (CE-NIN5K) were fused 
to a GUS reporter gene and the expression cassette was 
introduced into L. japonicus Gifu using a hairy root 
transformation procedure. GUS staining was detectable 
in the dividing root cortical cell layers at 3 dpi (Addi-
tional file 1: Fig. S5A), the developing nodule primordium 
at 5 and 7 dpi (Additional file 1: Fig. S5B-C), and the cor-
tex and infection zone of young and mature nodules at 
14 and 21 dpi (Additional file  1: Fig. S5D-E). The spati-
otemporal colocalization of LjNIN and LjRRB12 in the 
root cortical cells and nodule primordium (Fig.  2D–F) 
provides evidence that they may interact in planta at the 
early symbiotic stage and that these interactions contrib-
ute to the regulation of infection and/or organogenesis.

Overexpression of LjRRB12 leads to the spontaneous 
formation of nodule‑like structures in the absence 
of rhizobium
Exogenous cytokinin and the autoactivated cytokinin 
receptor LjLHK1L266F were previously demonstrated to 
induce nodule-like structures in the absence of rhizobial 
inoculation [36, 63, 64]. To verify the role of LjRRB12 in 
the regulation of nodulation, we used hairy root transfor-
mation to transiently express LjRRB12 and its phospho-
mimic variant LjRRB12D76E without rhizobial infection. 
Our findings revealed that expression of both LjRRB12 
and LjRRB12D76E in wild-type Gifu roots triggered spon-
taneous nodule formation, with ~ 21% of transgenic 
plants forming nodules (Fig. 6A–H). Toluidine blue stain-
ing of nodule sections indicated an absence of rhizobia 
inside the spontaneous nodules compared to rhizobia-
induced nodules (Fig.  6I,J), demonstrating that nodule-
like structures were induced by the transgene and not 
by an unwanted rhizobial contamination. A previous 
study has shown that the cytokinin receptor MtCRE1 
regulates nodule formation in a NIN-dependent manner 
in M. truncatula [19]. To further investigate the genetic 

relationship between LjRRB12, LjLHK1, and LjNIN in 
L. japonicus, we compared the spontaneous nodulation 
induced by LjRRB12D76E in the roots of hit1 and nin2. 
Expression of LjRRB12D76E in hit1 roots resulted in spon-
taneous nodule formation at a ratio of ~ 12%, whereas no 
spontaneous nodules formed in nin2 roots (Fig. 6K–N). 
These results indicate that LjRRB12 functions down-
stream of LjLHK1 and upstream of LjNIN.

We performed a quantitative real-time PCR analysis 
to compare the transcriptional response of nodulation-
related genes in spontaneous nodules. The expression 
of early nodulation genes, including LjNIN, LjNF-YA1, 
LjNSP2, and LjERN1, was upregulated in spontaneous 
nodules (Fig. 6O and Additional file 1: Fig. S6A), indicat-
ing that LjRRB12D76E is sufficient to activate nodulation 
signaling. Interestingly, LjCLE-RS3 showed a trend for 
a higher transcript abundance in spontaneous nodules, 
although the difference was not statistically significant 
(Additional file 1: Fig. S6B). Many of the cytokinin signal-
ing genes, including LjRRB12, LjRRA3, LjLHK1, LjRRA5, 
and LjIPT3, were upregulated in spontaneous nodules 
(Fig.  6P and Additional file  1: Fig. S6C-E). In contrast, 
two cell cycle switch-related genes, LjCCS52A1 and 
LjCCS52A1-like2, were either unchanged or repressed in 
the spontaneous nodules (Additional file  1: Fig. S6F-G). 
Taken together, these results indicate that ectopic expres-
sion of LjRRB12D76E could trigger spontaneous nodule 
formation by activating the expression of early nodula-
tion and the cytokinin signaling-related genes.

Discussion
In this study, we characterized a Type-B response regula-
tor, LjRRB12, which acts as a regulator of nodule forma-
tion by activating the expression of LjNIN. We observed 
an increase in the number of eITs and a reduced num-
ber of nodule primordia in mutants with insertions in 
LjRRB12 (Fig. 3K, L) and that constitutive expression of 
LjRRB12 and its gain-of-function variant LjRRB12D76E 
induced the formation of spontaneous nodules in the 
absence of rhizobia (Fig.  6A–N). LjRRB12 interacts 
with remote regions of the LjNIN promoter (Fig. 5C–F) 
and contributes to cytokinin-induced LjNIN expression 
(Fig. 5B). We conclude that LjRRB12 mediates crosstalk 
between cytokinin signaling and symbiotic signaling to 
regulate nodulation.

Expressions of LjNIN and LjRRB12 were localized to 
the same root cells during the early stages of rhizobial 
infection (Fig. 2D–F, I, J and Additional file 1: Fig. S5A-
C). This co-localized pattern of expression during the 
early stage of infection is consistent with a possible direct 
interaction occurring in planta that leads to the division 
of cortical cells and the development of nodule primor-
dia after rhizobial infection. Notably, the expression of 
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LjRRB12 in vascular bundles was heterogeneous (Fig. 2I). 
Similarly, the genes encoding the cytokinin receptor 
LjLHK1 [29] and that contribute to the biosynthesis of 
cytokinin MtIPT3 [65] were both expressed in the vas-
cular bundle cells adjacent to the dividing cortical cells. 
Enhancing cytokinin activity in the vascular bundles may 
determine whether cells develop into nodules rather than 
into lateral roots by increasing the cytokinin/auxin ratio. 
As the nodules develop, the expression of LjRRB12 is 

eventually localized only to vascular bundles (Fig. 2H, L). 
Loss of LjRRB12 function also leads to impaired nitrogen 
fixing activity in mature nodules (Fig. 4D–E).

Type-B RRs, a multigene family of transcription factors 
involved in cytokinin signaling, are the key components 
regulating the temporal and spatial development of plant 
responses to the cytokinin signal. Functional redundancy 
exists among RRBs in regulating non-symbiotic traits, 
especially in higher plants [55, 66]. Similarly, substantial 

Fig. 6  Overexpression of LjRRB12 triggers spontaneous nodule formation. Roots of Gifu, hit1 and nin2 transiently expressing the control vector 
LjUBQ1::StrepII (A, B, G, H), LjUBQ1::LjRRB12 (E,F), or LjUBQ1::LjRRB12D76E (C, D, K–N) were inoculated with (+M. loti) or without (−M. loti) rhizobia. 
Images were taken at 5 weeks after inoculation. Spontaneous nodules were formed in Gifu expressing LjRRB12 (E, F) or the gain-of-function 
variant RRB12D76E (C, D). The spontaneous nodule formation was also observed in hit1 expressing RRB12D76E (K, L), but not in nin2 (M, N). Numbers 
in the upper right corners indicate the number of plants out of the total number of analyzed plants containing rhizobia-derived nodules 
or spontaneous nodules. Nodule sections in inoculated roots (I) and spontaneous nodule sections in uninoculated roots (J) were stained 
by toluidine blue. Scale bars, 100 µm (I, J) and 250 µm (A–H, K–N). O,P Transcript abundance of representative symbiotic signaling genes (LjNIN, 
LjNF-YA1, LjNSP2) (O) and cytokinin signaling genes (LjRRB12,LjRRA3) (P) in the spontaneous nodules of LjUBQ1::LjRRB12D76E relative to the roots 
of LjUBQ1::StrepII (CV) in Gifu background. Values indicate means ± SD calculated from three biological replicates. A non-parametric test was used 
for statistical comparisons. *, P < 0.05; **, P < 0.01; ****, P < 0.0001
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functional redundancy among RRBs in legumes is evi-
dent in their symbiotic effects. MtRRB1 and MtRRB3 
in M. truncatula were reported to facilitate nodulation 
to varying degrees [35, 49]. In this study, the insertional 
mutations in LjRRB12 resulted in a weakly reduced num-
ber of nodule primordia, which provides evidence for 
redundancy with other members of the LjRRB family. 
In agreement with this hypothesis, activation of LjNIN 
expression in response to cytokinin in the ljrrb12-1 
mutant was not completely suppressed, possibly due to 
other RRBs (Fig. 5B).

At an early stage of symbiosis, the symbiotic signal 
transduced by LjNFR1/LjNFR5 and LjSYMRK/MtDMI2 
induces calcium spiking, which is essential for the pro-
gression of epidermal infection [5, 67–69]. However, 
calcium spiking is restricted to epidermal cells at a dis-
tance from the outer cortical cells [19, 70]. The mecha-
nism that activates cortical cell divisions remains poorly 
understood. Cytokinin could be the signal that moves 
from the epidermis to cortex. ITP2 and IPT4 contribute 
to cytokinin biosynthesis. Their expression is induced 
in the epidermis, and the cytokinin response element 
TCSn is active mainly in root cortex [27]. Genetic stud-
ies indicate that nodule initiation depends on the expres-
sion of LjLHK1/MtCRE1 [30, 71, 72], NSP2 [36], DELLAs 
[73], and NIN [19] in the cortex. The decreased number 
of nodule primordia and mature nodules in the ljrrb12 
mutants (Fig. 3L and Fig. 4C) indicates a possible role for 
LjRRB12 in nodule organogenesis. Spontaneous nodule-
like structures or bumps were observed in the gain-of-
function mutants of LjCCaMK (snf1) [74], LjLHK1 (snf2) 
[36], and in transgenic roots overexpressing MtNIN [19]. 
We discovered that the ubiquitin promoter (LjUBQ1) 
driving the expression of LjRRB12 and its active form 
variant LjRRB12D76E induced spontaneous nodules in 
L. japonicus roots in the absence of rhizobia (Fig. 6C–F, 
J), indicating that LjRRB12 and LjRRB12D76E efficiently 
mimic NF-induced nodulation signaling and indicating 
a possible role for LjRRB12 in root nodule organogen-
esis. Additionally, LjRRB12D76E induced spontaneous 
nodule formation on hit1 roots (Fig.  6K–L), indicating 
that LjRRB12D76E-mediated signaling functions probably 
downstream of LjLHK1. In contrast, nodule-like struc-
tures were not observed in nin2 roots (Fig. 6M–N). This 
corroborates previous studies showing that cytokinin sig-
nal functions upstream of LjNIN-dependent nodulation 
signaling [75]. In addition, overexpression of LjRRB12D76E 
is sufficient to activate nodulation genes including LjNIN, 
LjNF-YA1, LjNSP2, and LjERN1 (Fig. 6O and Additional 
file 1: Fig. S6A).

As a master regulator of the symbiosis, the expres-
sion of NIN requires fine spatiotemporal control [19]. 
Approximately 2.2 kb upstream of the translational start 

codon from the MtNIN gene was sufficient for inducing 
expression in the epidermis that is responsible for root 
hair curling and establishment of infection chambers 
[33]. The − 5 to − 2.2 kb promoter region of MtNIN, con-
taining a putative CYCLOPS binding site, is required for 
an effective IT formation [33]. A distant cis-element in 
the MtNIN promoter, called the cytokinin response ele-
ment (CE), was shown in M. truncatula to mediate the 
cytokinin-regulated pericycle and cortical expression of 
MtNIN [33]. It is predicted that the D1 and D3 regions 
of the CE element contain several binding sites for RRBs, 
which provides evidence that the MtNIN gene is a direct 
target of RRBs [33]. The pMtNIN_D1 region could medi-
ate the NIN expression that promotes nodule formation 
in the M. truncatula daphne-like mutant [33], indicating 
a significant contribution to nodulation for the pMtNIN_
D1 region. The pMtNIN_D3 region partially contributed 
to the nodulation function of NIN in the cortex [33]. 
Sequence analysis indicates that CE/Region 2 of the L. 
japonicus NIN promoter also contains putative RRB 
binding sites (Additional file  1: Fig. S3A; Fig.  5C). The 
role of the pLjNIN_D1 from CE/Region2 as a cytokinin-
related region has not been previously described and 
awaits experimental validation. We showed that LjRRB12 
interacts with the pLjNIN_D1 and pLjNIN_D3 regions 
in vitro and in vivo during nodulation (Fig. 5C–F). Over-
all, our study revealed an in  vivo regulatory relation-
ship between cytokinin signaling and symbiotic nodule 
formation.

The ljrrb12 mutants formed a significantly increased 
number of eITs and a reduced number of nodule primor-
dia and mature nodules (Fig. 3K, L and Fig. 4C), as previ-
ously described for the hit1 (a loss-of-function mutant of 
LjLHK1) and daphne mutants (a weak nin mutant allele) 
[30, 75]. This could be related to an attenuated inhibi-
tory signal initiated in the root cortex, as the epidermal 
expression of LjLHK1 could not reduce the ljlhk1 hyper-
infection events [72]. Previous research showed that 
LjNIN inhibits hyper-infection events by inducing LjCLE-
RS1/2 expression, which activates a shoot–root regula-
tion of infections in an LjHAR1 (HYPERNODULATION 
AND ABERRANT ROOT FORMATION 1)-dependent 
manner [59]. Our study found that cytokinin upregulated 
the transcript abundance of LjCLE-RS1/2/3 and that defi-
ciency of LjRRB12 inhibited or even abolished the upreg-
ulated expression of these genes (Additional file  1: Fig. 
S2). Such reduction of LjCLE-RS gene expression in the 
ljrrb12-1 mutant roots might promote the hyper-infec-
tion events, as evidenced by the enhanced eITs (Fig. 3K). 
Additionally, successful rhizobial infection requires the 
penetration of the root cortical cell wall [9]. Most infec-
tion threads of the ljrrb12 mutants terminated at the root 
hair cells (Fig.  3G) with partial misorientation (Fig.  3I) 
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and resulted in a lower number of cITs and nodule pri-
mordia (Fig. 3K, L). The mechanism underlying cytokinin 
signaling and regulation of infection thread orientation, 
such as callose deposition [76] and pectate lyase activity 
[8], requires further investigation.

It is worth noting that nodule-like structures induced 
by cytokinin are restricted to legume plants [63]. The CE 
element exists in the promoters of NIN genes from leg-
umes but is absent from both legume and non-legume 
NLP genes (Fig. 5C and Additional file 1: Fig. S3A) [61]. 
In A. thaliana, the GRAS proteins, GAI and RGA, inter-
act with and enhance the transcriptional activity of ARR1 
[77]. Several GRAS family proteins, including NSP1, 
NSP2, and DELLA, are direct or indirect positive regu-
lators of NIN during nodule organogenesis [12, 78–81]. 
Whether there is cross-talk involving LjRRB12 and other 
regulators that fine-tunes NIN expression is an interest-
ing question to be explored in the future.

Conclusions
Our study revealed the symbiotic functions of a B-type 
RR gene, LjRRB12, during an early stage of rhizobial 
infection and following nodule development. Our data 
highlight a negative role of LjRRB12 in regulating epi-
dermal infection but a positive role in promoting nodu-
lation. LjRRB12 regulates LjNIN expression by binding 
the cis-elements of the distal LjNIN promoter region, 
and LjRRB12 induces spontaneous nodule formation 
in the absence of rhizobia by acting upstream of LjNIN. 
These observations indicate that the cross talk between 
cytokinin signaling and symbiotic signaling is essential 
for proper rhizobial infection and subsequent nodule 
organogenesis.

Methods
Plant materials and growth conditions
Lotus japonicus Gifu, nin-2 [18] and hit1 [30] mutants 
were used in this study. The ljrrb12-1 (Plant ID: 
30146471) and ljrrb12-2 (Plant ID: 30015963) mutants 
were obtained from the LORE1 (Lotus Retrotransposon 1) 
mutant resource (https://​lotus.​au.​dk) [51, 57]. L. japoni-
cus seeds were scarified with sulfuric acid for 6 min and 
surface sterilized with 2% sodium hypochlorite for 8 min. 
After 1 day of vernalization at 4°C in the dark, the seeds 
were dispersed onto half-strength Murashige–Skoog 
(MS) agar plates. Then the seeds were germinated in a 
growth chamber for 2 days in the dark and 3 days in the 
light at 23°C with a photoperiod containing 16 h light and 
8 h of dark and light fluence rate of c. 120 µmol photons 
m−2 s−1. For the symbiotic phenotype analysis, germi-
nated seeds were grown in sterilized vermiculite-perlite 
for 5 days before inoculation with Mesorhizobium loti 
MAFF303099. Plants were cultivated with half-strength 

B&D solution containing 0.5 mM KNO3 [82]. For cyto-
kinin treatment, plants grown in vermiculite-perlite for 7 
days were washed and then incubated with half-strength 
B&D nutrient solution containing 10−7 M 6-BA for 1 h at 
room temperature.

Histochemical staining
For promoter expression analysis, a 3-kb promoter 
region of LjRRB12 and a 5-kb promoter region with the 
additional CE element (− 43209 to − 43759 bp upstream 
of translational start site) of LjNIN were amplified from 
Gifu genomic DNA and cloned upstream of the GUS 
reporter gene in the DX2181G-GUS vector. The con-
structed plasmids were introduced into L. japonicus 
roots using Agrobacterium rhizogenes strain LBA1334 
as described previously [83]. The hairy roots were inoc-
ulated with M. loti MAFF303099 and harvested at 0, 3, 
5, 7, 14, and 21 dpi. The hairy roots were fixed with cold 
90% (v/v) acetone and stained for GUS activity using 0.5 
mg/ml 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid 
cyclohexylammonium salt (Sangon Biotech, A610085), 
10 mM EDTA, 1 mM potassium hexacyanoferrate (II), 1 
mM potassium hexacyanoferrate (III), 0.1% N-Lauroyl-
sarcosine sodium salt, 0.1% (v/v) Triton X-100, and 50 
mM sodium phosphate (pH 7.0). All tissues were stained 
overnight in vacuum at room temperature and washed 
sequentially with 70% alcohol and chloral hydrate solu-
tion (chloral hydrate: water: glycerol, 10:3:2, w/v/v). The 
stained roots and nodules were embedded in the 4% aga-
rose and then sectioned (root, 50 μm; nodule, 70 μm) 
using a VT1000S vibratome (Leica, Germany). Images of 
sectioned samples were captured using a Leica DM2500 
microscope (Leica, Germany).

Sequence alignment and phylogenetic analysis
The amino acid sequences of RRBs from L. japoni-
cus were obtained from the Lotus base Gifu version 1.3 
using BLAST searches (Additional File 2: Table  S1) [50, 
51] with the A. thaliana ARR1 (Gene ID: AT3G16857) 
and ARR2 (Gene ID: AT4G16110) amino acid sequences 
retrieved from TAIR [84]. The RRB sequences from L. 
japonicus MG20 obtained from MG20 V3.0 [85] were 
also used for annotation corrections. RRB sequences 
from M. truncatula were selected using BLAST searches 
of the M. truncatula Mt4.0v1 genome from Phytozome 
v13 [86, 87]. Amino acid sequences were aligned using 
DNAMAN 10. A phylogenetic tree was constructed in 
MEGA 11 using a Neighbor-Joining method and 1000 
bootstrap replicates.

For NIN promoter analysis, promoter sequences 
of NIN from L. japonicus, Arachis hypogaea, Trifo-
lium pretense, Cicer arietinum, Glycine max, Medicago 

https://lotus.au.dk
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truncatula, Lupinus albus, and LjNLP1-5 of L. japonicus 
were retrieved from Phytozome v13 [86]. The ~ 50-kb 
promoter sequences upstream of the start codon were 
aligned in mVISTA [88] using the Shuffle-LAGAN mode 
[89].

Acetylene reduction assay
Acetylene reduction assays were performed in sealed 
glass bottles. The nodulated roots from five plants were 
placed into a reaction bottle and 4 ~ 6 biological repli-
cates were analyzed. Acetylene (2 ml) was added to the 
bottles and incubated at 28 °C for 2 h. GC-4000A gas 
chromatography (East &West Analytical Instruments, 
China) was used to quantify ethylene production.

Spontaneous formation of nodule‑like structures on hairy 
roots
The full-length coding sequence of LjRRB12 was 
amplified from an L. japonicus Gifu cDNA library 
and inserted into pUB-GFP [90] to produce the pUB-
GFP-pLjUBQ1::LjRRB12 plasmid. To construct the 
phosphomimetic LjRRB12D76E vector, we introduced 
a T to A substitution with primer pairs LjRRB12-F/
LjRRB12-D76E-R and LjRRB12-D76E-F/LjRRB12-R. 
The mutated fragment of LjRRB12 (LjRRB12D76E) was 
cloned into pUB-GFP using the ClonExpress II One Step 
Cloning Kit (Vazyme, Nanjing, China) to generate pUB-
GFP-pLjUBQ1::LjRRB12D76E. The hairy roots of hit1 and 
nin-2 mutants from Gifu were respectively transformed 
with these constructs using Agrobacterium rhizogenes 
LBA1334. Plants with GFP-positive hairy roots were 
grown in sterilized vermiculite-perlite (2:1).

RT‑PCR and qPCR
L. japonicus roots were harvested and immediately fro-
zen in liquid nitrogen. Total RNA was extracted using the 
Transzol Plant kit (Transgene, ET121-01) and genomic 
DNA contamination was completely removed using 
RNase-free DNase I (ThermoFisher, EN0521). One 
microgram of total RNA was reverse transcribed using 
Reverse Transcriptase M-MLV (Thermo Fisher Scien-
tific) with random hexamers. Quantitative RT-PCR was 
performed using a QuantStudio 5 Real-Time PCR System 
(Thermo Fisher Scientific) and the TransStart Tip Green 
qPCR SuperMix (Transgene, AQ141-01). L. japonicus 
LjUBQ1 (GenBank accession no. AW720576) was used 
as a reference gene for calculating fold changes in rela-
tive expression using the 2−ΔΔCt method. Primers used 
for RT-qPCR are provided in Additional File 3: Table S2.

The in vivo binding assay by nCUT&Tag‑qPCR
The nCUT&Tag experiment was conducted following an 
established protocol with modifications using the Hieff 

NGS® G-Type In-Situ DNA Binding Profiling Library 
Prep Kit from Illumina (Yeasen, Shanghai, China). The 
vectors expressing 3 × Flag (EV) or LjRRB12-3 × Flag 
were induced into Gifu using a hairy root transforma-
tion procedure. The transgenic plants inoculated with 
M. loti MAFF333099 and the roots at 7 dpi were har-
vested. ~ 0.2 g of root tissue was immersed in formalde-
hyde fixing solution (10  mM Tris, pH 8.0, 10  mM KCl, 
0.5  mM spermidine, 0.5% formaldehyde) for 5  min at 
room temperature. After adding 1 mL of 2 M glycine to 
stop the fixation, the root tissue was washed three times 
with 50  mL of ddH2O and was rapidly frozen in liquid 
nitrogen for 2  min. After grinding, the cell pellets were 
resuspended in nuclear extraction buffer A (10 mM Tris–
HCl, pH 8.0, 10 mM KCl, 0.5 mM spermidine), and the 
solution was filtered through a 40-μm filter. After dis-
carding the supernatant, the pellet was washed with 
nuclear extraction buffer B (0.25  M sucrose, 10  mM 
Tris–HCl, pH 8.0, 10 mM MgCl2, 1% Triton X-100, 5 mM 
β-mercaptoethanol, 0.1% Protease Inhibitor Cocktail) 
and subsequently with nuclear extraction buffer C (1.8 M 
sucrose, 10 mM Tris–HCl, pH 8.0, 2 mM MgCl2, 0.15% 
Triton X-100, 5  mM β-mercaptoethanol, 0.1% Protease 
Inhibitor Cocktail). After centrifugation at 12,000 × g 
for 45 min at 4  °C, the nuclei from the root tissue were 
obtained and stained with trypan blue to detect their 
integrity using a Leica DM2500 microscope (Leica, Ger-
many). Subsequently, nuclei were resuspended in nuclear 
extraction buffer D (10 mM Tris–HCl, pH 8.0, 150 mM 
NaCl, 0.5 mM spermidine, 0.1% Protease Inhibitor Cock-
tail). The following procedures were performed accord-
ing to the previously described protocol [91]. qPCR 
procedures were performed using the manufacturer’s 
instructions from the PerfectStart® Uni RT&qPCR Kit 
(Transgen Biotech, Beijing, China). nCUT&Tag-qPCR 
experiments were performed with two biological repli-
cates with three technical repeats for each sample.

Electrophoretic mobility shift assay (EMSA)
To construct the GST-LjRRB12_BD expression vector, 
the coding region of LjRRB12 (aa 175–307) was amplified 
and inserted into pGEX-6P1. The expression of the GST-
LjRRB12_BD fusion protein was induced using 0.3 mM 
IPTG in Escherichia coli BL21(DE3) and purified using 
glutathione resin (GenScript, L00206). Purified protein 
was dialyzed and then concentrated with an Amicon® 
Ultra-15 Centrifugal Filter (Millipore, UFC905008).

For DNA preparation, the pGreenII-0800-NIN_
D1-35Smini::LUC and pGreenII-0800-NIN_D1mut-
35Smini::LUC vectors were used as templates. To 
generate the pGreenII-0800-NIN_D1-35Smini::LUC, an 
NIN_D1 fragment and the CaMV35S minimal promoter 
(35Smin) fragment were fused to the pGreenII-0800 
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vector [92]. To generate pGreenII-0800-NIN_D1mut-
35Smini::LUC, a synthesized mutant D1 sequence and 
35Smin were fused in the pGreenII-0800 vector. For D1 
DNA probe preparation, a short NIN_D1 (WT sD1) frag-
ment or a short NIN_D1mut (Mut sD1) fragment was 
amplified from pGreenII-0800-NIN_D1-35Smini::LUC 
or pGreenII-0800-NIN_D1mut-35Smini::LUC using 
the D1-S-F and 35Smini-R primers (the latter primer 
was either labeled or unlabeled with 5′ FAM). For the 
D3 DNA probe, 5′ FAM labeled and unlabeled DNA 
was synthesized by Sangon Biotech (Shanghai, China). 
EMSA was performed in 10 μL binding buffer containing 
1 mM MgCl2, 0.5 mM EDTA, 1 mM DTT, 0.5% Triton 
X-100, 25 ng/mL poly (dI, dC), 5% glycerol and 20 mM 
Tris–HCl, pH 8.0. The FAM-labeled probes were added 
at a molar mass of 0.5 pmol for D1 and 0.05 pmol for 
D3. GST and GST-LjRRB12_BD proteins were added at 
a 15-fold molar excess of the labeled D1 probe and at a 
75-fold molar excess of the labeled D3 probe. The cold 
probe and mutant cold probe were added to the reaction 
tubes at a 5-, 20-, and 40-fold molar excess of FAM probe 
for D1 and at a 20-fold molar excess for D3. Mixtures 
were incubated at 25 °C for 20 min and then loaded onto 
5% polyacrylamide gels with 0.5 × TBE running buffer (45 
mM Tris–Borate, 1 mM EDTA) for electrophoresis. The 
signal of the FAM-labeled DNA was visualized with FLA-
5100 Fluorescent Laser Analyzer (Fuji Film, Japan).

Systematic evolution of ligands by exponential enrichment 
(SELEX)
The SELEX experiment was based on a published proto-
col [93] with minor modifications. The GST-LjRRB12_
BD protein was purified as described for the EMSA. A 
51-bp double-stranded oligonucleotide library includ-
ing a flanking connector and 12-bp random central core 
sequence [5′-GAT​GAA​GCT​TCC​TGG​ACA​AT(12N)
GCA​GTC​ACT​GAA​GAA​TTC​T-3′] as described in [49] 
was amplified using PCR and purified using silicon diox-
ide (Sigma, S5631). The selection was performed for eight 
rounds. Each round of selection was performed in 500 µl 
of RSDA buffer (5 mM Tris–HCl, pH 8.0, 75 mM NaCl, 
2.5 mM MgCl2, 0.5 mM EDTA, 5% glycerol, 1% Tween 
20, and 1 mM DTT) with 10 µg of purified DNA, smaller 
amounts of protein in each round (i.e., 25 µg, 22.5 µg, 
21.5 µg, 20 µg, 18.75 µg, 17.5 µg, and 16.25 µg), increas-
ing amounts of poly(dIdC) served as a non-specific com-
petitor (i.e., 0, 200, 400, 600, 800, 1000, 1200, and 1400 
ng), and 100 µL of glutathione resin (GenScript, L00206). 
The reaction components were incubated at 4 °C for 2 
h and then washed four times with RSDA buffer. Beads 
were then mixed with 500 µL of ddH2O and boiled for 10 
min to release the bound DNA. Purification of the bound 
DNA was carried out using chloroform:isoamyl alcohol 

(24:1). Subsequently, the purified DNA was employed as 
a template in the PCR reaction for the preparation of the 
next round random DNA. PCR products were purified 
using glass microspheres. After eight rounds of selec-
tion, the oligonucleotides were cloned into pEASY-Blunt 
(Transgene, CB101-01) for sequencing. Forty-seven bac-
terial colonies were selected and twenty-nine non-repet-
itive sequences were used for the core motif analysis in 
MEME (https://​meme-​suite.​org/​meme/​tools/​meme) 
[62].

Statistical analysis
A non-parametric test (n < 30) and Student’s t test 
(n ≥ 30) were used for comparison of two groups. One-
way ANOVA analysis and Tukey’s multiple comparison 
tests were used to determine statistical significances 
among multiple groups.

Abbreviations
RRB	� Type-B RESPONSE REGULATOR
ITs	� Infection threads
CE	� Cytokinin Response Element
NFs	� Nodulation factors
TCS	� Two-Component Signaling Sensor
RR	� Response Regulator
HP	� His-containing Phosphotransferase
bHLH	� Basic Helix-Loop-Helix
NP	� Nodule Primordium
6-BA	� 6-Benzylaminopurine
CYC-RE	� CYCLOPS Response Element
LjNLP	� Lotus japonicus NIN-like protein
SELEX	� Systematic Evolution of Ligands by Exponential Enrichment
EMSA	� Electrophoretic Mobility Shift Assay
AON	� Autoregulation of nodule numbers
WT	� Wild type
HZ	� Heterozygous mutant
HM	� Homozygous mutant
eIT	� Epidermal infection thread
cIT	� Cortical infection thread
FW	� Fresh weight
snf2	� Spontaneous nodule formation 2
hit1	� Hyperinfected 1/lotus histidine kinase 1
nin2	� Nodule inception 2
BD	� Binding domain

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12915-​024-​02088-5.

Additional file 1: Fig. S1 Amino acid sequence alignment of L. japoni-
cus RRBs and A. thaliana ARR1.Amino acid sequence alignment of the 
receiver domain (A) and DNA-binding domain (B) of A. thaliana ARR1 
(AT3G16857.1) and RRBs of L. japonicusGifu. Conserved amino acids (100% 
identity) are shadowed in black. Less conserved amino acids (>75% and 
<100%) are marked in gray. Amino acids essential for the phosphorelay 
in A. thaliana ARR1 are indicated with asterisks (D44, D89, K138). Fig. S2 
Expression analysis of L. japonicus CLE-RSs after the cytokinin treatment.
Expression analysis of CLAVATA3/EMBRYO SURROUNDING REGION (CLE)-
related small peptide coding genes, including LjCLE-RS1, LjCLE-RS2 and 
LjCLE-RS3 in Gifu and ljrrb12-1 roots after the treatment with 10-7 M 6-BA 
for 1 h. Relative mRNA levels were normalized against the LjUBQ1 gene. 
Ctrl, Control. Data indicate mean values ± SD calculated from three 
biological replicates. Statistical analysis was performed using Tukey’s 
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multiple comparison test. Means denoted by the same letter are not sig-
nificantly different (P < 0.05). Fig. S3 Conservation of the CE region in the 
promoters of legume NINs.Alignment of genomic DNA sequences ~50 kb 
upstream of the translational start codon of NIN from seven legume spe-
cies, including Lotus japonicus, Arachis hypogaea, Trifolium pretense, Cicer 
arietinum, Glycine max, Medicago truncatula and Lupinus albus. LjNLP1-5 
from L. japonicus were also included for comparison. The alignment was 
performed using mVISTA. Peaks denote identity levels higher than 50% 
per 100 bp relative to LjNIN. The ruler scales correspond to base numbers 
relative to the translational start site. Black arrows denote the conserved 
region. (B) List of NIN andNLP genes used in (A). Fig. S4 SELEX identi-
fication of the consensus sequence bound by LjRRB12.(A) Consensus 
sequence identified after eight rounds of selection using SELEX (System-
atic Evolution of Ligands by EXponential enrichment). The SELEX motif 
5′-(A/T)GAT(A/T)(C/T)-3′ identified from L. japonicus is quite similar to the 
Arabidopsis 6-bp RRB binding motif, which also contains the core motif 
"AGAT". The Medicago RRB binding motif also includes the core sequence 
"AGA" but is more variable at the remaining sites. (B) Sequence alignment 
was performed in MEME and the consensus sequence was generated. (C) 
WT sD1, Mut sD1, WT sD3 and Mut sD3 sequences used for the EMSA in 
(Fig. 5E-F). The LjRRB12 putative binding sites are highlighted blue in WT 
sD1 and WT sD3, and mutated sequences are highlighted red in Mut sD1 
and Mut sD3. Fig. S5 Analysis of CE-NIN5K promoter activity at different 
stages of nodule development. Promoter activity was assayed by staining 
for GUS activity in transgenic hairy roots harboring CE-NIN5K::GUS at dif-
ferent stages of nodule development, including in nodule primordia at 3 
and 5 dpi (A,B), young nodules at 7 and 14 dpi (C,D), and mature nodules 
at 21 dpi (E). In (A), black and white arrows respectively indicate the root 
cortical and epidermal cells expressing GUS. Images are representative of 
at least ten independent transgenic plants. Scale bars, 100 μm (A, C), and 
200 μm (B, D, E). CE-NIN5K, a promoter fusion including a ~5-kb promoter 
region upstream of the translation start site and the ~550 bp CE (cytokinin 
response element) region of LjNIN gene. VB, vascular bundle; NC, nodule 
cortex; NP, nodule primordium. Fig. S6 Representative gene expression 
changes in LjRRB12D76E-triggered spontaneous nodules. Expression of the 
symbiotic signaling gene LjERN1 (A), autoregulation of nodulation gene 
LjCLE-RS3 (B), cytokinin signaling related genes LjLHK1, LjRRA5, and LjIPT3 
(C-E), and cell cycle switch related genes, LjCCS52A1 and LjCCS52A1-like2 
(F,G) in the LjUBQ1::LjRRB12D76E-derived spontaneous nodules relative to 
the roots of control vector (CV) expressing LjUBQ1::StrepII. Values indicate 
means ± SD calculated from two or three biological replicates. A non-
parametric test was used for statistical comparisons. ns, not significant; *, P 
< 0.05; **,P < 0.01.

Additional file 2: Table S1. List of genes found in the genome of L. 
japonicus. 

Additional file 3: Table S2. Primers used in this study.

Additional file 4: Original images for Fig. 3B and Fig. 5E-F.
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