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Chapter

Receptor Kinases and Signal 
Pathway in the Arbuscular 
Mycorrhizal Symbiosis
Jiashan Wu, Weiyun Wang, Hui Zhu and Yangrong Cao

Abstract

Most terrestrial plants establish symbiotic interactions with arbuscular mycorrhizal 
fungi (AMF) to acquire phosphorus and nitrogen nutrients. The current understanding 
regarding how plants recognize symbiotic signals has now been updated. Plant  
Lysin-Motif receptor kinases, that is, rice OsCERK1 and OsMYR1 or orthologs from 
other plants, perceive Myc factor, a lipochitooligosaccharide from AMF, to initiate 
symbiotic signaling pathway. The Myc factor receptor model is quite similar to the 
known Nod factor receptors required for rhizobial symbiosis and chitin receptors for 
chitin-triggered immunity. Thus, the open question is how plants use similar receptor 
complexes to recognize structurally similar molecules to induce different signaling 
pathways. Upon recognition of Myc/Nod factors signaling, LysM receptors could 
activate the symbiosis receptor kinase (SymRK), which is an essential component of 
common symbiotic signaling pathway (CSSP) for both mycorrhizal symbiosis and 
rhizobial symbiosis. Downstream of SymRK, a clear module in the CSSP by CCaMK-
CYCLOPS-DELLA was identified to promote both mycorrhizal symbiosis by activating 
the expression of RAM1, and rhizobial symbiosis by forming a complex with NSP1/
NSP2 to regulate the expression of NIN. In this chapter, we discussed the roles of recep-
tor kinases and CSSP in mycorrhizal symbiosis, as well as in rhizobial symbiosis.

Keywords: symbiosis, LysM-receptor kinases, root nodule symbiosis, SymRK, 
transcription factor, common symbiosis signal pathway

1. Introduction

Arbuscular mycorrhizal symbiosis (AMS) is a mutualistic interaction formed 
between more than 80% of terrestrial plants and members of the Glomeromycotina 
fungi, referred to as the arbuscular mycorrhizal fungi (AMF) [1]. It was proposed that 
AMS evolved approximately 400−450 million years ago, while root nodule symbiosis 
(RNS) originated about 60 million years ago [2, 3]. Thus, it was consistent with the 
generally accepted theory that RNS might be a result of a gradual attenuation of AMS, 
and both of them might evolve from the ancient plant-pathogens interaction [4, 5]. In 
the AMS, AMF could help plants to absorb more phosphorus and nitrogen nutrients 
from environment, and in return, plants provide carbohydrates mainly in the form 
of lipids for AMF [6–9]. As one of the pivotal nutrients for host plants’ growth, 
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phosphate is known negatively correlate with AMS [10–12]. Meanwhile, AMF could 
help host plants adapt to stressful environmental conditions [13, 14]. The develop-
ment of AMS is a highly dynamic process, including presymbiotic communication 
between both symbionts, colonization of AMF in the plant root cortex and highly 
branched structures called arbuscules formation [15, 16], vesicle and spore matura-
tion. Before making physical contact, phytohormones strigolactones (SLs) secreted 
by the roots of plants into the rhizosphere under Pi-deficient conditions [17], promote 
the branching of mycorrhizal hyphae. Simultaneously, the secreted cutin monomer 
promotes the colonization of AMF in the host roots. But the molecular basis of SL 
perception by AMF spores has not yet been elucidated.

Similar to the process of rhizobial symbiosis, branched hyphae of AMF secrete 
mycorrhizal (Myc) factors, a mixture of short-chain chitooligosaccharides (CO4/
CO5) and lipochitooligosaccharides (LCOs), both of which are similar structures with 
rhizobial Nod factors [18, 19], to activate the common symbiosis signaling pathway 
(CSSP), required for both AMS and RNS [2, 20]. Over the past two decades, advances 
have been made in the areas of symbiotic signals perception, including the identifica-
tion of LysM receptor-like kinases in non-legumes, especially in rice, and symbiotic 
signaling transduction in plants. Downstream of LysM receptors, several key com-
mon components were identified as shared components for both AMS and RNS, 
that is, Symbiosis receptor kinase (SymRK), also called Nodulation Receptor Kinase 
(NORK) or Does not Make Infection 2 (DMI2) in other plant species [21, 22], calcium 
and calmodulin-dependent kinase (CCaMK) [23], CYCLOPS [24]. GRAS transcrip-
tion factor (TF) family proteins such as DELLAs [25], Nodulation Signaling Pathway 
1 (NSP1), NSP2 [26], Reduced Arbuscular Mycorrhiza 1 (RAM1) [27, 28] are also 
involved in AMS and/or RNS. In addition, some downstream components, such as TFs 
like Nodulation Inception (NIN) [29, 30], Phosphate Starvation Responses (PHRs) 
[31], SYG1/Pho81/XPR1 (SPX) [32], etc., participate in AMS and/or RNS. Overall, the 
current study has provided a rough linear pathway of AMS/RNS in plants.

2. Roles of LysM-RLKs in perceiving symbiotic signals in AMS and RNS

In nature, only a few species of microbes can establish compatible interactions 
with host plants to cause either pathogenic or mutualistic symbiosis. More and more 
data suggest that plant innate immunity plays a key role in distinguishing invading 
microbes to establish different interactions. Hence, how plants recognize and dis-
tinguish signals from different microbes could be precisely regulated. The existing 
data indicate that LysM-RLKs play such roles in distinguishing different microbes 
and initiating different physiological responses in plants. N-Acetylglucosamine 
(GlcNAc)-containing molecules are conserved components of cell walls for different 
microbes. For example, chitin, the major component of fungal cell wall, and bacterial 
peptidoglycan (PGN), function as microbe-associated molecular patterns (MAMPs) 
perceived by LysM-containing proteins to trigger plant immunity against invading 
pathogens.

Whereas lipo-chitooligosaccharides (LCOs), for example, rhizobial NFs and 
mycorrhizal Myc factors are key signals recognized by two LysM-RLKs to induce sym-
biotic signaling transduction in plants [33]. Rhizobial NF, a short-chain of chitin with 
different modifications at the terminal residues, plays an important role in specific 
recognition between rhizobial and legumes [34]. In AMS, Myc factors that contain 
Myc-LCOs, and Myc-COs can activate the CSSP with resultant calcium oscillations 
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in root epidermal cells [35–37]. Myc factors were proposed to be mixtures of CO4/5 
and LCO, while the function of CO4 appears to be the predominant molecule acti-
vating symbiotic responses in rice. Thus, symbiotic signaling pathways induced by 
Myc-LCOs and COs seem to be a little bit different since AMF produces a mixture of 
molecules during the symbiotic interaction with hosts [18, 37, 38]. In this process, 
a class of LysM receptor kinases (LYKs) participate in the discrimination of these 
GlcNAc molecules and determine the outcomes of the downstream signaling pathway 
to immunity or symbiosis [39–41].

In the establishment of symbiosis between rhizobial and legume host plants, 
LjNFR1 (Nod Factor Receptor 1) and LjNFR5 in Lotus japonicus, also named 
MtLYK3 (LysM containing receptor Kinase 3) and MtNFP (Nod Factor Perception) 
in Medicago truncatula are two essential LYKs regulating NFs specific perception 
[42–44]. In non-legume species, for example, rice OsCERK1 (Chitin-elicitor receptor 
kinase 1), a LysM-RLK, is a necessary receptor involved in COs-induced immunity 
and mycorrhizal symbiotic responses. CERK1 was originally identified as an essential 
receptor for chitin elicitor signaling in Arabidopsis thaliana, and the KO mutant for 
AtCERK1 completely lost the ability to respond to chitin [45]. Subsequent studies 
have demonstrated that OsCERK1 and a LysM protein OsCEBiP (Chitin Elicitor 
binding protein) could cooperatively regulate chitin elicitor signaling in rice [39, 46]. 
But, interestingly, OsCERK1 plays a dual role in mediating both AMS and immunity 
[47, 48]. The AMS in the rice Oscerk1 mutant plants was severely diminished but was 
normal in the Oscebip mutant, the function of OsCERK1 in mediating symbiosis 
or immune responses seems to be dependent on specific interaction with different 
receptors in response to either symbiotic signals or pathogenic signals [19]. Recent 
breakthroughs have revealed OsCERK1DY from Dongxiang wild rice with two amino 
acids substitutions in the second LysM domain exhibited stronger colonization with 
AMF than the rice cultivar Zhongzao 35 (ZZ35), as well as promoting phosphorus 
acquisition [49].

CO4/CO5 are necessary signals for symbiotic interactions between AMF and host 
plants, however, rice OsCERK1 does not seem to bind to CO4 directly [39, 50]. It was 
implied that another component was needed to perceive these signals, just like the 
sandwich models of OsCERK1/OsCEBiP in mediating chitin-triggered immunity and 
LjNFR1/LjNFR5 complex for rhizobial symbiosis in L. japonicus [44, 46]. OsMYR1/
OsLYK2/OsNFR5/OsRLK2, grouped in the same clade as LjNFR5/MtNFP/SILYK10, 
is the co-receptor of OsCERK1 required for AMS. OsMYR1 directly binds to CO4 
but not Nod factors or lipopolysaccharides (LPS) [20]. Significant reduction of AMF 
colonization, as well as transcription levels of AM-specific marker genes and calcium 
spiking, were observed in the Osmyr1-1/Oslyk2-1 mutant compared to wide type (WT) 
inoculated with Rhizophagus irregularis spores [20]. However, the AM colonization 
in a high dosage did not show too many differences between Osmyr1-1/Osnfr5 and 
WT plants, but a significant decrease in transcript levels of AM-responsive gene 
was detected in the Osmyr1-1/Osnfr5 mutant plants [51]. Whether OsMYR1/OsNFR5 
responds differentially to different dosages of R. irregularis is unclear. But all these 
data indicated that OsMYR1 seems to be a binding receptor for sensing CO4, and 
the subsequent dimerization and phosphorylation between OsMYR1 and OsCERK1 
activate symbiotic signaling pathway [20].

It was identified that only the long chain of COs with polymer of degree between 6 
and 8 (CO6, CO7, and CO8) but not CO4 or CO5 could trigger a plant immunity  
[52, 53]. A recent study has shown that CO8 has a similar function as CO4 to induce 
symbiotic nuclear calcium oscillations and activates some of the symbiosis-related 
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genes expression [18], raising a question that nuclear calcium oscillation might not 
be a specific signal representing symbiosis. In Medicago truncatula, MtCERK1 and 
MtLYR4 can bind both CO4 and CO8, in which MtCERK1 is required in both COs 
induced immune and symbiotic signaling pathways [18]. Interestingly, the plant 
defense triggered by CO8 could be suppressed by additional LCOs in both legumes 
and non-legumes, and CO4 could reduce CO8-triggered ROS generation via OsMYR1 
in rice or AtLYK3 in Arabidopsis [18, 19, 54], suggesting that non-legumes could 
still respond to LCOs. Hence, a Single Pole Double Throw (SPDT) switch model in 
symbiosis and defense signaling pathways was proposed [19]. In this model, OsMYR1 
can recognize CO4 from symbiotic fungi and then associates with OsCERK1, which 
suppresses the formation of chitin-induced OsCEBiP/OsCERK1 complex and trans-
phosphorylation of immune-associated substrates, then activate mycorrhizal colo-
nization. When OsCEBiP senses CO8, it competes with OsMYR1 to bind OsCERK1, 
which induces immunity and negatively regulates AMS [19].

Figure 1. 
Phylogenetic tree of LysM-containing receptor-like kinases. Molecular phylogeny of OsCERK1 and OsMYR1 
with homologs from Oryza sativa (Os), Medicago truncatula (Mt), Glycine max (Gm), Lotus Japonicus (Lj), 
Arabidopsis thaliana (At), Zea mays (Zm), Solanum lycopersicum (SI) was constructed using a maximum-
likelihood algorithm in MEGA-X with 1000 bootstraps value.
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Rice is a very-well studied model species used for AMS study. The dual function of 
OsCERK1 homologs in both symbiosis and immunity was also studied in other plant 
species. Similar to rice OsCERK1 in symbiosis and immunity, OsCERK1 homologs in 
leguminous plants also play a dual role in both symbiosis and immunity (Figure 1). For 
example, MtLYK9 in M. truncatula and PsLYK9, a close ortholog of CERK1 in Pisum 
sativum regulate both plant immunity and AMS [55, 56]. Likewise, in Parasponia ander-
sonii, the only known non-legume plant with an ability of RNS, PanLYK1, and PanLYK3 
were essential for intracellular arbuscule formation, while PanLYK3 also acted as a chitin 
receptor for innate immunity signaling [57]. Nonetheless, LYKs in some species, such 
as the CERK1 homologs in tomato (SlLYK1, SlLYK11, SlLYK12, and SlLYK13) are also 
functional in AMS and chitin-triggered defense. It has been found that knockdown of 
SILYK12 would significantly reduce AMF colonization, but the chitin-induced defense 
response was unaffected, whereas SILYK1 and SILYK13 only participate in immune 
signaling but not AMS [58]. Hence, plant CERK1 is such a receptor that works as a shared 
kinase mediating both chitin-triggered immunity and AMF symbiotic signals. The LYKs 
receptor model might at least support the hypothesis that symbiotic interaction might be 
a result of a graduate attenuation from plant-pathogens interaction until a condition that 
both symbionts and plants could benefit.

3. Common signaling pathway in mycorrhizal and rhizobial symbiosis

In legumes, the establishment and development of AMS and RNS require a set of 
common symbiosis genes [59, 60], including a conserved SymRK protein from differ-
ent species and several essential TFs. When LCOs and COs from bacteria and/or fungi 
are recognized, SymRK is activated to associate with a set of essential proteins like 
HMGR1 to regulate both AMS and RNS or interact with SymRK-interacting protein 2 
(SIP2) which is specifically involved in RNS. Currently, some interacting proteins of 
SymRK have been confirmed to participate in RNS, but whether they also take part in 
AMS remains unknown. As critical components of CSSP, SymRK and other receptor 
complexes could promote the signaling pathway downstream by triggering nuclear 
calcium spiking and activating CCaMK. CCaMK could interact with and phosphory-
late the downstream transcription factor CYCLOPS [24, 61]. Meanwhile, DELLAs 
bind the CCaMK-CYCLOPS complex to promote the expression of RAM1 and regulate 
AMF colonization [59]. On the other hand, DELLAs associate CCaMK-CYCLOPS with 
NSP1-NSP2 to enhance the expression of NIN which regulates RNS positively [62, 63]. 
Recently, several other important transcription factors, for example, PHRs and SPXs 
have been identified to involve in AMS under different conditions of Pi [31, 32, 64].

3.1 SymRK and its interacting proteins involved in AMS and RNS

As a typical LRR-RLK, SymRK was identified as an important membrane- 
localized receptor kinase required for activating a series of physiological responses 
in the symbiosis between AMF, rhizobial, Frankia bacteria, and their corresponding 
host plants [65, 66]. Studies have found only SymRK but not Nod factor receptors 
(NFRs) overexpression triggers the expression of AM-related genes, and the symrk 
mutant fails to form arbuscule, indicating that SymRK plays a crucial role in the 
exchange of signals and in the decision between the development of AMS or RNS 
[67]. According to polymorphisms and amino acid length of SymRK in both legumes 
and non-legumes, SymRK exists in at least three different structural versions. Rice 
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and tomato, two plant species widely used for AMS study, have a shorter form of 
SymRK that is sufficient for AMS but cannot fully complement symrk mutant in 
legumes for rhizobial endosymbiosis [68]. Based on the sequence comparison, the 
extracellular domain of SymRK homologs might play important roles in determining 

Figure 2. 
Multiple sequence alignment of extracellular domain of SymRK from legumes and non-legumes. The orange box 
represents the signal peptide, the blue box represents malectin-like domain, the green box represents the conserved 
Gly-Asp-Pro-Cys (GDPC) sequence, and the purple box represents leucine-rich repeat (LRR) domain.
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their specific functions (Figure 2). In legumes, such as L. japonicus, M. truncatula, 
and Glycine max, great conservation with about 75% identities is found in the extra-
cellular domain of SymRK homologs. Such conservation might pinpoint its specific 
role in RNS. However, the sequence identities of SymRK homologs between legumes 
and non-legumes are reduced to about 40−50%. Althoug, SymRK is a central player 
in CSSP required for both RNS and AMS, the sequence differences at its extracellular 
region might give direct evidence that responds to either mycorrhizal signals or rhi-
zobial signals. However, what determines the functional difference between legumes 
and non-legumes is of great interest to be studied in future, and the functional differ-
ence might be related to the evolution of AMS and RNS.

Although the symrk knock-out mutant completely loses the ability to allow 
rhizobial infection, the root hairs of symrk mutant plants were observed to be exag-
gerated after rhizobial attachments [21, 69], indicating that SymRK plays an essential 
role in determining rhizobial infection but not rhizobial attachment. Due to the 
key role of SymRK in both AMS and RNS, several SymRK-interacting proteins and 
protein modifications of SymRK have been studied to elucidate the precise function 
of SymRK in RNS and/or AMS (summarized in Table 1). HMGR1 (3-Hydroxy-3-
Methylglutaryl Coenzyme A Reductase1) was identified as an interacting protein of 
MtDMI2 (SymRK homolog in M. truncatula), suggesting that mevalonate biosynthe-
sis was involved in mediating the function of SymRK to initiate calcium spiking and 
symbiotic gene expression in response to both rhizobia and AMF [70]. Transcriptome 
expression analysis characterized that SYMREM1 (Symbiotic Remorin 1) from M. 
truncatula could interact with MtDMI2 and may act as a scaffold protein for assembly 
of receptor complexes involved in rhizobial infection [71, 81]. In addition to interact-
ing with DMI2/SymRK, SYMREM1 was also identified to interact with other receptor 
kinases in legumes, such as MtNFP/LjNFR5 and MtLYK3/LjNFR1 [81]. Thus, the 
function of SYMREM1 might provide corresponding structural support for the 
molecular network of NFR1/5-SymRK receptor complexes.

SymRK-interacting protein 1 (SIP1) is a major AT-rich sequence binding (ARID) 
transcription factor [72]. Two major splicing forms, SIP1 and SIP1L (a longer vari-
ant of the SIP1 transcripts) in L. japonicus were characterized. Interestingly, SIP1 
was found to interact with SymRK, while SIP1L could not. Both SIP1L and SIP1 
could specifically bind to the promoter of NIN to positively regulate symbiosis. 
Knockdown of SIP1using RNAi technology in transgenic hairy roots resulted in 
impairment in the nodule and arbuscular development, suggesting an important 
role of SIP1 in the CSSP [72, 73]. As a typical mitogen-activated protein kinase 
(MAPKK), SymRK-interacting protein 2 (SIP2) could specifically interact with 
SymRK homologs from different legumes [74]. Although SymRK and SIP2 have 
a strong interaction, the inter-phosphorylation between them was not detected 
[74, 82]. Additional studies identified that LjMPK6 is a phosphorylation target of 
SIP2 [83], and SymRK could inhibit the phosphorylation activity of SIP2, therefore 
SymRK might negatively regulate the SIP2-MPK6 signaling cascade. Like SIP1, SIP2 
also functions as a positive regulator in RNS conformed by RNA interference meth-
ods. However, SIP2 is not required for AMF colonization, suggesting that SymRK-
SIP2 interaction might be specific for rhizobium infection [74]. Interestingly, SymRK 
was also identified to directly associate with and suppress the kinase activity of 
LjBAK1, a homolog protein of Arabidopsis AtBAK1 that functions as a coreceptor for 
multiple MAMP receptors. The function of SymRK in suppressing LjBAK1-mediated 
immunity is required for rhizobial infection, but whether this suppression favors 
AMF infection is to be determined [80].
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SymRK-Interacting E3 ligase (SIE3) is a protein containing CTLH/CRA/RING 
domains, which mediates the ubiquitination of SymRK, but does not mediate the 
protein degradation of SymRK in an in vitro ubiquitination assay [76]. It is possible 
that ubiquitinated SymRK may allow sustained signal transduction to downstream 
host responses. In addition, SIE3 plays a positive role in the SymRK-mediated signal-
ing pathway in RNS. Further study showed that SIE3 can interact with SIP1 and 
form a homodimer via Cys266 residue [77, 78]. SEVEN IN ABSENTIA4 (SINA4) was 
identified as another E3 ligase that could interact with SymRK, and coexpression of 

Interaction protein Summary AMS RNS

HMGR1 As an interacting protein of MtDMI2, HMGR1 is involved 

in the synthesis of isoprenoid compounds and mevalonate 

(MVA) pathway, and positively regulates AMS and RNS [70].

SYMREM1 Symbiotic Remorin 1 (SYMREM1) has been shown to 

interact with SymRK and may act as a scaffold protein 

for assembly of signaling complexes involved in rhizobial 

infection [71].

SIP1 SIP1 is a major AT-rich sequence binding (ARID) 

transcription factor, and two major splicing forms: SIP1 

and SIP1L both can specifically bind to the promoter of 

NIN, but only SIP1 can interact with SymRK [72, 73].

SIP2 SIP2 is a typical mitogen protein kinase (MPKK), which 

can specifically interact with legume NORK/SymRK, and 

SymRK can inhibit its kinase activity. It has been shown 

that SIP2 was positively regulating RNS but was not 

involved in AMS [74].

SINA4 SINA4 is induced by Nod factors and could promote the 

ubiquitination degradation of SymRK, which negatively 

regulate nodulation [75].

SIE3 As a newly discovered E3 ubiquitin ligase, SIE3 could 

interact with SymRK and enhance the degree of 

ubiquitination of SymRK in vivo. The homodimerization 

of SIE3 is essential for ubiquitin-related degradation of 

SIP1 [76–78].

PUB1 PUB1 is an E3 ubiquitin ligase and another interacting 

protein of DMI2, which could be phosphorylated by DMI2 

and LYK3. Although PUB1 plays a negative role in RNS and 

AMS, DMI2 is not the ubiquitinated substrate of PUB1, 

only LYK3 could be degraded [79].

PUB2 MtPUB2 could be activated by MtDMI2 via 

phosphorylation and activated MtPUB2 directly targets 

MtDMI2 through ubiquitination-mediated degradation. In 

addition, MtDMI2-MtPUB2 negative feedback loop plays a 

role in symbiosis homeostasis [79].

BAK1 SymRK could directly interact with and suppress the 

kinase activity of LjBAK1 in L. japonicus, which is a well-

characterized positive regulator of plant innate immunity, 

then suppress the plant immunity during rhizobial 

infection [80].

Table 1. 
Summary of interacting proteins of SymRK. The green dot represents the confirmed function of SymRK in AMS 
or RNS, while the orange dot represents the function of SymRK in AMS/RNS that was not confirmed or studied.
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SymRK and SINA4 caused SymRK relocalization [75]. On the contrary, SINA4 is able 
to mediate the degradation of SymRK and plays a negative role in RNS by inhibiting 
the development of infection threads [75]. It seems like SINA4 might be a key pro-
tein working in a negative feedback loop by suppressing excessive symbiotic signal 
responses. However, whether SIE3 and SINA4 also regulate AMS needs to be further 
explored.

At present, two E3 ubiquitin ligases of Plant U-Box (PUB) family, PUB1 and 
PUB2, have also been proved that could interact with DMI2 in M. truncatula [79, 84]. 
PUB1 could interact with two significant symbiotic receptors (LYK3 and DMI2) 
and modulate the establishment of both AMS and RNS [38]. In addition, PUB1 has 
been shown to be directly phosphorylated by LYK3 and acts as a negative regulator 
to inhibit rhizobial infection and nodulation [85]. Although the E3 ligase activity of 
PUB1 is necessary for negative regulation in RNS and AMS, DMI2 is not a ubiquitina-
tion substrate of PUB1 [79], only LYK3 could be degraded by PUB1. It is possible that 
the involvement of PUB1 in the early symbiosis signal pathway might be a strategy 
used by plants to actively suppress the excessive infection by rhizobia and AMF. The 
other PUB-type E3 ubiquitin ligase, MtPUB2, was identified to be a direct regula-
tor of DMI2 in M. truncatula and could enhance the ligase activity of MtPUB2 via 
phosphorylation at Ser421, then the activated MtPUB2 directly ubiquitinates MtDMI2 
for degradation in vitro. These studies demonstrated that MtDMI2-MtPUB2 forms 
a negative feedback loop that displays an important role in nodulation homeostasis 
[79]. As a key receptor kinase involved in both RNS and AMS, the direct phosphoryla-
tion target and protein modification of SymRK need to be further elucidated.

3.2 Transcription factor complexes regulate arbuscule branching

Nuclear calcium oscillations are essential components of signals leading to AMS 
and RNS in host plant root cells. A couple of proteins and GRAS domain TFs coop-
eratively mediate calcium signals and induce symbiotic process. CCaMK (as known 
as DMI3 in M. truncatula), the initiation of calcium spiking perception in nucleus, is 
required in both AMS and RNS [86]. A gain-of-function of CCaMK leads to exagger-
ated symbiosis response by forming spontaneous nodules in the absence of rhizobial 
in L. japonicus. Interestingly, the gain-of-function of CCaMK could induce rhizobial 
and AMF infection, as well as calcium spiking even in the mutant plants, that is, 
symrk, castor or pollux, suggesting that calcium oscillations mediated by CCaMK are 
a downstream response of symbiosis pathway [61, 87, 88]. The activation of CCaMK 
by calcium always needs two steps, direct calcium binding to three EF-hand motifs, 
and calmodulin (CaM) binding to the kinase domain [89]. Thus, different levels of 
CCaMK activity are needed in AMS and RNS. As it has been confirmed that Thr265 
residue is an essential autophosphorylation site for CCaMK activation [90]. CCaMK 
autophosphorylated at Thr265 and disrupts the hydrogen bonds network with resi-
dues of side chains, leading to nodule organogenesis and AMF infection after two 
EF-hand motifs bind to calcium. CaM binds the kinase domain and stimulates the 
activity of CCaMK, which is only required for rhizobial infection but not for AMF 
colonization. Consistent with that CCaMK with kinase domain only could restore 
the symbiotic entry of AMF in ccamk mutant in L. japonicus [88, 91]. In addition, rice 
OsDMI3 is able to functionally complement the AMS in M. truncatula, but partially 
restore the nodulation phenotype in legumes [92].

Downstream and phosphorylated by CCaMK [24], CYCLOPS/IPD3 is required 
for rhizobial infection, nodule development [93, 94], AMF infection, and arbuscule 
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formation [24, 95]. Acting as a member in CSSP, OsCYCLOPS could complement the 
AMS and RNS phenotype of cyclops-3 mutant in L. japonicus, indicating functional 
conservation of CYCLOPS in legumes and non-legumes [24]. Recently, IPD3 and 
IPD3-LIKE are identified functional redundancy in AMS in M. truncatula, the double 
mutant of IPD3 and IPD3L can form arbuscular but hyphal entry into epidermis cells 
is impaired [96, 97]. What’s more, the development of AMS is remarkably reduced in 
ipd3/ipd3l under a high concentration of Pi treatment [97]. Recent research has dem-
onstrated that other important regulators in Pi uptake, SPXs, and PHRs also take part 
in regulating AMF colonization under different degrees of phosphate [31, 32, 64]. 
The formation of arbuscule is reduced in the absence of PHRs. In low Pi conditions, 
PHRs could bind to P1BS cis-element in promotor of AM-associated genes and induce 
AM-mediated Pi uptake of host plants; however, SPXs could bind to PHRs, leading 
to the suppression of transcription of genes downstream in Pi-sufficient conditions. 
Besides, PHRs could not only regulate genes including RAM1, PT11, and WRI5A, 
which are required for arbuscule formation or nutrient exchange [31], but they also 
target genes like CERK1, SymRK, NSP2, etc., that are essential for signal perception of 
AMF entry in the early stage of symbiosis [64].

The CSSP plays a conserved role in regulating AMS and RNS, and plants discrimi-
nate between such processes by CCaMK-CYCLOPS complex promoting different 
GRAS domain TFs through DELLA proteins. Exogenous GA treatment could inhibit 
infection threads formation and nodule development, as well as hyphal entry and 
arbuscule formation in L. japonicus [98]. As integrators of GA signaling, DELLAs 
positively regulate rhizobial infection and arbuscule formation, acting as a bridge to 
complex CCaMK/DMI3-CYCLOPS/IPD3 with NSP1-NSP2 or RAM1 [25, 98]. In RNS, 
DELLAs work downstream of DMI3-IPD3, enhancing the intensity of phosphoryla-
tion of IPD3 by DMI3, then interact with NSP2 to promote the DMI3-IPD3-NSP1-
NSP2 complex formation and induce the expression of symbiotic associated genes like 
NIN [99]. While in AMS, DELLAs interact with CCaMK-CYCLOPS complex, activat-
ing RAM1 via DIP1 (DELLA Interacting Protein 1) in rice, and RAD1 (Required for 
Arbuscule Development) in M. truncatula and L. japonicus [28, 59, 100, 101]. NSP1 
specifically functions in Nod factor signaling, and NSP2 may have a minor role in 
AMS [35]. By contrast, RAM1 is only required in AMS to support arbuscule branching 
and has no role in Nod factor signaling [27]. Interestingly, the experiment in Nicotiana 
benthamiana showed that RAM1 may compete NSP2 with NSP1, indicating that 
RAM1 and NSP1 may be the first step downstream of CSSP to distinct Myc factors 
and NFs signaling [102]. Meanwhile, other GRAS-type transcription factors, maybe 
RAD1, are involved in Myc factors signaling, for NSP2 only has a weak function in 
AMS [27, 101, 102].

4. Conclusions and future perspectives

Plants establish mutualistic symbiosis with AMF and rhizobial for nutrient uptake. 
In AMS, mineral nutrients, especially Pi, are supplied by AMF via AM fungal hyphae, 
and host plants mainly concurrently transfer fatty acids to fungi as carbon resources. 
Although AMS facilitates the uptake of Pi, the concentration of Pi, in turn, impairs 
the colonization of AMF. Thus, the status of Pi is essential in AMS establishment, and 
some TFs involved in CSSP like PHRs play important roles in the regulation of this 
process. As a central regulator of Pi homeostasis, PHR2 is required for the activa-
tion of AMS-associated genes under Pi-deficient conditions. While in RNS, legumes 
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interact with rhizobial to fix N, and N homeostasis is closely related to NIN, a mem-
ber of NIN-like protein (NLP) family.

The opening question is how plants discriminate chitin, NFs and Myc factors 
signals that are structurally similar and then promote different signaling pathways. 
Receptor kinases play critical roles in primary signal recognition in immunity and 
AMS and/or RNS. A part of LYKs like OsCERK1 play a dual role in both immunity and 
symbiosis, while some others show subfunctional in regulating these two signaling 
pathways. What’s more, duplication of LysM genes has happened, compared with 10 
LysM genes in rice, M. truncatula has 21 and L. japonicus has 26 genes that are pre-
dicted to encode LYKs. Therefore, the versatile combination of LYKs receptors plays 
an essential role in sensing structurally similar polysaccharides to initiate symbiosis or 
immunity thereby discriminating symbionts or pathogens.

SymRK functions as a vital component of the genetic basis for both plant-fungal 
and plant-bacterial endosymbiosis. It perceives signals dependent on extracellular 
malectin domain and LRR domain, whose sequences vary wildly between non-
legumes and legumes, but are much more conserved in legumes. It is suggested that 
the diversity among them may be one of the reasons for different responses to Myc 
factors or NFs. SymRK activates signaling pathways downstream mediating the 

Figure 3. 
The chitin-triggered immunity and common symbiotic signaling pathway. AtCERK1 and AtLYK5 form a 
receptor complex perceiving CO8 to induce innate immunity in A. thaliana. In AMS, the complex of OsCERK1/
OsMYR1 receives Myc factors in rice. And LjNFR1/LjNFR5 receptor complex in L. japonicus perceive Nod factors 
(structurally similar to Myc factors) in RNS. Upon recognition of symbiotic signals of AMS/RNS, SymRK, as the 
coreceptor of LysM receptors, then interacts with some key proteins such as SIP1 and SIE3. Phosphorylated SIP1 
could specifically bind to the promoter of NIN gene to positively regulate symbiosis. Another SymRK interacting 
protein, HMGR1 is a common signaling component in both AMS/RNS, which participates in MVA pathway 
and triggers calcium spiking in nucleus. CCaMK-CYCLOPS-DELLA complex interacts with RAM1 or NSP1/
NSP2, inducing the expression of RAM1 or NIN to regulate AMS and RNS. The activation of symbiosis signaling 
inhibits innate immunity signaling at certain levels.
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post-translational modification of the interacting proteins; however, whether these 
interacting proteins function in RNS also participate in AMS remains to be further 
investigated.

It is probable that a single pathway mediating both AMS and RNS after the recog-
nition of signal molecules, for some homolog proteins such as CCaMK and CYCLOPS 
play the same role in both AMS and RNS. There may also be some parallel signaling 
pathways to regulate the TFs in nucleus. The complex of CCaMK-CYCLOPS directly 
regulates at least 3 genes in different pathways: NIN(RNS), RAM1(AMS), CBP1(RNS 
and AMS) [103]. In addition, NIN and RAM1 may be the first divergence for AMS or 
RNS in CSSP, and we wonder whether there are other TFs involved or not.

In summary, receptor kinases are essential in the specifical recognition of signals, 
and OsCERK1/OsMYR1 were confirmed to be the receptor complex perceiving Myc 
factors in recent research, but the pivotal receptors for Myc factors in other species 
remain to be studied. As SymRK could receive symbiotic signals from NFRs, it is 
of great interest whether SymRK could receive Myc-factor signals to participate in 
symbiotic signal transduction between AMF and plants. Activated by the calcium 
spiking, CCaMK-CYCLOPS-DELLA complex could regulate TFs which promote the 
expression of AMS-related or RNS-related genes (Figure 3). Therefore, further study 
on the difference in signal recognition and signaling pathways between AMS and RNS 

may help us to apply RNS in non-legumes.

Acknowledgements

This work was supported by the National Natural Science Foundation of China 
(32090063) and the Natural Science Foundation of Hubei Province (2020CFA008).

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Receptor Kinases and Signal Pathway in the Arbuscular Mycorrhizal Symbiosis
DOI: http://dx.doi.org/10.5772/intechopen.107261

13

References

[1] Spatafora JW, Chang Y, Benny GL, 
Lazarus K, Smith ME, Berbee ML, et al. 
Mint: A phylum-level phylogenetic 
classification of zygomycete fungi 
based on genome-scale data. 
Mycologia. 2016;108(5):1028-1046. 
DOI: 10.3852/16-042

[2] Choi J, Summers W, Paszkowski U.  
Mint: Mechanisms underlying 
establishment of arbuscular 
mycorrhizal symbioses. Annual 
Review of Phytopathology. 
2018;56:135-160. DOI: 10.1146/
annurev-phyto-080516-035521

[3] Young ND, Debelle F, Oldroyd GE, 
Geurts R, Cannon SB, Udvardi MK, et al. 
Mint: The Medicago genome provides 
insight into the evolution of rhizobial 
symbioses. Nature. 2011;480(7378):520-
524. DOI: 10.1038/nature10625

[4] Parniske M. Mint: Arbuscular 
mycorrhiza: The mother of plant root 
endosymbioses. Nature Reviews. 
Microbiology. 2008;6(10):763-775. 
DOI: 10.1038/nrmicro1987

[5] Markmann K, Parniske M. Mint: 
Evolution of root endosymbiosis with 
bacteria: How novel are nodules? Trends 
in Plant Science. 2009;14(2):77-86. 
DOI: 10.1016/j.tplants.2008.11.009

[6] Hodge A, Campbell CD, Fitter AH. 
Mint: An arbuscular mycorrhizal fungus 
accelerates decomposition and acquires 
nitrogen directly from organic material. 
Nature. 2001;413(6853):297-299. 
DOI: 10.1038/35095041

[7] Smith SE, Smith FA. Mint: Roles 
of arbuscular mycorrhizas in plant 
nutrition and growth: New paradigms 
from cellular to ecosystem scales. 
Annual Review of Plant Biology. 

2011;62:227-250. DOI: 10.1146/
annurev-arplant-042110-103846

[8] Rich MK, Nouri E, Courty PE, 
Reinhardt D. Mint: Diet of arbuscular 
mycorrhizal fungi: Bread and butter? 
Trends in Plant Science. 2017;22(8):652-
660. DOI: 10.1016/j.tplants.2017.05.008

[9] Bravo A, Brands M, Wewer V, 
Dormann P, Harrison MJ. Mint: 
Arbuscular mycorrhiza-specific 
enzymes FatM and RAM2 fine-tune lipid 
biosynthesis to promote development 
of arbuscular mycorrhiza. The New 
Phytologist. 2017;214(4):1631-1645. 
DOI: 10.1111/nph.14533

[10] Nouri E, Surve R, Bapaume L, 
Stumpe M, Chen M, Zhang Y, et al. 
Mint: Phosphate suppression of 
arbuscular mycorrhizal symbiosis 
involves gibberellic acid signaling. Plant 
& Cell Physiology. 2021;62(6):959-970. 
DOI: 10.1093/pcp/pcab063

[11] Ma X, Li X, Ludewig U. Mint: 
Arbuscular mycorrhizal colonization 
outcompetes root hairs in maize under 
low phosphorus availability. Annals 
of Botany. 2021;127(1):155-166. 
DOI: 10.1093/aob/mcaa159

[12] Wang W, Shi J, Xie Q , Jiang Y, Yu N, 
Wang E. Mint: Nutrient exchange and 
regulation in arbuscular mycorrhizal 
symbiosis. Molecular Plant. 
2017;10(9):1147-1158. DOI: 10.1016/j.
molp.2017.07.012

[13] Jung SC, Martinez-Medina A, 
Lopez-Raez JA, Pozo MJ. Mint: 
Mycorrhiza-induced resistance and 
priming of plant defenses. Journal of 
Chemical Ecology. 2012;38(6):651-664. 
DOI: 10.1007/s10886-012-0134-6

[14] Bahadur A, Batool A, Nasir F, 
Jiang S, Mingsen Q , Zhang Q , et al. Mint: 



Mycorrhiza - New Insights

14

Mechanistic insights into arbuscular 
mycorrhizal fungi-mediated drought stress 
tolerance in plants. International Journal 
of Molecular Sciences. 2019;20(17):4199. 
DOI: 10.3390/ijms20174199

[15] Jarratt-Barnham E, Zarrabian D, 
Oldroyd GED. Mint: Symbiotic regulation: 
How plants seek salvation in starvation. 
Current Biology. 2022;32(1):R46-R48. 
DOI: 10.1016/j.cub.2021.11.059

[16] Javot H, Penmetsa RV, Terzaghi N, 
Cook DR, Harrison MJ. Mint: A Medicago 
truncatula phosphate transporter 
indispensable for the arbuscular 
mycorrhizal symbiosis. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2007;104(5):1720-1725. DOI: 10.1073/
pnas.0608136104

[17] Kretzschmar T, Kohlen W, Sasse J, 
Borghi L, Schlegel M, Bachelier JB, et al. 
Mint: A petunia ABC protein controls 
strigolactone-dependent symbiotic 
signalling and branching. Nature. 
2012;483(7389):341-344. DOI: 10.1038/
nature10873

[18] Feng F, Sun J, Radhakrishnan GV, 
Lee T, Bozsoki Z, Fort S, et al. Mint: A 
combination of chitooligosaccharide 
and lipochitooligosaccharide recognition 
promotes arbuscular mycorrhizal 
associations in Medicago truncatula. 
Nature Communications. 2019;10(1):5047. 
DOI: 10.1038/s41467-019-12999-5

[19] Zhang C, He J, Dai H, Wang G, 
Zhang X, Wang C, et al. Mint: 
Discriminating symbiosis and immunity 
signals by receptor competition in rice. 
Proceedings of the National Academy of 
Sciences of the United States of America. 
2021;118(16):e2023738118. DOI: 10.1073/
pnas.2023738118

[20] He J, Zhang C, Dai H, Liu H, 
Zhang X, Yang J, et al. Mint: A LysM 

receptor Heteromer mediates perception 
of arbuscular mycorrhizal symbiotic 
signal in rice. Molecular Plant. 
2019;12(12):1561-1576. DOI: 10.1016/j.
molp.2019.10.015

[21] Stracke S, Kistner C, Yoshida S, 
Mulder L, Sato S, Kaneko T, et al. Mint: 
A plant receptor-like kinase required 
for both bacterial and fungal symbiosis. 
Nature. 2002;417(6892):959-962. 
DOI: 10.1038/nature00841

[22] Endre G, Kereszt A, Kevei Z, 
Mihacea S, Kalo P, Kiss GB. Mint: 
A receptor kinase gene regulating 
symbiotic nodule development. Nature. 
2002;417(6892):962-966. DOI: 10.1038/
nature00842

[23] Miller JB, Pratap A, Miyahara A, 
Zhou L, Bornemann S, Morris RJ, et al. 
Mint: Calcium/calmodulin-dependent 
protein kinase is negatively and positively 
regulated by calcium, providing a 
mechanism for decoding calcium 
responses during symbiosis signaling. 
The Plant Cell. 2013;25(12):5053-5066. 
DOI: 10.1105/tpc.113.116921

[24] Yano K, Yoshida S, Muller J, 
Singh S, Banba M, Vickers K, et al. Mint: 
CYCLOPS, a mediator of symbiotic 
intracellular accommodation. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2008;105(51):20540-20545. 
DOI: 10.1073/pnas.0806858105

[25] Floss DS, Levy JG, Levesque- 
Tremblay V, Pumplin N, Harrison MJ. 
Mint: DELLA proteins regulate arbuscule 
formation in arbuscular mycorrhizal 
symbiosis. Proceedings of the National 
Academy of Sciences of the United States 
of America. 2013;110(51):E5025-E5034. 
DOI: 10.1073/pnas.1308973110

[26] Liu W, Kohlen W, Lillo A, Op den 
Camp R, Ivanov S, Hartog M, et al. 



Receptor Kinases and Signal Pathway in the Arbuscular Mycorrhizal Symbiosis
DOI: http://dx.doi.org/10.5772/intechopen.107261

15

Mint: Strigolactone biosynthesis in 
Medicago truncatula and rice requires 
the symbiotic GRAS-type transcription 
factors NSP1 and NSP2. The Plant Cell. 
2011;23(10):3853-3865. DOI: 10.1105/
tpc.111.089771

[27] Park HJ, Floss DS, Levesque- 
Tremblay V, Bravo A, Harrison MJ. Mint: 
Hyphal branching during Arbuscule 
development requires reduced arbuscular 
Mycorrhiza1. Plant Physiology. 
2015;169(4):2774-2788. DOI: 10.1104/
pp.15.01155

[28] Yu N, Luo D, Zhang X, Liu J, 
Wang W, Jin Y, et al. Mint: A DELLA 
protein complex controls the arbuscular 
mycorrhizal symbiosis in plants. 
Cell Research. 2014;24(1):130-133. 
DOI: 10.1038/cr.2013.167

[29] Guillotin B, Couzigou JM, 
Combier JP. Mint: NIN is involved 
in the regulation of arbuscular 
mycorrhizal symbiosis. Frontiers in Plant 
Science. 2016;7:1704. DOI: 10.3389/
fpls.2016.01704

[30] Kumar A, Cousins DR, Liu CW, 
Xu P, Murray JD. Mint: Nodule inception 
is not required for arbuscular 
mycorrhizal colonization of Medicago 
truncatula. Plants (Basel). 2020;9(1):71. 
DOI: 10.3390/plants9010071

[31] Shi J, Zhao B, Zheng S, Zhang X, 
Wang X, Dong W, et al. Mint: A 
phosphate starvation response-centered 
network regulates mycorrhizal 
symbiosis. Cell. 2021;184(22):5527-40 
e18. DOI: 10.1016/j.cell.2021.09.030

[32] Wang P, Snijders R, Kohlen W, 
Liu J, Bisseling T, Limpens E. Mint: 
Medicago SPX1 and SPX3 regulate 
phosphate homeostasis, mycorrhizal 
colonization, and arbuscule degradation. 
The Plant Cell. 2021;33(11):3470-3486. 
DOI: 10.1093/plcell/koab206

[33] Limpens E, van Zeijl A, Geurts R. Mint: 
Lipochitooligosaccharides modulate plant 
host immunity to enable endosymbioses. 
Annual Review of Phytopathology. 
2015;53:311-334. DOI: 10.1146/
annurev-phyto-080614-120149

[34] D'Haeze W, Holsters M. Mint: 
Nod factor structures, responses, 
and perception during initiation of 
nodule development. Glycobiology. 
2002;12(6):79R-105R. DOI: 10.1093/
glycob/12.6.79r

[35] Maillet F, Poinsot V, Andre O, 
Puech-Pages V, Haouy A, 
Gueunier M, et al. Mint: Fungal 
lipochitooligosaccharide symbiotic 
signals in arbuscular mycorrhiza. Nature. 
2011;469(7328):58-63. DOI: 10.1038/
nature09622

[36] Sun J, Miller JB, Granqvist E, 
Wiley-Kalil A, Gobbato E, Maillet F, et al. 
Mint: Activation of symbiosis signaling 
by arbuscular mycorrhizal fungi in 
legumes and rice. The Plant Cell. 
2015;27(3):823-838. DOI: 10.1105/
tpc.114.131326

[37] Genre A, Chabaud M, Balzergue C, 
Puech-Pages V, Novero M, Rey T, et al. 
Mint: Short-chain chitin oligomers 
from arbuscular mycorrhizal fungi 
trigger nuclear Ca2+ spiking in Medicago 
truncatula roots and their production 
is enhanced by strigolactone. The New 
Phytologist. 2013;198(1):190-202. 
DOI: 10.1111/nph.12146

[38] Girardin A, Wang T, Ding Y, Keller J, 
Buendia L, Gaston M, et al. Mint: LCO 
receptors involved in arbuscular 
mycorrhiza are functional for rhizobia 
perception in legumes. Current Biology. 
2019;29(24):4249-59 e5. DOI: 10.1016/j.
cub.2019.11.038

[39] Kaku H, Nishizawa Y, Ishii- 
Minami N, Akimoto-Tomiyama C, 



Mycorrhiza - New Insights

16

Dohmae N, Takio K, et al. Mint: Plant 
cells recognize chitin fragments for 
defense signaling through a plasma 
membrane receptor. Proceedings of 
the National Academy of Sciences 
of the United States of America. 
2006;103(29):11086-11091. DOI: 10.1073/
pnas.0508882103

[40] Broghammer A, Krusell L, Blaise M, 
Sauer J, Sullivan JT, Maolanon N, et al. 
Mint: Legume receptors perceive the 
rhizobial lipochitin oligosaccharide 
signal molecules by direct binding. 
Proceedings of the National Academy of 
Sciences of the United States of America. 
2012;109(34):13859-13864. DOI: 10.1073/
pnas.1205171109

[41] Gust AA, Willmann R, Desaki Y, 
Grabherr HM, Nurnberger T. Mint: 
Plant LysM proteins: Modules mediating 
symbiosis and immunity. Trends in 
Plant Science. 2012;17(8):495-502. 
DOI: 10.1016/j.tplants.2012.04.003

[42] Limpens E, Franken C, Smit P, 
Willemse J, Bisseling T, Geurts R. Mint: 
LysM domain receptor kinases regulating 
rhizobial nod factor-induced infection. 
Science. 2003;302(5645):630-633. 
DOI: 10.1126/science.1090074

[43] Madsen EB, Madsen LH, Radutoiu S, 
Olbryt M, Rakwalska M, Szczyglowski K, 
et al. Mint: A receptor kinase gene of 
the LysM type is involved in legume 
perception of rhizobial signals. Nature. 
2003;425(6958):637-640. DOI: 10.1038/
nature02045

[44] Radutoiu S, Madsen LH, Madsen EB, 
Felle HH, Umehara Y, Gronlund M, et al. 
Mint: Plant recognition of symbiotic 
bacteria requires two LysM receptor-like 
kinases. Nature. 2003;425(6958):585-592. 
DOI: 10.1038/nature02039

[45] Miya A, Albert P, Shinya T, 
Desaki Y, Ichimura K, Shirasu K, et al. 

Mint: CERK1, a LysM receptor kinase, is 
essential for chitin elicitor signaling in 
Arabidopsis. Proceedings of the National 
Academy of Sciences of the United States 
of America. 2007;104(49):19613-19618. 
DOI: 10.1073/pnas.0705147104

[46] Shimizu T, Nakano T, Takamizawa D, 
Desaki Y, Ishii-Minami N, Nishizawa Y,  
et al. Mint: Two LysM receptor 
molecules, CEBiP and OsCERK1, 
cooperatively regulate chitin 
elicitor signaling in rice. The Plant 
Journal. 2010;64(2):204-214. 
DOI: 10.1111/j.1365-313X.2010.04324.x

[47] Miyata K, Kozaki T, Kouzai Y, 
Ozawa K, Ishii K, Asamizu E, et al. Mint: 
The bifunctional plant receptor, 
OsCERK1, regulates both chitin-
triggered immunity and arbuscular 
mycorrhizal symbiosis in rice. Plant & 
Cell Physiology. 2014;55(11):1864-1872. 
DOI: 10.1093/pcp/pcu129

[48] Zhang X, Dong W, Sun J, Feng F, 
Deng Y, He Z, et al. Mint: The receptor 
kinase CERK1 has dual functions in 
symbiosis and immunity signalling. 
The Plant Journal. 2015;81(2):258-267. 
DOI: 10.1111/tpj.12723

[49] Huang R, Li Z, Mao C, Zhang H, 
Sun Z, Li H, et al. Mint: Natural variation 
at OsCERK1 regulates arbuscular 
mycorrhizal symbiosis in rice. The New 
Phytologist. 2020;225(4):1762-1776. 
DOI: 10.1111/nph.16158

[50] Carotenuto G, Chabaud M, Miyata K, 
Capozzi M, Takeda N, Kaku H, et al. 
Mint: The rice LysM receptor-like kinase 
OsCERK1 is required for the perception 
of short-chain chitin oligomers in 
arbuscular mycorrhizal signaling. The 
New Phytologist. 2017;214(4):1440-
1446. DOI: 10.1111/nph.14539

[51] Miyata K, Hayafune M, Kobae Y, 
Kaku H, Nishizawa Y, Masuda Y, et al. 



Receptor Kinases and Signal Pathway in the Arbuscular Mycorrhizal Symbiosis
DOI: http://dx.doi.org/10.5772/intechopen.107261

17

Mint: Evaluation of the role of the LysM 
receptor-like kinase, OsNFR5/OsRLK2 
for AM Symbiosis in rice. Plant & Cell 
Physiology. 2016;57(11):2283-2290. 
DOI: 10.1093/pcp/pcw144

[52] Cao Y, Liang Y, Tanaka K, Nguyen CT, 
Jedrzejczak RP, Joachimiak A, et al. 
Mint: The kinase LYK5 is a major chitin 
receptor in Arabidopsis and forms a 
chitin-induced complex with related 
kinase CERK1. eLife. 2014;3:e03766. 
DOI: 10.7554/eLife.03766

[53] Bozsoki Z, Cheng J, Feng F, Gysel K, 
Vinther M, Andersen KR, et al. Mint: 
Receptor-mediated chitin perception in 
legume roots is functionally separable 
from nod factor perception. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2017;114(38):E8118-E8E27. DOI: 10.1073/
pnas.1706795114

[54] Liang Y, Cao Y, Tanaka K, 
Thibivilliers S, Wan J, Choi J, et al. Mint: 
Nonlegumes respond to rhizobial 
nod factors by suppressing the 
innate immune response. Science. 
2013;341(6152):1384-1387. DOI: 10.1126/
science.1242736

[55] Gibelin-Viala C, Amblard E, 
Puech-Pages V, Bonhomme M, Garcia M, 
Bascaules-Bedin A, et al. Mint: The 
Medicago truncatula LysM receptor-
like kinase LYK9 plays a dual role 
in immunity and the arbuscular 
mycorrhizal symbiosis. The New 
Phytologist. 2019;223(3):1516-1529. 
DOI: 10.1111/nph.15891

[56] Leppyanen IV, Shakhnazarova VY, 
Shtark OY, Vishnevskaya NA, 
Tikhonovich IA, Dolgikh EA. Mint: 
Receptor-like kinase LYK9 in Pisum 
sativum L. is the CERK1-like receptor 
that controls both plant immunity 
and AM symbiosis development. 
International Journal of Molecular 

Sciences 2017;19(1):8. DOI: 10.3390/
ijms19010008

[57] Rutten L, Miyata K, Roswanjaya YP, 
Huisman R, Bu F, Hartog M, et al. Mint: 
Duplication of symbiotic Lysin motif 
receptors predates the evolution of 
nitrogen-fixing nodule symbiosis. Plant 
Physiology. 2020;184(2):1004-1023. 
DOI: 10.1104/pp.19.01420

[58] Liao D, Sun X, Wang N, Song F, 
Liang Y. Mint: Tomato LysM receptor-like 
kinase SlLYK12 is involved in arbuscular 
mycorrhizal symbiosis. Frontiers in Plant 
Science. 2018;9:1004. DOI: 10.3389/
fpls.2018.01004

[59] Pimprikar P, Carbonnel S, Paries M, 
Katzer K, Klingl V, Bohmer MJ, et al. 
Mint: A CCaMK-CYCLOPS-DELLA 
complex activates transcription of 
RAM1 to regulate arbuscule branching. 
Current Biology. 2016;26(8):987-998. 
DOI: 10.1016/j.cub.2016.01.069

[60] Oldroyd GE. Mint: Speak, 
friend, and enter: Signalling systems 
that promote beneficial symbiotic 
associations in plants. Nature Reviews. 
Microbiology. 2013;11(4):252-263. 
DOI: 10.1038/nrmicro2990

[61] Kistner C, Winzer T, Pitzschke A, 
Mulder L, Sato S, Kaneko T, et al. Mint: 
Seven Lotus japonicus genes required 
for transcriptional reprogramming 
of the root during fungal and 
bacterial symbiosis. The Plant Cell. 
2005;17(8):2217-2229. DOI: 10.1105/
tpc.105.032714

[62] Hayashi T, Shimoda Y, Sato S, 
Tabata S, Imaizumi-Anraku H, Hayashi M. 
Mint: Rhizobial infection does not require 
cortical expression of upstream common 
symbiosis genes responsible for the 
induction of Ca(2+) spiking. The Plant 
Journal. 2014;77(1):146-159. DOI: 10.1111/
tpj.12374



Mycorrhiza - New Insights

18

[63] Montiel J, Reid D, Gronbaek TH, 
Benfeldt CM, James EK, Ott T, et al. 
Mint: Distinct signaling routes mediate 
intercellular and intracellular rhizobial 
infection in Lotus japonicus. Plant 
Physiology. 2021;185(3):1131-1147. 
DOI: 10.1093/plphys/kiaa049

[64] Das D, Paries M, Hobecker K, 
Gigl M, Dawid C, Lam HM, et al. Mint: 
PHOSPHATE STARVATION RESPONSE 
transcription factors enable arbuscular 
mycorrhiza symbiosis. Nature 
Communications. 2022;13(1):477. 
DOI: 10.1038/s41467-022-27976-8

[65] Gherbi H, Markmann K, 
Svistoonoff S, Estevan J, Autran D, 
Giczey G, et al. Mint: SymRK defines 
a common genetic basis for plant 
root endosymbioses with arbuscular 
mycorrhiza fungi, rhizobia, and Frankia 
bacteria. Proceedings of the National 
Academy of Sciences of the United States 
of America. 2008;105(12):4928-4932. 
DOI: 10.1073/pnas.0710618105

[66] Abdel-Lateif K, Bogusz D, 
Hocher V. Mint: The role of flavonoids 
in the establishment of plant roots 
endosymbioses with arbuscular 
mycorrhiza fungi, rhizobia and Frankia 
bacteria. Plant Signaling & Behavior. 
2012;7(6):636-641. DOI: 10.4161/psb.20039

[67] Ried MK, Antolin-Llovera M, 
Parniske M. Mint: Spontaneous 
symbiotic reprogramming of plant roots 
triggered by receptor-like kinases. eLife. 
2014;3:e03891. DOI: 10.7554/eLife.03891

[68] Markmann K, Giczey G, Parniske M. 
Mint: Functional adaptation of a plant 
receptor-kinase paved the way for the 
evolution of intracellular root symbioses 
with bacteria. PLoS Biology. 2008;6(3):e68. 
DOI: 10.1371/journal.pbio.0060068

[69] Indrasumunar A, Wilde J, Hayashi S, 
Li D, Gresshoff PM. Mint: Functional 

analysis of duplicated Symbiosis 
receptor kinase (SymRK) genes during 
nodulation and mycorrhizal infection 
in soybean (Glycine max). Journal of 
Plant Physiology. 2015;176:157-168. 
DOI: 10.1016/j.jplph.2015.01.002

[70] Kevei Z, Lougnon G, Mergaert P, 
Horvath GV, Kereszt A, Jayaraman D, 
et al. Mint: 3-hydroxy-3-methylglutaryl 
coenzyme a reductase 1 interacts with 
NORK and is crucial for nodulation in 
Medicago truncatula. The Plant Cell. 
2007;19(12):3974-3989. DOI: 10.1105/
tpc.107.053975

[71] Liang P, Stratil TF, Popp C, 
Marin M, Folgmann J, Mysore KS, et al. 
Mint: Symbiotic root infections in 
Medicago truncatula require remorin-
mediated receptor stabilization in 
membrane nanodomains. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2018;115(20):5289-5294. DOI: 10.1073/
pnas.1721868115

[72] Zhu H, Chen T, Zhu M, Fang 
Q , Kang H, Hong Z, et al. Mint: A 
novel ARID DNA-binding protein 
interacts with SymRK and is expressed 
during early nodule development 
in Lotus japonicus. Plant Physiology. 
2008;148(1):337-347. DOI: 10.1104/
pp.108.119164

[73] Wang C, Zhu H, Jin L, Chen T, 
Wang L, Kang H, et al. Mint: Splice 
variants of the SIP1 transcripts play a 
role in nodule organogenesis in Lotus 
japonicus. Plant Molecular Biology. 
2013;82(1-2):97-111. DOI: 10.1007/
s11103-013-0042-3

[74] Chen T, Zhu H, Ke D, Cai K, Wang C, 
Gou H, et al. Mint: A MAP kinase kinase 
interacts with SymRK and regulates 
nodule organogenesis in Lotus japonicus. 
The Plant Cell. 2012;24(2):823-838. 
DOI: 10.1105/tpc.112.095984



Receptor Kinases and Signal Pathway in the Arbuscular Mycorrhizal Symbiosis
DOI: http://dx.doi.org/10.5772/intechopen.107261

19

[75] Den Herder G, Yoshida S, 
Antolin-Llovera M, Ried MK, Parniske M. 
Mint: Lotus japonicus E3 ligase SEVEN IN 
ABSENTIA4 destabilizes the symbiosis 
receptor-like kinase SYMRK and 
negatively regulates rhizobial infection. 
The Plant Cell. 2012;24(4):1691-1707. 
DOI: 10.1105/tpc.110.082248

[76] Yuan S, Zhu H, Gou H, Fu W, Liu L, 
Chen T, et al. Mint: A ubiquitin ligase of 
symbiosis receptor kinase involved in 
nodule organogenesis. Plant Physiology. 
2012;160(1):106-117. DOI: 10.1104/
pp.112.199000

[77] Feng Y, Wu P, Fu W, Peng L, 
Zhu H, Cao Y, et al. Mint: The Lotus 
japonicus ubiquitin ligase SIE3 interacts 
with the transcription factor SIP1 and 
forms a homodimer. Frontiers in Plant 
Science. 2020;11:795. DOI: 10.3389/
fpls.2020.00795

[78] Wu P, Feng Y, Zou Z, Cao Y, Yuan S. 
Mint: Critical role of cysteine-266 of 
SIE3 in regulating the ubiquitination and 
degradation of SIP1 transcription factor in 
Lotus japonicus. Planta. 2021;253(6):126. 
DOI: 10.1007/s00425-021-03647-8

[79] Liu J, Deng J, Zhu F, Li Y, Lu Z, 
Qin P, et al. Mint: The MtDMI2-MtPUB2 
negative feedback loop plays a role 
in nodulation homeostasis. Plant 
Physiology. 2018;176(4):3003-3026. 
DOI: 10.1104/pp.17.01587

[80] Feng Y, Wu P, Liu C, Peng L, Wang T, 
Wang C, et al. Mint: Suppression of 
LjBAK1-mediated immunity by 
SymRK promotes rhizobial infection 
in Lotus japonicus. Molecular Plant. 
2021;14(11):1935-1950. DOI: 10.1016/j.
molp.2021.07.016

[81] Lefebvre B, Timmers T, Mbengue M, 
Moreau S, Herve C, Toth K, et al. Mint: A 
remorin protein interacts with symbiotic 
receptors and regulates bacterial 
infection. Proceedings of the National 

Academy of Sciences of the United States 
of America. 2010;107(5):2343-2348. 
DOI: 10.1073/pnas.0913320107

[82] Capoen W, Goormachtig S, De 
Rycke R, Schroeyers K, Holsters M. Mint: 
SrSymRK, a plant receptor essential for 
symbiosome formation. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2005;102(29):10369-10374. DOI: 10.1073/
pnas.0504250102

[83] Yan Z, Cao J, Fan Q , Chao H, 
Guan X, Zhang Z, et al. Mint: 
Dephosphorylation of LjMPK6 by 
phosphatase LjPP2C is involved in 
regulating nodule organogenesis in 
Lotus japonicus. International Journal 
of Molecular Sciences. 2020;21(15). 
DOI: 10.3390/ijms21155565

[84] Vernie T, Camut S, Camps C, 
Rembliere C, de Carvalho-Niebel F, 
Mbengue M, et al. Mint: PUB1 interacts 
with the receptor kinase DMI2 and 
negatively regulates Rhizobial and 
arbuscular mycorrhizal symbioses 
through its ubiquitination activity in 
Medicago truncatula. Plant Physiology. 
2016;170(4):2312-2324. DOI: 10.1104/
pp.15.01694

[85] Mbengue M, Camut S, de 
Carvalho-Niebel F, Deslandes L, 
Froidure S, Klaus-Heisen D, et al. Mint: 
The Medicago truncatula E3 ubiquitin 
ligase PUB1 interacts with the LYK3 
symbiotic receptor and negatively 
regulates infection and nodulation. 
The Plant Cell. 2010;22(10):3474-3488. 
DOI: 10.1105/tpc.110.075861

[86] Levy J, Bres C, Geurts R, 
Chalhoub B, Kulikova O, Duc G, et al. 
Mint: A putative Ca2+ and calmodulin-
dependent protein kinase required 
for bacterial and fungal symbioses. 
Science. 2004;303(5662):1361-1364. 
DOI: 10.1126/science.1093038



Mycorrhiza - New Insights

20

[87] Gleason C, Chaudhuri S, Yang T, 
Munoz A, Poovaiah BW, Oldroyd GE. 
Mint: Nodulation independent of 
rhizobia induced by a calcium-
activated kinase lacking autoinhibition. 
Nature. 2006;441(7097):1149-1152. 
DOI: 10.1038/nature04812

[88] Takeda N, Maekawa T, Hayashi M. 
Mint: Nuclear-localized and deregulated 
calcium- and calmodulin-dependent 
protein kinase activates rhizobial and 
mycorrhizal responses in Lotus japonicus. 
The Plant Cell. 2012;24(2):810-822. 
DOI: 10.1105/tpc.111.091827

[89] Ramachandiran S, Takezawa D, 
Wang W, Poovaiah BW. Mint: Functional 
domains of plant chimeric calcium/
calmodulin-dependent protein kinase: 
Regulation by autoinhibitory and visinin-
like domains. Journal of Biochemistry. 
1997;121(5):984-990. DOI: 10.1093/
oxfordjournals.jbchem.a021684

[90] Tirichine L, Imaizumi-Anraku H, 
Yoshida S, Murakami Y, Madsen LH, 
Miwa H, et al. Mint: Deregulation of a 
Ca2+/calmodulin-dependent kinase leads 
to spontaneous nodule development. 
Nature. 2006;441(7097):1153-1156. 
DOI: 10.1038/nature04862

[91] Shimoda Y, Han L, Yamazaki T,  
Suzuki R, Hayashi M, Imaizumi- 
Anraku H. Mint: Rhizobial and fungal 
symbioses show different requirements 
for calmodulin binding to calcium 
calmodulin-dependent protein kinase 
in Lotus japonicus. The Plant Cell. 
2012;24(1):304-321. DOI: 10.1105/
tpc.111.092197

[92] Godfroy O, Debelle F, Timmers T, 
Rosenberg C. Mint: A rice calcium- and 
calmodulin-dependent protein kinase 
restores nodulation to a legume mutant. 
Molecular Plant-Microbe Interactions. 
2006;19(5):495-501. DOI: 10.1094/
MPMI-19-0495

[93] Messinese E, Mun JH, Yeun LH, 
Jayaraman D, Rouge P, Barre A, et al. 
Mint: A novel nuclear protein interacts 
with the symbiotic DMI3 calcium- and 
calmodulin-dependent protein kinase of 
Medicago truncatula. Molecular Plant-
Microbe Interactions. 2007;20(8):912-
921. DOI: 10.1094/MPMI-20-8-0912

[94] Horvath B, Yeun LH, Domonkos A, 
Halasz G, Gobbato E, Ayaydin F, et al. Mint: 
Medicago truncatula IPD3 is a member of 
the common symbiotic signaling pathway 
required for rhizobial and mycorrhizal 
symbioses. Molecular Plant-Microbe 
Interactions. 2011;24(11):1345-1358. 
DOI: 10.1094/MPMI-01-11-0015

[95] Chen C, Ane JM, Zhu H. Mint: 
OsIPD3, an ortholog of the Medicago 
truncatula DMI3 interacting protein 
IPD3, is required for mycorrhizal 
symbiosis in rice. The New 
Phytologist. 2008;180(2):311-315. 
DOI: 10.1111/j.1469-8137.2008.02612.x

[96] Jin Y, Chen Z, Yang J, Mysore KS, 
Wen J, Huang J, et al. Mint: IPD3 and 
IPD3L function redundantly in Rhizobial 
and mycorrhizal symbioses. Frontiers in 
Plant Science. 2018;9:267. DOI: 10.3389/
fpls.2018.00267

[97] Lindsay PL, Williams BN, 
MacLean A, Harrison MJ. Mint: A 
phosphate-dependent requirement for 
transcription factors IPD3 and IPD3L 
during arbuscular mycorrhizal Symbiosis 
in Medicago truncatula. Molecular Plant-
Microbe Interactions. 2019;32(10):1277-
1290. DOI: 10.1094/MPMI-01-19-0006-R

[98] Foo E, Ross JJ, Jones WT, Reid JB. 
Mint: Plant hormones in arbuscular 
mycorrhizal symbioses: An emerging 
role for gibberellins. Annals of Botany. 
2013;111(5):769-779. DOI: 10.1093/aob/
mct041

[99] Jin Y, Liu H, Luo D, Yu N, Dong W, 
Wang C, et al. Mint: DELLA proteins 



Receptor Kinases and Signal Pathway in the Arbuscular Mycorrhizal Symbiosis
DOI: http://dx.doi.org/10.5772/intechopen.107261

21

are common components of symbiotic 
rhizobial and mycorrhizal signalling 
pathways. Nature Communications. 
2016;7:12433. DOI: 10.1038/
ncomms12433

[100] Floss DS, Levesque-Tremblay V, 
Park HJ, Harrison MJ. Mint: DELLA 
proteins regulate expression of a subset 
of AM symbiosis-induced genes in 
Medicago truncatula. Plant Signaling 
& Behavior. 2016;11(4):e1162369. 
DOI: 10.1080/15592324.2016.1162369

[101] Xue L, Cui H, Buer B, Vijayakumar V, 
Delaux PM, Junkermann S, et al. Mint: 
Network of GRAS transcription factors 
involved in the control of arbuscule 
development in Lotus japonicus. Plant 
Physiology. 2015;167(3):854-871. 
DOI: 10.1104/pp.114.255430

[102] Gobbato E, Marsh JF, Vernie T, 
Wang E, Maillet F, Kim J, et al. Mint: 
A GRAS-type transcription factor 
with a specific function in mycorrhizal 
signaling. Current Biology. 
2012;22(23):2236-2241. DOI: 10.1016/j.
cub.2012.09.044

[103] Gong X, Jensen E, Bucerius S, 
Parniske M. Mint: A CCaMK/cyclops 
response element in the promoter of 
Lotus japonicus calcium-binding protein 
1 (CBP1) mediates transcriptional 
activation in root symbioses. The New 
Phytologist. 2022;235(3):1196-1211. 
DOI: 10.1111/nph.18112


