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Legume plants develop root nodules to recruit nitrogen-
fixing bacteria called rhizobia. This symbiotic relationship 
allows the host plants to grow even under nitrogen limiting 
environment. Since nodule development is an energeti-
cally expensive process, the number of nodules should be 
tightly controlled by the host plants. For this purpose, leg-
ume plants utilize a long-distance signaling known as 
autoregulation of nodulation (AON). AON signaling in leg-
umes has been extensively studied over decades but the 
underlying molecular mechanism had been largely unclear 
until recently. With the advent of the model legumes, iK=
à~éçåáÅìë and jK=íêìåÅ~íìä~, we have been seeing a great 
progress including isolation of the AON-associated recep-
tor kinase. Here, we summarize recent studies on AON and 
discuss an updated view of the long-distance control of 
nodulation. 
 
 
INTRODUCTION 
 
Legumes develop root nodules to establish a symbiotic interac-
tion with soil bacteria called rhizobia. In nodules, rhizobia pro-
vide the host plants with ammonia, which is produced through 
bacterial nitrogen fixation. In return, legumes supply the bacte-
ria with photosynthetic products. It appears that leguminous 
plants have evolved a complex signaling pathway to regulate 
nodule formation (i.e. nodulation). The signal transduction for 
nodulation in plants is triggered by lipochito-oligosaccharide 
molecules called Nod factor (NF). NF is synthesized and se-
creted by rhizobia in response to plant-derived flavonoids 
(D’Haeze and Holsters, 2002). Recent studies using two model 
legume species, içíìë= à~éçåáÅìë and jÉÇáÅ~Öç= íêìåÅ~íìä~, 
have elucidated multiple molecules essential for the NF signal-
ing cascade. Such signaling components include the putative 
NF receptors (NFR1/5; Madsen et al., 2003; Radutoiu et al., 
2003), the Ca2+/calmodulin-dependent protein kinase (CCaMK; 
Lévy et al., 2004; Mitra et al., 2004; Tirichine et al., 2006a), the 
primary transcriptional regulators (NSP1/2; Heckmann et al., 
2006; Kaló et al., 2005; Murakami et al., 2006; Smit et al., 
2005), etc. Activation of the NF pathway leads to enhanced cell 
division in root cortex as well as bacterial entry from root hairs 
into nodule primordia. These two morphological changes are 

coordinately regulated, resulting in successful nodule develop-
ment (for recent review, see Geurts et al., 2005; Oldroyd and 
Downie, 2008; Stacey et al., 2006). 

Although this nodule formation is beneficial for host plants to 
secure a nitrogen resource, overproduction of nodules could 
have deleterious effects on plant growth. To avoid this problem, 
legume plants utilize a negative feedback regulation, where 
early nodulation events rapidly trigger a systemic signaling and 
repress further nodulation on younger root regions (Kosslak 
and Bohlool, 1984; Malik and Bauer, 1988; Nutman, 1952; 
Pierce and Bauer, 1983). This regulation is well known as auto-
regulation of nodulation (AON). In iK= à~éçåáÅìë, AON is medi-
ated primarily by e^oN gene, which encodes a receptor kinase 
(RK) with a high homology to ^ê~ÄáÇçéëáë=íÜ~äá~å~ CLAVATA1 
(Krusell et al., 2002; Nishimura et al., 2002). This gene and its 
roles in AON are conserved among other legume species such 
as jK=íêìåÅ~íìä~=(prkk; Schnabel et al., 2005), máëìã=ë~íáîìã 
(pvjOV; Krusell et al., 2002), and däóÅáåÉ=ã~ñ (k^oh; Searle 
et al., 2003). Interestingly, grafting experiments have shown 
that the CLV1-like RK functions in shoots but not in roots, indi-
cating that long-distance communication between shoots and 
roots is critical for proper nodule number control (Delves et al., 
1986; Krusell et al., 2002; Nishimura et al., 2002; Penmetsa et 
al., 2003; Sagan and Duc, 1996; Sheng and Harper, 1997). 
The existence of the systemic signaling in nodulation suggests 
that legumes optimize nodule number probably in concert with 
endogenous and environmental inputs. Therefore, AON is not 
just a legume-specific regulation but rather it should be viewed 
as a good example of the as-yet-unclear whole-body homeo-
stasis in higher plants. In this review, we focus on the molecular 
basis underlying AON and highlight recent progress in charac-
terization of the potential signaling components required for this 
long-distance signaling. 
 
AON overview 
 
The AON model has its origin in studies done by Nutman in 
1952. He found that excision of nodules from red clover roots 
causes a transient increase in the number of subsequently-
developed nodules (Nutman, 1952). This observation suggests 
that old nodules (i.e. early nodulation) posses an inhibitory ef-
fect on further nodulation and that a homeostatic control over 
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nodule number may exist in legumes. Consistent with this no-
tion, double inoculation analyses using soybeans elucidated 
that pre-inoculation of one part of roots with rhizobia reduces 
the number of nodules induced by the subsequent rhizobial 
inoculation (Pierce and Bauer, 1983). Moreover, split-root ex-
periments revealed that this inhibitory effect on nodulation can 
be transmitted systemically between two physically-separated 
root compartments (Kosslak and Bohlool, 1984). Identification 
of the CLV1-like RK and its role exclusively in shoots for AON, 
further supported the systemic control of nodule number 
(Krusell et al., 2002; Nishimura et al., 2002; Schnabel et al., 
2005; Searle et al., 2003). 

Based on these observations, AON is likely to be mediated 
by a long-distance signaling circuit as proposed in Fig. 1. First, 
early nodulation events in one part of roots rapidly induce “root-
derived signals”, which are transported to shoots. Then, the 
root-derived signals directly or indirectly activate the CLV1-like 
RK and other unknown shoot factors, leading to production of 
“shoot-derived signals”. The shoot-derived signals are delivered 
to a whole root system via phloem. Finally, the shoot-derived 
signals are perceived and decoded in roots, resulting in inhibi-
tion of further nodulation (Fig. 1). This AON signaling enables 
host plants to restrict the infection/nodulation-susceptible zone 
in a narrow area of roots. However, mutants defective in this 
control, such as iK= à~éçåáÅìë Ü~êN (ÜóéÉêåçÇìä~íáçå= ~ÄÉêê~åí=
êççí= Ñçêã~íáçå; Wopereis et al., 2000), cannot arrest further 
nodule formation even in young developing root portions. As a 
result, AON mutants cause overproduction of nodules, which 
cover a wide portion of roots (i.e. hypernodulation or super-
nodulation; Fig. 2). Studies using such hypernodulation mutants 
have been making great strides in better understanding of AON 
at the molecular level. Here, we will describe each step of the 
AON signaling scheme by citing recent molecular genetic stud-
ies on nodule number control. 
 

Root-derived signal induction 

=
iàe^oN and e^oN orthologs from other legumes (jíprkk/ 
mëpvjOV/dãk^oh) encode a leucine-rich repeat (LRR) re-
ceptor-like kinase, which has a high homology to ^K= íÜ~äá~å~ 
CLV1 (Krusell et al., 2002; Nishimura et al., 2002; Schnabel et 
al., 2005; Searle et al., 2003). AtCLV1 has been widely recog-
nized as a critical factor that regulates shoot apical meristem 
size (Williams and Fletcher, 2005). It has been shown that 
AtCLV1 directly binds a 12 amino acid peptide processed from 
CLAVATA3 (CLV3), a member of the CLV3/ERS-related (CLE) 
family (Ogawa et al., 2008). Therefore, it would be reasonable 
to postulate that the AON signaling in legumes also utilizes 
CLE peptides to activate LjHAR1 and HAR1 orthologs. In iK=
à~éçåáÅìë, at least 39 potential `ib genes have been identified 
and among them, two `ib genes (ià`ibJopN and ià`ibJopO) 
have been implicated for AON signaling (Okamoto et al., 2009). 
Several lines of evidence suggest that both CLE-RS1 and CLE-
RS2 may act as the AON-associated root-derived signals; (1) 
`ibJopNLO are rapidly upregulated in roots within 24 h of 
rhizobial inoculation; (2) overexpression of `ibJopNLO in wild-
type roots strongly suppresses nodulation; (3) this inhibitory 
effect can be systemically transmitted to even non-transformed 
roots; and (4) the nodulation suppression by `ibJopNLO re-
quires LjHAR1, the AON-associated CLV1-like RK (Okamoto et 
al., 2009). It remains elusive how LjCLE-RS1/2 are processed 
into active peptides and whether the active form of the CLEs 
can be delivered from roots to shoots. Nevertheless, these 
findings strongly indicate that `ib genes possess important 
roles not only in apical meristem maintenance but also in lateral 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Model of AON signaling. Early nodulation events in one part 

of roots rapidly induce “root-derived signals”, which are transported 

to shoots (1). Short peptide-coding genes, such as `ibJopNLO, 

o^iciN, and asiN, may be involved in this process. Then, the 

root-derived signals directly or indirectly activate the CLV1-like RK 

and other unknown shoot factors, leading to production of “shoot-

derived signals” (2). The shoot-derived signals are delivered to a 

whole root system via phloem (3). The molecular characteristics of 

the shoot-derived signal are largely unknown. Finally, the shoot-

derived signals are perceived and decoded in roots, resulting in 

inhibition of further nodulation (4). The shoot-derived signal decod-

ing is mediated by the root regulator TML. 

 
 
organ homeostasis. 

In addition to `ib genes, two small peptide-coding genes, 
o~éáÇ= ~äâ~äáåáò~íáçå= Ñ~ÅíçêJäáâÉ= N (o^icJäáâÉ= N) and aÉîáä= N 
(asiN), may be involved in nodule number control. Both 
o^iciN and asiN were initially identified from jK=íêìåÅ~íìä~ as 
genes upregulated upon NF application (Combier et al., 2008). 
Overexpression of jío^iciN and jíasiN in wild-type roots 
caused a drastic decrease in nodule number, suggesting their 
roles in AON signaling (Combier et al., 2008). However, it has 
been unclear whether jío^icN and jíasiN exert the inhibi-
tory effect on nodulation locally or systemically. It is well known 
that a plant hormone ethylene functions as a local inhibitor of 
nodulation in an AON-independent manner. Indeed, the ethyl-
ene-insensitive mutant, ëáÅâäÉ, leads to hyperinfection of rhizo-
bia but still maintains the AON systemic regulation (Penmetsa 
and Cook, 1997). Therefore, we cannot exclude the possibility 
that jío^icN and jíasiN might function in the ethylene-
related pathway rather than AON signaling. To understand the 
precise mode of action of these two genes, their possible ge-
netic interaction with the CLV1-like RK needs to be examined. 
 
Root-derived signal decoding 

 
As discussed above, LjHAR1 and HAR1 orthologs are indis-
pensible shoot factors in AON signaling. It has been shown that 
iàe^oN promoter is active mainly in phloem tissues of leaves, 
stems, and nodules (Nontachaiyapoom et al., 2007). Phloem is 
generally considered as a conduit for long-distance signaling 
(Lough and Lucas, 2006). Thus, the primary function of the 
CLV1-like RK may be to mediate production and loading of the  
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Fig. 2. Defects in AON lead to hypernodulation. Example of AON 

mutants. iK= à~éçåáÅìë wild-type plants (left) restrict nodulation in a 

narrow portion of the root by the effect of AON signaling. On the 

other hand, Ü~êN mutants (right) cause a drastic increase in nodule 

number as well as an expanded nodulation zone. 

 
 
shoot-derived signal molecules into phloem in response to the 
root-derived signal. During this process, the activity of the 
CLV1-like RK may be modulated by kinase-associated protein 
phosphatases (KAPP; Miyahara et al., 2008). 

The question is, however, whether this CLV1-like RK alone 
can accomplish the root-derived signal decoding in shoots. It is 
possible that other unknown receptor-like kinases (RLKs) might 
have functional overlap with LjHAR1 and HAR1 orthologs. This 
notion comes from the variable severity of hypernodulation 
phenotype among iK=à~éçåáÅìë Ü~êN alleles. At present, 5 Ü~êN 
alleles in the same accession background are available. All of 
the Ü~êN mutations except Ü~êNJQ are found in the intracellular 
domain of HAR1 (Fig. 3A; Krusell et al., 2002; Nishimura et al., 
2002). Interestingly, the Ü~êNJQ mutation, a missense mutation 
located in the LRR domain, causes more severe hypernodula-
tion compared to at least Ü~êNJR (Kawaguchi et al., 2002). This 
observation is reminiscent of the strong ÅäîN alleles of ^K=
íÜ~äá~å~, which coincidentally posses a missense mutation in 
the LRR domain of CLV1 (Diévart et al., 2003). Since the null 
alleles of ÅäîN exhibit only a mild phenotype in stem cell main-
tenance, the ÅäîN mutations in the LRR are likely to act as gain-
of-function mutations (Diévart et al., 2003). Therefore, it was 
proposed that the ÅäîN gain-of-function mutations may interfere 
with action of other RLKs that have overlapped roles with CLV1 
(Diévart et al., 2003). Such RLKs might include CORYNE, a 
putative RLK that functions independently of CLV1 (Miwa et al., 
2008; Müller et al., 2008). 

By analogy with these findings from the ÅäîN alleles, we hy-
pothesize that the Ü~êNJQ mutation might have a similar gain-of-
function effect and negatively modulate as-yet-unidentified 

RLKs that act redundantly of HAR1 (Fig. 3B). On the other 
hand, the Ü~êNJR=mutation, a missense mutation at the con-
served residue in the kinase domain, might have no effect on 
such redundant RLKs, resulting in relatively weak nodulation 
phenotype (Fig. 3B). To test this hypothesis, it is inevitable to 
isolate additional Ü~êN alleles including null mutants and com-
pare them with regard to phenotypic severity. If this prediction is 
indeed correct, it would be fruitful to reverse-genetically exam-
ine other RLKs for involvement in nodule number control. 

In addition to the CLV1-like RK, KLAVIER (KLV) of iK=à~éçåáJ
Åìë is also important for AON signaling. The âäî mutation 
causes hypernodulation phenotype similar to that of Ü~êN (Oka-
Kira et al., 2005). Grafting experiments clearly showed that âäî 
hypernodulation is determined by the shoot genotype (Oka-Kira 
et al., 2005). This suggests that KLV is another shoot factor 
participated in the root-derived signal decoding. However, func-
tional relationship between KLV and HAR1 remains elusive. 
Considering that âäî mutants exhibit pleiotropic phenotypes 
such as stem fasciation and aberrant leaf veins, KLV could be a 
more general factor that regulates multiple aspects of plant 
development (Oka-Kira et al., 2005). 
 
Shoot-derived signal induction 

 
The most controversial issue on AON signaling is the molecular 
property of the shoot-derived signal. Up to date, multiple plant 
hormones have been implicated for AON. For example, it was 
revealed that exogenous application of jasmonic acid (JA) to 
wild-type plants leads to a decrease in nodule number in iK=
à~éçåáÅìë as well as jK=íêìåÅ~íìä~ (Nakagawa and Kawaguchi, 
2006; Sun et al., 2006). In the case of iK=à~éçåáÅìë, shoot appli-
cation of JA has been shown to rescue hypernodulation of Ü~êN, 
the AON mutant (Nakagawa and Kawaguchi, 2006). This sug-
gests that shoot-derived JA might function as an inhibitor of 
nodulation, potentially downstream of HAR1. On the other hand, 
it has been elucidated that application of a JA biosynthesis 
inhibitor to soybean leaves dramatically suppresses nodulation 
in å~êâ mutants (corresponds to iàÜ~êN; Kinkema and Gresshoff, 
2008). In this case, JA seems to act as a positive regulator of 
nodulation. Thus, downregulation of JA level or signaling could 
be the primary function of the CLV1-like RK. Given this dis-
crepancy between the two studies, it remains inconclusive 
whether JA is actually one of the AON signaling components. 
  Auxin is another controversial plant hormone which might be 
involved in AON signaling. van Noorden et al. (2006) found that 
auxin loading from a shoot to a root is transiently reduced within 
24 hr of rhizobial inoculation in jK=íêìåÅ~íìä~ wild-type plants. In 
contrast, the AON mutant, ëìåå, fails to repress long-distance 
auxin transport, leading to constitutively high level of auxin ac-
cumulation in the root (van Noorden et al., 2006). Based of 
these observations, it was hypothesized that auxin is a positive 
regulator of nodulation and that AON signaling repress nodula-
tion by downregulating polar auxin transport (van Noorden et al., 
2006). However, such auxin transport reduction after rhizobial 
inoculation was not observed in another model legume, iK= à~J
éçåáÅìë (Pacios-Bras et al., 2003). Moreover, the ethylene-
insensitive mutant ëáÅâäÉ, which shows AON-independent hy-
pernodulation, also results in failure of the auxin transport 
inhibition similar to that of ëìåå (Prayitno et al., 2006). 
Therefore, the polar auxin transport change during nodulation 
might not be a direct effect of AON. 

Most of the efforts to identify the AON-associated shoot-
derived signal largely rely on physiological analyses. This could 
be a reason why inconsistent results have been often obtained 
among different legume species or methodologies. To isolate 
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the bona fide shoot-derived signal molecule, molecular and 
genetic approach will be more important in the near future. 
 
Shoot-derived signal decoding 

 
The as-yet-unknown shoot-derived signal is presumably trans-
ported to roots and decoded by root factors. A strong candidate 
for such a root regulator is TOO MUCH LOVE (TML) of iK=à~J
éçåáÅìë. It has been shown that íãä mutants cause hypernodu-
lation, which is not enhanced by the Ü~êN mutation (Magori et 
al., 2009). This observation indicates that TML is another com-
ponent of the HAR1-mediated AON signaling cascade. More 
importantly, in contrast to Ü~êN, the hypernodulation of íãä is 
determined by the root genotype (Magori et al., 2009). Further, 
grafting experiments with two roots revealed that the suppres-
sive effect of TML on nodulation cannot be systemically propa-
gated from one root to another (Magori et al., 2009). Taken 
together, TML is likely to function downstream of HAR1, proba-
bly as a receptor/mediator of unknown shoot-derived signal 
molecules. The klaP gene of mK=ë~íáîìã could be compatible 
with qji as åçÇP mutants show similar root-regulated hyper-
nodulation (Postma et alK, 1988). To analyze the possible rela-
tionship, molecular cloning of the two genes and further com-
parative study will be needed. 

In íãä mutant roots, the NF-inducible genes, such as kfk and 
bklaQM, are excessively upregulated (Magori, unpublished 
data). Thus, TML may act on any of the NF signaling cascade 
components and negatively regulate its expression or activity. 
Among the signaling components, the factors upstream of 
CCaMK are unlikely to be the TML targets. It was found that 
gain-of-function mutations in CCaMK lead to nodule develop-
ment even in the absence of rhizobia or the NF receptor (i.e. 
spontaneous nodulation; Gleason et al., 2006; Tirichine et al., 
2006a; 2006b). Importantly, the number of spontaneous nod-
ules can be further increased by the iàÜ~êN mutation (2006a). 
This result suggests that AON signaling is still functional even 
when the mutated CCaMK is constitutively active. Therefore, 
the root regulator, TML, is likely to target CCaMK or other fac-
tors downstream of CCaMK. At the same time, we cannot rule 
out another possibility that TML negatively regulates unknown 
factors that function independently of the NF signaling cascade. 

To gain insights into the potential targets, further analyses such 
as suppressor mutant screening of íãä may be helpful. 
 
Concluding remarks 

 
Higher plants utilize whole-body signaling to coordinate their 
development in response to endogenous and environmental 
information. AON signaling in legumes is a good example of 
such long-distance regulation. Studies on AON have a long 
history but we are just beginning to understand the molecular 
basis underlying AON. Owing to the model legumes, iK=à~éçåáJ
Åìë and jK= íêìåÅ~íìä~, several players associated with AON 
have been identified in the past 5 years. However, the precise 
machinery of AON is relatively unclear compared with the NF 
signaling cascade, partly due to a paucity of hypernodulating 
mutant lines. This suggests that functional redundancy may 
exist among AON-related genes. Thus, reverse genetic ap-
proach will be increasingly important in the next decade. To this 
end, research platform in the model legumes needs to be fur-
ther improved. For example, establishment of T-DNA knock-out 
mutant resources may facilitate isolation of novel AON-
associated molecules. 
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