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E3 ubiquitin ligases (E3s) in eukaryotes are involved in protein 
ubiquitination, a post-translational regulatory process essential 
for growth and interaction with the environment. E3s work in 
association with the E1 and E2 ubiquitin conjugating proteins 
and catalyse the transfer of ubiquitin to the protein target. E3s 
select the targets and thus control the specificity of the ubiquiti-
nation. Although ubiquitination is often a signal for degradation 
by the proteasome,1 it has become clear that this modification 
can lead to a variety of outcomes such as modification of pro-
tein activity, creation of docking sites or internalization of cell 
surface proteins.2 On the basis of their subunit composition and 
their mechanisms of action, E3s can be divided into four groups: 
the Skp-Cullin-F-box (SCF) complex, the Anaphase Promoting 
Complex (APC), the Homology to E6-associated protein 
Carboxyl Terminus (HECT) domain and the Really Interesting 
New Gene (RING)/U-box domain (U-box domain is a degener-
ate version of the RING-finger domain).3 The first two groups 
define multimeric E3s in which target specificity is determined by 
the F-box subunit in SCF complex and two adaptors CDC20 or 
Cdh1 in APC. The other groups constitute monomeric E3s and 
they are named by their E2 interacting domain (HECT, RING 
and U-Box), whereas target specificity is determined largely by 
other associated domains.
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In plants, as in animals, recent work has established that many 
developmental and defense response pathways are regulated 
by E3 ubiquitin ligases which control the level or the activity 
of key proteins through ubiquitination. Nodule formation 
is a tightly regulated process that integrates specific signal 
exchange and the coordinated activation of developmental 
mechanisms to synchronize bacterial infection and organ 
development. In the last decade, the characterization of 
several E3 ubiquitin ligase with roles during nodulation has 
been reported. These are mainly RING-finger and U-Box 
proteins involved either in nodule organogenesis or in the 
infection process. In this review, we summarize the knowledge 
in this field and conclude that the major challenge will be 
the identification of the regulation and targets of these E3 
ubiquitin ligases.
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In plants, the E3s are encoded by a very large number of 
genes, for example more than 1,200 genes in Arabidopsis.4 Plant 
E3s belong to multigenic families. The F-box protein family has 
particularly experienced an expansion in plants in comparison to 
other eukaryotic species,5 and this is also true to a lesser extent 
for the U-box protein family.6 This high number of genes relative 
to other eukaryotes underlines the importance of E3s in regulat-
ing plant processes. E3s have been identified as key regulators in 
plants of hormone signaling, photomorphogenesis, cell cycling 
and plant-microbe interactions.7

The legume-rhizobia symbiosis is initiated by a signal exchange 
between the partners which leads to the production of nodules on 
the roots of the plants, in which the bacteria fix dinitrogen. Root 
nodulation requires the dual activation of nodule organogenesis 
and infection processes in the root cells.8 Both processes depend on 
the perception of Rhizobial Nod factor (NFs), lipochitooligosac-
charadic signals which are perceived by symbiotic receptors in the 
plant roots. The characterization of receptor like kinase (RLKs) 
genes and their mutant phenotypes indicates that they play mul-
tiple roles in the perception of NFs and their transduction via cal-
cium mediated responses and transcriptional regulation. Among 
these RLK, LYK3 is involved in the earliest steps of symbiotic inter-
actions such as NFs recognition and the infection signaling net-
works that conduct to the invasion of rhizobia into root hair cells 
through infections threads (ITs).9 Extensive research in legume 
models, such as Medicago truncatula and Lotus japonicus has identi-
fied roles of E3s in nodulation. The only example of the involve-
ment of a multimeric E3 complex in nodulation is the requirement 
of the APC ubiquitin ligase activator, Ccs52A for DNA endoredu-
plication during cell differentiation in nodules.10 However, several 
reports have described roles of monomeric E3s in nodulation. In 
this review we summarize this work, focusing on the identification, 
the developmental roles and the biochemical function of the E3s.

Identification and Structure of E3s Involved  
in Nodulation

Forward genetic approaches have identified several putative 
E3s involved in nodulation. The first gene encoding a puta-
tive E3, described to play such a role, was ASTRAY/LjBZF in 
L. japonicus, identified from a hypernodulating and photomor-
phogenic mutant. Because this latter phenotype was similar to 
several characteristic responses of the Arabidopsis mutant Hy5 
(LONG HYPOCOTYL5), a homolog of Hy5 was identified 
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domain, then a large region with an ARMADILLO (ARM) 
repeat and at least three WD-40 repeats all presumably involved 
in protein-protein interactions (Fig. 1).16,17

Three others E3s have been shown to play symbiotic roles by 
reverse genetic approaches. The LjnsRING gene was studied due 
to its specific expression in early stages of nodulation in L. japoni-
cus.18 Nodule-specific genes are good candidates to play crucial 
roles during symbiosis. A1236 amino acid protein was predicted 
from LjnsRING cDNA. From the N-terminus, LjnsRING has 
five HHE domains with unknown function, a CHY zinc-finger 
motif and a RING-H2 domain, both probably involved in pro-
tein-protein interactions (Fig. 1).19

Studies in Arabidopsis revealed that SINAT5, a RING-finger 
domain containing protein related to the Drosophila SEVEN 
IN ABSENTIA protein, involved in photoreceptor differentia-
tion, was an E3 that affected lateral root formation.20 Because of 
the similarities between lateral root and nodule formation, the 
role of SINA proteins was investigated in nodule formation of 
M. truncatula. Six M. truncatula genes were identified encoding 
proteins (304 to 333 amino acids) with a RING-finger domain 
at the N-terminus part followed by a large conserved SINA 
domain involved in protein-protein interactions (Fig. 1).20

Recently, Plant U-box protein 1 of M. truncatula (MtPUB1) 
was identified as an interacting partner of the LYK3 RLK using 
a yeast two-hybrid screening.21 MtPUB1 encodes a protein of 694 
amino acids containing from the N-terminal part the large U-box 
N-terminal Domain (UND) with unknown function (which is 
found in a subset of Arabidopsis PUB proteins22) followed by the 
U-box domain and at least five ARM repeats (Fig. 1).21

from L. japonicus and complementation experiments confirmed 
the role of this gene in both the symbiotic and non symbiotic 
phenotypes described in astray.11,12 ASTRAY/LjBZF encodes a 
protein of 321 amino acids containing, from the N-terminus, 
a RING-finger domain involved in protein-protein interac-
tions, an acidic region and a typical bZIP (basic leucine zipper) 
domain involved in DNA binding (Fig. 1).12 It is worth not-
ing that ASTRAY is a divergent Lotus homolog of Arabidopsis 
HY5 because the RING-finger domain and the acidic region 
are not present in HY5. It seems that the structural organi-
zation of ASTRAY is specifically found in legumes. It would 
be interesting to examine whether the RING-finger domain is 
important to the nodulation phenotype.

The MsRH2-1 gene was identified during the analysis of 
non nodulating alfalfa mutants as a unique polymorphic PCR 
fragment between the Nod-/Nod+ germplasms of alfalfa. A 295 
amino acid protein contains from the N-terminal end one puta-
tive transmembrane domain, followed by a serine-rich region and 
a RING-H2 domain (a version of RING-finger domain in which 
one cysteine is replaced by a histidine) (Fig. 1).13

Lin (lumpy infection) and cerberus were firstly described as 
mutants defective in the early infection processes in M. truncatula 
and L. japonicus, respectively and because of their very similar phe-
notypes they were predicted to be orthologous genes.14,15 This was 
confirmed by positional cloning which showed that LIN shares 
86% sequence identity with CERBERUS. LIN and CERBERUS 
encode proteins of 1,488 and 1,477 amino acids, respectively, 
which contain from the N-terminal end about 500 amino acids 
without any homology with known domains, followed by a U-box 

Figure 1. Schematic representation of the structure of the E3 ubiquitin ligases identified to play a role in nodulation.
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general processes of growth and development but seems also to 
have an additional role in nodulation.

It has been previously demonstrated that Arabidopsis SINAT5 
attenuates auxin signals in roots by ubiquitination of the NAC1 
(NO APICAL MERISTEM/CUP-SHAPED COTYLEDON 1) 
transcription factor to promote its degradation.26 SINAT5 also 
controls floral transition by regulating flowering-related proteins 
through its E3 activity.27,28 In M. truncatula, the six SINA genes 
were all expressed in roots and nodules. A significant increase 
in transcript level was observed in inoculated roots only for 
MtSINA4, 6 days post inoculation.20 Because SINA proteins 
often act as dimers, pairwise yeast two-hybrid analysis was used 
to study oligomerization and showed that each of the MtSINA 
proteins is capable of interacting with the others and also with the 
Arabidopsis SINAT5 protein. The authors used ectopic expres-
sion of Arabidopsis proteins to study the role of MtSINA in nod-
ulation. Both SINAT5 and SINAT5DN, a dominant-negative 
form of this protein affected in E3 activity, were used.26,29 In this 
way, only a global role of the SINA family in Medicago could 
be investigated. Expression of SINAT5DN modified the size of 
leaves and the number of lateral roots of M. truncatula transgenic 
plants similarly to its effect in Arabidopsis transgenic lines.20 With 
regard to nodulation, ectopic expression of SINAT5DN affected 
nodule initiation which was delayed but not inhibited. The high 
number of infection events observed and the lower number of 
functional nodules obtained suggest an interference with infec-
tion control rather than nodule primordium development. More 
precisely, observations showed that ITs were formed but infec-
tion did not progress well. ITs were deformed, broader than those 
of the WT with a dense matrix containing few bacteria and an 
irregular cell wall structure. Some ITs reached the nodule and 
released bacteria but the symbiosomes were enlarged with large 
spaces between the bacteroid and the symbiosome membrane, 
leading to small Fix- nodules which senesced earlier.20 This work 
clearly identified a role of MtSINA proteins during nodulation, 
but it is not clear if some members of the MtSINA protein family 
have pleiotropic roles including nodulation or if some members 
have a specific role in symbiosis. 

For the E3s containing a U-box domain, specific roles in 
nodulation processes have been reported. The lin and cerberus 
mutants formed small white bumps following rhizobia inocu-
lation but, although rhizobia were able to colonize curled root 
hair tips, infections never progressed beyond the root hair cells. 
Gain of function mutations (autoactive versions) in Calcium 
Calmodulin-dependant protein Kinase (CCaMK) confer spon-
taneous nodulation in the absence of rhizobial infection. The use 
of these mutants revealed that LIN and CERBERUS were not 
necessary for nodule organogenesis.16,17 Thus, the arrest of nodule 
development in lin or cerberus roots is an indirect consequence of 
the arrest of the rhizobial infection process and additional data 
implicate CERBERUS specifically in the IT pathway.30

The role of MtPUB1 was characterized by RNAi knockdown 
and overexpression approaches. Overexpression of MtPUB1 led to 
a delay in nodulation which was apparent 7 days after infection but 
not at 14 days post-infection. No difference in the number of nod-
ules was observed in RNAi knockdown plants after infection with 

Functional Characterization

In addition to the phenotypical analysis of mutants, several 
functional characterizations were carried out by RNAi knock-
down and/or overexpression strategies using the hairy root trans-
formation system, available in L. japonicus and M. truncatula. 
The phenotypes suggest a role of ASTRAY/LjBZF, MsRH2-1, 
LjnsRING and SINA proteins in nodulation, although other root 
and shoot phenotypes were described showing that these proteins 
either play a more general role in plant development or have addi-
tional roles.12,13,19,20

LjBZF/ASTRAY is a divergent Lotus homolog of Arabidopsis 
HY5, a transcription factor that activates photomorphogenesis 
responses and root development in Arabidopsis.23 Defects in light 
and gravity responses in astray mutant were very similar to those 
of hy5. However astray did not show increase of lateral root initia-
tion like hy5, but an increase of nodule initiation. In astray, nodule 
primordia appeared earlier than in wild type plants and approxi-
mately two-fold more nodules were formed compared to the wild 
type, on a wider zone but with normal density. In contrast to other 
hypernodulating mutants, astray showed normal sensitivity to 
general inhibitors of nodulation such as ethylene and nitrate, thus 
astray has been categorized as a light-insensitive mutant.12

The overexpression of MsRH2-1 in alfalfa led to dramatic 
alterations in plant growth. The size of the plants was reduced 
and exhibited weaker shoot branching and lateral root develop-
ment than the control. In addition, leaves started their develop-
ment normally but the cells did not expand. The nature of the 
changes in plant architecture and morphology suggests disrup-
tion of auxin-related signaling pathways. MsRH2-1 was weakly 
expressed in all organs tested. During lateral root and nodule 
development MsRH2-1 was initially expressed at the base of the 
primordia, and later in the regions specific to the differentiating 
of the vascular bundles. Overexpression of MsRH2-1 resulted in a 
very low number of nodules. Auxin is required for both initiation 
and elaboration of the vasculature, two stages common to both 
lateral root and nodule development.24,25 Therefore, it is difficult 
to conclude whether MsRH2-1 is directly involved in the specific 
development of nodules or if its role is a consequence of its involve-
ment in more general plant growth and development processes.

Although the basal expression of the LjnsRING gene was 
very low in all organs, the shoot and root growth of transgenic 
RNAi plants was strongly retarded. Transgenic hairy roots were 
impaired in the development of lateral roots leading to many 
short or aborted lateral roots. Unsuccessful experiments of regen-
eration of stable transgenic lines led the authors to suggest that 
LjnsRING causes a serious imbalance of phytohormones. In 
addition, in RNAi transgenic plants, significant inhibition of 
nodule formation was observed likely due to strong inhibition of 
IT formation. However, how LjnsRING affects the formation of 
ITs in RNAi plants was not elucidated. In addition, expression 
of LjnsRING was shown to be upregulated in roots 4 to 7 days 
post-inoculation by rhizobium and is highly nodule-specific but 
because of the early infection phenotype and its consequence on 
nodule formation, it is difficult to evaluate the role of LjnsRING 
in nodule functioning. Thus, LjnsRING, seems to be involved in 



www.landesbioscience.com Plant Signaling & Behavior 663

also involved in general developmental processes for example, pho-
tomorphogenesis or hormone regulation, it is difficult to decipher 
a specific effect from a general one. However, LIN, CERBERUS 
and MtPUB1 have clear specific roles in rhizobial infection. SINA 
and LjnsRING have roles in developmental processes outside of 
nodulation and their roles in the highly specific process of infec-
tion are ambiguous. Surprisingly, these five proteins all exhibit a 
clear negative role on the early steps of the infection process.

Because of functional redundancies due to the large expansion 
of several E3 families in plants, which is associated with crucial 
role in many general processes of plant development, it leaves 
the possibility that additional E3s are involved in nodulation but 
not yet identified. Reverse genetics, transcriptional or proteomic 
approaches could be useful to identified new E3s involved in 
symbiosis.

More biochemical analysis on E3s identified is necessary to 
characterize their putative E3 ubiquitin ligase activity. In addition, 
the regulation of the E3 activity by phosphorylation or self-ubiqui-
tination for example, has also to be determined to understand how 
these proteins play their roles. In the case of MtPUB1, although 
auto-ubiquitination and phosphorylation by LYK3 have been 
determined in vitro, it will be very interesting to correlate these 
post-translational modifications to a specific signaling event in 
infection and/or nodulation. Thus, additional experiments are 
required to evaluate the implication of MtPUB1 E3 activity and its 
regulation on the phenotype observed.

Finally, the targets of all the symbiotic E3s still remain to be 
identified. LYK3 did not appear to be a target of MtPUB1 ubiq-
uitin ligase activity in vitro. Recently, using a yeast two-hybrid 
screen, an exocyst complex component has been found as a target 
of a related PUB protein, ARC1, involved in self-incompatibility in 
Brassica napus.33 By analogy, such a component might be the target 
of MtPUB1. ARC1 was also previously identified by yeast two-
hybrid screening as a partner of the S-locus receptor kinase (SRK1) 
which phosphorylates ARC1.34 Thus, yeast two-hybrid screening 
seems a method of choice to identify targets of symbiotic E3s.

the wild-type S. meliloti strain. M. truncatula plants inoculated 
with mutated S. meliloti strains producing modified NFs showed 
a marked reduction in infection and nodulation.9,31 In contrast, 
nodulation experiments with the same S. meliloti strains produc-
ing modified NFs show a very strong increase in the number of 
nodules produced in RNAi-MtPUB1 plants.21 MtPUB1 is a part-
ner of the LYK3 receptor. LYK3 is primarily involved in infection, 
as shown by the characterization of the weak lyk3-4 (hcl-4) allele, 
in which nodulation by the wild-type rhizobia is very poor because 
of the abnormal infection process: bacteria remain as microcolo-
nies in the root hair curl or ITs are rapidly blocked, forming sac-
like structures in the epidermal cells.32 A dramatic increase in the 
number of normal ITs and the number of nodules was obtained 
in RNAi-MtPUB1 lyk3-4 plants. Thus, MtPUB1 plays a negative 
role in nodulation, affecting primarily the initiation and growth of 
ITs, in relation to the activity of the LYK3 receptor.

Biochemical Characterization

The proteins described in these studies are classified in the enzy-
matic class of E3s by the presence of sequences homologous to 
highly conserved domains identified in biochemically character-
ized E3s. Only, MtPUB1 has, to date, been shown to possess in 
vitro ubiquitination activity as demonstrated by its auto-ubiqui-
tination,21 while experiments to demonstrate the E3 activity of 
LjnsRING or CERBERUS were unsuccessful.17,19 In addition, 
MtPUB1 was phosphorylated by the LYK3 kinase domain in 
vitro but no ubiquitination or alteration of LYK3 stability was 
found, following interaction with MtPUB1.21

Conclusions

In conclusion, all the monomeric E3s currently identified with roles 
in nodulation contain a RING-finger or a U-Box domain. These 
E3s are involved at different steps of nodulation, some in nodule 
development and others in the infection process. Because some are 
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