
kinases4-7 in plants induces two different tissue-specific responses, 
those in the epidermal cells and those in inner cortical cells.

In epidermal cells (and at least outer cortical cells) Nod factor 
induces calcium oscillations (calcium spiking) in the nuclear asso-
ciated region.8,9 Two nucleoporins10,11 and two putative cation 
channels12,13 are required for this Nod factor-induced calcium 
spiking. The calcium-spiking signal activates a calcium- and calmod-
ulin-dependent protein kinase (CCaMK)14-16 as well as two GRAS 
family proteins NSP1 and NSP2,17,18 and an ERF transcription 
factor ERN1.19 This signalling pathway is essential to activate gene 
expression changes leading to bacterial infection through epidermal 
cells as well as the initiation of the cortical program leading to a 
nodule primordia.

There is strong evidence indicating that Nod factor perception 
at the epidermis leads to localized increases in cytokinin levels that 
promotes nodule organogenesis in the cortex. Lotus japonicus snf2 
which is a gain-of-function mutation in the cytokinin receptor 
LHK1 forms spontaneous nodules in the absence of rhizobia.20 
Plants carrying loss-of-function mutations in the same gene lack the 
ability to form nodules but show normal infection thread initiation 
in the epidermis and similar results were observed in RNAi-mediated 
downregulation of the LHK1 ortholog of Medicago truncatula.21,22 
While nodule primordia are initiated in the cortex within approxi-
mately 48 hours of rhizobial treatment, responses are observed much 
earlier. Indeed the first Nod factor induced responses in inner root 
tissues appear to be cytoskeletal changes in pericycle cells reported 
as early as 16–18 hours post rhizobial inoculation.23 Nod factor-
induced cytoskeletal responses in cortical cells occur 18–24 hours 
post rhizobial treatment, when gene induction such as ENOD40 is 
also observed.24,25

While nitrogen fixation in nodules is beneficial to the plant it 
comes at a high price in the form of demand for photosynthates. 
The plant must balance its differential nutritional needs with other 
environmental stresses it may encounter. It is clear that the plant 
carefully regulates nitrogen fixation and does so at multiple levels, 
most strikingly through the regulation of nodule number. The plant 
has well established defence and stress responsive systems and these 
combined with the interlinking of plant developmental hormones 
provides mechanisms for the regulation of nitrogen fixation. In this 
review we take a hormone centric viewpoint of nodulation. We try 
to integrate the previously reported data to interpret nodulation in 
the language of plant hormones. From this viewpoint we address two 
key questions: how does Nod factor recruit different hormones to 
regulate both bacterial infection and nodule initiation and how does 
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The formation of a nitrogen-fixing nodule involves two diverse 
developmental processes in the legume root: infection thread 
initiation in epidermal cells and nodule primordia formation in 
the cortex. Several plant hormones have been reported to positively 
or negatively regulate nodulation. These hormones function at 
different stages in the nodulation process and may facilitate the 
coordinated development of the epidermal and cortical develop-
mental programs that are necessary to allow bacterial infection into 
the developing nodule. In this paper, we review and discuss how the 
tissue specific nature of hormonal action dictates where, when and 
how a nodule is formed.

Introduction

Several genera of plants have developed symbiotic interactions 
with microorganism that facilitate uptake of mineral nutrients 
from limited resource environments. A typical symbiosis is the 
legume-rhizobia symbiosis that benefits the plant through nitrogen 
acquisition. In this interaction, root hair deformation entraps 
rhizobial bacteria and infection threads that are formed from these 
infection sites allow rhizobial invasion into the cells of the root 
cortex. Meanwhile, cortical cell division is activated and this initiates 
the nodule primordia at a position below the site of bacterial infec-
tion in the epidermis (Fig. 1). Rhizobia are released from infection 
threads into membrane bound compartments within the cells of 
the nodule, where they differentiate into a nitrogen fixing form, the 
bacteroid. The interaction involves multiple levels of communication 
between the plant and the rhizobial bacteria throughout the process 
of bacterial colonisation and this optimizes the exchange of sugars 
for a nitrogen source.

In this last decade many genetic components in both rhizobia 
and legumes that control the nodulation process have been defined, 
providing an approximate mechanism for this interaction. Plants 
release flavonoid signals to initiate the first communication with 
rhizobia. Bacterial perception of flavonoids via NodD activates 
production of Nod factor which consists of a chitin backbone with an 
N-linked fatty acid moiety attached to the terminal glucosamine.1-3 
The perception of Nod factor by Lysine motif (LysM)-receptor-like 
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Nod factor coordinate two different developmental 
processes in these two different tissues?

The Regulation of Rhizobial Infection by Plant 
Stress Hormones

Several defence/stress hormones such as ethylene, 
salicylic acid (SA), jasmonic acid (JA) and abscisic 
acid (ABA) play important roles in controlling the 
epidermal responses during the nodulation process 
(Fig. 2).26 These hormones negatively regulate 
multiple epidermal responses in order to inhibit 
rhizobial infection. Ethylene is the best studied 
of these hormones. Use of ACC (the precursor of 
ethylene) and AVG (an inhibitor of the ethylene 
response) in wild type plants indicates that ethylene 
inhibits rhizobial induced epidermal responses such 
as root hair deformation, calcium spiking, the expres-
sion of early nodulin genes such as RIP1 and 
ENOD11 and the frequency of infection threads.27,28 
Genetic studies with the ethylene insensitive mutant 
skl (ein2) validate these physiological studies revealing 
that ethylene inhibits rhizobial infection as well 
as nodule formation, such that in the absence of 
ethylene signalling, excessive numbers of nodules 
are formed.29,30 These studies reveal that ethylene 
suppresses Nod factor signal transduction and this 
reduces the levels of rhizobial infection.28

A synergistic partner to ethylene in defence 
systems is JA. Previous studies showed that exogenous 
JA could inhibit the transcription of ENOD11 and 
RIP1 which are induced by Nod factor in epidermal 
cells as well as inhibiting calcium spiking.31 Methyl 
jasmonate (MeJA), JA’s fragrant methyl ester, shows a similar action 
resulting in the suppression of nodulation.32 Surprisingly, although 
JA and ethylene show a synergistic interaction on nodulation inhi-
bition, there is an antagonistic interaction on regulating calcium 
spiking. This implies dynamic interactions between JA and ethylene 
on the negative regulation of nodulation.

ABA regulates the water status of the plant as well as regulating 
a number of plant developmental processes. Previous studies on 
ABA has shown that it regulates rhizobial responses including root 
hair deformation and nodulation in L. japonicus.33 Recent work has 
shown that ABA functions in the regulation of rhizobial induced 
epidermal responses in a manner similar to ethylene and JA, inhib-
iting the number of infection threads, Nod factor induced calcium 
spiking as well as early nodulin gene induction. Despite the simi-
larities between ABA and ethylene, their regulation of nodulation 

Figure 1. Root hair deformation in Medicago truncatula entraps Sinorhizobium meliloti to form 
infection foci, from which will develop infection threads. Immediately below the site of bacte-
rial infection cortical cell divisions are activated to form the nodule primordia.

Figure 2. In the epidermis, defence hormones such as ethylene, JA and SA 
as well as the stress hormone ABA negatively regulate Nod factor induced 
calcium spiking, early nodulin gene expression and infection thread initia-
tion. In the cortex and in pericycle cells, the balance of cytokinins, ABA and 
auxin dictate whether lateral roots or nodules will be initiated. GA and BR 
are also involved in the formation of the nodule primodia. ABA has dual 
roles in regulating epidermal and cortical nodulation processes and as such 
may facilitate the coordination of the epidermal and cortical programs. rhc, 
root hair cell; ep, epidermis; cc, cortical cell; en, endodermis; pc, pericycle 
cell; ph, pholem; xy, xylem; JA, jasmonic acid; SA, salicylic acid; ABA, 
abscisic acid; GA, gibberellic acid; BR, brassinosteroid.
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mutations in the L. japonoicus cytokinin receptor LHK1 cause 
spontaneous formation of nodules, while loss of function mutations 
of LHK1 or silencing of CRE1 cause an inability to initiate nodule 
primordia.20-22 Therefore, cytokinins have the ability to initiate 
nodule organogenesis in the cortex while suppressing lateral root 
formation in pericycle cells.

During root development, auxin is generally an antagonistic 
partner to cytokinins. In contrast to cytokinins auxin accumulates 
in the pericycle cells to initiate lateral root primodia.25,44 While in 
nodule formation, the initiation of the nodule is associated with the 
inhibition of auxin flow. Direct measurements of auxin transport 
using radiolabeled auxin showed that rhizobia locally inhibit acro-
petal auxin transport capacity in Vicia sativa roots.47 Nod factor and 
flavonoids were also shown to inhibit auxin flow in the root, similar 
to the effects of synthetic auxin transport inhibitors.48 The effect 
of this altered auxin flow is localized suppression of auxin levels 
associated with the initiation of nodule primordia, as evidenced by 
studies with the auxin-responsive promoter GH3.48 These localized 
regions of reduced auxin levels are transitory, since GH3 expres-
sion is dramatically increased in nodule primordia.25,44 Moreover, 
in the sunn mutant, high levels of endogenous auxin are correlated 
with increased numbers of nodules.49 The ethylene insensitive 
supernodulation mutant skl also has an exaggerated increase of IAA 
accumulation.50 These results suggest a complicated role for auxin 
in nodule initiation. It appears that localized suppression of auxin 
may be necessary to initiate a nodule primordium, but once initiated 
high auxin levels are essential for nodule primordia function. This 
hypothesis implies an early suppressive role for auxin during nodule 
initiation followed by a positive function for auxin during nodule 
organogenesis.

In addition to auxin, ABA is also an antagonistic partner to 
cytokinins. Compared with cytokinins, ABA promotes lateral root 
formation and inhibits nodulation, thus having opposite effects 
to cytokinins on cell division in the pericycle and cortex.33,34,51,52 
Suppressing ABA signalling by overexpressing the Arabidopsis abi1-1 
allele in M. truncatula shows an enhanced nodulation phenotype 
as well as enhanced ENOD40 expression induced by cytokinins.34 
ABA also can inhibit spontaneous nodulation in the LHK1 gain-
of- function mutants of L. japonicus.34 Thus the initiation of lateral 
roots from pericycle cells and nodules from cortical cells may require 
specific ABA/cytokinin ratios. Strikingly, the ABA to cytokinin ratio 
in the phloem is higher in wild type soybean compared to the super-
nodulation mutant nark (the soybean ortholog of SUNN).53

The initiation of a nodule involves the entire collection of 
plant hormones, with roles also for GA (Gibberellic Acid) and BR 
(Brassinosteroid) in the initiation of nodule primordia.54 As well as 
regulating bacterial infection at the epidermis, ethylene also appears 
to play a role in directing the infection thread through the cortex29,30 
and in positioning nodule initiation, opposite protoxylem poles.27 
Taken together, the cortical program leading to nodule initiation is 
predominantly regulated by cytokinins, that function in combination 
with auxin, ABA. GA, BR and ethylene to dictate the number and 
position of nodules (Fig. 2). We propose that the balance of auxin, 
cytokinins and ABA decides the fate of pericycle cells and cortical 
cells, dictating whether lateral roots or nodules will be initiated.

appears to be independent.34 Dominantly suppressing ABA signal-
ling by overexpressing the Arabidopsis abi1-1 allele in M. truncatula 
causes enhanced induction of the early nodulin gene, ENOD11, in 
epidermal cells and increased levels of nodulation.34

Treatment with another well-studied plant defence hormone SA 
results in both reduced and delayed nodule formation on alfalfa roots 
inoculated with Sinorhizobium meliloti and the inhibition of the 
early nodulin RIP1.35 SA levels can be suppressed by the bacterial 
enzyme Salicylate hydroxylase (NahG) and expression of NahG in 
L. japonicus results in a marked reduction of endogenous SA levels 
leading to an increase in the number of rhizobial infections and the 
mean nodule number.36 Interestingly, there are several pathogenesis-
related proteins such as PR2 and PR10 that are downregulated after 
inoculation with rhizobia.37,38 Taken together this work implies that 
rhizobial colonisation involves the suppression of plant defences 
possibly by modifying the levels of SA.

These four hormones, ethylene, JA, SA and ABA have been shown 
to negatively regulate epidermal Nod factor responses including root 
hair deformation, calcium spiking and early nodulin gene expression 
and this regulation is likely to lead to the inhibition of rhizobial 
infection. But how do these four hormones integrate together to 
reduce Nod factor signalling? The decision to respond to Nod factor 
appears to involve a balance between Nod factor concentrations and 
the concentrations of JA, ethylene and ABA, such that high concen-
trations of Nod factor can overcome the suppressive nature of these 
hormones.28,31,34 Since all these four hormones directly or indirectly 
enhance the production of reactive oxygen species (ROS),9,39-42 it is 
possible that ROS might be a key mediator in this hormonal regula-
tion of Nod factor signal transduction.

Nodule Primodia Initiation Competes with Lateral Root 
Emergence

Nodules and lateral roots are different organs that form from 
different founder cells. Nodule primodia result from cortical cell 
divisions while lateral root primodia initiate from pericycle cell divi-
sions. In 1948, Nutman recorded the numbers of both lateral roots 
and nodules and proposed that a balance existed between nodule 
formation and lateral root formation,43 with nodule primodia initia-
tion dependent on the suppression of lateral root emergence. Some 
of the first responses to rhizobia in inner root tissues occur in peri-
cycle cells, with alterations in the cytoskeleton, which are followed by 
similar responses in cortical cells a few hours later.23

In Arabidopsis cytokinins mediate cell cycle arrest in pericycle 
cells, thus inhibiting lateral root formation.44,45 This is also true 
in legumes. Lohar et al. made use of ARR5 (a cytokinin-induced 
response regulator from Arabidopsis) in L. japonicus to reveal a 
specific absence of cytokinin signalling in those pericycle cells under-
going division to initiate the lateral root primordium.46 Suppression 
of cytokinin signalling by silencing the cytokinin receptor (CRE1) in 
M. truncatula caused increased lateral root formation. In contrast, 
cytokinins play a positive role in cortical cells for the initiation of the 
nodule primordium. ARR5 expression revealed cytokinin signalling 
in cortical cells undergoing division to form the nodule primor-
dial.46 In addition, external application of cytokinins can induce 
ENOD40 expression, a gene associated with nodule primodia, with 
the same timing and location as rhizobial induction of ENOD40.25 
More recently, genetic studies have revealed that gain of function 
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Coordination between Epidermal Responses and Cortical 
Responses

As described above, hormones regulate nodulation through the 
negative regulation of epidermal responses as well as dictating the 
nature of cortical and pericycle cell divisions. Considering that 
bacterial infection and nodule primordia initiation occur concur-
rently in distant tissues, it seems likely that a mobile signal must 
coordinate these two developmental programs. It is possible that 
such a mobile signal is a plant hormone and those hormones with 
dual roles in regulating infection processes and nodule organogen-
esis may provide the mechanism for the coordination of these two 
processes. ABA is a hormone which is involved in both epidermal 
and cortical nodulation responses. It regulates Nod factor signalling 
in the epidermis as well as cytokinin signalling in the cortex. These 
two modes of action can be separated since the sta1 mutant of M. 
truncatula shows reduced sensitivity to ABA for the regulation of 
Nod factor signalling in epidermal cells and hypersensitivity to ABA 
for the regulation of cytokinin induced nodulation processes.34 Thus 
the modulation of ABA signalling can dictate the nature of both the 
epidermal and cortical nodulation processes. While it is tempting to 
suggest that ABA, or other hormones, act as the mobile signal(s) that 
co-ordinately regulate epidermal and cortical nodulation responses, 
further proof is necessary to support such a hypothesis.

Outlook

The evolution of nodulation has recruited the entire collec-
tion of plant hormones to activate or regulate this process. In the 
epidermis, defence hormones such as ethylene, JA and SA as well 
as the stress hormone ABA negatively regulate Nod factor induced 
calcium spiking, early nodulin gene expression and infection thread 
initiation. In the cortex and in pericycle cells, the balance of cyto-
kinins, ABA and auxin dictate whether lateral roots or nodules will 
be initiated. Considering the importance of tissue specific responses 
during nodulation it is important to define the tissue specific nature 
of hormone action during nodulation. Different hormone responsive 
genes need to be carefully analysed in specific cell layers through time 
post rhizobial inoculation. In addition the mechanisms by which 
hormones activate nodulation or regulate Nod factor signal transduc-
tion still remains to be defined. Reverse genetic and forward genetic 
screens should provide new components in the hormonal regulation 
of nodulation pathways and may provide insights into the mecha-
nisms of coordination of these fascinating processes.
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