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Abstract: Actinorhizal symbioses are mutualistic associations between plants belonging to eight angiosperm families and
soil bacteria of the genus Frankia. These interactions lead to the formation of new root organs, actinorhizal nodules,
where the bacteria are hosted and fix atmospheric nitrogen thus providing the plant with an almost unlimited source of ni-
trogen for its nutrition. It involves an elaborate signaling between both partners of the symbiosis. In recent years, our
knowledge of this signaling pathway has increased tremendously thanks to a series of technical breakthroughs including
the sequencing of three Frankia genomes [1] and the implementation of RNA silencing technology for two actinorhizal
species. In this review, we describe all these recent advances, current researches on symbiotic signaling in actinorhizal

symbioses and give some potential future research directions.
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1. INTRODUCTION

Plant growth is often limited by the amount of available
nitrogen. Only some prokaryotes are able to use the dinitro-
gen that comprises about 80% of the atmosphere as a nitro-
gen source through a process known as nitrogen fixation.
Some plants have therefore evolved the capability to associ-
ate with some nitrogen-fixing bacteria to benefit from this
source of nitrogen. The most complex of such associations
lead to the formation of new root organs called nodules
where the bacteria are hosted in specialized plant cells and
fix nitrogen. Root-nodule symbioses occur in legumes with
rhizobia bacteria and in plants belonging to eight angiosperm
families collectively called actinorhizal plants that associate
with soil actinomycetes belonging to the genus Frankia. In-
terestingly, molecular analyses have shown a common evo-
lutionary origin of root nodulation symbioses [2]. While the
legume-rhizobia symbiosis has received a lot of attention
because of the economical importance of several legume
species (such as soybean), actinorhizal symbioses have been
little studied. However, in most cases, the rates of nitrogen
fixation in actinorhizal plants are comparable to those found
in legumes and they play very important ecological roles in
plant ecosystems.
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Recent studies in legumes have tremendously increased
our understanding of the symbiotic signaling molecules and
transduction pathways. In the legume-rhizobia interaction,
one of the key factors mediating recognition between the
plant and the bacteria are lipochitooligosaccharides called
Nod factors [3]. The perception of Nod factors induces a
series of well-characterized responses in the host plant root
[4]. Extensive mutant screenings performed in legumes led
to the identification of several loci involved in this signaling
cascade, and recently most of the corresponding genes were
identified by map-based approaches [4]. In comparison, very
little is known about the signaling mechanisms leading to
actinorhizal symbioses formation. All actinorhizal plants
except Datisca are woody shrubs or trees and are therefore
recalcitrant to genetic approaches. However, recent pro-
gresses including the development of Frankia and actinorhi-
zal plants genomics [1,5-7] have opened new avenues to
identify the components involved in the symbiotic dialogue
in both partners [8]. The aim of this review is to summarize
our current knowledge of the signaling pathways involved in
pre-infection and infection in actinorhizal symbioses.

2. SYMBIOTIC PREINFECTION SIGNALING MOLE-
CULES

The symbiotic interaction starts by the exchange of sym-
biotic signals in the soil between the plant and the bacteria.
This molecular dialogue involves signaling molecules that
are responsible for the specific recognition of the plant host
and its endosymbiont.
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2.1. Specificity in Plant-Bacteria Recognition

In general, Frankia strains are much more promiscuous
than rhizobia and no Frankia strain specific to a single host
plant species has been described to date [9]. Nevertheless
host specificity is present at different levels and a broad cor-
respondence can be defined between the phylogenies of
Frankia strains and actinorhizal plants Fig. (1). Frankia
strains can be grouped in three related clusters, and members
of each cluster show distinct host ranges [10]. Strains be-
longing to cluster I (=”Alnus” cluster) were isolated from
plants belonging to the Fagales clade and show a high level
of host specificity, as they are only able to interact with
plants belonging to this clade. A subgroup within this clus-
ter, the “Casuarina” strains, appears to have evolved even
higher levels of specificity as members of this subgroup are
only able to nodulate two Casuarinaceae genera, Casuarina
and Allocasuarina in natural conditions [11]. Strains belong-
ing to cluster III (=“Elaeagnus” cluster) have a wider host
range and can interact with plants belonging to five families
within two distant plant clades, the Rosales and the Fagales.
The third group of Frankia (= cluster II or “uncultured”) has
not yet been isolated in pure culture, but cross-inoculation
experiments performed with crushed nodules also suggest a
broad host range for members of this cluster that nodulate
plants belonging to 4 families within the Rosales and Cucur-
bitales clades. On the plant side, most actinorhizal species
are nodulated by few Frankia strains belonging to the same
cluster but a few genera like Myrica (Myricaceae), Cean-
othus (Rhamnaceae) and Gymnostoma (Casuarinaceae) are
highly promiscuous and accept a wide variety of Frankia
strains from distinct clusters [9].

The existence of these cross inoculation groups is ex-
pected to be the result of specific recognition events taking
place at the molecular level. Different families of signal
molecules or alternatively different chemical substitutions on
the same chemical backbone as in the rhizobia/legume sym-
biosis would result in specific recognition by receptors of the
host plant of a particular group of symbionts [12]. Promiscu-
ous host plants like Myrica or Gymnostoma would recognize
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a common feature whereas specific recognition of a special
decoration would be needed in the case of narrow-range spe-
cies like Casuarina. Strains that are able to nodulate highly
divergent plant species would be able to synthesize multiple
recognition signals, as is the case for the broad host spectrum
Rhizobium strain NGR234 [13].

In addition to Frankia, actinorhizal nodules can accom-
modate other actinomycetes that cannot infect the host plant
on their own [14, 15] and also saprophytic fungi like Penicil-
lium nodositatum [16-18]. Interestingly Gymnostoma, the
“promiscuous” genus of the Casuarinaceae family, is also
able to form nodules that contain arbuscular mycorrhizal
fungi [19]. The induction of actinorhizal nodules and the
capacity of actinorhizal plants to accommodate microbes
intracellularly seems therefore to be less strictly controlled
than for legume nodules, suggesting that a wide variety of
organisms are able to mimic the symbiotic signaling mole-
cules recognized by plant receptors.

2.2. Plant Signals: a Role of Flavonoids?

Flavonoids are a diverse group of secondary metabolites
derived from the phenylpropanoid pathway. They are wide-
spread throughout the plant kingdom, from mosses to angio-
sperms, where they are involved in a wide range of biologi-
cal processes such as flower and fruit pigmentation, UV ra-
diation protection, pollen germination, cell cycle regulation,
and as signal and defense compounds in interactions with
beneficial and pathogenic micro-organisms [20,21]. They are
involved in early steps of arbuscular mycorrhizal symbiosis
[22] and are supposed to be implicated in cyanobacterial-
plant symbiosis [23]. In the nitrogen-fixing symbiosis be-
tween legumes and rhizobia, flavonoids are involved as plant
chemotactic signals to rhizobia and as activators of nod gene
expression, which lead to the biosynthesis of lipochitooligo-
saccharides (Nod Factors), the bacterial symbiotic signals
[24].

In actinorhizal symbioses, some evidence of chemo-
attraction and proliferation of Frankia bacteria has also been
reported in the rhizosphere of several species [23], but direct
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Fig. (1). Phylogenetic relationships between plant families containing actinorhizal species (grey background) and the corresponding Frankia
strains. Black lines represent compatible interactions leading to nodulation.
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evidence of flavonoids as early signals exchanged between
plant and Frankia is still lacking. Several studies have re-
ported an implication of these molecules during plant-
Frankia interactions. Benoit and Berry [25] have reported
that flavonoid-like compounds extracted from Alnus rubra
seeds affect nodulation. These results were confirmed by
Hughes et al. [26] who observed that flavonols (e.g., quer-
cetin and kaempferol) contained in Alnus glutinosa root exu-
dates were able to enhance or decrease the level of nodula-
tion. More recently, the analysis of a C. glauca root and
nodule expressed sequence-tag (EST) database led to the
identification of several genes involved in the flavonoid bio-
synthesis pathway [5]. Interestingly, an important accumula-
tion of transcripts corresponding to a putative isoflavone
reductase gene was observed shortly after inoculation by
Frankia and is associated with the presence of specific
isoflavonoid compounds in early inoculated plants, thus sug-
gesting a possible role of isoflavonoids as signals in the C.
glauca-Frankia symbiosis (our laboratory, unpublished re-
sults). Altogether, these data suggest that flavonoids act as
plant signals in actinorhizal symbioses and might determine
the symbiotic specificity in actinorhizal symbioses. In order
to test that, we are currently using a RNA interference
(RNAI) strategy to generate plants impaired in flavonoid
biosynthesis through down regulation of a gene encoding a
chalcone synthase, the first enzyme in this biosynthetic
pathway, and look at the effects on symbiosis formation.

2.3. Bacterial Signal Molecules

The identification of Nod factors in the 1990s was a huge
step in the elucidation of the molecular dialogue between
rhizobia and legumes and a strong focus on Nod factor re-
search yielded a huge amount of information on the way Nod
factors are synthesized, exported and recognized by plant
receptors, and the resulting signaling cascades and gene net-
works implicated in the plant cell. Until recently, Nod factors
were considered to be the universal signaling molecule ena-
bling the recognition of rhizobia by legumes. Surprisingly,
the sequencing of the genome of a photosynthetic Brady-
rhizobium revealed that this strain lacks the canonical nod
genes needed to synthesize Nod factors, and does not need
Nod factors to nodulate its host, the tropical legume
Aeschynomenae sensitiva [27], proving that in this case the
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symbiotic recognition is mediated by a different kind of
molecule. This view was confirmed on Lotus japonicus
where functional nodules were obtained in mutant plants
inoculated with bacteria unable to synthesize Nod factors
[28]. At least two signaling pathways leading to nodulation
are supposed to exist in legumes, an evolutionarily recent
one dependent on Nod factors needed for epidermal and cor-
tical responses such as root hair curling and the formation of
infection threads, and an ancestral one independent of Nod
factors acting at later stages when rhizobial cells become
internalized in the cortical cells [28].

In the case of actinorhizal plants infected through the
intracellular infection pathway Fig. (2), the first visible plant
response to Frankia is an extensive deformation of root hairs
that occurs in the zone of root hair elongation within the first
24 h. Root hair deformation also occurs in response to super-
natants of Frankia cultures even at dilutions of 10” [29]. In
contrast to rhizobia that require the presence of flavonoids
produced by the host plant roots to synthesize Nod factors,
the production of Frankia root hair deforming factor (RDF)
is not affected by the presence of root exudates in the culture
media [29].

Attempts were made to isolate the Frankia RDF using
similar approaches than the ones used to identify rhizobial
Nod factors [30]. Partial purification of the RDF was
achieved using a root hair deformation assay on Alnus [31].
This Frankia RDF was found to be heat stable, hydrophilic,
resistant to a chitinase treatment and relatively small [31].
The last two properties are not shared with lipo-chito-
oligosaccharidic Nod factors, suggesting a different chemical
nature for the Frankia RDF [31]. In rhizobia, enzymes in-
volved in the biosynthesis of Nod factors are encoded by the
nod genes that are clustered in specific zones called “symbi-
otic islands”. The recent sequencing of three Frankia ge-
nomes revealed the lack of the core nodA4 gene, thus suggest-
ing that Frankia might not be able to synthesize signal mole-
cules similar to nod factors [1]. Moreover, nod genes homo-
logues in Frankia are only distantly related to rhizobial nod
genes, are not clustered within a symbiotic island and their
expression is not induced under symbiotic conditions [1,7]
further supporting the idea that they are not involved in syn-
thesizing a symbiotic Nod-like factor.
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Fig. (2). Simplified model of the Nod symbiotic signaling pathway. In the legume-rhizobia symbiosis, Nod factors synthesized by rhizobia
are recognized by LysM receptors activating a calcium-dependent signaling pathway, the Nod pathway that leads to nodulation. In actinorhi-
zal symbioses, a functional equivalent of the rhizobial Nod factor (not yet identified) is supposed to bind to a receptor and activate a Nod-like
signaling pathway. Some molecular determinants of this putative signaling cascade have been characterized in actinorhizal plants and shown
to play to similar role as their orthologs in legumes (SYMRK, CCaMK - black boxes). Grey boxes correspond to genes identified among C.
glauca ESTs that may be part of this signaling pathway but are not yet characterized.
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2.4. Future Strategies to Find Signaling Molecules

Numerous attempts have been made to purify the
Frankia RDF, but until now its chemical nature remains elu-
sive, in part due to the inherent difficulties of the root hair
deformation assay. Furthermore, it has been shown that root
hair deformation is induced by non-compatible Frankia
strains [29] and even by numerous non-symbiotic soil bacte-
ria [32], raising the question on whether the RDF is central
to the symbiotic process. In addition, the root hair deforma-
tion assay is not suitable for most actinorhizal plants since
only Fagales are infected through the intracellular infection
pathway.

An alternative or complementary approach to the root-
hair deformation bioassay is the establishment of a biological
assay based on plant genes that are transcribed specifically in
response to the interaction with Frankia. This approach is
particularly suited for C. glauca, where transgenic plants
expressing promoter:GUS fusions can be generated using A.
tumefaciens [33] and promoters of several symbiotic genes
are well characterized [34]. Furthermore, large homogeneous
populations can be generated by clonal propagation [35]. In
an attempt to find promoters activated specifically during the
pre-infection steps, we looked for genes that are strongly
expressed prior to bacterial infection in Legumes. Among
these are MtEnodll and PsEnodIl2B, two genes from M.
truncatula and Pisum sativum respectively, strongly tran-
scribed in infected cells but also a few hours after rhizobial
inoculation and after incubation with rhizobial Nod factors.
In C. glauca a strong activation of these promoters is ob-
served in infected cells, but not prior to infection or after the
incubation with the supernatants of Frankia cultures, sug-
gesting that the activation of ProMtEnodll and ProPsE-
nodl2B in cells infected by symbiotic bacteria is conserved
in actinorhizal plants, whereas this is not the case for the NF-
dependent preinfection expression [34,36].

In the past few years, global approaches allowed the gen-
eration of huge amounts of data. On the plant side, EST li-
braries were developed in C. glauca [5] providing extensive
lists of genes with a potential implication in the actinorhizal
symbiosis. Among the candidate genes that could be used as
symbiotic markers of pre-infection events is CgNIN, a gene
from C. glauca. CgNIN encodes a putative transcription fac-
tor showing 63 % similarity with LjNIN, a gene from L. ja-
ponicus. LiNIN is essential to the symbiosis and expressed a
few hours after rhizobial inoculation [37]. Quantitative PCR
experiments have shown a strong expression of CgNIN in C.
glauca nodules (Our laboratory, unpublished results). Plants
carrying a ProCgNIN::GUS construct are being generated
and will be used to isolate diffusible signaling molecules
produced by Frankia if ProCgNIN is strongly and specifi-
cally activated at pre-infection stages. Transcriptome studies
were performed on C. glauca and A. glutinosa (Hocher et al.,
manuscript in preparation) the global analysis of genes ex-
pressed in the early stages of the interaction will probably
provide more candidate genes suitable for this kind of ap-
proach.

On the bacterial side, the sequencing of three Frankia
genomes [1] and the subsequent analysis of Frankia secre-
tome, transcriptome and proteome [7,38,39] have also
yielded vast amounts of data and enabled the identification
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of several proteins that may play a role in the symbiotic sig-
naling process. Unfortunately, performing a functional
analysis on the corresponding genes remains a very difficult
task in the absence of a stable transformation protocol for
Frankia [40]. Another option is to use the fact that some
non-Frankia bacteria isolated from actinorhizal nodules
seem to be able to mimic Frankia symbiotic signals and to
induce nodule formation in the host plant. Some of these
bacteria are actinomycetes and can be genetically manipu-
lated. A genetic screen could be performed on this bacteria to
identify genes involved in the biosynthesis of symbiotic sig-
nals.

3. PERCEPTION AND TRANSDUCTION OF THE
PREINFECTION SYMBIOTIC SIGNAL(S)

In actinorhizal symbioses, due to the lack of genetic tools
on both the bacterial and plant sides, basic mechanisms in-
volved in perception and transduction of Frankia signals are
still poorly understood. In contrast, in the legume-rhizobia
symbiosis, signal exchanges between the two partners have
been well studied. The perception of compatible rhizobial
Nod factors induces a series of responses in the root includ-
ing root hair curling, ion flux changes, calcium spiking,
membrane depolarization, cytoskeletal modifications and
activation of cell division [41,42]. Genetic studies using ex-
tensive mutant screening and map-based cloning on the
model legume species Lotus japonicus and Medicago trunca-
tula are unraveling the molecular mechanisms of the symbi-
otic signaling pathway. On the top of the signal transduction
pathway are 2 receptor-like serine/threonine kinases with a
LysM domain (LjNFRI1&S5/MINFP&MtLyk). LysM-RLKs
are required to trigger the early responses to Nod factors
such as root hair deformation, Ca®" influx and Ca®" oscilla-
tions [43]. Point mutations and domain swapping experi-
ments suggest that the recognition of Nod factors is mediated
by the LysM domains present in these proteins [44]. Other
genes acting downstream Nod factors perception include the
putative cation channels DMII/Castor/Pollux [45,46], the
LRR receptor kinases DMI2/SYMRK [47,48], the cal-
cium/calmodulin dependant kinases DMI3/CCaMK, the nu-
cleoporins Nupi33 and Nup85 and IPD3/CYCLOPS and
transcriptional regulators such as members of the GRAS
family NSPI and NSP2, nodule inception (NIN) and AP2-
ERF (ERN) transcription factors. Cytokinin receptors CRE1/
HKI have also recently been shown to be specifically in-
volved in the nodule organogenesis [49,50].

As mentioned before, the universality of the Nod factors
dependent signaling pathway has been reassessed by some
recent findings on photosynthetic bradyrhizobia [27] and by
genetic engineering of Lotus mutants [28], suggesting the
existence of alternative signaling pathways in the legume-
rhizobia symbiosis.

3.1. A Common Symbiotic Signaling Element Required
for Arbuscular Mycorrhization, Actinorhizal and Leg-
ume Nodulation

Analysis of the symbiotic legume mutants in the context
of arbuscular mycorrhization (AM) has lead to the interest-
ing finding that several genes are also required for AM for-
mation [51]. This discovery suggests the existence of a
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common symbiotic set of genes that are shared among plant
endosymbioses. At present, 7 common genes (SYMRK/
DMI2, DMI1/Pollux & Castor, Nup85, Nupl33, CCaMK/
DMI3 and IPD3/CYCLOPS) are required for both rhizobial
and AM symbioses [52]. AM symbioses are formed between
most land plant species (about 80%) and fungi of the phylum
Glomeromycota. The AM symbiosis is more ancient than
nitrogen-fixing root nodule symbioses. It can be traced back
to at least 400 million years [53] while root nodule symbio-
ses appeared 50-100 years ago [54]. Although, legume and
actinorhizal nodules differ in their ontogeny and structure,
studies based on rbcL gene sequence analysis have shown
that all plants able to enter a root nodule symbiosis belong to
the same clade (Fabids) suggesting that their common ances-
tor evolved a predisposition for symbiosis 70 MY ago [2].
The molecular bases of this predisposition are so far un-
known, but at least part of the genetic program leading to
nodulation might be derived from the more ancestral pro-
gram allowing most extant plants to accommodate AM fungi
[54].

Recent results have shown that actinorhizal symbioses
also depend on at least one element of the common Nod and
Myc signaling pathway. The receptor kinase SYMRK has
been isolated from the actinorhizal specie C. glauca. Knock-
down of SYMRK by RNA interference led to inhibition of
nodulation and mycorrhization when plants were inoculated
with compatible Frankia bacteria and Glomus intraradices
fungi respectively [8]. In addition, we demonstrated that
CgSYMRK is functionally equivalent to legume SYMRK by
successfully complementing the Jjsymrk mutant for both
nodulation and mycorrhization [8]. Similar results were ob-
tained with the SYMRK gene from another actinorhizal plant,
Datisca glomerata [55]. SYMRK 1is therefore a common sig-
naling element shared between AM, legume-rhizobia and
actinorhizal symbioses, supporting the hypothesis that the
capacity to accommodate N,-fixing bacteria evolved at least
partly from the more ancient AM genetic program. Comple-
mentation studies of /jsymrk using SYMRK genes isolated in
non-nodulating species have shown an interesting feature: all
the genes tested so far are able to complement the lack of
mycorrhization; genes where two LRR motifs are present (=
those from rice and tomato) are unable to complement the
nodulation, but genes with three LRR motifs (= the ones
from Tropaelum majus and all nodulating plants) [55]. The
appearance of this additional LRR motif in SYMRK might
be one of the evolutionary events that enabled members of
the Fabid clade to accommodate symbiotic N,-fixing bacte-
ria.

3.2. Beyond SYMRK: is there a Signaling Pathway
Shared by All Endosymbioses?

Since SYMRK plays a central role in AM, legume and
actinorhizal symbioses, other genes belonging to the Nod
signaling pathway may also be required for the three sym-
bioses. As mentioned above, legume mutant analyses re-
vealed the existence up to now of 7 genes involved in both
rhizobial and AM symbioses. These seven genes are also
probably involved in the actinorhizal signaling. An analysis
performed on C. glauca and A. glutinosa EST databases al-
lowed the identification of several genes showing high per-
centages of similarity with legume genes involved in the nod
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signaling pathway Fig. (2); [5]. Moreover, a global expres-
sion analysis performed using DNA chips on nodules and
non infected roots demonstrated that most of these genes are
expressed in roots and nodules, with a higher expression in
nodules compared to roots (Hocher et al., manuscript in
preparation). An in-depth characterization of two of these
genes (=CgCCaMK and CgNIN) is underway. In legumes,
CCamK/DMI3 is involved in the transduction of Ca*" oscil-
lations that have been shown to be a key component of the
Nod signaling pathway [42,56]. The potential involvement of
CgCCaMK in the interaction between C. glauca and Frankia
suggests that Ca>" oscillations may also occur during the
actinorhizal association. To what extent the role of genes
intervening at the very early stages is also conserved be-
tween the three endosymbioses remains to be elucidated. In
legumes the recognition of compatible bacteria is mediated
by LysM-RLKs [43]. Genes similar to legume LysM-RLKs
can be found among C. glauca and A. glutinosa EST librar-
ies but their involvement in the perception of Frankia has yet
to be examined.

3.3. Looking for Signal Transduction Elements Specific
to the Actinorhizal Program

Despite the fact that root nodule symbioses share com-
mon genetic bases, there are probably unique molecular ele-
ments characteristic of actinorhizal symbioses. Frankia is
phylogenetically distant from rhizobia and is able to interact
with 8 angiosperm families, whereas rhizobia can nodulate
species belonging only to the Fabaceae family (with the
exception of Parasponia sp). Moreover, the symbiotic signal
molecule(s) in Frankia seem to be chemically different from
Nod Factors and would therefore be perceived by different
receptors. The recent availability of genomic tools and data-
bases in C. glauca and A. glutinosa (Hocher et al., manu-
script in preparation) will provide new means to identify
genes acting in the symbiotic signaling pathway in actinorhi-
zal plants.

4. SYMBIOTIC SIGNALING DURING PLANT CELL
INFECTION

Two modes of infections of actinorhizal plants by
Frankia have been described: intracellular (root hair) infec-
tion and intercellular infection Fig. (3). During intracellular
infection, root hairs become deformed in response to Frankia
signals. Trapped Frankia hyphae penetrate and grow basipe-
tally inside the root hair while being encapsulated by the
host-derived membrane and a thin cell wall Fig. (3); [57].
Frankia remains intracellular while it progresses in the root
cortex and invades first some prenodule and then nodule
cells Fig. (3). During intercellular infection, root hairs do not
deform or branch, a prenodule is not formed and growth of
Frankia in infected roots is through intercellular spaces.
Frankia hyphae become intracellular when they invade the
young nodule primordium Fig. (3); [57].

4.1. Conservation of Infection-Related Gene Regulation
between Rhizobial and Actinorhizal Symbioses

Little is known about the mechanisms that control the
infection of plant cells by endosymbiotic microorganisms.
Cgl2, a symbiotic gene characterized in C. glauca encoding
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Fig. (3). Description of the two modes of infection of actinorhizal plants.

a subtilisin-like serine protease, is specifically expressed
after inoculation with Frankia [58]. Using C. glauca plants
expressing ProCgl2::GUS and ProCgl2::GFP fusions we
showed that the Cgl2 promoter is active in Frankia-infected
root hairs, and in root and nodule cortical cells containing
Frankia hyphae [59]. Cgl2 is specifically expressed during
the infection by Frankia and is not induced during AM for-
mation in C. glauca or in response to Frankia diffusible sig-
nals [59]. When the ProCgi2::GUS and ProCgl2::GFP
constructs were introduced in the model legume M. trunca-
tula, the Cgl2 promoter was activated exclusively in cells
infected by Sinorhizobium meliloti, indicating that both sym-
bioses share common gene regulation mechanisms during
bacterial intracellular infection [60]. Similarly, the expres-
sion of the legume MtEnodll and PsEnodl2B genes during
endosymbiotic infection is conserved in C. glauca [34,36].
Recently, the ProCgl2::GUS and ProCgl2::GFP constructs
were also introduced in Discaria trinervis, an actinorhizal
plant belonging to the Rosale clade and infected through the
intercellular pathway. Interestingly, activation of the Cgl2
promoter was found in cells surrounding the intercellular
Frankia hyphae and in nodule cells infected intracellularly
by the bacteria (our laboratory, unpublished results). This
suggests that the intercellular and intracellular infection
pathway share molecular mechanisms and that the bacterial
signals involved could be similar.

Cgli2 is an excellent marker of symbiotic bacterial infec-
tion in plants belonging to three symbiotic clades and could
be used to isolate the signaling molecules involved in bacte-

Time

rial infection using a strategy similar to the one used to iden-
tify lyso-phosphatidyl choline as a key signaling molecule
involved in the AM symbiosis [61].

4.2. A Role for Auxin during Plant Cell Infection by
Frankia?

Frankia produces phytohormones which could play a
role in the symbiotic interaction. Natural auxins such indole-
3-acetic acid (IAA) and phenylacetic acid (PAA) are pro-
duced by Frankia in vitro. Wheeler and colleagues [62]
demonstrated that IAA was a product of tryptophan metabo-
lism in Frankia, however its rate of synthesis and catabolism
were apparently slower than in Rhizobium thus contributing
a small amount to IAA content of the nodule. PAA has been
suggested to play a special role in nodule formation in Alnus
glutinosa [63]. Phenylacetic hopanetetrol is a Frankia spe-
cific lipid, present in the envelope of vesicle. Hammad and
colleagues [63] proposed that PAA only bound by an ester
link to the hopanetetrol basic unit would be released and
affect nodule formation. Various strains of Frankia were
shown to release PAA in culture medium at a concentration
of about 10° to 10® M [63]. The hopanetetrol basic unit
would be supplied by the remobilization of neosynthesized
hopanoids in Frankia during the early stages of symbiosis
and, later, senescent Frankia could remobilize PAA to help
maintain permanent synthesis of nodule tissues [63].

Recent investigations from our laboratory have linked
auxin with infection of plant cells by Frankia. The auxin
influx inhibitor 1-naphtoxy acetic acid (1-NOA) perturbs
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actinorhizal nodule formation suggesting that auxin influx
carriers play a role in the infection process [64]. Two auxin
influx carrier homologues (AUX1-LAX) genes were isolated
in Casuarina glauca and were found to share high levels of
deduced protein sequence identity with Arabidopsis AUX-
LAX proteins. Through complementation of the Arabidopsis
aux] mutant, only one (CgAUXI) was functionally equiva-
lent to AUX1 [64]. Studies in the spatial and temporal ex-
pression pattern of the ProCg4UXI::GUS reporter construct
in C. glauca found that Cg4UX]I is expressed in plant cells
infected by Frankia throughout the course of actinorhizal
nodule formation [64]. In addition, Cg4UX]I expression was
also detected in the vascular tissues in non-infected and in-
fected roots and in nodules [64]. Altogether, these results
indicate that CgAUX1 is involved in the intracellular infec-
tion of C. glauca cells by Frankia. Interestingly, CgAUX]I is
not expressed in C. glauca cell infected by the endosymbi-
otic AM fungus Glomus intraradices [65]. This indicates
that the expression of Cg4UX]I is not a general response to
intracellular infection by an endosymbiotic microorganism.
It was hypothesized that Cg4UXI expression allows the en-
try and perception of Frankia-produced auxin and restricting
it to infected plant cells [65].

More recently, we found that C. glauca nodules contain
more auxin (both IAA and PAA) than non-infected roots.
Using immunolocalization techniques, these molecules were
found to accumulate specifically in C. glauca nodule cells
infected by Frankia [66]. This is in agreement with the re-
cent finding that the auxin-responsive EuNOD-ARPI gene in
Frankia-infected cells in Eleagnus umbellata actinorhizal
nodules [67]. We found that this specific accumulation of
auxin is driven by in planta auxin production by Frankia and
the expression pattern of plant auxin influx and efflux carri-
ers that ensure that auxin is strictly localized to the infected
cells. Indeed, we found that a PIN1-like auxin efflux carrier
was present in uninfected cells surrounding Frankia-infected
cells in C. glauca nodules Fig. (4); [66]. This arrangement
limits the auxin response to plant cells that are infected by
Frankia. Nodules on Casuarina plants treated with 10 OM
NPA appeared smaller in size compared to non-treated NPA
plants (our laboratory, unpublished data) confirming the in-
volvement of auxin efflux carriers in nodule formation. All
together, these data point to a role of auxin in the infection of
plant cells by Frankia in actinorhizal symbioses. This auxin
in infected cells (alone or in synergy with a symbiotic signal)
would induce changes in gene expression, cell metabolism or
other things to promote the establishment of the intracellular
symbiosis. For instance, it was speculated that auxin could
induce genes encoding cell wall remodeling enzymes neces-
sary for infection by Frankia [64,65].

5. CONCLUSIONS

Actinorhizal plants play an important ecological role in
plant communities and are widely used in agroforestry, in
reforestation programs, for soil rehabilitation and as a source
of timber or firewood in tropical and subtropical countries
[35]. Their capacity to act as pioneer species and colonize
poor or degraded soils comes in large part from their ability
to enter nitrogen-fixing root nodule symbioses with the soil
actinomycete Frankia. A better understanding of the signal-
ing pathways leading to the establishment of these symbioses
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could lead to the optimization of inoculation techniques and
could therefore have a huge impact on the use of these
plants.

CgAUX1
Frankia

s

Auxin

Plant cell @

\

CgPIN1

— ?

Fig. (4). Model of auxin transport in symbiotic cortical tissues of C.
glauca nodules. An auxin influx carrier (CgAUX1) is produced in
plant cells infected by Frankia [64] and a PIN1-like auxin efflux
carrier is present in uninfected cells surrounding the infected cells
[66]. Computer simulations indicate that this specific pattern of
transporters activity leads to auxin accumulation in infected plant
cells. This was confirmed by auxin immunolocalization.

SR

Currently, little is known about the signaling events that
lead to actinorhizal symbioses formation. However, tremen-
dous progress happened in recent years and new tools such
as Frankia genomes and transcriptomes [1,7] and the avail-
ability of functional genomics tools in actinorhizal plants
[5,6,8,55] are opening new possibilities to identify and char-
acterize the genes involved in signaling between the two
partners during actinorhizal symbioses. New strategies are
being developed to identify and isolate Frankia symbiotic
diffusible symbiotic signals while new components of the
perception and transduction pathways are being character-
ized in the actinorhizal plants such as C. glauca. This should
hopefully allow us to decipher the signal exchange between
the two partners. Comparing these signaling mechanisms
with those involved in legume-rhizobia and AM symbioses
should shed a new light on the evolution of endosymbioses
that are important contributors to plant nutrition.

ACKNOWLEDGEMENTS

We acknowledge support from IRD, UNQ and grants
from Agropolis Fondation (grant 07024 to LL and FPW),
ECOS-Sud (grant A07B02 to SS and LI), the Comité Mixte
de Coogération Universitaire franco-tunisien (grant Utique
20804™ to LL and FG), Agence Nationale de la Recherche
(grant ANR-08-JCJC-0070-01 to LL, VH and SS), USDA
(grant 2010-65108-20581 to LL and SS), Région Langue-
doc-Roussillon (grant “Chercheur d’Avenir” to LL), Agencia
Nacional de Promocion Cientifica y Tecnoldgica (grant
PICT 20568 to LI) and a grant from the Department of Bio-
technology Ministry of Science and Technology, Govern-



8 Current Protein and Peptide Science, 2011, Vol. 12, No. 2

ment of India (to MNV). We would also like to thank Pr.
Luis Wall for helpful discussions and critically reading the
manuscript.

REFERENCES

(1]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

Normand, P.; Lapierre, P.; Tisa, L.S.; Gogarten, J.P.; Alloisio, N.;
Bagnarol, E.; Bassi, C.A.; Berry, A.M.; Bickhart, D.M.; Choisne,
N.; Couloux, A.; Cournoyer, B.; Cruveiller, S.; Daubin, V.; De-
mange, N.; Francino, M.P.; Goltsman, E.; Huang, Y.; Kopp, O.R;
Labarre, L.; Lapidus, A.; Lavire, C.; Marechal, J.; Martinez, M.;
Mastronunzio, J.E.; Mullin, B.C.; Niemann, J.; Pujic, P.; Rawnsley,
T.; Rouy, Z.; Schenowitz, C.; Sellstedt, A.; Tavares, F.; Tomkins,
J.P.; Vallenet, D.; Valverde, C.; Wall, L.G.; Wang, Y.; Medigue,
C.; Benson, D.R., Genome characteristics of facultatively symbi-
otic Frankia sp. strains reflect host range and host plant biogeogra-
phy. Genome. Res., 2007, 17, 7-15.

Soltis, D.E.; Soltis, P.S.; Morgan, D.R.; Swensen, S.M.; Mullin,
B.C.; Dowd, J.M.; Martin, P.G., Chloroplast gene sequence data
suggest a single origin of the predisposition for symbiotic nitrogen
fixation in angiosperms. Proc. Natl. Acad. Sci. U. S. 4., 1995, 92,
2647-2651.

Downie, J.A., The roles of extracellular proteins, polysaccharides
and signals in the interactions of rhizobia with legume roots.
FEMS. Microbiol. Rev., 2010, 34, 150-170.

Den Herder, G.; Parniske, M., The unbearable naivety of legumes
in symbiosis. Curr. Opin. Plant. Biol., 2009, 12,491-499.

Hocher, V.; Auguy, F.; Argout, X.; Laplaze, L.; Franche, C.; Bo-
gusz, D., Expressed sequence-tag analysis in Casuarina glauca
actinorhizal nodule and root. New. Phytol., 2006, 169, 681-688.
Gherbi, H.; Nambiar-Veetil, M.; Zhong, C.; Félix, J.; Autran, D.;
Girardin, R.; Vaissayre, V.; Auguy, F.; Bogusz, D.; Franche, C.,
Post-transcriptional gene silencing in the root system of the acti-
norhizal tree Allocasuarina verticillata. Mol. Plant. Microbe. In-
teract., 2008, 21, 518-524.

Alloisio, N.; Queiroux, C.; Fournier, P.; Pujic, P.; Normand, P.;
Vallenet, D.; Médigue, C.; Yamaura, M.; Kakoi, K.; Kucho, K.,
The Frankia alni Symbiotic Transcriptome. Mol. Plant. Microbe.
Interact., 2010, 23, 593-607.

Gherbi, H.; Markmann, K.; Svistoonoff, S.; Estevan, J.; Autran, D.;
Giczey, G.; Auguy, F.; Péret, B.; Laplaze, L.; Franche, C.; Par-
niske, M.; Bogusz, D., SymRK defines a common genetic basis for
plant root endosymbioses with arbuscular mycorrhiza fungi, rhizo-
bia, and Frankia bacteria. Proc. Natl. Acad. Sci. U. S. A., 2008,
105,4928-4932.

K. Pawlowski , J.I. Sprent, Comparison between actinorhizal and
legume symbiosis, In: Nitrogen-fixing Actinorhizal Symbioses;K.
Pawlowski, W.E. Newton, (Eds.) , Springer, 2008, pp. 261-288.
Normand, P.; Orso, S.; Cournoyer, B.; Jeannin, P.; Chapelon, C.;
Dawson, J.; Evtushenko, L.; Misra, A.K., Molecular phylogeny of
the genus Frankia and related genera and emendation of the family
Frankiaceae. Int. J. Syst. Bacteriol., 1996, 46, 1-9.

Torrey, J.G.; Racette, S., Specificity among the Casuarinaceae in
root nodulation by Frankia. Plant. Soil., 1989, 118, 157-164.

Wall, L.G., The Actinorhizal Symbiosis. J. Plant. Growth. Regul.,
2000, /9, 167-182.

Pueppke, S.G.; Broughton, W.J., Rhizobium sp. strain NGR234 and
R. fredii USDA257 share exceptionally broad, nested host ranges.
Mol. Plant. Microbe. Interact., 1999, 12,293-318.

Ramirez-Saad, H.; Janse, J.D.; Akkermans, A.D.L., Root nodules
of Ceanothus caeruleus contain both the N-2-fixing Frankia endo-
phyte and a phylogenetically related Nod(-)/Fix(-) actinomycete.
Can. J. Microbiol., 1998, 44, 140-148.

Mirza, M.S.; Hahn, D.; Akkermans, A.D.L., Isolation and
characterization of Frankia strains from Coriaria nepalensis. Syst.
Appl. Microbiol., 1992, 15, 289-295.

Valla, G.; Capellano, A.; Hugueney, R.; Moiroud, A., Penicillium
nodositatum Valla, a new species inducing muconodules on Alnus
roots. Plant. Soil., 1989, 114, 142-146.

Sequerra, J.; Capellano, A.; Faure Raynard, M.; Moiroud, A., Root
hair infection process and myconodule formation on A/nus incana
by Penicillium nodositatum. Can. J. Bot., 1994, 72, 955-962.
Sequerra, J.; Capellano, A.; Gianinazzi Pearson, V.; Moiroud, A.,
Ultrastructure of cortical root cells of Alnus incana infected by
Penicillium nodositatum. New. Phytol., 1995, 130, 545-555.

[19]

[20]
[21]

[22]

[29]

[30]

[34]

Perrine-Walker et al.

Duhoux, E.; Rinaudo, G.; Diem, H.G.; Auguy, F.; Fernandez, D.;
Bogusz, D.; Franche, C.; Dommergues, Y.; Huguenin, B., Angio-
sperm Gymnostoma trees produce root nodules colonized by arbus-
cular mycorrhizal fungi related to Glomus. New. Phytol., 2001,
149, 115-125.

Woo, H.H.; Jeong, B.R.; Hawes, M.C., Flavonoids: from cell cycle
regulation to biotechnology. Biotechnol. Lett., 2005, 27, 365-374.
Taylor, L.P.; Grotewold, E., Flavonoids as developmental regula-
tors. Curr. Opin. Plant. Biol., 2005, 8,317-323.

Steinkellner, S.; Lendzemo, V.; Langer, I.; Schweiger, P.;
Khaosaad, T.; Toussaint, J.P.; Vierheilig, H., Flavonoids and stri-
golactones in root exudates as signals in symbiotic and pathogenic
plant-fungus interactions. Molecules, 2007, 12, 1290-1306.

Vessey, J.K.; Pawlowski, K.; Bergman, B., Root-based N-2-fixing
symbioses: Legumes, actinorhizal plants, Parasponia sp and cy-
cads. Plant. Soil., 2005, 274, 51-78.

Oldroyd, G.E.; Downie, J.A., Coordinating nodule morphogenesis
with rhizobial infection in legumes. Annu. Rev. Plant. Biol., 2008,
59, 519-546.

Benoit, L.F.; Berry, A.M., Flavonoid-like compounds from seeds
of red alder (Alnus rubra) influence host nodulation by Frankia
(Actinomycetales). Physiol. Plant., 1997, 99, 588-593.

Hughes, M.; Donnelly, C.; Crozier, A.; Wheeler, C.T., Effects of
the exposure of roots of Alnus glutinosa to light on flavonoids and
nodulation. Can. J. Bot., 1999, 77, 1311-1315.

Giraud, E.; Moulin, L.; Vallenet, D.; Barbe, V.; Cytryn, E.; Avarre,
J.C.; Jaubert, M.; Simon, D.; Carticaux, F.; Prin, Y.; Bena, G.;
Hannibal, L.; Fardoux, J.; Kojadinovic, M.; Vuillet, L.; Lajus, A.;
Cruveiller, S.; Rouy, Z.; Mangenot, S.; Segurens, B.; Dossat, C.;
Franck, W.L.; Chang, W.S.; Saunders, E.; Bruce, D.; Richardson,
P.; Normand, P.; Dreyfus, B.; Pignol, D.; Stacey, G.; Emerich, D.;
Verméglio, A.; Médigue, C.; Sadowsky, M., Legumes symbioses:
absence of Nod genes in photosynthetic bradyrhizobia. Science,
2007, 316, 1307-1312.

Madsen, L.H.; Tirichine, L.; Jurkiewicz, A.; Sullivan, J.T.; Heck-
mann, A.B.; Bek, A.S.; Ronson, C.W.; James, E.K.; Stougaard, J.,
The molecular network governing nodule organogenesis and infec-
tion in the model legume Lotus japonicus. Nat. Commun., 2010, 1,
10.

Van Ghelue, M.; Lovaas, E.; Ringo, E.; Solheim, B., Early interac-
tions between Alnus glutinosa and Frankia strain Ari3. Production
and specificity of root hair deformation factor(s). Physiol. Plant.,
1997, 99, 579-587.

Lerouge, P.; Roche, P.; Faucher, C.; Maillet, F.; Truchet, G.;
Promé, J.C.; Dénarié, J., Symbiotic host-specificity of Rhizobium
meliloti is determined by a sulphated and acylated glucosamine
oligosaccharide signal. Nature, 1990, 344, 781-784.

Ceremonie, H.; Debelle, F.; Fernandez, M.P., Structural and func-
tional comparison of Frankia root hair deforming factor and rhizo-
bia Nod factor. Can. J. Bot., 1999, 77, 1293-1301.

Knowlton, S.; Berry, A.; Torrey, J.G., Evidence that associated soil
bacteria may influence root hait infection of actinorhizal plants by
Frankia. Can. J. Microbiol., 1980, 26, 971-977.

Smouni, A.; Laplaze, L.; Bogusz, D.; Guermache, F.; Auguy, F.;
Duhoux, E.; Franche, C., The 35S promoter is not constitutively
expressed in the transgenic tropical actinorhizal tree Casuarina
glauca. Funct. Plant. Biol., 2002, 29, 649-656.

Svistoonoff, S.; Sy, M.O.; Diagne, N.; Barker, D.G.; Bogusz, D.;
Franche, C., Infection-Specific Activation of the Medicago trunca-
tula Enodll Early Nodulin Gene Promoter During Actinorhizal
Root Nodulation. Mol. Plant. Microbe. Interact., 2010, 23, 740-
747.

Zhong, C.; Zhang, Y.; Chen, Z.; Jiang, Q.; Chen, Z.; Liang, J;
Pinyopusarek, K.; Franche, C.; Bogusz, D., Casuarina research and
applications in China. Symbiosis, 2010, 50, 107-114.

Sy, M.O.; Constans, L.; Obertello, M.; Geney, C.; Laplaze, L.;
Auguy, F.; Hocher, V.; Bogusz, D.; Franche, C., Analysis of the
expression pattern conferred by the PsEnod12B promoter from the
early nodulin gene of Pisum sativum in transgenic actinorhizal trees
of the Casuarinaceae family. Plant. &. Soil, 2006, 281, 281-289.
Schauser, L.; Roussis, A.; Stiller, J.; Stougaard, J., A plant regula-
tor controlling development of symbiotic root nodules. Nature,
1999, 402, 191-195.

Mastronunzio, J.E.; Tisa, L.S.; Normand, P.; Benson, D.R., Com-
parative secretome analysis suggests low plant cell wall degrading
capacity in Frankia symbionts. BMC. Genomics., 2008, 9, 47.



Symbiotic Signaling in Actinorhizal Symbioses

[39]

[42]

[43]

[44]

[46]

[49]

[50]

[51]

[52]

[53]

Mastronunzio, J.E.; Huang, Y.; Benson, D.R., Diminished exopro-
teome of Frankia spp. in culture and symbiosis. Appl. Environ. Mi-
crobiol., 2009, 75, 6721-6728.

Kucho, K.I.; Kakoi, K.; Yamaura, M.; Higashi, S.; Uchiumi, T.;
Abe, M., Transient Transformation of Frankia by Fusion Marker
Genes in Liquid Culture. Microbes. Environ., 2009, 24, 231-240.
Geurts, R.; Fedorova, E.; Bisseling, T., Nod factor signaling genes
and their function in the early stages of Rhizobium infection. Curr.
Opin. Plant. Biol., 2005, 8, 346-352.

Oldroyd, G.E.; Downie, J.A., Nuclear calcium changes at the core
of symbiosis signalling. Curr. Opin. Plant. Biol., 2006, 9, 351-357.
Radutoiu, S.; Madsen, L.H.; Madsen, E.B.; Felle, H.H.; Umehara,
Y.; Gronlund, M.; Sato, S.; Nakamura, Y.; Tabata, S.; Sandal, N.;
Stougaard, J., Plant recognition of symbiotic bacteria requires two
LysM receptor-like kinases. Nature, 2003, 425, 585-592.

Radutoiu, S.; Madsen, L.H.; Madsen, E.B.; Jurkiewicz, A.; Fukai,
E.; Quistgaard, E.M.; Albrektsen, A.S.; James, E.K.; Thirup, S.;
Stougaard, J., LysM domains mediate lipochitin-oligosaccharide
recognition and Nfr genes extend the symbiotic host range. EMBO.
J., 2007, 26,3923-3935.

Ane, JM.; Kiss, G.B.; Riely, B.K.; Penmetsa, R.V.; Oldroyd,
G.E.D.; Ayax, C.; Levy, J.; Debelle, F.; Baek, J.M.; Kalo, P.;
Rosenberg, C.; Roe, B.A.; Long, S.R.; Denarie, J.; Cook, D.R.,
Medicago truncatula DMI1 required for bacterial and fungal sym-
bioses in legumes. Science, 2004, 303, 1364-1367.
Imaizumi-Anraku, H.; Takeda, N.; Charpentier, M.; Perry, J.;
Miwa, H.; Umehara, Y.; Kouchi, H.; Murakami, Y.; Mulder, L.;
Vickers, K.; Pike, J.; Downie, J.A.; Wang, T.; Sato, S.; Asamizu,
E.; Tabata, S.; Yoshikawa, M.; Murooka, Y.; Wu, G.J.; Kawaguchi,
M.; Kawasaki, S.; Parniske, M.; Hayashi, M., Plastid proteins cru-
cial for symbiotic fungal and bacterial entry into plant roots. Na-
ture, 2005, 433, 527-531.

Endre, G.; Kereszt, A.; Kevei, Z.; Mihacea, S.; Kald, P.; Kiss,
G.B., A receptor kinase gene regulating symbiotic nodule devel-
opment. Nature, 2002, 417, 962-966.

Stracke, S.; Kistner, C.; Yoshida, S.; Mulder, L.; Sato, S.; Kaneko,
T.; Tabata, S.; Sandal, N.; Stougaard, J.; Szczyglowski, K.; Par-
niske, M., A plant receptor-like kinase required for both bacterial
and fungal symbiosis. Nature, 2002, 417, 959-962.
Gonzalez-Rizzo, S.; Crespi, M.; Frugier, F., The Medicago trunca-
tula CRE1 cytokinin receptor regulates lateral root development
and early symbiotic interaction with Sinorhizobium meliloti. Plant
Cell, 2006, 18,2680-2693.

Tirichine, L.; Sandal, N.; Madsen, L.H.; Radutoiu, S.; Albrektsen,
A.S.; Sato, S.; Asamizu, E.; Tabata, S.; Stougaard, J., A gain-of-
function mutation in a cytokinin receptor triggers spontaneous root
nodule organogenesis. Science, 2007, 315, 104-107.

Catoira, R.; Galera, C.; de Billy, F.; Penmetsa, R.V.; Journet, E.P.;
Maillet, F.; Rosenberg, C.; Cook, D.; Gough, C.; Dénarié, J., Four
genes of Medicago truncatula controlling components of a nod fac-
tor transduction pathway. Plant Cell, 2000, /2, 1647-1666.
Parniske, M., Arbuscular mycorrhiza: the mother of plant root
endosymbioses. Nat. Rev. Microbiol., 2008, 6, 763-775.

Remy, W.; Taylor, T.N.; Hass, H.; Kerp, H., Four hundred-million-
year-old vesicular arbuscular mycorrhizae. Proc. Natl. Acad. Sci.
U. S A.,1994,91,11841-11843.

[57]

[58]

[59]

[60]

[67]

Current Protein and Peptide Science, 2011, Vol. 12, No. 2 9

Kistner, C.; Parniske, M., Evolution of signal transduction in
intracellular symbiosis. Trends. Plant. Sci., 2002, 7, 511-518.
Markmann, K.; Giczey, G.; Parniske, M., Functional adaptation of
a plant receptor-kinase paved the way for the evolution of intracel-
lular root symbioses with bacteria. PLoS. Biol., 2008, 6, ¢68.

Lévy, J.; Bres, C.; Geurts, R.; Chalhoub, B.; Kulikova, O.; Duc, G.;
Journet, E.P.; Ané, J.M.; Lauber, E.; Bisseling, T.; Dénari¢, J.;
Rosenberg, C.; Debellé, F., A putative Ca2+ and calmodulin-
dependent protein kinase required for bacterial and fungal symbio-
ses. Science, 2004, 303, 1361-1364.

B. Péret, S. Svistoonoff, L. Laplaze, When plants socialize: sym-
bioses and root development, In: Root Development; Wiley-
Blackwell, 2010, pp. 209-238.

Laplaze, L.; Ribeiro, A.; Franche, C.; Duhoux, E.; Auguy, F.; Bo-
gusz, D.; Pawlowski, K., Characterization of a Casuarina glauca
nodule-specific subtilisin-like protease gene, a homolog of Alnus
glutinosa agl2. Mol. Plant. Microbe. Interact., 2000, 13, 113-117.
Svistoonoff, S.; Laplaze, L.; Auguy, F.; Runions, J.; Duponnois,
R.; Haseloff, J.; Franche, C.; Bogusz, D., cgl2 expression is spe-
cifically linked to infection of root hairs and cortical cells during
Casuarina glauca and Allocasuarina verticillata actinorhizal nod-
ule development. Mol. Plant. Microbe. Interact., 2003, 16, 600-
607.

Svistoonoff, S.; Laplaze, L.; Liang, J.; Ribeiro, A.; Gouveia, M.C.;
Auguy, F.; Fevereiro, P.; Franche, C.; Bogusz, D., Infection-related
activation of the cgl2 promoter is conserved between actinorhizal
and legume-rhizobia root nodule symbiosis. Plant. Physiol., 2004,
136,3191-3197.

Drissner, D.; Kunze, G.; Callewaert, N.; Gehrig, P.; Tamasloukht,
M.; Boller, T.; Felix, G.; Amrhein, N.; Bucher, M., Lyso-
phosphatidylcholine is a signal in the arbuscular mycorrhizal sym-
biosis. Science, 2007, 318,265-268.

Wheeler, C.T.; Crozier, A.; Sandberg, G., The biosynthesis of
indole-3-acetic-acid by Frankia. Plant Soil, 1984, 78, 99-104.
Hammad, Y.; Nalin, R.; Marechal, J.; Fiasson, K.; Pepin, R.; Berry,
A.M.; Normand, P.; Domenach, A.M., A possible role for phenyl
acetic acid (PAA) on Alnus glutinosa nodulation by Frankia. Plant
Soil, 2003, 254, 193-205.

Péret, B.; Swarup, R.; Jansen, L.; Devos, G.; Auguy, F.; Collin, M.;
Santi, C.; Hocher, V.; Franche, C.; Bogusz, D.; Bennett, M.;
Laplaze, L., Auxin influx activity is associated with Frankia infec-
tion during actinorhizal nodule formation in Casuarina glauca.
Plant. Physiol., 2007, 144, 1852-1862.

Péret, B.; Svistoonoff, S.; Lahouze, B.; Auguy, F.; Santi, C.; Dou-
mas, P.; Laplaze, L., A Role for auxin during actinorhizal symbio-
ses formation? Plant. Signal. Behav., 2008, 3, 34-35.
Perrine-Walker, F.; Doumas, P.; Lucas, M.; Vaissayre, V.;
Beauchemin, N.J.; Band, L.R.; Chopard, J.; Crabos, A.; Conejero,
G.; Péret, B.; King, J.R.; Verdeil, J.L.; Hocher, V.; Franche, C.;
Bennett, M.J.; Tisa, L.S.; Laplaze, L., Auxin Carriers Localization
Drives Auxin Accumulation in Plant Cells Infected by Frankia in
Casuarina glauca Actinorhizal Nodules. Plant. Physiol., 2010,
154, 1372-1380.

Kim, H.B.; Lee, H.; Oh, C.J.; Lee, N.H.; An, C.S., Expression of
EuNOD-ARPI encoding auxin-repressed protein homolog is
upregulated by auxin and localized to the fixation zone in root nod-
ules of Elaeagnus umbellata. Mol. Cells, 2007, 23, 115-121.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


