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itrogen-fixing root nodulation, con-

fined to four plant orders, encom-
passes more than 14,000 Leguminosae
species, and approximately 200 actino-
rhizal species forming symbioses with
rhizobia (Rhizobium, Bradyrhizobium,
etc.,) and Frankia bacterial species,
respectively.

While several genetic components of
the host-symbiont interaction have been
identified in legumes, little is known
about the genetic bases of actinorhizal
symbiosis. However, we recently demon-
strated the existence of common symbi-
otic signaling pathways in actinorhizals
and legumes. Moreover, important data
on the identification of flavonoids as
plant signaling compounds and the role
for auxins during Frankia infection pro-
cess and nodule organogenesis have been
acquired. All together these results lead
us to propose a unified model for sym-
biotic exchange and genetic control of
actinorhizal symbiosis.

Introduction

Actinorhizal symbioses result from the
interaction between actinobacteria of
the genus Frankia and plants belonging
to eight dicots plant families collectively
called actinorhizal plants.! While legume
nodules have a stem-like morphology
with their peripheral vascular system
and infected cells in the central tissues,
all actinorhizal nodules are structurally
and developmentally related to lateral
roots.” Due to the lack of genetic tools on
both bacteria and plant partners, signals
exchange during the early stages of the
actinorhizal symbiosis is still poorly under-
stood.> Recently, through comparative
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transcriptomics of two actinorhizal sym-
biotic plants, we identified several homo-
log genes of the symbiotic pathway known
in legumes.* This result, together with
previous data showing activation of isofla-
vonoid pathway in actinorhizal symbioses’
and a role for auxin during the Frankia
infection process® leads us to propose a
model of the early symbiotic steps of the
Frankia-actinorhizal plants interaction.

Identification of Actinorhizal
Genes that are Homologs
of the Legumes Symbiotic

Signaling Cascade

Around 30,000 expressed sequence tags
(ESTs), corresponding to approximately
14,000 unigenes were recovered in roots
and three-week old nodules of two acti-
norhizal species, Alnus glutinosa and
Casuarina glauca.*” Unigenes classification
into functional categories showed a simi-
lar distribution of genes in the two species
suggesting that the actinorhizal C. glauca
and A. glutinosa are closely related. Most
of the genes of the common “SYM” path-
way described for Arbuscular Mycorhizal
(AM) and legumes-rhizobium symbioses
were identified in C. glauca and A. glutin-
osa.* This pathway contains a receptor-like
kinase, nuclear pore proteins and potas-
sium channels required for the induc-
tion of calcium oscillations.®* A putative
calcium and calmodulin-dependent pro-
tein kinase (CCaMK) is also present and
might thus recognize calcium “actinorhi-
zal signatures”. Interestingly, our analysis
also revealed the presence of genes linked
to a “NOD”-specific pathway (not shared
with AM symbiosis) as used by legumes in
their symbiosis with rhizobia."
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Figure 1. A model for signal exchange in the actinorhizal symbiosis. Actinorhizal plant roots re-
leased flavonoids that induce production of the yet unknown Frankia symbiotic signal leading to
the activation of the “SYM” and actinorhizal “NOD” pathways. Furthermore, upon Frankia penetra-
tion in root hair and cortical cells, auxin accumulates in infected cells driving infection and nodule
organogenesis. Adapted from references 3 and 4.

Isoflavonoid Responding Genes
are Activated during Actinorhiza
Formation

Numerous studies have shown that fla-
vonoids have evolved particular roles in
legumes. They are not only required to sig-
nal symbiotic bacteria in the legume-bac-
terium symbiosis but also play important
direct roles in root nodule organogenesis.!
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Recent evidence has shown that flavonoids
are also involved in actinorhizal nodula-
tion.? Eight structural genes involved in
the flavonoid biosynthesis pathway were
found in the C. glauca roots and nodules
ESTs database’ Quantitative real-time
PCR was then used to monitor the rela-
tive transcript levels of these genes in roots
of C. glauca from 12 h to 22 days after
inoculation with Frankia. Transcripts of
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isoflavone synthase (7FR) accumulated
specifically in roots very early after inocu-
lation with Frankia (Signaling step). The
fact that /FR transcripts accumulated as
soon as 12 h after Frankia inoculation
strongly suggests a role for isoflavonoids
as signal molecules during actinorhizal
symbiosis.’

Auxin is Involved in the Control
of Actinorhizal Symbiosis

Recently it has been shown that the
C. glauca auxin influx carrier gene
(CgAuxl) is expressed in Frankia infected
cells during actinorhizal nodule forma-
tion.*"? This result together with data
showing auxins production by Frankia®'
suggests a role for auxins in plant cell
infection during actinorhizal symbiosis.
Moreover, an accumulation of auxins
within Frankia-infected cells in actinorhi-
zal nodule of C. glauca was reported and
it was established that this accumulation
was driven by cell-specific expression of
auxin transporters and by Frankia auxin
biosynthesis in planta.®

Canonical nod Genes are Absent
from Frankia Genomes

The recent determination of three Frankia
genomes belonging to three of the four
cross-infectivity groups permitted among
other things to look for canonical 7od
homologs." If several 70dC and nodB dis-
tant homologs were seen, these were spread
allaround the genomes. Furthermore, they
did not form a SYM-island and finally no
nodA gene could be detected.

Towards a Model for Early
Frankia-Actinorhizal Plants
Interaction

Taken together, all these recent avail-
able data on actinorhizal symbiosis allow
us to propose a model of early Frankia-
actinorhizal plants interaction (Fig. 1).
Flavonoids are suggested as actinorhi-
zal plant signal molecules that influence
Frankia growth® and Frankia symbiotic
factor production, the nature of which
remains unknown except that it has some
biochemicalsimilarities to the Rhizobium!'®
one, even though no canonical nod genes
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are present in the Frankia genomes pub-
lished so far. Perception of Frankia factor
by yet unknown plant root-hair cell recep-
tor might induce signaling cascades of the
“SYM” and “NOD” pathways. Following
Frankia cell penetration, bacterial and/or
plant auxin biosynthesis driven by cell-
specific expression of auxin transporters
would lead to auxin accumulation specifi-
cally in plant cell. Auxin might be neces-
sary to control the infection process and
nodule organogenesis. Our future work
will focus on testing this model.
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