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Casuarina glauca is a fast-growing multipurpose tree belonging to the Casuarinaceae family and native to Australia.
It requires limited use of chemical fertilizers due to the symbiotic association with the nitrogen-fixing actinomycete
Frankia and with mycorrhizal fungi, which help improve phosphorous and water uptake by the root system. C. glauca
can grow in difficult sites, colonize eroded lands and improve their fertility, thereby enabling the subsequent growth of
more demanding plant species. As a result, this tree is increasingly used for reforestation and reclamation of degraded
lands in tropical and subtropical areas such as China and Egypt. Many tools have been developed in recent years to
explore the molecular basis of the interaction between Frankia and C. glauca. These tools include in vitro culture of
the host and genetic transformation with Agrobacterium, genome sequencing of Frankia and related studies, isolation
of plant symbiotic genes combined with functional analyses (including knock-down expression based on RNA
interference), and transcriptome analyses of roots inoculated with Frankia or Rhizophagus irregularis. These efforts
have been fruitful since recent results established that many common molecular mechanisms regulate the nodulation
process in actinorhizal plants and legumes, thus providing new insights into the evolution of nitrogen-fixing
symbioses.

[Zhong C, Mansour S, Nambiar-Veetil M, Bogusz D and Franche C 2013 Casuarina glauca: A model tree for basic research in
actinorhizal symbiosis. J. Biosci. 38 815–823] DOI10.1007/s12038-013-9370-3

1. Introduction

Casuarina glauca Sieb. Ex Spreng., commonly known as
swamp-she oak, swamp oak, or river oak, belongs to the
family Casuarinaceae in the order Fagales. This medium-
sized deciduous tree (8–20 m high) is native to the East coast
of Australia (National Research Council 1984). Members of
the family Casuarinaceae are angiosperms with a morpho-
logically distinctive conifer-like appearance (Diouf et al.
2008). The leaves are reduced to lanceolate scales about
1 mm long, thereby reducing evapo-transpiration and

contributing to the adaptation of Casuarina trees to arid
and semi-arid climates. C. glauca is one of the most widely
planted Casuarina species since it has proved to be the best
under Mediterranean climates and can adapt to difficult
sites. It can tolerate a wide range of conditions such as
drought, frost (in the range of 0°C to −5°C), sea spray,
acidity, alkaline or highly saline soils, and waterlog-
ging. It has been successfully introduced in China,
India, Cyprus, Egypt, Israel, Kenya, Singapore, South
Africa, Thailand, Uganda and the United States of
America.
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In soils deprived of nitrogen, woody nodules consisting of
multilobed structures reaching up to 10 cm in diameter are
observed on the root system of C. glauca. These so-called
actinorhizal nodules provide a niche for the actinobacteria
Frankia which fixes atmospheric nitrogen and converts it into
ammonia, which is then transferred to the plant and assimilated
into amino acids (for a review, see Franche and Bogusz 2012;
Pawlowski and Demchenko 2012). In addition, C. glauca can
develop a symbiotic association with endomycorrhizae, which
helps increase the uptake of plant nutrients such as phospho-
rous (He and Critchley 2008). These endosymbiotic root asso-
ciations allow Casuarina trees to thrive in areas with nutrient-
poor soils. Because of their wide adaptability, Casuarina trees
have been introduced in Africa, Asia and in Central, South and
North America for the reforestation of coastal areas and de-
graded lands (Diem and Dommergues 1990; Zhong et al.
2010). In areas where the tree is not native, the roots must be
inoculated with the appropriate Frankia strains and mycorrhi-
zal fungi to enhance growth in the field.

With growing environment-related concerns, there is
renewed interest in biological nitrogen fixation as a way of
limiting chemical fertilizers whose excessive use in past dec-
ades has contributed to greenhouse gas emission and under-
ground water leaching (Olivares et al. 2013; Santi et al. 2013).
Whereas association with legumes is the most important sym-
biosis in agriculture and is well-documented, actinorhizal sym-
biosis is still poorly understood even though its contribution to
nitrogen soil fertility is of great environmental value in many
areas. Basic research on the tree species C. glauca aims to
improve our understanding of the root system and its relation-
ship with root symbionts. Manipulation of these will indeed
improve the growth of Casuarina trees and the efficient func-
tioning of the Casuarina-Frankia symbiosis.

This article first describes the different uses of C. glauca,
exemplified in China and Egypt, and then reviews the main
achievements that have attracted the attention of the scien-
tific community to this actinorhizal tree species. Progress in
the knowledge of symbiotic genes expressed during the
interaction of Frankia is highlighted.

2. Casuarina glauca, a valuable tree in semi-arid
regions and coastal areas

In 1895, casuarinas were first introduced in the tropical parts
of China. Thanks to past efforts by the Chinese government
to stimulate forestry development, Casuarina trees currently
cover about 300,000 hectares, mostly in the coastal areas
(National Research Council 1984; Zhong and Zhang 2003;
Zhong et al. 2010). Among the large number of species
introduced, Casuarina equisetifolia L. Johnson, C. cunning-
hamiana Miq., C. glauca Sieber ex Sprengel and C. jun-
ghuhniana Miq., are the most successful, and are the focus
of ongoing research and development in China. Casuarinas

are economically and ecologically important as they provide
a wide range of goods and services. Their wood is a major
source of fuelwood and charcoal, and is also used for con-
struction and other wood-based industries, e.g. woodchips
for paper pulp and veneer for chipboard. Along the southern
coast of China, casuarinas are commonly planted as wind-
breaks to stabilize drifting sand, in agroforestry to improve
soil fertility for various crops, and in general soil rehabilita-
tion programmes, such as former mining sites. Very few
species can replace casuarinas at the foreshores. Along the
southern coast of China (Provinces of Guangdong, Hainan
and Fujian), huge numbers of Casuarina trees have been
planted in an area 7000 km long and 0.5 to 5 km in width to
stabilize sand dunes and protect the coastal area from strong
winds and typhoons. In addition, each hectare of plantation
annually provide up to 4 tons of litter and twigs that can be
used for domestic fuel. Interestingly, in fuelwood planta-
tions, cut trees rapidly regenerate from sprouts and conse-
quently do not have to be replanted. However, this property
has a drawback since C. glauca can be considered as a weed,
as reported in Florida and Hawaii.

Casuarina trees were introduced in Egypt on a large scale
at the end of the 18th century and Casuarina is currently the
most widespread genus of trees used in Egyptian forestry
(El-Lakany 1983; Mansour andMegahed 2002). Three species
are grown, C. equisetifolia, C. cunninghamiana and C. glauca,
and a natural hybrid between the last two species has also been
described (Badran et al. 1979).C. equisetifolia is mainly grown
on the Mediterranean coast, while the other taxa are grown
inland with no preference for particular site conditions.
Irrigation is needed to establish C. glauca in desert areas and
the inoculation by Frankia is highly recommended when the
tree is planted in new areas (Mansour 2003). Crushed nodules
or sand collected beneath mature trees can be used to inoculate
nursery seedlings. Currently, Casuarina trees are planted pri-
marily as windbreaks around cultivated fields, along irrigation
and drainage canals as well as along roads and highways, and
as ornamentals in parks. Erosion control is another reason for
planting Casuarina trees.

3. The early years: in vitro culture

A valuable feature of C. glauca is the large numbers of seeds
the trees produce (Turnbull and Martensz 1982; El-Lakany
et al. 1989). They flower at 3–4 years of age, and the trees
then begin to shed about 4 tons of cones/year, with each cone
producing about 70 seeds that have a good germination
potential (up to 80%). At a temperature of 26°C, germination
takes place 7 days later. This feature is particularly useful for
scientific experiments that require a large number of plants,
such as functional analyses of plant genes based on RNA
interference (RNAi) (400 plants are needed to obtain signif-
icant data with RNAi).
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In China, easy asexual propagation techniques have
been developed, enabling the massive clonal propagation
of elite trees for afforestation programmes: 5–8 cm shoots
of C. glauca are incubated for 1 day with 10 μM of the
hormone indol-3-butyric acid, and then transferred in
water, which is renewed every day until rooting. Using
this auxin treatment, around 90% of the shoots root in 3
weeks (Liang and Chen 1982; Zhong et al. 2010). This
method is currently used to maintain and propagate the
most valuable transgenic lines of C. glauca isolated in
laboratories.

Shoot regeneration from the callus is often a critical
bottleneck in the development of a genetic transformation
procedure. It requires an appropriate choice of explant and
the right hormonal balance to achieve plant regeneration.
After testing cotyledons, hypocotyls and epicotyls, 2 cm
fragments of epicotyls excised from 45-day-old seedlings
of C. glauca appeared to be the best choice for these experi-
ments of shoot regeneration from callus (Duhoux et al.
1996). When grown on MS gelled medium containing 2%
sucrose, supplemented with Nitsch and Nitsch vitamins, 2.5
μM of BAP and 0.5 μM of NAA, calli appeared at the
wound surfaces of most explants after 15 days of incubation
at 26°C in a growth chamber. Bud organogenesis was ob-
served after about 4 months and the first shoots could be
rooted from 50% of the calli after 6 months. Due to the high
accumulation of phenolic compounds, the calli had to be
transferred to a fresh nutrient medium every 3 weeks, and
patches of browning had to be carefully removed with a
scalpel.

4. Symbiotic Frankia

In 1983, Diem et al. isolated the first effective strain of
Frankia from nodules of Casuarinaceae, and since then,
many strains have been isolated. They belong to Cluster I
consisting in Frankia strains isolated from actinorhizal
plants belonging to the order Fagales (Normand et al.
1996; Benson and Clawson 2000; Hahn 2008); they have
the most specific host range and are only able to interact with
plants belonging to this clade.

In recent years, several Frankia genomes have been se-
quenced, including the genome of strain CcI3, which was
isolated from nodules collected on Casuarina cunninghami-
ana, and can nodulate C. glauca (Normand et al. 2007a;
Rawnsley and Tisa 2007). The genome is circular and does
not contain any replicating plasmids. Like other Frankia
strains, CcI3 is characterized by a high G+C content
(70.07%), but a striking feature is that it has one of the
smallest Frankia genomes with 5.43 Mbp and 4499 protein
coding. The Frankia infective strain with the largest genome
sequenced so far is EAN1pec, with 9.04 Mbp and 7976
coding sequences. Isolated from Eleagnus angustifolia, this

Frankia strain is characterized by a broad host range and
wide geographical distribution. One study focused on the
predicted highly expressed genes also revealed that CcI3 has
a specific profile characterized by a restricted number of
highly expressed genes in functional categories such as the
transport and metabolism of lipids, biosynthesis of second-
ary metabolites, and the transport and metabolism of inor-
ganic ions (Sen et al. 2008). These characteristics may be
related to Frankia CcI3’s narrow host range and the restrict-
ed Australian area of origin of the host plant. Unlike Alnus
and Elaeagnus symbiotic strains, casuarina strains are limit-
ed to soils where the host plants are native, and are very
close to one another, with DNA homologies greater than
70% (Fernandez et al. 1989; Normand and Fernandez
2009). These data suggest that CcI3 is becoming a symbiotic
specialist and that during their evolution, Casuarinaceae and
their symbiont Frankia co-adapted to the hot, dry climate of
the Australian interior.

Analysis of the Frankia genome revealed the absence of
canonical nod genes in CcI3. Only a few, low similarity
nodB and nodC homologues were detected. Moreover genes
known to be involved in symbiosis such as nif (nitrogenase),
shc (squalene hopene cyclase), hup (hydrogenase uptake)
and suf (sulfur-iron cofactor synthesis) are scattered over
the genome away from the distant putative nod homologues
(Normand et al. 2007b). This lack of a symbiotic island is in
sharp contrast to the situation of rhizobia, where nif genes
are clustered with nod and ancillary genes, and is a likely
sequel of recent lateral transfers (Pappas and Cevallos 2011).

Transcriptome and proteome analyses led to the identifi-
cation of genes potentially involved in the symbiotic process,
but to date, no direct functional evidence that these genes are
involved in symbiotic nitrogen fixation has been found. This
is the due to the difficulty involved in developing tools for
genetic analysis in Frankia. So far, there is no way to knock
down or over-express targeted genes in any Frankia strain.
Gene transfer can be transiently achieved by electroporation,
including in CcI3, but no true transformants have been
obtained (Kucho et al. 2009).

5. The intracellular infection process

Nodulation in C. glauca occurs through intracellular pene-
tration of Frankia hyphae via root hair infection (Berry and
Sunnel 1990; Wall and Berry 2008; Franche and Bogusz
2012). Four major stages can be distinguished during this
process: (1) the presymbiotic stage, which involves percep-
tion and recognition of specific and as yet unknown plant
and Frankia signalling molecules; within 24 h, this plant–
bacteria signalling dialogue results in the chemoattraction of
actinobacteria hyphae by root hairs and, after contact with
Frankia, root hair branching or curling is observed; (2) root
hair infection by Frankia hyphae; some hyphae captured
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within a curled root hair partly dissolve the plant cell wall
and enter the root hair by invagination of the plant plasma
membrane. When the bacterium penetrates the cell wall, it
becomes an intracellular endophyte; (3) the induction and
infection of a prenodule resulting from the division of root
cortical cells where Frankia will proliferate, leading to the
hypertrophy of the infected cells; this stage is usually ob-
served seven to 10 days after inoculation by Frankia; (4) the
induction and invasion of a nodule primordium initiated
from divisions in the root pericycle. The resulting actino-
rhizal nodule is a coralloid cluster of small lobes, each of
which possesses a central vascular system and Frankia
infected cells in the expanded cortex. No differentiation of
vesicles is observed in the endophytic Frankia. Behind the
nodule meristem, infection occurs progressively, with the
youngest stages being closest to the apex. Within the cortex,
infected cells occur in layers surrounded by smaller non-
infected cell layers that contain heavy deposits of phenolic
compounds. A specific feature observed in Casuarina nod-
ules is the lignification of Frankia infected cells (Berg and
McDowell 1987). In addition, the bordering wall of adjacent
non-infected cells undergoes secondary thickening during
maturation of infected cells. This lignification process could
be considered a host defense against actinobacteria invasion
and to contribute to oxygen protection of the nitrogenase
complex. In plantations, nodules are found near the base of
the trunk and as deep as 10 m and can reach 20 cm in
diameter. The largest number of nodules in C. glauca plan-
tations is found in soils with pH ranging from 6 to 8.

Several procedures have been developed to easily monitor
the nodulation process of C. glauca by pure cultures of
Frankia in laboratory conditions. The first procedure
includes the transfer of 30-day-old seedlings of C. glauca
grown in aseptic conditions in Gibson tubes; this allows
continuous and non-destructive observation of the root sys-
tem (Duhoux et al. 1996). Plants are kept in a growth
chamber at 26°C with a 16 h/day photoperiod, and inoculat-
ed with Frankia after about 1 month, when the root system
has developed numerous lateral roots. Nodulation in hydro-
ponic conditions is an alternative to this method. Plantlets
with a root system of about 4 cm are transferred in pots (4
plants/pot) containing some Hoagland and Arnon liquid
medium. When the aerial system has developed several
ramifications and reaches about 5 cm in height, plants are
deprived of nitrogen for 1 week and then inoculated with
Frankia. With this system, plants can be grown in a phyto-
tron for at least 6 months, whereas they can only be kept for
3 months in Gibson tubes.

6. Genetic transformation of Casuarina glauca

Whereas the genetic transformation by a disarmed strain of
Agrobacterium tumefaciens of the species Allocasuarina

verticillata was first achieved in 1997, it took almost five
additional years for the development of a suitable protocol
for the regeneration of transformed C. glauca plants (Smouni
et al. 2002). The significant accumulation of phenolic com-
pounds in this species, together with the negative impact of
kanamycin selection on the organogenic potential of the
transgenic calli, were major limiting factors during the re-
generation process (reviewed in Svistoonoff et al. 2010a).
Transgenic calli obtained after genetic transformation of
epicotyl fragments excised from young plantlets, had to be
transferred to fresh selection medium every 3 weeks to
prevent plant cell necrosis, and kanamycin (50 mg L−1)
had to be removed 4 months after contact with A. tumefa-
ciens to improve bud differentiation and shoot elongation.
Among several disarmed strains of A. tumefaciens tested in
preliminary experiments, C58C1(pGV2260) was found to
achieve the best transformation efficiency (Le et al. 1996).
Transgenic rooted plants of C. glauca were regenerated in 6
to 9 months and successfully transferred to the greenhouse.
Detailed analysis showed that there were no differences in
growth parameters between transgenic and non-transgenic
plants, and that Frankia’s nodulation ability was not affected
(Smouni et al. 2002).

The first transgenic C. glauca plants expressed the selec-
tion marker nptII conferring resistance to kanamycin, and the
β-glucuronidase reporter gene (GUS) (Jefferson et al. 1987)
under the control of the constitutive 35S promoter. With the
discovery of the green fluorescent protein gene as an alter-
native to the GUS gene, transgenic C. glauca plants express-
ing constitutively the GFP5ER gene were then obtained and
proved to be valuable tools to study the spatiotemporal
expression conferred by promoters of symbiotic genes dur-
ing the different stages of the nodulation process (Santi et al.
2002; Svistoonoff et al. 2003).

A. rhizogenes transformation of C. glauca was reported in
1995 by Diouf et al. C. glauca sensitivity to A. rhizogenes
was exploited to develop a rapid method to generate com-
posite plants of C. glauca consisting of a transformed root
system growing on a non-transgenic aerial shoot. Three-
week-old C. glauca seedlings were wounded in the hypoco-
tyls with a needle dipped into a fresh colony of A4RS. After
6 days of cocultivation, the inoculated plants were further
grown in presence of 300 mg L−1 cefotaxim to eliminate
excess agrobacteria. Within 3 weeks, rapidly growing roots
were observed on 75–90% of the inoculated plants and the
non-transformed slow-growing root system was removed.
Whereas about 9 months are necessary to obtain a rooted
transformed C. glauca plant with A. tumefaciens, the expres-
sion of chimeric genes in composite plants can be studied in
less than 4 months. Moreover, with this approach, it is
possible – using A. rhizogenes – to retransform a transgenic
plant obtained after genetic transformation with A. tumefa-
ciens. The resulting transformed plant has a root system with
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two different T-DNA (Gherbi et al. 2008b; Benabdoun et al.
2011). Compared to the transgenic C. glauca plants obtained
with A. tumefaciens, the drawback of the method based on A.
rhizogenes is that the aerial part of the composite plants is
not transformed, thus preventing any functional analyses in
the shoots. In addition, a decrease in the nodulation ability is
observed: whereas more than 90% of C. glauca plants trans-
formed by A. tumefaciens are nodulated by Frankia CcI3,
only 30 to 50% of the composite plants develop some
nitrogen-fixing nodules (Gherbi et al. 2008b).

7. Isolation and characterization of Casuarina glauca
genes expressed in nodules

Two strategies were developed to identify plant genes in-
volved in the actinorhizal symbiosis. First, the reverse tran-
scription polymerase chain reaction was used to clone
homologues of plant genes isolated from legumes or other
actinorhizal species; and second, C. glauca nodule and root
cDNA libraries were screened to isolate specific and nodule-
enhanced cDNA (Hocher et al. 2006). More recently, C.
glauca large-scale expressed sequence (EST) databases were
created with the aim of identifying new symbiotic genes;
these EST are also a resource for comparative genomics with
legume-rhizobium and mycorrhizal symbioses (Hocher et al.
2011; Tromas et al. 2012).

The first genes isolated in the Casuarinaceae family were
C. glauca haemoglobin DNA sequences. Using a promoter-
reporter gene approach, the spatiotemporal expression con-
ferred by their promoters was studied in 1995 in a transgenic
legume (Jacobsen-Lyon et al. 1995). These authors demon-
strated that C. glauca harbours two haemoglobin genes: one
is only expressed at high levels in the nodule and bears
striking similarities with symbiotic leghaemoglobin genes,
and the other one, expressed in non-symbiotic tissues, dis-
plays a deduced amino acid sequence closely related to the
haemoglobin gene of the non-legume Parasponia.
Furthermore, by using in situ hybridization, C. glauca sym-
biotic haemoglobin transcripts were localized in young
Frankia infected cells prior to the detection of Frankia nif
gene mRNA. This pattern of expression suggests a role in
reducing free oxygen in nitrogen-fixing cells (Gherbi et al.
1997).

Since then, several C. glauca genes have been isolated,
and, thanks to the development of molecular tools and
genetic transformation of A. verticillata and C. glauca
(Diouf et al. 1995; Franche et al. 1997), functional anal-
yses of some of these genes were achieved. In 1999, in
order to investigate the function of polyphenols in C.
glauca nodules, a chalcone synthase cDNA (CgCHS1)
was isolated and used as a marker of flavan synthesis
(Laplaze et al, 1999). In situ hybridization of CgCHS1
cDNA, together with histochemical characterization and

localization of polyphenols, demonstrated that phenolic
compounds belonging to the flavan class delimit Frankia-
infected areas in the nodule cortex. More recently, eight C.
glauca genes involved in flavonoid biosynthesis were
identified and their expression was monitored during the
nodulation time course. Results suggest that isoflavonoids
are involved in actinorhizal nodulation (Auguy et al.
2011). Further evidence for the critical role of flavonoids
during actinorhizal nodulation was provided by knocking
down CgCHS1 expression. This was found to reduce the
level of specific flavonoids and resulted in severely im-
paired root hair infection (Abdel-Lateif et al. 2013).

As part of the study of the intracellular infection process
in C. glauca, Cg12, a homologue of Alnus glutinosa nodule-
specific subtilisine-like protease gene, was isolated (Laplaze
et al. 2000). Using in situ hybridizations, it was found that
Cg12 transcripts accumulated in the cortical cells of the
nodule, in the infection zone, suggesting that this subti-
lase could be involved in cell-wall degradation during
progression of the infection thread into the cortex of the
root (Svistonoff et al. 2003). Another gene found to be
expressed in Frankia-infected cells was CgMT1, whose
sequence shared homology with the class 1 type 1 metal-
lothionein gene (Laplaze et al. 2002). Transcripts were
shown to be more abundant in C. glauca roots and
nodules than in aerial parts and transcript accumulation
in nitrogen fixing cells infected by Frankia suggest a role
for CgMT1 in the nitrogen fixation process. Further anal-
yses included the study of factors regulating the expres-
sion of the promoter region and over expression of
CgMT1 in transgenic Arabidopsis thaliana (Obertello et
al. 2007). Taken together, these results show that CgMT1
is part of the antioxidant system that prevents accumula-
tion of reactive oxygen species in the nitrogen-fixing cells
of C. glauca nodules.

Actinorhizal nodule lobes resemble modified lateral roots
because they originate from primordia which arise from
pericycle cells located opposite xylem poles and conserve a
lateral root structure with a central vascular bundle. Since
regulation of root formation is tightly controlled by plant
hormones like auxin (Péret et al. 2009), the involvement of
this hormone was explored in the C. glauca-Frankia inter-
action. CgAux1, encoding an auxin influx carrier, was cloned
and shown to be expressed in Frankia infected cells, includ-
ing infected root hairs (Péret et al. 2007). In addition, using a
combination of computer modeling and cell biology
approaches, it was established that expression of CgAux1
leads to specific accumulation of auxin in Frankia-infected
cells. Many hypotheses have been proposed to explain the
role of auxin in infected cells, including cell wall remodeling
during infection, limitation of plant defense mechanisms and
a role in the mechanism which increases the size of infected
cells (Perrine-Walker et al. 2010).
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8. RNAi for the functional analyses of genes
from the symbiotic signalling pathway

In addition to the development of methods for gene transfer,
the possibility to modulate gene expression using antisense
and sense strategies was explored several years ago. However,
due to the difficulty of obtaining enough transgenic lines (the
analysis of 50 antisense lines was necessary to obtain signifi-
cant data), no significant results were obtained. In 2008, a
more efficient approach based on RNA interference (RNAi)
was investigated in Casuarinaceae. Down regulation of gene
expression by RNAi is obtained when plant transformation is
achieved with a hairpin RNA (hpRNA) construct composed of
inverted repeats of the targeted genewith an intron between the
inverted repeat elements. GUS silencing constructs were in-
troduced by A. rhizogenes in transgenic plants of A. verticillata
containing a 35S-GUS construct, and the resulting composite
plants were analysed (Gherbi et al. 2008b). GUS histochemi-
cal analyses and qRT-PCR for the measurement of the accu-
mulation of GUS transcripts revealed highly effective
silencing of the ß-glucuronidase gene in the 35S-GUS/35S-
hpRNAiGUS root system. Fluorometric data further estab-
lished that the level of GUS silencing was greater than 90%
in hairy roots containing the 35S-hpRNAiGUS construct. The
analysis of the aerial parts of the composite plants indicated
that the silencing did not spread from the 35S-GUS/35S-
hpRNAiGUS root to the 35S-GUS shoots. This methodologi-
cal approach proved to be very valuable to explore the function
of candidate symbiotic genes in C. glauca.

Genetic analyses of the model legumes Medicago trunca-
tula and Lotus japonicus led to the identification of molec-
ular components of the symbiotic signaling pathway which
controls nodule development (for recent reviews see
Venkateshwaran et al. 2012; Oldroyd 2013). Interestingly,
some of these genes are also required for the formation of
arbuscular mycorrhizae (AM) suggesting that the more re-
cent rhizobial association has recycled part of the ancestral
programme used by most plants to interact with AM fungi
(Parnishke 2008; Delaux et al. 2013). To investigate if the
common AM and rhizobial signaling pathway is shared with
actinorhizal symbiosis, the C. glauca receptor-like kinase
gene SymRK required for nodulation and AM in legumes,
was identified and characterized (Gherbi et al. 2008a). It was
demonstrated that CgSymRK also controls Frankia nodula-
tion and arbuscular mycorrhization. To determine the extent
of the conservation of the actinorhizal symbiotic signaling
pathway in C. glauca, a homologue of the M. truncatula
calcium/calmodulin-dependent protein kinase (CCaMK) was
cloned and analysed (Svistoonoff et al. 2013). In legumes,
CCaMK is presumed to act as a decoder of the Nod factor-
induced calcium signal during nodulation and arbuscular
mycorrhization and is a key regulator of both rhizobial
infection and nodule organogenesis. Similarly, in C. glauca,

CgCCaMK was shown to play a central role in Frankia
infection and nodule organogenesis (Svistoonoff et al.
2013). In addition, comparative transcriptomics of C. glauca
and Alnus glutinosa revealed gene homologues of the com-
mon and nodule-specific signaling pathway known in
legumes. This result reinforces the hypothesis of a common
plant ancestor of the Fabid (Eurosid 1) nodulating clade with
a genetic predisposition for nodulation (Hocher et al. 2011).

9. The importance of promoter studies

Transgenic Casuarinaceae trees are valuable tools to investi-
gate the conservation of the mechanisms behind nodule-
specific expression between legumes and actinorhizal plants.
Using the gus or gfp reporter gene, chimeric constructs con-
taining promoters from early and late nodulin genes from
legumes were introduced in transgenic Casuarina. Regulation
of reporter gene expression during the ontogenesis of actino-
rhizal nodules was investigated and the results were compared
to those reported in legumes. Using this approach, the conser-
vation of the spatiotemporal expression of the Hb promoters
from soybean (Franche et al. 1998), the enod12 promoter from
Pisum sativum (Sy et al. 2007) and the enod11 promoter from
M. truncatula (Svistoonoff et al. 2010b) was established in
transgenic nodules of C. glauca and A. verticillata. Similarly,
the promoter from the subtilase gene cg12 from C. glauca was
found to confer the same spatiotemporal expression in
Casuarinaceae and in M. truncatula (Svistoonoff et al. 2004).

One exception to these observations is the gene ENOD40
(Santi et al. 2003). This gene was shown to be induced very
early in legume nodule induction, and expressed in the
nodule vascular system throughout nodule development. In
RNAi experiments in L. japonicus demonstrated that
ENOD40 was required for nodule initiation and subsequent
organogenesis (Kumagai et al. 2006). Legumes and C.
glauca ENOD40 promoter–reporter gene analyses demon-
strated that only legume, not actinorhizal, ENOD40 genes
are active during nodule development, suggesting that the
induction of actinorhizal nodules does not involve ENOD40
(Santi et al. 2003).

When candidate symbiotic genes from C. glauca became
available, the study of the promoter regions provided valu-
able data for hypotheses concerning the putative function of
the corresponding coding sequence during the symbiotic
process. This can be illustrated by the characterization of
the promoters Cg12 and CgAUX1. Both sequences drive
some expression in Frankia-infected cells, linking the role
of the corresponding genes to infection by the symbiont. In
addition, Cg12 is not expressed during the formation of
mycorrhizae, suggesting that this gene is highly specific to
actinorhizal symbiosis (Svistoonoff et al. 2003). Whereas
CgAUX1 expression was observed in the root primordia,
no expression was observed in the nodule primordium
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(Péret et al. 2007). This result suggests that specific molec-
ular mechanisms are involved in the differentiation of the
nodule primordium.

10. Conclusions and future prospects

One of the main advantages of the multipurpose actinorhizal
tree C. glauca for basic research on symbiosis is that it can
be manipulated through genetic engineering, thereby allow-
ing functional analyses of candidate genes by RNAi and
promoter studies (Svistoonoff et al. 2010a). It also has a
relatively small genome, which could consequently be rela-
tively easy to sequence in the future. In addition, the symbi-
otic Frankia can be grown in pure culture and a major effort
is currently underway to develop genetic tools in the strain
CcI3, which is symbiotic with C. glauca (Kucho et al. 2009).
Ongoing research by the actinorhizal community has led to
major advances in our knowledge of symbiotic genes
(Franche and Bogusz 2012; Hocher et al. 2011). The major
challenge in the coming years will be the isolation of the
receptor for the signal molecules emitted by Frankia in
response to contact with the root system of the host, and
the biochemical characterization of these molecules. For the
latter, transgenic C. glauca plants with promoters from sym-
biotic genes responding to Frankia signals during the per-
ception stage will provide the basis for a valuable biological
test of the purification of the symbiotic molecules. Expected
data will highlight the diversity of molecules and molecular
mechanisms underlying endosymbiotic root symbioses.

Gene transfer procedures also pave the way for genetic
engineering of C. glauca. Strategies can be developed to
confer resistance to major pathogens and insects such as
Ralstonia solanacearum, Subramanianospora vesiculosa
and Lymantria xylina (Narayanan et al. 1996, 2003).
Transgenic actinorhizal trees that are more tolerant to abiotic
stress such as salt and drought could also be valuable in
tropical regions (Diouf et al. 2008; Nambiar-Veetil et al.
2011). Safe development of transgenic Casuarina plantations
will require environmental impact assessment and strategies
to avoid or minimize gene flow.
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