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Abstract In recent decades, the loss of ecosystem productivity has been accelerated
in the Sahelian zone. This decrease is caused by human and natural effects, which
result in deforestation and degradation of tropical lands. It has been demonstrated that
fast-growing trees such as Australian species could promote the rehabilitation of
degraded West African lands. Similarly, Casuarina equisetifolia an Australian native
tree was established in Senegal. Casuarina plantation plays an important role in
stabilizing coastal dunes, helping to protect adjacent agricultural areas by acting as a
windbreak. C. equisetifolia develops nitrogen-fixing nodules in association with the
soil actinomycete Frankia and a mycorrhizal symbiosis in association with arbuscular
mycorrhizal fungi ( AMF). It has been previously demonstrated that actinorhizal and
AMF symbiosis enhance Casuarina species development. The symbiotic relationship
between AMF and Casuarina species improves phosphate and nitrogen uptake. Fungal
symbionts significantly improve the development of C. equisetifolia. The aim of this
study was to assess the effects of fungal strains collected in Australia, the C.
equisetifolia origin zone and strains collected in Senegal, where C. equisetifolia was
introduced. C. equisetifolia plants were inoculated with Senegalese, Australian strains
and/or Frankia bacteria Ccl3. After growing in the greenhouse, plants were harvested
and parameters like shoot and root biomass, and arbuscular mycorrhizal colonization
were assessed. In parallel, we analysed the expression of marker genes encoding a
mycorrhizal phosphate transporter, an hemoglobin gene, a marker gene involved in
Frankia infection and a marker gene encoding the nitrogenase. We evaluated the
activity of mycorrhiza using histochemical techniques. Our results showed that
Senegalese strains have a positive effect on C. equisetifolia growth and this correlates
with an increased expression of symbiotic marker genes and with increased metabolic
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activity. Our work will help to select the most efficient fungal strains to be used for the
rehabilitation of Senegalese soils.

1 Introduction

In West Africa, ecosystem fertility decreases every year. The degradation of the ecosystem is
generally due to natural and/or anthropological effects. To restore soil fertility in these areas,
applications of chemical fertilizers are often used. However, these chemical products are expensive
and not ecofriendly. An alternative strategy to increase soil fertility is the use of symbiotic fungi and
bacteria. These microorganisms improve the plant growth by enhancing the uptake of nutrients and
water. Several Australian trees have been introduced to West Africa. They are characterized by early
rapid growth even on poor and disturbed soils. It has been demonstrated that Australian species could
promote the rehabilitation of degraded ecosystems. In Senegal, C. equisetifolia was established in the
Niayes region through a reforestation programme that began in 1948. This plantation is localized in
the North littoral of Senegal between Dakar ( west of Senegal) and St Louis (north of Senegal). It
plays an important role in stabilizing coastal dunes, helping to protect adjacent agricultural areas by
acting as a windbreak. The Niayes region production contributes to about 65% of the national
vegetable production (Ba, 1991). The rehabilitation programme of Sahelian zone was performed
using tree species able to achieve a symbiotic relationship with mycorrhizal fungi and nitrogen-fixing
bacteria. C. equisetifolia forms a symbiosis with ectomycorrhizal (EM) and arbuscular mycorrhizal
fungi (AMF). Our study was carried out with arbuscular mycorrhizal fungi, which are obligate
biotrophs being unculturable in the absence of plants host ( Declerck et al., 2005). AMF symbiosis is
a symbiotic relationship between the plant and the fungus of the Glomeromycota phyllum ( Schiissler
et al., 2001 ). This symbiosis is the most widespread and the oldest association dates back to the
Devonian ( Smith and Read, 2008).

AMF are associated with the roots of about 80% plant species. As a result of this symbiosis, the
fungi deliver inorganic phosphate ( Pi), nitrogen and other micronutrients, in turn they receive
carbohydrates from plant ( Smith and Read, 2008 ). AMF may consume up 20% of total net plant
photosynthetic carbon (Jacobson and Rosendahl, 1990). In addition to their biological fertilizer role,
AMEF increase plants production and also confer resistance against abiotic and biotic stresses ( Evelin
et al., 2009; Li et al., 2010 ). Duponnois et al. (2003) demonstrated that the inoculation of C.
glauca and Allocasuarina verticilata with Glomus intraradices increased plant shoot biomass 1.8 and
2.6 times respectively. Casuarina also forms a symbiotic relationship with the soil actinomycete
Frankia. With their nitrogen-fixing ability Casuarina trees increase the nitrogen content in soil.
Forrester ef al. (2006) demonstrated that Casuarina contributes to N uptake and increases indirectly
the amount of nitrogen available to non-fixing trees planted in mixed plantations. Similar results were
obtained by Dommergues and Subba-Rao (2000), who have shown that the total biomass of non
nitrogen-fixing Eucalyptus robusta was higher when planted in mixture with C. equisetifolia than
when planted as pure species. In an attempt to restore degraded ecosystems in Senegal, C.
equisetifolia was introduced in the Niayes region.

The aim of this work is to study the effects of Australian and Senegalese fungal inoculation on C.
equisetifolia growth and characterize the basis of differences obtained by using molecular and
histochemical markers.
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2 Material and Methods

2.1 Plant, fungi and bacteria

Seeds of C. equisetifolia were collected in Notto Gouye Diama ( north of Thies, Senegal ). Australian
fungi were collected in Queensland under casuarina stand and Senegalese fungi were collected under
Bel-Air casuarina plantation ( Dakar). Fungal inoculum was prepared by extracting spores from a
maize trap over 3-month period. A sandy sterile soil was inoculated with the trap soil containing
propagules. For the actinorhizal symbiosis, plants were inoculated with the Frankia Ccl3. The
experiment was carried out in greenhouse. After 6 months period, 8 plants for each treatment were
harvested and parameters like shoot and root biomass and mycorrhizal colonization were assessed.
Histochemical activities and molecular analyses were carried out with plant growing in greenhouse
during 4 months using 3 pooled plants.

2.2 Histochemical activities

After harvested, viable mycorrhiza roots were gently washed with tap water. Three plants were
pooled to evaluate the metabolic activity in mycorrhizal roots using histochemical techniques. All
metabolically active AMF structures ( Hyphae, vesicle, spores and arbuscules) were evaluated in
roots by staining with Nitro Blue Tetrazolium ( NBT) as described by Vierheilig et al. (2001 ;
2005). In order to evaluate the senescence of mycorrhizal structures, roots were stained with the
Diaminobenzidine (DAB) as described by Vierheilig et al. (2001). The intensities of metabolically
active AMF structures and clumped structures were assessed using Trouvelot method ( Trouvelot et
al., 1986).

2.3 Expression of marker genes

Expression of molecular markers was used to compare the effect of Australian and Senegalese fungi
using the half part of the 3 pooled plants and 3 replicates were carried out to analyse the expression
of marker genes.

For each symbiosis, a marker gene was isolated. For the mycorrhizal symbiosis, we isolated the
CePT4 gene encoded a phosphate transporter specifically expressed in mycorrhizal roots. As markers
of the actinorhizal symbiosis we isolated Cel2, an ortholog of Cgl2, a marker gene expressed
specifically during Frankia infection ( Svistoonoff et al., 2003) and CeHB, an ortholog of CgHb, a
symbiotic hemoglobin gene expressed in nodules (Jacobsen-Lyon et al., 1995). Finally, we used the
Frankia gene NifH encoding the nitrogenase (Normand er al., 2007).

As an internal control gene, we isolated a gene coding an ubiquitin which is expressed
constitutively. After harvesting, plant material was immediately frozen in liquid nitrogen and stored
at - 80C. The total RNA of mycorrhizal and nodulated roots was extracted using the
ultracentrifugation method based on sedimentation of RNA through the cesium chloride as described
by Chirgwin et al. (1979 ). RNA was purified using the Turbo DNAse- free™ to remove
contaminating genomic DNA ( Udvardi et al., 2008 ). The reverse transcriptase and the Real-Time
PCR were carried out as described by Gherbi et al. (2008). The results were standardized with CeUbi
expression level (Hocher et al., 2006).

3 Results

Our results showed that inoculation with Australian and Senegalese fungal strains significantly

139



stimulated C. equisetifolia growth and mycorrhizal colonization in greenhouse conditions. The
histochemical studies carried out with the mycorrhizal roots to evaluate the metabolic activity using
enzyme such as succinate dehydrogenese (SDH) showed metabolically AMF structures active within
roots. These observations are only possible when the roots were stained with the Nitro Blue
Tetrazolium which reacts with the succinate dehydrogenase enzyme. Stronger metabolic activity in
AMF was found within mycorrhizal plants roots inoculated with Senegalese fungi. Staining with the
Diaminobenzidine allowed the visualization of clumped structures. A higher DAB activity was
observed in roots which contained the lowest SDH metabolic activity AMF. In parallel, qPCR
analysis showed a higher expression level of CePT4 in plants inoculated with Senegalese fungi
compared to those inoculated with Australian fungi. The expression of marker gene involved in
actinorhizal symbiosis showed that expression of Cel2, CeHB and Nif marker genes involved in the
actinorhizal symbiosis was up regulated in mycorrhizal roots inoculated with Australian fungus. Co-
inoculation with fungi and bacteria increased Cel2 and Nif expression in roots.

4 Discussion

Our study showed that inoculation with mycorrhizal fungi increased C. equisetifolia growth. This
effect could be attributed to the fungus strains which improve nutrient uptake and directly increase
Casuarina growth (Seddas et al., 2009). Our results showed that the fungi inoculation increased the
shoot biomass. Similar results were obtained by Rajendran and Devaraj (2004) who demonstrated
that the inoculation with AMF increased the biomass and the growth of C. equisetifolia. This positive
effect is probably due to the enhancement of shoot branching. The important branching could be
attributed to an effectiveness of the mycorrhizal symbiosis which enhances the amount of nutrient
uptakes by the fungus. It is well known that AMF with their phosphatase enzyme activities can
enhance Pi availability for roots. Soluble Pi is directly absorbed and transported to the periarbuscular
membrane by fungi before being released to the plant through a plant specific phosphate transporter.

The positive effect of fungal strains on C. equisetifolia development is also correlated with an
increased metabolic activity in mycorrhizal roots staining with SDH. SDH is a tricarboxylic acid
cycle enzyme present in AMF cycle and it reacts with the Nitro Blue Tretrazolium resulting in
insoluble dark blue-purple formazan clearly distinguished in roots ( Vierheillig et al., 2005 ).
Inoculation with Senegalese fungi showed the highest metabolic activity in roots; due to the presence
of many viable arbuscules. It has been demonstrated that the amount of living arbuscules could reflect
a surface area for nutrient exchange between living symbionts and symbiotic efficiency ( Smith and
Dickson, 1991). The efficiency of mycorrhizal symbiosis in plants inoculated with Senegalese fungi
is also probably linked with the low number of senescent structures within the roots. In opposite, a
higher DAB activity was observed in plants inoculated with Australian fungi and Vierheilig et al.
(2001) demonstrated that their clumped structures are collapsed arbuscules detected through the
presence of H,O,. Alexander ef al. (1988) and Blee and Anderson (1996) have demonstrated that
H,O, induction occurred in the later stages of arbuscule life cycle when they degenerate. These
results could explain the basis of differences obtained between plants inoculated either with
Senegalese or Australian strains. Our results also suggest that the inoculation with Australian fungi
and CcI3 results in an earlier arbuscule development which would cause their rapid degeneration
compared to plants inoculated only with Australian fungi.

Since CePT4 encodes a symbiotic phosphate transporter, the higher CePT4 expression in mycorrhizal
roots inoculated with Senegalese fungi would results in a higher level of Pi which is linked to the
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effectiveness of mycorrhizal symbiosis. In Medicago truncatula, this phosphate transporter is
localized in the periarbuscular membrane and its expression is probably coordinated to arbuscular
development and degeneration ( Harrison et al., 2002; Pumplin and Harrison, 2009 ). It has been
demonstrated that optimal Pi absorption occurs in mature arbuscules ( Pumplin and Harrison, 2009).
In C. equisetifolia, CePT4 is also probably a marker of functional symbiosis and allows a continuous
arbuscule development. Javot et al. (2007) showed that without this mycorrhiza specific phosphate
transporter, arbuscules died prematurely. Recent studies showed that, the arbuscule lifetime is
influenced by their ability to deliver phosphate (Javot ef al. , 2007 ). The mutation of MtPT4 results
in a premature degradation of arbuscules (Javot er al., 2007) demonstrating a correlation between
MtPT4 expression and the metabolic activity in roots. The post regulation of CePT4 expression
obtained in mycorrhizal roots with Australian fungi, corresponding to a lower metabolic activity and
a higher DAB activity within these roots may be related to a weaker effectiveness of the mycorrhizal
symbiosis.

The expression levels of the molecular markers involved in actinorhizal symbiosis is higher in
mycorrhizal roots inoculated with Australian fungus compared with roots inoculated with Senegalese
fungi. Since the fungal inoculum was collected under Casuarina natural stand, inoculum from
Australia (the native region) may be associated with more efficient bacteria. The efficiency of these
Frankia induce a better actinorhizal symbiosis development and hence increase the expression of
molecular markers involved in this symbiosis like Cel2, CeHb and NifH.

Despite these positive effects, the best C. equisetifolia development occurred in plants inoculated
with Senegalese fungi. This result suggests that under the conditions tested the enhancement of the
mycorrhizal symbiosis has a stronger effect on plant growth than the enhancement of the actinorhizal
symbiosis.

5 Conclusion

Our results show that Senegalese fungi have higher positive effect on C. equisetifiolia growth
probably because these strains are already adapted to the local conditions. The marker genes isolated
allow study on the molecular basis of growth enhancement by AMF or Frankia.
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