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Ectomycorrhizal fungi (ECM) isolates of Pisolithus albus (Cooke and Massee) from nickel-rich ultramafic
topsoils in New Caledonia were inoculated onto Acacia spirorbis Labill. (an endemic Fabaceae) and Euca-
lyptus globulus Labill. (used as a Myrtaceae plant host model). The aim of the study was to analyze the
growth of symbiotic ECM plants growing on the ultramafic substrate that is characterized by high and
toxic metal concentrations i.e. Co, Cr, Fe, Mn and Ni, deficient concentrations of plant essential nutrients
such as N, P, K, and that presents an unbalanced Ca/Mg ratio (1/19). ECM inoculation was successful with
a plant level of root mycorrhization up to 6.7%. ECM symbiosis enhanced plant growth as indicated by
significant increases in shoot and root biomass. Presence of ECM enhanced uptake of major elements
that are deficient in ultramafic substrates; in particular P, K and Ca. On the contrary, the ECM symbioses
strongly reduced transfer to plants of element in excess in soils; in particular all metals. ECM-inoculated
plants released metal complexing molecules as free thiols and oxalic acid mostly at lower concentrations
than in controls. Data showed that ECM symbiosis helped plant growth by supplying uptake of deficient
elements while acting as a protective barrier to toxic metals, in particular for plants growing on ultra-
mafic substrate with extreme soil conditions. Isolation of indigenous and stress-adapted beneficial ECM
fungi could serve as a potential tool for inoculation of ECM endemic plants for the successful restoration
of ultramafic ecosystems degraded by mining activities.
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Introduction

Ultramafic soils are produced by weathering and pedogene-
sis of ultramafic rocks that are characterized by high levels of Ni,
Cr, and sometimes Co, but contain low levels of essential nutri-
ents such as N, P, K and Ca (Rajkumar et al., 2009). The presence
of heavy metals at high concentrations in these soils is toxic for
many plants (Brooks, 1987; Harrison and Rajakaruna, 2011). Previ-
ous studies have shown that ultramafic soils are characterized by a
high biological diversity of plants able to adapt to this extreme envi-
ronment (Proctor, 2003; Brady et al., 2005; Kazakou et al., 2008).
In addition, these soils contain a high diversity of microorganisms
such as bacteria and fungi that use various mechanisms to cope
with the extreme soil conditions, in particular, adaptation to toxic
heavy metals (Rajkumar et al., 2009; Branco, 2010). Recently, major
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studies of the ecological traits of ultramafic soils have been
reviewed to propose these soils as a model system in ecology and
conservation, mostly because of their high plant diversity (Harrison
and Rajakaruna, 2011).

In ultramafic ecosystems, most of the plants are known to be
involved in mycorrhizal associations to face these extreme soil con-
ditions (Alexander et al., 2007; Schechter and Bruns, 2008; Branco
and Ree, 2010). The endo- and ectomycorrhizal associations are
known to significantly enhance plant nutrition such as P assim-
ilation, and to strongly reduce abiotic stresses on plants such as
metal toxicity (Finlay, 2008; Smith and Read, 2008). Previous stud-
ies on ectomycorrhizal (ECM) fungal communities in ultramafic
soils showed a high diversity of fungal species developing ECM
symbioses with plants growing on these substrates (Moser et al.,
2005; Urban et al., 2008). In addition, it was recently demonstrated
that ultramafic soils do not limit and can even promote ectomycor-
rhizal fungal diversity (Moser et al., 2009; Branco and Ree, 2010).
Comparisons of ECM fungal diversity between ultramafic and non-
ultramafic soils showed differences within the fungal population



P. Jourand et al. / Journal of Plant Physiology 171 (2014) 164-172 165

structure (Brearley, 2006), sometimes with the presence of unique
species (Moser et al., 2005). The study of physiological behaviours
such as metal tolerance within the same fungal species present on
both ultramafic and non-ultramafic soils have suggested adaptive
evolution, raising questions about the adaptation and evolution of
fungal species on these soils (Gongalves et al., 2007, 2009; Jourand
et al., 2010a,b). The abundance of ECM found on plant roots living
on ultramafic soils has also raised questions about their specific
roles in plant nutrition and adaptation to such extreme soil condi-
tions (Kazakou et al., 2008), in particular ECM symbioses which are
known to limit metal accessibility and uptake by the plant (Colpaert
etal,2011).

Here, we present the results of a set of experiments carried out
on the ECM fungi Pisolithus albus (Cooke and Massee) collected from
ultramafic soils in New Caledonia, a tropical archipelago located
in the South Pacific Ocean (Fig. 1). In New Caledonia, the ultra-
mafic soils cover one-third of the main island because of natural
geological evolution (Fig. 1). As a result of the presence of such
ultramafic outcrops, specific biological endemic ecosystems have
developed (Jaffré, 1992) making the main island a biodiversity
hot spot (Myers et al., 2000). In addition, in the neo-Caledonian
ultramafic ecosystem, it has been reported that the ectotrophic
mycorrhizal symbioses are dominant and might play an important
role in plant adaptation to the extreme soil conditions (Prin et al.,
2012).In this study, P. albus ultramafic ecotype isolates were inocu-
lated onto (i) the endemic neo-Caledonian Fabaceae, Acacia spirorbis
Labill. and (ii) the Myrtaceae, Eucalyptus globulus Labill., which used
as a model plant to study the ECM symbiosis between Pisolithus
and its host-plant at physiological and molecular levels (Duplessis
et al., 2005; Bellion et al., 2006; Jourand et al., 2010b; Majorel
et al.,, 2012). The aim of the study was to assess the importance
of the ECM symbiosis on plant growth parameters, uptake of major
mineral elements, control of heavy metal uptake and exudation of
molecules involved in metal binding, when cultivated in ultramafic
substrate. The final objective was to evaluate the potential of ECM
symbioses in plant adaptation to ultramafic soils containing high
concentrations of heavy metals, which is a prerequisite for their use
in strategies for ecological restoration of mine sites (in particular
chromium and nickel mining) as suggested by Reddell et al. (1999)
in restoring forests following mining in Australia, or by Perrier et al.
(2006a) in rehabilitation of ultramafic soils degraded after nickel
mining in New Caledonia and, more recently as reported by Khosla
and Reddy (2008) in post-mining of bauxite in Brazil.

Material and methods
Ultramafic site, topsoil and fungal ecotype isolate descriptions

A map location of the New Caledonia archipelago including sites
used in the current study is presented in Fig. 1. The ultramafic sites
were located in the south of the main island: Bois du Sud (site
1, Fig. 1) and Mont Dore (site 2, Fig. 1), and located in the north
of New Caledonia: Pindai Peninsula (site 3, Fig. 1) and Koniambo
Massif (sites 4 and 5, Fig. 1). A full description of the ultramafic
sites including climate, geology, geomorphology, vegetation struc-
ture, site geographical location, soil sampling and mineral analyses
has been previously described in Jaffré (1992). The ultramafic top-
soil geochemical analyses from the different sites were carried out
as reported in Perrier et al. (2006b) and data are summarized in
ESM Table 1. The description of Pisolithus albus isolates used in this
study is presented in Table 1, which includes isolate codes, site loca-
tion of collection, DNA ITS Genbank accession number, ergosterol
content of mycelium cultivated in vitro (the method is described in
more detail below) and references.

Mycelial culture and inoculum

Stock cultures from each sporocarp of P. albus isolates were
obtained by aseptically transferring a piece of the pileus trama
to solid modified Melin-Norkrans Medium (MNM) (Marx, 1969)
containing: KH,PO4 (0.5gL-1), (NH4),HPO4 (0.25gL-1), CaCl,
(0.05gL-1), NaCl (0.025gL-1), MgS0O4-7H,0 (0.15gL~1), thi-
amine hydrochloride (100 pwgL-1), FeCl3-6H,0 (0.03 gL~1), glucose
(10gL-1), malt extract (3gL-1) and agar (14gL-1). The pH was
adjusted to 5.6 with 1 M HCl and the medium autoclaved for 20 min
at 120°C. All fungal strains were maintained as sub-cultures at
24°C on the same medium. Vegetative inocula were prepared as
described in Brundrett et al. (1996). Briefly: large scale inocula
were produced by incubating each fungal mycelium from cultures
on Petri dishes inoculated into a sterile solid substrate (peat-
vermiculite mixture, 1:10, w:w), saturated with MNM liquid media
in large plastic bags (1.5L). The incubation was carried out at 30°C
in a dark room for 8 weeks.

Plant growth and treatments

Eucalyptus globulus Labill. subsp. bicostata (Maiden et al.) J.B.
Kirkp. seed lot N°16731 was obtained from the Australian Tree Seed
Centre (Kingston, ACT, Australia). Acacia spirorbis subsp. spirorbis
Labill. seed lot N°036/11 was obtained from the New Caledonian
Agronomic Institut (IAC, Paita, New Caledonia). A set of experi-
ments was carried out in a glasshouse as described in Brundrett
etal.(1996). Briefly, seeds were pre-treated for 2 min in 70% ethanol
supplemented with 0.1% (v/v) Tween 20, then surface sterilized for
5min in Hy0; (30%) and washed 3 times in sterile water. Germina-
tion occurred after 1 week at 28 °Cin the dark. Seedlings were then
placed for a week in a growth chamber with an 18/6 h day/night
cycle at a light intensity of 200 wmol m~2 s~! photosynthetic active
radiation and at temperature 25/18°C. Two-week-old seedlings
were transplanted into plastic containers of 1 litre capacity and
filled with (i) neutral growth substrate composed of vermiculite
or (ii) ultramafic substrate from site 4 (Mont Dore). Plants were
inoculated with 100 mL of 8-week-old mycelial inoculum prepared
as described above. Plants inoculated with inoculum killed after
sterilization by autoclaving (20 min at 120°C) were used as non
mycorrhizal controls. All plants received nutrient by watering the
containers to field capacity with a nutrient solution (as suggested
in Brundrett et al.,, 1996) in which the final concentrations of
mineral elements expressed in mgkg~! of substrate (w/w) were:
NH4NO3,36; K3S04,111.6; Ca(H2P04)2-H,0,40; CaS04-2H,0, 51.5;
MgS04-7H,0, 33.7; FeCls, 11; MnS0O4-4H,0, 16.9; CuS04-5H,0, 8.2;
ZHSO4~7H20, 9.2; NazB407~10H20 1.1; (NH4)6MO7024-4H20, 0.46;
CoCly-6H,0, 0.34. Plants were grown in the glasshouse under a
natural light cycle for 12 months with average maximum and min-
imum temperatures of 2542 °C and 20 4 2 °C, respectively. Water
was applied by spraying 2 min per hour, 6 times per day. The water-
ing system operated day and night. Once per month, a top dressing
of NH4NO3 was applied at 30 mg kg~! of substrate. All experiments
were carried out on three independent assays, with each treatment
containing 15 plant replicates.

Analyses

Plants were harvested 12 months after the mycelial inocu-
lation. Root exudates were collected, filtered and lyophilized as
described by Silva et al. (2004). Lyophilized root exudates were
re-suspended with ultrapure water (20mL). Organic acids were
determined by HPLC (Laboratoire LIVE, Nouméa, Université de
Nouvelle-Calédonie) with the following conditions: HPLC Waters
Alliance system®, with PDA detector at 210 nm (Waters SA, Guyan-
court, France); column ODS 100 V 4.6 mm diameter, 250 mm length,
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Fig. 1. General geographical map describing the New Caledonian archipelago, location of ultramafic massifs (in grey) and sites where Pisolithus sp. isolates were collected.

silica particle size of 5 wm (Tosoh Bioscience, Lyon, France); mobile
phase was used at a flow rate of 0.7 mLmin~! and was consti-
tuted of an isocratic solvent composed of 98% H3PO3; HPLC grade
at 0.1% in Hy0 (v/v) and 2% of CH3CN HPLC grade. Calibrations
were made with standard organic acids from Sigma-Aldrich kit
N°47264 (Sigma-Aldrich, L'Isle d’Abeau, France). Total free thiols
were also assayed in lyophilized root exudates using Ellman'’s test
and reagent (DTNB) as described in Bulaj et al. (1998). Shoot and
root dry biomass were measured in mg after drying plants for 72 h
at 60°C. Relative gain or loss of biomass (expressed as %) was cal-
culated compared with controls as reported in Duponnois et al.
(2011). Aliquots of dried plant tissues (shoot or root) were col-
lected for mineral analyses, which were performed by ICP-OES as
reported in Perrier et al. (2006a,b). Ergosterol is the major sterol
in most fungi and is either absent or a minor component of higher

Table 1

plants and so was used to estimate fungal biomass (Martin et al.,
1990). Ergosterol analysis was carried out in dried roots and in pure
mycelium after methanolic extraction as reported in Martin et al.
(1990), followed by HPLC analysis with the following conditions:
HPLC Waters Alliance system®, with PDA detector at 280 nm, col-
umn Agilent Extend C18 2.1 mm diameter, 150 mm length, silica
particle size of 5 wm (Agilent, Massy, France), mobile phase consti-
tuted of Methanol HPLC grade 100% at a flow rate of 0.2 mL min~1.
A standard ergosterol was used for calibration (Sigma-Aldrich,
L'Isle d’Abeau, France). On the basis of the ergosterol determina-
tion, a relative fungal biomass in plants roots was determined by
using as conversion factor the mean of ergosterol per gram fresh
weight of mycelium which was calculated after measuring ergoste-
rol extracted from a pure culture of fresh mycelium as previously
described in Martin et al. (1990).

Pisolithus albus isolates used in this study: isolate codes, site location, DNA ITS Genbank accession number, ergosterol content of mycelium cultivated in vitro, nickel phenotype

and references.

Pisolithus albus Site on Location and GPS coordinates DNA ITS Genbank Ergosterol content in Nickel Reference
isolate code map or EMBL accession mycelium cultivated phenotype
number in vitro (in pgmg~! of FW)?

MD09-001 1 Bois du Sud (22°10'18” S; 166°44'49"E)  FR852891 1.1+0.1 Tolerant Majorel et al. (2012)

MD09-045 2 Mont-Dore, Plum Road (22°15'17" S; FR852892 19+1.1 Tolerant Majorel et al. (2012)
166°36'46" E)

MDO09-063 3 Pindai peninsula (21°19'49” S; FR852893 1.8+£0.5 Sensitive Majorel et al. (2012)
164°58'22" E)

MDO09-078 4 Pindjen Waterfall Road Koné FR852890 52+1.2 Sensitive Majorel et al. (2012)
(21°02'19” S; 164°46'26" E)

MDO06-337 5 Trazy-Guerioum, Koniambo Massif AM947121 1.9+0.6 Tolerant Jourand et al. (2010b)

(21°00'28” S; 164°49'50" E)

Abbreviations: FW, fresh weight.
4 Data are means + standard deviation of 3 replicates.
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Fig. 2. Acacia spirorbis (a) and Eucalyptus globulus (a’) seedlings after 12 months of growth on ultramafic substrate. The biomass of their respective shoot and root (b: Acacia
and b’: Eucalyptus) were measured as dry weight tissue expressed in mg. Bars represent means, and error bars represent standard deviation of means (n=15) of three
independent experiments. The different letters above columns indicate significant differences as determined by Tukey HSD test (P < 0.05).

Statistics

All data were subjected to a variance analysis (ANOVA) and
means were compared using the honestly significant difference
(HSD) of Tukey test at P<0.05 using XLSTAT computer software
(Addinsoft, 2011).

Results
Geochemical characterization of the ultramafic rhizospheric soils

The five sites are located in the ultramafic ligno-herbaceous
magquis (Fig. 1). The results of soil characterizations indicated
that sites 1, 2 (Koniambo) and 3 (Pindai) topsoil horizons pre-
sented ultramafic Ferralsol geochemical characteristics, while that
of sites 4 (Mont Dore) and 5 (Bois du Sud) presented Cambisol
geomorphological characteristics. Full data of chemical soils anal-
yses are presented in ESM Table 1. All sites shared geochemical

characteristics of ultramafic soils and showed (i) a low content of
major plant nutrients (N, P, and K) with mean concentrations of
1.18 £0.68; 0.09 4 0.04 and 0.07 + 0.04 gkg~1, respectively; (ii) an
unbalanced Ca/Mg ratio with mean concentrations of 0.61+0.36
and 7.0+£3.6gkg™ !, respectively (molar ratio of Ca/Mg was 1/19);
and (iii) high levels of putatively toxic metals with DTPA exchange-
able cation mean concentrations of 51+7; 0.56+0.2, 103 +18;
703 +480 and 65 +29mgkg~!, for Co, Cr, Fe, Mn and Ni, respec-
tively.

Plant and mycelial growth

Summarized plant growth data are presented in Fig. 2. Full data
are accessible in ESM Table 2. On ultramafic substrate, ectomy-
corrhizal treatment with P. albus induced enhancement of plant
growth when compared with controls (Fig. 2): in A. spirorbis the
biomass was significantly enhanced with an increase of shoot dry
weight from +8.7% to +44.3% (except for plants inoculated with



168 P. Jourand et al. / Journal of Plant Physiology 171 (2014) 164-172

10

B Acacia
a Eucalyptus
X g yp
g
°
8
= O
.©
g
|
'g 4 ; < a
% b b c '|'
g T T1
g 27
~
0 T T .

Control  M09-001 MD09-045 MD09-063 MD09-078 MD06-337
Fungal treatment
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indicate significant differences as determined by Tukey test (P<0.05). Abbrevia-
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P. albus isolate MD09-001) and an increase of root dry weight from
+10.8% to 62.3%; in E. globulus the plant shoot dry weight was sig-
nificantly enhanced from +57.1% to +82.4% and the root dry weight
from +47.4% to +56.1%, all when compared with controls. Ergo-
sterol was also measured in roots as indicator of the quantity of
mycelium at the root level. In pure cultures of fungal isolates, the
ergosterol concentration varied from 1.1+0.1t0 5.2+ 1.2 pgmg~!
of mycelium fresh weight as reported in Table 1. The conversion fac-
tor of ergosterol into mycelium fresh weight was calculated using
the mean and was 2.38 +0.7 g of ergosterol mg~—! of mycelium
fresh weight. Full data for ergosterol content in plant roots and
conversion into relative fresh mycelium biomass using the conver-
sion factor are presented in ESM Table 3. Summarized values of
fresh mycelium biomass in the root system are presented in Fig. 3:
in A. spirorbis the mycelial biomass attributable to ECM was from
2.61+0.06% to 6.71 & 1.35% and in E. globulus the mycelial biomass
attributable to ECM was from 1.22 +0.57% to 2.77 &+ 0.76%.

Plant mineral nutrition analyses

The major elements needed for plant nutrition (i.e. N, P, K, Ca
and Mg contents) were analyzed in shoots of ECM and control
plants exposed to the ultramafic substrate. Results are summa-
rized in Fig. 4 while full data are reported in ESM Table 4a. The
presence of ECM symbiosis significantly affected major element
contents in shoot tissues when compared with controls. In shoots
of A. spirorbis, significant enhancement of N content in tissues
(from 33.7% to 46.5%) was observed; P assimilation was signifi-
cantly enhanced from 20.3% to 57.5% (except for plants inoculated
with isolates MD09-045 and MD09-063); K assimilation was sig-
nificantly enhanced from 21.4% to 35.8%; Ca assimilation was
significantly enhanced from 6.1% to 18.1% (except in shoots of
plants inoculated with the isolate MD09-63) and Mg was signif-
icantly reduced by 16.6% on average (except in plants inoculated
with MD09-078 and MD06-337). In shoots of E. globulus signifi-
cant enhancement of N content in tissues (from 8.3% to 20.5%) was
observed (except for plants inoculated with isolates MD09-045 and
MD09-063); P assimilation was significantly enhanced from 14.2%
to 45.1%; K assimilation was significantly enhanced from 27.8% to
38.0%; Ca assimilation was significantly enhanced from 29.4% to
48.0%; and Mg was significantly reduced by 13.5% on average. Sim-
ilarly, the metals that were present at high concentrations in the

ultramafic substrate (Co, Cr, Fe, Mn and Ni) were analyzed in shoot
tissues of ECM and control plants. Results are summarized in Fig. 5
while full data are reported in ESM Table 4b. Presence of ECM sym-
biosis significantly reduced metal contents in shoot tissues when
compared with controls. Considering metal shoot tissue contents
of both A. spirorbis and E. globulus: on average Co was reduced by
1.8x; Crby 3.2x; Fe by 2.5x; Mn by 0.9x and Ni by 2.5x.

Free thiols and oxalic acid contents in plant root exudates

To determine whether adaptation to the ultramafic substrate
could be related to the release of metal binding compounds, root
exudates were analyzed. The two major chemical components of
the exudate solution were non-protein free thiols (-SH) and oxalate.
Data are presented in Fig. 6: the amounts of these compounds are
expressed per gram dry weight of root (full data are reported in
ESM Table 5). For E. globulus, mycorrhizal plants released from
1.64-43.7x less thiol and from 1.3-7.8x less oxalate than the
plant controls. For A. spirorbis, mycorrhizal plants released from
1.65-5.92 x less thiol than plant controls, but we observed a higher
release of oxalate from ECM plants than controls (from 1.36-3.15x
more), except for plants inoculated with MD09-078, which showed
a lower release of oxalate (1.44x less) than controls.

Discussion

This study is the first to report data about ectomycor-
rhizal inoculation of plants growing on ultramafic substrate and
showing that ECM symbioses (i) improve plant growth when
cultivated on ultramafic soil, (ii) limit metal transfer to plants
and (iii) vary in its symbiotic and physiological responses to the
plant.

Ectomycorrhizal symbiosis improves plant development on
ultramafic soil

The promotion of plant growth by ECM symbiosis has been
widely reviewed: ECM associations are known to affect plant
root growth, improve the general plant mineral nutrition and so
improve plant fitness (Marschner, 2012). In ultramafic soil and top-
soil deriving from weathering of ultramafic rocks, essential plant
nutrients such as N, P and K are at low levels or deficient (Brooks,
1987). In addition, the Ca/Mg ratio in the ultramafic substrate is
strongly unbalanced in favour of Mg (1/19 in the present study). It
is not surprising that, in our study, most of the ECM symbioses con-
tributed to improving plant mineral nutrition such as N, P, K and
Ca assimilation and consequently improved plant biomass produc-
tion. Regarding N and P assimilation improvement, our results are
in agreement with common knowledge about the role of ECM in the
assimilation and the recycling of the two elements (Read and Perez-
Moreno, 2003). Concerning the other major elements (Ca, Mg and
K), our data indicate that K and Ca assimilations were improved in
most of the ECM symbioses tested, while Mg was reduced. Recent
data about Ca, Mg and K assimilation in ECM roots suggest that the
fungal sheath might act as an apoplastic barrier for the entry of
these elements in the root cortex (Biicking et al., 2012). Our study
suggests that in ultramafic soils, ECM helped the plant in finding
deficient elements such as Kand Ca and regulated the excess supply
of Mg.

Role of ECM in metal tolerance

In this study, we demonstrated that an ultramafic ecotype of P.
albus isolates could improve plant metal tolerance on ultramafic
substrate when metals were present at high concentration in the
soil. The mechanisms that are involved in metal homeostasis and
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Fig. 4. Major element content in plant shoots of Acacia spirorbis and Eucalyptus globulus expressed as % (w/w), or mgkg~!, or gkg~! of dry weight tissue. (a) Nitrogen (N);
(b), Phosphorus (P); (c): Potassium (K); (d), Calcium (Ca) and (e), Magnesium (Mg). Bars represent means and error bars represent standard deviation of means (n=15) of
three independent experiments. Different letters above columns indicate significant differences as determined by Tukey test (P<0.05).

detoxification of essential and non-essential metals in ECM fungi
are the same as those that are present in other eukaryotes (Colpaert
et al., 2011). Heavy metal tolerance can be due to several pro-
cesses: (i) extracellular binding mechanisms on external mycelium
or the fungal mantle by excreted ligands, (ii) surface sequestra-
tion by binding to the fungal cell wall, (iii) enhanced metal efflux
from the fungal cell, (iv) binding to peptides or proteins in the fun-
gal cytoplasm or released in the rhizosphere, or (v) sequestration
in the fungal vacuole (Bellion et al., 2006) and (vi) reduction of

metal accumulation by activation of magnesium transport (Nies,
1999). These processes decrease the metal concentration in the
soil solution in the mycorhizosphere, in the roots and so in the
shoot of the ECM host plant (Marschner, 2012). In our study two
major results argue in favour of the hypothesis that ECM regu-
lates and detoxifies metals in the rhizosphere: (i) metal levels in
ECM plant shoot analysis revealed a strong and significant decrease
when compared with non ECM plants; (ii) ECM plants released
both free thiols and oxalic acid, molecules known to be involved in
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metal binding (Machuca, 2011). However, in the presence of most
ECM P. albus isolates tested, levels of free thiols and oxalic acid
released were lower in inoculated plants than in non-ECM plants
(controls). Such results are in agreement with previous observa-
tions reported by Jourand et al. (2010b) testing nickel toxicity on
ECM plants: excretions of oxalate and non-protein thiols were rela-
tively unresponsive to Ni addition when the plant was mycorrhizal.
All these data suggest that the fungal sheath on roots might act as
a strong barrier to metal toxicity and significantly contributes to

the plant physiological fitness. Moreover, when regarding nickel as
one of the major ultramafic markers because of its toxicity (Majorel
etal., 2012), and as we tested both Nickel-tolerant and Ni-sensitive
P. albus isolates (see Table 1), our results showed that best per-
forming isolate on plant growth and response to metals is the
Ni-sensitive isolate (MD09-078). This suggests that (i) nickel is not a
sufficient indicator to select high-performing fungal isolates to be
used as inocula in rehabilitation strategies, and (ii) plant adapta-
tion to ultramafic metallic constraints might result from a complex
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strategy linking ECM symbiosis and plant responses to the toxic
substrate.

Mpycorrhizal responsiveness

The analysis of the full dataset from our study shows that some
Pisolthus albus isolates are more efficient than others: in particular,
inoculation of isolates MD09-078 and MD06-337 contributed to
higher yields in plant biomass production, efficient plant mineral
nutrition and metal detoxification, than inoculation with isolates
MDO09-001 and MD09-063. In addition to the drastic extreme soil
conditions of the ultramafic soils, many other factors may influence
plant host ectomycorrhizal symbiosis specificity and efficiency: (i)
the capacity of plants to allocate carbon to ECM (Nehls and Hampp,
2000) and (ii) the influence of root exudates to select and promote
specific ECM populations as well as mycorrhizal helper bacteria
(Hartmann et al., 2009). Moreover, comparison of results obtained
with the two plants tested showed differences in particular in
Mg and Mn accumulation as well as oxalic acid excretion: in the
endemic plant A. spirorbis the uptake of Mg and Mn are controlled
by the plant regardless of the presence or absence of ECM, while in
E. globulus only the presence of ECM strongly reduced metal uptake
(Figs. 3 and 4). The endemic plant seems to respond better to the
ultramafic edaphic constraints than the model plant host suggest-
ing that the endemic plant is probably adapted and specialized to
such an extreme habitat as already described for other endemic
plants growing from ultramafic soils (Harrison and Rajakaruna,
2011).

Our data suggest that selecting fungal ECM isolates based on
(i) their capacity to adapt to the ultramafic abiotic stresses such
as presence of metals and unbalanced Ca/Mg ratio, and (ii) their
efficacy in improving plant growth and mineral nutrition, might
be a prerequisite to use ECM as a biotechnological tool for inocu-
lum in rehabilitation strategies of ultramafic ecosystems degraded
by mining activities as suggested by O’Dell and Claassen (2011).
In addition, our results confirm that the use of endemic plants
might also a prerequisite to succeed in such strategies as previously
reported by Jaffré et al. (1994).
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Abundance, Distribution, and
Function of Pisolithus albus
and other Ectomycorrhizal
Fungi of Ultramafic Soils in
New Caledonia
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1. Introduction

Ultramafic soils, also known as “serpentine soils” in literature, are a
weathered product from ultramafic bedrock that covers less than 1% of the
earth’s surface (Coleman and Jove 1992). These soils are characterized by
high concentrations of iron oxides (up to 85% w/w), unbalanced calcium-
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to-magnesium ratio (up to 1/30 that consequently may influence both
Mg and Ca plant nutrition), and the presence of various heavy metals at
high concentrations, such as chromium, cobalt, manganese and nickel,
all of which are mostly toxic for many plants (Brooks 1987). They are
also extremely deficient in elements that are essential for plant nutrition,

including nitrogen, phosphorus and potassium (Brooks 1987, Chiarucci

and Baker 2007). Previous studies have shown that ultramafic soils are
characterized by a high biological diversity of plants as described in Proctor
(2003) and micro organisms that use various mechanisms to cope with the
extreme edaphic conditions, in particular adaptation to toxic heavy metals
(Brady et al. 2005, Kazakou et al. 2008, Rajkumar et al. 2009). Recently, major
data about the ecological traits of ultramafic soils have been reviewed to
propose these soils as a model system in ecology and conservation,mostly
because of their high plant diversity (Harrisson and Rajakaruna 2011).

In ultramafic ecosystems, it is well known that most plants tolerant to
these extreme soils are involved in mycorrhizal associations, which may
greatly enhance plant nutrition (such as P assimilation) and reduce metal
toxicity on plants (Alexander et al. 2007, Smith and Read 2008). Studies
carried out on ectomycorrhizal (ECM) fungal communities in ultramafic
soils showed a high diversity of fungal species developing ECM symbioses
with plants growing on these substrates (Moser et al. 2005, Urban et al.
2008). In addition, it was recently demonstrated that ultramafic soils do not
limit, and can even promote, the ectomycorrhizal fungal diversity (Moser
etal. 2009, Branco and Ree 2010, Branco 2010). However, the comparison of
ECM fungal diversity between serpentine and non-serpentine soils showed
differences within the fungal population structure (Brealey et al. 2006),
sometimes with the presence of unique species (Moser et al. 2005). Moreover,
studies about physiological behaviour such as metal tolerance within a same
fungal species present on both serpentine and non-serpentine soils have
suggested adaptive evolution, raising questions about the adaptation and
evolution of fungal species on these soils (Gongalves et al. 2007, 2009).

Here, we have presented a review carried out on ECM fungi collected
from ultramafic soils in New Caledonia, which is a tropical archipelago
located in the South Pacific Ocean (Fig. 1). In New Caledonia, these soils
cover one-third of the main island due to geological evolution (Fig. 1). As
a result of the presence of such ultramafic outcrops, numerous endemic
ecosystems have developed (Jaffré, 1992), making the main island
a biodiversity hot spot (Myers et al. 2000). In the first section, we have
summarized results from existing studies and new results of ECM fungal
diversity found on these extreme soils. In the second section, we have
gathered data about the ECM Pisolithus albus (Cooke and Massee) isolated
from ultramafic soils in New Caledonia: diversity, metal-tolerance and
symbiotic interactions with its host plant are presented.
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Fig. 1. Geographical map of the New Caledonian archipelago in the South Pacific Ocean with
location of ultramafic massifs (in grey). Data from Perrier et al. (2006a).

2. Plant ECM Status and Fungal Diversity in Ultramafic Soils
of New Caledonia

Considering the vascular plants:fungi ratio of 1:6 as reported by Hawksworth
(1991, 2001) and the number of vascular plants of 3,371 species identified in
New Caledonia (T. Jaffré, personal communication), we could hypothesize
that at least 20,000 fungal species inhabit the archipelago. Referring to
the available literature and herbarium data, the mycologists Horak and
Mouchacca listed about 420 Ascomycota and Basidiomycota taxa in New
Caledonia (Horak and Mouchacca 1998, Mouchacca 1998, Mouchacca and
Horak 1998), which would indicate that approximately 2% of the species
have been inventoried.

The studies undertaken by Perrier, though preliminary, are to date the
only ones that have characterized the ECM status of some New Caledonian
plant species and the related ECM fungal diversity (Perrier 2005, Perrier
et al. 2006a,b). In New Caledonia, two main plant formations are basically
distinguished on ultramafic rocks: sclerophyllous scrubland formations,
called “maquis” or “maquis minier”, and rain forest formations (Jaffré and
L’Huillier 2010). According to the type of soil, the altitude, and the floristic
composition, many groups are further identified. The plant formations
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studied by Perrier were located on the ultramafic Koniambo Massif and
correspond to four distinct vegetation groups (Fig. 2): a maquis with
emerging Araucaria trees, a lingo-herbaceous maquis, a Tristaniopsis spp.
magquis and a rain forest dominated by Nothofagus balansae with patches
of N. codonandra. Investigation of the root systems of 19 species revealed
that two Tristaniopsis species, T. calobuxus and T. guillainii, are involved in
ECM symbioses. These species belong to the Myrtaceae (Leptospermoideae
group), a well-known plant family frequently found to be associated with
ECM fungi (Smith and Read 2008, Wang and Qiu 2006). Nothofagus balansae
and N. codonandra roots were also characterized by the presence of a fungal
mantle and a Hartig net. Another New Caledonian species, N. aequilateralis,
has also been previously shown to be able to develop ECM associations
(McCoy 1991). Nothofagus are indirectly, by the presence of putative ECM
fungal fruit bodies, and/or directly, by investigation of the root system,
defined in other regions of the world (i.e., Australia, New Zealand, Papua
New Guinea and South America) as ECM trees (Horak and Wood 1990,
Garnica et al. 2003, Tedersoo et al. 2008, Dickie et al. 2010), and subsequently
recognized as an important ECM genus in the Southern Hemisphere (Smith
and Read 2008).
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Fig. 2. Repartition of the four distinct plant formations (sites 1 to 4) on the topographic sequence
studied by Perrier et al. (2006) at the Koniambo Massif. Most abundant and potential species
for restoration purpose within each vegetation type are shown. Plants with ECM structures
or ECM-like-structures on their root systems are indicated by an asterisk or two asterisks,
respectively. The distance in meters (m) from the valley to the plateau and the altitude are

given in abscissa and ordinate, respectively. Modified data from Perrier et al. (2006a).
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Surprisingly, Perrier et al. (2006a) observed ECM-like structures on
Cyperaceae roots as Costularia arundinacea, with the presence of a fungal
mantle but the absence of a Hartig net. Such observation has already
been done on two other Cyperaceae species belonging to the genus
Carex (Harrington and Mitchell 2002). However, the colonization of C.
arundinacea roots was only observed on sites 3 and 4, dominated by T.
guillainii and N. balansae respectively (Fig. 2). The vicinity of both ECM
plants may thus explain the colonization of C. arundinacea root systems.
Further investigations led to the identification of other plant species as ECM
(Table 1) (Amir and Ducousso 2010, F. Carriconde personal communication).
Regarding the Myrtaceae, four additional Tristaniopsis species, two
Melaleuca species and the monospecific and endemic genus Arillastrum
are involved in such associations (Table 1). The Fabaceae Acacia spirorbis
has also been identified as ECM (Ducousso et al. 2012). Finally, in New
Caledonia, the ECM status has been characterized for only 13 plant species
among Fabaceae, Myrtaceae and Nothofagaceae (Table 1). Giving the large
representation of the Myrtaceae family, especially the Leptospermoidae
group, and the Fabaceae family in New Caledonia (Morat et al. 2012), we

Table 1. Plant families and species in New Caledonia characterized as ECM. The biogeographical
native status is given according to Jaffré et al. (2001) (N: native, i.e., species for which their
natural distribution area extend beyond the boundaries of New Caledonia; E: endemic species;
EE: endemic genus). The types of soils on which species are encountered are also indicated (C:
calcareous; UM: ultramafic soils; VS: volcano-sedimentary). For species known to be present
on more than one type of soil, the predominant types are highlighted in bold. Modified data
from Amir and Ducousso (2010).

Family |Species Biogeographical status Type soil

Fabaceae | Acacia spirorbis N C, VS, UM
Arillastrum gummiferum EE UM
Melaleuca pancheri E UM
Melaleuca quinquenervia N C, VS, UM

% Tristaniopsis calobuxus E UM, VS

..§ Tristaniopsis glauca E UM

E’ Tristaniopsis guillainii E UM
Tristaniopsis macphersonii E UM
Tristaniopsis ninndoensis E VS
Tristaniopsis vieillardii E UM

§ Nothofagus aequilateralis E UM

g" Nothofagus balansae E UM

E Nothofagus codonandra E UM

z
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could expect a large number of species to be involved in such mutualistic
interaction. This clear lack of knowledge is furthermore well-illustrated by
the fact that the ECM status remains unknown for two Nothofagus species
in New Caledonia: N. baumanniae and N. discoidea.

The aboveground and belowground fungal diversity has been, to some
extent, investigated on the topographic sequence at the Koniambo Massif
(Fig. 2) by collecting sporocarps, ectomycorrhizal root tips and hyphal mats
in the soil (Table 2, Perrier 2005). Molecular identification has been carried
out by sequencing the nuclear ribosomal DNA (rDNA) internal transcribed
spacer (ITS), a widely used marker in mycology and recently defined as the
reference region for fungal DNA barcoding (Schoch et al. 2012). Twenty-
nine sporocarps, 11 ECM root tips and 7 hyphae collected from soil cores
were successfully sequenced (Table 2, Perrier 2005). Comparison of the
generated ITS sequences to the international available database GenBank
using the BLAST algorithm (Altschul et al. 1990) showed the presence
of several genera (Table 2). Interestingly, out of the total of 47 samples,
45 presented a percentage of similarity less than 97% (Table 2), a value
commonly used to differentiate ECM species (e.g., Tedersoo et al. 2003,
Izzo et al. 2005, Smith et al. 2007). Two sporocarps, K66C and KC03C, had
a percentage of similarity >97% with samples from Australia and New
Zealand, respectively. Overall, these results suggest there is a diverse and
unique ECM fungal assemblage at these study sites and possibly across
New Caledonia at a regional scale.

Indeed, the description in the last few years of new putative ECM
species, such as the impressive Podoserpula miranda (Fig. 3), thought to be
associated with Arillastrum gummiferum in the South of New Caledonia
(Ducousso et al. 2009), or the chanterelle, Cantharellus garnieri (Fig. 3)
collected under distinct potential host trees in different localities and type
of soils (Ducousso et al. 2004), strengthened the idea of the high fungal
diversity in the archipelago. Regarding the abundance of the different
fungal genera at Koniambo’s sites, samples belonging to the Cortinarius
genus were largely represented. Indeed, out of the 29 sporocarps, 11 ECM
root tips and 7 hyphal mats collected, 11 (~38%), 6 (~55%), and 5 (~71%)
were assigned to this genus. The large belowground representation of
Cortinarius has already been highlighted in Nothofagus forests in Australia
and New Zealand (Tedersoo et al. 2008, Dickie et al. 2010). Co-evolution
between Cortinariaceae and Nothofagus in Australia has been suggested
(Bougher et al. 1994), and could thus be one of the main driving forces
that may have led to the diversification of this fungal group in the Pacific
region.However, the limited sampling size of Perrier’s study (in total only 47
samples), and particularly the very restricted number of studies undergone
to date on fungal diversity, do not allow us to draw any conclusions on
the diversity level and the structure of this diversity on the archipelago.
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Fig. 3. Two new fungal species recently identified in New Caledonia: (A) Podoserpula miranda
(Atheliaceae) and (B) Cantharellus garnierii (Cantharellaceae). Photos provided: courtesy Ducousso
Marc, CIRAD.

Color image of this figure appears in the color plate section at the end of the book.

Although preliminary analysis of the ECM diversity has been achieved, a
thorough description of ECM and fungal communities and the interaction
with host-plants in New Caledonia should be carried out. In order to really
investigate such fungal diversity and better understand the mechanisms
involved, molecular ecology studies on ECM communities by sequencing
sporocarps and ectomycorrhizas using the classical Sanger approach,
complemented by the use of next generation sequencing on soil cores,
should be undertaken.
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3. Pisolithus albus from Ultramafic Soils in New Caledonia:
Diversity and Physiological Response to Nickel

Pisolithus albus (Cooke and Massee) is a fungal species belonging to Pisolithus
Alb. and Schwein known to be one of the major ectomycorrhizal Boletale
distributed on a worldwide scale that forms ectomycorrhizal symbioses
with a broad range of angiosperm and gymnosperm tree species (Marx
1977, Martin et al. 2002). Pisolithus is also regarded as an early colonizer
that persists on sites subject to edaphic stresses (Anderson et al. 1998).
In New Caledonia, P. Albus fruit bodies are very abundant. The species
also develops ectomycorrhizal associations with many endemic plants
belonging to various genera of the Myrtaceae such as Melaleuca, Tristaniopsis
and Sannantha, and one Mimosaceae, i.e., Acacia spirorbis (Perrier 2005). In
New Caledonia most of the plants able to form ECM with P. albus dominate
specific zones in their respective ecosystem: for example, Tristaniopsis genus
colonizes specific zones of the ultramafic ecosystem at an altitude from 400
to 900 meters (L'Huillier et al. 2010). Altogether, the abundance of P. albus
and its ability to develop ECM symbioses with endemic plants that colonize
specific ecosystems in New Caledonia has led to the study of the genetic
diversity of P. albus in New Caledonia.

3.1 Diversity of Pisolithus albus and their symbioses in New
Caledonia

Isolates of ectomycorrhizal P. albus were sampled from both ultramafic
and non-ultramafic soils in New Caledonia in order to investigate
the relationships between (i) genetic diversity and (ii) the edaphic

constraintssuch as the deficiency of major nutrient elements (N, K and

P), the unbalanced Ca/Mg ratio and the presence of heavy metals at high
concentrations (Jourand et al. 2010a). Fruiting body description, spore
morphology (Fig. 4) and phylogenetic analysis based on internal transcribed
spacer (ITS) rDNA (as previously reported by Martin et al. 2002) sequences
confirmed that all isolates belong to P. albus and are closely related to
other Australasian specimens (Fig. 5). In addition, the ecology of P. albus
isolated from New Caledonia confirmed the dominant association with
endemic plants belonging to genera of the Myrtaceae family (e.g., Melaleuca,
Sannantha, Tristaniopsis) or the Fabaceae family (e.g., Acacia).

Altogether, the ecological and molecular data of P. albus isolated
in New Caledonia were in agreement with the phylogeography of the
ectomycorrhizal Pisolithus genus inferred from rDNA-ITS sequences,
suggesting that (1) evolutionary lineages within Pisolithus are related to
the biogeographical origin of their plant hosts (Martin et al. 2002) and (2)
a long-distance dispersal event of ectomycorrhizal fungi from Australia
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Fig. 4. Pisolithus albus from New Caledonia. A: Pisolithus albus MD07-117 from the Koniambo
massif; B: Pisolithus albus MD07-228 from the Ouen-Toro, Noumea; C: cross section of Pisolithus
albus MD07-166 from Pindjen water-fall and D: globose spores (8.77 to 9.62 pum) of Pisolithus
albus MDO06-379 from Poum, erected spines (1.2 pm) are clearly visible. From Jourand et al.
(2010a).

Color image of this figure appears in the color plate section at the end of the book.

might explain the introduction of Pisolithus species in the South Pacific
zone (Moyersoen et al. 2003). Interestingly, the use of other molecular
tools such as ITS-restriction fragment length polymorphism (Fig. 6A)
and amplified fragment length polymorphism markers (AFLP) (Fig. 6B),
showed the existence of one genotype within P. albus grouping isolates from
ultramafic soils (Jourand et al. 2010a). Such results raised the question of
the presence a fungal ecotype on ultramafic soils, as described for plants
found on these soils (Harrison and Rajakaruna 2011). They also contribute
to the hypothesis of a link between the phylogenetic population structure
and the ecological adaptation due to the particular mineral constraints,
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Fig. 5. Phylogenetic synthetic relationships among representative Pisolithus sp. from New
Caledonia collection sites and worldwide reference isolates. The phylogeny is based on the
analysis of the rDNA ITS1, 5.8S and ITS2 sequences. The tree was rooted with Suillus luteus
ITS sequences. Significant bootstrap frequencies are indicated. Abbreviations: S America:
South America; SE Asia: South East Asia; W Africa: West Africa, E Africa: East Africa. From
Jourand et al. (2010a).

in particular ultramafism, as observed in ectomycorrhizal communities
from other ultramafic soils (Urban et al. 2008). To further investigate this
hypothesis, considering that nickel is one of the most toxic and bioavailable
metal found at high concentrations in these soils (Echevarria et al. 2006),
P. albus molecular and physiological responses to nickel were assessed in
a further study.
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A) P. albus ITS RFLP profiles
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Fig. 6. A) Representative patterns of ITS restriction fragment length polymorphism (RFLP)
profiles of Pisolithus albus isolates from both ultramafic and volcano sedimentary soils compared
to both undigested amplified ITS and 100 pb DNA Ladder (Promega). Arrows highlight
major differences between profiles. B) Genetic relationship within P. albus isolates from New
Caledonia according to AFLP analysis. Bootstrap consensus UPGMA tree obtained for 882
AFLP scored fragments obtained with the 9 selective primers pairs on the 27 P. albus isolates
(100 replicates). Data from Jourand et al. (2010a).
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3.2 Tolerance and adaptation to nickel of Pisolithus albus from New
Caledonia

In ultramafic soils, nickel (Ni) is one the most bioavailable and phytotoxic
element: nickel content may reach up to 10 g/kg in ultramafic soils when
compared with the average 50 mg/kg in cultivated soils (Wenzel and
Jockwer 1999, Echevarria et al. 2006). This mineral element is a crucial
selecting factor for plant survival on ultramafic soils: to grow on such
high concentrations of nickel as found in serpentine environments (often
coinciding with high concentrations of other heavy metals), plants had to
develop major adaptations that include exclusion of the absorption of the
toxic metal by the roots and/or metal hyperaccumulation with internal
complexation and compartmentation (Kazakou et al. 2008). In addition,
ECM symbioses might contribute to limit the metal accessibility and uptake
by the plant (Colpaert et al. 2011).

3.2.1 Pisolithus albus nickel content and in vitro tolerance

In the previous study, the nickel concentration in fruiting body tissues
of Pisolithus albus isolates from New Caledonia was assessed, as well as
the in vitro nickel tolerance of cultivated mycelia from isolates collected
from soil type (ultramafic vs non-ultramafic) where P. albus were collected
(Jourand et al. 2010a). In fruiting bodies of P. albus from ultramafic soils,
the nickel concentration reached an average of 5.71g/g of dried tissue. In
contrast, tissue of carpophores of isolates collected from non-ultramafic soils
contained 2.5 times less nickel. In addition, P. albus mycelia from ultramafic
soils included isolates with high variations of in vitro nickel-tolerance, with
both nickel-tolerant isolates (with an average that half the maximal effective
concentration of Ni that reduced fungal growth by 50% was 575 mM) and
nickel-sensitive isolates (average Ni EC,; 37 mM). In contrast, all isolates
from non-ultramafic soils were found to be nickel-sensitive (average Ni
EC,, at 32 mM).

Within Pisolithus spp., previous studies have showed that some isolates
were able to tolerate high concentrations of nickel. For example isolates of
Pisolithus tinctorius were found to tolerate nickel with a Ni EC,; ranging
from 126 to 170 mM (Tam 1995). Aggangan et al. (1998) also described one
isolate of P. tinctorius from ultramafic soils in New Caledonia able to grow
on nickel from 20 to 200 tM. More recently, Blaudez et al. (2000) and Ray et
al. (2005) reported isolates of P. tinctorius that are able to grow on medium
with nickel concentrations ranging from 17 to 350 pM. The mycelia from
P. albus isolates from New Caledonian ultramafic soils displayed both
in vitro nickel-sensitive and nickel-tolerant phenotypes. In addition, the
nickel-tolerant isolates presented a noteworthy tolerance to Ni with an
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average Ni EC_ two to three times higher than the Ni EC_ already reported
for other Pisolithus spp. mentioned above. To explain the high variability in
nickel-tolerance observations, it was first hypothesized that such variations
could be correlated to high real fluctuations of bioavailable nickel content
in ultramafic soils, which is assessed as the DTPA-NIi fraction according to
Echevarria et al. (2006). Perrier et al. (2006a) reported that the nickel-DTPA
concentrations in ultramafic soils varied in a range from 17 to 980 pmol/
kg. Assuming that the average nickel-DTPA concentration does not reflect
real fluctuations of bioavailable nickel in ultramafic soils, and considering
the range of nickel-DTPA concentrations in ultramafic soils reported by
Perrier et al. (2006a,b), it is not surprising to find isolates of P. albus with high
variations in nickel tolerance from the same ultramafic site. Similar variations
in metal-tolerant fungal populations in correlation to metal-soil content have
already been reported. For instance, in Suilloid fungi, populations displayed
zinc tolerance relative to zinc concentrations in polluted soils, suggesting
an evolutionary adaptation of fungi to the soil environment (Colpaert et
al. 2004). More recently, evidence of adaptation to nickel was provided in
isolates of Cenococcumgeophilum from ultramafic soils in Portugal and the
USA (Gongalves et al. 2009). No clear relationship between the phenotypic
physiological response to nickel and the population genetic differentiation
observed within P. albus from soils could be established as the nickel-tolerant
isolates from ultramafic soils did not cluster in a homogeneous group. It
was thus tempting to speculate that the capacity of some P. albus to tolerate
high nickel concentrations reflects the expression of an adaptive response
to high concentrations of bioavailable nickel in soils as suggested for other
fungi in response to high heavy metal levels (Hartley et al. 1997, Colpaert
et al. 2004, Gongalves et al. 2009). However, if New Caledonian population
of P. albus seems to be structured into one ecotype, nickel tolerance alone
might not be a sufficient feature to explain such results. Thus, the ultramafic
constraint should be considered as a whole, even if each factor (N, P, K
contents, Ca/Mg imbalance, heavy metal presence) is studied separately,
as suggested by Kazakou et al. (2008).

3.2.2 Pisolithus albus transcriptomic response to nickel

In another study on nickel-tolerant Pisolithus albus isolated from ultramafic
soils in New Caledonia, the comparison of the transcriptomes of a nickel-
tolerant isolate in the presence and absence of nickel was monitored by
using pyrosequencing and quantitative polymerase chain reaction (qPCR)
approaches in order to identify genes involved in the specific molecular
response to nickel and to quantify their expression (Majorel et al. 2012).
As a result of the experiment, two non-normalized cDNA libraries were
obtained from one nickel-tolerant P. albus isolate grown in the presence and
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absence of nickel. A total of 19,518 genes could be obtained through the de
novo assembly of the sequence reads from the two non-normalized cDNA
libraries. The expression of 30% of these genes was regulated by nickel.
Further analysis identified 4,211 genes (21%) that were up-regulated by
nickel and 1763 genes (9%) that were down-regulated by nickel. The global
statistical distribution of these 19,518 genes is presented on a scatter plot
in Fig. 7A. The genes, for which expression was induced most markedly
by nickel, encoded products that were putatively involved in a variety of
biological functions, such as the modification of cellular components (53%)
and the regulation of biological processes (27%) and molecular functions
(20%) (Fig. 7B). Compared to most previous studies conducted on ECM
samples isolated from soils polluted with heavy metals as a result of human
activities (Jacob et al. 2004, Muller et al. 2007, Ruytinx et al. 2011), this study
was the first repository of its kind. These results clearly suggested a positive
transcriptomic response of the fungus to nickel-rich environments, which
may contribute to the tolerance of the fungus to the extreme conditions as
found in New Caledonia. The analysis of the results based on gene ontology
(GO) analysis and functional genetic tools also suggests the role of these
genes as putative adaptive mechanisms of nickel tolerance in P. albus. The
majority of genes up-regulated by nickel belonged to the GO category
‘cellular component’. Information on the annotations of these genes is
valuable for the further investigation of gene functions, cellular structures
and biological processes that might be involved in the tolerance of fungi
to nickel via extracellular and intracellular mechanisms, as suggested by
Bellion et al. (2006).

In the second step of the experiment, ten genes that were analyzed as
the most nickel-induced in pyrosequencing were characterized by qPCR
analysis in both nickel-tolerant and nickel-sensitive P. albus isolates from
ultramafic soils. Among them, six genes were expressed exclusively in nickel-
tolerant isolates as well as in ECM samples in situ. In addition, in the nickel-
tolerant isolates, the presence of nickel increased their level of expression by
between one- and nine-fold (Fig. 8). Their functional classification showed
that these genes encoded for putative proteins involved either in chitin
cell wall rearrangements as GPI-anchor-like protein and class III chitinase,
or biological regulations as vacuolar protein sorting and APC amino acid
permease, suggesting a possible role of fungi in metal immobilization and
consequently in reducing metal toxicity when in symbiosis with plants. In
previous studies involving fungi, many genes involved in the response to
stress induced by heavy metals were found to encode proteins that function
as metal transporters or metal-binding proteins (Jacob et al. 2004, Bellion
et al. 2006, Bolchi et al. 2011). However, in Majorel et al. (2012), most of the
genes overexpressed in the presence of nickel did not encode proteins that
are generally involved in metal-stress responses. This suggested that the
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A) Gene expression level repartition in Ni-tolerant Pisolithus albus
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B) Gene functional GO terms assignment and distribution in Ni-tolerant P. albus
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Fig. 7. A) Scatter plot presenting gene expression levels in Pisolithus albus Ni-tolerant
ecotypefree-living mycelium grown without or with Ni at 250 uM. The expression levels of
genes were normalized using a scale of 0 to 10,000. Each circle in the plot represents expression
of one gene. B) Functional GO terms assignment and distribution of total sequences of two
transcriptomes of Ni-tolerant P. albus with (+250 pM) and without nickel, among Gene
Ontology (GO) biological process, molecular function and cellular component. From Majorel
etal. (2012).
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mRNA non-detected (Ct values >37). From Majorel et al. (2012).
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mechanisms that underlie the nickel tolerance in P. albus from ultramafic
soils might differ from those of other fungi. In particular, that might
reflect a long-term adaption to nickel in natural environment, in contrast
to short-term adaptation on metal contaminated soils. Among the genes
in which expression was remarkably induced in presence of nickel, and
exclusively expressed in nickel-tolerant, it was interesting to identify genes
that encode chitinase-like and glycosylphosphatidylinositol (GPI) cell-wall
structural proteins that are involved in extracellular processes and encode
putative cell-wall proteins. Recently, it was suggested that modifications
of structural elements of the cell wall, such as the rearrangement of chitin
and biosynthesis of glucan- or galactosamine-containing polymers, might
play a key role in modulating the integrity of the cell wall and its capacity
to immobilize heavy metals. In this way, such modifications could confer
tolerance to metals and affect the ability of fungi to survive in stressful
environments (Meharg 2003, Bellion et al. 2006, Fuchs and Mylonakis
2009).

Altogether, these results evidenced a strong and specific transcriptomic
response to nickel of ultramafic-adapted P. albus both in vitro and in situ.
This led the authors to hypothesize that the presence of both nickel-tolerant
and nickel-sensitive fungal phenotypes in ultramafic soils might reflect
environment-dependent phenotypic responses to variations in the effective
concentrations of nickel in heterogeneous ultramafic habitats (Majorel et
al. 2012).

3.3 Role of ECM symbiose between nickel-tolerant Pisolithus albus
and its host plant Eucalyptus globulus exposed at toxic nickel
concentrations

As ECM symbioses are known to play a major role in the fitness of plants
in the presence of heavy metals (Jentschke and Godbold 2000), experiments
were carried out to analyse the symbiotic interactions between P. albus
and one of its host plants in the presence of nickel. Ectomycorrhizal
Pisolithus albus isolated in nickel-rich ultramafic soils from New Caledonia
and showing in vitro adaptive nickel tolerance were inoculated to
Eucalyptus globulus Labill used as a Myrtaceae plant-host model to study
ectomycorrhizal symbiosis. Plants were then exposed to a nickel dose-
response experiment with increased nickel treatments up to 60 mg/kg soil
as maximum extractable nickel content found in ultramafic soils (Perrier
et al. 2006a). Results showed that plants inoculated with ultramafic ECM
P. albus were able to tolerate high and toxic concentrations of Ni (up to
60 mg/kg) while uninoculated controls were not (Fig. 9). At the highest
nickel concentration tested, root growths were more than 20-fold higher
and shoot growths more than 30-fold higher in ECM plants compared with
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Non-mycorrhizal, Ni={ Non-mycorrhizal, Ni = 60

Fig. 9. Eucalyptus globulus seedlings after 12-weeks growth. A and A’ mycorrhizal; B and B’
non-mycorrhizal (controls). A and B: no nickel added; A" and B’ seedlings treated with Ni.
From Jourand et al. (2010b).

Color image of this figure appears in the color plate section at the end of the book.

control plants. Ergosterol was also measured in roots as it is a major sterol
in fungi and is a good indicator of the level of mycorrhizal colonization of
roots (Martin et al. 1990). Without nickel, roots had a mean level of 19.7%
ectomycorrhization. At low nickel concentrations (0.6 and 6 mg/kg), the
level of root ECM colonization varied from 15.6 to 27.8%. At high and toxic
nickel concentrations (30 and 60 mg/kg), the level of root colonization was
significantly reduced to around 9%, but confirmed the presence of viable
ECM. At the highest nickel concentration tested, the improved growth in
ECM plants was also associated witha 2.4-fold reduction in root nickel
concentration but a massive 60-fold reduction in transfer of nickel from root
to shoots, while for all other major plant nutrient elements analyzed, i.e., N,
P, K, Ca and Mg, no significant differences in concentration were noted in
either shoots or roots in response to nickel treatments or fungal treatment.
To determine whether nickel tolerance was related to the release of metal
binding compounds, exudates from roots were analyzed. The two principal
chemical components of the exudate solution were non-protein thiols and
oxalate. Control plants excreted significantly more thiols and oxalate than
plants developing ECM symbiose with P. albus, with the increase being more
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evident at higher nickel concentrations: control plants released 5-fold more
thiols at 30 and 60 mg/kg of nickel, and 12- and 8-fold more oxalate at 30
and 60 mg/kg nickel, respectively. All these results confirmed that the nickel
tolerance of the ECM has a substantial beneficial effect on the plant host.
Ultramafic ECM isolates produced significant increases in growth in both the
absence and low concentrations of nickel (from 0.6 to 6 mg/kg). Plant root
surface was greatly increased, and the high level of mycorrhizal colonization
is consistent with previous data on the interaction between Pisolithus
and Eucalyptus (Martin et al. 1990, Brundrett et al. 1996). At low nickel
concentrations, the increase in both shoot and root biomass observed in ECM
plants compared with non-inoculated plants is probably a consequence of
better mineral nutrition (Marschner 1995, Finlay 2004). However, at toxic
levels of nickel the contribution of the ECM symbiosis with ultramafic P.
albus to host nickel tolerance was more substantial. Interestingly, P. albus
isolates could withstand in vitro high nickel concentrations but accumulated
very little nickel in its tissue (Jourand et al. 2010b). The lower nickel uptake
by mycorrhizal plants could not be explained by increased release of metal-
complexing chelates since these were 5- to 12-fold lower in mycorrhizal
plants at high nickel concentrations. It was proposed that the fungal sheath
covering the plant roots acts as an effective barrier to limit transfer of nickel
from soil into the root tissue.

4. Conclusions

Overall, the observations about ECM diversity found on ultramafic soils
in New Caledonia raise very compelling questions about the evolutionary
processes involved in fungal diversification in New Caledonia and at a
regional scale. The focus on ECM Pisolithus albus isolated from soils in New
Caledonia highlighted the identification of an ultramafic nickel-tolerant
ecotype as reported in Jourand et al. (2010a), showing specific and adaptive
molecular response to this metal (Majorel et al. 2012), and having a key role
in plant host adaptation to toxic nickel concentrations as found in these soils
(Jourand et al. 2010b). Together, these results constitute an important step in
evaluating the potential of ECM symbioses for plant adaptation to ultramafic
soils containing high concentrations of heavy metals, which is a prerequisite
for their use in strategies for ecological restoration of mine sites as suggested

by Reddell et al. (1999), Perrier et al. (2006a) and, more recently, Khosla and

Reddy (2008). Further characterization of ECM fungal communities in New
Caledonia would increase knowledge about fungal diversity and identify
fungal species that might be relevant for plant inoculation purpose and
their direct implications in restoration strategies.
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Abstract

The fungus Pisolithus albus forms ectomycorrhizal (ECM) associations with plants
growing on extreme ultramafic soils, which are naturally rich in heavy metals such as
nickel. Both nickel-tolerant and nickel-sensitive isolates of P. albus are found in
ultramafic soils in New Caledonia, a biodiversity hotspot in the Southwest Pacific. The
aim of this work was to monitor the expression of genes involved in the specific
molecular response to nickel in a nickel-tolerant P. albus isolate. We used pyrosequenc-
ing and quantitative polymerase chain reaction (qQPCR) approaches to investigate and
compare the transcriptomes of the nickel-tolerant isolate MDO06-337 in the presence and
absence of nickel. A total of 1071 375 sequencing reads were assembled to infer
expression patterns of 19 518 putative genes. Comparison of expression levels revealed
that 30% of the identified genes were modulated by nickel treatment. The genes, for
which expression was induced most markedly by nickel, encoded products that were
putatively involved in a variety of biological functions, such as the modification of
cellular components (53%), regulation of biological processes (27%) and molecular
functions (20%). The 10 genes that pyrosequencing analysis indicated were induced the
most by nickel were characterized further by qPCR analysis of both nickel-tolerant and
nickel-sensitive P. albus isolates. Five of these genes were expressed exclusively in
nickel-tolerant isolates as well as in ECM samples in situ, which identified them as
potential biomarkers for nickel tolerance in this species. These results clearly suggest a
positive transcriptomic response of the fungus to nickel-rich environments. The presence
of both nickel-tolerant and nickel-sensitive fungal phenotypes in ultramafic soils might
reflect environment-dependent phenotypic responses to variations in the effective
concentrations of nickel in heterogeneous ultramafic habitats.
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other organisms (Branco & Ree 2010; Colpaert et al.

Introduction 2011). In the presence of high levels of heavy metals,
The presence of high levels of heavy metals in terres- ectomycorrhizal (ECM) fungal populations are differen-
trial environments can result from natural or human- tiated into those that are highly tolerant of metal toxic-
related factors, such as pollution. It may influence the ity and those that are sensitive to such metals (Hartley
ecology and evolution of plants, fungi, animals and et al. 1997).

In recent years, several studies have characterized
Correspondence: Clarisse Majorel, Fax: +687 26 43 26; and reviewed the various molecular mechanisms and
E-mail: clarisse.majorel@ird.fr cellular responses to stress that enable ECM fungi to
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tolerate heavy metals (Meharg 2003; Bellion et al. 2006).
These mechanisms involve the uptake and subcellular
sequestration of the metal (Blaudez et al. 2000a), intra-
cellular binding of the metal (Jacob et al. 2004),
responses to oxidative stress by the production of mole-
cules that are involved in detoxification processes (Lan-
franco 2007; Ramesh et al. 2009) and the synthesis of
proteins involved in the transport and accumulation of
metals. Additional mechanisms include antioxidative
responses (Muller et al. 2007a; Ruytinx et al. 2011),
extracellular chelation and binding of the metal to the
cell wall (Bellion et al. 2006). The involvement of all of
the above-mentioned mechanisms was confirmed
recently using the complete genome and transcriptome
data of the ECM fungal species Tuber melanosporum
(Bolchi et al. 2011), which enabled the detection of
genes related to metal homeostasis in this plant-
symbiotic ascomycete. The genes that were identified
were subdivided into three major functional classes,
namely those involved in: (i) transport of metals, (ii)
defence against the effects of oxidative stress and (iii)
detoxification of metals (Bolchi et al. 2011). Such molec-
ular processes could play a key role in enabling plants,
fungi or microorganisms to persist in extreme habitats,
such as serpentine soils, which are naturally rich in
heavy metals (Branco 2009; Gongalves et al. 2009; Rajku-
mar et al. 2009; Wright & Stanton 2011).

Serpentine soils are derived from ultramafic bedrock
and are characterized by high concentrations of magne-
sium, iron and various heavy metals, such as chro-
mium, cobalt, nickel and manganese. They are also
extremely deficient in elements that are essential for
plant nutrition, including nitrogen, phosphorus and
potassium (Brooks 1987). Previous studies have shown
that serpentine soils are characterized by a high biologi-
cal diversity of plants and microorganisms that use var-
ious mechanisms to cope with the edaphic conditions
(in particular, adaptation to toxic heavy metals, such as
nickel) (Kazakou et al. 2008; Branco & Ree 2010). For
example, it was shown recently that samples of the
ECM fungus Cenococcum geophilum that were isolated
from serpentine soils were highly tolerant of nickel,
which suggests that the organism had adapted to its
presence (Gongalves et al. 2009). Recently, similar find-
ings of fungal tolerance to nickel were observed in
Pisolithus albus (Cooke & Massee) (Jourand et al. 2010a).

Pisolithus albus belongs to the genus Pisolithus Alb. &
Schwein., a major ECM genus in the Boletales order,
members of which are distributed globally and form
ECM associations with a broad range of angiosperm and
gymnosperm trees and shrubs (Marx 1977; Martin et al.
2002). Pisolithus albus grows on serpentine soils in New
Caledonia, a tropical archipelago in the Southwest Paci-
fic that is considered to be a hotspot of biodiversity

(Myers et al. 2000; Jourand et al. 2010a). Serpentine soils
cover a third of the surface area of the main island (Perri-
er et al. 2006). In New Caledonia, isolates of P. albus
from these soils cluster genetically into a single group
that comprises both nickel-tolerant and nickel-sensitive
isolates (Jourand et al. 2010a). It was suggested that the
observed phenotypic variations in nickel tolerance might
arise from variations in the concentrations of bioavailable
nickel in these soils. In addition, the nickel-tolerant iso-
lates of P. albus were found to improve the growth and
tolerance of nickel in plant hosts that were exposed to
toxic concentrations of the metal (Jourand et al. 2010b).

Given these findings, it is important to clarify the
molecular mechanisms of ECM adaptation to serpentine
soils and tolerance of nickel in particular. In the study
reported here, we examined changes in the transcrip-
tome upon exposure of a single nickel-tolerant P. albus
isolate from the ultramafic soils of New Caledonia to
nickel to identify biomarkers that are involved in the
molecular responses to the metal. Data on the complete
transcriptome were obtained using pyrosequencing. We
identified genes for which expression was changed by
the presence of nickel and verified their differential
expression in nickel-tolerant and nickel-sensitive iso-
lates by using real-time quantitative PCR (RT-qPCR).
The use of these procedures enabled us to generate the
first database of expressed sequence tags (ESTs) from a
nickel-tolerant fungus and to identify five genes
expressed exclusively in nickel-tolerant isolates of P. al-
bus. The latter suggests that this species shows a molec-
ular adaptive response to nickel-rich environments.

Materials and methods

Fungal material (in vitro and in situ)

The ECM fungal isolates used in the study were isolated
from sporocarps collected from ultramafic soils in New
Caledonia at collection sites 1, 2, 3, 4 and 5 described in
Table 1 and Fig. S1 (Supporting information). Anatomi-
cal and morphological characterizations led to their
identification as isolates of the fungal species Pisolithus
albus. The Ni-tolerant isolate MD06-337, which was
described previously (Jourand et al. 2010b), was also
used in the study. The other isolates of P. albus that
were included in the study were new samples and are
described in Table 1. Whereas MD09-045 and MD09-001
are nickel-tolerant isolates, MD09-063 and MD09-078 are
nickel-sensitive isolates. To confirm their identities at
the genus and species levels, these new isolates were
analysed phylogenetically on the basis of their internal
transcribed spacer (ITS) rDNA sequences as described
previously (Jourand et al. 2010a). The analysed ITS
sequences were deposited in the EMBL Nucleotide
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Table 1 Isolates of Pisolithus albus used in this study. In addition to description of the sites where isolates were sampled (map loca-
tion and GPS coordinates), details regarding the accession number of ITS sequences and in vitro tolerance of nickel are provided for

each isolate

Site description: ultramafic soils

Pisolithus albus isolates

DNA-ITS *Ni ECsg *Ni ECsg
EMBL [V Y
Site on Map location, Isolate accession Nickel MMN UF-like
map GPS coordinates code code phenotype medium medium References
1 Trazy-Guerioum, Koniambo MD06-337 AM947121 Tolerant 569 + 3 1800 + 5 Jourand
Massif et al. 2010a
(21°0028” S; 164°49'50” E)
2 Pindjen Waterfall Road MD09-078 FR852890 Sensitive 42 + 4 65 =1 This study
Koné (21°02'19” S;
164°46'26” E)
3 Pindai MD09-063 FR852893 Sensitive 76 +2 29+2 This study
(21°19'49” S; 164°58'22” E)
4 Mont-Dore, Plum Road MD09-045 FR852892 Tolerant >1000 2600 = 5 This study
(22°1517” S; 166°36'46” E)
5 Bois du Sud MD09-001 FR852891 Tolerant 1194 + 3 1500 + 5 This study

(22°10"18” S; 166°44’49” E)

ECsy, the effective concentration that inhibits growth by 50% (Blaudez et al. 2000b); ITS, internal transcribed spacer.
*Ni ECs5y was determined in two media: Melin-Norkrans medium as reference medium (Blaudez et al. 2000b) and UF-like medium.

Sequence Database. To evaluate the expression of the
nickel biomarkers in fungal material in situ further, sam-
ples from ECM root tips were collected at the study site
where the nickel-tolerant isolate MDO06-337 and the
nickel-sensitive isolate MD09-078 were found. These
fungal materials were stored in liquid nitrogen.

Growth conditions

To generate stock cultures from each sporocarp, a fresh
piece of pileus trama was transferred aseptically to solid
modified Melin-Norkrans (MMN) medium (Blaudez
et al. 2000b). The MMN medium had the following com-
ponents: KH,PO, (05g/L; K and P =237 mm),
(NH4),HPO, (0.25 g/L; N =3.78 mm and P = 3.67 mm),
CaCl, (0.05g/L; Ca=0.34mm), NaCl (0.025g/L;
NaCl = 0.43 mm), MgSO,.7H,O (0.15 g/L; Mg = 0.61
mum), thiamine hydrochloride (100 pg/L), FeCls.6H,O
(0.03 g/L), glucose (10 g/L), malt extract (3 g/L) and
agar (14 g/L). The pH was adjusted to 5.6 using 1 m HCI
to match the pH measured in ultramafic soils as reported
by Perrier et al. (2006). The medium was autoclaved for
20 min at 120 °C. All fungal isolates were maintained as
subcultures at 30 °C in this medium.

For further experiments, MMN medium was altered
to mimic the extreme conditions of ultramafic soils. In
the Koniambo Massif, where the P. albus isolate MD06-
337 was sampled, the concentrations of chemical ele-
ments in the soil according to Jourand et al. (2010a)
were as follows: N (3.6 g/kg, N =257mm), P

© 2012 Blackwell Publishing Ltd

(0.07 g/kg, P =2.25 mm), K (0.09 g/kg, K = 2.3 mm), Ca
(026 g/’kg, Ca=65mmM) and Mg (41 g/kg,
K =170 mm), with an unbalanced molar ratio of Ca/Mg
(1/26) and an excess of extractable Ni (Ni-diethylene tri-
amine pentaacetic acid) (19 mg/kg, Ni =327 um). To
mimic these conditions, the MMN medium was altered
to generate what is henceforth referred to as UF-like
medium, which contained the following components:
KH,PO, (025g/L; P=183mM and K =1.83 mm),
(NH4),HPO, (0.125 g/L); N =1.8 mM and P = 0.9 mm,
NH;NO; (10 g/L); N =250mm, CaCl, (0.05g/L);
Ca =034 mv, KCl (0.033 g/L); K =044 mm, NaCl
(0.025 g/L), MgSO47H,0 (1.95 g/L); Mg = 7.9 my, thia-
mine hydrochloride (100 pg/L), FeCl;:6H,O (0.03 g/L),
glucose (1 g/L) and malt extract (0.3 g/L). The pH was
adjusted to 5.6 using 1 m HCI to match the pH mea-
sured in ultramafic soils as reported by Perrier et al.
(2006). The medium was autoclaved for 20 min at
120 °C. When needed, nickel was added after autoclav-
ing under sterile conditions from a stock solution of
NiCl, (I m) to the required final concentrations. To
check the nickel tolerance of all the isolates used in the
study, the ECsy of Ni was measured in both the refer-
ence MMN medium and the UF-like medium as
described previously (Jourand et al. 2010a).

Extraction of total RNA

Total RNA was extracted from mycelium that had been
cultivated in vitro as well as from frozen fungal
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material that was collected in situ. A cetyltrimethyl
ammonium bromide (CTAB)-based protocol was used
as described by Salzman ef al. (1999). Briefly, 1-5 g of
frozen mycelium or ECM tissue was ground in liquid
nitrogen using a mortar and pestle. Then, 0.6-1 mL of
extraction buffer (2% CTAB, 2% polyvinylpyrrolidone
PVP-K-40, 100 mm Tris-HCl, 25 mm EDTA and 2wm
NaCl) was added to each tube, and the samples were
incubated at 60 °C for 15 min. An equal volume of a
mixture of chloroform:isoamyl alcohol (24:1) was added
and mixed immediately for 2 min using a vortex mixer.
The samples were then centrifuged at 10 000 g for
10 min at 4 °C. Supernatants solutions were transferred
to a new tube, and a 1/3 volume of 8 m LiCl was added
to each tube. The samples were mixed by inversion and
stored at 4 °C overnight. Total RNA was purified using
the silica membrane from an RNeasy Plant Mini kit
(Qiagen, Courtaboeuf, France), in accordance with the
manufacturer’s instructions. The purified RNA was
quantified using a NanoDropl000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA) at
wavelengths of 230, 260 and 280 nm. The integrity of
the RNA was verified by separating sample compo-
nents in 1.2% agarose gels, as described by Salzman
et al. (1999).

Processing of 454 pyrosequencing data and assembly of
cDNA sequences from the nickel-tolerant Pisolithus albus
isolate (MD06-337)

To compare the gene expression in the nickel-tolerant
P. albus isolate (MDO06-337) in the presence and absence
of nickel, two sets of total RNA were isolated using the
CTAB-based protocol from 15-day-old liquid cultures of
the isolate cultivated in UF-like medium with or with-
out nickel (250 um NiCl,). The two sets of extracted
RNA were sent to GATC Biotech (Constanz, Germany),
where the ¢cDNA was pyrosequenced in accordance
with the established procedures used by the company.
The primer sequences were removed from the data.
Sequence reads were then assembled into contigs using
the Genomics Workbench software (CLC Bio, Aarhus,
Denmark). Expression analysis was performed using
the RPKM (reads per kilobase of exon model per mil-
lion mapped reads) values (Mortazavi et al. 2008). The
RPKM values, which are used to standardize sequence
counts as a function of contig length and absolute size
of the data set (i.e. mapped reads: assembled reads),
were calculated as follows: (number of reads per con-
tig) x (1000/length of contig) x (1 x 10°/total number of
mapped reads in the assembly) (Mortazavi et al. 2008).
On the basis of the ratio of the RPKM values obtained
in the presence and absence of nickel (which represents
the fold induction of gene expression in response to

nickel), we selected the genes for which expression was
increased more than twofold above the background
level for the pyrosequencing, as commonly performed
in previous studies using comparative transcriptomic
approaches (Chelaifa et al. 2010). This cut-off level for
the induction of gene expression was used previously
in another analysis of the transcriptomic response to a
heavy metal in another ECM fungus (Jacob et al. 2004).
The genes that presented both the highest RPKM values
in the presence of nickel (RKPM > 10) and the lowest
RPKM values in the absence of nickel were selected as
candidate biomarkers of nickel tolerance in P. albus. In
addition, to identify genes, the contig sequences that
were obtained by pyrosequencing were compared with
sequences stored in the GenBank nonredundant data-
base (nr), Laccaria bicolor database (http://mycor.nancy.
inra.fr/imgc/laccariagenome/) and Pisolithus microcar-
pus database (free access was provided generously by
the F. Martin (INRA laboratory, Nancy, France)
using BrastX with an E-value cut-off of 107°, as
described previously for other pyrosequencing tran-
scriptome analyses (Schmid et al. 2010). All assembled
contigs and their respective RPKM values sequences of
the genes selected from the pyrosequencing data analy-
sis were deposited in the EMBL Nucleotide Sequence
Database and referenced under the accession numbers
shown in Table 2.

Gene annotation using Gene Ontology (GO) terms

To identify the global functional categories of the
unique contigs (with respect to the standard Gene
Ontology (GO) categories of biological process, molecu-
lar function and cellular component), the two transcrip-
tomic sequence banks and the pyrosequencing contig
data obtained from P. albus MD06-337 in the presence
or absence of nickel were analysed using the GO data-
base. This analysis was based on the similarities of the
sequences to those of known proteins in the GenBank
nr protein database (E-value cut-off of 107%), which had
been annotated with GO terms using the software
BrLasr2GO V2.4.8 (Gotz et al. 2008).

Quantitative PCR analysis

To confirm the nickel-responsive differential expression
revealed by pyrosequencing, we used RT-qPCR to ver-
ify the fold induction of the genes that had been
selected as biomarkers of nickel tolerance. This tech-
nique is the most sensitive and reproducible method to
quantify gene expression, as described recently in a
study using the pyrosequencing approach (Chelaifa
et al. 2010). For the RT-qPCR experiments, P. albus iso-
lates were grown in UF-like medium that contained

© 2012 Blackwell Publishing Ltd
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Table 2 Candidate biomarker genes, shown by pyrosequencing analysis to be up-regulated by nickel, which show differential
expression in nickel-tolerant Pisolithus albus isolate MD06-337. EMBL accession codes are provided for all DNA sequences, as are the

closest homologs identified by BlastN analysis

Pyrosequencing analysis

Gene sequence and BlastN identification

No. No. Size RPKM RPKM EMBL

Contig gene (bp) 0 pum Ni 250 pm Ni accession number Species E-value % Identity
C10864 1 517 0 64 FR852894 Pisolithus microcarpus 287 100%
C6406 2 411 0 65 FR852895 P. microcarpus 1E71% 96%
C9200 3 443 0 10 FR852896 P. microcarpus 3E~* 95%
C7318 4 411 0 90 FR852897 P. microcarpus 277 95%
C10795 5 504 0 90 FR852898 P. microcarpus 1E-1%° 99%
C15327 6 235 0 17 FR852899 P. microcarpus 1E'12 99%
C17653 7 1199 1 27 FR852900 P. microcarpus 9E 98%
C18133 8 1125 1 35 FR852901 P. microcarpus 1E711 99%
C10491 9 665 6 30 FR852902 P. microcarpus 9E~2 97%
C4552 10 1303 3 42 FR852903 P. microcarpus 1E71% 99%

bp, base pair; RPKM, reads per kilobase of exon model per million mapped reads (Mortazavi et al. 2008).

either 50 or 250 pm nickel provided as NiCl,. Flasks that
contained 250 mL of UF-like medium were each inocu-
lated with five plugs of mycelium from the MMN stock
culture. The cultures were allowed to grow in the dark
for 15 days, with continuous shaking at 130 rpm at
30 °C. The RNA was extracted from three biological
replicates of the fungal isolate MD06-337, which had
been cultivated in vitro as described above, and analy-
sed by RT-qPCR. At the same time, we tested RNA
samples extracted from ECM of the MDO06-337 and
MD09-078 isolates that had been isolated in situ. Fur-
thermore, we analysed RNA samples extracted from
other P. albus isolates (already described in Table 1).
Aliquots of total RNA (1 nug) were treated with Turbo-
DNase I (Applied Biosystems, Carlsbad, CA, USA) and
used for cDNA synthesis, which was performed using a
High Capacity <¢DNA Reverse Transcription Kit
(Applied Biosystems) in accordance with the manufac-
turer’s protocol. Real-time quantitative PCR was per-
formed in duplicate in a volume of 20 puL, which
contained 5 pL of diluted cDNA (1 ng of total RNA
equivalent), 1x SYBR Green PCR Master Mix (Applied
Biosystems) and 0.3 pm of each primer. Primers were
designed from the P. albus contig data, which were
obtained from the results of the pyrosequencing using
the Primer Express software (Applied Biosystems). The
primers amplified a gene fragment of 150 bp in length
at an annealing temperature of 60 °C, as shown in
Table S1 (Supporting information). PCR was applied to
test the specificity of the primers and the efficiency of
amplification (Table S1, Supporting information). The
amplification profile consisted of an initial denaturation
step at 95 °C for 15 min, then 40 cycles that each com-
prised a 95 °C step for 10 s, 59 °C for 30 s and 72 °C for

© 2012 Blackwell Publishing Ltd

32 s, followed by a dissociation stage, in accordance
with the manufacturer’s instructions. Real-time PCR
was performed using an ABI 7300 Sequence Detection
System (Applied Biosystems) in the presence of SYBR
Green. A melting curve analysis was performed at the
end of each RT-qPCR by gradually increasing the tem-
perature from 60 to 95 °C, while recording the change
in fluorescence. A single peak at the melting tempera-
ture of the PCR product confirmed primer specificity,
indicating that RT-qPCR had been performed with no
contamination or formation of primer dimers.

Data and statistical analysis of gPCR

Data were analysed using two methods. The REST 2009
method, which 1is available at http://www.gene-
quantification.de/rest-2009.html (Pfaffl et al. 2002), was
used to determine the ratios of transcripts, whereas the
2744 method was used to analyse mRNA accumula-
tion (Livak & Schmittgen 2001). Each analysis was nor-
malized with two reference genes, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and elongation
factor 4o (EF40). For each treatment, we performed
three technical replicates for each of the three biological
replicates per isolate and per nickel treatment, to evalu-
ate the relative expression. In the REST method, the RT-
qPCR results were analysed using the hypothesis test
[P(H1)], which represents the probability that the alter-
nate hypothesis differentiates between the sample and
control groups only owing to chance. In the 2744
method, one-way analysis of variance (ANova) was per-
formed and the results were compared by Student’s
t-test (P < 0.05) using the xisTAT software (Addinsoft
2005).
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Results

Phylogenetic analysis of the fungal ITS sequence

To confirm that the fungal samples used in the study
belong to the species Pisolithus albus, we analysed the
ITS sequences (ITS1/5.85 rRNA gene/ITS2) of each iso-
late. The ITS sequence is a commonly used phylogenetic
marker for Dikarya (Ascomycetes and Basidiomycetes)
and some lower fungi. The sequences were deposited
in the EMBL Database and referenced under the acces-
sion numbers reported in Table 1. The phylogenetic
analysis was performed as described previously (Jou-
rand et al. 2010a). The results, which are presented as
supplementary data in Fig. S2 (Supporting information)
confirmed that the isolates belong to P. albus.

DNA pyrosequencing, assembly and sequence analysis
of the nickel-tolerant Pisolithus albus isolate
MD06-337

We obtained two non-normalized cDNA libraries from
the nickel-tolerant P. albus isolate MD06-337 grown in
the presence and absence of nickel. Pyrosequencing of
these libraries yielded 1071 375 single reads, which
comprised 542 680 trimmed reads from P. albus grown
in medium that contained nickel and 528 695 trimmed
reads from P. albus grown in the absence of nickel. The
average read lengths were 238 and 236 bp, respectively
(Table S2, Supporting information). We used a two-step
assembly procedure to process these reads and gener-
ated two groups of contigs by excluding low-quality
sequences (sequences shorter than the length threshold,
i.e. <200 bp, were discarded). The two groups corre-
sponded to 18 800 contigs from P. albus exposed to
nickel and 16 636 contigs from P. albus that had not
been exposed to nickel. These two groups of contigs
were pooled and reassembled to highlight the genes that
were expressed differently in response to nickel. A final
group of 19 518 contiguous sequences (from 813 651
total read counts) from P. albus MD06-337 was obtained,
with an average length of 698 bp. There were also
254 424 singleton reads (24%; Table S2, Supporting
information). Hereafter, the contiguous sequences are
referred to as genes. Of the 19 518 genes that were
obtained through the de novo assembly of the sequence
reads, the expression of 30% of the genes was modu-
lated by nickel. Further analysis identified 4211 genes
(21%) that were up-regulated by nickel and 1763 genes
(9%) that were down-regulated by nickel. The global
statistical distribution of these 19 518 genes is presented
on a scatter plot in Fig. 1. To identify the greatest possi-
ble number of descriptive annotations for each sequence,
global gene prediction was carried out on the basis of a
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Fig. 1 Analysis of 454 pyrosequencing data. The scatter plot
represents gene expression levels in a free-living mycelium of
the nickel-tolerant P. albus isolate (MDO06-337) grown without
nickel or with nickel at 250 pm. The expression levels of genes
were normalized using a scale of 0-10 000. Each circle in the
plot represents the level of expression of one gene.

set of BLasTX searches (Table S2, Supporting informa-
tion). Among the 19 518 unique contigs, the global
BrastX analysis indicated that 11 489 contigs (59%) had
significant matches in the GenBank database, whereas
10 926 contigs (56%) had matches in the Laccaria bicolor
database and 15 150 contigs (77.6%) in the Pisolithus
microcarpus database (Table S2b, Supporting information).

GO annotation of genes expressed differentially in
Pisolithus albus

To determine the global variation in gene expression in
the MDO06-337 isolate of P. albus in the presence and
absence of nickel, we assigned GO terms to the
sequences identified in the two pyrosequencing tran-
scriptomic databanks. The result showed that 23% and
25% of the sequences from the databanks for P. albus
grown in the presence and absence of nickel, respec-
tively, could be assigned a GO term (Fig. 2). The distri-
bution of sequences among the following primary GO
categories was analysed: cellular component, molecular
function and biological process. This showed differ-
ences in distribution between the two conditions within
the categories of biological process and cellular compo-
nent (Fig. 2). To focus on the factors that underlie
nickel tolerance in P. albus, we also performed a GO
analysis of the 4211 contigs (21%) that corresponded to
genes that were up-regulated by nickel (Fig. S3, Sup-
porting information). The analysis indicated that only
12.6% of the up-regulated genes could be assigned to
the three GO categories, among which 53% were
assigned to cellular components, 27% were assigned to

© 2012 Blackwell Publishing Ltd
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507  mmm MDO06-337 P. albus with nickel (23 % sequences GO assigned)
MDO06-337 P. albus without nickel (25 % sequences GO assigned)

Relative number of genes (%)

Fig. 2 Assignment of functional Gene
Ontology terms and distribution of total
sequences for two transcriptomes of the
nickel-tolerant isolate MD06-337  of
P. albus with (in the presence of 250 pm
NiCl,) and without nickel, in terms of
the categories of biological process,
molecular function and cellular compo-
nent.

Molecular functional

Cellular component

biological processes and 20% were assigned to molecu-
lar function (Fig. S3, Supporting information).

Tracking of nickel biomarkers in nickel-tolerant
MDO06-337 Pisolithus albus

Among the genes that were expressed differentially in
response to nickel (4211 genes), we selected the 10
genes that showed the greatest variation on the basis of
the RPKM values obtained in the pyrosequencing anal-
ysis, as shown in Table 2. The names of the sequences
correspond to the contig numbers (No. contigs in
Table 2). All nucleotide sequences have been deposited
in the EMBL Database, and their accession number and
lengths (in base pairs) are summarized in Table 2.
These DNA sequences were analysed using BLASTN, and
the sequences were found to be identical in approxi-
mately 95-100% of cases to sequences in the Pisolithus
microcarpus database (currently not publicly available,
personal communication from Martin F., INRA Nancy,
France) (Table 2). In addition, the function of the genes
was determined using BrLastX sequence alignments
(with a threshold of <1E"%). The results showed homol-
ogies to putative proteins from the following species:
Laccaria bicolor (seven genes, No. 2, 3, 4, 6, 8, 9 and 10),
Coprinopsis cinerea (two genes, No. 5 and 7) and Saccha-
romyces cerevisiae (gene No. 1). Full data from the BLastX
search are presented in Table 3. The analysis of gene

© 2012 Blackwell Publishing Ltd

Biological process

function showed that genes No. 1, 3,5, 6,7, 8, 9 and 10
encoded proteins with predicted functions, whereas
genes No. 2 and 4 encoded proteins with no known
function (Table 3). The genes with a predicted function
encoded for (i) cell-wall components (genes No. 1 and
7), (ii) components involved in metabolic processes and
amino acid transport (genes No. 3, 6, 8 and 9), (iii) com-
ponents involved in RNA processing (gene No. 10) and
(iv) components involved in metallocarboxypeptidase
processes (gene No. 5).

Validation of pyrosequencing results by RT-gPCR
in nickel-tolerant MD06-337 Pisolithus albus

The 10 selected genes were analysed by RT-qPCR to
confirm the differential expression that was indicated
by the pyrosequencing data. For this purpose, specific
primer sequences were designed from the DNA
sequences obtained by pyrosequencing (Table S1, Sup-
porting information). These primers were used in RT-
qPCR to quantify gene expression in P. albus MD06-337
using two sets of cDNA. The first set corresponded to
the ¢cDNAs that were used for the pyrosequencing,
whereas the second set corresponded to newly synthe-
sized independent cDNAs from three independent myc-
elia. Both sets contained ¢cDNAs that were obtained
from P. albus grown in the presence of nickel and
those of P. albus grown in the absence of nickel. The
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Table 3 Functional description and assignment of GO terms for 10 candidate biomarker genes (No. 1-10), up-regulated following
exposure to nickel, as selected from pyrosequencing analyses that revealed differential expression in nickel-tolerant Pisolithus albus

isolate MD06-337

BrastX functional identification

No. No.
contig  gene Best predicted function Species E-value Blast hit Functional classification ~ GO terms
C10864 1 GPlI-anchored cell Saccharomyces ~ 5E~% YNRO44W Cell-wall anchorage No hits found
surface glycoprotein- cerevisiae
like (AGA1)
C6406 2 Unknown function Laccaria bicolor ~ 3E7% XM_001881526.1 Unknown function No hits found
Cc9200 3 Alpha-aminoadipate L. bicolor 8E™* XM_001879583.1  Secondary metabolite GO:0003824
reductase Lyslp biosynthesis
(LbLYST)
C7318 4 Unknown function L. bicolor 3E"”  XP_001878436.1 ~ Unknown function No hits found
C10795 5 Vacuolar protein Coprinopsis 4E20 XP_001837057.2  Metallocarboxypeptidase ~ GO:0004180
sorting-associated cinerea activity
protein 70
C15327 6 S-adenosylmethionine- L. bicolor 27 XP_001874602.1  Methyl transferase GO:0016740
dependent
methyltransferase
C17653 7 Class III chitinase C. cinerea 5E%8 XM_001828384.2  Chitin catabolic process No hits found
C18133 8 Cytochrome P450 L. bicolor 440 XP_001878510.1 ~ Monooxygenase activity ~ GO:0009055
(CYP)
C10491 9 APC amino acid L. bicolor 4E7% XP_001875612.1  Amino acid transport GO:0006560
permease
C4552 10 bZip transcription L. bicolor 9g~10 XP_569310.1 RNA processing GO:0009267
factor

GO, Gene Ontology.

RT-qPCR results for the selected genes are presented in
Table 4 and are given as the ratio of mRNA expression
in the presence of nickel to mRNA expression in the
absence of nickel (ratio +Ni/—Ni). The relative expres-
sion levels that were obtained from the cDNAs used in

the pyrosequencing analysis and from the new cDNA
samples (means = SD of the three replicates) are com-
pared in Table 4. The data show that there were no sig-
nificant differences between gene expression profiles in
relation to the ¢cDNA template used (pyrosequenced

Table 4 Validation of the pyrosequencing data by RT-qPCR. Relative induction of expression by nickel of the 10 selected genes (up-
regulated by nickel: No. 1-10) was measured in the MD06-337 nickel-tolerant isolate, using GAPDH and EF4a as reference genes

No. contigs/genes C10864 C6406 9200 C7318 C10795 C15327 C17653 C18133 C10491 C4552
Relative expression 10%#* 10.4%** 6.3 6.5 4.2%%* 8H* 3.5 39%%%* 17.3%0* 7.7%%%
(cDNA 454)*
(1) P(H1) 0.0001 0.0001 0.49 0.49 0.0001 0.0001 0.49 0.0001 0.0001 0.0001
fRelative 5.1%* 4.1* 2.3 i 5% 6.5%* 6F* 8.5 39.5%* 5.2%%*
expression (3n)
(2) P(H1) 0.004 0.05 0.175 0.0001 0.022 0.007 0.0001 0.066 0.005 0.0001

Relative expression values were determined by normalizing expression levels against those of the housekeeping genes that encode
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and elongation factor 4 o (EF4a).

*Values in line (1) represent the relative expression levels of the 10 genes as determined using the cDNA used for the

pyrosequencing analysis of MD06-337 isolate.
*Values in line (2) represent the means of three biological independents relative expressions qPCR on the MD06-337 isolate.
All statistical computation and analyses of qPCR data were carried out using the REST 2009 software (Pfaffl et al. 2002).
We used the hypothesis tests P(H1).
*P < 0.05; *P < 0.01; **P < 0.001.
Values indicate the mean + SD (1 = 3).

© 2012 Blackwell Publishing Ltd
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DNA or new cDNA; P> 0.05). The ratios of gene
expression that were obtained using RT-qPCR
confirmed the transcriptomic profile of nickel-tolerant
P. albus MDO06-337 that was obtained by pyrosequencing.
We also used the REST method to compare the relative
expression patterns of the 10 selected genes in the
nickel-tolerant isolate MD06-337 at 50 uM, with expres-
sion patterns in the presence of 250 UM of nickel. The
results are presented in Fig. S4 (Supporting informa-
tion) and show similar profiles for the two concentra-
tions of nickel tested. In addition, RT-qPCR was
performed to verify the levels of mRNA expression of
the 10 genes selected in nickel tolerant MD06-337 ECM
root tips sampled in situ. The results (Table 5) showed
that the selected genes were also expressed in symbiotic

ECM root tips sampled in situ, except for gene No.7,
which was not detected in ECM root tips.

Comparison of expression patterns in nickel-tolerant
(MDO06-337) and nickel-sensitive (MD09-078) isolates
of Pisolithus albus

We compared the expression profiles of the 10 selected
genes that were up-regulated by nickel between the
nickel-tolerant isolate (MD06-337) and a nickel-sensitive
isolate (MD09-078) from the ultramafic soils. As shown
in Fig. 3, the levels of expression of the genes analysed
differed significantly between the nickel-sensitive isolate
MD09-078 and the nickel-tolerant isolate MD09-337
(P < 0.05). Genes No. 1, 2, 5, 6 and 7 were expressed
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C10864 | C6406 9200 C7318 C10795 | C15327 | C17653 | CI8133 | C10491 C4552
MD06-337 (-Ni) 8.6 031 213 4.6 0.5 4.8 0.15 11.1 5.7 8.7
= MD06-337 +50 uNNi)| 336 0.84 31.9 33.8 3.4 21.53 0.17 16.16 87.2 73.5
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Fig. 3 Comparison of patterns of mRNA accumulation in P. albus isolates grown without nickel or with nickel (provided as 50 pm
NiCl,). Expression of the 10 genes up-regulated most by nickel, as determined by pyrosequencing, in nickel-tolerant (MD06-337) and

nickel-sensitive (MD09-078) isolates. Transcript accumulation was quantified by RT-qPCR, using the

272 method with glyceralde-

hyde-3-phosphate dehydrogenase and EF4a as reference genes for normalization, and expressed as arbitrary units. The data indicate
mean values = SD, calculated from three technical replicates with triplicate biological samples. The fold induction by nickel is pre-
sented above the columns in italics. ND: mRNA nondetected (Ct values >37).
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Table 5 In situ validation of the pyrosequencing data by RT-qPCR. Relative induction of expression by nickel of the 10 selected
genes (up-regulated by nickel: No. 1-10) in ectomycorrhizal Pisolithus albus root tips (nickel-tolerant MD06-337 isolate and nickel-sen-
sitive MD09-078 isolate) in situ was measured by comparison with the nickel-tolerant isolate MD06-337 and nickel-sensitive isolate

MD09-078, in vitro. Transcript accumulation was quantified by RT-qPCR using the

ence genes, GAPDH and EF4a

2744 method with normalization using two refer-

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10

No. gene C10864 C6406 C9200 C7318 C10795 C15327  C17653 C18133 C10491 C4552
mRNA accumulation

ECM (MDO06-337) in situ 11 0.4 8.4 5.1 1.2 1.3 nd 0.8 3 7
Nickel-tolerant isolate

Control (in vitro) 10 104 6.3 6.5 4.2 8 3.5 39 17.3 7.7
MDO06-337
(UF-like + 250 pm nickel)

ECM (MD09-078) in situ 0.25 0.74 48.2 35.7 0.24 0.41 0.24 18.5 0.34 26.6
Nickel-sensitive isolate

Control (in vitro) nd nd 22 3 0.30 0.24 0.21 8 1.5 3
MD09-078

(UF-like + 50 pm nickel)

nd, not detected (CT > 37); ECM, ectomycorrhizal; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

very weakly or were not detectable (ND) in the MD09-
078 isolate, whereas they were expressed strongly in
MDO06-337 isolate. As shown in Fig. 3, the normalized
expression levels varied from 0.15 to 87 arbitrary units.
The remaining genes, No. 3, 4, 8 9 and 10, were
expressed at substantial levels in both isolates. How-
ever, whereas in the nickel-sensitive isolate, the expres-
sion of these genes (No. 3, 4, 8, 9 and 10) was not
affected by nickel (there was no significant induction),
in the nickel-tolerant isolate, nickel induced an increase
in expression of these genes of between 1.5- and 15-fold
in the nickel-tolerant isolate. From this comparison of
gene expression levels between nickel-sensitive and
nickel-tolerant isolates, we identified genes No. 1, 2, 5, 6
and 7 as showing the most significant differences in
terms of levels of expression. We concluded that they
show the greatest promise as molecular markers (bio-
markers) of tolerance to nickel in P. albus from the
ultramafic soils of New Caledonia. We also included
gene No. 9 in this set of promising biomarkers because
it was induced strongly by nickel in the nickel-tolerant
isolate. These six selected genes were used as biomar-
kers for the final analysis of nickel tolerance. In addi-
tion, RT-qPCR was performed to verify the levels of
mRNA expression for the 10 selected genes in ECM
samples from nickel-sensitive P. albus isolate MD09-078
sampled in situ (Table 5). The RT-qPCR results showed
that the six genes that were selected as biomarkers were
either not expressed, or only weakly expressed, in
nickel-sensitive isolate from ECM root tips sampled in
situ. These results are in agreement with those obtained
by in vitro experiments conducted using the nickel-
sensitive P. albus isolate MD09-078.

Comparison of biomarker expression between
nickel-tolerant and nickel-sensitive Pisolithus albus
isolates

We tested the expression levels of the six biomarkers in
five isolates of P. albus from the ultramafic soils of New
Caledonia. These included three nickel-tolerant isolates
(MD06-337, MD09-045 and MD09-001) and two nickel-
sensitive isolates (MD09-078 and MD09-063). The six
biomarkers were expressed in all three nickel-tolerant
isolates (MD06-337, MD09-045 and MD09-001), but they
were not expressed in any of the nickel-sensitive iso-
lates, as shown in Fig. 4. In the nickel-tolerant isolates,
the presence of 50 um nickel increased the expression of
the six genes by between one- and ninefold (Fig. 4).

Discussion

We have used a transcriptomic approach to characterize
the expression of potential biomarkers of nickel tolerance
in the ECM fungus Pisolithus albus from the ultramafic
soils of New Caledonia. The demonstrations that 21% of
all genes in P. albus are up-regulated in the presence of
nickel and that six genes are expressed exclusively in
nickel-tolerant isolates of P. albus together suggest the
presence of a molecular transcriptomic adaptive
response to nickel-rich environments in this species.

Transcriptomic database of nickel-tolerant Pisolithus
albus

In previous studies, genes that are regulated by
heavy metals in ECM fungi have been identified by

© 2012 Blackwell Publishing Ltd
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Fig. 4 Comparison of mRNA accumulation profiles for the six selected up-regulated genes in five P. albus isolates from ultramafic
soil in the presence of nickel 50 pm (black columns) and in the absence of nickel (grey columns). Three nickel-tolerant isolates
(MD06-337, MD09-045 and MD07-001) and two nickel-sensitive isolates (MD09-078 and MD09-063) were compared. Transcript accu-
mulation was quantified by qPCR using 27T method with normalization to two reference genes, glyceraldehyde-3-phosphate
dehydrogenase and EF40, and is expressed as arbitrary units. The data indicate mean values + SD values, calculated from three tech-
nical replicates with triplicate biological samples. The fold induction by nickel is presented above the black columns in italics. ND:
mRNA nondetected (Ct values >37).
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transcriptomic approaches, such as DNA microarray or
cDNA-AFLP (amplified fragment length polymorphism)
analysis (Jacob et al. 2004; Muller et al. 2007a). These
studies were conducted mostly on ECM samples iso-
lated from soils polluted with heavy metals as a result
of human activities (Jacob et al. 2004; Muller et al.
2007b; Ruytinx et al. 2011). Here, we report a transcrip-
tome database, generated using pyrosequencing, for an
isolate (MDO06-337) of the ECM fungus P. albus, which
was isolated from extreme soils that naturally contain
high concentrations of heavy metals, particularly nickel,
and is tolerant of nickel. To the best of our knowledge,
this is the first repository of its kind.

We also characterized molecular biomarkers that
were associated with tolerance to nickel in P. albus. The
reference database that we generated for P. albus com-
prised 19 518 contigs, of which 56% were also found in
the Laccaria bicolor database (Martin et al. 2008) and
77.6% in the Pisolithus microcarpus database (F. Martin,
P. microcarpus database version 1.0; INRA laboratory,
Nancy, France). Moreover, the differential transcriptom-
ic analyses that we conducted showed that, after
growth for 15 days in the presence of nickel, 30% of all
genes in the P. albus genome varied in their levels of
expression relative to the expression levels in the
absence of nickel. Analysis of the changes in the tran-
scriptome of P. albus between these two conditions
showed that of the differentially expressed genes, 21%
were up-regulated following exposure to nickel and 9%
were down-regulated following exposure to nickel. In a
previous study, it was demonstrated that environmental
changes could markedly affect gene expression profiles
(Gibson 2008). We also identified the genes for which
expression was affected the most by exposure to nickel.
Our results suggest that, at a minimum, all of the 5855
genes that showed differential expression in the nickel-
tolerant P. albus isolate in response to nickel contribute
to tolerance of the fungus to the extreme ultramafic
environment in New Caledonia. The experiments that
were based on GO analysis and functional genetic tools
suggest also the role of these genes as (i) biomarkers of
tolerance to nickel and (ii) putative adaptive mecha-
nisms of nickel tolerance in P. albus. Among the
sequences obtained from the pyrosequencing analysis
of P. albus grown in the presence and absence of nickel,
only 25% and 23%, respectively, were assigned to one
or more GO categories. Comparison of the results
showed that the global distributions of GO terms for
the two nickel conditions were similar for the category
of ‘molecular function’, but not for the categories of
‘biological process” and ‘cellular component’. Moreover,
a large number of orphan genes were present in the
two databanks, which suggests that the accuracy of the
functional annotation was limited. This limited accuracy

can probably be explained by the fact there is no refer-
ence transcriptome available for P. albus, and there is
no transcriptome available for related species under
similar conditions. Indeed, our database is the first to
be based on the full transcriptome from an organism
isolated from an environment that naturally contains
high concentrations of a heavy metal.

Most previous studies that involved comparative
transcriptomic approaches have focussed initially on
genes up-regulated by environmental stimuli or devel-
opmental cues (Chelaifa et al. 2010). In our study, we
focussed on the GO distribution of the genes for which
expression was up-regulated by nickel. The majority of
genes up-regulated by nickel belonged to the GO cate-
gory ‘cellular component’. Information on the annota-
tions of these genes is valuable for the further
investigation of gene functions, cellular structures and
biological processes that might be involved in the toler-
ance of fungi to nickel via extracellular and intracellular
mechanisms, as suggested by Bellion et al. (2006).

Predicted function of the specific biomarkers

In previous studies involving fungi, many genes
involved in the response to stress induced by heavy
metals were found to encode proteins that function as
metal transporters or metal-binding proteins (Jacob
et al. 2004; Bellion et al. 2006; Bolchi et al. 2011). How-
ever, in the present study, most of the nickel biomar-
kers did not belong to classes of proteins that are
typically involved in response mechanisms to stress
induced by heavy metals. This suggests that the mecha-
nisms that underlie the tolerance to nickel in P. albus
from ultramafic soils differ from those of other fungi.
Two of the biomarkers identified, namely levels of
mRNA transcripts that encode chitinase-like and glyco-
sylphosphatidylinositol (GPI) cell-wall structural pro-
teins, are involved in extracellular processes and
encode putative cell-wall proteins. Recently, it was sug-
gested that modifications of structural elements of the
cell wall, such as the rearrangement of chitin and bio-
synthesis of glucan- or galactosamine-containing poly-
mers, might play a key role in modulating the integrity
of the cell wall and its capacity to immobilize heavy
metals. In this way, such modifications could confer tol-
erance to metals and affect the ability of fungi to sur-
vive in stressful environments (Meharg 2003; Bellion
et al. 2006; Fuchs & Mylonakis 2009). Our findings
regarding the expression of genes that are involved in
the rearrangement of the cell wall in the presence of
nickel suggest that these genes play a substantial role in
modifying the chemical composition and hence the
integrity of the cell wall in P. albus. This provides an
effective barrier that can chelate the heavy metal.

© 2012 Blackwell Publishing Ltd
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The other biomarkers that were up-regulated in the
presence of nickel were predicted to function in intra-
cellular mechanisms such as resistance to oxidative
stress, transcriptional regulation and subcellular com-
partmentalization. One biomarker encodes a putative
S-adenosylmethionine-methyl (SAM) transferase. In the
fungus Podospora anserina, overexpression of SAM trans-
ferase increases resistance to metal-induced oxidative
stress by counteracting the pro-oxidant effect of pheno-
lic compounds in the presence of heavy metal. This
overexpression of SAM transferase leads to a decrease
in the formation of reactive oxygen species (ROS) (Ku-
nstmann & Osiewacz 2009), which are known to cause
irreversible and lethal oxidative damage to cells (Gill &
Tuteja 2010). Our results in P. albus suggest that SAM
transferase is also overexpressed in the presence of
nickel and thus might increase fungal resistance to
metal-dependent oxidative stress by methylating pheno-
lic compounds, which are known to accumulate in
P. albus.

Another biomarker encodes a basic leucine zipper
(bZIP) transcription factor. Previous studies on Saccharo-
myces cerevisiae have characterized AP-1 as a master reg-
ulator that orchestrates responses to metal/metalloid
stress (Wysocki & Tamas 2010). Another study showed
that a transcription factor related to AP-1-like (a mem-
ber of the bZIP family) is up-regulated in the fungus
Paxillus involutus upon exposure to cadmium. This sug-
gests that Zipl-like proteins could play a critical role in
the transcription of genes that are essential for protec-
tion against cadmium stress (Jacob et al. 2004). The
overexpression of a bZip transcription factor in P. albus
in the presence of nickel suggests that members of the
bZIP family might act as regulators of genes involved
in tolerance of metals.

Another of the selected biomarkers encodes a puta-
tive vacuole targeting-related protein. A previous study
on vacuolar-defective mutants of S. cerevisiae confirmed
the essential role that the vacuole plays in the detoxifi-
cation of metals as such as nickel, zinc, cobalt and man-
ganese. It was hypothesized that compartmentalization
of these toxic metals in the vacuole prevents them from
harming the cell (Ramsay & Gadd 1997). In the present
study, the overexpression of a vacuole targeting-related
protein in the presence of nickel suggests that the vacu-
ole may play a key role in metal detoxification in P. al-
bus.

Regarding the other biomarkers, no known function
related to nickel tolerance could be identified. Taken
together, the results for predicted protein function agree
with the results of the GO analyses, in which the genes
that were up-regulated by nickel were classified into
the established GO categories ‘cellular components’,
‘molecular function” and ‘biological processes’.

© 2012 Blackwell Publishing Ltd

Characterization of biomarker expression in Pisolithus
albus

Comparison of the levels of expression of the 10 genes
that were up-regulated most strongly in response to
nickel (Fig. 3) revealed marked differences between the
nickel-tolerant and nickel-sensitive phenotypes of differ-
ent P. albus isolates from ultramafic soils. It also
enabled us to identify five genes that were expressed
exclusively in nickel-tolerant isolates. The remaining
five genes were not selected as candidate biomarkers
because they were expressed in both phenotypes. How-
ever, these genes might also be of value in predicting
nickel tolerance because their level of expression was
higher in the nickel-tolerant isolate than in the nickel-
sensitive one, and their induction by nickel was
observed only in the nickel-tolerant isolate. To
strengthen the robustness of the predictive value of
these final five biomarkers, levels of the appropriate
transcripts were analysed in additional nickel-tolerant
and nickel-sensitive isolates of P. albus. The data
(Fig. 4) confirmed that these five final selected biomar-
kers of P. albus are suitable for identifying nickel-
tolerant fungal isolates.

Given that ECM symbioses are known to play a
major role in the fitness of plants in the presence of
heavy metals (Jentschke & Godbold 2000), these bio-
markers should also be analysed in the context of sym-
biotic interactions between ECM fungi and plants.
Preliminary results from in vitro assays of nickel-
tolerant P. albus (MDO06-337) and nickel-sensitive
P. albus (MD09-078) in symbioses with two members of
the Myrtaceae, the model species Eucalyptus globulus and
Tristaniopsis sp., which is endemic to New Caledonia,
show that these biomarkers are expressed exclusively in
nickel-tolerant ECM symbioses (data not shown). This
confirms their suitability for monitoring the adaptation
of ECM symbioses to nickel both in vitro and in situ.

Such candidate gene approaches, which involve the
identification of individual genes linked to nickel toler-
ance, provide a starting point for investigating the
molecular basis of adaptation to heavy metal content in
soils and contribute to understanding tolerance for
ultramafic soils in natural fungal populations (Brady
et al. 2005). Interestingly, for each gene, the level of
expression that was induced by nickel varied among
the isolates tested. This intraspecific variation in tran-
script profiles was also observed in cadmium-tolerant
Suillus luteus isolates, which suggests that such varia-
tion helps fungal species to persist in novel environ-
ments (Ruytinx et al. 2011). Interestingly, for each gene,
the level of expression that was induced by nickel var-
ied among the isolates tested, for both nickel-tolerant
and nickel-sensitive isolates of P. albus.
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The presence of both nickel-tolerant and nickel-
sensitive fungal phenotypes in the same ultramafic hab-
itat could be explained by variation in the effective con-
centration of nickel in such soils. Recent studies have
shown that the ecotoxicological risk of nickel to organ-
isms in ultramafic soils depends on its availability and
that nickel shows local concentration gradients and var-
iation in metal mobility (Becquer et al. 2006; Echevarria
et al. 2006, Wright & Stanton 2011). Edaphic variation
could have induced a variety of responses to cope with
nickel toxicity in ultramafic soils (Branco 2009). Alterna-
tively, elevated levels of magnesium in the soils could
explain the presence of the nickel-sensitive isolates.
Indeed, high concentrations of magnesium were found
exclusively in the soils at the sites where the two sensi-
tive isolates MD09-078 and MD09-063 were sampled
(Table S3, Supporting information). Previous studies
have shown that in yeast, the magnesium transporter
allows low-affinity uptake of other divalent cations such
as nickel, manganese, zinc and cobalt and that the GAI
mutant of the yeast Schizosaccharomyces pombe, which is
defective in the transport of magnesium, is resistant to
nickel and cobalt (Sarikaya et al. 2006). In addition,
magnesium is known to be an antagonist of nickel (Sari-
kaya et al. 2006). These observations could indicate that
magnesium prevents the nickel uptake, thereby alleviat-
ing nickel toxicity in ultramafic soils and allowing the
growth of fungi with a nickel-sensitive phenotype.
These fungal responses to nickel could result from envi-
ronment-dependent phenotypic expression or from
genetic adaptation (or specialization) to local biotic and
abiotic conditions (Branco 2009; Wolfe et al. 2009).
Selection in ultramafic environments is associated with
multiple constraints in addition to nickel concentration.
These include pH, metal abundance, shortage of
macronutrients, cation exchange capacity and water
deficit. These constraints might have favoured genetic
differentiation of P. albus between ultramafic and non-
ultramafic sites as previously described (Jourand et al.
2010a,b). Further experiments should be carried out to
assess the existence of local adaptation or phenotypic
plasticity of P. albus to nickel in ultramafic soils. These
experiments should include comparison of fitness
parameters for isolates of P. albus that have been col-
lected from their native soils and cultivated under differ-
ent nickel conditions, and analysis of the physiological
and molecular responses to nickel in the presence of the
other metals that are found in ultramafic soils.

Conclusion

We have described transcriptomic differences in the
molecular response to nickel between nickel-tolerant
and nickel-sensitive isolates of P. albus from ultramafic

soils. As a result, we have been able to identify specific
biomarkers of nickel tolerance, which are expressed in
nickel-tolerant isolates in vitro as well as in situ in ECM
isolates. We suggest (i) that these results reflect a posi-
tive transcriptomic response of the fungus to nickel-rich
environments and (ii) the presence of both nickel-
tolerant and nickel-sensitive fungal phenotypes in
ultramafic soils might reflect environment-dependent
phenotypic responses to variations in the effective
concentrations of nickel in heterogeneous ultramafic
habitats. In addition, the results of our study suggest
new directions for genetic research in terms of the selec-
tion of novel isolates that are tolerant to nickel or vari-
ous other ultramafic conditions such as elevated levels
of chromium, cobalt, or manganese, a low calcium:mag-
nesium ratio, or low levels of essential macro-/micronu-
trients and drought stress.
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Summary

Nickel (Ni)-tolerant ectomycorrhizal Pisolithus albus
was isolated from extreme ultramafic soils that are
naturally rich in heavy metals. This study aimed to
identify the specific molecular mechanisms associ-
ated with the response of P. albus to nickel. In pres-
ence of high concentration of nickel, P. albus
Ni-tolerant isolate showed a low basal accumulation
of nickel in its fungal tissues and was able to
perform a metal efflux mechanism. Three genes
putatively involved in metal efflux were identified
from the P. albus transcriptome, and their over-
expression was confirmed in the mycelium that was
cultivated in vitro in the presence of nickel and in
fungal tissues that were sampled in situ. Cloning
these genes in yeast provided significant advantages
in terms of nickel tolerance (+31% Ni ECs) and
growth (+83% p) compared with controls. Further-
more, nickel efflux was also detected in the trans-
formed yeast cells. Protein sequence analysis
indicated that the genes encoded a P-type-ATPase,
an ABC transporter and a major facilitator super-
family permease (MFS). This study sheds light on a
global mechanism of metal efflux by P. albus cells
that supports nickel tolerance. These specific
responses to nickel might contribute to the fungal
adaptation in ultramafic soil.
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Introduction

Various heavy metals are essential at low concentrations
in plant and microorganisms nutrition but become toxic at
increasing concentrations (Tyler et al., 1989; Marschner,
2012). As a consequence, soils that contain high concen-
trations of heavy metals, whether from natural origins or
anthropogenic activity, may be toxic for plants and soil
microorganisms (Giller et al., 2009; Marschner, 2012). To
avoid heavy metal toxicity in soils, plants and microorgan-
isms have developed many strategies based on molecu-
lar and physiological responses (Haferburg and Kothe,
2007; Manara, 2012). Ectomycorrhizal fungi (ECM) are
also known to tolerate heavy metals (Hartley et al., 1997;
Colpaert et al., 2011). These ECM participate in crucial
symbiotic relationships with plants that grow in soils with
high concentrations of heavy metals and alleviate metal
toxicity for their host plants (Gadd, 1993; Leyval et al.,
1997; Jentschke and Godbold, 2000; Jourand etal.,
2014). The ECM fungal metal tolerance is supported by
various mechanisms that include (i) reduction of uptake of
metals into the cytosol by extracellular chelation through
extruded ligands and binding onto cell-wall components,
(i) intracellular chelation of metals in the cytosol by a
range of ligands (glutathione and metallothioneins) and
(iii) increase of efflux from the cytosol out of the cell or into
sequestering compartments (Bellion et al., 2006). In addi-
tion, metal tolerance may involve supplementary mecha-
nisms, such as modification of a magnesium transport
system, as reported for nickel tolerance in yeast and fungi
(Joho et al., 1995).

Recently, nickel-tolerant ECM Pisolithus albus (Cooke,
1891) has been isolated from ultramafic soils in New
Caledonia (Jourand et al., 2010a). Ultramafic soils are a
weathered product from ultramafic bedrock that covers
less than 1% of the earth’s surface (Coleman and Jove,
1992). These soils are characterized by high concentra-
tions of iron oxides (up to 85% w/w), unbalanced calcium
(Ca)-to-magnesium (Mg) ratios (up to 1:30 that conse-
quently may influence Ca and Mg plant nutrition) and the
presence of various heavy metals at high concentrations,
such as chromium, cobalt, manganese and nickel, all of
which are toxic for many plants (Brooks, 1987; Harrison
and Rajakaruna, 2011). These soils are also extremely
deficient in elements that are essential for plant nutrition,
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including nitrogen, phosphorus and potassium (Brooks,
1987; Chiarucci and Baker, 2007). In New Caledonia, the
ultramafic soils cover one third of the main island because
of natural geological evolution. As a result of the presence
of such ultramafic outcrops, specific biological endemic
ecosystems have developed (Jaffré, 1992), making the
main island a biodiversity hot spot (Myers et al., 2000). In
addition, in neo-Caledonian ultramafic ecosystems,
ectotrophic mycorrhizal symbioses are dominant and con-
tribute to plant adaptation and fitness to the extreme soil
conditions (Jentschke and Godbold, 2000; Prin et al.,
2012). Thus, the dominant ECM P. albus was isolated
from ultramafic soils in New Caledonia, and Ni-tolerant
and Ni-sensitive isolates were reported in one ecotype
(Jourand et al., 2010a). To track biomarkers of nickel tol-
erance in P, albus, the Ni differential transcriptomes with
or without nickel were determined. The expression of
genes involved in the specific molecular response to
nickel was monitored in a nickel-tolerant P. albus isolate
(Majorel et al., 2012). Comparison of expression levels
revealed that 30% of the identified genes were modulated
by nickel treatment.

The present study aimed to investigate the molecular
mechanisms supporting nickel tolerance in this P. albus
transcriptome, particularly the metal efflux mechanisms
recently reported by Ruytinx and colleagues (2013) in
Suillus bovinus in response to zinc. To test this hypoth-
esis, (i) nickel efflux and accumulation were analysed in
P. albus, (ii) genes potentially involved in the metal efflux
were investigated, (iii) and cloning of these genes in
levuro was achieved to assess their expression in the
presence of nickel and their role in metal efflux.

Results and discussion
Nickel efflux and accumulation in P. albus

Ectomycorrhizal fungi P. albus fungal isolates used in the
study are described in Table 1. These fungal isolates were
sampled from ultramafic soils in New Caledonia: the
Ni-tolerant isolate (MD06-337) and the Ni-sensitive isolate
(MD09-078) as reported in Jourand and colleagues
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(2010b) and Majorel and colleagues (2012) respectively.
To test the nickel accumulation in P albus, the fungal
isolates were cultivated in liquid in presence of nickel at
different concentrations, and then nickel was analysed in
the mycelial tissue. As shown in Fig. 1 (A and A), the
mycelium of P albus presented a linear relationship
between (i) the nickel concentrations tested in the liquid
medium and (ii) the residual nickel content in its tissues.
For the P, albus Ni-tolerant isolate (Fig. 1A), the slope of
the linear regression was 0.0173 (R2 = 0.98734), and the
slope for the Ni-sensitive isolate (Fig. 1A’), was 0.025
(R2=10.99881). At nickel concentrations of 50 uM and
100 uM, the residual nickel content in the mycelia of
Ni-sensitive P. albus was 34% and 25% higher than the
nickel content in Ni-tolerant P. albus respectively. To test
the existence of a nickel efflux, the fungal isolates were
cultivated for 1 week to generate a suitable quantity of
biomass. Then, the kinetics of the metal efflux were tested
by adding nickel at different concentrations, and residual
nickel in mycelial tissue was measured at different times.
Figures 1B and 1B present a comparison of the time-
courses of residual nickel in mycelium between P. albus
Ni-tolerant and Ni-sensitive isolates when exposed in
liquid medium to 50 uM Ni (B) or 250 uM Ni (B’). After 48 h
of nickel exposure and compared with nickel content at
time 2 h, the residual nickel content in the mycelium of
Ni-tolerant P. albus was increased by 25.7% at Ni = 50 uM
and by 6.9% at Ni = 250 uM. In contrast, at the same time
exposure (48 h) and compared with the nickel content at
time 2 h, the residual nickel content in the mycelium of
Ni-sensitive P. albus increased by 46.3% at Ni=50 uM
and 27.4% at Ni =250 puM.

These data showed that the Ni-tolerant P albus
isolate accumulates a low basal level of nickel in its
mycelial tissue, notwithstanding the nickel concentration
applied in the medium. In liquid medium, a linear rela-
tionship exists between the nickel concentrations applied
in the medium and the residual nickel content in the
fungal tissue for Ni-tolerant and Ni-sensitive isolates
P. albus. A comparison of the slopes (Fig. 1A and 1A)
highlighted that the Ni-sensitive isolate presents faster
nickel uptake than the Ni-tolerant isolate. Correlated with

Table 1. Isolates of Pisolithus albus used in this study. A description of the sites where isolates were sampled (map location, global positioning
system (GPS) coordinates); isolate codes, DNA internal transcribed spacer (ITS) sequences accession number in the EMBL database and in vitro
tolerance to nickel (phenotype and Ni ECso) are provided for each fungal isolate.

Site description (ultramafic soils)

Pisolithus albus isolates

DNA-ITS EMBL Nickel Ni ECso uM in
Site location and GPS coordinates Isolate code accession code phenotype MMN medium References
Trazy-Guerioum. Koniambo Massif MDO06-337 AM947121 Tolerant 569 +3 Jourand et al., 2010a
(21°00'28” S; 164°49'50” E)
Pindjen Waterfall Road Koné MDO09-078 FR852890 Sensitive 42+ 4 Majorel et al., 2012

(21°02'19” S; 164°4626" E)

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 6, 510-518
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Fig. 1. Nickel content in Pisolithus albus mycelial tissue, expressed in umol of Ni per g of DW mycelium. A and A’. Residual nickel in
mycelium of the P. albus Ni-tolerant (A) or Ni-sensitive (A’) isolates after 15 days of culture in liqguid medium containing increasing nickel
concentrations. B and B’. Time-course comparison between P. albus Ni-tolerant and Ni-sensitive isolates when exposed in liquid medium to
50 uM Ni (B) or 250 uM Ni (B’). Bars represent the means, and error bars represent the standard deviation of the mean (n = 3) of three
independent experiments. The different letters above the columns indicate significant differences as determined by Tukey’s honest significant

difference test (P < 0.05). Abbreviation: DW: dry weight.

these data, the residual nickel content in the Ni-sensitive
isolate was higher (+ 29%) than in the Ni-tolerant isolate.
The profiles of the time-courses of residual nickel in the
mycelia (Fig. 1B and 1B’) were significantly different for
both isolates. Indeed, the Ni-tolerant isolate was able to
manage the nickel flux according to time, but the
Ni-sensitive isolate could not. Altogether, these data
clearly demonstrate that metal does not accumulate in
the fungal tissue of Ni-tolerant P. albus, which suggests
a metal efflux. Similar fungal behaviour in the presence
of heavy metal has been recently reported in other
ectomycorrhizal fungi, such as in Suillus and its toler-
ance to cadmium (Cd) and zinc (Zn) (Colpaert etal.,

2011; Ruytinx et al,, 2013). To argue this efflux hypoth-
esis, we investigated the genes in the transcriptome of
the Ni-tolerant P. albus isolate (i) that showed Ni-induced
expression (Majorel et al., 2012) and (ii) that were poten-
tially involved in the metal efflux, such as the P-type
ATPase (Portillo, 2000; Coleman and Mylonakis, 2009).

Expression and selection of putative genes involved in
nickel efflux in P. albus

The contigs of putative genes involved in nickel efflux
were selected from functional data obtained using the
gene ontology (GO) analysis of the Pisolithus albus
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Table 2. Pisolithus albus contigs selected in the transcriptomic database (Majorel et al., 2012) which are functionally identified as involved in the
nickel efflux. Data come from pyrosequencing analysis, and they are showing differential expression in P. albus nickel-tolerant isolate MD06-337.
Data of the Blast X functional identification were collected from the NCBI database (http://blast.ncbi.nlm.nih.gov).

Pyrosequencing analysis

Blast X functional identification

RPKM RPKM

N° Contig Size (bp) 0 uM Ni 250 uM Ni Functional classification Species

C2515 464 0 114 Aminophospholipid-transporting P-type ATPase Laccaria bicolor
C2624 295 0 102 Protein transporter Coprinopsis cinerea
C3578 2428 101 134 OH+-transporting ATPase Laccaria bicolor
C5339 2324 219 334 ABC transporter Coprinopsis cinerea
C6943 578 6 46 Aminophospholipid-transporting P-type ATPase Laccaria bicolor
C7177 1284 6 72 Phospholipid-translocating P-type ATPase Coniophora puteana
C9915 446 0 1 Cu-transporting P-type ATPase Laccaria bicolor
C16623 419 9 58 Minophospholipid-transporting P-type ATPase Laccaria bicolor
C17235 2224 10 55 MFS general substrate transporter Coniophora puteana

bp, base pair; RPKM, reads per kilobase of exon model per million mapped reads (Mortazavi et al., 2008).

cDNA library (Majorel etal., 2012). The list of the
selected Ni-efflux genes (contigs) obtained from the GO
analysis of the P albus cDNA library is presented in
Table 2 including the DNA sequences deposited into the
EMBL database (from HG530057 to HG530065) and
their BlastX functional identification. Their expression
was tested by quantitative polymerase chain reaction
(PCR) on either the fungal isolates in vitro cultivated with
or without nickel and on mycelial tissue in situ sampled.
The results of quantitative PCR analysis of the expres-
sion of these genes in P, albus are presented in Fig. 2. In
mycelium cultivated in vitro, most of the genes were
mainly expressed in the P albus Ni-tolerant isolate
(Fig. 2A). In particular, the contigs C3578 and C5339
showed the highest expression levels. Moreover, the
contigs expression showed a clear induction at 250 pM
of nickel. Furthermore, most of the genes were
expressed in the mycelia and ectomycorrhizal tissue of
Ni-tolerant P. albus sampled in situ (Fig. 2B). Contig
C17235 showed the highest level of expression in in situ-
sampled mycelium and the second highest level of
expression in ECM. By combining the data from Table 2
and Fig. 2, contigs C3578, C5339 and C17235 were
selected as the best candidate genes putatively involved
in nickel efflux. The contigs C3578, C5339 and C17235
belong to the P-type ATPase family, the ATP-binding cas-
sette (ABC) transporter family and a major facilitator
superfamily (MSF) respectively. As shown in Fig. 2, these
genes were expressed and induced by nickel in the
Ni-tolerant P. albus isolate but not in the Ni-sensitive
isolate. The expression of these genes was also
detected in mycelia and ECM tissues that were sampled
in situ. Both in vitro and in situ gene expression argue in
favour of their role in nickel tolerance by metal efflux in
P albus. To test this hypothesis, these contigs were
further used in heterologous expression experiments in
yeast.

RACE and gene expression in yeast

Contigs 17235 already showed a full-length sequence,
while full sequences contigs of C3578 and C5339 were
investigated and submitted into the EMBL database with
accession numbers HG530066 and HG530067 respec-
tively. Transformed yeast containing one of the three full-
length contigs included transformant A: Pa-MFS (contig
17235), transformant B: Pa-ATPase (contig 3578) and
transformant C: Pa-ABCtr (contig 5339). They were
tested for their tolerance to nickel (i) using a drop test on
solid medium and (ii) by following their kinetics in liquid
medium. Figure 3 presents their responses to nickel on
yeast nitrogen base (YNB) selective medium with
and without nickel (1 mM). The data showed that
transformants A, B, and C presented a gain of growth
with nickel at 1 mM up to dilution 10E3 compared with
controls. The kinetics of growth in liquid medium at dif-
ferent nickel concentrations are presented in Fig. 4.
Growth data analyses are summarized in Table 3 as
growth rates (u), the relationship between p with nickel
concentrations, and the determination of the nickel con-
centration that inhibited growth by 50% (Ni ECso). All of
these data showed that the expression of each contig
provided a significant advantage in terms of growth rates
(u) in the presence of nickel; at 1 mM Ni, the mean of p
was enhanced significantly by 83% compared with con-
trols (mean of u of transformants A, B and C as reported
in Table 3 compared with the mean of u of the controls).
In addition, the tolerance of the yeast transformants to
nickel was improved; the mean of the Ni ECs, was
enhanced by 30.7% compared with controls. The nickel
efflux of each transformant was also investigated, as
shown in Fig. 5. Compared with controls, transformants
A, B and C did not accumulate nickel in cells; at
t=90 min, a comparison of the means of nickel content in
transformants A, B and C (3.05%0.15umol Ni per
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nine genes putatively involved in metal efflux
that were upregulated by nickel and selected
using the 454 data (Table 2). Q-PCR mRNA
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Contigs

ODgoonm Unit) with the means of the nickel content of the
controls (7.20 £ 0.36 umol Ni per ODggonm unit) showed
that the residual nickel content in yeast cells of the
transformants (A, B and C) was significantly reduced by
57.6%. In addition, a comparison of the means of
the residual nickel contents between time t=0 min
(3.89 £0.19 umol Ni per ODgoonm unit) and =90 min
(3.05£0.15 umol Ni per ODgoonm unit) in the trans-
formants (A, B and C) were significantly reduced by
21.6%. In contrast, the mean of the residual nickel content
for the controls was enhanced significantly by 92%.

The results of phenotypic tests and kinetics of the trans-
formed yeast cells showed significant advantages in

terms of tolerance to nickel and growth compared with
controls (Figs 3 and 4). In addition, the nickel efflux rates
detected in the transformed yeast cells (Fig. 5) were
similar to the nickel efflux rates detected in P albus.
Together, the transforming results of these genes in yeast
support the metal efflux hypothesis. Various mechanisms
were expected regarding metal tolerance, such as metal
binding on the fungal wall and metal accumulation in the
tissue or extra cellular chelation (Bellion et al., 2006). Our
data suggest nickel efflux as a main mechanism support-
ing nickel tolerance in P. albus, as recently reported in
other ectomycorrhizal fungi, such as Suillus bovinus in
response to Zn (Ruytinx et al., 2013).

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 6, 510-518



ODGI]O

Control-pYES

Transformant A: Pa-MFS
Transformant B: Pa-ATPase

Transformant C: Pa-ABCtr

Metal efflux in Ni-tolerant Pisolithus albus 515

+NilmM
1 10" 102 1073

Fig. 3. Sensitivity of transformed Saccharomyces cerevisae strains to nickel after 6 days of exposure. Each yeast strain was transformed with
the empty vector (pYES) or the transformant constructions and plated in four serial dilutions onto YNB medium with (right column) or without
(control, left column) NiSO,. The concentration of nickel that was used in the spot assays is indicated above each row (1 mM). Plates were

incubated at 30°C for 6 days.

A. The BY4741 wild-type strain and three transformed yeast strains (transformant A: Pa-MFS, transformant B: PA-ATPase and transformant C:
Pa-ABCtr) on control and nickel-amended medium with 2% glucose. Abbreviation: Pa: Pisolithus albus.

Contig translation into protein

Table 4 summarizes the data on cDNA translation of the
contigs into protein. The contig C3578 encodes for a
protein belonging to the P-type ATPase family. As most
of typical members of this protein family, this P. albus
P-type ATPase contains 10 predicted trans-membrane
segments and conserved sequence motifs such as
TGES, CSDKTGT, MLTGD and GDGVN, within the cata-
lytic region (see ESM Table 1). In plant and fungi, such
protein, which contains a potential metal-sensitive
enzyme system such as ATPase, is the first living func-
tional structure that comes in contact with toxic heavy
metals (Hall, 2002). The P-type ATPase proteins are
described to form phosphorylated intermediate sub-
strates and to pump a range of cations across cellular
membrane including heavy metals (Hall and Williams,
2003). The contig C5339 encodes for an ABC transporter
family member. In plants, such transporters are
membrane-intrinsic primary-active pumps and are known
to play a key role in many biological functions, such as
heavy metal cell detoxification by sequestration in the

vacuole or exportation out of the cell (Wanke and
Kolukisaoglu, 2010; Kretzschmar et al., 2011; Lee et al.,
2014). In fungi, we can assume that the ABC protein acts
as trans-membrane shuttle exporting heavy metals while
transporting substrates into the cell. Contig 17235
encodes for a major facilitator protein permease (MFS).
Major facilitator superfamily is one of the largest groups
of secondary active transporters that are conserved from
bacteria to humans. They transport a wide spectrum of
substrates across bio-membranes and play a pivotal role
in multiple physiological processes (Yan, 2013). In
plants, MFS transporters respond to plant stresses, such
as defending against infection by pathogens and export-
ing toxic compounds and heavy metals (Peng etal,
2011). In this study, we noticed that the gene expression
level of the contig C17235 was higher in mycelium
sampled in situ than in the mycelium cultivated in vitro in
presence of nickel. We hypothesize that C17235 gene
expression might not specifically be upregulated by
nickel but by all metals as found in the ultramafic sub-
strate, i.e. cobalt, chromium, iron, nickel and manganese
as reported in Majorel and colleagues (2012).

Table 3. Calculated exponential growth rates (10~ u are expressed in min~') based on the kinetics of the five Saccharomyces cerevisiae strains
as shown in Fig. 4: BY4741 WT) strain and four yeast transformants: transformant A: Pa-MFS; transformant B: Pa-ATPase; transformant C:
Pa-ABCtr, and the yeast transformed with the empty vector (pYES) and used as a control (Control-pYES).

Growth rates (10 w in min™") at
different nickel concentrations tested (uM)

Exponential regression

Yeast transformants Ni=0 Ni = 250 Ni = 500 Ni = 1000 parameters u = f [(Ni)] Ni ECso (UM)
BY4741 WT 4.8 +0.2ab 3.3+ 0.2de 2.6 +0.8e 1.3+£0.9gh y = 0.0047e70%™ r2=0.99597 672 £ 31b
Transformant A: Pa-MFS 4.8+0.3ab 3.9+0.3cd 2.8+ 0.6e 2.1+0.4g y = 0.0054€700™ 12 = 0.92556 811 + 72ab
Transformant B: Pa-ATPase 5.1+0.9a 4.8 +0.4ab 3.6 +0.2cd 2.4 +0.2f y = 0.0060e%5-%% 12 =0.9946 950 + 192a
Transformant C: Pa-ABCtr 5.1+0.7a 4.0+0.2b 3.3 £0.4de 2.1+0.2g y =0.0051e %59 12 =0.99896 770+ 161ab
Control-pYES 4.9+ 0.3ab 3.7 £ 0.2bc 2.2+0.3fg 1.1 £0.3h y = 0.0046e70%0™% 12 =0.97492 630 + 62b

The data are presented as the means * standard deviation from three independent experiments. The different letters after the data indicate

significant differences as determined by a Tukey’s HSD test (P < 0.05).
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Fig. 4. Growth of Saccharomyces cerevisiae cultures exposed to different nickel concentrations. Time-course (in h) of the optical density at
600 nm. The studied S. cerevisiae strains included the wild-type (WT) strain BY4741 (#), four-yeast transformed cells, i.e. transformant A:
Pa-MFS ([J), transformant B: Pa-ATPase (A), transformant C: Pa-ABCtr (X ) and the wild-type strain BY4741 that contained the empty

plasmid pYES and was used as control (control-pYES) (@).

Altogether, our data and the protein structure analyses
indicated that the three systems (i.e. P-type ATPase, ABC
transporter and MFS) (i) are induced in the presence of
nickel in vitro, (ii) expressed in in situ fungal tissues and
(iii) are involved in nickel efflux in transformed yeast. They
may act simultaneously in the fungi P. albus to export the

metal. These distinct and various mechanisms of metal
efflux in P. albus could be involved in nickel tolerance and
may contribute to the global metal homeostasis as an
adaptive response to the ultramafic edaphic constraint, as
suggested by Majorel and colleagues (2012). Further
experiments such as (i) a comparison of metal accumu-

Table 4. Deoxyribonucleic acid full-length encoding contig sequences with their accession numbers in the EMBL database, translation into amino
acids and prediction of (i) protein family identification, (ii) number of transmembrane domains and (jii) putative transport processes.

EMBL accession Size translation

Protein family

Number of trans

Contig code number in amino acids identification membrane domains Putative transport process

C17235 HG530065 515 aa MFS family 14 Proton motive force (H+ anti-porter)
C3578 HG530066 940 aa P-type ATPase 10 Electrochemical gradient

C5339 HG530067 727 aa ABC transporter 6 Hydrolysis of ATP
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Fig. 5. Nickel efflux in Saccharomyces cerevisiae cultures exposed
to nickel at 1 mM. The time-course (in min) of residual nickel
content is expressed in umol of Ni per unit of optical density (OD)
and was measured at 600 nm. The studied S. cerevisiae strains
included the wild-type (WT) strain BY4741, four yeast transformed
cells, i.e. transformant A: Pa-MFS, transformant B: Pa-ATPase,
transformant C: Pa-ABCtr and the WT strain BY4741 that
contained the empty plasmid pYES and was used as the control
(control-pYES). Bars represent the means, and error bars represent
the standard deviation of the mean (n = 3) of three independent
experiments.

lation and efflux in fungal tissues among metal tolerant
and non-tolerant of other P. albus isolates, (ii) the con-
struction of a GFP-fusion protein and its expression in
yeast for each of sequences of the gene putatively
involved in the metal efflux, and (iii) the use of metal
radioelement when available (such as ®Ni), should be
carried out to confirm the metal efflux hypothesis as major
mechanism in the fungal metal tolerance.
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Abstract

Insularity, geological history and biogeography have made from New-Caledonia a
hot spot of biodiversity where extremely diversified ecosystems occupies ultramafic
terrains with drastic edaphic conditions in terms of fertility and metailic foxicity. In the
framework of the mine project of the Koniambo Massif, a large nickel deposit, we tried
to explore the diversity of ectomycorrhizal symbioses within these poorly explored

atural ultramafic ecosystems.

Floristic inventories along an altitudinal gradient ranging from 700 to 900 m

evidenced 4 different plant communities. The 2 lower plant communities, 3 and 4, were_
ides Sptospernicideae) and Nowiafag
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(Nothofagaceae) respectively, whose ectomycorrhizal (ECM) status was shown and
explored through molecular methods on sporocarps, mycorrhizae and soil mycelium.

We -evidenced a diversified fungal community in the basal plant community
dominated by two tree species of the genus Nothofagus. The molecular characterization
of these ECM fungi was established on the total ribosomal inter transcribed spacer (ITS)
by PCR-sequencing and BLASTn analysis, revealing the relative abundance of the
Cortinariaceae among our samples. Samples belonging to this fungal family -were

phylogenetically analyzed on the same ITS, in reference to sequences of samples with

geographically different origins, including countries derived from the Gondwanaland
fragmentation. If no clear phylogenetical relationships were evidenced, our study manageme
confirmed the same relative dominance of ECM Nothofagaceae, as well as the relative
abundance of associated Cortinariaceae, in New Caledonia as in several of the
Gondwanaland-originating countries. ‘ ‘

Keywords: Ectomycorthiza, New Caledonia, Cortinarius, Nothofagus, Metal toxicity

Introd.uction

New Caledonia is a relatively small group of islands (20,000 Km®) located in the South
Pacific Ocean. Its geological history is -directly related to that of the Gondwana super |
continent until 80 miillion years ago when the Eastern margin of the Gondwana started to
break up (Veevers 1986, Veevers et al. 1991). A complex geological history has led to the |
presence of large nickel ore deposits located within the lateritic regolith, making, according to
the International Nickel Study Group, this istand the 4" world producer | of nickel ore for the |
pericd 1993-2001. - : ‘“'

The Koniambo Massif is one of these ore deposits, relatively 1solated from each other’s,
in the Northern Province. It is in exploration by the mining group KNS (Xtrata and SMSP
consortium) to establish an open pit nickel mine and smelter a high grade nickel ore located in
the thick regolith. The soils present on the Koniambo massif can be classified as highly
weathered oxisols formed of a majority (50 to 85%) of nodular iron oxides. These soils are’
characterised by a deficiency in the main plant nutrients (N, P, K), high concentrations .of
toxic heavy metals: Fe, Ni, Cr, Co, Mn (Perrier et al. 2006a) and an unbalanced Ca/Mg ratio.

3 Specific vegetation conditions have risen as a resuit of the specific geological history of
New Caledonia. The local flora comprises apprommately 3,300 species of which 74.5 % are
endemic to the island (Jaffré et al. 2001). This endemism increases to 90 % on the ultramafic
terrains, which count approximately 1,840 species (Jaffré 1974).

In these particularly drastic edaphic conditions, mining companies have the consixamt to
proceed to the ecological restoration of mine sites after exploitation, which is a big challcnge
considering the lack of knowledge on these ecosystems, their flora and associated symbioses.
Symbioses, be they ectomycorrhizal (ECM) or arbuscular (AM) are known to be essential in
plant adaptation to soil conditions (Jentschke and Godbold 2000, Stahl et al. 1988).
Concerning AM symbioses, Perrier et al. (2006b) described the status (mycorrhizal
colonization frequency and intensity) of 10 different plant species in the Koniambo Massif.

' For ECM in these ecosystems, only partial information were available either for some of the
plant species studied by Perrier et al. (2006b) or through the description of a new

tharellus species by Ducousso et al. (2004). However, the diversity and the disiribution of
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ECM symbioses in the different endemic vegetation ecosystems using molecular typing were
not known. '

The aim of this study is (i) to explore the floristic coﬁlposition of the ecosystems in a
zone representative of those targeted by the mining group as prioritized mining sites (ie over
700 m) (ii) to characterize the diversity of the ectomycorrhizal (ECM) fungi naturally
associated to ECM plants within these inventories and (jii) to replace these data in the
evolutionary and bio-geographical context of New Caledonia. Additionally, these data should
later allow giving to the mining consortium recommendations on the use of ECM plants and
management of topsoils in future revegetation processes.

; Materials and Methods

e Study Site

The Koniambo massif is one of the isolated ultramafic massifs of the West coast (Figure
1 A and B). It has a total area of 381 km? and peaks at 930 m, The climate on the Koniambo
Massif can be defined by two different seasons, a humid season ranging from January to April
{an average of 250 mm monthly precipitation) and a drier season from May to December (an
average of 100 mm monthly precipitation with a 50 mm low peak in September). The wind
regime is governed generally by the trade winds blowing from an ESE direction.

—
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gure 1. (A) Map of the ultramafic bodies of New Caledonia (in grey), (B) Shaded relief map of the
oniambo Massif with study site location, (C) Partial shaded relief map of the Pandanus river
tershed zone of the Koniambo Massif with location of plant communities and sampling sites.
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' summer months (January-March) to 14°C in the winter months (July to September). Thi

de) in the

" The average daily tempefeﬁﬂre on Koniambo ranges from 22°C (at 900 m

massif s mainly composed of a harzburgite substrate (a type of peridotite formed of th

- minerals olivine and orthopyroxene) with some dunite and gabbro inclusions, the lateritic

weathering of this body has led to the presence of a thick nickel rich regolith. The samplin
site was located in the watershed of the Pandanus river on a slope ranging from 883 to 700 m
(21°00°32”S; 164°50°17"E and 21°00°25”8; 164°49°457E). In a floristic analysis of th

whole massif, Jaffré (1974) identified 650 plant species and described, according to plan
abundance, 12 different plant communities. The vegetation is an assemblage of maquis an
rainforests. The maquis can be of different types, dominated, below 500 m, by th
shrubby/arborescent angiosperm species (height of 6-10 m) Gymnostoma chamaecypari
Poiss. L.A.S. Johnson or, from 400 to 900 m, by species of the more shrubby gener
Tristaniopsis. In the valleys above 600 m, rainforests are dominated by Nothofagus balansa
(Baill.) Steenis and Nothofagus codonandra (Baill.) Steenis. Botanical nomenclature follow

The International Plant Index (2008).

¢ Floristic analyses :
Floristic data were collected from 80 randomly located 100 m’ plots placed along

topological sequence ranging from the plateau at 882 m to the talweg at 700 m and spanning |

different vegetation types. Sixty plots were located in the maquis and 20 in the forest. The

number of plots in each vegetation type was approximately proportional to the area
represented in the landscape (Figure 1C). The Braun-Blanquet cover-abundance scale was |
used to describe the species abundance in.each plot. Frequencies percentages were inferred :
from each Braun-Blanquet class {(Braun-Blanquet et al. 1932). Data were analyzed: using :1
correspondence analysis (Greenacre 1984). They were processed using ADE4 software |

(Thioulouse et al. 1997).

s Ectomycorrhizas surveys
Sporocarps of ectomycorrhizal (ECM) fungi were collected at 4 different dates (June and

July 2002, July and December 2003) under identified tree species, alt located in plant
communities 3 and 4 in the same site of the Pandanus river watershed. A photograph of each
sampled sporocarp was taken and a sample number was given. A small portion of the flesh (

" 0.5 cm®) of each sample was placed on a cotton layer in 10 ml plastie tubes half filled with

Silicagel (Prolabo, France) for rapid drying and kept at room temperature for subsequent
DNA extraction. The sporocarps were air-dried at 40°C, and they were deposited in Paris
Cryptogamie (PC) herbarium (Paris, France). Identification was based on macroscopic and
microscopic characters of basidiomata, For most specimens, identification was not possible at

the species level (restricted to the genus level) ‘because the study was conducted in g
ecosystems that have been very poorly studied by taxonomists (Horak and Mouchacca 1998)
and where many species remain to be described. Complementarily to sporocarps, some
morphotypically different (color, shape) ECM apices from each of the four ECM plant 2

species were randomly collected from superficial roots excavated all the way from the trunk
to the ultimate fine ECM roots to determine their host-plant without any error, ECM. For

gt t'on ECM samples were rapidly dried i in Silicagel and kept at room temperature.
ame origin and morphotype were fixed in glycerol, ethanol and water
ological and microscopic observations. Fine roots with

ectomycorrhizas were
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ectomycorthizas were gently washed under tap water. Frechand sections were cleared with a

20% sodium hypochiorite solution, rinsed in water, stained with Congo red and observed
under the microscope. Roots were considered to be ECM when they showed a distinctive

mantle and a Hartig net. Soil samples aggregated by visible mycelium were also collected and

kept fresh at 4°C in the soil until DNA exiraction. Other biological material included nodular

iron oxide soil particles with their colonizing hyphae, and soil mycelial fragments.

»  Molecular characterizations

DNA was extracted from the dried sporocarp flesh, from a single ECM tip, from soil
mycelium or from a single iron oxide particle (or bead), using a Dneasy Plant Mini kit
following the manufacturer’s recommendations (Qiagen, Courtabeeuf, France). An
approximately 600-bp fragment of the nuclear ribosomal internal transcribed spacer (ITS)
rDNA containing-the 5.85 region was amplified using the specific primers ITS1 (5’-
TCCGTAGGTGAA CCTGCGG-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3
(White et al. 1990). PCR reaction was made in total volume of 25 ul, containing aliquots of 1
i of genomic DNA, 1 uM of each primer, 1.5 units of Tag DNA Polymerase (Amersham -
Pharmacia Biotech), 200 pM of each dNTP, 10 mM Tris-HCI, 50 mM KCI, and 1.5 mM

) m’ plots placed along a MgCl,. Amplification was performed with a DNA thermal-cycler (GenAmp PCR System

= 2400, Perkin Elmer) programmed as follows: I cycle for 5 min at 95°C followed by 35 cycles

at 94°C for 30 s, 50°C for 30 s, 72°C for 1 min 30 s, and a final extension at 72°C for 7 min.

by fluorescence under UV light and photographed.

s Sequencing and phylogeny
Sequencing was performed with each ITS1/ITS4 primers. Each PCR product was
extracted from agarose gel and purified using a QIA (Quick Gel Extraction) kit following the

¢ ianufacturer’s recommendations. Sequencing was performed with the ABI Prism BigDye
B Terminator Cycle sequence kit (Applied Biosystems, Foster City, California) and analysed on

an Applied Biosystems model 310 DNA sequencer (Applied Biosystems, Foster City,
California). DNA sequences were submitted to the NCBI database (htip://www.ncbi.nlm.
.gov/) under the accession numbers FJ 656000 to FJ 656047.

Table 1. List of reference material and GenBank accession numbers included in this
study. Names and subgenus classification after Peintner et al. (2001, 2004)

ine roots

“with:

| Genus / Species Geogr. origin Subgenus GenBank access.
Cortinarius acutus | Enrope Acutus AF325578
. Cortinarius albocanus ‘Chile Myxotelamonia AF325599
Cortinarius alboviolaceus 1 USA Telamonia AF325597
: Cortinarius alboviolaceus2 Enrope Telamonia AF325596
4 Europe Allutus AF325585
Chile Icterinula AF539721
Europe Anomali AF325581

ortinarius anomalus 2 Europe Anomali AJ236071

ortingrius armeniacus 1 Burope - - Telamonia AF325595
' Telamonia AJ236074
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f -3 SRR

” Tablé 1. (Conﬁnued}

Genus / Species Geogr. origin Subgenus GenBank access.
Cortinarius armillatus Europe Telamonia AJ236075
Cortinarius austrovenetus Enrope Dermocybe AF112147h
Cortinarius bigelowii USA Phlegmacium AF325617
Cortinarius brunneus 1 Europe Telamonia AF325590
Cortinarius brunneus 2 Evrope Telamonia AJ236076
Cortinarius caelicolor Chile Phlegmacium AF339715
Cortinarius callochrous Europe Calochroi AF325619
Cortinarius campbellae 1 Australia Purpurascentes AF325558
Cortinarius campbellae 2 Australia Phlegmacium Specimen ref Tr 18323
Cortingrius caninus TUSA Anomali 56024 ]
Cortinarius caperatus 1 Europe  # Rozites AJ238033
Cortinarius caperatus 2 Hurope Rozites AF325614
Cortinarius carneolus Chile Telamonia AF539712
Cortinarius cinereobrunneus | Argentina Myxotelamonia AF325600
Cortinarius citriolens USA Phlegmacium AF325607
Cortinarius collinitus Europe Myxacium AF325565
Cortinarius corrosus Europe Phlegmacium AF325618
Cortinarius corrugatis USA Corrugatus AF325611
Cortinarius cupreorufus _Europe Phlegmacium AY174831
Cortinarius delibutus 1 Furope Delibuti AJ236065
Cortinarius delibutus 2 Europe Delibuti AF325580
Cortinarius elaiochrous New Zealand Cuphocybe AY033100
Cortinarius elaphinus Chile Telamonia AF539725”
Cortinarius elegantior Europe Calochroi AF325622
Cortinarius evernius Europe Telamonia AJ236077
Cortinarius favrei Europe Myxatium - AF325575 - o5
:Cortinarius flavaurora USA Calochroi AF325621 e
rinarius fragilis Australia Purpurascentes AF325559 '
Cortindrius fraudulosus | Burope Phlegmacium AF325605
Filmariay gentlis 1: 54 =7 ' Burope Telamonia AF325589
ordinarius entilis 28 R USA Telamonia U56026
"\ Cortinarius glaucopus . *| Burope Phlegmacium AF325604
Cortinarius globuliformis Australia Dermocybe AF325582
Cortinarius hercynicus Europe Cortinarius AF062631
Cortinarius humicola Europe Telamonia AF325594
Cortinarius laniger 1 Hurope _Telamonia AF325592
Cortinarius laniger 2 EBurope Telamonia AF325591
Cortinarius leucopus Europe Telamonia -AF325593
Cortinarius limonius 1 Europe Limonius U56028
Cortinarius limonius 2 Europe Limonius AF325588
Cortinarius lividoochrascens Europe Myxacium AF325565
Cortinarius luteistriatulus Chile Dermocybe AF539707
Cortinarius magnivelatus USA Calochroi | AF325615
Cortinarius mucifluus USA Myxacium _AF182795
Cortinarius mucosus USA Myxacium AF325574
Cortinarius muscigenus USA Myxacium AF182800
Cortinarius obscurooliveus Chile Dermocybe AF539708
| Cortinarius obtusus Europe Actitus AJ238035
Cortinarius odorifer Europe Calochroi AF325620
Cortinarius olivaceobubalinus | Chile Dermocybe AF539736
Cortinarius olivaceopictus 1 USA Dermocybe U5604%
Cortinarius olivaceopictus 2 USA Dermocybe U56050

Eo 5

(renus / Species
Cortingrius paragaudi
Cortinarivs parahumil
Cortinarius pavelekii
Cortinarius pholideus
Cortinarins pingue 1
Cortinarius pingie 2
Cortinarius piriforme
(urtinarius porphyroic
{ ortingrius porphyroic
{ ortinarius porphyrop
(ortingrius porphyrop,
Cortinarius pseudosalc
Cortinarius pugionipes
{ortinarius rapaceus 1
Cortingrius rapaceus 2
Cortinarius saginus

Y Cortinarius salor’

A Cortinarius scaurus

't Cortinarius scaurus 2

4 Cortinarius scaurus 3

8 ( ‘wrtinarius sp.

d (Cortinarius squamiger

Cortinarius subfoetidu

Cortinarius talus

(ortinarius tenellus

ortinarius traganus 1

d {ortinarius traganus 2

Cortinarius trivialis

| Cortingrius umbilicatu:

' Cortinarius vanduzerer,

Cortinarius variecolor
{ ‘wrtinarius vernicosis
{ortinarius verrucispo
Cortinarius vibratilis 1
Cortinarius vibratilis 2
Cortinarius violaceus 1
Cortind¥ins violaceus 2
( artinarius violaceus 3
Cortinarius viridibasal
Cuphocybe melliolens
Dermocybe cinnamome
Dermocybe crocea
Dermocybe malicoria
Dermocybe phoenicea
Dermocybe splendid
1ebeloma circinans
Hebeloma crustulinifon
Hebeloma fastibile
Hymenogaster remyi
Hymenogaster sublilaci
Protoglossum lutenm
Protoglossum sp. 1
Protoglossum sp. 2
(uadrispora oblongispe
(Juadrispora sp.
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43236075
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AY033100

AF539725

AF325622

AJ236077

AF325575
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AF325580

U56026
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AF325582
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AF325593

56028

AF325588
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AF182793

AF325574

AF182800

AF539708

AJ238035

AF325620

AF539736

56049

-1-U56030

-

Genus / Species Geogr. origin Subgenus GenBank access.
Cortinarius paragaudis USA Telamonia U56030
Cortinarius parahumilis Chile Telamonia AF539731
Cortinarius pavelekii USA Myxacium AF325564
Cortinarius pholideus Europe Sericeocybe AJ236072
Cortinarius pingue 1. USA Myxacium AF325570
Cortinarius pingue 2 USA Myxacium - AF325571
Cortinarius piriforme Australia Myxacium AF325569
Cortinarius porphyroides 1 New Zealand Thaxterogaster AF325576
Cortinarius porphyroides 2 New Zealand Myxacium AF325577
Cortinarius porphyropus 1 Europe Purpurascentes AF325560
Cortinarius porphyropus 2 Europe Purpurascentes AJ236069
Cortinarius pseudosalor USA Myxacium AF182792
Cortinarius pugionipes Chile Phlegmacium AF539713
Cortinarius rapaceus 1 Chile Phlegmacium AF539723
Cortinarius rapaceus 2 Chile Phiegmacium AF539724
Cortinarius saginus Europe Phlegmacium AF325608
Cortinarius salor Europe Delibuti AF325579
Cortingrius scaurus 1 Europe Purpurascentes AJ236070
Cortinarius scaurus 2 Europe Purpurascentes AF325562
Cortinarius scaurus 3 Europe Purpurascentes AF325563
Cortinarius sp. USA Phlegmacium AF325606
Cortinarius squamiger Chile Telamonia AF539729
Cortingrius subfoetidus USA Phlegmacium AF325609
Cortinarius talus Europe Allutus ATF325586
1 Cortinarius tenellus Chile Telamonia AF539728
Cortinariys traganus 1 Europe Telamonia AF(37224
Cortinarius traganus 2 Europe Telamonia AF325598
Cortinarius trivialis Europe Myxacium AJ236066
Cortinarius wmbilicatus USA Telamonia U56032
Cortingrius vanduzerensis USA Myxacium ATF182793
Cortinarius variecolor Europe Phiegmacium AT238082
Cortinarius vernicosus USA Myxacium AF182799
Cortinarius verrucisporus USA Phiegmacium AF325616
Cortinarius vibratilis 1 Europe Ochroleuci *AJ238032
Cortinarius vibratilis 2 T USA Ochroleuci AF325584
Cortinarius violaceus 1 Europe Cortinarius AJ236059
1 Cortingrius violaceus 2 Europe Cortinarius AF325601
Cortinarius violaceus 3 USA Cortinarius AF389130
Cortinarius viridibasalis Chile Telamonia AF539717
't Cuphocybe melliolens New Zealand Cuphocybe AF325610
i) Dermocybe cinnamomea Europe Dermocybe AJ238030
| Dermocybe crocea Europe Dermocybe AJ238031
| Dermocybe malicoria USA Dermocybe U56045
Dermocybe phoenicea Enrope Dermocybe U56055
't Dermocybe splendid New Zealand Dermocybe AF325583
Hebeloma circinans AF]24699
Hebeloma crustuliniforme AF124716
] Hebeloma fastibile AF325643
Hvymenogaster remyi Europe Phlegmaciium AF325602
‘Hymenogaster sublilacinus USA - - Phlegmacium AF325603
“Protoglossum luteam Australia Corrugatus AF325612
wProtoglossum sp. 1 New Zealand AF325613
- Protoglossum sp. 2 Australia Acutus AF325561
' Myxacium | AF325566
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Table 1. Continued)

GenBank access.

Genus / Species Geogr. origin Subgenus

Thaxterogaster redactus Australia Myxacium AF325568
Thaxterogaster sp. USA Myxacium _ AF325572
Thaxterogaster violaceum 1 Argentina Thaxterogaster AF325556 -
Thaxterogaster violaceum 2 Argentina Thaxterogaster " AF325557

s Phylogenetic analyses

New ITS sequences were compared to the Genbank database using the BLASTn
algorithm (http://www.ncbinlm.nih.gov/blast). Multiple alignments were performed with
Clustal X (Thompson et al. 1997) or Muscle 3.6 (Edgar 2004), and manually cured under
Genedoc software (Nicholas and Nicholas 1997). The phylogenetic analysis was focused on
Cortinarius species (as it was the most represented genus) by using the full spacer sequences
(ITS1-5.85-ITS2) hand-aligned with the Peintner et al. (2001) alignment (Treebase, accession
number $636: M988-990), also enriched with some Cortinarius sequences from the southern
hemisphere (Table 1). A Maximum Likelihood (ML) phylogeny was established using the
best-fit model detected by Model test (Posada and Crandall 1998) under the Akaike
information criterion (TeN+I+G: transition only, estimation of invariant sites, gamma
distribution of substitution). Internal gaps were treated as effective data (fifth base).
' Maximum-likelihood (ML) analyses were carried out with the computer program PAUP
4.0b5 under heuristic searches with “asis” addition sequence and TBR branch swapping.
Bootstrapping replicates were performed using PHYML on-line using 100 replicates under a
GTR+I+G model (Nst=6, Invariant sites, Gamma distribution) (20), The Cortinariaceae
phylogeny was also inferred by a Bayesian approach' (Huelsenbeck“ et al. 2001), nsing
MrBayes 3.1.2 (Ronquiste and Huelsenbeck 2003) with four Monte Carlo Markov Chams
(MCMC) run on 3 millions generations, with print frequency and chain temperature set to
50,000 and 0.2, respectively, and saving branch lengths. A 50% majority rule consensus
analysis was performed on trees sampled after the chains had reached stationarity. Priors used
to run the chains were the parameters estimated by Modeltest (TrN+I+G). Trees topology
congruence between ML and Bayesian inferences of Cortinariaceae ITS sequences was
assessed using the Shimodaira-Hasegawa Likelihood based test (S-H test using 1000 RELL
bootstrap replicates) (Shimodaira and Hasegawa 1999), implemented in PAUP4. Congruence
~ was found between trees obtained by both methods (-In L = 12183 by ML; -In L=12200 by
MirBayes; S-H test P value=0.254) . )

Results

Y,
i

s Vegetation distribition along the topographic gradient

communities, excepted between plant communities 2 and 3 where the dlSCOIltlIllllty was less
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The Araucaria montana Brongn. and Gris and Nothofagus plant communities are

strongly isolated on the ordination graph (Figure 2). Floristic biodiversity increases
downwards the toposequence. B

Plant community 1: On the platean, the dominant plant spemes of the plant conmunity is

Araucaria montana, and 53 other plant species were numbered. The ligneous stratum is the
most abundant in terms of cover abundance (33.9 %), with Codia montana I R. Forst. and G.
Forst. (15.7 %), Tristaniopsis guillainii Viell. ex Brongn. and Gris (5.7 ‘%) Araucaria
montana (4.3 %) and Dmcophjzllum verticillatum Labill. (3.5 %). The herbaceous stratum is
less abundant (27.3 %), with the pteridophytes Dicranopteris linearis J. Underw. (15.0 %)
and Preridium esculentum (G. Forster) Cockayne (13.9 %). Plant community 2: On the slope,
the dominant plant community is a ligno-herbaceous maquis where 58 plant species were
numbered. The herbaceous stratum is the most abundant (85.0 %) with Costularia nervosa
Raynal (60.1 %), Picranopteris linearis (24.8 %), Pteridium esculentum (15.0 %), Schoenus
neocaledonicus C.B. Clarke (11.8 %) and Lepidosperma perteres C.B. Clarke (9.8 %).

Plant community 1:
Araucaria ligneous maquis

Piaht community 4:

Nothofagus rain forest
Piant community 3:

Tristaniopsis ligneous

u

. 7 7847 N
| sg "v62 % 73%70-""0 (g2 55

. - 560 .
°5 4|3
: ?4;7‘ 5789 645}% "

c95..5 43450
: 29,5 8
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Plarit community 2:
ligno-herhacsous

e 2. Ordination of records along the two main factors of correspondence analysis, showing drastic
ges in plant communities within the toposequence, from the piateau (plant community 1) to the
weg (plant community 4).

The ligneous stratum is less abundant (55.1 %), and it is mainly formed of Codia
tana (35.9 %), Dracophyllum ramosum Pancher ex Brongn. and Gris (9.7 %) and
docarpus crassifolius Dubard and R, Viguier (7.0 %). Plant commuility 3: On the lower
of the slope, the dominant plant community is a maquis, with 72 plant species. _
The ligneous stratum is the most abundant (80.0 %), and is mamly formed of
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Codia montana (23.5 %). The herbaceous stratum is less abundant (34.5%) with' Costularia Ectomycorrhizal
nervosa {22.2 %) and Lgpidosperma perteres (12.13%). Plant community 4: In the talweg, the Roots of the plant spex
plant community is a rainforest dominated by 2 Nothofagus species and 81 other species were & in order to. characterize th
numbered. The dominant plant species is Nothofagus balansae (62.5 %), which represents the {8 plateau (plant community |
tallest stratum, Callophylum caledonicum Vieill. (8.9 %) is another member of the tallest 3 2), all plants were endomy
stratum. ' : ECM symbiosis was obs

The species Nothofagus codonandra is also present in this forest but forms @ community 3) and Nothof:
monodominant patches, with only a small overlap between the two Nothofagus species, not @especies (Tristaniopsis gui,
iflustrated in this paper. The medium stratum is heterogeneous; the most abundant species are @ respectively) presenting ty
Styphelia pancheri (Brongn. and Gris) F. Muell. (11.7 %), Basselinia gracilis (Brongn. and (& tmicroscope.
Gris) Vieill. (6.45 %) Pancheria ferruginea Brongn. (3.3 %) and Rapaneq assymetrica Mez. i

| The herbaceous stratum is represented essentially by Lepidosperma perteres (1.23 %) and
Costularia arundinacea (Soland. ex Vahl) Kiik. (1.5 %).

Figure 3. A to D: aspect of some ECM sporocarps from plant communities 3 and 4. A: Pisolithus albus
K66C, associated to Tristaniopsis guillainii, in plant community 3."B: Cortinarius sp nov. K12C, o :
associated to Nothofagus balansae in plant community 4. C: Multifurca auranthiophylla K18C, $Figure 4. A: Aspect of a soil ag
associated to Nothofagus balansae in plant community 4. D Tricholoma sp nov. aff ustale K10C, smmunity 3 under Pisolithus .
associated o Nothofagus balansae in plant community 4. E: Cross section through an ECM apex of mpose the soil is clearly visil
Tristaniopsis guillainii (plant community 3), after staining with Trypan Blue, showing the fungal ereomicroscope, with numerc
nd:hici Ha hg net. ’ .
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¢ Dctomycorrhizal tree species

Roots of the plant species of each plant community were observed under the microscope
in order to characterize the symbiotic associations. In the Araucaria montana group on the
plateau"(plant community 1) and the ligno-herbaceous maquis on the slope (plant community
2), all plants were endomycorrhizal confirming observations by Perrier et al. (2006b) and no
ECM symbiosis was observed. Ectomycorrhization in the Tristariopsis maquis (plant
community 3) and Nothofagus forest (plant community 4) was limited to the dominant plant
species (Tristaniopsis guillainii, T. calobuxus, Nethofagus balansae and N. codonandra,

respectively) presenting typical fungal mantle around the roots and a Hartig net under the
microscope.

e 4. A: Aspect of a soil aggregate with yellow gold mycelium and rhizomorphs, harvested in plant
unity 3 under Pisolithus albus K66C sporocarp. The spherical aspect of iron oxide beads that
pose the soil is clearly visible. B and C: High magnification of iron oxide beads under the
omicroscope, with numerous non-identified hyphal links between beads.
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¢  TFungal diversity
A total of 48 samples were analyzed, 11 from plant community 3 and 37 from pla
community 4. Twenty-eight samples were sporocarps among which only 2 from pla
community 3. Figure 3A to D illustrates some of the sporocarps harvested in pla
communities 3 and 4. Twelve samples were mycorrhizal apices with 3 and 9 collected fro
plant communities 3 and 4, respectively. The last type of samples was from soil aggregates
illustrated in Figure 4A with yellow-gold mycelium harvested in plant community 3 und
Pisolithus albus K66C sporocarp. The spherical aspect of iron oxide beads that compose th
soil is clearly visible. A closer examination of these iron oxide beads under thi
stereomicroscope is presented Figure 4B and C, with unidentified hyphal links betwe
beads. Other soil samples, with different mycelial colors, were also harvested in pla
communities 3 and 4. Six samples were analyzed from plant community 3 and 2 from plan]
community 4. The material used for extraction was a fragment of mycelium or rhizomorp
and in plant community 3, 4 samples were individual iron oxide beads, with their colonizin
hyphae as illustrated by Figure 4B and C. Table 2 lists the different ECM samples collected
the two plant communities, indicating the morphological determination of sporocarps, IT.
sequence length and BLASTn identity. . i

Table 2. Ectomycorrhizal samples collected in the different plant communities,
submitted ITS sequence length, closest match with GenBank genera, query coverage,
maximum identity and e-value (www.ncbi.nlm.nih.gov/blast/)

Ref* E&I)an!::nuni ¢y | Tostplant | Macroscopy ;;irlrft'trescf :;‘]‘:TS: closest g:;?;ge ?g::ﬁ iy ;zalue
Koic |4 Nothojugus 1 Tricholomasp | 71 Tricholoma | 98% . |88% | OE;)f
Koz C 4 ﬁ?:sfg Em Boletus sp 609 Boletus 9% T6% 76120 |
KosC |4 Nothojagus { Cortinariussp | 551 Cortinarius  [99% | 83% |4 o5 ]
K06C |4 NoMOI84S | Pheliodon sp 605 Phellodon 81% 85% 4e.155 |
KO9C |4 Nothofagus | er 547 Clavariadelphus | 70% | 90% [ g oo
K10C |4 Nothofagus :;fﬁ;is":z |60 . | Tricholoma 8% |9% |4 |
Kizc |4 | oo ) Comtnariussp. | g, Cortinarius  199% | 92% |,
Kl4C |4 e | Cortnariussp. | 506 Cortinarius | 98%  |95% |0
KI6C |4 pomofugs | Lacwariussp | 706 Lactarius 9% [91% |40
KIBC |4 D ls | 598 Laciarius %% - |87% g5
K2C |4 POMOfIZUS | Inocybe sp 582 Inocybe 9% (8% |, s
K66C |3 ;"ij;g;jfgp”" Pisolithus albus | 527 Pisolithus %% [98% | oo
Cortinarius sp. C
KCo2C | 4 Nolofogus | movaff 436 Cottinarius | 97% | 80% | 3e-154
Nothafagus T i
KCO3C {4 balansae Russula sp 612 Russula 100% 03% 0.0

Plant -
community Host pl
4 Nothofa,
balansa
4 Nothofe,
balansa:
4 Nothofa;
balansa
4 Nothofa,
balansac
. Nothofa,
Hnc |4 balansed
4 Nothojay
balansa
-{ Nothofy
16C | 4 balansac
4 Nothofay
balansac
4 Nothofay
balansac
4 Nothofas
balansae
3 Tristanic
] guiliaini.
4 Nothofag
balansae
4 Nothofag
codoran,
3 Tristanic
guillainh
3 Tristanic
guillaini
3 Tristanio
guillainii
3 Tristanic
guillainii
3 Tristanic
guitlainii
3 Tristanio
guillainii
Nothofag
4 ¥ codonan
4 Nothofag
codonant
4 Nothofag
' cadonan
4 Nothafag
codonant
4 Nothofag
b codonand
4 Nothafog
‘ codonane
4 Nothofag
codonane
3 Tristanio,
guillainii
Tristanio,
102 H
x.l.nh M |3 guillainii
. Tristanio,
EROGM |3 guillainii
KioM | 4 Nothafag
balansae
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.
st | Query | Max value
Coverage identity
98% . | 88% 0,0
91% 6% 2e-120
99% 83% ‘
81% | 85%
98% 93% 0.0
9% 9% o0
98% 95% 00
99%  [91% g0
98% 87% 0.0
99% 83%
99% 98% 0_0
% 29% 3e-154
100%

TTSI/ITS4 -
Ref* fé?rn;nunity_ Host Plant". Macroscopy IS;i;)gltn]:iltted E;ﬁiT closest gg‘fége ?c/:lijr-;(tity value
KCOSC | 4 xgsﬁgw ' Inoeybe sp 580 Inocybe 94% 84% 40161
KCO6C |4 NORAJIZLS | ng 436 Phacocollybia | 94% | 95% | o 176
KCO8C | 4 Nothofogus | 1 pcsarius spnov | 670 Lactatius %% 9% |40
KCI0C |4 22::’:;3 egus Eﬁi%:s * 447 Thaxterogaster | 99% 93% 6.0
o |t i g0 rusis 9% [s% | o
4 NoMAfIELS | Cortinariussp | 518 Cortinarius 100% |84% |g. 144
4 , Nothofagus | Cortinariussp | 574 Cortinarius 100%  186% |,
4 2’;‘::{: Eus Cortinarius sp. 574 Cortinarius 99% | 83% ) le-147
4 betar | Somartione | sg3 Cortinarius %% 186% |,
4 pothofagus | oy 528 Clavariadelphus | 74% | 94% |, o
3 il B 414 Cortinarius % |88% | oo
4 potofagus | . 552 Oidiodendron | 91% | 92% | 0
4 Nothafagus | 474 Cortinarius 98% (8% |, s
3 :;::;3::::‘0 . 698 Lycoperdon 94% 93% 0.0
192 14 it | - 592 Cortinarius 9% |92% |0
3 Tritaniopsi 410 Cominarius | 97% | 85% | o
3 el 616 Cortinarius 100% |85% {0
3 sl B 585 Cortinarius | 100%  [85% |0
3 ieial B8 615 Cortinarius 100% | 86% |,
4 Nothaojogus | 608 Cortinarius 9% 191% |4,
P24 Noshofogus | 570 Continarivs | 99%  |85% |,
4 Nothofagus | _ 682 Tomentella 8% (9% |,
4 Nothojages | 584 Cortinarius 9% |86% |4
4 Notafagus | Corinariussp | sg5 Corinarivs | 99%  [93% |,
¢ |4 Nomhofugus .| Cortinariussp | sg) Cortinarius | 98%  [94%m [,
20 |4 oy | whotoma s | g8 Tricholoma %% |88% |, 1,
3 il B 457 Piloderma 98% | 88% |, e
2M |3 aam [ - 511 Cortinarius %% | 19% | ,106
aM | 3 Irtsmiopats | 438 Piloderma 7% | 88% [, 143
M Nothofagus 10
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" Table 2. (Continued)

t there obviously is a

ITS1/TTS4 . & ungal communities, as
Ref* Plant - | Hostplant | Macroscopy submitted BLASTclosest | Query Max . value & A
community length genera - Coverage | identity ant communities and n
KEIOM |4 Nothafagus | 572 Thasterogaster  |100%  |86% |00
g Nothofigus | 620 | Trickoloma 9% [86% |,
KE12-2 Nothofagus . -
Sm 4 balansas - 608 Tricholoma 99% 87% 0.0
KE18-2 Nothofagus | Lo
Sm 4 codonandra | 540 Cortinarius 08% 83% i?g-

*Suffixes refer to the type of material: C: sporocarp, M: mycorrhizal apex, S: soil aggregate wit
‘hyphal mats, with two different types: Sn: one single iron oxyde bead, Sm: one mycelial o
thizomorph fragment.

*%: nd: not determined.

Most sporocarps (suffix “C”) were identified on their macroscopic and microscopi
characteristics at least at the genus level, only four of them (“nd”, not determined) ‘were no
; attributed any taxonorhic name. Mycorrhizal root apices (suffix “M”) and soil samples (suffi
I © “8”) were obviously left without taxonomic name. None of the sequences compared to the
Genbank database gave 100 % similarities with previously described species. On the numbe:

of samples analyzed and considering the relatively small area of the prospected site (roughly
estimated to represent 5 ha, in a massif of more than 38,000 ha) a large diversity of funga
taxons was found. Among sporocarps, there was generally a good correspondence between!
macroscopic and molecular determinations. In plant community 3, 4 different genera were
detected among 11 different samples. Seven of these samples belonged to the genus
Cortinarius, 2 to Piloderma, 1 to Pisolithus, sampled as a sporocarp, and 1 to Lycoperdon,
“detected in one soil iron oxide bead and generally considered as non-mycorrhizal. The genus
Cortinarius was detected in one sporocarp, in ECM, mycelium and soil beads. In plan
community 4, the diversity is much greater with 12 different genera recorded from ITS
sequences, corresponding to 37 samples. The dominant genus is Cortinarius with a total of 18
samples (including 2 species formerly identified as Thaxterogaster) thus reaching almost 50
% of the samples for Cortinariaceae. Genera Tricholoma and Lactarius-Russula followed
- with 5 samples ‘each. Dominance of the Cortinariaceae is observed for, the different forms of
fungal samples. Out of 26 collected sporocarps, 11 belonged to this group. Among ECM, 9
different samples were successfully analyzed, belonging to 5 different genera. The dominant
genus also is Cortinarius with 5 different samples. In the soil, only 2 samples could be
analyzed and they belonged to genera Cortinarius and Tricholoma.

o Phylogenetic grouping

The analysis (Figure 5) of the Cortinariaceae family was focused on the whole 185-288
portion (te including both ITS and 5.8S5 sequences) and referred to 124 database sequences
(121 from Cortinariaceae and 3 from Hebeloma) as listed in Table 1. On the 18 different
samples analyzed, 5 were from plant community 3 and 13 from plant community 4. The
different forms of the 18 samples were sporocarps (8), mycorrhizal tips (5) and soil mycelium
(5). On this limited number of samples, the diversity appears to be high, all samples being
distinct from each other and from the database sequences. New Caledonian Cortinariaceae are
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Q Max &
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distributed in 6 different clades. A few clades mix sequences from plant community 3 and 4,
but there obviously is a need for more samples analyses to evaluate a putative link between
fungal communities, as for example there is no grouping between ECM ap1ces from both
plant communities and no total sequence identity between any sample.
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Cortinarigs armeniacis 2
Cortinarius armeniacus |
Cortinarivs atboviolacens 1
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Cortinarius laniger |
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Cortingrius acutus
Protoglossum sp.
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|: Ceortinarius violaceus 1 %
3-000 Cortinarius hercynicus

| Coriinarius viokeceus 3

r Cortinarius defibutus 1

Cortinarius delibutus 2

Cortinarius salor

Cortinarius anomalus 1

Cortinarius anomalus 2

Cortinarius caninus .
KD31-2M 2

i—————— Cortinarius saginus

\— Coreinarius caelicolor

Cortinarius viridibasalis

ED20 58n

KD20 65n

KD20 28n

KEO06M

KD29 2M

. El——-— Cortinarius elaiochrous

Corfinarius p ilis
Cortinarins variecolor
Cortinarius citriolens
Cortinarius sp.
Cortinarius fraudulosus
Hymenogaster remyi
Hymenogaster sublilacinus
Cortinarius glaucopus
Cortinarius
aog; Cortinarius limonius 1
muarm:.tma

L
7




Y. Prin, M. Ducousso, J. Tassin et al.

trarius trivialis
Cortingrius vernicosus
Cortinarius favrei
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Cortinarius bigelowii
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0.998 - Cortinarius cupreorufus
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Co.
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. 641
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Hebeloma mesophaeum

0.1
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-Figure 5. Maximum likelihood phylogram {(congruent with Bayesian‘tree, see Material & Methods) of
b136 Cortinariaceae tDNA ITS sequences, including 18 New Caledonian samples harvested in the
Pandanus river watershed, in the Koniambo massif. Outgroup was made with 3 Hebeloma sppi
sequences. Only bootstrap values superior to 70% and also supported by Bayesian Posteriop
Probabilities superior to 70% are indicated. The ML model used is described in Material and Methods.
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- New Caledonian samples fit sometime in distinctive clusters, among the 118 refere mental conditions °
sequences from the Cortinariaceae, whatever their origin, including geographically link y dry conditions prev.
countries like Australia, New Zealand, Chile or Papua New Guinea, indicating the presenc nkis 1974, Smith and
several new taxoms. Reporting on the tree (drawn as a cladogram) the phyto-geographic; wlithus albus (Figure
origin of the samples from sequences taken as references (Figure 6) the existence of sever fures to those describe
New Caledonian clades, but not always positioned closer to clades from Gondwanala WB) in New Caledoni
fragments than to clades from Northern hemisphere. This study did not aim at giving | prophyllous plants, sinc
taxonomical description of New Caledonian Cortinariaceac due to the heterogeneity of o “early stage” mycor :
material (not only sporocarps). ner and Malajczuk
-However, after reporting on the cladogram (Figure 6) most of the different genera an mystem is also of prime
subgenera described by Peintner et al. (2004) with a colour code, the New Caledonian clade Basidiomycetes (witt
seemed to either fit within existing clades like Dermocybe, Purpurascentes or constitute ed ectomycorrhizal
separated and potentially new taxons, one of them being possibly related to Myxaciu pxander and Watling © -
Descolea sequences that we first included in our phylogeny were finally removed as thes rrence in the Southe
sequences fitted in a separated cluster (Moncalvo et al. 2002) with no affinity with any of ou ersoo et al 2008). In .
New Caledonian species. wrriil 1912), South Am
3, Natarajan et al. 20(
wjczuk et al. 1987, Sar
African rainforests as
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Discussion

e Floristic diversity, dominance and symbioses

As stated by Jatfré (1974), the floristic diversity of the Koniambo massif is quite high a
referred to those of New Caledonia: the 453 species inventoried by this author represente
15% of the diversity of the island, for a geographic surface ratio of less than 1%. Our. HE)HSU
inventories, limited to 4 of the 12 phyto-ecological plant communities listed byl affrc ( 1974
on the massif, are consistent in terms of species number with those given by this author
Dominant plant species of plant communities 3 and 4 were found ECM. Such a situation ha
often been described in tropical ecosystems (ie Dipterocarps in Asian forests), although it i
far from being systematic (Torti and Coley 1999). In New Caledonia, it has been;
hypothesized that this dominance could be only a transient stage linked to exogenous
disturbance, like fire or cyclones (Read et al. 1995). This study confirmed the description
(Perrier "et al. 2006b) of ectomycorthizas on the roots of Nothofagus balansae

genus Tristania, close to Tristaniopsis, has already been described as ECM in Brune
{Moyersoen et al. 2001). Nothofagus is the well-known Southern beech, reported as naturally
ECM in Australia, New Zealand and South America (Halling 2001, Tedersoo et al. 2008,
McKenzie et al. 2000, Valenzuela et al. 1999). Mycorrhizal species were present as ECM
roots, soil mycelia and sporocarps enabling us to get a picture of the general diversity since
several studies have shown that there was little correlation between diversity of sporocarps
and ectomycorrhizal roots (Buscot et al. 2000, Dahiberg et al. 1996, Gardes and Bruns 1996,
Horton and Bruns 2001). Furthermore, Landeweert et al. (2003) showed that using internal
transcript spacers on mycehum from soils gave an extra insight on the diversity of the fungal
commuriities. ’

Only 1 sporocarp was collected in plant community 3, which again shows the divergence
between the above- and below-ground fungal communities. This probably resulted from the
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ars, among the 118 reference  cevironmental conditions of the magquis, which could be not optimal for fungal fruiting as
luding geographically linked  very dry conditions prevail and as the:soil contains little organic matter (Brundrett 1991,
1ea, indicating the presence of . Slankis 1974, Smith and Read 1997). Furthermore, the presence of typical sporocarps of
sram) the phyto-geographical | L Pisolithus albus (Figure S3A), which presented identical morphological and anatomical
e 6) the existence of several _,’ features to those described by Anderson et al. (1998, 2001) in Australia and Aggangan et al.
» clades from Gondwanaland - (1998) in New Caledonia, is not surprising in the magquis-type vegetation dominated by
udy did not aim at giving a . clerophyllous plants, since this genus is known to be well-adapted to growth in mineral soils
te to the heterogeneity of cur £ as an “early stage” mycorrhizal fungus, until forest soil conditions develop (Brundrett 1991,
I Gardner and Malajezuk 1988, Stahl et al. 1988). The presence of Corfinarius in this
¢ ccosystem is also of prime importance: it is one of the taxonomically most complex genera in
the Basidiomycetes (with ca. 2000 species described so far), being the most frequently
secorded ectomycorrhizal fungal genus in many European and North American conifer forests
{Alcxander and 'Watling 1987, Hoiland and Holst-Jensen 2000, Villeneuve et al. 1989). Its
scurrence in the Southern hemisphere is still poorly documented (Garnica et al. 2005,
- Tedersoo et al 2008). In the tropics, the genus was reported in tropical North America
- §Murrill 1912), South America (Singer et al. 1983, Garnica et al. 2003), India (Peintner et al.
3003, Natarajan et al. 2005) along with Australian eucalypt forests (Chambers et al. 1999,
alujczuk et al. 1987, Sawyer et al. 1999, 60). Cortinariaceae seem to be poorly represented
African rainforests as stated by Riviere et al. (2007) in Southern Guinea who did not
ify any Cortinariaceae within sequences of 119 sporocarps and 55 ECM and Onguene
Kuyper (2001) in Cameroon. '

In plant community 4, ECM symbioses were found with a much greater diversity of
» confirmed by molecular methods. This diversity mostly included ECM taxons, like
la, Lactarius, Tricholoma, Boletus, Inocybe, etc, and was already reported in other
al forest ecosystems like India, Guinea (Riviere et al. 2007) or Cameroon (Onguéné and
20001). However, in each type of sample, the presence of the genus Cortinarius and
genera of the Cortinariaceae is noted and this taxon is dominant among the Sporocarps
tomycorrhizas. If the dominance of the genus Cortinarius and family Cortinariaceae in
gus forests is well documented in South America (Garnica et al. 2003, Garnica et al.
alenzuela et al. 1999), Australia (Bougher et al. 1994, Halling 2001) and New
(McKenzie et al. 2002), this study represents the first record its dominance in New
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minance of Cortinariaceae in the Nothofagus forest of the Koniambo massif gives
ght into the phylogeography of this fungal family in the Southern hemisphere.
incorporates 4 subgenera and 35 species in 6 isolated landmasses: Australia, New
New Guinea, New Zealand and South America (Hill and Dettman 1996, Swenson

wenson et al. (2001b) showed that the biogeography of Nothofagus supports the
d break-up sequence and that the four major lineages were already present 80
to the break up of the Gondwanaland eastern margin. The Nothofagus members
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1994; Veevers et al. 1991), which provided habitable niches in tropical latitudes (Swenso
al. 2001a). Strong evidence exists to support the possible co-evolution of Nothofagus
ECM fungi from the Cortinariaceae family (Bougher et al. 1994, Halling 2001, Halling
Mueller 2002) in the Southern Hemisphere. The data accumulated in the Nothofagus fore
the Koniambo massif identifies several fungal clades specific to New Caledonia, infe " ander IJ, Watling R
that both plant and fungal ancestors already co-existed at the time they colonized the island. } Royal Society Edinby
Along with Nothofagaceae, Leptospermoideae (dry-fruit Myrtaceae) like Tristaniops sson IC, Chambers
have their geographical distribution closely linked to the fragmentation of Gondwanalan{ Pisolithus species pe
The presence of Cortinarius species in the Tristaniopsis plant community concemn 6 amon 08, 971-976.
10 samples, among those only one was an ECM apex, the other being soil samples, i.e. eithe on IC, Chambers
mycelium or iron oxyde beads from soil mycelia aggregates, whose actual symbiosis wit ariation in Pisolithy
Tristaniopsis was not attested. Sawyer et al. (1999) characterized genets of Cortinari hyrologist, 138,151-
rotundisporus reaching 9 to 30 m in diameter in Australian schlerophyll forests. It cannot b her NL (1987) The
rejected that mycelium from Nothofagus-associated Cortmanaceae from plant community escolea. PhD. thes;
explore soil from under Tristianopsis in plant community 3. The ability of Cortinariaceae t her NL, Fuhrer BA,
switch hosts was demonstrated in the laboratory by pure -culture synthesis of ECM wi species mycorrhizal
Nothofagus and Eucalyptus (Bougher 1987, Bougher et al. 1994) opening the door to putativ ' 1453.375.
exchange of ECM fungi between plant communities 3 and 4. Phylogenetic analyses showe Bn-Blanquet G, Full
that New Caledonian Cortinariaceae did not constitute a unique separatéd clade but wer - communities. McGray
rather dispersed among or close to several different taxonomical groups. They neithe ndrett M (1991) Myce
constituted a systematic sister clade of other Cortinariaceae from countries derived from th 171-313. ‘
Gondwanaland break up, although the size of our sampling, and its relatively confined are: ot F, Munch JC, Che
(only a few hundred square meters, on one watershed, in one isolated ultramafic massif i in exploring physiolo
New Caledonia) might clearly not represent the Whole diversity of New Caledoniz these symbioses in ec
Cortinariaceae. It is remarkable that all the New Caledonian Cortinariaceae were differen mhers SM, Sawyer N
from molecular databases existing taxons, and from each other, as if this study only scratched Cortinarius and Den
the surface of the diversity present. More systematic sampling of Cortinariaceae and EC Mycorrhiza, 9, 85-90.
1o0t apices within Nothofagus forests in all regional Gondwanaland countries would be lhét'g A, Jonsson L,
necessary to further analyse the possible phylogeography and co-evolution of both plant and above and below grot
fungal partners. forest imSouth Swede
The dominance of the ECM symbioses in two plant communities shows the necessity to ousso M, Contesto C,
consider these partners in the early stages of restoration processes, e. g, when choosing plan gurnierii sp. nov., |
species to be planted or when optimizing the management of t0psculs We also showed the Mycologie, 25, 115-17
existence of soil fungal mats and hyphal networks, with several ECM taxons, that could be o fgur RC (2004) MUSC
key interest to stabilize the iron oxide spherical beads that almost exclusively compose the throughput. Nucleic A,
soil, in often steep slopes and under cyclonic rains. ardes M, Bruns TD (1
mutricata forest: above
F583,
Yiardner JH, Malajezok |
Western Australia by 1 -
Llarnica S, Weiss M, Ober -
in South Chile. Mycole
Elarmica S, Weiss M, OF
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8.3. VOLET 3 : DISTRIBUTION DES ELEMENTS MI'ETALLI,QL,JES ; VARIATION DU
POTENTIEL REDOX DU PH ET DE LA CONDUCTIVITE ELECTRIQUE AU
COURS DU STOCKAGE DU TOPSOIL.

1- pH, conductivité électrique et potentiel d’oxydoréduction du topsoil de Goro stocké
en andain et prélevé a 0, 50, 100 ou 150 cm sous la surface et stocké étalé (*)

Mois pH CE(uS/cm) E (mV)
BS6 (0-20) 42 152,6 265
=0 BS6(20-40) 4,1 227,0 273
tas 4.8 112,1 104
0 4,9 117,2 207
50 5,1 74,9 189
=3 100 5,1 90,0 215
150 5,1 94,3 197
50%* 52 77,3 207
0 5,1 74,2 103
50 52 66,3 113
=6 100 5,0 114,6 139
150 52 111,6 163
50%* 5,0 78,1 113
0 53 79,7 76
50 52 74,0 74
=9 100 4,9 95,2 86
150 52 81,9 38
50%* 5,1 61,2 74
0 4,9 70,7 76
50 4,9 101,5 80
=12 100 4.8 237,0 87
150 4,9 120,9 118
50%* 5,1 84,3 108
0 5,0 61,1 96
50 5,1 53,6 153
=18 100 5,0 155,6 134
150 5,0 76,5 108
50%* 4.8 68,7 90
0 52 105,9 101
50 4,6 103,7 97
=24 100 4,7 85,9 99
150 45 101,2 109
50%* 53 71,3 91
0 4,9 67,1 109
50 4.4 113,5 170
=30 100 4.4 118,3 127
150 43 212,0 134
50%* 4,6 52,9 162
0 48 53,5 129,3
50 4.6 118,3 173,3
=36 100 4.4 79,0 128,1
150 48 45,7 142,5
50%* 4.4 111,9 160,5
- " . .
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2- pH, conductivité électrique et potentiel d’oxydoréduction du topsoil de Tontouta
stocké en andain et prélevé a 0, 50, 100 ou 150 cm sous la surface et stocké étalé (*)

Mois pH CE(uS/cm) E(mYV)
TS:0-20 cm 5,58 56,4 172
t=0 TS :40-50cm 5,88 55,6 166
=0 (E1-0) 5,87 90,2 168
0 6,03 105,3 227
50 5,57 104,7 180
t=3 100 5,73 108.,8 203
150 5,97 106 219
50* 6,1 152,4 219
0| 6,397 97,6 177
50 5,42 83,1 208
t=6 100 5,82 78,8 204
150 5,71 73,1 201
50*| 6,399 178,1 174
0 5,96 88 196
50 6,41 116,2 228
t=9 100 6,33 107 222
150 5,85 105,8 210
50% 6,19 91,8 214
0 5,6 97,8 220
50 5,72 85,4 179
t=12 100 5,7 94,7 226
150 5,71 111,8 212
50* 5,85 112,7 187
0 5,72 64,5 105
50 5,71 56,5 74
t=18 100 5,76 59,6 102
150 5,67 85,8 105
50* 6,1 57,7 101
0 5,49 37,7 126
50 5,69 78,3 116
t=24 100 6 59,4 76
150 5,57 46,2 &9
50% 5,65 66,9 75
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3- Concentrations en Cr(VI), Ni et Co soluble dans I’eau pour le topsoil de Goro stocké

—
=]

en andain et prélevé a 0, 50, 100 ou 150 cm sous la surface et stocké étalé (*).

Mois Cr(VI) en ng/g | Ni en ng/g Co en ng/g
t=0 BS6 (0-20cm) 3,8 23,8 nd
BS6 (20-40cm) 11,2 26,6 nd

tas 1,0 37,3 nd

t=3 0 14,0 36,2 8,7
50 40,6 31,6 2,2

100 6,7 30,5 3,4

150 12,7 11,4 2,2

50% 25,7 5,9 2,9

t=6 0 11,4 37,4 nd
50 14,6 19,8 nd

100 4,1 27,1 nd

150 14,1 20,8 0,2

50% 9,1 26,0 0,04

t=9 0 3,3 9,8 nd
50 16,9 21,5 6,6

100 18,7 23,8 1,8

150 49.4 46,0 nd

50% 23,6 12,8 nd

t=12 0 9,3 8,8 0,6
50 9,5 8,1 0,1

100 41,3 18,6 5,8

150 51,5 12,3 0,3

50%* 18,2 9,9 nd

t=18 0 24,5 20,7 nd
50 77,1 22,1 nd

100 300,5 15,4 nd

150 126,9 29,8 nd

50* 102,5 26,1 nd

t=24 0 0,7 32,5 nd
50 27,4 36,6 nd

100 23,4 39,3 nd

150 1,1 39,0 nd

50%* 10,5 24,0 0,2

t=30 0 102,0 18,2 nd
50 100,9 9,2 n.d

100 127,6 40,9 nd

150 51,1 24,3 nd

50% 0,0 17,1 n.d

t=36 0 63,7 32,0 nd
50 79,6 37,0 nd

100 74,7 49,9 nd

150 0,0 12,4 nd

50%* 0,0 4,1 nd

n.d pour non détecté
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4- Concentrations en Cr(VI), Ni et Co soluble dans I’eau pour le topsoil de Tontouta

stocké en andain et prélevé a 0, 50, 100 ou 150 cm sous la surface et stocké étalé (*).
n.d pour non détecté et n.a pour non analysé

Mois Cr(VI) en | Ni en ng/g | Co en ng/g
ng/g
t=0 tas 650,7 291,2 0,2
t=3 0 413,2 376,8 1,7
50 534,1 196,2 26,4
100 576,5 127.,9 18,1
150 489,8 133,6 4,2
50%* 1213,6 193,2 n.d
t=6 0 589,7 146,6 3,7
50 463,8 77,4 1,2
100 682,1 62,1 0,9
150 641,1 97,9 1,5
50%* 502,4 311,3 3,1
t=9 0 558,6 283,0 1,7
50 1274,3 129,1 8,3
100 516,3 944.,4 55,6
150 416,2 258,5 30,9
50%* 520,6 195,7 11,0
t=12 0 666,8 233,0 14,2
50 553,0 151,1 12,3
100 313,0 312,4 6,0
150 510,8 210,7 8,7
50* 489,7 160,8 18,4
t=18 0 303,2 290,4 0,1
50 439,3 356,3 0,6
100 2155,5 207,1 1,3
150 209,0 328,1 0,2
50%* 260,8 131,8 0,2
t=24 0 367,4 2399 n.d
50 3327 221,3 n.d
100 467,9 439,0 n.d
150 453,2 520,5 n.d
50%* 426,6 433,9 n.d
t=30 0 n.a
50
100
150
50%*
t=36 0
50
100
150
50%*
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5- Détermination des concentrations en éléments métalliques "biodisponibles" dans le
sol des parcelles expérimentales - VOLET 3-Dynamique des métaux et de la
matiére organique in situ

Des échantillons de sol ont été prélevés sur le dispositif expérimental de GORO lors de 2
campagnes d'échantillonnage

Les mottes sont prélevées a la béche, emballées et transportées au laboratoire. Les sacs sont
ouverts et le sol rhizosphérique (adhérent aux racines et a proximité du systéme racinaire (moins
de 1 cm)

1ére campagne le 27/05/2013, prélévement sur les parcelles contenant les plants de Capolepis
laurifolia ( les plants de Tristaniopsis n'ont pas suffisamment poussé pour étre prélevés) et
prélevement de sol non racinaire

n=4 pour chaque catégorie de sol rhizosphérique ("témoin" non inoculés/ plants
endomycohrizés/"témoins avec boues/ endo+boues)

2éme campagne le 29/10/2013, prélévement sur les parcelles contenant les plants de Carpolepis
laurifolia, les plants de Tristaniopsis glauca et guillaini et prélévement de sol non rhizosphérique

n=8 pour chaque catégorie de sol rhizosphérique ("témoin" non inoculés/ plants
endomycohrizés/"témoins avec boues/endo+boues/ecto/ecto+boues)

La solution de lixiviation est préparée avec 1,967 g de DTPA+1,470g de CaCl2 pour un volume de
1L. pH ajusté a 7,3 par ajout de NaOH

20g de sol sont agités sur table ping-pong en présence de 40 mL de la solution de DTPA pendant
2h

Analyses des oncentrations en éléments métalliques dans les lixiviats de sol

Les concentrations sont déterminées par spectroscopie atomique flamme ou four (AA800
PerkinElmer) selon les gammes de concentrations

Les gammes d'étalonnage sont établies a partir de solution standards certifiées (PerkinElmer)

Les concentrations sont exprimées en pg/g (= mg/kg) de sol sec ou en ng/g (=pg/kg) de sol sec. IC
sont les intervalles de confiance (alpha=0,05).

Carpo_1=résultats de la 1ére campagne pour le sol prélevé dans la rhizosphére de Carpolepis
laurifolia

Carpo_2=résultats de la 2éme campagne pour le sol prélevé dans la rhizosphére de Carpolepis
laurifolia

Trista_2=résultats de la 2éme campagne pour le sol prélevé dans le rhizosphére de Tristaniopsis
glauca et guillaini
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Mn ug/g Carpo-1 |IC [Carpo_2|IC |Trista 2]|IC
Sol Non rhizo 20,140 21,2|39 21,239
témoin 27,5|4,6 24,232 15,1|3,9
témoin+boues 24,6 (2,0 26,1(7,0 15,5|3,5
Endo 23,9 3,5 18,6 (6,3 19,9 (5,7
Endo+boues 28,2 5,0 20,2 4,8 19,7 8,7
Ecto 15,6 14,8
Ecto+boues 17,8 | 6,7
Fe ug/g Carpo_1|IC |Carpo_2|IC |Trista_2|IC
Sol Non rhizo 13,7 1,7 7,0 (3,1 7,0(3,1
témoin 14,5|1,8 8,0(1,8 8,833
témoin+boues 15,123 7,421 5,2|1,7
Endo 11,2/0,8 4,7 (1,2 5,217
Endo+boues 15,0(1,7 6,9 (2,2 5419
Ecto 5,8(1,6
Ecto+boues 6,914
Cr ng/g Carpo_1|IC |Carpo_2|IC |Trista_2|IC
Sol Non rhizo 19,0 4,6 12,6 | 6,0 12,6 | 6,0
témoin 16,1 4,3 15,0 (5,2 11,214,8
témoin+boues 16,3 4,8 17,7 | 3,9 10,5(2,0
Endo 20,3 /3,0 15,3 | 3,8 9,932
Endo+boues 12,7 3,8 15,9 3,8 14,2 3,9
Ecto 8,9|3,7
Ecto+boues 12,1 3,0
Ni pg/g Carpo_1|IC |Carpo_2|IC |Trista_2|IC
Sol Non rhizo 57|12 3,0/1,0 3,0/1,0
témoin 6,913 5113 3,8/0,9
témoin+boues 6,4|0,8 4,3(1,3 29|14
Endo 5,7(1,0 3,2(0,7 29|05
Endo+boues 6,514 4,517 3,1/0,8
Ecto 3,0/0,7
Ecto+boues 3,6|0,7
Co ug/g Carpo_1|IC |Carpo_2|IC |Trista_2|IC
Sol Non rhizo 4,6|0,6 3,2|1,3 3,2(1,3
témoin 47|05 3,0/0,9 2,207
témoin+boues 5,1/0,5 3,1(1,2 1,5(0,2
Endo 4805 1,9(0,6 1,9/0,5
Endo+boues 6,1|0,7 2,809 1,8 (0,3
Ecto 1,804
Ecto+boues 2,405
Mg pg/g Carpo_1|IC |Carpo_2|IC |Trista_2|IC
Sol Non rhizo 1,3/0,1 2,0/0,5 2,0/0,5
témoin 1,2|0,1 29|07 2,409
témoin+boues 1,2|0,1 2,3/0,6 3,3/0,7
Endo 1,1/0,1 2,5(0,8 3,2/0,6
Endo+boues 1,3/0,1 2,1|0,3 2,2|0,6
Ecto 2,407
Ecto+boues 25|1,0
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Eléments majeurs en wt% d’oxydes dans les échantillons.

Fonctionnement géochimique des topsoils

< L.D. : teneur inférieure a la limite de détection. P.F. : perte au feu. SBH : sols bruns
hypermagnésiens de Tontouta ; les autres sont des sols latéritiques de Goro.

] 5i02 [A1203[Fe203| MnO | MgO | CaO | Na20 [ K20 [P205| PF_| Total
% | % | % | % | % | % | % | % | % | % | %
TOPA | 043 | 2,06 [ 2301 0,05 | 0,51 | 020 | 0,02 | 0,04 | 0,05 [70,69] 97,19
TOPB | 062 | 577 [ 6083 | 0.1 [ 054 | | [, | 003 | 0.08 |2573| 94,15
SFFC1 | 1,09 | 694 | 71411 079 | 025 | o | [ | 001 | 006 |1532] 96,06
SFFC2 | 136 | 658 | 7089 | 0.58 | 038 | T | [ 5 | 002 | 005 [1521] 9518
SFFC3 | 183 | 586 | 6874 | 184 | 047 | L | |3 | 001 | 004 | 1654 9554
SFFP1 | 342 | 815 | 6544 | 044 | 082 | 004 | | 002 | 006 |17.28 | 9582
SFFP2 | 2,18 | 995 | 6630 | 028 | 075 | [ [ | [ | 0.01 | 0.06 | 15388 | 9557
SFFP3 | 1081 | 554 | 5585 | 108 | 3.64 | 7, | 0.02 | 001 | 003 | 1818 9521
GOROB| 184 | 518 [7066 | 0,57 [ 070 | [ ) | [ | 001 | 0,06 [1521 | 9441
TOPTO L 053 | 581 | 4859 | 0.15 | 061 | 0.17 | 0.01 | 0,03 | 0.07 [3806( 94,38
TOPTON 041 | 468 | 6042 011 | 051 {009 | 3, | 003|007 [2277| 94.11
Tog TO | 060 | 465 [ 5561 | 0,12 | 0,68 | 0,15 | 0,01 | 0,04 | 0,06 [32,53| 94,76
TORTO L 068 | 473 | 6102 | 018 | 071 | 011 | |3 | 0.02 | 0.06 [2504| 9287
TO}; 101 048 | 457 [5994 | 014 | 061 | 000 | [ | 002 | 006 [2717| 9341
SBH1 | 41,30 | 2,87 [ 2840 | 085 | 7.64 | 0,53 | 0,06 | 0,03 | 0,03 |1533| 97,14
SBH2 | 4734 | 2557 [ 23,06 | 069 | 9.72 | 047 | 005 | 001 | 3, |1236] 9635
SBH 3 | 49.02 | 076 [ 1342 | 020 | 1527 0.4 | 002 | 0.02 | 7, [19.50 | 98.66
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Eléments en traces (ET) les plus importants en ppm (ug/g) dans les échantillons et total de tous les
ET analysés (non représentés) + MnO en wt%.

Echantillon |—C° | Cr ; | Ni_ [MnO] Total des ET
mg kg % %o
TOP A [ 47,04 13410 [ 4523 | 0,05 1,42
TOPB | 130,7 | 40790 | 1126 [ 0,11 4,28
SFFC1 | 540 [25412,5 | 4216 | 0,79 3,09
SFFC2 | 6724 | 22265 | 5551 | 0,58 2,92
SFFC 3 | 22220 | 3,43
SFFP1 | 606,1 | 25495 | 5597 | 0,44 3,24
SFFP2 | 615,5 | 226625 | 5922 | 0,28 2,99
SFFP3  [134050 24550 | 11780 [NO8Y 4,05
GOROB | 5395 | 35310 | 5076 | 0,57 4,17
TOPTO1 | 1979 | 40780 | 1681 [ 0,15 4,34
TOPTO2 | 153 | 38830 | 1309 [ 0,11 4,11
TOPTO03 | 161,8 | 39510 | 1388 [ 0,12 4,18
TOPTO04 |2324 | 52860 | 1943 [ 0,18 5,59
TOPTO5 [ 176,7 | 45540 | 1462 | 0,14 4,80
SBH1 |698,7 | 16625 | 4882 | 0,85 2,29
SBH2 | 742,4 [ 19177,5 | 3826 | 0,69 2,42
SBH3 [200,5| 4559 | 5813 | 0,20 1,07
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Mesures de CEC en mEqg/100g de sol = cmol.kg-1 de sol.

Normalité de CEC en Moyenne CEC
Echantillon Masse (g) Volume (ml) | I'échantillon mEq/100g mEq/100g sur
(N) poids humide
TOPA 7,010 30,000 6,0570 19,528 20.078
TOPA' 7,010 30,000 2,5640 20,628 ’
TOPB 7,038 30,000 0,0360 5,953 5.064
TOPB' 7,037 30,000 0,0360 5,974 ’
SFFCl1 7,001 30,000 0,0481 0,825 0.773
SFFC1' 7,006 30,000 0,0483 0,721 ¢
SFFC2 7,001 30,000 0,0499 0,063 0.067
SFFC2' 7,001 30,000 0,0498 0,072 >
SFFC3 7,000 30,000 0,0476 1,043 L028
SFFC3' 7,000 30,000 0,0476 1,014 ¢
SFFP1 7,001 30,000 0,0411 3,828 3.909
SFFP1' 7,004 30,000 0,0407 3,990 ’
SFFP2 7,002 30,000 0,0478 0,922 0.925
SFFP2' 7,001 30,000 0,0478 0,927 ¢
SFFP3 7,010 30,000 0,0459 1,770 1748
SFFP3' 7,006 30,000 0,0460 1,726 ¢
GORO B 7,003 30,000 0,0464 1,528 1545
GORO B' 7,001 30,000 0,0464 1,563 ¢
TOPTO1 7,003 30,000 0,0189 13,323 13.232
TOPTO!' 7,003 30,000 0,0193 13,142 ’
TOPTO02 7,015 30,000 0,0308 8,230 2377
TOPTO02' 7,016 30,000 0,0301 8,524 ’
TOPTO03 7,012 30,000 0,0248 10,781 10.979
TOPTO03' 7,013 30,000 0,0239 11,177 ’
TOPTO04 7,001 30,000 0,0308 8,214 2413
TOPTO04' 7,001 30,000 0,0299 8,613 ’
TOPTO05 7,000 30,000 0,0291 8,944 2.990
TOPTO05' 7,001 30,000 0,0289 9,036 ’
SBHI1 5,026 30,000 0,0098 24,009 24.120
SBHI' 5,026 30,000 0,0094 24,231 ’
SBH2 5,009 30,000 0,0126 22,411 2 447
SBH?2' 5,010 30,000 0,0125 22,482 ’
SBH3 5,154 30,000 0,0002 28,979 78.987
SBH3' 5,153 30,000 0,0002 28,994 ’
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Matrices des corrélation pour la parameétres des solutions d’extraction :

e NaNO3 (0,01 M)
pHAncubé Al Ca Co Cr Fe K Vg Mn Ni Si 7n TOCqmg#1) TICHmgi-1)
pHIncubé 1 -0,21 -0,41 -0,17 0,21 0,29 -0,03 -0,51 -0,48 -0,45 0,55 -0,06 -0,57 -0,11 0,42
Al 0,21 1 0,34 0,33 0,49 0,32 0,27 0,64 0,21 0,77 -0,29 0,27 0,04 0,87 0,14
Ca 0,41 0,34 1 0,65 0,15 0,30 0,14 0,45 0,92 0,21 0,04 0,27 0,55 0,26 0,37
Co 0,17 0,33 0,65 1 -0,29 0,40 0,15 0,23 0,43 0,09 0,10 0,04 0,33 0,29 -0,18
cr 0,21 0,49 0,15 0,29 1 0,93 0,38 0,28 0,16 0,10 0,09 0,44 -0,08 0,70 0,53
Fe 0,29 0,32 -0,30 -0,40 0,93 1 0,18 0,00 -0,31 -0,05 0,03 0,29 -0,20 0,48 0,53
K -0,03 0,27 -0,14 -0,15 0,38 0,18 1 0,11 -0,18 0,25 0,14 0,14 0,13 0,53 0,48
Mg -0,51 0,64 0,45 0,23 0,28 0,00 0,11 1 0,47 0,59 -0,23 0,43 0,53 0,56 -0,24
Mn -0,48 -0,21 0,92 0,43 -0,16 -0,31 -0,18 0,47 1 -0,07 -0,09 0,32 0,45 -0,17 -0,45
Ni -0,45 0,77 -0,21 -0,09 0,10 -0,05 0,25 0,59 -0,07 1 -0,53 -0,03 0,20 0,65 -0,04
S 0,55 -0,29 0,04 0,10 0,09 0,03 0,14 -0,23 -0,09 -0,53 1 0,44 -0,13 -0,10 0,10
Si -0,06 0,27 0,27 -0,04 0,44 0,29 0,14 0,43 0,32 -0,03 0,44 1 0,32 0,35 -0,26
Zn -0,57 0,04 0,55 0,33 -0,08 -0,20 0,13 0,53 0,45 0,20 -0,13 0,32 1 -0,02 -0,35
TOCHmg-1) -0,11 0,87 -0,26 -0,29 0,70 0,48 0,53 0,56 -0,17 0,65 -0,10 0,35 -0,02 1 0,36
TICHmgl-1) 0,42 0,14 -0,37 -0,18 0,53 0,53 0,48 -0,24 -0,45 -0,04 0,10 -0,26 -0,35 0,36 1
Eniyra icativesqhorsi illpha=0, 05T a
e Citrate (0,01 M)
pHAncubé Al Co Cu K Mg Mn Ni P S Zn TOCAmgA-1) TICAmgEF1)
pHAncubé 1 0,06 0,04 ~0,05 0,20 0,34 0,25 0,01 0,06 0,10 0,32 0,41 0,09 ~0,07 0,51 0,28
Al 0,06 1 -0,80 -0,40 0,45 0,66 0,40 0,56 -0,07 -0,23 0,84 0,42 0,50 0,00 0,21 0,04
Ca 0,04 -0,30 1 0,46 -0,51 0,62 -0,33 0,67 0,21 0,44 0,64 0,36 -0,53 0,28 0,21 0,18
Co -0,05 -0,40 0,46 1 -0,25 -0,45 -0,08 0,02 -0,17 0,02 0,41 0,26 0,20 0,12 -0,07 -0,06
cr 0,20 0,45 -0,51 -0,25 1 0,21 0,85 -0,60 0,29 0,47 0,25 0,98 0,15 -0,51 -0,07
Cu 0,34 0,66 -0,62 -0,45 0,21 1 0,20 0,20 0,29 0,72 0,31 0,20 -0,19 0,24 -0,19
Fe 0,25 0,40 -0,33 -0,08 0,85 0,20 1 -0,49 0,08 0,54 0,18 0,78 0,29 0,39 -0,09
K 0,01 -0,56 0,67 0,02 -0,55 -0,29 0,64 0,16 0,39 0,05 -0,61 0,02 0,60 0,05
Mg 0,06 -0,07 0,21 -0,17 -0,60 0,20 1 -0,14 0,20 0,43 -0,60 -0,02 0,72 -0,09
Mn 0,10 -0,23 0,44 0,02 0,29 -0,29 0,08 -0,14 1 -0,19 -0,46 0,35 0,12 -0,18 0,00
Ni 0,32 0,84 -0,64 -0,41 0,47 0,72 0,54 0,20 -0,19 1 0,31 0,46 0,15 0,03 -0,06
P -0,41 0,42 -0,36 -0,26 -0,25 0,31 -0,18 0,43 -0,46 0,31 1 -0,21 -0,05 0,17 -0,10
S 0,09 0,50 -0,53 -0,20 0,98 0,20 0,78 -0,60 0,35 0,46 -0,21 1 0,16 -0,59 -0,10
Zn -0,07 0,00 0,28 0,12 0,15 -0,19 0,29 -0,02 0,12 0,15 -0,05 0,16 1 -0,39 0,49
TOCHmg#-1) 0,51 -0,21 0,21 -0,07 -0,51 0,24 -0,39 0,60 0,72 -0,18 0,03 0,17 -0,59 -0,39 1 -0,01
TICHmgH-1) 0,28 0,04 0,18 -0,06 -0,07 -0,19 -0,09 0,05 -0,09 0,00 -0,06 -0,10 -0,10 0,49 -0,01 1
Endras, valeur: ificati i ilIpha=0,0501
e EDTA (0,01 M)
pHincubé Al Co Cu Mg Na Ni S Si 7n TOCHmgF1) TICHmgHH1)
pHincubé 1 -0,32 -0,34 0,13 0,58 0,52 0,32 -0,64 -0,32 -0,19 0,21 0,22 0,43 0,41 0,31
Al -0,32 1 -0,35 -0,39 -0,14 0,15 -0,15 0,08 0,98 0,37 -0,08 -0,16 -0,17 -0,02 -0,04
Ca -0,34 -0,35 1 0,52 -0,32 -0,32 0,07 0,55 -0,24 -0,26 -0,30 -0,10 -0,10 -0,30 -0,25
Co 0,13 -0,39 0,52 1 -0,36 -0,14 0,02 0,16 -0,28 -0,35 -0,14 -0,22 -0,07 -0,21 -0,28
Cr 0,58 -0,14 -0,32 -0,36 1 0,37 0,41 -0,31 -0,16 0,05 -0,13 0,03 0,48 0,65 0,63
cu 0,52 0,15 0,32 -0,14 0,37 1 0,34 -0,09 0,10 0,39 0,01 0,26 0,33 0,64 -0,08
K 0,32 -0,15 0,07 0,02 0,41 0,34 1 0,21 -0,15 0,17 0,21 0,17 0,70 0,41 0,17
Mg -0,64 0,08 0,55 0,16 -0,31 -0,09 0,21 1 0,07 0,48 -0,54 0,36 0,09 0,07 0,39
Mn -0,30 -0,23 0,79 0,16 -0,24 -0,28 -0,02 0,34 -0,17 0,30 0,14 0,16 0,23 -0,42 0,17
Na 0,32 0,98 -0,24 -0,28 -0,16 0,10 -0,15 0,07 1 0,21 0,07 0,18 -0,25 -0,09 0,02
Ni -0,19 0,37 -0,26 0,35 0,05 0,39 0,17 0,48 0,21 1 0,36 0,21 0,46 0,57 0,23
s 0,21 -0,08 -0,30 -0,14 -0,13 0,01 -0,21 -0,54 0,07 0,36 1 0,79 0,31 0,44 0,29
Si 0,22 -0,16 -0,10 -0,22 0,03 0,26 0,17 0,36 0,18 0,21 0,79 1 -0,05 0,25 0,08
Zn 0,43 -0,17 -0,10 -0,07 0,48 0,33 0,70 0,09 0,25 0,46 0,31 -0,05 1 0,65 0,02
TOCHmgd-1) 0,41 -0,02 -0,30 -0,21 0,65 0,64 0,41 0,07 -0,09 0,57 -0,44 -0,25 0,65 1 0,08
TICHimgH-1) 0,31 -0,04 -0,25 -0,28 0,63 -0,08 -0,17 -0,39 -0,02 -0,23 0,29 0,08 -0,02 0,08 1
Engras, i @i illpha=0,05
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