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Baillarguet, 34398 Montpellier Cedex 5, §Université Montpellier 2, UMR28 LSTM, TA A-82 ⁄ J Campus International de

Baillarguet, 34398 Montpellier Cedex 5, France
Corresponde

E-mail: claris

� 2012 Black
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 (qPCR) approaches to investigate and

compare the transcriptomes of the nickel-tolerant isolate MD06-337 in the presence and

absence of nickel. A total of 1 071 375 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.

Keywords: ectomycorrhiza, New Caledonia, nickel, Pisolithus albus, pyrosequencing
Received 24 July 2011; revision received 2 February 2012; accepted 6 February 2012
Introduction

The presence of high levels of heavy metals in terres-

trial environments can result from natural or human-

related factors, such as pollution. It may influence the

ecology and evolution of plants, fungi, animals and
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other organisms (Branco & Ree 2010; Colpaert et al.

2011). In the presence of high levels of heavy metals,

ectomycorrhizal (ECM) fungal populations are differen-

tiated into those that are highly tolerant of metal toxic-

ity and those that are sensitive to such metals (Hartley

et al. 1997).

In recent years, several studies have characterized

and reviewed the various molecular mechanisms and

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; Gonçalves 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 (Gonçalves 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
� 2012 Blackwell Publishing Ltd



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

Site on

map

Map location,

GPS coordinates

Isolate

code

DNA-ITS

EMBL

accession

code

Nickel

phenotype

*Ni EC50

lM

MMN

medium

*Ni EC50

lM

UF-like

medium References

1 Trazy-Guerioum, Koniambo

Massif

(21�00¢28¢¢ S; 164�49¢50¢¢ E)

MD06-337 AM947121 Tolerant 569 ± 3 1800 ± 5 Jourand

et al. 2010a

2 Pindjen Waterfall Road

Koné (21�02¢19¢¢ S;

164�46¢26¢¢ E)

MD09-078 FR852890 Sensitive 42 ± 4 65 ± 1 This study

3 Pindai

(21�19¢49¢¢ S; 164�58¢22¢¢ E)

MD09-063 FR852893 Sensitive 76 ± 2 29 ± 2 This study

4 Mont-Dore, Plum Road

(22�15¢17¢¢ S; 166�36¢46¢¢ E)

MD09-045 FR852892 Tolerant >1000 2600 ± 5 This study

5 Bois du Sud

(22�10¢18¢¢ S; 166�44¢49¢¢ E)

MD09-001 FR852891 Tolerant 1194 ± 3 1500 ± 5 This study

EC50, the effective concentration that inhibits growth by 50% (Blaudez et al. 2000b); ITS, internal transcribed spacer.

*Ni EC50 was determined in two media: Melin-Norkrans medium as reference medium (Blaudez et al. 2000b) and UF-like medium.
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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 MD06-337 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: KH2PO4 (0.5 g ⁄ L; K and P = 3.7 mM),

(NH4)2HPO4 (0.25 g ⁄ L; N = 3.78 mM and P = 3.67 mM),

CaCl2 (0.05 g ⁄ L; Ca = 0.34 mM), NaCl (0.025 g ⁄ L;

NaCl = 0.43 mM), MgSO4.7H2O (0.15 g ⁄ L; Mg = 0.61

mM), thiamine hydrochloride (100 lg ⁄ L), FeCl3.6H2O

(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 HCl

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 = 257 mM), P
� 2012 Blackwell Publishing Ltd
(0.07 g ⁄ kg, P = 2.25 mM), K (0.09 g ⁄ kg, K = 2.3 mM), Ca

(0.26 g ⁄ kg, Ca = 6.5 mM) and Mg (4.1 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 lM). 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:

KH2PO4 (0.25 g ⁄ L; P = 1.83 mM and K = 1.83 mM),

(NH4)2HPO4 (0.125 g ⁄ L); N = 1.8 mM and P = 0.9 mM,

NH4NO3 (10 g ⁄ L); N = 250 mM, CaCl2 (0.05 g ⁄ L);

Ca = 0.34 mM, KCl (0.033 g ⁄ L); K = 0.44 mM, NaCl

(0.025 g ⁄ L), MgSO4Æ7H2O (1.95 g ⁄ L); Mg = 7.9 mM, thia-

mine hydrochloride (100 lg ⁄ L), FeCl3Æ6H2O (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 HCl 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

NiCl2 (1 M) to the required final concentrations. To

check the nickel tolerance of all the isolates used in the

study, the EC50 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 et 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 2 M

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 NanoDrop1000 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 (MD06-337) 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 lM NiCl2). 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) · (1000 ⁄ length of contig) · (1 · 106 ⁄ 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 BLASTX with an E-value cut-off of 10)5, 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 10)5), which had

been annotated with GO terms using the software

BLAST2GO V2.4.8 (Götz 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



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.

Contig

No.

gene

Size

(bp)

RPKM

0 lM Ni

RPKM

250 lM Ni

EMBL

accession number Species E-value % Identity

C10864 1 517 0 64 FR852894 Pisolithus microcarpus 2E)33 100%

C6406 2 411 0 65 FR852895 P. microcarpus 1E)105 96%

C9200 3 443 0 10 FR852896 P. microcarpus 3E)94 95%

C7318 4 411 0 90 FR852897 P. microcarpus 2E)79 95%

C10795 5 504 0 90 FR852898 P. microcarpus 1E-130 99%

C15327 6 235 0 17 FR852899 P. microcarpus 1E)112 99%

C17653 7 1199 1 27 FR852900 P. microcarpus 9E)44 98%

C18133 8 1125 1 35 FR852901 P. microcarpus 1E)151 99%

C10491 9 665 6 30 FR852902 P. microcarpus 9E)92 97%

C4552 10 1303 3 42 FR852903 P. microcarpus 1E)155 99%

bp, base pair; RPKM, reads per kilobase of exon model per million mapped reads (Mortazavi et al. 2008).
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either 50 or 250 lM nickel provided as NiCl2. 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 MD06-337 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 lg) were treated with Turbo-

DNase I (Applied Biosystems, Carlsbad, CA, USA) and

used for cDNA synthesis, which was performed using a

High Capacity cDNA 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 lL, which

contained 5 lL of diluted cDNA (1 ng of total RNA

equivalent), 1· SYBR Green PCR Master Mix (Applied

Biosystems) and 0.3 lM 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 qPCR

Data were analysed using two methods. The REST 2009

method, which is available at http://www.gene-

quantification.de/rest-2009.html (Pfaffl et al. 2002), was

used to determine the ratios of transcripts, whereas the

2)DDCt 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 4a (EF4a). 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 2)DDCt

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 XLSTAT 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 ⁄ 5.8S 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.

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 (MD06-337) grown without

nickel or with nickel at 250 lM. 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.
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 1 071 375 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
set of BLASTX searches (Table S2, Supporting informa-

tion). Among the 19 518 unique contigs, the global

BLASTX 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 MD06-337 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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biological processes and 20% were assigned to molecu-

lar function (Fig. S3, Supporting information).
Tracking of nickel biomarkers in nickel-tolerant
MD06-337 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 BLASTX sequence alignments

(with a threshold of <1E)03). 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
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-qPCR
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



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

No.

contig

No.

gene

BLASTX functional identification

Best predicted function Species E-value Blast hit Functional classification GO terms

C10864 1 GPI-anchored cell

surface glycoprotein-

like (AGA1)

Saccharomyces

cerevisiae

5E)03 YNR044W Cell-wall anchorage No hits found

C6406 2 Unknown function Laccaria bicolor 3E)08 XM_001881526.1 Unknown function No hits found

C9200 3 Alpha-aminoadipate

reductase Lys1p

(LbLYS1)

L. bicolor 8E)64 XM_001879583.1 Secondary metabolite

biosynthesis

GO:0003824

C7318 4 Unknown function L. bicolor 3E)07 XP_001878436.1 Unknown function No hits found

C10795 5 Vacuolar protein

sorting-associated

protein 70

Coprinopsis

cinerea

4E)20 XP_001837057.2 Metallocarboxypeptidase

activity

GO:0004180

C15327 6 S-adenosylmethionine-

dependent

methyltransferase

L. bicolor 2E)21 XP_001874602.1 Methyl transferase GO:0016740

C17653 7 Class III chitinase C. cinerea 5E)08 XM_001828384.2 Chitin catabolic process No hits found

C18133 8 Cytochrome P450

(CYP)

L. bicolor 4E)40 XP_001878510.1 Monooxygenase activity GO:0009055

C10491 9 APC amino acid

permease

L. bicolor 4E)39 XP_001875612.1 Amino acid transport GO:0006560

C4552 10 bZip transcription

factor

L. bicolor 9E)10 XP_569310.1 RNA processing GO:0009267

GO, Gene Ontology.
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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
Table 4 Validation of the pyrosequencing data by RT-qPCR. Relative

regulated by nickel: No. 1–10) was measured in the MD06-337 nickel-

No. contigs ⁄ genes C10864 C6406 C9200 C7318 C

Relative expression

(cDNA 454)*

10*** 10.4*** 6.3 6.5 4

(1) P(H1) 0.0001 0.0001 0.49 0.49 0
†Relative

expression (3n)

5.1** 4.1* 2.3 8*** 5

(2) P(H1) 0.004 0.05 0.175 0.0001 0

Relative expression values were determined by normalizing expressio

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and elongation

*Values in line (1) represent the relative expression levels of the 10 ge

pyrosequencing analysis of MD06-337 isolate.
†Values in line (2) represent the means of three biological independen

All statistical computation and analyses of qPCR data were carried ou

We used the hypothesis tests P(H1).

*P < 0.05; **P < 0.01; ***P < 0.001.

Values indicate the mean ± SD (n = 3).
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
induction of expression by nickel of the 10 selected genes (up-

tolerant isolate, using GAPDH and EF4a as reference genes

10795 C15327 C17653 C18133 C10491 C4552

.2*** 8*** 3.5 39*** 17.3*** 7.7***

.0001 0.0001 0.49 0.0001 0.0001 0.0001

* 6.5** 6*** 8.5 39.5** 5.2***

.022 0.007 0.0001 0.066 0.005 0.0001

n levels against those of the housekeeping genes that encode

factor 4 a (EF4a).

nes as determined using the cDNA used for the

ts relative expressions qPCR on the MD06-337 isolate.

t using the REST 2009 software (Pfaffl et al. 2002).

� 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 MD06-337 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 lM, with expres-

sion patterns in the presence of 250 lM 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
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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
(MD06-337) 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
15.4xnt isolate MD06-337

8.4x

0795 C15327 C17653 C18133 C10491 C4552

7.1x

4.5x

1x

1.5x

.4 21.53 0.17 16.16 87.2 73.5

itive isolate MD09-078

0.9x

0.9x

0795 C15327 C17653 C18133 C10491 C4552 
5.5 1.4 7.2
5 1.5 6.6

D
D

ND
ND

ND
ND

1x

.5 4.8 11.1 5.7 8.70.15

olates grown without nickel or with nickel (provided as 50 lM

termined by pyrosequencing, in nickel-tolerant (MD06-337) and

antified by RT-qPCR, using the 2)DDCt method with glyceralde-

rmalization, and expressed as arbitrary units. The data indicate

plicate biological samples. The fold induction by nickel is pre-

es >37).



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 2)DDct method with normalization using two refer-

ence genes, GAPDH and EF4a

No. gene

No. 1

C10864

No. 2

C6406

No. 3

C9200

No. 4

C7318

No. 5

C10795

No. 6

C15327

No. 7

C17653

No. 8

C18133

No. 9

C10491

No. 10

C4552

mRNA accumulation

ECM (MD06-337) in situ

Nickel-tolerant isolate

11 0.4 8.4 5.1 1.2 1.3 nd 0.8 3 7

Control (in vitro)

MD06-337

(UF-like + 250 lM nickel)

10 10.4 6.3 6.5 4.2 8 3.5 39 17.3 7.7

ECM (MD09-078) in situ

Nickel-sensitive isolate

0.25 0.74 48.2 35.7 0.24 0.41 0.24 18.5 0.34 26.6

Control (in vitro)

MD09-078

(UF-like + 50 lM nickel)

nd nd 22 3 0.30 0.24 0.21 8 1.5 3

nd, not detected (CT > 37); ECM, ectomycorrhizal; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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very weakly or were not detectable (ND) in the MD09-

078 isolate, whereas they were expressed strongly in

MD06-337 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 lM 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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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 (MD06-337) 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 Zip1-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 (MD06-337) 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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