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Abstract A heavy metal tolerant strain of the ericoid my-
corrhizal species Oidiodendron maius, isolated from roots
ofVacciniummyrtillus growing in soil heavily contaminated
with zinc, was previously shown to tolerate high concentra-
tions of zinc and cadmium ions in the growth medium. We
have investigated the genetic basis of this fungal strain
tolerance to high zinc concentrations by using an untargeted
approach. From a cDNA library constructed by usingmRNA
from Zn-treated O. maius mycelia, 444 clones were ran-
domly selected and 318 were sequenced. Sequence analysis
identified 219 unique clones: 117 showed homology to
previously identified genes, 26 matched unknown protein
coding regions found in other organisms, and 76were novel.
Variation in the gene expression level after a 20-day treat-
ment with high concentrations of Zn was monitored on 130
unigenes by reverse northern blot hybridisation. Sixteen
unigenes were shown to be either up- (9) or down- (7)
regulated. The putative function of these genes and their
involvement in stress tolerance is discussed.

Keywords Expressed sequence tag . Heavy metal
tolerance . Gene expression . Mycorrhizal fungi

Introduction

Ericoid fungi are a diverse group of soil fungi that establish
a distinctive type of mycorrhizal association with ericac-
eous plants (Bonfante andGianinazzi-Pearson 1979; Perotto
et al. 2002). These fungi profusely colonise the fine hair
roots typical of ericaceous plants and, due to their sapro-
trophic capabilities, play an important role inmineral cycling

and plant nutrition (Read 1996). Thanks to their mycorrhizal
status, host plants can grow on low-mineral, acidic, organic
soils high in toxic metal ions, where they can become dom-
inant species (Smith and Read 1997). The mechanisms that
protect the host plants from heavy metal toxicity are, how-
ever, poorly understood (Perotto andMartino 2001). It is also
unclear how the ericoid fungi themselves survive and tolerate
toxic concentrations of heavy metals, and whether they rely
on cellular andmolecular mechanisms already described for
other organisms.

A number of heavy metals—such as Cu, Fe, Zn—are
essential micronutrients required for a wide variety of
physiological processes. Zinc ions, for example, serve as co-
factors for many enzymes, and a large number of protein
sequences contain Zn2+-binding structural domains. However,
elevated concentrations of both essential and non-essential
heavy metals can be toxic and cause growth inhibition of
most organisms (Clemens 2001; Perego and Howell 1997).
Symptoms of toxicity observed in the presence of excessive
amounts of heavy metals may be due to a range of inter-
actions at the cellular/molecular level. Toxicity may result
from the binding of metals to sulphydryl groups in proteins,
leading to inhibition of activity or disruption of structures, or
from the displacing of an essential element resulting in de-
ficiency effects. In addition, excess of heavy metals may
stimulate the formation of free radicals and reactive oxygen
species, resulting in oxidative stress (Hall 2002). In order to
maintain the concentration of essential metals within phys-
iological limits and to minimise the detrimental effects of
non-essential metals, living organisms have evolved a com-
plex network of homeostatic mechanisms that serve to
control the uptake, accumulation, trafficking and detoxifi-
cation of metals. The main components of metal homeosta-
sis involve transport, chelation and sequestration (Clemens
2001). Regulation of these activities ensures the proper
delivery and distribution of metal ions at the cell and or-
ganism level, resulting in a basic level of metal tolerance.
While basic metal tolerance is ubiquitous, some species and
genotypes can grow on soil that, either naturally or due to
human activities, contains growth-prohibiting concentra-
tions of metals.
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Oidiodendron maius is one of the few fungal taxa iden-
tified as symbionts of ericaceous plants in Canada (Couture
et al. 1983; Hambleton and Currah 1997) and Europe
(Douglas et al. 1989; Perotto et al. 1996). Several strains of
O.maiuswere isolated from the roots ofVacciniummyrtillus
growing in heavy-metal-polluted plots in the Niepolomice
forest (Poland), which were contaminated with industrial
dusts containing different proportions of Zn, Cd, Al and Fe
(Greszta 1988; Turnau 1988). These ericoid fungal strains
have been investigated for their ability to grow in the pres-
ence of heavy metals (Bardi et al. 1999; Lacourt et al. 2000;
Martino et al. 2000a,b, 2002; Perotto and Martino 2001),
and O. maius strain Zn was selected as one of the isolates
most tolerant to Zn and Cd.

Biochemical analyses indicate that high heavy metal
concentrations induce profound changes in the profile of
extracellular proteins in O. maius Zn (Martino et al. 2002).
Thus, the presence of a set of genes coding for proteins
involved in metal homeostasis and in stress-tolerance was
envisaged.

In this report we present a pilot-scale cDNA sequencing
project that provides a first insight into genes expressed by
an endomycorrhizal fungus in the presence of high heavy
metal concentrations, allowing us to identify a number of
sequences that are likely candidates for long-term stress-
tolerance determinants in O. maius Zn. Since only ribo-
somal genes have been cloned from O. maius, we chose to
carry out random cDNA sequencing rather than an approach
based on subtractive hybridisation. Therefore, we first iso-
lated and sequenced expressed sequence tags (ESTs), an
approach that is now routinely used for gene isolation from
many organisms (Pandey and Lewitter 1999; Ohlrogge and
Benning 2000). In order to highlight the specific genes
regulated by a prolonged exposure to heavy metals, vari-
ation in the expression level of identified EST clones was
monitored by reverse northern blot hybridisation in mycelia
grown for 20 days under conditions of high Zn concentration.

Materials and methods

Fungal isolate

The fungal isolate investigated in this study is O. maius
strain Zn, deposited in theMUTcollection at the Department
of Plant Biology, University of Turin (CLM1381.98). This
strain was isolated in the Niepolomice Forest (25 km
northeast of Krakow, Poland) from the roots of Vaccinium
myrtillus growing in experimental plots treated with 5,000
t/km2 of dusts derived from industrial electro-filters contain-
ing high concentrations of Zn, Cd and Al. The characteris-
tics of the site and the identification of this fungal isolate
are described in Martino et al. (2000b).

RNA isolation and cDNA library construction

The fungus was grown at 25–26°C in Czapek-pectin liquid
medium (NaNO3 3 g/l, K2HPO4·3H2O 1.31 g/l, MgSO4·
7H2O 0.5 g/l, FeSO4·7H2O 0.01 g/l, KCl 0.5 g/l, pectin 8 g/l)
with 7.6 mM Zn2+ added (as ZnCl2; Merck, Darmstadt,
Germany, 98% purity). Mycelia were harvested by filtra-
tion, washed with cold water and 10 mM EDTA, frozen in
liquid nitrogen and used for RNA extraction following a
modification of the method described in Shirzadegan et al.
(1991). Mycelia were ground to a fine powder in liquid
nitrogen using a mortar and pestle and transferred to tubes
containing a 1:1 ratio of phenol and extraction buffer (100
mM LiCl, 100 mM Tris-Cl pH 8.0, 10 mM EDTA, 1%
SDS) at 80°C. After vortexing for 1 min, tubes were incu-
bated for 5 min in a dry block at 80°C. Then, one-half vol-
ume of chloroform/isoamyl alcohol (24:1 v:v) was added,
the homogenate was thoroughly mixed by vortexing for
2 min and centrifuged at 3,000 rpm for 30 min at 4°C.
The upper aqueous phase was extracted three times with
one volume of cold phenol/chloroform/isoamyl alcohol
(24:23:1 v:v:v) and once with one volume of chloroform/
isoamyl alcohol (23:1) and centrifuged 3,000 rpm for 15
min at 4°C. The aqueous phase was finally mixed with one-
third volume of 8 M LiCl and left overnight at 4°C. Sub-
sequently, RNAwas pelleted by centrifugation for 30 min at
13,000 rpm and the pellet was washed in 70% ethanol/30%
0.5 M NaCl for 1 h changing solution several times. The
RNA was resuspended in an adequate amount of H2O and
a small amount was loaded on a gel to check the quality.

The cDNA library was constructed using the λ ZAPII
cDNA Synthesis Kit (Stratagene, La Jolla, Calif.) according
to the manufacturer’s instructions. cDNA was synthesised
from the mRNA isolated from total RNA using the
PolyATtract Systems (Promega, Madison, Wis.). Double-
stranded cDNA was ligated with EcoRI-XhoI oligonucle-
otide adapters for directional cloning in the Lambda ZAPII
vector, and packaged using Gigapack III Gold. Recombi-
nants were propagated in Escherichia coli strain XL1 Blue
MRF′. The titre of the library was checked before and after
the recommended amplification.

Sequencing

The phage library was converted to the plasmid form by
mass excision, according to the protocol described by
Stratagene. The phagemid library obtained was used to
infect E. coli strain SOLR. Bacteria were grown for 15 min
at 37°C and then plated at low density on medium con-
taining Luria-Bertani (LB) broth and ampicillin (50 μg/ml).
After incubation at 37°C overnight, individual colonies
were selected randomly and manually transferred to new
plates.

Insert size was checked for each colony through PCR
reactions using the universal T3 and T7 primers. The re-
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actions were performed in a final volume of 30 μl con-
taining 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.1 mM
MgCl2, 0.01% gelatine, 0.1 mM each dNTP, 1 unit (U)
RedTaq DNA polymerase (Sigma, St. Louis, Mo.) and 50
pmol each primer, in a Perkin Elmer Cetus DNA Thermal
Cycler (Perkin-Elmer, Foster City, Calif.) with the following
program: 3 min at 95°C (1 cycle), 45 s at 94°C, 45 s at 55°C,
2 min at 72°C (30 cycles), 10 min at 72°C (1 cycle).

The chosen colonies were manually picked and trans-
ferred into individual wells of a 96-wells PCR plate con-
taining 150 μl LB with 50 μg/ml ampicillin per well. After
growth at 37°C, each cell culture was mixed with glycerol
(12% final concentration) and stored at −80°C, ready for
high throughput DNA sequencing.

Sequencing reactions were run and analysed by Genome
Express (Meylan, France); all reactions contained the stan-
dard T7 sequencing primer and thus read into the presumed
3′ end of each cDNA.

Sequence editing

Original data analysis and assembly were performed on PC
operating system-based computer. All the automated se-
quences were manually trimmed of vector and polylinker
sequences and were truncated when ambiguous base calls
increased in the sequence. Ambiguous and miscalled bases
were corrected, when possible, after examination of the
corresponding chromatogram files with the help of Se-
quencher software version 4.0.5 (Gene Codes, Ann Arbor,
Mich.).

All sequences were examined for potential overlaps
using the Sequencher software, with the following as-
sembly parameters: alignment method = dirty data, min-
imum match percentage = 85%, minimum overlap = 20.
Overlapping sequences were assembled into contigs, each
one representing a different EST. The identification num-
ber of contigs adopted the ID of the first clone that ap-
peared in the sequencing project.

The sequences have been deposited at the National
Centre for Biotechnology Information (NCBI) GenBank
(http://www.ncbi.nlm.nih.gov) under accession numbers
CK928136, CN200103–CN200319.

Similarity searches

The cDNA sequences obtained were compared with the
nonredundant (nr) database available through the NCBI
using the BlastX or tBlastX algorithms (Altschul et al.
1997). Blast searching was carried out automatically by the
InterESTsoftware developed in our laboratory (S. Abba’, in
preparation).

Sequences with an expected E value ≤1×10−5 were
considered to identify known genes or to have partial ho-
mology to known genes. ESTs showing almost 100%
identity to E. coli, yeasts, or bacteriophage lambda at the
amino acid and nucleotide level were eliminated as sus-
pected contaminants of the library or artefacts. Putative

identifications for the ESTs were assigned based on the
results of the BLAST searches and, in some cases, on
information contained in related abstracts in MEDLINE.
The potential cellular roles for the matching sequence were
determined using data of the Saccharomyces cerevisiae
functional catalogue website (http://mips.gsf.de/proj/yeast/
catalogues/funcat/).

RNA preparation and synthesis of 32P-labelled cDNA
probe

Total RNA was extracted from mycelia of O. maius Zn
grown for 25 days at 25–26°C in Czapek-pectin liquid
medium with 10 mM Zn2+ added (as ZnSO4; Fluka, 99%
purity) (treated sample—T) or not (control sample—C).
Mycelia were harvested by filtration, washed with cold
water and frozen in liquid nitrogen. Mycelia were then
ground to a fine powder in liquid nitrogen using a mortar
and pestle and transferred to tubes containing a 1:1 ratio of
phenol and extraction buffer (100 mM Tris-Cl pH 8.0, 100
mMNaCl, 20 mM EDTA, 1% SLS, 0.1% PVP) on ice. The
homogenate was thoroughly mixed by inverting the tubes
for 1 min and then centrifuged for 5 min at 14,000 rpm. The
upper aqueous phase was extracted with one volume of
cold phenol/chloroform/isoamyl alcohol (24:23:1 v:v:v)
and centrifuged at 14,000 rpm for 10 min. The aqueous
phase was then mixed with one volume of isopropyl al-
cohol and precipitated for 30 min at −80°C. After cen-
trifugation at 14,000 rpm for 30 min at 4°C, the pellet was
redissolved in 500 μl H2O and precipitated twice in 3 M
LiCl for about 14 h at 4°C. Subsequently, RNA was pel-
leted by centrifugation for 30 min at 14,000 rpm at 4°C and
the pellet was washed in 70% ethanol. The RNA was
resuspended in an adequate amount of H2O and a small
aliquot was loaded on an agarose gel to check the quality
and measured spectrophotometrically to determine the
concentration.

The cDNA probes were prepared from 5 μg of each of
the two RNA samples by reverse transcription in a 30 μl
reaction consisting of 50 mM Tris-HCl, pH 8.3, 75 mM
KCl, 3 mM MgCl2, 3.3 mM DTT, 1 mM dNTP (without
dCTP), 3.3 μM home-made AncT20 primers, 40 U
RNaseOUT (Invitrogen-Life Technologies, Carlsbad,
Calif.), 30 μCi [α-32P]dCTP (NEN,PerkinElmer) and300U
SuperScript II RT (Invitrogen-Life Technologies). The re-
verse transcription was allowed to proceed for 90 min at
37°C and then Micro Bio-Spin P-6 columns (Bio-Rad,
Hercules, Calif.) were used to remove the unincorporated
32P. Water was added to the eluate to a volume of 100 μl
and 1 μl was evaluated for [α-32P]dCTP incorporation by
liquid scintillation analysis (Packard).

Preparation of blots and hybridisation

The colonies of interest were picked and lysed by boiling in
10 μl H2O. Using primers flanking the vector cloning site
(T3 and T7), the cloned cDNA fragments were amplified

335

http://www.ncbi.nlm.nih.gov
http://mips.gsf.de/proj/yeast/catalogues/funcat/
http://mips.gsf.de/proj/yeast/catalogues/funcat/


from the colony lysates in a 30 μl reaction as described
above. To prepare for blotting, 12 μl of each PCR-amplified
insert was loaded onto duplicate agarose gels, transferred to
nylon membranes and UV cross-linked before being used
for hybridisation. A total of 146 samples were loaded; each
filter contained 17 clones (except the last, which contained
only 11 clones) and, as control, the undiluted and 1:10 di-
luted PCR amplified insert of clone CB5 corresponding
to a cDNA encoding elongation factor 1α (EF-1α).

Equal counts (3.5×106 cpm) of the 32P-labelled cDNA
probes C and T were heat denatured and used to probe the
duplicate blots. The filters were pre-hybridised and hybrid-
ised at 65°C with 60 μl/cm2 hybridisation solution contain-
ing 5×SSC, 5× Denhardt’s solution (Sambrook et al. 1989),
0.5% SDS and 0.1 mg/ml ssDNA. Pre-hybridisation was
carried out for 2 h; hybridisation for at least 15 h. After
hybridisation, filters were washed at 65°C once in 3×SSC
and 0.2% SDS for 25 min, once in 1.5×SSC and 0.2% SDS
for 15 min, once in 0.6×SSC and 0.1% SDS for 15 min, and
once in 0.24×SSC and 0.1% SDS for 15 min.

Detection, image acquisition and data analysis

All filters were exposed to the same phosphor screen for 30
min (short exposure), 3 h (medium exposure) and 3 days
(long exposure). The screen was scanned using a Phos-
phoImager (Personal Molecular Imager FX, Bio-Rad) and
the bands were quantified using Quantity One version 4.5.0
software (Bio-Rad). To calculate signal intensities, a rect-
angular box was drawn and overlaid on each band of the
reverse northern blot image and the global background was
subtracted.

Clonesweremanually flagged as P (present) or A (absent)
according to the signal/background ratios: those with a ratio
above the cut-off value of 3 were flagged as P; those with
a ratio below 3 were flagged as A. Only clones flagged as
P were analysed further.

Adjustments for differences in labelling and hybridisa-
tion were made based on the EF-1α signal. Normalised
signals of the treated set of filters where then compared
with those of the control set and the differences in ex-
pression were expressed as “fold change”.

Results

RNA isolation and cDNA library

RNA was isolated from the ericoid fungus O. maius Zn
grown for 21 days at 25–26°C in Czapek-pectin liquid
medium with 7.6 mM of Zn2+ added. About 4 μg mRNA
was used for the construction of the cDNA library. The titre
of the primary cDNA library was about 450 pfu/ml, and
1.5×107 pfu/ml after the recommended amplification. The
library was not subjected to further amplifications or mod-
ified prior to EST sequencing, except for those modifica-
tions that normally arise during the process of phagemid
excision.

Sequencing and assembly of the ESTs

Initially, 444 cDNA clones were randomly selected and,
prior to sequencing, the approximate size of the cDNA
inserts were determined on agarose gels after PCR re-
actions using T3 and T7 primers. Of the clones tested, 318
(about 72%) contained an insert larger than 150 bp and
were selected for sequencing. All the clones were se-
quenced using the T7 primer; since the cloning was di-
rectional, the sequencing was expected to generate the
poly(T) tail and the 3′ end of the cDNA insert. The pres-
ence of a poly(A) tail in 41 clones suggested that in those
cases the cDNA was inserted in the opposite orientation.

Ambiguous and miscalled bases were corrected, when
possible, after examination of the corresponding chro-
matogram files with the help of Sequencher software
version 4.0.5 (Gene Codes). The sequences were truncated
when the number of ambiguous bases increased. After
correction, 36 sequences (about 11%) still contained more
than 3% of ambiguous bases and were discarded.

For 54 clones (17%), the entire sequence of the insert
was determined in a single pass, indicating inserts smaller
than 550–600 bp.

Four chimeric clones were identified by the presence of
either two poly(T) tails or two poly(A) tails. The chimeric
inserts were split to generate two single sequences marked
with the addition of “a” and “b” to the ID number. After
this process, the set of ESTs to be analysed was composed
of 286 sequences. The size of the sequences ranged from
100 to 950 bp with an average size of ca. 670 bp; the
distribution of sequence sizes is shown in Fig. 1.

To generate a set of unique sequences and to characterise
transcript abundance in the library, the 286 ESTs were
analysed for overlapping regions using the Sequencher
software version 4.0.5 (Gene Codes). This allowed us to
compare the full set of clones with itself and to construct a
number of contigs so that a larger string of nucleotides could
be used to search for homology in the public sequence
databases. The relative abundance of overlapping clones is
shown in Fig. 2, where 182 clones remained as singletons,
as they did not overlap any other EST, and 104 clones,
corresponding to 39 nonredundant sequences, occurred

Fig. 1 Size distribution of the inserts of the 286 clones analysed
from the Oidiodendron maius Zn cDNA library
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repeatedly at frequencies ranging from 2 to 11. Thus, 221
different genes (unigenes) were obtained from the 286
cDNA clones analysed.

Sequence analysis and assignment of identities
to the ESTs

To identify homologues of O. maius Zn genes, each edited
ESTwas automatically queried against the NCBI databases
using the BlastX algorithm (Altschul et al. 1997). The
database sequence matches were arbitrarily classified as
significant (E value <10−5) or not significant (E value >10−5).

Three sequences (AB8, BC5, BF1) exhibited 99–100%
identity to E. coli proteins; a similarity search using the
BlastN algorithm showed almost 100% identity to E. coli
sequences also at the nucleotide level. These three clones
were eliminated because they were clearly of non-fungal
origin. Finally, we retained 218 sequences.

The frequency of highly (E<10−20), moderately (10−5<E
<10−20), weakly (10−2<E<10−5) and not significant (E>10−2)
E values is shown in Fig. 3. The percentage of amino acid
identity for ESTs with significant E values ranged from 24%
to 100%; for those considered as highly significant, the per-
centage was equal to or greater than 31%.

Of the 218 unigenes recovered, 173 (79%) fell into the
moderately to highly significant range and were classified
into 11 categories according to their putative function,
using an adaptation of the classification scheme of the
S. cerevisiae database as a reference (http://mips.gsf.de/
proj/yeast/catalogues/funcat/). The proportion of predic-
ted genes with an assigned cellular role is presented in
Fig. 4.

Of the 218 unigenes, 45 (21%) showed no significant
match to sequences in the protein database and they were
queried against the fungal dbEST database, using the tBlastX
algorithm. Seven of them had significant homologies (E
value <10−5) toward sequences isolated from cDNA li-
braries of Ascomycetes, and precisely Aspergillus nidulans
(AH6; Ray et al. 2004), Chaetomium globosum (BB9), Tri-
choderma reesei (BC7; Diener et al. 2004), Coccidioides

posadasii (BG5), Cryphonectria parasitica (CB6; Dawe
et al. 2003), and Sclerotinia sclerotiorum (CE6, D26; Li et
al. 2004). All other unigenes with no significant matches
may represent novel fungal genes.

Overall, the library contained a broad range of genes
encoding proteins involved in primary and secondary me-
tabolism (23%) and protein synthesis and processing (15%).
In the latter case, genes encoding ribosomal proteins were
prevalent. Other genes have functions in the cell cycle,
DNA processing and transcription (6%), energy production
(2%), transport mechanisms and cell structure (7%), and
cell defence (8%). Similarities to hypothetical or unknown
proteins accounted for 38% of the genes identified.

The species showing highest homologies with O. maius
translated genes were recorded. About 92% of the highest
scoring protein homologues were derived from filamentous
fungi, mainlyGibberella zeae (41),Neurospora crassa (39),
Aspergillus nidulans (36) and Magnaporthe grisea (34).
The rest were from a variety of organisms, such as yeasts,
mammals, invertebrates, bacteria, and viruses (Fig. 5).

Two homologues of 30 kDa heat-shock proteins from
N. crassa (AD6, AB11)were themost highly repeated ESTs
in the library. In addition, homologues of a polyubiquitin
from Nicotiana tabacum (AA6), a NADPH2 dehydrogenase
(AA7), an alcohol dehydrogenase (AA8), a metallothionein
(AA5), a peptidyl-prolyl cis-trans isomerase (D7) from
Neurospora crassa were also moderately redundant.

Identification of stress-related genes

According to the functional classification of the S. cerevi-
siae database, 13 of the 173 O. maius ESTs (8%) had sig-
nificant similarities to genes implicated in cell defence. Five
of these code for different heat shock proteins (HSP): 30
kDa HSP (clones AB6, AB11, AD6), 78 kDa HSP (clone
BA3) and 104 kDa HSP (clone AB9). Five clones are
homologous to genes involved in oxidative stress: Cu,Zn
superoxide dismutase (AH9); epoxide hydrolase (BG11);
ascorbate peroxidase (CC7); thioredoxin (AB4); cyto-
chrome P450 (AF11). Two clones are similar to genes cod-
ing for toxic compound transporters: one (D30) showed
high homology to the HMT1 vacuolar ABC transporter in-

Fig. 2 Expressed sequence tag (EST) redundancy among the 286
sequences obtained from the O. maius Zn cDNA library

Fig. 3 Distribution of similarities between translated products of O.
maius Zn EST sequences and the best match in the nr protein data-
base: >10-2 not significant, 10-5<E<10-2 weakly, 10-20<E<10-5
moderately, <10-20 highly significant

337

http://mips.gsf.de/proj/yeast/catalogues/funcat/
http://mips.gsf.de/proj/yeast/catalogues/funcat/


volved in Schizosaccharomyces pombe Cd tolerance; the
other (BG1) to a major facilitator carrier of the plant-patho-
genic fungusBotryotinia fuckeliana. Clone CH3was similar
to the large chain of a glutathione synthetase of S.pombe.
Clone AA5 showed high similarity to a Cu-metallothionein
of N. crassa.

Reverse northern blot hybridisation

To identify genes whose expression is differentially reg-
ulated in response to Zn treatment, cDNA inserts from 131
unique clones were loaded in duplicate onto agarose gels
and transferred to nylon membranes. The first two samples
of each filter consisted of elongation factor EF-1α, a
housekeeping gene thought to be constitutively expressed.
cDNA probes were prepared from total RNA extracted from
O. maius Zn mycelia grown on Zn-containing (T) or on
control (C) medium.

The results of hybridisation of 16 filters with the two
probes is shown in Fig. 6. Of 130 clones, 93 (72%) pro-
duced, both in control and treated sample, a signal with
intensity at least 3-fold above background. The signal of
these clones was normalised against the housekeeping
gene, and then the ratios normalised-signalT/normalised-
signalC were calculated. Only clones with a ratio below 0.3
or above 3.0 (14 genes, corresponding to 15%) were con-
sidered as being differentially regulated: of these, seven were
up-regulated and seven down-regulated (Table 1). The values
of their relative expression ranged from a minimum of
0.04 (clone BC4) to a maximum of 108.35 (clone BA4).

Genes regulated in response to high Zn concentration

The 14 differentially regulatedO. maius Zn genes belong to
different functional categories (Table 1). BlastX searches of
the seven Zn-induced clones gave, as best hits, hypothetical
proteins of unknown function revealed during genome
sequencing of Magnaporthe grisea, Neurospora crassa,
Gibberella zeae and Aspergillus nidulans. Nevertheless, a
putative function could be assigned to six of them based on
significant E value. AC10 codes for a protein with high
homology to a putative mitochondrial carrier of Candida
albicans, Schizosaccharomyces pombe and Saccharomyces
cerevisiae. AC5 gave the best hits with conserved hypo-
thetical proteins of Pseudomonas putida and Streptococ-
cusmutans and a S-adenosylmethionine (SAM)-dependent
methyltransferase of Rhodospirillum rubrum and Shewa-
nella oneidensis. AD2 had homology with a transposase
of Aspergillus oryzae and Caenorhabditis elegans. AE11
gene product had an amino acid identity of 67% and
64% with a diphosphomevalonate decarboxylase of Sac-
charomyces cerevisiae and Schizosaccharomyces pombe
respectively. A Saccharomyces cerevisiae Mak21p protein
essential for 60S ribosome biogenesis was the protein
with known function showing the best homology to BA4.
CG8 has more than 80% amino acid identity with A.
nidulans and C. albicans carboxypeptidase. For AG1, only
homology with hypothetical proteins from genome se-
quencing of A. nidulans,G. zeae,N. crassa could be found.

The BlastX searches of three (AH4, BC4 and CA2) out
of the seven Zn-repressed clones gave hypothetical pro-
teins as first hits; in the other four cases the best results

Fig. 4 Proportion of unigenes
(173 total) coding for protein
with assigned cellular function,
obtained from O. maius Zn
cDNA library

Fig. 5 Species groups from which the best matches to the O. maius
Zn ESTs were identified
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were proteins with a specific function. The deduced amino
acid sequence of BD1 showed more than 85% identity to
the mitochondrial precursor of citrate synthase of G. zeae,
A. nidulans, N. crassa. BG4 probably codes for a keto-acid
reductoisomerase similar to those of N. crassa and G. zeae.
The BG11 gene product is similar to the predicted epoxide
hydrolases of Clostridium acetobutylicum, Gallus gallus
and Danio rerio. The deduced amino acid sequence of
BG1 had 73% identity with a DHA14-like major facilitator
of Botryotinia fuckeliana and 50% with a transporter pro-
tein of Phoma betae. AH4 had homology with hypotheti-
cal proteins of N. crassa, G. zeae, M. grisea and 60–70%
identity with alcohol dehydrogenases of Hypocrea jecorina,
A. oryzae and Puccinia triticina.

Discussion

Genomic research for ericoid fungi is far less developed
than for other mycorrhizal fungi such as arbuscular and
ectomycorrhizal symbionts (Gianinazzi-Pearson et al. 2001;
Franken and Requena 2001; Martin 2001; Wiemken and
Boller 2002). At the time of submission, two chitin synthase
genes identified in the sterile mycorrhizal endophyte PSIV
(Lanfranco et al. 2004) were the only non-ribosomal se-
quences for ericoid fungi available in the public databases.
We decided therefore to carry out a first foray into gene
diversity of the ericoid fungus O. maius by means of ran-
dom cDNA sequencing rather than an approach based on
subtractive hybridisation.

Fig. 6 Reverse northern blot hybridisation of 130 O. maius Zn EST
unigenes with two probes obtained frommycelia grown for 20 days in
the absence of Zn (C) or with addition of 10 mM Zn (T). EF
Elongation Factor 1α (housekeeping gene used for data normal-

isation), A absent signal (ratio signal/background <3),⇑ up-regulated
genes (ratio treated/control >3.0), ⇓ down-regulated genes (ratio
treated/control <0.3), = not regulated genes (ratio treated/control
between 0.3 and 3.0)
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The 286 ESTs clones sequenced from theO. maius strain
Zn cDNA library were assembled in 218 unigenes, which
should represent ca. 2.6% of the total complement of genes,
since it has been estimated that the genome of ascomycetes
contains about 8,000–9,000 genes (Kupfer et al. 1997). The
relative abundance of cDNAs among the ESTsequences did
not correlate with the expression pattern of the genes in
vivo. In fact, clones with a relatively high abundance, such
as clones AD6 (11), AB11 (7), AA6 (6), AA8 (5), showed a
low relative expression (0.27, 0.48, 0.78 and 0.79, re-
spectively), whereas genes found only once in the EST
analyses, like clones AB6, AF12, AG1 and BA4, showed a
high relative expression (4.92, 3.48, 5.25, 24.05, respec-
tively). The discrepancy between “in silico northern” and
“in vitro northern” observed here, and also by Zhu et al.
(2001), is not surprising as the number of sequences ob-
tained and analysed in our work is probably too small to
provide a representative picture of gene expression.

About 21% of the unisequences showed no similarity to
protein sequences in the databases and may represent novel
fungal genes, although this could be due in some cases to
the sequence being derived from either the 3′ or the 5′
untranslated cDNA regions. Of the ESTs showing signif-
icant similarity to sequences cloned from other organisms,
95% were similar to fungal sequences (92% filamentous
fungi and 3% yeasts) and 5% to sequences from diverse
organisms (mammals, invertebrates, bacteria, and viruses).

Among the EST sequences of O. maius Zn, clone AA5
codes for a protein showing high similarity to a Cu-
metallothionein of N. crassa (CAA26793). The deduced
protein of clone D30 had high homology (E value 2e−73,
78% similarity) with the Schizosaccharomyces pombe vac-
uolar transporter hmt1 (CAA78419), whose activity is
fundamental for Cd tolerance because it transfers the
Cd-phytochelatin complex from the cytosol to the vacuole

(Ortiz et al. 1992, 1995). Metallothioneins (MTs) and
phytochelatins (PCs) are of primary importance in buffer-
ing the intracellular concentration of free thiophilic metal
ions, such as Cu, Zn, and Cd (Clemens 2001; Sanita‘ di
Toppi et al. 2002, and references therein). Fungal MTs have
been characterised mainly in yeasts but there are also few
reports on filamentous fungi like Podospora anserina
(Averbeck et al. 2001), N. crassa (Munger et al. 1985),
Agaricus bisporus (Nishiyama et al. 1990), and Gigaspora
margarita (Lanfranco et al. 2002). To date, only two fungi
have been reported to be able to synthesise both MTs and
PCs: Candida glabrata, which produces MTs when ex-
posed to toxic concentrations of Cu but produces mainly
PCs in response to Cd stress (Mehra et al. 1988, 1989) and
Schizosaccharomyces pombe, which produces HM-che-
lating PC peptides through a plant-like PC-synthase en-
zyme (SpPCS; Clemens et al. 1999; Ha et al. 1999) and has
a putative MT (deposited under accession no. CAB57404
and obtained by genomic sequencing). The finding in O.
maius Zn of genes encoding both an MT and a protein
involved in PC function suggests that this mycorrhizal fun-
gus may use both compounds for heavy metal detoxifica-
tion. We have carried out some pilot experiments to detect
PC synthase genes in O. maius Zn by using two different
approaches: degenerate primer-based PCR, and screening
of a genomic library with heterologous probes. Although
more experiments are needed to exclude the presence of a
PCS gene, both techniques gave negative results. In par-
allel, we are putting some efforts into characterising the
gene corresponding to clone D30 to establish whether the
sequence homology with S. pompe hmt1 corresponds also
to a similar function.

Expression analyses of genes corresponding to EST
clones with significant homology to sequences in databases,
carried out inO. maius Zn mycelia grown for 25 days in the

Table 1 Oidiodendron maius Zn unigenes regulated by a 20-day treatment with 10 mM Zn

Clone ID Accession number Putative function E-value Expression level

AC10 CN200123 Mitochondrial carrier family protein 2.00E−17 3.31
AC5 CN200128 SAM-dependent methyltransferases 1.00E−37 9.38
AD2 CN200136 Transposase 4.00E−17 3.26
AE11 CN200141 Diphosphomevalonate decarboxylase 2.00E−76 5.39
AE2 CN200143 Hypothetical protein MG02330.4 2.00E−35 Upa

AG1 CN200161 Hypothetical protein 8.00E−37 3.63
AH4 CN200170 L-Arabinitol 4-dehydrogenase 4.00E−78 0.27
BA4 CN200178 Essential for 60 S ribosome biogenesis 1.00E−22 108.35
BB8 CN200191 Oxidoreductase 2.00E−43 Upa

BC4 CN200197 Putative oxidoreductase protein 9.00E−29 0.04
BD1 CN200201 Citrate synthase 1.00E−76 0.23
BG1 CN200223 DHA14-like major facilitator 7.00E−48 0.27
BG11 CN200225 Alpha/beta hydrolase superfamily 2.00E−21 0.14
BG4 CN200229 Ketol-acid reductoisomerase precursor 3.20E−113 0.32
CA2 CN200243 Hypothetical protein AN6605.2 5.00E−39 0.17
CG8 CN200297 Serine-type carboxypeptidase homolog precursor 1.00E−119 3.96
aFor these up-regulated clones the signal in the control membrane was too low, therefore an expression value could not be assigned to them
(see text)
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presence or absence of 10 mM Zn, showed that some of
these genes do respond to Zn treatment. For two genes, the
change in the expression level was quite dramatic (108-fold
up and 25-fold down), whereas in all other cases it ranged
between 3- to 9-fold up and between 3- to 7-fold down; 37
clones gave no detectable hybridisation signals, either in
both treatments or in one treatment only. For example,
clones AE2 and BB8 (see Table 1) provided a clear signal
only in the treated membrane suggesting that they may cor-
respond to Zn-responsive genes with an off/on regulation.

Among the differentially regulated genes, we could not
find any previously reported heavy metal-responsive or
stress-related genes. The fact that most of the genes in-
cluded in the cell defence category (e.g. Cu-metallothio-
nein, Cu,ZnSOD, ascorbate peroxidase, thioredoxin, heat
shock proteins) were not affected by the Zn treatment may
be because the tolerant strain O. maius Zn does not per-
ceive 10 mM Zn in the growth medium as a serious stress
condition. This hypothesis is supported by the observation
that O. maius Zn was still able to grow at even higher
metal concentrations (15.4 mM ZnCl2) in the culture me-
dium (Martino et al. 2000b). A second possible explanation
is that in O. maius Zn stress-related genes may be involved
in a earlier than 25 days response to heavy metal stress.
Studies on superoxide dismutase (SOD) gene induction
in Saccharomyces cerevisiae (Cyrne et al. 2003; Garay-
Arroyo et al. 2003), Schizosaccharomyces pombe (Jung
et al. 2002; Lee et al. 2002) and on the plant Nicotiana
plumbaginifolia (Tsang et al. 1991) show a rapid transcript
increase after 3–50 h of exposure to various stresses (os-
motic, light, oxidative, heat and heavy metals). Similarly, a
rapid increase in the transcription of MT genes was de-
scribed in Candida glabrata 1 h after induction with Cu
(Thorvaldsen et al. 1993), in Arabidopsis 8–48 h after
treatment with a number of metals (Murphy and Taiz 1995),
and in Gigaspora margarita symbiotic mycelia exposed
for 24 h to Cu (Lanfranco et al. 2002).

The differentially regulated genes identified in O. maius
Zn have diverse functions and cannot be connected to a
single metabolic network. In most cases they do not appear
to be directly related to heavy metal tolerance. The gene
showing the most dramatic change in expression level
(BA4) codes for a protein similar to S. cerevisiae Mak21p,
which is essential for 60S ribosomal subunit biogenesis
(Edskes et al. 1998), but whose putative target remains to be
identified. Yeast Mak21p is homologous to the human and
murine CAATT-binding protein (CBF), that regulates
Hsp70 production (Lum et al. 1990). Similarly, the O.
maius ZnMak21p homologue may be a transcription factor
overproduced under Zn stress, but we have no evidence of
its involvement in ribosome biogenesis. Further analysis
will be necessary to define the target promoter or promoters
of this putative, highly expressed CBF in order to confirm
its function.

One of the Zn-induced genes in O. maius Zn, which
codes for a putative mitochondrial carrier (clone AC10)
showing 50% similarity (E value = 7E−18) with S.
cerevisiae MTM1 transporter, could potentially be in-

volved in oxidative stress. An excess of heavy metals may
stimulate the formation of free radicals and reactive oxygen
species, resulting in oxidative stress (Hall 2002; Schützen-
dübel and Polle 2002). Deletion studies (Luk et al. 2003)
have shown that the yeast mitochondrial carrier functions in
the activation of SOD2 by specifically facilitating insertion
of the essential manganese cofactor. Recent biochemical
analyses have demonstrated an increase in intracellular
MnSOD in response to Zn treatment in O. maius Zn (E.
Martino, University of Torino, personal communication),
suggesting a possible role for this mitochondrial carrier in the
maintenance of the cellular redox balance.

Likewise, we can only speculate on the possible sig-
nificance of the increased transcription level observed for
the O. maius Zn gene that codes for a putative SAM-
dependent methyltransferase (clone AC5). SAM-depen-
dent methyltransferases catalyse the transfer of methyl
groups from SAM to diverse types of substrates. A SAM-
dependent methyltransferase has been shown to be in-
volved in the methylation of stress-induced pinosylvin in
Scots pine needles (Chiron et al. 2000). In a study on
protein accumulation during the senescence of Podospora
anserina, Averbeck et al. (2000) identified a 27-kDa pro-
tein, PaMTH1, with significant homology to a SAM-de-
pendent methyltransferase. The authors suggest that the
protein is involved in age-related methylation reactions that
protect aging cultures against increasing oxidative stress. It
is not unlikely that prolonged exposure to heavy metals
may cause a similar effect in mycelial cultures of O.
maius Zn.

An important process in the maintenance of metal ho-
meostasis is chelation by extracellular and intracellular
organic compounds (Gadd 1993; Clemens 2001). Experi-
ments with tobacco and papaya transgenic plants highly
expressing citrate synthase have shown that increased pro-
duction and secretion of citric acid confers tolerance to Al
(de la Fuente et al. 1997). An increased release of organic
acids (citric, fumaric and malic acids) in the medium fol-
lowing exposure to heavy metals was demonstrated bio-
chemically for O. maius Zn (Martino et al. 2000b, 2003).
However, expression analysis of clone BD1, coding for O.
maius Zn citrate synthase, shows that this gene is repressed
by Zn treatment. Although this finding seems to be in
discordance with the biochemical data, some reports in the
literature demonstrate that production of citric acid is not
necessarily connected with the level of expression of the
enzyme. For example, Ruijter et al. (2000), studying A.
niger citrate synthase, showed that up to 11-fold over-
production of citrate synthase did not increase the rate of
citric acid production by the fungus, suggesting that citrate
synthase contributes little to flux control in the pathway
involved in citric acid biosynthesis. The significance of
repression of O. maius Zn citrate synthase gene transcrip-
tion is currently unclear, as well as the exact role of the
secreted citric acid in this strain (Martino et al. 2003).

A gene coding for a carboxypeptidase in O. maius Zn is
up-regulated in the presence of high Zn concentration.
Carboxypeptidases Y (CPY) are proteases widely distrib-
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uted in fungi, as well as in higher plants and animals, which
release C-terminal amino acids with a broad specificity. The
involvement of CPY in the cellular response to an excess of
unfolded proteins has been shown in some studies, based
mainly on the detection of protein level and enzymatic
activity (Lahav et al. 2004). It is possible that heavy metal
stress in O. maius, like in other organisms, may boost the
proteolytic system for the elimination of denatured proteins.
Jungmann et al. (1993) showed in S. cerevisiae that the
expression of components of the proteolytic pathway in-
creased after exposure to Cd, and that mutants for one of
these components were hypersensitive to the metal.

High concentrations of Zn ions repressed the transcription
of a ketol-acid reductoisomerase homologue in O. maius Zn.
Ketol-acid reductoisomerase is a key enzyme involved in the
biosynthetic pathway of the amino acids isoleucine, valine,
and leucine. This enzyme is of interest in agrochemical
research because it is present only in plants and micro-
organisms, making it a potential target for specific her-
bicides and fungicides (Dumas et al. 2001).

Expression of the O. maius Zn gene encoding a carrier
belonging to the major facilitator superfamily (MFS) was
down-regulated in response to Zn treatment. The MFS, also
called the uniporter-symporter-antiporter family, is a family
of carriers capable of transporting small solutes in response
to chemiosmotic ion gradients. MFS functions in the uptake
of sugars, in drug efflux systems, Krebs cycle metabolites,
and in organophosphate:phosphate exchange. The gene in
the database with the highest similarity with the O. maius
Zn gene is B. fuckeliana Bcmfs1. Hayashi et al. (2002)
suggest that Bcmfs1 may be involved in protection of B.
fuckeliana against plant defence compounds during the
pathogenic phase of growth on host plants, and against
fungitoxic antimicrobial metabolites during its saprophytic
phase of growth.

Other regulated genes (AD2, BB8, AE11, BG11) code
for proteins whose function is difficult to relate to a cellular
role in O. maius Zn metal tolerance (Table 1); some others
(AG1, BC4, CA2) code for proteins with unknown function
and are potentially very interesting as they may represent
novel genes related to heavy metal tolerance.

In conclusion, the sequence information and clones re-
sulting from this study represent, to our knowledge, the first
EST collection of an endomycorrhizal fungus in the pres-
ence of heavy metals. These data open the possibility to use
O. maius as a model system for molecular genetic studies of
heavy metal tolerance in ericoid fungi, and may also pro-
vide a useful tool for researchers studying heavy metal
tolerance in other filamentous fungi.

It will now be crucial to further characterise the in-
volvement of the differentially expressed genes in metal
tolerance, and to establish their precise role not only for the
fungus, but also for the host plant. Biochemical evidence
(Martino et al. 2002, 2003) suggests that some fungal
products are released into the extracellular environment,
thus extending their potential protective role also to the
plant.

Acknowledgements We thank John Doonan and Patricia Lunness
at the John Innes Centre in Norwich, UK, for their help in the
construction of the library. We thank Prof. Simone Ottonello and his
group at the Department of Molecular Biology and Biochemistry,
University of Parma, Italy, for their help in the reverse northern
hybridisation. M.V. acknowledges financial support by the Uni-
versity of Torino. The results described are part of the CEBIOVEM
(D.M. 193/2003) program. Research was also partly funded by Cassa
di Risparmio di Torino (CRT).

References

Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25:3389–3402

Averbeck NB, Jensen ON, Mann M, Schagger H, Osiewacz HD
(2000) Identification and characterization of PaMTH1, a pu-
tative O-methyltransferase accumulating during senescence of
Podospora anserina cultures. Curr Genet 37:200–278

Averbeck NB, Borghouts C, Hamann A, Specke V, Osiewacz HD
(2001) Molecular control of copper homeostasis in filamentous
fungi: increased expression of a metallothionein gene during
aging of Podospora anserina. Mol Gen Genet 264:604–612

Bardi L, Perotto S, Bonfante P (1999) Isolation and regeneration of
protoplasts from two strains of the ericoid mycorrhizal fungus
Oidiodendron maius: sensitivity to chemicals and heavy metals.
Microbiol Res 154:105–111

Bonfante P, Gianinazzi-Pearson V (1979) Ultrastructural aspects of
endomycorrhizal in the Ericaceae. I. Naturally infected hair
roots of Calluna vulgaris L. Hull. New Phytol 83:739–744

Chiron H, Drouet A, Claudot AC, Eckerskorn C, Trost M, Heller W,
Ernst D, Sandermann H Jr (2000) Molecular cloning and
functional expression of a stress-induced multifunctional O-
methyltransferase with pinosylvin methyltransferase activity
from Scots pine (Pinus sylvestris L.). Plant Mol Biol 44:733–
745

Clemens S (2001) Molecular mechanism of plant metal tolerance
and homeostasis. Planta 212:475–486

Clemens S, Kim EJ, Neumann D, Schroeder J (1999) Tolerance to
toxic metals by a gene family of phytochelatin synthases from
plants and yeast. EMBO J 18:3325–3333

Couture M, Fortin JA, Dalpé Y (1983) Oidiodendron griseum
Robak: an endophyte of ericoid mycorrhiza in Vaccinium spp.
New Phytol 95:375–380

Cyrne L, Martins L, Fernandes L, Marinho HS yr (2003) Regulation
of antioxidant enzymes gene expression in the yeast Saccha-
romyces cerevisiae during stationary phase. Free Radic Biol
Med 34:385–393

Dawe AL, McMains VC, Panglao M, Kasahara S, Chen B, Nuss DL
(2003) An ordered collection of expressed sequences from
Cryphonectria parasitica and evidence of genomic microsyn-
teny with Neurospora crassa and Magnaporthe grisea. Micro-
biology 149:2373–2384

De la Fuente JM, Ramirez-Rodriguez V, Cabrera-Ponce JL, Herrera-
Estrella L (1997) Aluminium tolerance in transgenic plants by
alteration of citrate synthesis. Science 276:1566–1568

Diener SE, Dunn-Coleman N, Foreman P, Houfek TD, Teunissen
PJM, van Solingen P, Dankmeyer L, Mitchell TK, Ward M,
Dean RA (2004) Characterization of the protein processing and
secretion pathways in a comprehensive set of expressed sequence
tags from Trichoderma reesei. FEMS Microbiol Lett 230:275–
282

Douglas GC, Heslin MC, Reid C (1989) Isolation of Oidiodendron
maius from Rhododendron and ultrastructural characterisation
of synthesized mycorrhizas. Can J Bot 67:2206–2212

Dumas R, Biou V, Halgand F, Douce R, Duggleby RG (2001) En-
zymology, structure, and dynamics of acetohydroxy acid iso-
meroreductase. Acc Chem Res 34:399–408

342



Edskes HK, Ohtake Y, Wickner RB (1998) Mak21p of Saccharo-
myces cerevisiae, a homolog of human CAATT-binding protein,
is essential for 60 S ribosomal subunit biogenesis. J Biol Chem
273:28912–28920

Franken O, Requena N (2001) Analysis of gene expression in
arbuscular mycorrhizas: new approaches and challenges. New
Phytol 150:517–523

Gadd GM (1993) Interactions of fungi with toxics metals. New
Phytol 124:25–60

Garay-Arroyo A, Lledias F, Hansberg W, Covarrubias AA (2003)
Cu, Zn-superoxide dismutase of Saccharomyces cerevisiae is
required for resistance to hyperosmosis. FEBS Lett 539:68–72

Gianinazzi-Pearson V, van Tuinen D, Dumas-Gaudot E, Dulieu H
(2001) Exploring the genome of glomalean fungi. In: Hock B
(ed) The Mycota IX. Springer, Berlin Heidelberg New York,
pp 1–17

Greszta J (1988) The effect of dusts from electro-filters of different
industrial works on forest ecosystems. Scientific Papers of Kra-
kow Agricultural Academy 18:3–21

Ha SB, Smith AP, Howden R, Dietrich WM, Bugg S, O’Connell
MJ, Goldsbrough PB, Cobbett CS (1999) Phytochelatin
synthase genes from Arabidopsis and the yeast Schizosaccha-
romyces pombe. Plant Cell 1153–1163

Hall JL (2002) Cellular mechanism for heavy metal detoxification
and tolerance. J Exp Bot 53:1–11

Hambleton S, Currah RS (1997) Fungal endophytes from the roots
of alpine and boreal Ericaceae. Can J Bot 75:1570–1581

Hayashi K, Schoonbeek HJ, De Waard MA (2002) Bcmfs1, a novel
major facilitator superfamily transporter from Botrytis cinerea,
provides tolerance towards the natural toxic compounds camp-
tothecin and cercosporin and towards fungicides. Appl Environ
Microbiol 68:4996–5004

Jung HI, Lee YY, Lim HW, Ahn KS, Park EH, Lim CJ (2002)
Regulation of the manganese-containing superoxide dismutase
gene from fission yeast. Mol Cells 14:300–304

Jungmann J, Reins HA, Schobert C, Jentsch S (1993) Resistance to
cadmium mediated by ubiquitin-dependent proteolysis. Nature
361:369–371

Kupfer DM, Reece CA, Clifton SW, Roe BA, Prade RA (1997)
Multicellular ascomycetous fungal genomes contain more than
8000 genes. Fungal Genet Biol 21:364–372

Lacourt I, D’Angelo S, Girlanda M, Turnau K, Bonfante P, Perotto S
(2000) Genetic polymorphism and metal sensitivity of Oidio-
dendron maius strains isolated from polluted soil. AnnMicrobiol
50:157–166

Lahav R, Nejidat A, Abeliovich A (2004) Alterations in protein
synthesis and levels of heat shock 70 proteins in response to
salt stress of the halotolerant yeast hodotorula mucilaginosa.
Antonie van Leeuwenhoek 85:259–269

Lanfranco L, Bolchi A, Ros EC, Ottonello S, Bonfante P (2002)
Differential expression of a metallothionein gene during the
presymbiotic versus the symbiotic phase of an arbuscular my-
corrhizal fungus. Plant Physiol 130:58–67

Lanfranco L, Balsamo R, Martino E, Bonfante P, Perotto S (2004)
Zinc ions differentially affect chitin synthase gene expression in
an ericoid mycorrhizal fungus. Plant Biosystems (in press)

Lee YY, Jung HI, Park EH, Sa JH, CJ Lim (2002) Regulation of
Schizosaccharomyces pombe gene encoding copper/zinc super-
oxide dismutase. Mol Cells 14:43–49

Li R, Rimmer R, Buchwaldt L, Sharpe A, Seguin-Swartz G, Coutu
C, Hegedus D (2004) Interaction of Sclerotinia sclerotiorum
with a resistant Brassica napus cultivar: expressed sequence tag
analysis identifies genes associated with fungal pathogenesis.
Fungal Genet Biol 41:735–753

Luk E, Carroll M, Baker M, Culotta VC (2003) Manganese activation
of superoxide dismutase 2 in Saccharomyces cerevisiae requires
MTM1, a member of the mitochondrial carrier family. Proc Natl
Acad Sci USA 100:10353–10357

Lum LS, Sultzman LA, Kaufman RJ, Linzer DI, Wu BJ (1990) A
cloned human CCAAT-box-binding factor stimulates transcrip-
tion from the human hsp70 promoter. Mol Cell Biol 10:6709–
6717

Martin F (2001) Frontiers in molecular mycorrhizal research—
genes, loci, dots and spins. New Phytol 150:499–505

Martino E, Coisson JD, Lacourt I, Favaron F, Bonfante P, Perotto S
(2000a) Influence of heavy metals on production and activity of
pectinolitic enzymes in ericoid mycorrhizal fungi. Mycol Res
104:825–833

Martino E, Turnau K, Girlanda M, Bonfante P, Perotto S (2000b)
Ericoid mycorrhizal fungi from heavy metal polluted soils: their
identification and growth in the presence of zinc ions. Mycol
Res 104:338–344

Martino E, Franco B, Piccoli G, Stocchi V, Perotto S (2002) In-
fluence of zinc ions on protein secretion in a heavy metal tol-
erant strain of the ericoid mycorrhizal fungus Oidiodendron
maius. Mol Cell Biochem 231:179–185

Martino E, Perotto S, Parson R, Gadd GM (2003) Solubilization of
insoluble inorganic zinc compounds by ericoid mycorrhizal
fungi derived from heavy metal polluted sites. Soil Biol
Biochem 35:133–141

Mehra RK, Tarbetn EB, Garey JR, Winge DR (1988) Metal-specific
synthesis of two metallothioneins and γ-glutamil peptides in
Candida glabrata. Proc Natl Acad Sci USA 85:8815–8819

Mehra RK, Garey JR, Butt TR, GrayWR,Winge DR (1989)Candida
glabrata metallothioneins: cloning and sequence of the genes
and characterization of proteins. J Biol Chem 264:19747–19753

Munger K, Germann UA, Lerch K (1985) Isolation and structural
organization of the Neurospora crassa copper metallothionein
gene. EMBO J 10:2665–2668

Murphy A, Taiz L (1995) Comparison of metallothionein gene
expression and nonprotein thiols in ten Arabidopsis ecotypes.
Correlation with copper tolerance. Plant Physiol 109:945–954

Nishiyama Y, Nakayama S, Okada Y, Min KS, Onosaka S, Tanaka K
(1990) Amino acids and peptides. XXVI. Synthesis of Agaricus
bisporus metallothionein and related peptides and examination
of their heavy metal-binding properties. Chem Pharm Bull
(Tokyo) 38:2112–2117

Ohlrogge J, Benning C (2000) Unraveling plant metabolism by EST
analysis. Curr Opin Plant Biol 3:224–228

Ortiz DF, Kreppel L, Speiser DM, Scheel G, McDonald G, Ow DW
(1992) Heavy metal tolerance in the fission yeast requires an
ATP-binding cassette-type vacuolar membrane transporter.
EMBO J 11:3491–3499

Ortiz DF, Ruscitti T, McCue KF, Ow DW (1995) Transport of metal-
binding peptides by HMT1, a fission yeast ABC-type vacuolar
membrane protein. J Biol Chem 270:4721–4728

Pandey A, Lewitter F (1999) Nucleotide sequence databases: a gold
mine for biologists. Trends Biochem Sci 24:276–280

Perego P, Howell H (1997) Molecular mechanisms controlling sen-
sitivity to toxic metal ions in yeast. Toxicol Appl Pharm 147:312–
318

Perotto S, Martino E (2001) Molecular and cellular mechanisms of
heavy metal tolerance in mycorrhizal fungi: what perspectives
for bioremediation? Minerva Biotecnol 13:55–63

Perotto S, Actis-Perino E, Perugini J, Bonfante P (1996) Molecular
diversity of fungi from ericoid mychorrizal roots. Mol Ecol
5:123–131

Perotto S, Girlanda M, Martino E (2002) Ericoid mycorrhizal fungi:
some new perspectives on old acquaintances. Plant Soil 244:41–
53

Ray A, Macwana S, Ayoubi P, Hall LT, Prade R, Mort AJ (2004)
Negative subtraction hybridization: an efficient method to isolate
large numbers of condition-specific cDNAs. Biomed Cent
Genomics 5:22

Read DJ (1996) The structure and function of the ericoid mycorrhi-
zal root. Ann Bot 77:365–374

Ruijter GJ, Panneman H, Xu D, Visser J (2000) Properties of
Aspergillus niger citrate synthase and effects of citA overex-
pression on citric acid production. FEMS Microbiol Lett 84:35–
40

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory,
Cold Spring Harbor. N.Y.

343



Sanità di Toppi L, Prasad MNV, Ottonello S (2002) Metal chelating
peptides and proteins in plants. In: Prasad MNV, Strzalka K
(eds) Physiology and biochemistry of metal toxicity and tol-
erance in plants. Kluwer, Dordrecht, pp 59–93

Schützendübel A, Polle A (2002) Plant responses to abiotic stresses:
heavy metal-induced oxidative stress and protection by mycor-
rhization. J Exp Bot 53:1351–1365

Shirzadegan M, Christie P, Seemann JR (1991) An efficient method
for isolation of RNA from tissue cultured plant cells. Nucleic
Acids Res 19:6055

Smith SE, Read DJ (1997) Mycorrhizal symbiosis. Academic Press,
London

Thorvaldsen JL, Sewell AK, McCowen CL, Winge DR (1993)
Regulation of metallothionein genes by the ACE1 and AMT1
transcription factors. J Biol Chem 268:12512–12518

Tsang EW,Bowler C, Herouart D, VanCampW,Villarroel R,Genetello
C, Van Montagu M, Inze D (1991) Differential regulation of
superoxide dismutases in plants exposed to environmental stress.
Plant Cell 3:783–792

Turnau K (1988) The influence of industrial dust on the mycoflora
of Pino-Quercetum forest near Cracow. III. The influence of
industrial dust on the mycorrhiza of Vaccinium myrtillus.
Scientific Papers of Krakow Agricultural Academy 226:135–
145

Wiemken V, Boller T (2002) Ectomycorrhiza: gene expression,
metabolism and the wood-wide web. Curr Opin Plant Biol
5:355–361

Zhu H, Nowrousian M, Kupfer D, Colot HV, Berrocal-Tito G, Lai
H, Bell-Pedersen D, Roe BA, Loros JJ, Dunlap JC (2001)
Analysis of expressed sequence tags from two starvation, time-
of-day-specific libraries of Neurospora crassa reveals novel
clock-controlled genes. Genetics 157:1057–1065

344


	Gene expression of the ericoid mycorrhizal fungus Oidiodendron maius in the presence of high zinc concentrations
	Abstract
	Introduction
	Materials and methods
	Fungal isolate
	RNA isolation and cDNA library construction
	Sequencing
	Sequence editing
	Similarity searches
	RNA preparation and synthesis of 32P-labelled cDNA probe
	Preparation of blots and hybridisation
	Detection, image acquisition and data analysis

	Results
	RNA isolation and cDNA library
	Sequencing and assembly of the ESTs
	Sequence analysis and assignment of identities to the ESTs
	Identification of stress-related genes
	Reverse northern blot hybridisation
	Genes regulated in response to high Zn concentration

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


