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Abstract Ectomycorrhizal fungi are known to vary in host
range. Some fungi can enter into symbiosis with multiple
plant species, while others have restricted host ranges. The
aim of this study was to examine variation in host
specificity among strains from the basidiomycete Paxillus
involutus s. lat. Recent studies have shown that this fungus
consists of at least four genetically isolated lineages,
phylogenetic species (PS) I (which corresponds to the
morphological species Paxillus obscurosporus), PS II (P.
involutus s. str.), PS III (Paxillus validus), and PS IV (not
yet supported by any reference material). Thirty-five
Paxillus strains of PS I to IV were examined in microcosms
for their capacity to infect birch (Betula pendula) and
spruce (Picea abies). Seventeen strains were compatible
and formed mycorrhizae with both tree species. Seven
strains were incompatible with both birch and spruce. The
gene content in three pairs of incompatible and compatible
strains PS I, II, and III were compared using microarray-
based comparative genomic hybridizations. Of 4,113 P.
involutus gene representatives analyzed, 390 varied in copy
numbers in at least one of the three pairwise comparisons.
Only three reporters showed significant changes in all three
pairwise comparisons, and none of these were changed in a
similar way in three comparisons. Our data indicate that
changes in host range have occurred frequently and
independently among strains in P. obscurosporus, P.

involutus s. str., and P. validus. No evidence was obtained
demonstrating that these changes have been associated with
the gain or loss of similar genes in these three species.
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Introduction

There are an estimated 7,000–10,000 fungal and about
8,000 plant species that can form ectomycorrhizae (EM;
Taylor and Alexander 2005). The majority of these fungi
are basidiomycetes with some ascomycetes and a few
zygomycetes (Smith and Read 1997).

Records of plant–sporocarp associations have demon-
strated that there is a large variation in the host range of EM
fungi. Some species have a narrowly restricted host range
(i.e., high specificity), while others can form mycorrhizae
with diverse host plants (low specificity; Molina et al.
1992; Trappe 1962). Furthermore, the variation in host
specificities between strains within EM-forming species can
be extensive (Cairney 1999; Smith and Read 1997). For
example, in vitro studies of isolates from Pisolithus
tinctorius, Paxillus involutus, and Laccaria bicolor have
shown that they can differ markedly in their ability to form
EM and to stimulate the growth of the host plant (Burgess
et al. 1994; Gafur et al. 2004; Laiho 1970; Wong et al.
1990). Studies in laboratory settings have also indicated
that the host specificity of ectomycorrhizal fungi does not
appear to be absolute; strains can display a range of
capacities for infecting a host species (Burgess et al.
1994). The ability of an ectomycorrhizal fungus to infect
a host depends on a number of environmental conditions.
Accordingly, associations that are formed under laboratory
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conditions reflect a potential to infect a given host species
and could differ from “ecological specificity” observed in
nature (Molina and Trappe 1982). Studies on the specificity
of EM associations can also be complicated due to the fact
that the capacity of fungal isolates to form EM can decrease
during prolonged maintenance in axenic cultures (Cairney
1999; Laiho 1970). It should also be remembered that
plants vary in their receptivity towards symbionts, and the
host genotype may influence the formation of EM
(Lamhamedi et al. 1990).

The genomic mechanisms that could account for
variations in host specificity of EM fungi are not known.
Generally, such phenotypic differences could result from
variations in gene content from quantitative differences in
gene expression or from structural differences in gene
products (Tunlid and Talbot 2002). We have examined
some of these mechanisms in strains of P. involutus with
different host specificity (Le Quéré et al. 2004, 2006). The
strains analyzed included NAU, which is incompatible with
poplar and birch (Betula pendula), and the two compatible
strains MAJ and ATCC 200175. By using a cDNA
microarray, we showed that the compatible and incompat-
ible strains differed in gene copy numbers and in plant-
induced gene expression patterns. Furthermore, analysis of
sequence information from two of the differentially
expressed genes indicated that they appear to have evolved
at an enhanced rate, indicating different selection pressures
in compatible and incompatible strains. Thus, several
genomic mechanisms could possibly be involved in
generating variation in host specificity of P. involutus.

Mating-type tests, morphological analyses, and, more
recently, multilocus sequencing have shown that P. involu-
tus s. lat. represents a group of species (Fries 1985; Hahn
and Agerer 1999; Hedh et al. 2008). Based on the
concordance of five gene genealogies of European isolates
of P. involutus s. lat. can be separated into four distinct,
genetically isolated lineages, phylogenetic species (PS) I, II,
III, and IV (Hedh et al. 2008). Sequencing of reference
material showed that PS I corresponds to Paxillus obscur-
osporus, PS II to P. involutus s. str., and PS III to Paxillus
validus. PS IV has not yet been supported by any reference
material (Hedh et al. 2008). The strains used in the previous
host specificity experiments, MAJ and NAU, belong to PS
III. In this study, we have examined the host specificity of a
larger number of strains from the P. involutus s. lat. species
group. Several newly isolated strains were included in the
experiments. The aim was to investigate whether variations
in host specificity could be found in several of the P.
involutus s. lat. lineages, and if so, whether the genomic
mechanisms that could account for these phenotypic
differences are similar or different. The gene content in
several pairs of compatible and incompatible strains were
compared using a newly designed cDNA microarray

containing a significantly larger number of gene reporters
as compared with a previously used array.

Materials and methods

Fungal isolates

In the years 2003 and 2004, 126 strains of P. involutus s. lat.
were isolated by collection of fruiting bodies in the southern
part of Sweden. Of these, 22 were selected for microcosm
experiments with birch and spruce (Picea abies) together
with another 13 isolates already in our stock (Table S1,
supplementary material), for a total of 35 isolates. The
isolates were maintained on agar containing 0.5× modified
Melin–Norkrans (MMN) medium (Brun et al. 1995).

Screening for host compatibility

Screening for host compatibility with birch was performed
using a previously described assay (Brun et al. 1995). The
strains of P. involutus s. lat. were grown on 0.5× MMN
agar medium for 10–14 days. Seeds of birch (Skuleskogen,
Sweden) were surface sterilized, transferred to water agar
(0.7% (w/v)), and incubated for 7–14 days until germination
occurred. The birch seedlings were transferred to the edge
of the growing mycelium (six seedlings/plate), and the
syntheses were incubated for 3 weeks. Assays for testing
compatibility with spruce were done essentially as previ-
ously described (Duddridge 1986; Finlay et al. 1988).
Spruce seedlings were generated from seeds (Munkfors,
Sweden), surface sterilized, and incubated on water agar
(0.7% (w/v)) for 14 days. The seedlings were transferred to
Petri dishes containing a mixture of peat, 0.5× MMN, and
vermiculite (4 vols. vermiculite, 1 vol. peat, 2 vol. 0.5×
MMN, combined and autoclaved). Three seedlings were
transferred to each Petri dish. The Petri dishes were
inoculated by the transfer of four plugs of actively growing
mycelium from the outer edge of P. involutus s. lat.
colonies growing on 0.5× MMN agar plates. The dishes
were sealed, and the system was incubated for 8 weeks.
Greenhouse settings for the birch- and the spruce-synthesis
experiments were 60% air humidity and 18/6 h and 18–20/
16°C day/night cycle. In both experiments, the numbers of
infected seedlings were counted, as visualized by the
presence of a pseudoparenchymatous mantle.

Extraction of DNA

The strains ATCC 200175, SE03071001, SE03071610,
MAJ, NAU, and Pi01SE were grown on cellophane-
covered agar plates containing Gamborg B-5 basal liquid
medium (Sigma–Aldrich) supplemented with glucose
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(2.5 g l−1). The strains were incubated for approximately
3 weeks. The mycelium was then transferred to the surface
of Gamborg B-5 basal liquid medium supplemented with
glucose (2.5 g l−1) and grown for 7–10 days (Le Quéré et
al. 2006). The mycelium was harvested, ground in liquid
nitrogen, and stored in a −80°C freezer until use. DNA was
extracted from 1 g of starting material using the E.Z.N.A.®
Fungal DNA Kit (Omega Bio-Tek) according to the
manufacturer’s protocol, except that the incubation time
for RNase treatment was increased to one hour. The DNA
was precipitated by standard means and quantified by
spectrophotometry. Agarose gel electrophoresis showed
that the sizes of the DNA fragments ranged between 200
and 1,500 bp.

Microarray arrays and genomic hybridization

A custom-made cDNA microarray were constructed by
printing cDNA PCR products (Johansson et al. 2004,
unpublished) on UltraGAPS coated slides (Corning) using
a 48-pin configured MicroGrid II array printer (BioRo-
botics) controlled by the MicroGrid TAS Application Suite
(ver. 2.2.0.6). Following the terminology used in the
context of DNA microarrays, the printed PCR products
are in the following text referred to as reporters. The array,
which contains a total of 23,232 printed reporters, repre-
senting replication of a uniset of 4,911 reporters: 4,891
experimental and 20 control reporters. Experimental report-
ers were obtained from 11 different cDNA libraries
representing various mycorrhizal and non-mycorrhizal
conditions of P. involutus s. str. (strain ATCC2000175)
and B. pendula. In total, 19,188 expressed sequence tags
(ESTs) were generated from these libraries which were
assembled into 4,891 contigs that putatively represent
unique transcripts (Johansson et al., unpublished). Of the
experimental reporters, 3,082 were of fungal origin, 779 of
plant origin, and 1,030 of unknown origin (from mixed
mycorrhizal libraries). Forty PCR-amplified genomic frag-
ments corresponding to different regions of a cosmid clone
containing a 33-kb genomic region from P. involutus s. str.
(Le Quéré et al. 2002) were also spotted on the arrays. Each
reporter was printed at least in quadruplicate together with a
number of control reporters. Information on the cDNA
microarray (“Lund Univ Mycorrhiza_Betula pendula-
Paxillus involutus 23 k, version 2.1”) including the accession
numbers to sequences is available at the ectomycorrhizae
BL-EBI ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress), accession number A-MEXP-853.

Microarray analyses were performed using genomic
DNA from six strains of Paxillus and hybridizations were
performed with direct contrasts within each phylogenetic
group: SE03071001 and SE03071610 (PS I); ATCC
200175 and Pi01SE (PS II); and MAJ and NAU (PS III).

In total, six dual-label microarray hybridizations including
dye swaps were performed. A total of 4µg DNA for each
strain and each dye (Cy3 or Cy5) was used as template for
labeling. For dual-color labeling, the Bioprime comparative
genomics hybridization (CGH) labeling system (Invitrogen)
was used, and the labeled samples were purified using the
Bioprime purification module (Invitrogen). After purifica-
tion, the Cy3- and Cy5-labeled samples were combined in
an amber Eppendorf tube. The preparation of the samples
and the pre- and post-hybridization washes of the printed
slides were done using the Pronto!™ Universal Microarray
Kit (Corning). The manufacturer’s protocol was followed
except that the first three post-hybridization washes were
replaced by soaking the slides in post-hybridization
solution for 10 min at 50°C (cover slips removed). The
slides were hybridized using the MAUI® Hybridization
System v1.1 at 42°C. The slides were dried by a short
centrifugation and then scanned, as described previously
(Johansson et al. 2004). The entire raw dataset is deposited
and available at the EMBL-EBI ArrayExpress database
(http://www.ebi.ac.uk/) under the accession number E-
MEXP-1499.

Processing of microarray data

Microarray data images were inspected manually, and low-
quality spots were excluded from further analyses. After
inspection and reduction of reporters known to be of plant
origin, data for 4,113 reporters remained in the dataset.
Levels in signal intensities were estimated using two
successive mixed models (Wolfinger et al. 2001):

log2 Yijkg
� � ¼ Ti þ Dj þ TDij þ Sk þ SDjk þ "ijkg ðM1Þ

Rijkg ¼ Tig þ Djg þ TDijg þ Skg þ SDijg þ xijkg ðM2Þ

Model M1 was used to normalize all the data, and model
M2 was then fit separately to one gene at a time. The term
Yijkg represents the raw intensity measurement from the ith
strain (ATCC 200175, SE03071001, SE03071610, MAJ,
NAU, Pi01SE), the jth dye channel (Cy5 and Cy3), the kth
slide (1, ..., 6) for the gth gene (1, ..., 4,113). The term Rijkg

represents the residual computed as log2(Yijkg) minus the
fitted effects from model M1. The symbols T, D, and S
represent the effects of strain, dye, and slide effect,
respectively. Double symbols represent the corresponding
interaction effects. The terms S and SD in model M1 are
considered to be random effects, as are terms S and SD in
model M2; others are fixed effects, and ε and ξ are
stochastic errors. All the random effect terms, including the
errors, are assumed to be normally distributed with means
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of zero and effect-specific variance components. Estimates
of normalized signal intensities are based on fitted values
from model M2 and were fitted using PROC MIXED in
SAS (SAS/STAT Software Version 9.1; SAS Institute Inc.,
Cary, NC, 1999).

Clustering analyses and filtering for amplified and deleted
genes

Normalized signal intensities (log2) for each strain were
evaluated by comparison of data to the strain ATCC
200175. Fold changes were used for hierarchical clustering
(average linkage and uncentered correlation) using Cluster
3.0 (http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/
cluster), and results were viewed using Java TreeView
(http://jtreeview.sourceforge.net; Eisen et al. 1998; Fig. 1).
Genes being amplified or deleted were identified based on
log2 fold changes in pairwise comparisons. A gene was
included based on two criteria: (1) the log2 fold change for
a pairwise comparison was ≥0.5 or ≤−0.5 and (2) the
standard deviation (SD) for the log2 fold change of the
comparison for at least one of the pairs was ≤0.3.

Sequence analysis

For the 4,113 putative genes analyzed on the array, a
homology search was carried out using the tblastx
algorithm (Altschul et al. 1990) with an E-value threshold
of 1E-10 against the UniProt sequence database (Apweiler
et al. 2004). Gene ontology (GO; Ashburner et al. 2000)
annotations were inferred by retrieving information from
the UniProt entry corresponding to the highest tblastx
score. Using the full GO (www.geneontology.org), all the
classified genes were mapped to all their parent terms in the
yeast GO Slim (www.geneontology.org/GO.slims). A
search for putative fungal homologues of the P. involutus
s. str. reporters was also performed by querying (in
November 2007) the following databases using the blastx
algorithm (Altschul et al. 1990) with a threshold value of

1E-5: Fungal genome database at Broad Institute (con-
taining 375,232 protein sequences from 34 fungal
genomes) (http://www.broad.mit.edu/annotation/) and
Pfamseq database (Finn et al. 2006) based on UniProt
9.7 (containing 4,084,128 protein sequences, Release 22).
The probability P of observing the number of genes within
a given category by chance was estimated using the
hypergeometric distribution.

Results and discussion

Host compatibility

Thirty-five strains of the P. involutus species group,
including isolates collected during the years 2003 and
2004 as well as a few isolates kept in culture for longer
periods of time, were examined for their ability to form
ectomycorrhizae with birch and spruce seedlings (Table S1,
supplementary material). In total, 25 of the examined
strains were found to be compatible with birch, but their
ability to form ectomycorrhizae varied extensively. Ten of
the examined strains did not infect the birch seedlings and
were considered to be incompatible with birch. The
proportion of birch seedlings infected by the compatible
strains varied between 17% and 100%. Data for host
compatibility with spruce were obtained for 29 of the 35
Paxillus strains. The number of replicates in the experi-
ments with spruce was smaller than in those for birch.
Nineteen of them were found to be compatible (9% to
100% of the seedlings were infected), and ten were
incompatible. Seven out of the 35 examined strains infected
neither birch nor spruce and formed a group from which
incompatible (−) strains were selected.

Strains that were compatible to both birch and spruce (+)
were identified in all four of the previously identified
phylospecies of P. involutus s. lat. Incompatible (−) strains
were found among PS I, II, and III, among isolates not
maintained in culture for a prolonged time (collected in

Pi01SE (-)
MAJ (+)
NAU (-)
SE03071001 (+)
SE03071610(-)

Fig. 1 Fold changes (log2) of normalized hybridization intensities
from comparative genomic hybridization (CGH) analyses of five
strains of Paxillus involutus (Pi01SE, MAJ, NAU, SE03071001, and
SE03071610), as compared to the ATCC 200175 reference strain. The
strains were either compatible (+) or incompatible (−) to birch and
spruce (Table 1). The microarray used was constructed from PCR-
amplified cDNA derived from a collection of EST clones obtained

from the strain ATCC 200175. A total of 4,113 gene reporters were
included for analysis, and the panel shows a hierarchical clustering of
log2 fold changes, uncentered in both dimensions. The scale indicates
levels of fold changes and ranges from greenish (negative fold
change) to reddish (positive fold change) with intensities of >0.5 and
<−0.5 considered as indicating deleted or duplicated genes, respec-
tively, in relation to the reference strain
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2003 and 2004) as well as among those kept in culture for
long periods, including the previously studied NAU.

Pairs of compatible (+)/incompatible (−) strains of the P.
involutus species group were selected from each of PS I, II,
and III for comparative genomic analysis (Table 1). The
strains from PS I (SE3071610 (+) and SE3071001 (−))
were collected in the same week in 2003 at the same
locality (Lund, Sweden), growing less than 30 m apart from
each other. SE03071610 were situated in a small grove, and
SE03071001 were growing on a grass field. Their ITS
regions are identical. The ATCC 200175 strain of PS II has
been used in numerous laboratory experiments for more
than 20 years. Microcosm studies have shown that this
strain has a very wide host range and can infect a large
number of tree species including birch, spruce, and pine
(Brun et al. 1995; Ek et al. 1994; Finlay et al. 1988). The
incompatible strain selected from PS II (Pi01SE) was
isolated from a pine forest in Sweden in 2002. The identity
of the ITS regions of ATCC 200175 and Pi01SE is 99.3%.
The host specificity of the PS III strains MAJ (+) and NAU
(−) have previously been examined in microcosms using
poplar and birch (Gafur et al. 2004; Le Quéré et al. 2004).
These experiments have shown that MAJ is compatible
with both poplar and birch, whereas NAU is incompatible
with both tree species (Gafur et al. 2004). The identity of
their ITS regions is 99.5%.

Analysis of hybridization signals

The differences in gene content between the compatible (+)
and incompatible (−) strains of PS I, II, and III were
analyzed by array CGH. The cDNA microarray used was

constructed from gene reporters originating from the ATCC
200175 strain of P. involutus s. str. (Materials and
methods). In total, the hybridization signals of 4,113 cDNA
probes were analyzed putatively representing 4,113 P.
involutus s. str. genes, which can be compared with the
1,075 probes present on the arrays used in the previous
studies (Le Quéré et al. 2004, 2006). The fraction of genes
covered by the 4,113 probes can be estimated to correspond
to approximately 53% of the total number of genes in the
fungal genome, assuming a gene content of 7,700 (Le
Quéré et al. 2002).

When the log2 ratios of the hybridization signals for
the various strains relative to the ATCC 200175 strain
were analyzed by clustering, Pi01SE was together with the
reference strain found in one group, MAJ and NAU in a
second group, and SE3071610 and SE3071001 in a third
group (Fig. 1). This partitioning is in agreement with the
distinct separation of the strains into three genetically
isolated species based on the concordance of the gene
genealogies of five nuclear genes (Hedh et al. 2008).

We have previously shown that the analyses of CGH
data from such distant groups as PS I, II, and III can be
susceptible to significant problems associated with
biases introduced during the normalization procedures
(Le Quéré et al. 2006). The normalization of the
hybridization signals can be skewed because of the
presence of a large number of variable genes, yielding
weak signals. The problem can be limited by restricting
the analysis to comparisons between closely related strains
such as those found within the phylogenetic species of P.
involutus s. lat. (Le Quéré et al. 2006). In the following
analyses, the hybridization signals of the (+)/(−) strains

Table 1 Paxillus strains used for comparative genomic hybridizations (CGH)

PSa Strain Originb Location Habitat Possible host speciesc Compatibility in microcosmd ITSe

I SE03071610 SE Skåne Public
lawn

Populus, Tilia, Acer, Fagus,
Quercus, Sorbus

Betula (+), Picea (+) AY585912

I SE03071001 SE Skåne Public
lawn

Populus, Cornus, Tilia, Fagus,
Quercus, Sorbus, Acer

Betula (−), Picea (−) AY585910

II ATCC
200175

GB Scotland Unknown Betula Betula (+), Picea (+), Pinus
(+), Fagus (+)

AY585913

II Pi01SE SE Skåne Sandy pine
forest

Pinus Betula (−), Picea (−) AY585918

III MAJ FR Unknown Unknown Populus Populus (+), Picea (+),
Betula (+)

AY585917

III NAU FR Unknown Unknown Quercus Betula (−), Populus (−),
Picea (−)

AY585915

All strains examined for host compatibility with birch and spruce are listed in Table S1 (supplementary material).
a Phylogenetic species (PS) according to Hedh et al. (2008)
bGB Great Britain, SE Sweden, FR France
cWoody plants within a 10-m radius
d A plus sign (+) indicates a compatible strain and a minus sign (−) an incompatible strain
e BL/DDJB/GenBank accession numbers for sequence information covering the ITS region
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within PS I, II, and III were, therefore, directly compared
(Fig. 2).

The differences in hybridization signals in CGH experi-
ments depend on many factors including sequence divergence
between the DNA of the compared samples and variation in
gene copy numbers. Analyses of 17 nuclear genes from strains
within PS II (three strains) and III (two strains) have shown
that a majority of them display an intraspecific sequence
identity of at least 97.7% (Le Quéré et al. 2006). The
minimum intraspecific sequence identity of four nuclear
genes (rabA, hydA, gpiA, and actA) was 99.1% in PS I (nine
strains), 98.5% for PS II (33 strains), and 98.3% for PS III
(three strains; Hedh et al. 2008). Previous studies have
shown that a difference in sequence identity of 98–100% can
generate a change in the log2 fold values of the hybridization
signals of −0.3 to +0.3 (Le Quéré et al. 2006). Thus, fold
changes outside this range will primarily be associated with
differences in gene copy number and not with sequence
divergence (Le Quéré et al. 2006). Accordingly, we have,
when comparing strains within a PS in the following
analyses, interpreted variation in hybridization signals that
are ≥0.5 or ≤−0.5 as related to differences in gene content.
However, we cannot exclude the possibility that such signals
can be due to genes displaying that are highly divergent in
sequences. Further analyses are needed to clearly distinguish
between the processes of sequence divergence and variation
in gene copy numbers.

Gene content in compatible and incompatible isolates

The CGH analysis showed that the gene content of the
closely related compatible (+) and incompatible (−)
strains differed significantly (Table 2). The proportion

of genes that varied in copy number when comparing the
compatible (+) and incompatible (−) isolates within PS I,
II, and III was 3.5%, 6.3%, and 1.3%, respectively. In
total, 390 genes varied in copy number in at least one of
the three pairwise comparisons. Within this nonredundant
set, only three gene reporters showed significant changes
in all three pairwise comparisons, while 58 (14.9%)
showed significant changes in at least two of the
comparisons (Fig. 3). None of the three genes showing
significant changes for all three pairs were diverging in the
same direction.

From similarity searches of all 390 genes varying in
copy numbers, 203 genes (52%) displayed sequence
similarities against sequences in the Fungal genome
database at the Broad Institute; 138 (35%) contained
sequences with similarities to protein family motifs in the
Pfam database; and 129 (33%) were homologous to
sequences present in the UniProt sequence database. The
total number of genes with homologues to the Fungal
genome database, Pfam database, and UniProt sequence
database among the 4,113 reporters on the microarray were
2,400 (59%), 1,227 (70%), and 2,544 (38%), respectively.
Accordingly, genes with no homologues were slightly
overrepresented in the cohort of duplicated genes as
compared to their abundance among all the genes on the
array (P<0.05).

Based on the sequence homologies, 88 of the 390
duplicated genes could be annotated into functional
categories (Table S2, supplementary material). Among
those, several displayed sequence similarities to members
of large gene families, including the major facilitator
superfamily (Pfam domain PF07690; Goffeau et al. 1997)
and the cytochrome P450 (PF00067) gene family. The P450

Fig. 2 Divergence of gene content in compatible (+) versus incompat-
ible (−) strains within each of the phylogenetic species (PS) I, II, and III
of Paxillus involutus s. lat. The scatter plots show the normalized
intensity levels (log2 scale) of 4,113 gene reporters analyzed. The
solid, diagonal line shows genes with almost identical hybridization

signals in the compatible and the incompatible isolates. The dotted
lines at y=x+1 and y=x−1 correspond to a log2 fold change between
the two isolates of +0.5 and −0.5, respectively. Functional annotations
of the divergent genes are listed in Table S2 (supplementary material).
Characteristics of the isolates are given in Table 1
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gene family is among the largest gene families in the
basidiomycete Phanerochaete chrysosporium (Martinez et
al. 2004). Members of this family have many different
functions, including oxidative metabolism of endogenous
and xenobiotic compounds (Nelson 1999).

Other genes that varied in copy numbers among the
analyzed strains of P. involutus s. lat. encoded motifs of
protein kinases (PF00069) and the Ras family of small
GTPases (PF00071; Table S2, supplementary material).
Notably, genes encoding protein kinases and Ras GTPases
are among the largest and most expanded gene families in
the genome of the ectomycorrhizal fungus Laccaria bicolor
(Martin et al. 2008). Proteins of both families are known to
have important roles in signaling pathways controlling
many important cellular processes like morphological
changes, cell cycle transitions, secretion, and stress
responses (Manning et al. 2002; Ridley 2001; Westfall et
al. 2004). The nonredundant set of amplified and deleted
genes also contained two hydrophobin genes, hydA and
hydE. Hydrophobins are small secreted proteins known to

play important roles in a range of different processes related
to growth and development in fungi (Wösten 2001). We
have recently shown that the hydrophobin gene family in P.
involutus s. lat. contains at least seven members including
hydA and hydE (Rajashekar et al. 2007). The P. involutus s.
lat. hyd gene family is dynamic; some members are
maintained for long periods of time whereas others appear to
be rapidly lost because of deleterious mutations. Among the
cohort of amplified or deleted genes were also a number of
genes displaying sequence homologies to genes involved in
the uptake and metabolism of nitrogen compounds. They
included peptidases (PF01546, PF00450), amino acid
permeases (PF00324), and amino transferases (PF00155).

Comparison with the previous CGH study

In the previous CGH study of P. involutus (Le Quéré et al.
2006), 21 genes were identified that varied in copy numbers
between MAJ and NAU, of which 14 were also significant
in the present study. In the comparison between ATCC

Fig. 3 A Venn diagram showing the distribution of 390 divergent
fungal gene reporters in the pairwise comparisons of compatible and
incompatible strains within phylogenetic species (PS) I, II, and III

Table 2 The number of genes found to be amplified or deleted in the pairwise comparisons of compatible (+) and incompatible (−) isolates within
the three phylogenetic species (PS) I to III of Paxillus involutus

PS Strains Total Amplified Deleted

I SE03071610 (+)/SE03071001 (−) 142 21 121

II ATCC 200175 (+)/Pi01SE (−) 260 114 146

III MAJ (+)/NAU (−) 53 23 30

Sum 455 159 297

Unique 390 154 269

The strains are described in Table 1. The procedure for identifying amplified or deleted genes is shown in Fig. 2. Genes being amplified or deleted
were identified based on log2 fold changes in hybridization signals in pairwise comparisons. A gene was included based on two criteria: (1) the
log2 fold change for a pairwise comparison was ≥0.5 or ≤−0.5 and (2) the standard deviation for the log2 fold change of the comparison for at least
one of the pairs was ≤0.3 (Le Quéré et al. 2006)

Fold changes (Le Quéré et al. 2006)
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Fig. 4 A comparison of the log2 fold changes for 14 gene reporters in
the strains MAJ and NAU obtained in this and a previous study (Le
Quéré et al. 2006)
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200175 and Pi01SE, 41 genes were identified to vary in copy
numbers in the previous analysis, of which 22 were
recognized in the present study. The discrepancies between
the two studies could be explained by the fact that the intensity
of hybridizations signals was slightly higher in the study by Le
Quéré et al. (2006) as compared to the current study. Thus,
the reporters that did not have significant fold changes in the
present study had very low hybridization intensity levels in
at least one of the analyzed samples (log2 residual values
below −2.0). However, the fold values for reporters with
hybridization signals above these levels were very similar in
the two studies as shown by comparing the log2 fold changes
in the MAJ and NAU hybridization experiments (Fig. 4).

Conclusions

Measures of ectomycorrhizae host specificities based on
experiments in microcosms like the ones used in this study
reflect the potential of the fungal isolates to infect a given
tree species. Hence, it needs to be remembered that the
observed ability of the examined P. involutus s. lat. strains
to form mycorrhizal associations may differ from their
performance in nature. Most likely, the incompatible strains
have a capacity to form EM associations with various host
tree species in the field, and they had not completely lost
their ability form EM. Nevertheless, our experiments
indicate that strains with narrow host range appear to have
evolved repeatedly and independently among strains with
wider host ranges in the P. involutus species group. The low
capacity to establish symbiosis with birch and spruce was
not due to prolonged culturing in the laboratory because
incompatible strains also were found among the newly
isolated specimens. The direction of these changes, i.e.,
whether strains with a narrow host range have evolved from
those with wider host ranges or vice versa is not known
since the phylogenetic relationships between the analyzed
strains cannot be resolved based on ITS sequences.
However, the finding of compatible and incompatible
strains growing in the same habitat and with identical ITS
sequences suggest that changes in host specificities could
evolve rapidly and under similar ecological conditions.

Comparisons of genomes using DNA microarrays
provide a rapid and cost-effective method to assess the
presence, absence, and divergence of sequences in closely
related organisms (Gresham et al. 2008). In fungi, this
method has been used to characterize genome variability in
Saccharomyces cerevisiae (Winzeler et al. 2003; Carreto et
al. 2008; Dunn et al. 2005), Candida albicans (Moran et al.
2004), and Cryptococcus neoformans (Hu et al. 2008). In
agreement with the CGH data presented for P. involutus,
these studies have demonstrated that strains and closely
related species of fungi can display an extensive variation

in gene copy numbers. Additionally, variation in copy
numbers is more likely to be found in genes belonging to
certain functional categories. In S. cerevisiae, these catego-
ries comprise transporters, proteins of the major facilitator
superfamily, and genes involved in drug response (Dunn et
al. 2005; Carreto et al. 2008). Transporters and members of
the major facilitator superfamily were also among genes
varying in copy numbers in P. involutus. When interpreting
the CGH data of the P. involutus, it has to be remembered
that the examined strains in this study are dikaryotic and
each cell of the mycelium contains two haploid nuclei. Due
to the fact that the genome of P. involutus has not yet been
sequenced, the microarray probes cannot be mapped to a
specific haploid nucleus. Hence, it is not known to what
extent deletions and amplifications in the two haploid
genomes, respectively, contribute to the observed variations
in gene copy numbers among the analyzed isolates.

We have previously shown that an incompatible and a
compatible strain within PS III differ in gene content and in
the expression patterns of plant-induced genes. Further-
more, we demonstrated that the sequences of several
proteins have diverged at different rates in the two strains,
probably because of changes in their selection pressures (Le
Quéré et al. 2004, 2006). As a first attempt to examine
whether incompatible strains have evolved by similar or
different genomic mechanisms in the different lineages of P.
involutus, we compared the differences in gene content
between incompatible and compatible and closely related
strains from three genetically isolated lineages (PS I, II, and
III). Despite the fact that the contrasted strains differed
significantly in gene content, none of the 390 variable gene
reporters were changed in a similar way in the three pairs.
Accordingly, our analysis provides no evidence that the
emergence of incompatible phenotypes with narrow host
potential among PS I, II, and III is associated with the gain
or loss of similar genes. However, the possibility of parallel
changes in gene content cannot be ruled out because the
cDNA array used in this work contains only a portion
(approximately 53%) of the total number of genes assumed
to be present in the genome of P. involutus. It should also
be noted that parts of the variations in gene content between
the strains might not be associated with phenotypic
adaptations but rather may be the result of nonadaptive
forces such as genetic drift and mutations (Lynch 2007).
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