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Abstract

Ectomycorrhizae is a mutualistic association between roots of woody
plants and a diverse range of soil fungi. The fungi exchange soil derived mineral
nutrients for photosynthetic sugars from the host plant. The mycorrhizal
symbioses are commonly found in all forest ecosystems and have a major
ecological and economical importance. I have used comparative genomics, DNA
microarrays and computational approaches to gain insights into the evolution of
the ectomycorrhizal symbiosis in two fungi Laccaria bicolor (Basidiomycetes;
Agaricales) and Paxillus involutus (Basidiomycetes; Boletales).

L. bicolor is the first symbiotic fungus to have its genome sequence
determined. The genome assembly contains 65 million base pairs with about
~20,000 predicted protein-encoding genes. Here, I report the analysis of L. bicolor
genome and its comparison with the genomes of four other basidiomycetes
including the saprotrophic species Coprinopsis cinerea and Phanerochaete
chrysosporium, the human pathogen Cryptococcus neoformans and the plant
pathogen Ustilago maydis. The compared genomes cover about 550 million years
of evolution. A total of 58,030 protein sequences from these five basidiomycetes
were clustered into 7352 protein families. The evolution of protein families were
analysed for accelerated rates of gain and loss along specific branches of a
phylogenetic tree using a stochastic birth and death model. Analysis of the
genome sequence of L. bicolor in comparison to other analysed basidiomycetes
revealed large genome size, large number of protein families, larger size of
protein families, many lineage specific and expanded families, and large number
of recent duplicates. The evolution of two large and expanded protein families in
L. bicolor having significant homology to protein kinases and Ras GTPases
superfamilies were analysed in more detail. The analyses showed these families
to contain many paralogs that have arisen through recent duplication events. The
comparative analyses of gene families showed that the evolution of symbiosis in
L. bicolor has been associated with the expansion of large multigene families. The
functions of many of these families are unknown but many of them are
differentially expressed during symbiosis.

In the second part of my thesis, I have analysed duplicated and rapidly
evolving genes that could be associated with symbiotic adaptations in the
ectomycorrhizal fungus P. involutus. Strains of P. involutus forming
ectomycorrhiza showing various degree of host-specificity were analysed by
comparative genomic hybridizations using a cONA microarray representing 1076
putative unique genes. Approximately 17% of the genes investigated on the array
were detected as rapidly and presumably non-neutrally evolving within Paxillus.
Among these genes, there were several hydrophobins. Hydrophobins are small,
secreted hydrophobic cell surface proteins having several roles in growth and
development of fungi. The evolutionary mechanisms responsible for generating
sequence and expression divergence among members of the hydrophobin
multigene family in P. involutus were examined in more detail.
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cDNA
CDS
DNA
EM
EST
JGI
Mbp
mRNA

Arbuscular mycorrhizae

base pair

Computational Analysis of gene Family Evolution
complementary Deoxyribonucleic acid

The portion of a gene or an mRNA that codes for a protein
Deoxyribonucleic acid

Ectomycorrhizae

Expressed Sequence Tag

Joint Genome Institute

Million base pair
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I. Introduction

Fungi comprise a highly versatile group of eukaryotic heterotrophic
organisms that have diverse ecological and economical roles. They are
mainly saprotrophs. They degrade dead organic matter and contribute
to nutrient cycling in terrestrial ecosystem. A second group of fungi are
pathogens which cause a large number of plant and animal diseases. In
humans, fungal infection can range from common skin infection to life
threatening respiratory infections. Plant diseases caused by fungal
pathogens can lead to severe losses in agricultural crops. Common
plant diseases caused by fungi include powdery mildews, rusts, smuts,
damping off and rots of stem, leaf and roots. The enzymes secreted by
fungi can damage wooden furniture, cotton fabrics, paints used on
buildings and drugs. These and several other damages caused by the
fungi can be estimated to several billions of dollars annually.

A third group of fungi are symbionts, and they form mutualistic
relationships with plants and other organisms. Mycorrhizae is the
symbiosis formed between fungi and plants (Smith & Read, 1997). This
association is thought to have played an important role in the successful
colonisation of land by plants about 400 million years ago (Pirozynski &
Malloch, 1975; Pirozynski & Dalpe, 1989; Remy et al., 1994). In the
mycorrhizal association, the fungal partner benefits by utilizing
photosynthetic sugars from the host plant and in return the plant
receives essential mineral nutrients from the fungus. Other benefits for
the plant in these associations are increased growth, increased
photosynthetic rate, resistance to stress and drought, tolerance to
adverse conditions like heavy-metal contamination and also reduced
attack from root pathogens (Smith & Read, 1997).

It has been estimated that there are around 1.5 million species of fungi,
and only 5% (~75,000) of these have been described (Deacon, 2006).
These species belong to five phyla including Chrytridiomycota,
Zygomycota, Glomeromycota, Ascomycota and Basidiomycota.
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2. Objectives

The main objectives of this thesis have been to examine the genomic
mechanisms that could be associated with:

(i) The evolution of ectomycorrhizal symbiosis in fungi
(ii) The variation in host preferences of ectomycorrhizal fungi

Basically, there are three compatible mechanisms that could account for
the emergence of novel phenotypes and generation of phenotypic
variations; namely variations in gene content, quantitative differences
in gene expression, and structural differences in gene products
(Ochman & Moran, 2001; Wray, 2007; Long et al., 2003; Hughes, 1999).

In the thesis, I have mainly been studying how variations in gene
contents, i.e. the gain and loss of genes, are associated with the
evolution of ectomycorrhize. The major mechanism for gaining novel
genes in eukaryotes is by duplications of genes or large chromosomal
regions (Ohno, 1970). Duplications occur frequently in many genomes.
Some of the new duplicates can evolve to obtain new functions, but a
majority are silenced within a few million of years (Lynch & Conery,
2000). New functions can arise by regulatory mutations affecting the
expression patterns, or by mutations in the coding regions affecting the
structure of the gene products. The process of differential gain and loss
of genes will result in gene families that share sequence and functional
homology but differ in gene numbers.

Below, I will give a background to the ectomycorrhizal symbiosis, and
how comparative genomics, coupled with evolutionary analysis, can
provide insights into the genomic mechanisms associated with the
emergence and pruning of the symbiotic lifestyle in fungi.
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3. Background
3.1. Evolution of ectomycorrhizae

The earliest fossil record of mycorrhizae dates back to 400 million years
ago (Pirozynski & Malloch, 1975; Pirozynski & Dalpe, 1989; Remy et al.,
1994). These associations are similar to the present arbuscular
mycorrhizae (AM). AM associations are the most common and wide-
spread type of mycorrhizae. About 80% of all higher land plant species,
and about 90% of all plant families are capable of forming AM
symbiosis (Brachmann & Parniske, 2006). The AM fungi are found in
the Glomeromycota phylum, which diverged as a monophyletic group
from the same common ancestor as the Ascomycota and Basidiomycota
(Schiifsler et al., 2001). Fungi forming AM mycorrhizae are obligate
symbionts. During infection, the fungal hyphae within the roots spread
by forming linear or coiled hyphae, and then penetrate the root cortex
and cell walls to form branching tree-like structures referred to as
arbuscules (Smith & Read, 1997).

During the subsequent history of plants, other types of mycorrhizae
evolved. The most common type is ectomycorrhizae (EM). There are
~10,000 fungal and 8,000 plant species capable of forming EM. The EM
fungi primarily belong to Basidiomycota (95%) with some Ascomycota
(4.8%) and few Zygomycota. About thirty families of plants form EM
including pine, oaks, dipterocarps and eucalypts. Members of these and
other EM forming species dominate many boreal and temperate forest
ecosystems (Taylor & Alexander, 2005). The earliest fossil records of EM
dates back to 50 million years ago (Lepage et al., 1997). However, based
on data on the evolutionary history of fungi and host species, it can be
assumed that the EM symbiosis were extant well before this date, and
even before 135 million years ago (Alexander, 2006).

EM fungi are facultative symbionts, they can grow both as biotrophs
and saprotrophs. The saprotrophic ability differs between EM species.
Some grow slowly in pure cultures and have a limited ability to utilize
more complex organic material. Others can degrade and release
nutrients from complex organic matter like litter and pollen (Read &
Perez-Moreno, 2003). During infection of the plant roots, a specialized
tissue is formed where the exchange of nutrients and carbon occurs. The
tissue consists of a mantle, which develops from the fungal hyphae
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surrounding the root, and a Hartig net, which is formed by the hyphae
penetrating between the outer cells of the root. The carbon derived from
the host supports the growth of an extensive fungal mycelium into the
soil. The external mycelium assimilates and transports nutrients, mainly
nitrogen, back to the plant host (Smith & Read, 1997).

The evolution of EM symbiosis has been studied in basidiomycetes
using phylogenetic analysis (Bruns et al., 2002; Hibbett et al., 2000).
These analyses have shown that mycorrhizal symbionts have evolved
repeatedly from saprotrophic precursors. In the study by Hibbett et al.
(2000) it was shown that EM homobasidiomycetes occur in six
independent clades (a group of species that share a common ancestor).
Furthermore, they observed occasional occurrence of reversals to free-
living, saprotrophic lifestyles within otherwise mycorrhizal clades of
fungi. Based on these observations, the authors suggested that EMs are
unstable, evolutionary dynamic associations. Bruns and Shefferson
(2004) showed that the loss of the EM habit proposed by Hibbett et al. is
depending on the model used for the phylogentic analyses. They also
argued that such losses are most unlikely because the regained free-
living saprotroph will have major difficulties in competing with the
more specialized saprotrophs (Bruns & Shefferson, 2004). The multiple,
independent evolutionary origins of mycorrhizal basidiomycetes from
saprotrophic ancestors have been confirmed in several recent studies
(James et al., 2006; Matheny et al., 2006).

Many of the EM basidiomycetes have broad host specificity and can
form mycorrhizal associations with several different tree species (Smith
& Read, 1997). However, there is a considerable variation in the degree
of host preferences exhibited by EM fungi, and they include both
generalist and specialist species (Trappe, 1962). Studies have also
shown that the variation of host preferences within species can be as
large as the variation between species (Smith & Read, 1997; Cairney,
1999).

I have studied two different species of EM basidiomycetes,

Laccaria bicolor and Paxillus involutus. Both species belong to the
Agaricomycotina. This clade contains about 20,000 described species,
which constitutes to 68% of all known basidiomycetes (Hibbett, 2006).
L. bicolor and P. involutus belongs to two different orders within the
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Agaricomycotina, the Agaricales and the Boletales, respectively. These
two orders form together with the Atheliales a monophyletic group,
named the Agaricomycotidae (Hibbett, 2006). A recent multilocus
phylogeny have shown that Agaricales consists of six major clades and
30 families (Matheny et al., 2006). The EM habit appears to have evolved
at least 11 times within the Agaricales, and there are no known
reversals. L. bicolor belongs to the family Hydnangiaceae of the
Agaricoid clade. This clade also contains a number of families including
saprotrophs. The saprotroph family closest to Hydnangiaceae is the
Psathyrellaceae which include Coprinopsis cinerea (Matheny et al., 2006).
The Boletales contains approximately a thousand described species and
a majority of them are thought to form EM (Binder & Hibbett, 2006).
Other species belong to the brown-rot fungi and their growth habit is
thought to be an ancestral state for Boletales (Binder & Hibbett, 2006).

L. bicolor has been found associated with numerous plant species. This is
the first symbiotic fungus genome to be sequenced with the
collaborations of the Department of Energy's Joint Genome Institute
(JGI) and Laccaria genome consortium (Paper I). This species is well
studied due to its rapid development and establishment of EM with
plant roots under laboratory conditions. Importantly, they are
frequently used in forest nurseries to inoculate plant seedlings to
improve plant growth. Comparative analysis of the L. bicolor genome
with the genomes of other sequenced basidiomycetes, including the
saprophytes C. cinerea (Agaricales, Agaricomycotina) and Phanerochaete
chrysosporium (Corticales, Agaricomycotina), the human pathogen
Cryptococcus neoformans (Tremellales, Agaricomycotina), and the plant
pathogen Ustilago maydis (Ustilaginales, Ustilagomycotina) provided
insights into the gain and loss of genes in L. bicolor (Paper II) (Table 1
and Figure 1).

Paxillus involutus is commonly found in Northern hemisphere and
forms EM with large number of coniferous and deciduous tree species.
P. involutus in association with various host plants including birch, pine
and spruce, has been a popular model for studying the ecology and
physiology of EM fungi (Wallander & Soderstrom, 1999). Of particular
interest for my work is the fact that strains of P. involutus differs
extensively in host preferences (Laiho, 1970; Gafur et al., 2004; Le Quéré
et al., 2004).
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Figure 1. Phylogeny of basidiomycetes with sequenced genomes.

The Neighbor Joining tree (NJ) was constructed with 1000 bootstrap
replications from 407,000 pairwise comparisons using a genome phylogeny
approach (Kunin et al., 2005). The branch lengths are proportional to the
number of substitutions calculated from 18S rDNA sequences using
Maximum Parsimony. The time of divergence of clades (Berbee, 2001),
indicated in millions of years by arrows, was overlayed. The symbols
correspond to filamentous fungi (@), yeast (O), mycorrhiza (M), plant
pathogen (A), animal pathogen (A), saprophyte (). The saprotrophic
filamentosus A. niger was used as outgroup. This figure is from
Supplementary material of Paper I.

The P. involutus genome is predicted to contain ~23 Mbp and 7700
protein coding genes (Le Quéré et al., 2002). The group of Microbial
Ecology at Lund University has generated a large number of Expressed
Sequence Tags (ESTs) (Johansson et al., 2004). (ESTs are partial
sequences of expressed genes derived from random sequences of cDNA
libraries). Based on a non-redundant set of EST sequences, cDNA
microarrays were constructed. The arrays have been used to examine
the transcriptional responses in P. involutus during the infection and
development of EM with birch seedlings (Johansson et al., 2004; Wright
et al., 2005). The array was also used for comparing the genomes of

P. involutus strains that differ in host preferences (Paper III). Among the
genes that were rapidly evolving were several encoding for

hydrophobins.
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Hydrophobins are small, secreted proteins that are unique to fungi and
play important roles in development and host interactions (Kershaw &
Talbot, 1998; Wosten, 2001). In the last paper, the hydrophobin gene
family of P. involutus was characterized in detail (Paper IV).
Evolutionary mechanisms generating sequence and expression
divergence among members in the family were examined.

3.2. Genomes and the evolution of phenotypic diversity

Gene and genome structure varies extensively between organisms both
within species and across the tree of life. There are four major
evolutionary forces that are responsible for this variation - natural
selection, mutations, recombination and genetic drift (Lynch, 2007).
Natural selection, the differential survival of individuals in a population
will lead to changes in gene frequencies. Phenotypic characters that are
tavoured by the process of selection are called adaptations. The other
three forces affecting the variation of genes and genomes are non-
adaptive, thus they are not related to the fitness of the organism.
Mutations, including gene duplications and other genetic changes, are
the ultimate source of variation on which natural selection acts to
modify or produce novel characters. Recombination affects the patterns
of variation within and among chromosomes. Genetic drift is the
random fluctuations of gene frequencies occurring in populations.

During the last four decades, it has been shown that a majority of
mutations are neutral or nearly “neutral” and only a minority of them
will affect the function of proteins (Kimura, 1983; Ohta, 1992; Nei, 2007).
The relative contribution of selection and the random processes of
genetic drift and mutations for generating adaptations and phenotypic
complexity have been a matter of controversy. Some evolutionary
biologists have stated that neutral mutations is of limited interest for
understanding phenotypic evolution because they do not affect the
function of proteins and phenotypic characters (Futuyma, 2005). Other
biologists have argued that considerable portion of phenotypic
evolution is caused by neutral or nearly neutral mutations (Nei, 1987).
Lynch and co-workers have recently proposed that the non-adaptive
forces have played a major role in generating complex genomic
architectures, novel gene structures, and regulatory pathways that

drive patterns of gene expression, as well as increase in gene content
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in eukaryotes. Many of these modifications have emerged passively in
response to long-term population changes. These changes provided the
substrate for the secondary evolution of phenotypic adaptations by
natural selection (Lynch & Conery, 2003; Lynch, 2006; Lynch, 2007).

Comparative genomics have become an important tool for examining
genomic variations that may be related to the emergence of novel
phenotypes and adaptations to specific environments. By comparing
genome sequences encoding alternative phenotypes it is possible to
reconstruct some of the genomic changes that have accompanied the
change in the phenotype. The observed pattern is then contrasted with
what is expected in the absence of natural selection; that is due to
random processes. The remaining variation potentially indicates the
action of natural selection.

There are several methods for testing the action of natural selection on
nucleotide sequences. For example, the neutral theory of molecular
evolution predicts that as long as a protein’s function is unaltered, the
proteins rate of evolution is constant. Accordingly, a detection of
change in the rate of evolution of a protein might reveal changes due to
selection (Hughes, 1999). This was the basis for detecting rapidly and
non-randomly evolving genes in Paper IIl. In Paper IV, selection on
nucleotide sequences was examined in hydrophobin encoding
sequences by comparing the rates of nonsynonymous (dn) and
synonymous (ds) substitutions per site. A dn/ds ratio significantly larger
than one is indicative of positive selection, and a dn/dsratio smaller than
1 of purifying selection (Hughes, 1999).

In contrast to the well-accepted methods for detecting adaptations in
sequences, there are no such methods for testing the action of selection
on gene family sizes. Recently, a tool called CAFE (Computational
Analysis of gene Family Evolution) was developed for the statistical
analysis of the evolution of the size of gene families (De Bie et al., 2006).
The method uses a stochastic birth and death process to identify
unexpectedly large size changes in expansions or contractions over a
phylogeny. I have used this method to examine the mode of gene
family evolution in basidiomycetes (Paper II). The CAFE tool has
previously been used to analyse gene family evolution
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in Saccharomyces species (Hahn et al., 2005) and mammalian species
(Demuth et al., 2006; Gibbs et al., 2007; Sawatzki & Cooper, 2007).

Comparisons of closely related strains or species are particularly
informative for identifying genomic mechanisms of adaptive evolution
because they hold constant to all variables shared by congeners (Harvey
& Pagel, 1991). However, complete genome sequence data are seldom
available for closely related strains and species. As an alternative,
comparative genomic hybridization analysis on DNA microarrays can
be used to screen for gene gains and losses, and genes with divergent
sequences (Dunham et al., 2002; Kim et al., 2002). In Paper III, a cDNA
microarray was used to screen for variation in gene contents and
rapidly evolving genes among strains of P. involutus.

* 9

Speciation

Time

Homologs

Figure 2. A diagrammatic representation of homologs, orthologs and
paralogs. Gene relationships after a speciation event (in ancestor x) creates
new species y and z. Gene A is an ortholog between species y and z. Gene
duplications of gene A in species z creates paralogs Al and A2. Gene A in
species y now has two orthologs Al and A2 in species z. (Homologs are genes
sharing a common origin. Homologous genes are of two types - Orthologs are
genes originating from a single ancestral gene in the common ancestor and
separated by speciation event, and Paralogs are genes evolved by a
duplication event).
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3.3. Gene duplications

Duplications of genes or large chromosomal regions in combinations
with mutations that causes functional divergence of the duplicates are
thought to have played an important role in the generation of novel
phenotypes deep in evolutionary trees as well as the diversification of
more closely related species (Ohno, 1970; Hurles, 2004).

Analysis of genome sequences have shown that gene duplications arise
at very high rates (Lynch & Conery, 2000). Duplication events are
detected in a genome as very similar homologs formed before
speciation (orthologs) or after speciation (paralogs) (Fitch, 1970; Koonin,
2005) (Figure 2). These two subclasses were first defined by Fitch (Fitch,
1970) to describe the distinct evolutionary relationships between genes.
The orthologs are assumed to have similar functions, whereas paralogs
can have diverged functions. Classifying and identifying orthologs and
paralogs in complete genome sequences have been one of the central
problems in genome comparisons. They have become increasingly
important to describe the history of speciation and gene duplication
events. Some of the mechanisms by which genes become duplicated
include tandem duplications, segmental duplications of large
chromosomal regions and whole genome duplications (Hurles, 2004).

After duplication, the fate of duplicate genes could be one of the
following: (a) functional redundancy, the duplicated copy retains the
same function of the parent gene, this is often beneficial to produce
extra amounts of proteins or RNA (Zhang, 2003);

(b) pseudogenization (nonfunctionalization), one of the duplicate
accumulate deleterious mutations and become a pseudogene, which is
either unexpressed or become functionless (Lynch & Conery, 2000);

(c) subfunctionalization, both duplicates experience degenerative
mutations and divide the ancestral function between them (Force et al.,
1999; Lynch & Force, 2000); and

(d) neofunctionalization, the duplicate develops a novel function while
the other copy always retains the ancestral function (Lynch et al., 2001).
The role of these mechanisms for preserving duplicates of the
hydrophobin genes are discussed in Paper IV.
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Duplication events will result in the evolution of multigene families
(Prince & Pickett, 2002). Such families contain groups of homologous
protein sequences that are evolutionarily related which are created by
successive gene duplication and speciation events, and have descended
from a common ancestor. Several methods have been developed to
cluster protein sequences into families (Liu & Rost, 2003; Krause et al.,
2005; Kelil et al., 2007). TRIBEMCL (Enright et al., 2002), based on a
Markov clustering approach and BlastClust (ftp://ftp.ncbinih.gov/blast/),
which uses score-based single-linkage clustering are some of the widely
used algorithms for clustering protein sequences. TRIBEMCL is a fast
algorithm which can be applied for large datatsets and has been
reported to handle multidomain proteins and partial sequences. We
applied this algorithm to generate protein families from five
basidiomycete protein sequences. The protein families were constructed
based on the significant pair-wise sequence similarities (Paper II).

The function of a gene has two distinct components, what its product
does and the circumstances under which that product is expressed
(Wray, 2007). The first component is modified by mutations in the
coding parts of the DNA where as the second component is affected by
mutations in regions of the DNA that regulates transcription.
Transcription is regulated by sequences in so-called cis-regulatory
regions. Typically such segments are located adjacent to the 5 region of
the transcriptional start site, but they can also be found at the 3'region
of the gene, as well as in introns or further away from the gene they
regulate. There are number of evidences that cis-regulatory mutations
underlie a number of ecologically significant changes in phenotypic
differences in morphology, physiology and behaviour (Wray, 2007). I
have examined variation in expression levels of gene duplicates using
data obtained from DNA microarray experiments (Paper II and IV).
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3.4. Phylogenetic analysis

Phylogenetic methods are important in comparative genomics for
revealing the evolutionary history of organisms, genes and genomes,
the events and mechanisms of gene duplications, identifying homologs
and for providing information for functional classifications of genes and
proteins. A majority of phylogenetic studies are based on the analysis of
molecular data. Several methods have been developed for constructing
and evaluating trees obtained from such data (Nei, 1996). Statistical
tests are of importance for understanding if the generated tree hierarchy
is just by a chance or instead of a genealogical process. The methods
that I have used in this thesis are maximum likelihood, neighbor-joining
and split network.

In genome comparisons it is of major importance to provide a
comprehensive functional classification for all proteins. An important
tool for providing such classification is to cluster proteins to families.
The protein families will contain conserved proteins having a similar
function. In many protein families, members could have undergone
numerous gene duplication events leading to functional diversification
and the formation of sub-families. Occasionally, large families or
superfamilies will arise consisting of a many sub-families in hierarchical
clusters. I have analyzed two such superfamilies protein kinases and ras
GTPases using several methods like sequence clustering, graph
algorithms, tools for visualizations, identifications and annotations of
functional domains. More detailed phylogenetic analysis was done to
identify clusters of orthologs and lineage specific paralogs (Paper II).

In Paper IV, phylogenetic analysis was used to understand evolutionary
mechanisms generating sequence and expression divergence of
hydrophobins in P. involutus. Gain and loss of hydrophobin genes were
demonstrated and variations in expression levels were related to the
evolutionary history of the duplicates.
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4. Summary of thesis

My thesis consists of two parts. In the first part, I used comparative
genomics to reveal changes in the genomes that have accompanied the
evolution of symbiosis in Laccaria bicolor. In the second part, I have
analysed the genomic diversity in strains of the symbiotic fungi Paxillus
involutus that differ in host preferences.

Laccaria bicolor

The draft sequence of the ectomycorrhizal fungus L. bicolor was publicly
released in July 2006. The sequencing was a joint collaboration between
JGI and the Laccaria Genome Consortium. A total of 68 collaborators
from different laboratories have made contribution to this project, with
Francis Martin from INRA, Nancy being the main coordinator. I,
together with other scientists at the Department of Microbial Ecology in
Lund, have made contributions to this project in sequence analysis;
genome phylogeny; gene duplications; age distribution of duplicates;
construction, comparisons and analysis of protein families; comparison
of protein family sizes; evolution of protein family sizes and domain

phylogeny.

A major highlight from Paper I is the finding that L. bicolor has the
largest fungal genome sequenced yet. The genome size was estimated
to be 65 Mbp and the assembly contains 20,614 predicted protein-
encoding genes. In comparison to other fungal genomes L. bicolor
contained large number of transposable elements; large percentage of
proteins belonging to multigene families; large number of protein
families (Figure 3); large expansions in family sizes in lineage specific
protein families. Many transcripts were present in expanded and
lineage specific multigene families and were being up-regulated in
symbiotic and fruiting body tissues, suggesting a role in tissue
differentiation. The L. bicolor genome contained a battery of genes
encoding small secreted proteins (SSPs) with unknown function. Some
of them were expressed during infection of host plant roots. A few of
the SSPs displayed sequence similarity to so-called effector proteins of
biotrophic plant pathogens. Despite the fact that the L. bicolor genome
contains many genes encoding for hydrolytic enzymes such as
proteases and lipases, it was lacking carbohydrate active enzymes
involved in degrading plant cell walls.
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Figure 3. Comparison of protein family sizes in basidiomycetes.

Protein sequences predicted from the genome sequences of Laccaria bicolor,
Coprinopsis cinerea, Phanerochaete chrysosporium, Cryptococcus neoformans and
Ustilago maydis were clustered into families using the TRIBEMCL algorithm
(Enright et al., 2002). In total 7352 protein families (containing at least two
sequences) were identified.

In Paper II the expansion of gene families in L. bicolor was analysed in
detail by comparing gene content and protein families in the five
basidiomycetes that have been sequenced — the symbiont L. bicolor, the
saprophytes C. cinerea and P. chrysosporium, the animal pathogen C.
neoformans, and the plant pathogen U. maydis (Figure 4). In comparison to
the other basidiomycetes, L. bicolor contained a high number of gene
duplicates. A low level of sequence divergence between many of these
duplicates suggests that they are of recent origin. A large fraction of these
young duplicates were found in 55 large gene families containing more
than 25 members. A majority of these families did not contain any known
protein domain and the functions of them are not known. However,
analysis of microarray data showed that they contain members that are
differentially expressed in mycorrhizal root tips as compared to fruiting
bodies and mycelia. Two of the large families displayed sequence
similarities to proteins involved in signal transduction including protein
kinases and Ras GTPases. Based on phylogenetic analysis it was shown
that both families contain clusters of paralogs that have arisen in the L.
bicolor lineage following the split from the saprophyte C. cinerea.
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Paxillus involutus

A major research area at the Department of Microbial Ecology in Lund
during the recent years has been to study the molecular background
and evolution of the interaction between the EM fungus P. involutus and
birch (Betula pendula). Due to a joint effort by several scientists, post
docs and Ph.D students a large number of ESTs have been generated
and cDNA microarrays have been constructed and used for global
transcriptional analyses and comparative genomic hybridizations.

One of the areas of research has been to identify the genomic
mechanisms underlying the variation in host preferences observed
between strains of P. involutus. In Paper III, a screen for identifying
rapidly evolving genes in different strains of this fungus by cDNA
microarray hybridizations was developed. The array used contained
reporters for 1076 putative unique genes in P. involutus. About 17% of
these genes were identified as rapidly diverging and 6% of these varied
in copy numbers between the strains analysed. Most of the duplicates
were orphans, membrane proteins, or related to stress/defence
reactions.

Among the genes detected as rapidly and presumably non-neutrally
evolving within Paxillus, there were several encoding hydrophobins.
Hydrophobins are small, secreted hydrophobic cell surface proteins
having several roles in growth and development of fungi. I together
with another Ph.D student, Peter Samson who did the sequencing of
hydrophobin genes in Paxillus strains and species, have examined the
evolutionary mechanisms responsible for generating sequence and
expression divergence among members of the hydrophobin multigene
family in P. involutus (Paper IV). Sequences were analysed using
phylogenetic methods and expression levels were inferred using data
from microarray experiments. Seven hydrophobin genes and one
pseudogene were identified among the P. involutus strain; the young
(recent) duplicates of hydrophobin genes showed positive selection; no
correlation between sequence divergence and expression divergence;
three hydrophobin genes showed shift in expression levels and finally it
was shown that the hydrophobin genes evolve by birth-and-death
model.
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5. Future perspectives

In many organisms, non-random codon usage in synonymous codons
has been observed. The biased codon usage is considered to be a result
of natural selection or mutational biases. The correlations of codon bias
with tRNA abundance, gene expression level, and guanine-cytosine
content at synonymous codons are taken as evidences for natural
selection or mutational biases. Highly expressed genes are commonly
biased in codon usage. Hydrophobin genes are among the genes in P.
involutus and L. bicolor that have the most biased codon usage. The bias
is not correlated to gene expression levels and alternative explanations
need to be investigated.

An alternative strategy to the comparative analysis of gene families
performed in Paper I and II for identifying proteins that distinguish
symbiotic fungi from saprophytic and parasitic fungi is phylogenetic
profiling. This approach involves the study of the occurrence of
proteins or protein families across fully sequenced genomes. The
method creates a phylogenetic profile of all proteins across organisms,
to identify presence or absence of homologs, to measure evolutionary
distance, and to identify proteins within the same pathway or protein
complex. By comparing the phylogenetic profiles to phenotypic profiles
it is possible to infer the proteins partially responsible for establishing a
phenotype. Presently, the L. bicolor proteins can be compared with more
than 50 available fungal genomes.

Phylogenetic analyses have shown that the EM growth habit has
evolved repeatedly, in many lineages of the Basidiomycetes. Recently,
JGI has funded sequencing of the genome of P. involutus (coordinated
jointly by A. Tunlid and F. Martin). P. involutus and L. bicolor belong to
two different evolutionary lineages of Basidiomycetes, Boletales and
Agaricales. Their genomes appear to be very different in size. However,
their morphological responses in association with the roots of host plant
are similar. Comparative genome analysis of the changes among species
within the Boletales and Agaricales will provide insights into both
common and unique mechanisms underlying the evolution of
mutualism in these two lineages of Basidiomycetes.
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Appendix A

The following bioinformatics tools, molecular databases, statistics
software’s, text editors and computer programs have been used for data
analyses in this thesis.

A1l  Bioinformatics tools
. ATV : for the visualization and annotating phylogenetic trees.
e  BELVU:': to view alignment, inferring phylogenetic trees and colour output
J BIOEDIT : is a biological sequence alignment editor
e  BIOLAYOUT : Visualization of biological networks
e  BLAST: finds regions of similarity between biological sequences
e  CAFE: for the statistical analysis of the evolution of the size of gene families
. CLUSTAL : for multiple sequence alignment

] CODONW : multivariate analysis of codon and amino acid usage

e  CRANN: to detect adaptive evolution in protein-coding genes

. DAMBE : data analysis in molecular biology and evolution

e DNASP : analysis of nucleotide polymorphism from aligned DNA sequence
o EMBOSS : an open source software analysis package for molecular biology

. HMMER : profile hidden markov model software for protein sequence analysis

o HYPERTREE : a phylogenetic tree viewer, with a hyperbolic view

e JCOLORGRID: for transforming numerical or text data into color-grids

e  MATGAT : calculates similarity and identity between pairs of sequences

e  MEGA : for molecular and sequence analysis

e  MUSCLE : multiple sequence comparison by log-expectation

J PAML : phylogenetic analyses of molecular sequences using maximum likelihood
o PAUP : for inferring and interpreting phylogenetic tools

o PHYLIP : a free package of programs for inferring phylogenies

o PHYLO_WIN : a graphical colour interface for molecular phylogenetic inference

. SEAVIEW : a graphical multiple sequence alignment editor

. SPLITSTREE : for computing evolutionary networks from molecular sequence data
. TREEVIEW : a simple program for displaying phylogenies

e  TRIBE-MCL: for clustering proteins into protein families

. QUICKTREE : rapid reconstruction of phylogenies by the Neighbor-Joining method

A2  Programming & Databases
e AWK :a general purpose programming language for processing text-based data
. BIOPERL : a toolkit of Perl modules useful in building bioinformatics solutions
. MYSQL : an open source, multi-user SQL database management system
. PERL : a general-purpose programming language
. SED : a Unix utility for parsing text files and the programming language
. SHELL script : a simple domain-specific programming language

A3  Bioinformatics tools in web servers
e  BIOWEB Pasteur : biological software’s on the web
o CBS : bioinformatics tools produced at center for biological sequence analysis
o EBI : centre for research and services in bioinformatics
e  NCBI: a national resource for molecular biology information
e  MATRIX2PNG : for making visualizations of microarray and other data types
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A4  Molecular databases
e  BROAD institute, which is one of the largest genome sequencing centers in the world
e  COGEME : consortium for the functional genomics of microbial eukaryotes
. EBI : biological databases, support to data deposition and exploitation
. JGI : provides high-quality genome sequencing data to scientific community
. NCBI : biological databases, literature Complete Genomes, Taxonomy, and others
o PARSY : Paxillus database for EST analysis
. Pfam : a large collection of protein families
o PHOREST : web based tool for comparative analysis of EST sequences
. SWISSPROT : a curated protein sequence database

A5  Statistical software’s
KALEIDAGRAPH : graphing and data analysis
. MVSP : multivariate numerical analyses
e  OriginLab : professional graphing and data analysis
J PCORD : multivariate statistical analysis

A.6 Text editors
. EDITPLUS : text editor, HTML editor and programmers editor for Windows
. EMACS : extensible, customizable, self-documenting, real-time display editor
. Vi : a screen-oriented text and command editor

A7  Others
e ADOBE ILLUSTRATOR : sophisticated a vector-graphics software

* These software’s were used on Microsoft Windows, Mac OS X and Linux operating system.
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Mycorrhizal symbioses -- the union of roots and soil fungi -- are
universal in terrestrial ecosystems and may have been fundamental to
land colonization by plants'? Boreal, temperate, and montane forests all
depend upon ectomycorrhizae'. Identification of the primary factors that
regulate symbiotic development and metabolic activity will therefore
open the door to understanding the role of ectomycorrhizae in plant
development and physiology, allowing the full ecological significance
of this symbiosis to be explored. Here, we report the genome sequence
of the ectomycorrhizal basidiomycete Laccaria bicolor (Fig. 1) and
highlight gene sets involved in rhizosphere colonization and symbiosis.
This 65-million-base genome assembly contains ~20,000 predicted
protein-encoding genes and a very large number of transposons and
repeated sequences. We detected unexpected genomic features most
notably a battery of effector-type small secreted proteins (SSP) with
unknown function, several of which are only expressed in symbiotic
tissues. The most highly expressed SSP accumulates in the proliferating
hyphae colonizing the host root. The ectomycorrhizae-specific proteins
likely play a decisive role in the establishment of the symbiosis. The
unexpected observation that the genome of L. bicolor lacks
carbohydrate-active enzymes involved in degradation of plant cell walls,
but maintains the ability to degrade non-plant cell walls, reveals the
dual saprotrophic and biotrophic lifestyle of the mycorrhizal fungus
which enables it to grow within both soil and living plant roots. The
predicted gene inventory of the L. bicolor genome, therefore, points to
previously unknown mechanisms of symbiosis operating in biotrophic
mycorrhizal fungi. The availability of this genome provides an
unparalleled opportunity to develop a deeper understanding of the
processes by which symbionts interact with plants within their
ecosystem in order to perform vital functions in the carbon and nitrogen
cycles that are fundamental to sustainable plant productivity.

The 65 million base pairs genome of Laccaria bicolor (Maire) P.D. Orton
(hereafter referred to as Laccaria) is the largest sequenced fungal
genome published so far®4>67 (Supplementary Table 3). While no
evidence for large scale duplications was observed within the Laccaria
genome, tandem duplication occurred within multigene families
(Supplementary Fig. S4). Transposable elements (TE) comprised a
higher proportion (21%) than that identified in the other sequenced
fungal genomes and may therefore account for the relatively large
genome of Laccaria (Supplementary Table 4, Supplementary Fig. 516).
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Figure 1. The ectomycorrhizal fungus Laccaria bicolor. A, Fruiting bodies of
L. bicolor colonizing seedlings of Douglas fir (Pseudotsuga menziesii). The
subterranean mycelial web has developed symbiotic ectomycorrhizal tissues
on host root tips and has produced fruiting bodies above ground (Photograph
courtesy of D. Vairelles, INRA-Nancy). B, Laser scanning confocal microscopy
image of a transverse section of Populus trichocarpa-L. bicolor ectomycorrhizal
root tips showing extramatrical mycelium (em), aggregated hyphae of the
mantle sheath (m), hyphae proliferating between the epidermal (ec), tannin
(tc) and cortical (cc) of the host root to form the symbiotic Hartig net (hn).

Bar =10 pm.
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Approximately 20,000 protein-coding genes were identified by
combined gene predictions (Supplementary Online Material [SOM]).
Expression of nearly 80% (ca. 16,114) of the predicted genes was
detected in either free-living mycelium, ectomycorrhizal root tips or
fruiting bodies (Supplementary Table 5) using NimbleGen custom-
oligoarrays (SOM). Most genes are activated in almost all tissues,
whereas other more specialized genes were only activated in some
specific developmental stages, such as free-living mycelium,
ectomycorrhizae or fruiting body (Supplementary Table 6).

Only 14,464 of Laccaria proteins (70%) showed significant
similarity to documented proteins. Most homologs were found in the
sequenced basidiomycetes Phanerochaete chrysosporium?*, Cryptococcus
neoformans®, Ustilago maydis®, and Coprinopsis cinerea’ (Supplementary
Table 7). The percentage of proteins found in multigene families was
related to genome size and was the largest in Laccaria (Supplementary
Fig. S5). This was mainly due to the expansion of protein family size,
but also to the larger number of protein families in Laccaria when
compared to the other basidiomycetes (Supplementary Table 8).
Expansion of protein family sizes in Laccaria was prominent in the
lineage-specific multigene families. Striking gene family expansions
occurred in those genes predicted to have roles in protein-protein
interactions (e.g. WD40) and signal transduction mechanisms
(Supplementary Table 8). Two new classes of Ga genes were found and
may be candidates for the complex communication that must occur
between the mycobiont and its host-plant during mycorrhizae
establishment (Supplementary Table 9). Several transcripts coding for
expanded and lineage-specific gene families were up-regulated in
symbiotic and fruiting body tissues, suggesting a role in tissue
differentiation (Supplementary Table 10).

In our analysis of annotated genes, and in particular paralogous
gene families, we highlighted processes which may be related to the
biotrophic and saprotrophic lifestyles of Laccaria. Twelve predicted
proteins showed a similarity to known effector proteins of Magnaporthe
grisea® and haustoria-expressed secreted proteins (HESP) of Melampsora
lini® which are involved in pathogenesis (Supplementary Table 11). Of
the 2,931 proteins predicted to be secreted by Laccaria, most (67%)
cannot be ascribed a function and 82% of these predicted proteins are
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specific to Laccaria. Within this set, we found a large number of genes
that encode cysteine-rich products with a predicted size of <300 amino
acids. Of these 278 small secreted proteins (SSPs), 69% belong to
multigene families, but only nine groups comprising a total of 33 SSPs
co-localized in the genome (Supplementary Fig. S7). The structures of
two of these clusters are shown in Supplementary Fig. S6. Other SSPs
are scattered all over the genome and we found no correlation between
SSPs and TE genome localization (Supplementary Fig. S7). Transcript
profiling revealed that the expression of several SSP genes is specifically
induced upon in the symbiotic interaction (Table 1, Supplementary Fig.
S11). Five of the 20 most highly up-regulated fungal transcripts in
ectomycorrhizal root tips code for SSPs (Supplementary Table 6). These
mycorrhiza-induced cysteine-rich SSPs (MISSPs) belong to Laccaria-
specific orphan gene families. Within the MISSPs, we found a family of
secreted proteins with a CFEM domain (IPR014005) (Supplementary
Fig. S8 & S9), as previously identified in the plant pathogenic fungi M.
grisea® and M. lini® (Supplementary Table 11), and proteins with a
gonadotropin- (IPR0001545) or snake toxin-like (SSF57302) domains
related to the cysteine-knot domain. Expression of several SSPs were
down-regulated in ectomycorrhizal root tips (Supplementary Fig. S11)
suggesting a complex interplay between these secreted proteins in
symbiosis interaction.

The rich assortment of MISSPs may therefore act as effector
proteins to manipulate host cell signalling or suppress defence
pathways during infection, as suggested for pathogenic rusts’, smuts®
(U. maydis) and Phytophthora'® species. To play a role in symbiosis
development, MISSPs should be expressed in Laccaria hyphae
colonizing the root tips. To test this assertion, we determined the tissue
distribution of the MISSP7 protein (ID 298595) showing the highest
induction in ectomycorrhizal tips (Table 1, Supplemental Table S6). Two
peptides located in the N-terminal and C-terminal parts of the mature
protein were selected as antigens for the production of anti-MISSP7
immunserum. The selected peptides were not found in the deduced
protein sequences of other Laccaria gene models nor in the Populus
trichocarpa  genome!'. MISSP7 localization in  Laccaria/Populus
ectomycorrhizal root tips by indirect immunofluorescence is illustrated
in Fig. 2. Control images in which the ectomycorhizae sections were not
incubated with primary anti-MISSP7 antibody, but has been exposed to
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Figure 2. Indirect immunofluorescent localization of the small secreted
protein MISSP7 in Populus trichocarpa/L. bicolor ectomycorrhizal root tips.
Transverse (a, b) and longitudinal (c, d) sections of ectomycorrhizal tips.
MISSP7 was detected with anti-MISSP7 IgG and secondary antibody
conjugated with AlexaFluor 488 in the hyphae of the mantle (m) and the
uniseriate Hartig net (hn) ensheathing the epidermal (ec) and cortical (cc) cells
of the colonized roots. Dotted lines in panels (c) & (d) show the finger-like,
labyrinthine hyphal system accumulating large amount of MISSP7. (b) and
(d), phase contrast images. Bar = 10 um.
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the preimmunserum or the secondary label are shown in
Supplementary Fig. S13. Where ectomycorrhizae were treated with anti-
MISSP7 antibody followed by fluorescent-labeled secondary antibody,
fluorescence is seen localized in the hyphae colonizing short roots (Fig.
2, Supplementary Fig. 512) and not detected in the free-living mycelium
(Supplementary Fig. S13). Although MISSP7 was detected in the hyphal
mantle layers ensheathing the root tips, the protein mainly accumulated
in the finger-like, labyrinthine branch hyphal system (Hartig net) which
provides a very large area of contact between cells of the two
symbionts. It accumulated in the cytosol and cell wall of the fungal
cells. The MISSP7 protein could interact with the plant components
after secretion, but the mechanisms by which it may enter the plant cell
are unknown. MISSP7 shares no sequence similarity or protein motif
with other SSPs. Comparison of the MISPP sequences did not reveal a
specific conserved motif, such as the RXLR motif of phytopathogenic
Phytophthora or the malaria parasite, that could potentially contribute to
the their function or to targeting to the host cell. Those SSP with an
upregulated expression in fruiting body (Supplementary Table 6,
Supplementary Fig. S11) may play a role in the differentiation of the
sexual tissues and/or aggregation of sporophore tissues. Interestingly,
they are a set of SSP genes showing significant changes in gene
expression in both ectomycorrhizal root tips and fruiting body
suggesting that both developmental processes recruit similar gene
networks (e.g., those involved in hyphal aggregation).

Host trees are able to harness the formidable web of mycorrhizal
hyphae, that permeates the soil and leaf litter, for their nutritional
benefit. A process that is pivotal to the success of ectomycorrhizal
interactions is the equitable exchange of nutrients between the symbiont
and its host-plant!?12. A comparison with other basidiomycetes
(Supplementary Table 13) revealed that the total number of predicted
transporters has been expanded in Laccaria compared to C. cinerea and
P. chrysosporium. The largest families of transporters in these fungi
inhabiting soils and decaying litter encode members of the major
facilitator (MFS) and ATP-binding cassette (ABC) superfamilies.
Interestingly, Laccaria has multiple ammonia (AMT) transporters
although it encodes a single nitrate permease. Ammonia is arguably the
most important inorganic nitrogen source for ectomycorrhizal fungi's.
One of the ammonia transporters (LbAMT?2.2), for instance, is greatly
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up-regulated in ectomycorrhizae (Supplementary Table 6). Laccaria,
thus, shows an increased genetic potential in terms of nitrogen uptake
when compared to other basidiomycetes. These capabilities are
consistent with Laccaria being exposed to a range of nitrogen sources
from organic matter decay'4. Laccaria also has a greater array of
metabolite efflux systems, such as ABC transporters, possibly reflecting
a need to protect colonizing hyphae against toxic concentrations of
metabolites in the rhizosphere and root apoplast. One of the seven
putative Laccaria inorganic phosphate transporters is upregulated in
ectomycorrhizal tips. Finally, Laccaria is capable of transporting a wide
range of sugars derived from plant metabolism. These broad uptake
capabilities likely contribute to rhizosphere and host root colonization,
because sugars and amino acids are the main metabolites translocated
between the symbiotic partners!®> and are also present in the rhizosphere
as products of the organic matter degradation.

Although the Laccaria genome contains numerous genes coding for
key hydrolytic enzymes, such as proteases and lipases, we observed an
extreme reduction in the number of enzymes involved in the
degradation of plant cell wall (PCW) oligo- and polysaccharides.
Glycoside hydrolases (GH), glycosyltransferases (GT), polysaccharide
lyases (PL), carbohydrate esterases (CE) and their ancillary
carbohydrate-binding modules (CBM) were identified using the
carbohydrate-active enzyme classification (http://www.cazy.org/). A
comparison of the Laccaria candidate CAZymes with fungal
phytopathogens confirms the adaptation of its enzyme repertoire to
symbiosis and reveals the strategy used for the interaction with the host
(Supplementary Tables 14 and 15). The reduction in PCW CAZymes
affects almost all GH families culminating in the complete absence of
several key families. For instance, there is only one candidate cellulase
(GHS5) appended to the sole fungal cellulose-binding module (CBM1)
found in the genome and no cellulases from families GH6 and GH7
(Supplementary Table 15). Similar reductions or loss of hemicellulose
and pectin degrading enzymes were also noted. These observations
suggest that the inventory of Laccaria PCW degrading enzymes
underwent massive gene loss as a result of its adaptation to a symbiotic
lifestyle and that this species is now unable to use many PCW
polysaccharides as a carbon source, including those found in soil and
leaf litter. The remaining small set of secreted CAZymes with potential
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action on plant polysaccharides (e.g. GH28-polygalacturonases) is
probably required for cell wall remodeling during fungal tissue
differentiation as their expression was up-regulated in both fruiting
body and ectomycorrhizae (Supplementary Table 15, Supplementary
Fig. S14). In contrast, transcripts coding for protein with expansin
domain were only induced in ectomycorrhizae suggesting they may be
used by Laccaria for penetrating into the root apoplastic space. To
survive before its mycorrhizal association with its host, Laccaria appears
to have developed a capacity to degrade non-plant (e.g. animal,
bacterial) oligo- and polysaccharides which is suggested by retention of
CAZymes from families GH79, PL8, PL14 and GHS88 (Supplementary
Table 15). Interestingly, there is no invertase gene in the Laccaria
genome, implying that this fungus is unable to directly use sucrose
from the plant. This is consistent with earlier observations'® that Laccaria
depends on its host plant to provide glucose in exchange for nitrogen.
We also noticed an expansion of CAZymes involved in the fungal cell
wall biosynthesis and rearrangement, almost entirely due to an
increased number of putative chitin synthases and enzymes acting on b-
glucans (Supplementary Table 15). Several of the corresponding genes
are up- or down- regulated upon developmental processes requesting
cell wall alterations such as formation of fruiting bodies or mycorrhizae
(Supplementary Table 16, Supplementary Fig. S14).

Ectomycorrhizal fungi play a significant role in mobilizing N from
well-decomposed organic matter?!4. The hyphal network permeating
the soil might therefore be expected to express a wide diversity of
proteolytic enzymes. The total number of secreted proteases (116
members) identified (Supplementary Fig. S15) is relatively large
compared with other sequenced saprotrophic basidiomycetes, such as
C. cinerea and C. neoformans. Secreted aspartyl-, metallo- and serine-
proteases may play a role in degradation of decomposing litter'*
confirming that Laccaria has the ability to use nitrogen of animal-origin,
as suggested previously'¢. They may also play a role in developmental
processes as the expression of several secreted proteases is up- or
downregulated in fruiting bodies and ectomycorrhizal root tips
(Supplementary Table 17). Mycelial mats formed by Laccaria hyphae
colonizing organic matter therefore possess the ability to degrade
decomposing leaf litter.
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Our analysis of the gene space reveals a multi-faceted mutualistic
biotroph equipped to take advantage of transient occurrences of high-
nutrient niches (living host roots and decaying soil organic matter)
within a heterogeneous, low-nutrient environment. The availability of
genomes from mutualistic, saprotrophic?, and pathogenic® fungi, but
also from the mycorrhizal tree Populus trichocarpa'l, now provides an
unparalleled opportunity to develop a deeper understanding of the
processes by which fungi colonize wood and soil litter, and also interact
with living plants within their ecosystem in order to perform vital
functions in the carbon and nitrogen cycles? that are fundamental to
sustainable plant productivity.

Methods summary

Gene assembly and annotation.

The haploid genome of the strain S238N-H82 from L. bicolor (Maire)
P.D. Orton was sequenced using a whole-genome shotgun strategy,
assembled with JAZZ assembler, and annotated by combining ab initio
models and alignments of proteins, ESTs and genomic DNA from L.
bicolor and other basidiomycete species, which were integrated in JGI
Annotation pipeline (SOM).

Secreted proteins.

Secreted proteins were predicted to carry a signal peptide both by the
hidden Markov and the neural network algorithms implemented in
SignalP 3.0. After eliminating predicted transmembrane proteins, we
selected secreted cysteine-rich proteins with a size <300 AA, yielding
278 candidate small secreted proteins.

DNA-array analysis.

For transcript profiling, custom-designed NimbleGen oligoarrays were
used. For each predicted gene, eight perfect oligoprobes were designed
(SOM).

Supplementary information, full methods and any associated references
are available in the online version of the paper at www.nature.com/nature
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Methods

Genome sequencing.

The haploid genome of the strain S238N-HS82 from L. bicolor (Maire)
P.D. Orton was sequenced with the use of a whole-genome shotgun
(WGS) strategy. All data were generated by paired-end sequencing of
cloned inserts using Sanger technology on ABI3730x] sequencers.
Supplementary Table 1 gives the number of reads obtained per library.

Genome assembly.

The data was assembled using release 1.0.1b of JAZZ, a WGS assembler
developed at the JGI (Chapman, Putnam, Ho & Rokhsar, unpublished).
Based on the number of alignments per read, the main genome
scaffolds were at a depth of 9.88. The amount of sequence in the
unplaced reads was 6.5 Mbp, which is sufficient to cover the main-
genome gaps to a mean depth of 9.9. This is extremely close to the
overall main genome scaffold depth, hinting that the unplaced reads
might represent the gap sequence. This resulted in 21 scaffolds (i.e. 180
contigs), each longer than 784 kbp, covering a total of 30 Mbp or half of
the main genome (N50). A total of 65 Mbp are captured in the scaffold
assembly (Supplementary Table 2).

Genome annotation.

Several resources were used to build gene models automatically with
FgenesH'7,  homology-based  FgenesH+7  (www.softberry.com),
Genewise'8, EST-based estExt (I. Grigoriev, unpublished), as well as
EuGeéne' and TwinScan®, and alignments of several cDNA resources
(SOM). The JGI pipeline selected a best representative gene model for
each locus based on EST support and similarity to known proteins from
other organisms, and predicted 20,310 protein-coding gene models.

Secreted proteins.

For the prediction of secreted proteins, all Laccaria gene models
predicted by the JGI machine annotation pipeline were searched for the
presence of a signal peptide, using the TargetP and SignalP 3.0
algorithms?2. A total of 2,931 proteins were predicted to carry a signal
peptide both by the hidden Markov and the neural network algorithms.
After eliminating predicted transmembrane proteins, we selected
cysteine-rich secreted proteins with a size <300 AA, yielding 439
candidate small secreted proteins (SSPs). Gene models with similarity
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with TE fragments were eliminated at which point 278 SSP genes had
been identified in Laccaria.

Indirect immunofluorescent localization of MISSP7.

The peptides LRALGQASQGGDLHR and GPIPNAVFRRVPEPNF
located in the N-terminal and C-terminal parts of the MISSP7 sequence
(without the signal peptide) were synthesized and used as antigens for
the generation of antibodies in rabbits according to the manufacturer’s
procedures (Eurogentec, Seraing, Belgium). The anti-MISSP7 IgG
fraction was purified using MAbTrap kit (GE Healthcare) according to
the manufacturer’s recommendations. Subsequently, IgG-containing
fraction was desalted using a HiTrap™ desalting column (GE
Healthcare). The concentration of purified IgG preimmune serum was
determined by Bradford assay using a Bio-Rad protein assay. Final
concentration of anti-MISSP7 IgG was 0.16 mg/ml.

Immunolocalization was performed essentially as described by 2324
with slight modifications. Radial and longitudinal sections of non-
mycorrhizal root tips from 3-month-old P. trichocarpa (cv. 101-74), free-
living mycelium of Laccaria, and ectomycorrhizal root tips from 3-
month-old P.trichocarpa (cv. 101-74) were fixed for 2h in 4%
formaldehyde in PME buffer (50 mM Pipes, 5 mM MgSOs, and 10 mM
EGTA), pH 6.9. The root segments were embedded in agarose 4% and
cut into 25 mm longitudinal or transverse sections with a model 1000
Vibratome (Leica). Sections were retrieved with a brush and carefully
transferred onto watch glasses and then were digested in 1% cellulase,
0.01% pectolyase, and 0.1% BSA in PME buffer for 10 min. After
digestion, the segments were washed five times for 5 min each with
PME buffer and then incubated in 1% BSA in PBS (135 mM NaC(l, 25
mM KCL; and 10 mM Na:HPOs, pH 7.5) for one hour. The BSA was
removed, and the segments were incubated overnight with purified
anti-MISSP7 protein rabbit antibody diluted 1:1500 in PBS containing
0.5% (w/v) BSA at 4°C. The segments were then washed five times in
PBS and incubated in the secondary antibody conjugate, a 1:80 dilution
of goat anti-rabbit IgG-AlexaFluor 488 conjugate (Molecular Probes,
Invitrogen™, Carlsbad, CA) in PBS for 2 h. After five more washes in
PBS, sections were mounted in 80% glycerol (Merck), 20% PBS, 5% w/v
propyl gallate (Fluka) and viewed by a Bio-Rad Radiance 2100 AGR3Q-
BLD Rainbow microscope equipped with X20, X40 and X60, numerical
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aperture 1.4. The excitation and emission wavelengths for the Alexa
Fluor 488 dye were 500 to 550 nm, respectively. Optical sections were
collected at 0.1 to 0.7 mm intervals with Kalman averaging. As a
control, sections were incubated with IgG purified from pre-immune
serum diluted to the same concentration as anti-MISSP7 IgG. Section
shown in Fig. 1 was stained with propidium iodide (red) which colours
cell walls and nuclei of plant and fungus, and Uvitex (green) which
stains plant and fungal cell walls.

Gene expression.

For transcript profiling, custom-designed NimbleGen oligoarrays were
used. Probe sets were designed on the basis of the JAZZ sequencing
assembly.
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Abstract

Background: Gene duplications and loss are major mechanisms generating
evolutionary novelties and pruning specialized functions. Here, we have
studied the role of duplication and deletion events for the evolution of
ectomycorrhizae, a symbiotic association between fungal hyphae and plant
roots. Gene duplicates and gene families in the genomes of the symbiont
Laccaria bicolor, the saprophytes Coprinopsis cinerea and Phanerochaete
chrysosporium, the human pathogen Cryptococcus neoformans and the plant
pathogen Ustilago maydis were analyzed.

Results: L. bicolor contained a higher number of gene duplicates when
compared to the other basidiomycetes. The density of young gene
duplicates was also highest in the Laccaria genome. The differences in gene
duplicates had a pronounced effect on the number and the size of
multigene families. In total the 7352 protein families were identified in all
five basidiomycete genomes. The percentage of proteins found in families
was largest in L. bicolor. Furthermore, this fungus contained the largest
number of lineage-specific (1077 families) and expanded (1064) protein
families. Conversely, the numbers of extinct and contracted protein
families were lower in L. bicolor than in the other basidiomycetes. A large
fraction (523 out of 1824) of the young gene duplicates of L. bicolor were
found within 55 gene families, as a criterion containing more than 25
members. A majority of these families did not contain any known protein
domain. However, results from microarray experiments showed that
many of them contain proteins that are differentially expressed in
mycorrhizal root tips as compared to fruiting bodies and mycelia. Among
the protein domains identified were those predicted to have a role in
signal transduction mechanisms. Phylogenetic analyses of two such
families including protein kinases and small GTPases showed that
L. bicolor contained clusters of paralogs that have arisen though
duplication events in the Laccaria lineage.

Conclusions: Our analysis suggests that the evolution of symbiosis in
L. bicolor has been associated with the duplication of genes and the
expansion of large, multigene families. The functions of these new genes
are largely unknown. Many of them are differentially expressed during
symbiosis.
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Background

Mycorrhiza, the symbiotic interactions between fungi and plant roots,
are almost universal in terrestrial plants. In these ecologically important
interactions, the fungal partner obtains photosynthetic sugars from the
host plant while, in return, the plant receives mineral nutrients from the
fungus [1]. Fossils from the Rhynie chert, 400 million years ago (Mya),
suggest that the mycorrhizal associations, similar to those of the
arbuscular mycorrhizae, facilitated the colonization of land by plants
[2]. During the subsequent history of plants, other kinds of mycorrhizae
evolved. The major type is ectomycorrhizae (EM), which is formed by
more than 5000 species of fungi, primarily homobasidiomycetes and
some ascomycetes and zygomycetes [2]. About thirty plant families
form EM and many of them are the dominating trees in boreal and
temperate forests. The EM associations are highly complex involving
the development of specialized cells for nutrient and carbon exchange
at the fungus-plant interface, and morphological adaptations of the
fungus for nutrient assimilation and transport and in the soil. EM fungi
are facultative symbionts, as they can grow both as biotrophs and
saprophytes [1].

The first occurrence of fossil of EM associations dates 50 Mya [3],
but several observations suggest that this symbiosis evolved earlier.
First, Pinaceae and many of the angiosperm families, including the
Dipterocarpaceae, whose current members establish EM symbiosis
were extant well before 50 Mya, along with the major fungal lineages
with  modern ectomycorrhizal representatives [4,5]. Second,
biogeographic analyses of mycorrhizal associations in the neotropical
genus of Dipterocarpaceae indicates that EM associations evolved in
Gondwana 135 Mya [6].

Molecular phylogenetic analyses have shown that EM
interactions have evolved repeatedly from saprophytic precursors [4,7].
For example, within the homobasidiomycetes, EM fungi occur in six
independent clades [4]. The genomic mechanisms that could account for
the emergence of the EM life style in fungi are not known. In principle,
there are four compatible mechanisms that could account for these
patterns. First, symbiosis may be associated with the presence of novel
genes. In eukaryotes, new genes are mainly acquired by duplications of
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genes or larger chromosome regions [8]. Second, adaptations to the
symbiotic life style might result from gene loss and deletions. Such
processes have been observed in many symbiotic bacteria [9]. Third,
symbiotic adaptations may occur as a result of mutations in existing
genes. Fourth, fungal symbiosis could be associated with quantitative
differences in gene expression.

The first complete genome of the EM fungi, the basidiomycete
Laccaria bicolor has recently been published (Martin et al., manuscript).
The 65 Million base pair genome assembly contains ~ 20,000 predicted
protein-encoding genes, and is the largest sequenced fungal genome
published so far [10-13]. The large size could partly be explained by a
higher content of transposable elements (TE) than in other fungal
genomes. The Laccaria genome also contained a larger percentage of
proteins in multigene families compared to other basidiomycetes.
Analysis of the L. bicolor genome revealed several features that
demonstrate the dual biotrophic and saprotrophic lifestyle of EM fungi.
Among them is the expression of an array of small secreted proteins,
displaying similarity to so-called effector proteins of biotrophic plant
pathogens. The Laccaria genome also contain numerous genes including
extracellular proteases that may play a role in the degradation of litter
(Martin et al., manuscript)

In this study, we have used comparative genomics, coupled with
evolutionary analysis, to get insights into the gain and loss of genes that
have occurred during the evolution of mutualism in L. bicolor. L. bicolor
is a member of the Tricholomataceae in the order Agaricales of the
homobasidiomycetes. Comparison was made with four other
sequenced basidiomycetes, including the saprophytic species
Coprinopsis cinerea (Psathyrellaceae, Agaricales) and Phanerochaete
chrysosporium  (Corticaceae, Corticiales), the human pathogen
Cryptococcus neoformans (Tremellaceae, Tremellales) and the plant
pathogen Ustilago maydis (Ustilaginaceae, Ustilaginales). The five
basidiomycete genomes compared are covering about 550 million years
of evolution (Figure 1A). We demonstrate that the evolution of
symbiosis in L. bicolor has been associated with a significant expansion
of specific multigene families.
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The function for a majority of these families is not yet known, but
many of them contain members that are differentially expressed during
symbiosis. The evolution of two of the expanded families including
protein kinases and Ras GTPases were examined in more detail.

4
3 Laccaria
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Phanerochaete

— Cryptococcus

N Total proteins
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Figure 1. Phylogenetic relationship, number of protein and protein families
in the five basidiomycetes used in this study. (A) A linearized Neighbor-
Joining tree with 1000 bootstrap replicates of 185 ribosomal DNA sequences
from Laccaria bicolor, Coprinopsis cinerea, Phanerochaete chrysosporium,
Cryptococcus neoformans and Ustilago maydis was constructed. Aspergillus niger
was used to root the tree and the divergence time between A. niger and
U. maydis [14] was used to date other lineages. The branch lengths are in
million years indicated by the scale and the bootstrap support for each node
was above 98 (values not shown). The numbers on the branches are used for
labeling various parts of the tree from the CAFE analysis (c.f. Table 2).
(B) Total number of proteins and protein families in the five basidiomycetes.

Results

Number of gene duplicates

The genome of L. bicolor contained the highest number of gene
duplicates among the compared basidiomycetes. The total number of
gene-pairs displaying >90% sequence identity was 1482 in L. bicolor, 155
in C. cinerea, 1277 in P chrysosporium, 227 in C. neoformans and 7 in
U. maydis. The number of gene-pairs with 60 to 90% identity was 1984
in L. bicolor, 138 in C. cinerea, 565 in P chrysosporium, zero in
C. neoformans, and 9 in U. maydis. Further analysis of the duplicated
gene-pairs showed that L. bicolor contains a significantly higher number
of recently duplicated genes as compared to the other basidiomycetes
(Figure 2).
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Figure 2. Age distribution of duplicate gene pairs measured by rate of
synonymous substitutions per silent site (ds). Gene duplications located
anywhere in the genomes of Laccaria bicolor, Coprinopsis cinerea, Phanerochaete
chrysosporium, Cryptococcus neoformans and Ustilago maydis were identified.
Based on the protein sequence similarity, the gene duplicates in each genome
were divided into high (H, above 90% identity) and low (L, 60 to 90%
identity) sequence similarity.
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The total number of proteins being members of duplicated gene-pairs in
L. bicolor was 2783, of which 1824 were considered as young duplicates
(ds<0.2). The corresponding numbers in C. cinerea was 387/212 (number
of duplicated proteins/young duplicates), P chrysosporium 958/324,
C. neoformans 420/256 and U. maydis 32/16.

Protein families

To examine the role of gene duplications for generating novel genes in
L. bicolor, the protein sequences predicted from the genome sequences
of the five compared basidiomycete were clustered into protein
families. The protein sequences clustered into 7352 families. As
previously reported (Martin et al., manuscript), the number of protein
families and the size of the families increased with the genome size and
were highest in L. bicolor, followed by C. cinerea, P. chrysosporium,

C. neoformans, and U. maydis (Figure 1B) (Table 1).

Table 1. The number of protein families in the genomes of Laccaria bicolor,
Coprinopsis cinerea, Phanerochaete chrysosporium, Cryptococcus neoformans and
Ustilago maydis®

Laccaria  Coprinopsis Phanerochaete Cryptococcus Ustilago

Families present 5947 5148 4126 3056 2583
Families not present 1405 2204 3226 4296 4769
Proteins in families 17,134 10,614 8118 5001 3820
Proteins not in families 3480 2930 1930 2301 2702
Total number of

proteins 20,614 13,544 10,048 7302 6522

Proteins per family
(mean) 2.88 2.06 1.97 1.64 1.48

“Predicted protein sequences from all genomes were clustered into families
using the TRIBE-MCL algorithm [15]. In total 7352 protein families
(containing at least two sequences) were identified.
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An analysis of the taxonomic distribution of the 7352 protein
families showed that 24.2% were present in all five basidiomycetes,
49.0% were shared between any two, three or four species, and the
remaining 26.8% were specific for one species (Figure 3). The L. bicolor
genome contained a considerably higher number of lineage-specific
families (1077 families) compared to the other species (Figure 3). The
average size of the L. bicolor lineage-specific families (4.08 proteins /
family) was larger than the average size of the L. bicolor families
containing members from all basidiomycetes (2.74 proteins / family).
Furthermore, the average size of the lineage-specific families in L. bicolor
was larger than the size of the lineage-specific families identified in the
other species (Figure S1, Supplementary material).

¢ Cell death

. ) —o— One
Multicellular organismal development Two

Secretion —&— Three
Electron transport F.our
Five

Amino acid and derivative metabolic process
Catabolic process
Cell differentiation
Cell communication
Response to stimulus
Regulation of biological process
Biosynthetic process

Transport
Nucleobase, nucleoside, nucleotide and nucleic acid metabolic process

GO biological process annotation

Macromolecule metabolic process
Metabolic process

Cellular process

1
S

| | | |
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S N S S S
© N N ¥ & S

Proteins with GO annotation

Figure 4. Functional annotations of proteins in families of Laccaria bicolor.
Protein sequences predicted from the genome sequences of Laccaria bicolor
were annotated into various biological processes based on homology searches
against the SwissProt database. Assignments to biological processes were
done based on the Gene Ontology (GO) classifications. The number of
proteins with GO annotations in families represented in one, two, three, four
or five genomes was counted (c.f. Figure 3). Shown are 16 biological processes
having at least 20 annotated proteins. In total, 4577 proteins in L. bicolor were
assigned to biological processes. The numbers of proteins having GO
annotations for families represented in one, two, three, four and five genomes
were 74, 254, 537, 594 and 3118, respectively.
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The number of L. bicolor proteins that could be assigned to a GO
annotation was highest in universal protein families shared between all
basidiomycetes in comparison to those present in one (i.e. lineage-
specific), two, three, or four genomes (Figure 4). The lineage-specific
families (1077) contained 4398 proteins. A majority of them (70.4%) did
not show any significant homology to sequences present in the fungal
genome database of the Broad Institute or the NCBI nr protein
database.

Evolution of protein family size in basidiomycetes

Protein families that were significantly expanded or contracted in the
five basidiomycete genomes were identified using the CAFE tool [16].
The analysis showed that the largest number of protein families that
showed an expansion have occurred along the branch leading to
L. bicolor. The number of protein families that had expanded in size
along the L. bicolor branch was estimated to 1064, and along the
branches leading to C. cinerea, P. chrysosporium, C. neoformans, and
U. maydis 459, 371, 307 and 96, respectively (Table 2).

Table 2. The number of gene families that showed expansion, no change,
contractions, or extinctions along the branches of the phylogenetic tree of

basidiomycetes?
Divergence . . .. Average
No. Branch . Expansions No change Contractions Extinctions N
time (Mya) Expansion
1 Lac/Copr/Phan/Cryp 246 109 5248 26 0 0.036
2 Lac/Copr/Phan 167 426 4873 22 62 0.178
3 Lac/Copr 57 393 4855 47 88 0.130
4 Lac 84 1064 3844 112 363 0.695
5 Copr 84 459 4111 329 484 0.056
6 Phan 140 371 3291 277 1444 -0.169
7 Cryp 308 307 2272 304 2500 -0.519
8 Ust 554 96 2043 373 2871 -0.655

2 A total of 5383 protein families present in at least two genomes were
analyzed using the CAFE program [16]. Of these families, 4870 were
represented in L. bicolor, 4749 in C. cinerea, 3877 in P. chrysosporium, 2833 in
C. neoformans and 2512 in U. maydis. The branch numbers and lengths,
calculated as divergence times (Mya), are shown in Figure 1A. The last
column shows the average gene family expansion among all families along
each branch, where a contraction is counted as a negative expansion.
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Conversely, the numbers of contracted and extinct protein
families were lower in the L. bicolor branch as compared to the branches
of the other basidiomycetes. The CAFE analysis revealed 112 contracted
and 363 extinct protein families in the L. bicolor lineage. In comparison,
the branch of the biotrophic plant pathogen U. maydis contained 373
contracted and 2871 extinct gene families (Table 2). A statistical analysis
showed that 11 protein families were significantly (P <0.001) contracted
and 2 families were extinct in the L. bicolor lineage. The two extinct
families were significantly expanded in C. cinerea lineage and had
representatives in P. chrysosporium but were absent in C. neoformans and
U. maydis (Table S1, Supplementary material). Members of these two
families showed sequence similarities to a protein kinase domain and a
fungal cellulose binding domain, respectively. The Pfam domains
identified among the contracted protein families included cytochrome
P450, ankyrin repeat, GMC oxidoreductase, glycosyl hydrolase family 7,
and fungal cellulose binding domain (Table S1, Supplementary material).

Large protein families in L. bicolor that are expanded or lineage-specific
A large fraction of the recent duplicated genes in L. bicolor belonged to a
limited number of large protein families that showed significant
expansion or were lineage-specific. Thus, 523 out of the 1824 young
duplicates were found in 55 large families containing more than 25
proteins (Table 3). In total, these families contained 3448 proteins.
Similarity searches showed that 75.6% proteins in the large families
showed significant similarity to sequences in the fungal genome
database (Broad Institute). Searches in the Pfam database showed that
19 out of the 55 families had members displaying significant sequence
homologies to protein domains. Several of the domains have roles in
protein-protein interactions (NACHT, WD 40 and ankyrin repeats) and
signal transduction mechanisms (protein kinases and GTPases) (Table 3).

The expression patterns of genes in the 55 large families were
examined using data from 11 microarray experiments encompassing
three different tissues - mycelia, mycorrhizal root tips and fruiting
body. Based on a principal component analysis (PCA), 18 out of 55
protein families showed differential expression in mycorrhizal root tips
as compared to fruiting bodies and mycelia (Figure 5) (Table 3).
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Evolution of protein kinases

The evolution of two gene families that were significantly expanded in
L. bicolor was examined in more detail. The first family was Family-2
which contained sequences with homology to the protein kinase
domain PF00069 (Table 3). This conserved catalytic domain defines a
single superfamily of protein kinases that carries out protein
phosphorylation in almost all eukaryotes [18].

In the analyzed basidiomycetes, the PF00069 domain was found
in 41 protein families with 1120 proteins. To verify the clustering done
by the TRIBE-MCL algorithm and to examine the relationship between
Family-2 and other PF00069-containing families, a weighted graph of
the families based on their sequence similarities were generated (Figure
6A). Clearly, the large families were found in cohesive clusters in the
obtained network. Family-2 is the largest family with 512 basidiomycete
sequences (140 in L. bicolor) and was located central in the network
connecting to all of the other families. Among the families visualized in
this network was also Family-24, which was extinct in L. bicolor (Table
S1, supplementary material). The network properties of all the
basidiomycete protein families showed a power-law degree distribution
(data not shown). The average connectivity of the protein kinase
superfamily was 238 and the network diameter was nine showing that
despite the clear division into smaller families, the protein kinase
superfamily is highly conserved. The maximum connectivity (562) was
found among the proteins in Family-2.

Analysis of protein kinases in several model organisms including
S. cerevisinze have shown that these proteins can be clustered into a
number of groups and subgroups with conserved functions [18]. To
classify the protein kinases of Family-2 into such groups, a phylogenetic
tree was reconstructed, which also included sequences of yeast protein
kinases (Figure 6B). In total, 77 subgroups of protein kinases were
identified (Table 4). Forty-six of them contained sequences of yeast
protein kinases (“Orthologs in S. cerevisiae”), 31 subgroups did not
contain any yeast homolog (“No orthologs in S. cerevisiae”), and a few
sequences were not clustered into any subgroups (“Not clustered”).
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Figure 6. Evolution of the protein kinase superfamily. (A) A weighted graph
representing proteins belonging to the protein kinase superfamily in the
genomes of Laccaria bicolor, Coprinopsis cinerea, Phanerochaete chrysosporium,
Cryptococcus neoformans and Ustilago maydis. The graph is based on the
analysis of all protein families in these genomes containing sequences with
homology the Pfam domain PF00069 (41 families with 1120 proteins).
Following a sequence similarity search (BlastP), the graph was generated
using the Biolayout graph layout algorithm [19]. The protein families were
mapped onto the graph (coloring of the nodes) and twelve of the largest
protein families (=15 members) were labeled with family identies. Family-2 is
the largest family and it is also significantly expanded in L. bicolor (Table 3).
(B) Phylogeny of protein kinases in Family-2. The displayed hyperbolic tree
(logz-transformed) [20] was derived from a Neighbor-Joining (NJ) tree, which
was constructed using the PF00069 domains from 512 sequences of Family-2
and 121 yeast protein kinases. Terminal branches of the 140 L. bicolor
sequences are shown in red and those of other species in gray. The protein
kinases were classified into a number of sub-groups corresponding to clades
identified in the NJ tree (c.f. Table 4). “N” denotes clusters that do not contain
any yeast protein kinase. ____,
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paralogs that were recently duplicated (ds <0.2) and that were expressed
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Table 4. Classification of protein kinases in Family-22

Number of proteins

Group Sub- Mycorrhizal

groups Lac expression® Copr Phan Cryp Ust
Orthologs in S. cerevisiae
AGC 6 12 4 11 11 9 9
CAMK 13 16 8 14 14 13 9
CMGC 9 22 6 20 22 20 17
Other 13 25 8 17 20 18 13
STE 5 15 8 16 12 13 13
No orthologs in S. cerevisiae
Lac 6 16 4 0 0 0 0
Copr 2 0 0 4 0 0 0
Phan 2 0 0 0 7 0 0
Lac/Copr 6 6 0 6 0 0 0
Lac/Phan 2 2 0 0 2 0 0
Lac/Copr/Phan 3 5 2 4 3 0 0
Lac/Copr/Phan/Cryp 1 1 1 1 1 1 0
Lac/Copr/Phan/Cryp/Ust 5 6 2 6 6 5 5
Other combinations 4 3 1 5 3 0 3
Not clustered 11 2 5 6 5 3
Total 77 140 46 109 107 84 72

aIn total, Family-2 contains 512 proteins containing the protein kinase domain
PF00069. These proteins were classified into a number of sub-groups based on a
phylogeny (Neighbor-Joining tree) of the PF00069 domain. A sub-group corresponds
to a clade of sequences having a bootstrap support value > 50. The phylogenetic
distribution of these subgroups is shown in Figure 6B. “Orthologs in S. cerevisiae”
includes sub-groups (clades) containing sequences of yeast kinases. AGC includes
cyclic-nucleotide and calcium-phospholipid-dependent kinases, ribosomal S6-
phosphorylating kinases, G protein-coupled kinases, and all close relatives of these
groups; CAMK comprises of calmodulin-regulated kinases; CMGC includes cyclin-
dependent kinases, mitogen-activated protein (MAP) kinases; Other consists of
kinases not classified into any of the above groups; STE includes many kinases
functioning in the MAP kinase cascades (For a description of these subgroups see
http://kinase.com/). “No orthologs in S. cerevisiae” comprises subgroups that do not
contain any yeast kinase homologs. The “Not clustered” protein kinases include
those that are located outside any of the clades identified in the NJ tree. Laccaria
bicolor (Lac), Coprinopsis cinerea (Copr), Phanerochaete chrysosporium (Phan),
Cryptococcus neoformans (Cryp) and Ustilago maydis (Ust).

"The number of genes considered to be significantly regulated in the mycorrhizal
root tips based on a PCA analysis (c.f. Figure 5).
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Expansion of protein kinases in L. bicolor has mainly occurred
among the “Not clustered” proteins and in subgroups lacking yeast
orthologs (Table 4). In the latter category, 19 paralogs were identified in
five subgroups. We define paralogs as gene duplicates evolved after the
speciation event which corresponds to inparalogs as proposed by
Sonnhammer and Koonin [21]. Only paralogs with the lineage-specific
branch having a bootstrap value of 50% or higher was considered in the
analysis. Expansion of protein kinases in L. bicolor was also observed in
two of the subgroups having orthologs in S. cerevisiae, “Other/IKS1” (3
paralogs) (Figure 6C) and “Other-PLK” (2 paralogs).

Analysis of the microarray data showed that 136 out of 140
protein kinases in L. bicolor were expressed above the background level
(Table 4). Forty-six of these genes were differentially expressed in the
mycorrhizal root tips. A majority (34) of them belonged to the yeast
superfamilies of protein kinases whereas the remaining 12 were found
in the “No orthologs in S. cerevisine” and “Not clustered” group.

Evolution of Ras GTPases

The second significantly expanded protein family in L. bicolor that was
examined in detail was Family-6 containing proteins with significant
homology to the Ras family of small GTPases (Pfam PF00071) (Table 3).
The Ras small GTPases are divided into five subfamilies, the Ras, Rho,
Rab, Ran and Arf [22, 23]. The Ras, Rho, Rhab and Ran subfamilies
contain the Ras domain (Pfam PF00071) whereas the Arf subfamily
contains the Arf domain (Pfam PF00025) and was therefore not
included in the analysis. In L. bicolor, the Ras domain is found in 61
proteins and 55 of them are present in Family-6. Based on a
phylogenetic analysis, the small GTPases of Family-6 were classified
into 29 subgroups (Figure 7A). Fourteen of these subgroups contained
orthologs to the Ras, Rho, Rab and Ran GTPases in S. cerevisiae (Table 5).

In total, we identified 26 Laccaria paralogs in 6 subgroups of the
GTPases. One cluster of four paralogs was found in the RAS1/RAS2
subgroup (Figure 7B). The four Laccaria paralogs in the RAS1/RAS2
subgroup form two-pairs of young duplicates (ds <0.2). One pair was
expressed above background level. Members in the other pair had
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Figure 7. Phylogeny of Ras GTPases from five basidiomycetes. (A) An
unrooted, radial Neighbor-Joining (NJ) tree showing the phylogeny of the Ras
domain PF00071 from 160 proteins in Family-6, and 23 S. cerevisiae proteins.
Family-6 contains members from all of the analyzed basidiomycetes, and is
significantly expanded in L. bicolor (c.f. Table 3). The terminal branches of the
55 L. bicolor sequences are shown in red lines, 23 S. cerevisiae sequences in blue
and remaining sequences in black lines. (B) Expansion of the Rasl/Ras2
subgroup of small GTPases in L. bicolor. Shown is part of the NJ tree displayed
in Panel A. The subgroup contains six L. bicolor sequences (red branches).
Four of them were recently duplicated (ds <0.2) paralogs labelled with the
symbols “A” (expressed above background level), and “A” (hybridization
signals below background level). L. bicolor proteins labelled in boldface are
differentially expressed according to PCA analysis. (C) A large cluster of 10
paralogs in L. bicolor adjacent to the Rhol subgroup of ras GTPases. Shown is
part of the NJ tree displayed in Panel A. The same symbols are used as in
Panel B.
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Table 5. Classification of small GTP-binding proteins in Family-62

Sub- Number of proteins
groups Lac Copr Phan Cryp Ust

Group

Orthologs in S. cerevisiae

Ras

RAS1/RAS2 1 6 1 1 1 1

RSR1 1 1 0

RHEB 1 2 2 1 1 1
Rho

RHO1 1 1 1 1 1 1

RHO2 1 1 1 1 1 1

RHO3 1 1 1 1 1 1

CDC42 1 1 1 1 2 1
Rab

YPT1 1 1 1 2 1 1

YPT6 1 1 1 1 1 1

YPT7 1 1 2 1 1 1

YPT31/YPT32 1 1 1 1 1 1

SEC4 1 1 1 1 1 1

VPS21 1 1 1 1 1 1
Ran

GSP1/GSP2 1 1 1 1 1 1
No orthologs in S. cerevisiae
Lac 4 16 0 0 0 0
Copr 1 0 2 0 0 0
Lac/Copr/Phan/Ust 3 3 3 3 0 3
Lac/Copr/Phan/Cryp/Ust 7 13 7 7 8 7
Not clustered 3 2 2 2 1
Total 29 55 29 27 24 25

iIn total, Family-6 contains 160 proteins containing the Ras domain PF00071.
These proteins were classified into a number of sub-groups based on a
phylogeny (Neighbor-Joining tree) of the PF00071 domain (Figure 7). A sub-
group corresponds to a clade of sequences having a bootstrap support value >
50. The phylogenetic distribution of these sub-groups is shown in Figure 7A.
“Orthologs in S. cerevisiae” includes sub-groups (clades) containing sequences
of small GTP-binding proteins from yeast. Ras superfamily is broadly
classified into five subfamilies (sub-groups), Ras (rat sarcoma), Rho (Ras
homologs), Rab (rat brain), Arf (ADP ribosylation factors) and Ran (Ras-
related nuclear) [22]. The Arf family (Pfam PF00025) is not represented in
Family-2 but are related to Ras family (Pfam PF00071) by a common clan of
G-protein superfamily (clan id : CL0017, a clan contains two or more Pfam
families that have arisen from a single evolutionary origin) [17]. “No
orthologs in S. cerevisiae” comprises sub-groups that do not contain any yeast
small GTP-binding proteins.____,
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hybridization signals below the background level and are presumably
pseudogenes. They were the only genes among the 55 genes in Family-6
with hybridization signals below the background level. Even though
the Family-6 was not significant in the ANOVA analysis for axis 1, the
PCA plot (Principal component 1 and 2) separates the mycorrhizal
experiments from the fruiting body and mycelia (data not shown). One
of the proteins (Protein id 249517) was differentially expressed in
mycorrhizal root tips based on the PCA analysis and is shown in Figure
7B.

The largest group of paralogs in Family-6 consisted of a cluster of
10 sequences adjacent to the Rhol subgroup (Figure 7C). The cluster
could not unambiguously be assigned to any of the S. cerevisiae proteins
due to low bootstrap values. Five out of the 10 paralogs were young
duplicates (ds<0.2).

Discussion

In this study, we have analyzed gene gain and loss at the genomic scale
by studying the expansion and contraction of gene families in the whole
genomes of five basidiomycetes. Large differences were observed in the
family sizes. This variation can either be due to random processes like
genetic drift and mutations, or be the result of adaptive processes [24].
To account for the differences due to random processes, the data were
analyzed in a statistical framework that provides an estimate on the
variation in gene family sizes when gains and losses occur randomly
[16]. As a result, it is possible to identify the branches in a phylogenetic
tree where larger-than-expected expansions or contractions occur that
potentially indicate the action of natural selection.

‘_

The “Not clustered” small GTP binding proteins include those that are
located outside any of the clades identified in the NJ tree. Six of the small
GTP-binding proteins in yeast (YPT53, YPT10, YPT11, YPT52, RHO4 and
RHO5) were found outside the clusters. Laccaria bicolor (Lac), Coprinopsis
cinerea (Copr), Phanerochaete chrysosporium (Phan), Cryptococcus neoformans
(Cryp) and Ustilago maydis (Ust).
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Our analysis showed that L. bicolor genome has gained a large
number of genes that are not present in the genomes of saprophytic and
parasitic basidiomycetes. Many of these novel genes are found in large
multigene families that were significantly expanded in the Laccaria
branch or in families that are unique to this fungus. Moreover, the
L. bicolor genome has retained a majority of the gene families supposed
to be present in the common ancestor of basidiomycetes, and the
genome contains a majority (5947 out of 7352) of the extant
basidiomycete gene families. These findings suggest that L. bicolor has
acquired numerous genes needed for the symbiotic interactions with
the host plants but also kept many of the genes needed for saprophytic
growth. Phylogenetic analyses have indicated that there have been
several switches from symbiotic to free-living, saprophytic, life styles in
basidiomycetes [4]. The fact that the L. bicolor genome has not lost
significant portions of the proteins present in saprophytic species
suggests that such reversals can occur without the need for gaining
large sets of novel genes.

Changes in genome repertoire occurring through gene acquisition
and deletion have been shown to be the major events underlying the
emergence and evolution of bacterial symbionts [25]. Two contrasting
evolutionary trends have been identified. The massive reductions in
genome size that are found in obligate and ancient symbionts, and the
expansion of genomes that are typically for recent and facultative
symbionts [26]. Thus, the expansion of gene content observed in the EM
fungus L. bicolor is similar to that observed in facultative symbiotic
bacteria like Bradyrhizobium japonicum [27], Sinorhizobium meliloti [28]
and Mesorhizobium loti [29].

The expansion of gene families in L. bicolor is due to a large
number of small single duplication events rather than whole genome or
large segmental duplications (Martin et al., manuscript). A majority of
the duplicated genes are dispersed in the Laccaria genome and only a
small number of them are located in tandem or in segments. Compared
to L. bicolor, the other filamentous basidiomycetes contained a lower
number of gene duplicates. However, the total numbers of tandem
duplicates were similar (244 in L. bicolor, 214 in C. cinerea, 233 in
P. chrysosporium, Martin et al., manuscript). Most probably, the large
numbers of transposable elements detected in L. bicolor (Martin et al.,
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manuscript) have had a major impact on the duplication events by
inducing rearrangements in the genome and thereby generating novel
gene duplications, and disruption of tandem duplicates.

A considerable part of the identified gene duplicates in L. bicolor
appear to be the result of recent duplication events (ds<0.2) (Fig. 2).
Almost all (98%, 1788 out of 1824) of these young duplicates belonged
to the lineage-specific or expanded families, particularly to large-sized
gene families (Table 3). A majority of these protein families did not
contain any known protein domains and the functions of them are not
known. However, the fact that many of the genes in these families were
differentially expressed during interaction with the host plant suggests
that the expansion of the gene families have evolved in response to
selection for symbiotic growth.

One of the largest expanded gene families in L. bicolor was
Family-2 that contains 150 members, and with a majority of them
containing a protein kinase domain. Protein phosphorylation controls
many cellular processes including stress responses, cell cycle,
development and differentiation [18]. Our phylogenetic analysis
showed that 26 new duplicates (paralogs) have arisen in Family-2 along
the L. bicolor branch since its divergence from C. cinerea. The paralogs
were found in 9 clusters and only two of them were found in subgroups
having orthologs in S. cerevisinze, namely IKS1 and PLK (Polo-Like
Kinase). IKS1 encodes a putative serine/threonine kinase with unknown
function. IKS1 mutants are hypersensitive to copper sulphate and
resistant to sorbate [30]. PLK, encoded by CDCS5, has multiple functions
in mitosis and cytokinesis [30]. A majority (136) of the genes in Family-2
was expressed above background levels and 46 of them were
differentially expressed in mycorrhizal root tips.

The second family that was studied was Family-6 containing 55
proteins with the domain of Ras small GTPases. This is a group of
highly similar proteins which functions as versatile molecular switches
in diverse processes including signal transduction, cell polarity,
cytoskeleton regulation, and vesicle trafficking [31]. It has previously
been suggested that the Ras protein (Lbras) in L. bicolor may be involved
in signal transduction pathways responding to diverse external stimuli
such as for example hormones, growth factors and other elicitors [32].
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The Lbras is most similar to a protein (sequence id 147993, in Figure
7B).

Family-6 has rapidly expanded in L. bicolor with 26 paralogs that
cluster in six different groups. One of the expanded groups contains
Ras1/Ras2. RAS]1 of S. cerevisiae is involved in G-protein signaling in the
adenylate cyclase-activating pathway and plays a role in cell
proliferation. RAS2 is a GTP-binding protein that regulates the nitrogen
starvation response, sporulation, and filamentous growth [30]. The
differential expression in mycorrhizal root tips of one of the recently
duplicated Ras1/Ras2 paralogs in L. bicolor suggests a duplication event
followed by an adaptation to a novel function either through
subfunctionalization or neofunctionalization. However, the largest
expansion occurred in a group of 10 recent paralogs forming a sister
clade to the Rhol subgroup (Figure 7C). The Rhol is directly regulating
the reorganization of the actin cytoskeleton as well as 1,3 B-glucan
synthase which is a major component of the cell wall and further
suggests the importance of a Rhol-like protein in the formation of
mycorrhizal tissue in response to environmental signals.

A small number (87) of basidiomycete protein families were
restricted to the symbiont L. bicolor and the biotroph U. maydis. A
majority of these families are of small in size (1.4 L. bicolor proteins /
family). Furthermore, only a small fraction of the proteins shared by
L. bicolor and U. maydis display significant sequence similarity to
proteins in other fungal genomes, including ascomycetes. Notably, four
of the 87 families contain putative small secreted fungal proteins as
defined by Martin et al (unpublished). However, the functions of these
families are largely unknown. In addition, clustered secreted proteins in
U. maydis [11] were examined and compared to the protein families in
our study. In total, 32 protein families contained clustered secreted
U. maydis proteins and out of these, five families contained exclusively
L. bicolor and U. maydis proteins. Family-516 was the largest and was
significantly expanded in the L. bicolor branch (one protein from
U. maydis and 11 proteins from L. bicolor).

A limited number of the protein families were contracted or
extinct in the L. bicolor genome. Among the significantly contracted
families was Family-4 with members containing the cytochrome P450
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domain. Proteins of this family are thought to be of importance for the
degradation of various complex carbon sources in P. chrysosporium [10].
The L. bicolor P450 Family-4 contained 39 proteins, significantly higher
number than in C. neoformans and U. maydis but less than in C. cinerea
and P. chrysosporium reflecting different life styles of the species
compared. Among the extinct families in the L. bicolor branch, 38
families had proteins from all other four basidiomycete species,
suggesting that they may belong to core functions that have been lost in
L. bicolor. One example of an extinct family in our study is the pectin
lyase domains which was previously reported to be lacking from the
genome of L. bicolor (Martin et al., manuscript) but is found as multigene
families in C. cinerea and P. chrysosporium and is thought to be of
importance for the pathogenicity in necrotrophic fungi [33].

One obvious limitation in our analysis of gene duplications and
protein families is the limited number of genomes currently available
for the basidiomycota crown group (i.e. taxon sampling problem).
However, C. cinerea is closely related to L. bicolor and both belong to the
order of Agaricales (family Psathyrellaceae and Hydnangiaceae,
respectively). The Psathyrellaceae and Hydnangiaceae families are
sister groups in the species-rich Agaricales genus [34] and thus
C. cinerea provided us with a close non-symbiotic relative to L. bicolor
which is crucial for the analysis. P. chrysosporium (Corticiales,
Corticiaceae), C. neoformans (Tremellales, Tremellaceae) and U. maydis
(Ustilaginales, Ustilaginaceae) are more distantly related to L. bicolor
and the species cover approximately 550 million years of divergence
[14]. However, the substitution rate in the basidiomycete crown group
was shown to be significantly lower as compared to the ascomycetes
[35]. The divergence in number of substitutions in this analysis is
therefore similar to the protein family analysis of the hemiascomycete
yeasts [36]. Since our analysis is not depending on the divergence time
but rather on the relative distances between the species, the controversy
on the divergence time [35] does not affect our analysis. Another
limitation of the comparative genomics approach is that the differences
identified in the L. bicolor lineage could be due to adaptations other than
to a symbiotic life style. However, by correlating independent analyses
such as differential expression- phylogenetic- and functional analyses
with the comparative genomics results, candidate genes involved in EM
symbiosis were identified.
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This is the first study examining the genomic changes that could
account for the evolution of the EM in basidiomycetes. Several studies
have suggested that mycorrhizal symbiosis have evolved repeatedly in
basidiomycetes [4,7,37]. Recently JGI funded a program to sequence the
genome of Paxillus involutus which belongs to the Boletales, in which
EM trait has evolved independently from that in Agaricales. Notably,
the genome of P. involutus appears to be significantly smaller than that
of L. bicolor [38]. Comparative analyses of the genomes of these two
fungi will provide insights into common as well as unique mechanisms
underlying the evolution of mutualism in the basidiomycetes.

Materials and Methods

Genomes used

Genome sequence data for the five basidiomycetes were extracted from
the databases at the Joint Genome Institute [39] and the Broad Institute
[40]. The 65 Megabase pair (Mbp) genome of Laccaria bicolor S238N-H82
encodes 20,614 predicted proteins (release version 1.0, March 2005; JGI),
the genome of Coprinopsis cinerea (Coprinus cinereus) Okayama7#130
contains ~37 Mbp and 13,544 proteins (release 1, July 2003; Broad), the
Phanerochaete chrysosporium RP78 genome contains 35 Mbp and 10,048
proteins (release version 2.0, Feb. 2005; JGI), the Cryptococcus neoformans
H99 genome contains 19.5 Mbp and 7302 proteins (Assembly 1, May
2003 & Gene set 3.0, Feb. 2006; Broad) and the Ustilago maydis 521
genome contains 19.7 Mbp and 6522 proteins (Release 2, March 2004;
Broad).

Identification of gene duplicates

Duplicated gene pairs located anywhere in the basidiomycete genomes
were identified by bidirectional best-hit analysis using BlastClust
program [41]. Thresholds of 60% and 90% sequence identity over 90%
alignment lengths were used to make two protein datasets. The “high
similarity” set contained protein pairs having sequence identity above
90%, and the “low-similarity” set comprised pairs with an identity
between 60 to 90%.

To estimate the age of divergence of the duplicates, the rates of
synonymous substitutions per silent site (ds) were determined for each
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gene pairs. The proteins pairs with high similarity and low similarity
duplicates for each genome were aligned wusing ClustalW.
Subsequently, the Tranalign (EMBOSS, version 4.0.0) [42] was used to
align coding nucleic acid sequences based on protein alignments. The ds
for the aligned nucleotide pairs were estimated using the SNAP
program [43]. Genes in gene-pairs with ds value below 0.2 were
considered as recent duplicates.

Protein family identification

An all-against-all bidirectional sequence similarity search was
performed on the entire set of basidiomycete proteins (58,030 proteins)
using the BlastP program [44] with a threshold E-value of le-5. Based
on the score values, the proteins were cluster into related protein
families (containing at least two sequences per family) using the TRIBE-
MCL algorithm with default parameters [15].

Annotation and homology searches

Annotations into Gene Ontology (GO) categories [45] were obtained by
searching the sequences of L. bicolor against the SwissProt database
(Release 52.5) using the BlastP algorithm with an E-value threshold of
le-10. GO annotations were inferred by retrieving information from the
SwissProt entry corresponding to the best BlastP hit. All classified genes
were mapped to their parents term using GO slim groupings [46].
Putative protein domains in the basidiomycete protein sequences were
identified by searching the Pfam-LS database (version 22.0) [17] using
an Hidden Markov Model (HMM) algorithm as implemented in the
HMMPfam  program  (HMMER  software,  version 2.3.2,
http://hmmer janelia.org/), with an E-value threshold of 0.05. Searches
for putative homologs to members within the large protein families of
L. bicolor were performed by similarity search against the sequences of
33 fungal genomes (Broad Institute) using BlastP (E-value threshold 1le-
5). Sequences of L. bicolor were also searched against the non-redundant
(nr) protein sequence database at NCBI [47] (E-value threshold 1e-5).

Phylogenetic analysis

A phylogeny of the five analyzed basidiomycetes was constructed
based on 185 rDNA sequences. Alignment was performed by ClustalW
1.81 [48] and MEGA 3.1 [49] was used for constructing a linearized
Neighbor-Joining (NJ) tree with 1000 bootstrap replicates. Aspergillus
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niger was used as an outgroup to root the tree and the estimated
divergence between A. niger and U. maydis [14] was used as a reference
point to estimate the divergence time between other lineages.

Evolutionary changes in the size of the protein families among
the five basidiomycetes were analyzed using the CAFE tool [16]. It uses
a stochastic birth and death process to model the evolution of gene
family sizes over a phylogeny. Given a phylogeny and protein family
sizes in extant species, the CAFE tool can infer the most likely gene
family size at internal nodes and identify families that have accelerated
rates of gain or losses, quantified by a P-value. The 185 rDNA tree and
the sizes of 5383 TRIBE protein families, which included those present
in at least two of the basidiomycete genomes, were used as inputs in the
CAFE analysis. The rate of birth and death of proteins was estimated
from the dataset to 0.0018 gains and losses per million years which is
similar to previous reports in five yeast species (0.002) [50].

A phylogenetic tree of fungal protein kinases was constructed by
extracting the protein kinase domain (Pfam PF00069) from 512 members
of basidiomycete Family-2 (c.f. Table 3) using the Seqret software
(EMBOSS). In addition, the PF00069 domain was extracted from 121
Saccharomyces cerevisiae protein kinases present in the KinBase database
(http://kinase.com). All PF00069 domains (512+121) were aligned
against a new profile HMM using the HMMAIlign program (HMMER).
The new profile HMM was constructed using the HMMbuild program
(HMMER) from a full alignment of 25,281 protein kinase domains
obtained from the Pfam database. The Neighbor-Joining (NJ) tree with
100 bootstrap replicates was constructed using Quicktree [51]. A tree
viewer (ATV) [52] and the Hypertree program [20] were used to
visualize and classify the protein kinase groups (Figure 6B). Clusters
having a bootstrap support of 50% or higher in the Neighbor-Joining
tree were classified into different groups and sub-groups. Using a
similar procedure, a phylogenetic tree of ras GTPases was reconstructed
by extracting the Pfam domain PF00071 from 160 proteins in Family-6
(Figure 7A, c.f. Table 3). These domains, together with 29 S. cerevisiae
PF00071 domains obtained from Pfam database, were aligned against
new profile HMM constructed from an alignment of 5239 Ras domains
present in the Pfam database. The conserved G box motifs elements (G1,
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G2, G3, G4 and G5) were identified in vast majority of the protein
sequences in Family-6 [53].

Characterization of the basidiomycete protein kinase superfamily

A graph theory approach was adopted to characterize the protein
families that belong to the protein kinase superfamily in the five
basidiomycetes. In total, 1120 protein sequences were retrieved from 41
families containg sequences with significant homology to the Pfam
domain PF00069 (E-value threshold <0.05). An all-against-all similarity
search of the 1120 proteins using BlastP with an E-value threshold of 1le-
5 was performed. The sequence similarities (E-values) were used to
generate a weighted graph using the Biolayout graph algorithm [19].
The protein families identified by the TRIBE-MCL algorithm were
mapped onto the graph and the topology of the protein families were
inspected visually. Network properties, such as average connectivity,
average node degree and maximum connectivity, of the protein kinase
superfamily were calculated using the Biolayout program.

Gene expression analysis

The whole-genome L. bicolor microarray contains 20,226 gene model
representatives and for each eight independent, non-identical, 60-mer
probes. To remove probes that could hybridize to several gene models
(i.e. cross-hybridize), the sequences of all probes were searched against
the L. bicolor gene sequences using BlastN. Probes having more than
85% similarity to genes other than the genes used as a template for
designing the probes were removed. After this filtering, 16,977 gene
models remained in the dataset that could be identified with at least one
60-mer probe.

The array have been used for analyzing gene expression levels in
three tissues (mycelium, mycorrhizal root tips and fruiting bodies) from
11 experiments (MS238N-I, MS238N-II, K, K2, E, MycD-I, MycD-II,
MycPgh, MycPiv, FBE and FBL). Detailed descriptions on these
microarray experiments can be obtained from Martin et al,
(manuscript). Briefly, the free living mycelium was grown onto agar
plates before harvesting the peripheral hyphal tips. Three weeks
mycelium was isolated for MS238N-I and MS238N-II while two weeks
mycelium without thiamine was isolated for K, K2 and E. The
mycorrhizal root tips of L. bicolor/Douglas fir were extracted from nine
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month ectomycorrhiza for MycD-I and MycD-II, L. bicolor/Populus
trichocarpa were extracted from three month ectomycorrhiza for
MycPgh, and L. bicolor/Polpulus tremula were extracted from one month
ectomycorrhiza for MycPiv. Fruiting bodies of L. bicolor were collected
from Douglas fir seedings grown in greenhouse for FBE and FBL.

Expression patterns for genes of the large L. bicolor protein
families were subjected to principal component analysis (PCA) using
the multivariate statistical analysis package MVSP [54]. PCA was
performed on normalized log: mean expression values for all genes
within a protein family. The first principal components (PC1) were
separated into three clusters - mycelia, mycorrhizal root tips and
fruiting body tissues. Single factor ANOVA was performed on the three
clusters to identify protein families showing significant (P <0.001)
differential expression in the mycorrhizal root tips as compared to
fruiting bodies and my-celia.
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Screening for rapidly evolving genes in the ectomycorrhizal
fungus Paxillus involutus using cDNA microarrays

ANTOINE LE QUERE *#{ KASPER ASTRUP ERIKSEN,#*{ BALAJI RAJASHEKAR,* ANDRES
SCHUTZENDUBEL,*$ BJORN CANBACK,* TOMAS JOHANSSON*and ANDERS TUNLID*
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Abstract

We have examined the variations in gene content and sequence divergence that could be
associated with symbiotic adaptations in the ectomycorrhizal fungus Paxillus involutus
and the closely related species Paxillus filamentosus. Strains with various abilities to form
mycorrhizae were analysed by comparative genomic hybridizations using a cDNA micro-
array containing 1076 putative unique genes of P. involutus. To screen for genes diverging
at an enhanced and presumably non-neutral rate, we implemented a simple rate test using
information from both the variations in hybridizations signal and data on sequence diver-
gence of the arrayed genes relative to the genome of Coprinus cinereus. C. cinereus is a free-
living saprophyte and is the closest evolutionary relative to P. involutus that has been fully
sequenced. Approximately 17% of the genes investigated were detected as rapidly diverging
within Paxillus. Furthermore, 6% of the genes varied in copy numbers between the
analysed strains. Genome rearrangements associated with this variation including dupli-
cations and deletions may also play a role in adaptive evolution. The cohort of divergent
and duplicated genes showed an over-representation of either orphans, genes whose products
are located at membranes, or genes encoding for components of stress/defence reactions.
Some of the identified genomic changes may be associated with the variation in host
specificity of ectomycorrhizal fungi. The proposed procedure could be generally applicable
to screen for rapidly evolving genes in closely related strains or species where at least one
has been sequenced or characterized by expressed sequence tag analysis.

Keywords: cDNA microarray, comparative genomic hybridization, ECM, gene duplications,
Paxillus involutus
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Introduction

Comparative analysis of genome sequence data is an
important tool to reveal genomic variations that may be
related to phenotypic adaptations to specific environments.
By comparing sequences encoding alternative phenotypes,
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it is possible to reconstruct the genomic pattern of change
associated with the shift in phenotype. The observed pattern
is then contrasted with what is expected in the absence of
natural selection; that is with the expectation of the neutral
theory of molecular evolution (Hughes 1999). A fundamental
concept of this theory is the molecular clock, which predicts
that as long as a protein’s function remains unaltered, the
protein’s rate of evolution is approximately constant within
different phylogenetic lineages (Kimura & Ota 1974). From
this principle, it follows that a detection of change in the
rate of evolution of a protein may reveal functional changes
associated with adaptive changes in phenotypes.

Another principle governing molecular evolution is that
gene duplication followed by functional diversification is
the most important mechanism generating new genes and

doi: 10.1111/5.1365-294X.2005.02796.x
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Table 1 Fungal strains used in comparative genomic hybridizations (CGH)

Strain Site and mycorrhizal host Origin Hybridizations* References
P. involutus ATCC 200175 Isolated close to birch trees. Scotland 16 Chalot et al. (1996)
(reference straint) Forms ECM with birch, pine,
spruce and poplar
(in the laboratory)
P. involutus Pi01SE Isolated from a pine forest Sweden 2 S. Erland (unpublished)
P. involutus Pi0S8BE Forms ECM with pine, Belgium 2 Blaudez et al. (1998)
spruce and poplar
(laboratory)
P. involutus Maj Isolated close to poplar trees. France 5 Gafur et al. (2004)
Forms ECM with poplar and birch
(laboratory)
P. involutus Nau Isolated close to oak trees. France 5 Gafur et al. (2004)
Does not form ECM with
poplar and birch, but with oak
(laboratory)
P. filamentosus Pf01De Isolated close to alder trees Germany 2 Jarosch & Bresinsky (1999)

*cf. Fig. 1.

tThe microarray was constructed using PCR-amplified cDNA derived from this strain.

new biochemical functions (Ohno 1970; Hughes 1999).
This prediction has been confirmed by recent analyses of
genome sequence data. Thus many genes are members of
large gene families and duplicated genes arise at very
high rates. Following duplications, new genes usually
evolve with rapid changes in their sequences and structures.
However, the vast majority of gene duplicates are silenced
within millions of years (Lynch & Conery 2000; Long et al.
2003). Furthermore, gene duplications and deletions are
thought to play a major role in adaptations to various growth
conditions including resource-limited environments
(Dunham et al. 2002), pathogenesis and symbiosis
(Ochman & Moran 2001). Accordingly, identification of
divergent and duplicated genes is of major interest when
studying genome evolution.

Comparisons of closely related strains or species are
particularly informative for identifying adaptive evolution
because they hold constant all variables shared by con-
geners (Harvey & Pagel 1991). However, complete genome
sequence data are rarely available for closely related
eukaryotes. As an alternative, microarray-based compara-
tive genomic hybridization (array-CGH) can be used as a
method for screening the presence of conserved and
divergent genes (Dunham et al. 2002; Porwollik et al. 2002;
Hinchliffe ef al. 2003; Edwards-Ingram et al. 2004). In
addition, array-CGH can be used to assess gene duplication
and deletions at single-gene resolution in closely related
species or strains of organisms (Hughes ef al. 2000;
Dunham et al. 2002; Pollack et al. 2002).

In this study, we have compared the gene content and
patterns of large-scale genome variations in strains of the

ectomycorrhizae (ECM) fungus Paxillus involutus using
array-CGH. ECM are formed by mutualistic interactions
between fungi and the roots of woody plants. The fungal
partner obtains photosynthetic sugars from the host plant
while in return the plant receives mineral nutrients from
the fungus (Smith & Read 1997). Phylogenetic analysis has
shown that the ancestors of the ECM homobasidiomycetes
were free-living saprophytes and that mycorrhizal symbi-
onts have evolved repeatedly from saprophytic precursors
(Hibbett et al. 2000). P. involutus belongs to the suborder
Boletineae of the homobasidiomycetes, which is one of
the clades of ECM fungi identified by Hibbett et al. (2000).
P. involutus is widely distributed over the Northern Hemi-
sphere. The species has a wide host spectrum, and forms
ECM with a large number of coniferous and deciduous
trees (Table 1).

The ¢cDNA microarray used in this study contained
cDNA reporters representing 1076 putative unique
genes in P. involutus and were derived from a collection of
expressed sequence tag (EST) clones (Johansson efal.
2004). The array has previously been used for examining
divergence in gene expression associated with variation
in host specificity in strains of P. involutus (Le Quéré et al.
2004). To screen for genes diverging at an enhanced and
presumably non-neutral rate, we implemented a simple
rate test using information from both the variations in
hybridizations signal and sequence divergence to genes in
the genome of the homobasidiomycete Coprinus cinereus.
C. cinereus is a free-living saprophyte and is the closest
evolutionary relative to P. involutus that has been fully
sequenced. C. cinereus is a member of the suborder Agaricinae,

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550
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which has been identified as a sister group to the boletoid
lineage of homobasidiomycetes (Hibbett et al. 1997). We
then asked whether the genes evolving at an enhanced
rate typically encode proteins belonging to certain
functional classes. Furthermore, we were able to un-
ambiguously detect genes that vary in copy number within
different lineages of P. involutus. Interestingly, the host
specificity differs between strains within these lineages.
Accordingly, the identified genomic changes may be
associated with the variation in host specificity of ECM
fungi.

Materials and methods

Fungal strains, growth conditions and DNA preparations

Five Paxillus involutus strains and one Paxillus filamentosus
strain (Table 1) were grown on cellophane-covered agar
plates (Brun et al. 1995). After 7-10 days of incubation at
room temperature in the dark, the mycelium was transferred
to the surface of Gamborg B-5 basal liquid medium (Sigma-
Aldrich Sweden AB) (pH 5.0) supplemented with glucose
(2.5g/L) and incubated for 7-14 days. Paxillus DNA was
prepared as described previously (Le Quéré et al. 2002),
except that the ultracentrifugation steps were omitted. The
DNA was treated with RNase A (Promega) and sonicated to
generate fragments ranging between 200 and 2000 bp in
size. The DNA samples were purified by phenol-chloroform
extraction and with the QIAquick PCR purification kit
(QIAGEN).

Microarrays and genomic hybridizations

In this study, two different batches of cDNA microarrays
(Prints 1 and 2) were used. Both arrays were printed with
reporters obtained from a nonredundant set of EST clones,
either originating from the P. involutus ATCC 200175 strain
(henceforth abbreviated ATCC) or from birch (Betula pendula)
(Johansson et al. 2004). Each reporter was replicated in
at least quadruplicates on the array. A full description
of the Prints 1 and 2 array designs are available from
the EMBL-EBI ArrayExpress database (www.ebi.ac.uk/
arrayexpress) (Accession nos A-MEXD-184 and A-MEXP-92,
respectively). From the entire set of available reporters, the
plant EST reporters, 9 EST reporters without any putative
origin, and 4 out of 39 reporters corresponding to fungal
genomic fragments (polymerase chain reaction (PCR) products
from various parts of a 33-kb genomic region of P. involutus
contained within a cosmid) (Le Quéré et al. 2002) (Table S1,
Supplementary material) were excluded from this investi-
gation. This provided a uniset of 1120 reporters including
1076 EST-derived reporters, 35 cosmid-derived reporters,
1blank and 8 heterologous and commercial control reporters
[ArrayControl, Ambion (Europe) Ltd]. DNA corresponding

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550

to the heterologous control reporters were spiked in
known amounts into the hybridization extracts prior to the
labelling process (Table 52, Supplementary material).

The DNA samples (hybridization extracts) were labelled
with either Cy3 or Cy5 (CyScribe Post-Labelling Kit, Amer-
sham BioSciences) and purified using the QIAquick PCR
Purification Kit (QIAGEN). The samples were eluted in
50 pL nuclease-free water and 20 ug of poly(dA)g;-poly(dT)g,
was added. Before hybridization, the extracts were eva-
porated and resuspended in 7.5 pL nuclease-free water. They
were then heated to 95 °C for 2 min and incubated at 75 °C
for 45 min. Finally, one volume (i.e. 7.5 pL) of microarray
hybridization buffer (CyScribe Post-Labelling Kit, Amer-
sham Biosciences) and two volumes (i.e. 15 uL) of forma-
mide were added, mixed and briefly centrifuged before
being used for hybridization against the cDNA arrays.
Prehybridization of the microarray slides was performed
in 50% formamide, 5x SSC (1 x SSC is 0.15 m NaCl and
0.015 M sodium acetate) and 0.1% SDS at 42 °C for 45 min.
The slides were then washed with distilled water, then
with isopropanol, and finally dried by centrifugation. The
slides were hybridized at 42 °C overnight using a CMT
hybridization chamber (Corning Glass). They were then
washed twice with 2 xSSC and 0.1% SDS (42 °C), once
with 0.1 xSSC and 0.1% SDS (20 °C), three times with
0.1 x SSC (20 °C), and finally with 0.01 x SSC (20 °C). After
drying by centrifugation, the slides were placed in a dry
and dark chamber until scanning. Altogether, 16 microar-
ray slides and 32 hybridization extracts were used in this
study (Fig.1). Fluorescence intensities were measured
using an Axon 4000A laser scanner and converted into
digital values using GENEPIX PRO software (3.0.6.89)
(Axon Laboratories). Data images were inspected manu-
ally and low-quality spots were excluded from further
analysis.

Analysis of hybridization intensities by clustering

The mean background fluorescence was calculated for
each slide. After local background correction for each
spot, the reporters yielding intensities below twice the
background were excluded and the fluorescence of the
remaining reporters was multiplied by a correction factor
to give a common channel mean of 5000 fluorescence units
for each slide. The discarded reporters which had yielded
intensities below twice the background were then re-
introduced, applying the calculated correction factor.
After the normalization step, the mean hybridization
intensity was calculated for each fungal strain, for each
unique reporter and for each of the two batches of arrays
(Prints 1 and 2). The log,-transformed values were then
centred by subtracting a fixed value of 12.29, correspond-
ing to the log, of 5000 (fixed intensity used to normalize the
data). We then calculated the ratio (log,) of hybridization
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Maj Nau

ATCC 200175

Pi0O8BE PiO1SE

Pf01De

Fig. 1 Experimental design for the CGH analysis of five strains of
Paxillus involutus (ATCC, Pi01SE, Pi0O8BE, Maj and Nau) and one
strain of Paxillus filamentosus (Pf01De). Each arrow indicates
paired dual-label microarray hybridizations of reference (ATCC)
and test DNA, except for hybridizations 1 and 2 representing self-
self hybridizations of the ATCC strain, and hybridizations 6 and 7
which represent direct comparisons of the strains Maj and Nau.
The heads and tails mark the DNA sample labelled with Cy5 and
Cy3, respectively. Black arrows indicate hybridizations using
microarrays from Print 1 and grey arrows indicate hybridiza-
tions using Print 2 (cf. Fig. 2). The hybridization identities (1-16)
are used for the organization of the data in the EBI-EMBL
ArrayExpress database (www.ebi.ac.uk/arrayexpress; Accession
no. E-MEXP-437)

intensities between the test and the reference strains for all
the experiments performed. The log, ratios of hybridization
intensities for all replicated spots within an experiment
were calculated and averaged. Data from replicated hybrid-
izations using the same batch of array were averaged.
The final data sets were entered into the program
CLUSTER 3.0 (version 1.22) (http://bonsai.ims.utokyo.ac.jp/
~mdehoon/software/ cluster). The ratios (log,) of the hybrid-
ization intensities were clustered into 12 groups using
the k-means method. The results (cf. Fig. 2) were displayed
using Java TREEVIEW (version 1.0.3) (http://sourceforge.net/
projects/jtreeview).

Analysis of hybridization intensities by mixed-model
ANOVA

The log,-transformed hybridization intensities (k) for
the 1120 reporters were subjected to a normalization model
of the form hgad =u+A,+D;+(AxD),+ Toatr Where [Lis
the sample mean, A, is the effect of the ath array (a = 1-16),
D, is the effect of the dth dye (Cy3 or Cy5) (A x D), is the
array-dye interaction (channel effect), and 7, is the
residual. Subsequently the residuals were fitted by
gene-specific models of the form: 7., =S +u+A, +
D,+B,+ Pp + (B XP)bp + € where S, is the sth strain
(ATCC, PiO8BE, Pi01SE, Maj, Nau, and Pf01De), B, is the

bth batch of prints (Print 1 or 2), P, is the pth pin used to
print the reporter on the array (typically, two different pins
were used to print quadruplicated reporters) and (B x P),,
is the interaction between pin and batch. In the gene
models, which were fitted using PROC MIXED in SAS/STAT
software version 8 (SAS Institute), the A, D, P, B, Bx P
effects are random. The output contained an estimate of
the log, hybridization signal (S,) and an estimate of the
associated standard error. We arrived at this mixed
model by assuming that the estimates of the log, fold
change of the very closely related strains Nau and Maj
(Snau— Sma) Is close to zero. Most reporters had a
hybridization value for the ATCC strain, S,y close to
zero (data not shown). However, there is a second group of
reporters with S, below -3 (i.e. showing eight times
lower intensity than an average reporter), probably due
to poor print quality. Consequently, we disregarded all
reporters with S,-- below -3, leaving 1052 reporters
(1009 EST-derived, 35 cosmid-derived, and 8 heterologous
control reporters). All the remaining 1052 reporters
yielded an estimate of the log, hybridization signal (S,) for
all strains.

Analysis of divergent genes using the EPLP procedure

The closest homologues for all arrayed Paxillus reporters
(genes) were identified in the genome of Coprinus cinereus
(www.broad.mit.edu) using the TBLASTX search tool
(Altschul et al. 1990). For any given reporter, we retrieved
a cohort of reporters with a similar degree of conservation.
The cohort contained 50 reporters having the closest,
but lower TBLASTX bit score and 50 reporters with the
closest but higher bit score values. Subsequently, a Gaussian
curve was fitted to the main peak of the distribution of
the log, fold changes of the hybridization signals of the
conserved genes. The Gaussian fit was chosen such that it
has the same height as the log, fold change distribution
and such that it equals the log, fold change distribution.
The estimated probability of local presence (EPLP) was
defined as the ratio of the fitted Gaussian curve to the
observed log, fold change distribution. The log, fold change
value used as a cut-off to discriminate between conserved
and divergent genes was identified as the fold change value
closest to the mean of the Gaussian curve where the EPLP
value was 0.05 (cf. Fig. 6).

Functional classifications of genes

For the 1076 putative genes represented on the array, a
homology search was carried out using the TBLASTX algorithm
(Altschul et al. 1990) with a threshold value of 14 for
extending hits and an E-value threshold of 1e-10 against
the UniProt sequence database (Apweiler et al. 2004). Gene
Ontology (GO) (Ashburner etal. 2000) and InterPro

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550
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Fig. 2 CGH analyses of five strains of Paxillus involutus (ATCC, Pi0O1SE, Pi08BE, Maj and Nau) and one strain of Paxillus filamentosus
(Pf01De). The array was printed using PCR-amplified cDNA derived from a collection of EST clones obtained from the ATCC strain
(reference) and contained 1076 unique fungal reporters. By filtering out reporters that did not give hybridization signals for all the strains
analysed, a set of 1009 EST-derived reporters was retained. (A) Normalized log, transformed and centred hybridization intensities from
two different batches of microarrays (Prints 1 and 2), where the scale from blue to yellow indicates low and high signal intensity,
respectively. The two batches differ slightly in the arrangement of reporters and in the fabrication process (cf. Materials and methods
section). (B) Ratios (log,) of hybridization intensities between the different strains and the reference ATCC strain where the scale from green
to red represent variable or duplicated genes, respectively. The ratio between ATCC and ATCC (identical DNA preparation) reflects the
technical variation in hybridizations. Note that although the hybridization intensity varies between the batches of arrays the ratios of
hybridization intensities are similar for the two prints. The order of genes in panels (A) and (B) is identical and is based k-means clustering
of the log, ratios of the hybridization intensities.

annotations (Mulder et al. 2005) were inferred by retrieving the corresponding genomic regions in the various strains
information from the UniProt entry corresponding to the best of P. involutus and P. filamentosus by PCR (Table 2). DNA
TBLASTX hit. Using the full GO (www.geneontology.org), sequencing was performed using a BigDye Terminator
all the classified genes were mapped to all their parent terms Cycle Sequencing Kit (Applied Biosystems) and a 3100
in the yeast GO Slim (www.geneontology.org/GO.slims). Genetic Analyser Sequencer (Applied Biosystems). Sequence
The procedure for assigning P values to all the links in the assembly and analysis were performed using the
GO Slim ontology in Fig. 9 is described in Supplementary program SEQUENCHER (Genes Code Corp.) and BIOEDIT
material (Table S5). The sizes of the identified InterPro (www.mbio.ncsu.edu/BioEdit/bioedit.html).

families in the basidiomycete Phanerochaete chrysosporium
was retrieved from Martinez et al. (2004). A Wilcoxon rank

test (Wilcoxon 1945) was used for analysing whether the Validation Of the EPLP P rocedure

divergent genes of P. involutus were over-represented Nucleotide sequence information for the genes amplified
among large gene families of Phanerochaete chrysosporium in the various Paxillus strains were translated and the protein
(Table S6, Supplementary material). alignments for each genes were made using CLUSTAL W

(Thompson et al. 1994). Then the protein alignment was
used as a template to align the corresponding nucleotide

DNA sequencing .
sequences. Homologous gene sequences from C. cinereus
A selection of 17 EST clones were completely sequenced in were identified using the EST2GENOME software as part
both directions by using a pTriplEx2-specific universal of the EMBOss package (Rice ef al. 2000). These were added
forward primer P104 (5-GGGAAGCGCGCCATTGTGTT- to the alignment (profile alignment). With the software
3'), a reverse primer T23V (5"-T,,V-3/, V = A, G or C), and MODELTEST, likelihood parameters were estimated
template-specific primers. Based on the cDNA sequence (Posada & Crandall 1998). One of them is the gamma-
information, primers were designed to amplify parts of distribution rate which accommodates for among-site

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550
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variation. Maximum-likelihood trees were constructed and
branch lengths were estimated with the aid of the raur
software (Swofford 1998).

Results and discussion

Initial analysis of fluorescence intensities

Genomic DNA from five strains of Paxillus involutus and
one strain of the closely related species Paxillus filamentosus
were isolated and pairwise compared by hybridization on
arrays containing cDNA reporters originating from the
ATTC strain of P. involutus (reference strain) (Table 1,
Fig. 1). Two different batches of microarray prints were
used in these experiments. At first sight, the hybridization
signals varied considerably between the two prints. However,
the batch effect was only marginal when comparing the
ratios of hybridization intensities (Fig. 2). When the log,
ratios of the hybridization signals were clustered, the ATCC,
Pi01SE and Pi0O8BE strains were clustered into one group,
the Maj and Nau strains into another group, and Pf01De at
some distance from these two groups (Fig. 2). This partition-
ing is in agreement with a phylogeny based on ITS sequences,
which position the ATCC, Pi01SE and PiO8BE strains into
the so-called Forest clade, the Maj and Nau strains into the
Park clade of P. involutus, whereas Pf01De of P. filamentosus
falls outside these two clades (Le Quéré et al. 2004).

Normalizations of hybridization signals

The hybridization data were further analysed using a
mixed-model analysis of variance (ANovA) as implemented
insas (Wolfinger et al. 2001). In sas, like most other procedures
for analysing microarray data, the hybridization signal
intensities are converted to log, scale and each data point
is normalized by subtraction of the array mean log, ratio
value in order to centre the distribution on zero. In Fig. 3,
the distributions of the resulting log, fold changes in the
hybridization signals for the sample strains relative to the
reference strain of P. involutus have been plotted. As
expected, the distributions of the fold changes comparing
strains within the Forest clade (ATCC/Pi08BE and ATCC/
Pi01SE) were almost identical and the main peaks were
centred on zero. Similarly, the distribution comparing the
two Park strains (Maj and Nau) was centred on zero (Fig. 3,
inserted panel). In contrast, when comparing the ATCC
strain with the phylogenetically more distant strains
within the Park clade as well as P. filamentosus (ATCC/
Maj, ATCC/Nau and ATCC/Pf01De), the main peaks of
the distribution plots were shifted to the right (upwards).
The shift is due to the presence of a large tail of divergent
genes with weak hybridizations signals.

In CGH experiments, the main peak should primarily
consist of conserved genes. One way for the identification
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Fig. 3 Distribution of log, fold changes in hybridization signals
for various Paxillus strains relative to the reference strain
ATCC. ‘Maj conserved” show the distribution of fold changes
for a conserved subset of genes in the strain Maj. Those were
identified by a TBLASTX search including all the Paxillus involutus
reporters present on the array against the three genome sequences
of Saccharomyces cerevisine (GenBank Accession nos. NC_001133 to
NC 001148 and NC_001224), Schizosaccharomyces pombe (NC_003421,
NC 003423, NC_003424, and NC_001326) and Eremothecium gossypii
(NC_005782 to NC_005789). By using a TBLASTX cut-off score of 75
we defined 276 out of 1076 reporters to represent a cohort of
conserved genes. The arrow ‘Maj spiked targets’ is the average
log, fold change for eight heterologous reporters. These were
printed on the arrays and the corresponding targets were spiked
at known amounts into the sample DNA prior to the labelling
procedure (Table S2, Supplementary material).

of the correct main peak position is to plot the distribution
for the most conserved genes within the various strains.
An alternative method for determining the correct position
of conserved genes within the fold-change distribution
curve is by using hybridization ratios for a set of heterolo-
gous reporters (in this study, a total of 8). Both methods
indicate that the main peak of the two Park strains (Maj
and Nau) should be centred at a log, fold change value rel-
ative to the ATCC of 0.7, whereas that of the Pf01De strain
at 1.0 (Fig. 3). Consequently, the log, fold change values
reported below for the ATCC/Maj and ATCC/Nau
comparisons have been shifted by —0.7, whereas the fold
change values for the ATCC/Pf01De comparison by —1.0.

Sequence divergence and gene copy numbers

In CGH experiments, the variation in hybridization signals
depends on several factors, including sequence divergence
between the sample and reference DNA, and differences
in gene copy number (Wu et al. 2001; Hinchliffe et al. 2003).
To investigate how sequence divergence affected the
hybridization signals in our study, 17 loci were sequenced
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Fig. 4 Relationship between sequence identity and fold changes
in hybridization signals for 17 loci in various Paxillus strains
relative to the ATCC reference strain. The sequence identity in
exon regions for each gene (cf. Table2) is plotted against its
corresponding log, fold change in hybridization signals for
pairwise comparisons between the reference and the five other
Paxillus strains (Pi0OSBE, Pi01SE, Maj, Nau and Pf01De).

in the different strains of Paxillus (Table 2). Depending
on the position of the PCR primers, the regions analysed
covered 20-84% of the predicted exons. Considering data
from all genes and all pairwise comparisons, a weak correlation
(r2=0.30, P <0.02) was found between sequence identity
and log, fold changes in hybridization signals (Fig. 4).

Further insight into the source of variation was achieved
by analysing the data of strains from a single clade and
those from two different clades separately. Analysis of the
strains of the Forest clade showed that all genes except ptrA
displayed at least 97.7% sequence identity, and their log,
fold changes in hybridization signals varied between —0.3
to +0.3. The log, fold change value for ptrA when com-
paring ATCC/Pi01SE was significantly outside this narrow
range (0.78, corresponding to an antilog fold change value
of 1.7). Considering the fact that the sequence identity for
ptrA was 100%, we propose that this gene has been dupli-
cated in Pi01SE relative to the ATCC strain. Similar values
were obtained for ptrA when comparing data from the Maj
and Nau strains within the Park clade (sequence identity
100%, antilog fold change value of 1.9) which suggest that
this gene is also duplicated in Maj relative to the ATCC
strain.

The variations in sequence identity and hybridization
signals were considerably larger when contrasting the
ATCC strain with strains from other clades. When com-
paring data for the ATCC strain and the two Park strains, one
outlier was identified, namely the ppiA gene. The log, fold
changes in hybridization signals for ppiA when comparing
ATCC/Maj and ATCC/Nau were in both cases —0.7, a
value that could be expected for genes having a sequence

identity in the range 92-96%. However, the sequence iden-
tity for ppiA was found to be 100% and all information
considered we classify ppiA as putatively duplicated.
Excluding ppiA from the analysis, the linear correlation
coefficients of the relationship between sequence identities
and log, fold changes for all genes included in the pairwise
comparisons of ATCC/Maj and ATCC/Nau were 0.62
(P <0.03) and 0.64 (P < 0.02), respectively. In P. filamentosus,
only 10 of the 17 loci could be investigated, presumably
due to the low sequence identity between the primers used
and the corresponding genes in Pf01De. Furthermore, the
linear correlation coefficients of the relationship between
sequence identities and log, fold changes for the PCR-
amplified genes in the pairwise comparisons ATCC/Pf01De
were not significant.

The above analyses suggest that when comparing
closely related strains within the Forest or Park clades,
respectively, the fold changes in CGH hybridization
signals will primarily be associated with differences in
gene copy numbers and not sequence divergence. In con-
trast, when comparing strains from different clades, the
variation in hybridization signals can be related to both
sequence divergence and copy number differences. To dis-
tinguish between these two processes, information on both
hybridization signal intensities and sequence divergence
are needed.

Identification of locally divergent genes using the EPLP
approach

To screen for genes diverging at an enhanced rate within
the lineage of P. involutus, we developed a simple rate test
using information from both variation in hybridization
signals and sequence similarities to the basidiomycete
Coprinus cinereus (Fig.5). Basically, the hybridization
signals for any given gene is compared to the signals of genes
displaying a similar degree of sequence similarity to C. cinereus.
An algorithm that depends on the shape of the signal-ratio
distribution curve for this cohort of genes provides an estimate
(EPLP) of the degree of divergence (Fig. 6).

Using a EPLP cut-off value of 0.05, the numbers of
locally divergent genes identified in the pairwise compar-
isons between strains from the three lineages of Paxillus,
the ATCC/Park clade (average Majand Nau) (Fig. 7A), the
ATCC/P. filamentosus (Fig. 7B) and the Park clade/P. fila-
mentosus (not shown) were 106, 64 and 102, respectively. In
total, we identified a cohort of 177 genes that were locally
divergent according to this procedure in at least one of the
three comparisons made (Table S3, Supplementary material).

The EPLP algorithm is similar to the algorithm used
within the so-called GACK procedure for analysing array-
CGH data (Kim et al. 2002). Like other more traditional
methods to analyse CGH array data (Porwollik ef al. 2002;
Hinchliffe et al. 2003), GACK categorizes genes as being

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550
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Fig. 5 The EPLP screen for identifying locally divergent genes.
(A) represents an organism with a fully sequenced genome
located outside the clade of strains analysed by CGH. (B) here is
the reference strain, which is also the strain used for the
construction of the microarray. (C) is a closely related sample
strain analysed by CGH hybridizations. In our experiments (A)
was the basidiomycete Coprinus cinereus, which is the closest
evolutionary relative to Paxillus involutus that has been fully
sequenced. (B) was the ATCC strain of P. involutus and (C) was
other strains of P. involutus or Paxillus filamentous. The distance of
genes between (A) and (B) is estimated by using the TBLASTX
algorithm. The divergence of genes between (B) and (C) is
measured by CGH analysis. In the screen, the observed CGH fold
changes for any given gene is compared with the fold changes
from a cohort of genes displaying a similar distance to the
outgroup. This cohort contains approximately 100 genes having a
similar TBLASTX bit score as the analysed gene. An algorithm that
depends on the shape of the signal-ratio distribution curve for this
cohort of genes provides an estimate (the estimated probability of
local presence, EPLP) of the degree of divergence (Fig. 6). Shown
is the hypothetical evolutionary relationship between three genes
i, j and k. Sequence comparisons between (A) and (B) show that i
and j have the same overall evolutionary rate, while k evolves
faster. Analysis of the CGH hybridization signals between (B) and
(C) indicates that j and k are more divergent than i. Note that the
position of the internal node along the branch separating strains B
and C from A is not known, as the distance between A and C has
not been determined. The EPLP procedure will select j but not k as
evolving at an enhanced rate. According to the neutral theory of
molecular evolution, a shift in the rate of evolution may indicate
an alteration in the selection pressure on the genes.

variable or conserved solely on basis of the hybridization
signal. In GACK the signal-ratio distribution curve is ana-
lysed for all reporters and one EPP (estimated probability
of presence) function is calculated that is fixed for all genes.
Using an EPP cut-off value of 0.05, we identified a cohort
of 195 genes that were divergent according to the GACK
procedure. One hundred forty-one of these were also
identified as divergent using the EPLP method. However,
36 out of the 177 genes classified as divergent using the

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550

250 ; 120
—— Fold distribution |
---- Gauss fit
200 |- L EPLP
115
§ 150 N
S 410 &
9 w
w 100
-1 05
50

L L L
-3 25 -2 -15 -1 -05 0 0.5 1
log, fold change Park/ATCC

Fig. 6 Application of the EPLP algorithm. The method is
illustrated here for the rabA gene (cf. Table 2), which has a TBLASTX
score of 105 against Coprinus cinereus. The solid line shows the
distribution of log, fold change in hybridization signals between
Park and ATCC for 102 genes with a similar TBLASTX score against
C. cinereus as for the rabA gene. The 102 genes had a TBLASTX score
from 95 to 117. This is the smallest interval containing at least 50
genes with a smaller TBLASTX score than rabA, and also genes with
a larger TBLASTX score. The dashed line shows a normal curve
fitted to the main peak of the fold distribution curve of the 102
genes. This normal curve represents the expected local log, fold
distribution of genes which are conserved to the same degree as
the rabA gene. The estimated probability of local presence (EPLP),
marked as a dotted line, shows the expected distribution density
(dashed line) divided by the real density of genes (solid line). The
rabA gene has a log, fold change Park/ATCC of —1.14 and is
located in the tail of the divergent genes. The EPLP value for rabA
is 0.001, which is smaller than the cut-off value of 0.05 used to
separate conserved and variable genes. Thus rabA was classified
as a locally divergent gene.

EPLP procedure were not identified as divergent using the
GACK procedure. These included mainly genes displaying
medium to high sequence similarities to C. cinereus
(Fig. 7).

The EPLP methods’ ability to predict genes evolving at
an enhanced rate was validated using information from
the 17 sequenced loci (cf. Table 2). The sequences were ana-
lysed using a procedure that is based on the comparison of
phylogenetic branch lengths of orthologous proteins from
three species (Jordan et al. 2001). Adopted to our data set,
the length of the branch separating the ATCC strain and
C. cinereus (distytcc ¢, inerens) Was compared with the sum
of the branch separating the ATCC and the sample strain
(distyrce, sample)- Consistent with the rate-constancy pre-
diction of neutral evolution, the (dist ATCC, C. cinereus)/ (dlis-
tatce, sample) Tatio should be approximately constant.
Accelerated evolution should be manifested by a low ratio.
The sequence- and the EPLP-based measures of accelerated
evolution were indeed related (Fig. 8). The EPLP method
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Fig. 7 Locally divergent genes identified in
Paxillus involutus using the EPLP procedure.
The scatter plots show the log, fold changes

Q in hybridization signals between (A) the
2 ;’f < reference strain ATCC and Park, and (B) the
§ . ATCC and the Paxillus filamentosus strain
S « B X e 887 conserved genes Pf01De, vs. the sequence similarity (TBLASTX
-4 - Xxg( = X X gﬂOGd!Ocally divergent genes | — bit score) for each reporter to homologous

i —__ G/(-e\clﬁncut-off genes in the genome of Coprinus cinereus.

The Park log, fold change was calculated as

the average log, fold change for Majand Nau.

log, fold change

The median log, fold change (solid line) was
estimated in a window using 101 reporters
showing similar TBLASTX scores against C.
cinereus. The locally divergent genes were
identified by contrasting the fold values of
the clones to that of 101 genes with similar

Pf01De/ATCC

.. % e 929 conserved genes TBLASTX scores (cf. Fig. 6). The dashed lines

-4 - “x x Xx x L E&'(;gﬁ”y divergent genes | ‘GACK cut-off’ show the log, fold ratio value
—— GACK cut-off discriminating between divergent (below

-6 1 TR N T N A I [ the line) and conserved genes according to

102

10® the GACK procedure (Kim et al. 2002).

tblastx bit score for ATCC vs. C. cinereus

when comparing the ATCC and Maj strains predicts that
two genes (rabA and gpiA) were evolving at an enhanced
rate. The genes rabA and gpiA were also among those hav-
ing the lowest (distyrcc, ¢ cinerens)/ (diStatce, samples) Tati0-
Note that rabA and gpiA were not identified as being diver-
gent using the GACK procedure. The EPLP procedure
appeared to fail to detect two genes with low branch
lengths ratios, namely gstA and calA. For gstA the normal
distribution is not appropriate (Fig. 52, Supplementary
material). The calA gene is one of the most conserved genes
comparing P. involutus and C. cinereus. Thus only a few
mutations in this gene can affect the ratios of the branch
lengths significantly. Such small changes could presum-
ably not be detected by CGH analysis. The above analysis
indicates that the EPLP procedure could be used for
screening genes diverging at an enhanced rate. However,
it should be possible to optimize the algorithm further given
alarger set of genes with an a priori known sequence history.

Orphans

The genomes of fungi and other organisms contain a
significant portion of genes that exhibit no significant
similarity to protein sequences present in databases
(Tunlid & Talbot 2002). Such orphans may represent genes
whose phylogenetic distribution is restricted to certain
evolutionary lineages. Orphan genes might also represent
genes that rapidly diverge between closely related strains
or species.

From a total of 1076 Paxillus gene representatives on
the array, 382 showed a TBLASTX score below 45 when

compared to C. cinereus. These orphans varied in hybrid-
ization signals and represented both conserved (large log,
fold change values) and variable genes (small log, fold
change values) (Fig. 7). Since the EPLP procedure cannot
be used for analysing genes in cohorts displaying low
similarity scores to genes in other organisms, other methods
are needed to discriminate between conserved and vari-
able orphans. In the Supplementary material, we show that
the distribution of fold changes for the well-conserved
genes can be used to estimate an upper number of con-
served orphans (Fig. S1, Supplementary material). In total,
52 orphan genes might be just as conserved between the
Park and Forest clades as the genes showing a TBLASTX
score against C. cinereus of 100 or above (for Pf01De/
ATCC, the corresponding number was 44). Conserved
orphan genes with very low divergence rates have also
been identified in Drosophila (Domazet-Loso & Tautz
2003). The authors proposed that these slowly evolving
orphan genes might represent genes that have evolved to
perform lineage-specific functions.

Functional classification of divergent genes

The locally divergent genes showed an under-
representation of genes predicted to be involved in protein
biosynthesis and those encoding structural molecules
(Fig. 9A). Both of these categories included ribosomal
proteins. In contrast, the cohort of locally divergent genes
was over-represented by orphans, proteins predicted to
be located at membranes and those involved in transport
and lipid metabolism. The predicted membrane proteins

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550
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Fig. 8 Validation of the EPLP procedure. Plotted is the
relationship between an EPLP estimate of divergence vs. a
sequence-based measures of accelerated evolution. Both methods
analyse how fast genes are evolving between Maj (from the Park
clade) and ATCC (Forest clade) strains of Paxillus involutus as
compared with the rate between P. involutus and Coprinus cinereus.
Data are shown for 12 genes sequenced in P. involutus (cf. Table 2)
and for which homologues were identified in C. cinereus. The y-
axis value indicates the relative position of the gene in the log, fold
change distribution curve of genes displaying a similar degree of
sequence similarity to C. cinereus (cf. Fig. 6). Specifically, it is the
percentile of genes with a smaller fold change value than the
analysed gene. The sequence-based measure (x-axis) compare the
length of the branch separating the ATCC strain and C. cinereus
(distarcc, . cinerens) With the sum of the branch separating the ATCC
and the sample strains (dist,rcc, \p,)- The branch lengths were
calculated using the evolutionary distances between the genes of the
three organisms as described in Materials and methods. Accelerated
evolution should be manifested by a low (distarcc, . cinerens)/
(dist e, ma) TatiO-

displayed significant sequence similarities to several larger
families of transport proteins (Table 3): the mitochondrial
carrier proteins (Vozza etal. 2004), the drug-resistant
subfamily of the major facilitator superfamily (Goffeau
et al. 1997), the MAPEG (membrane-associated proteins in
eicosanoid and gluthathione metabolism) superfamily
(Jakobsson et al. 1999), and the ELO, GNS1/SUR4 family
which is involved in long-chain fatty acid synthesis
(Rossler et al. 2003). Among the cohort of locally divergent
genes were also genes displaying sequence similarities to
thioredoxins, thiol peroxidases and glutathione S-transferases.
These components of the thioredoxin and glutathione/
glutaredoxin system are important for the regulation of the
intracellular redox status and the detoxification of oxidation
products generated in various defence reactions (Grant 2001).
Among variable genes were also a gene showing similarities
to members of the cytochrome P450 gene family, which are
important in the oxidative metabolism of endogenous and
xenobiotic compounds (Nelson 1999). Notably, orphans,

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550

(A) Locally divergent genes

5840 5740 i
5739 —— under-representation

(cytoplasm (membrane) —— over-representation
9.4E-6 0.076
cellular component

0.089

—— under-representation
—— over-representation

coenzymes and
prosthetic group
metabolism

biological process

(7651 | grig]  L6464]

Fig.9 Functional annotations of (A) locally divergent and (B)
duplicated genes. Based on sequence similarities, the Paxillus
genes were annotated into GO categories organized as molecular
function, biological process and cellular component (Ashburner
et al. 2000). The relationships between GO categories at different
levels of specialization (parents and child terms) are displayed as
directed acyclic graphs (DAGs). In the figure ‘all genes’ represents
the top-level parent, and more specialized terms are connected by
lines. A statistical test was developed to compare the GO
distribution for the variable and duplicated genes with the
distribution observed for the entire set of arrayed reporters.
Briefly, we tested whether the frequencies of genes in a pair of a
parent and a child term among the locally divergent or duplicated
genes were significantly different from the frequencies observed
in the complete set of arrayed genes (Table S5, Supplementary
material). A thick line indicates a parent—child pair in which the
child term is either significantly (P < 0.05) over-represented (blue)
or under-represented (red). Descriptions of the GO terms can be
found in Table S5 (Supplementary material).

genes whose products are located at membranes, or genes
encoding for components of stress/defence reactions are
also known to evolve at an accelerated rate in other organisms
including bacteria and mammals (Jordan et al. 2001).
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Gene Ontology (GO)
dbEST Uniprot
Accession  Accession Cellular
no. no. Best hit description Molecular function compartment  Biological process
CD274586  Q9UTE7 GNS1/SUR4 family protein  Fatty acid Integral to Vesicle-mediated transport;
elongase activity membrane sphingolipid biosynthesis;
fatty acid elongation
CD275161 QIUSN4 Putative transporter Transporter activity Membrane Transport
C1529.01
CD275133  Q7SHES8 Predicted protein Binding Membrane Transport
CD272672 074439 Mitochondrial Binding Integral to Transport
carrier protein membrane
CD273558  Q9HEMS5 Related to microsomal Transferase activity Membrane Lipid metabolism;
glutathione S-transferase fraction; Signal transduction
Microsome
CD272657  P48011 DNA-directed RNA DNA binding; Nucleus Transcription
polymerases I, II, and III DNA-directed
RNA polymerase
activity
CD274951 023676 Mago nashi protein Nucleus Sex determination
homolog
CD273709  Q8BPF9 Casein kinase II Protein kinase Regulation of cell cycle
CK2 activity
CD272606  Q872E3 Related to MNORI-2 Protein binding Protein amino acid
protein (hypothetical phosphorylation
protein)
CD273762  Q9Y4Y9 U6 snRNA-associated RNA binding Nucleus mRNA processing
Sm-like protein LSm5
CD274085  O13639 Adenosyl homocysteinase Adenosyl homocysteinase Cytoplasm Methionine metabolism;
(EC33.1.1) activity Selenocysteine metabolism
CD276165  Q7S2L1 Hypothetical protein Oxidoreductase activity Metabolism
CD271655  P00440 Tyrosinase precursor Oxidoreductase activity Metabolism
(EC1.14.18.1)
CD274569 Q9HGZ2 Glucose-6-phosphate Glucose-6-phosphate Gluconeogenesis;
isomerase (EC 5.3.1.9) isomerase activity; Glycolysis
Isomerase activity
CD269625  Q82HX7 Putative monooxygenase Monooxygenase activity; Electron transport;
Disulphide aromatic compound
oxidoreductase activity metabolism
CD275123  Q9HFJ1 Related to n-alkane- Monooxygenase activity Electron transport
inducible cytochrome P450
CD271249  Q9UWO02 Thioredoxin (Allergen Electron transporter Electron transport
Copc?2) activity
CD271304 Q38879 Thioredoxin H-type 2 Electron transporter Electron transport
(TRX-H-2) activity
CD269698  Q7NX63 Probable isovaleryl- Isovaleryl-CoA Electron transport
CoA dehydrogenase dehydrogenase
activity; Oxidoreductase
activity
CD273899  QONL98 Peroxiredoxin (EC 1.11.1.-) Peroxidase activity
(AsPrx)
CD274635  O14064 Birl protein (chromosome
segregation protein ...
CD275828  O74162 Ich1l O-methyltransferase
activity
CD276314  Q7SGE9 Hypothetical protein Alcohol dehydrogenase

activity; zinc-dependent;
zinc ion binding

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550
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Table 3 Continued

Gene Ontology (GO)
dbEST Uniprot
Accession  Accession Cellular
no. no. Best hit description Molecular function compartment  Biological process
CD271867 Q87152 Related to acid Hydrolase activity
sphingomyelinase
CD270379 Q25556 Glutathione S-transferase Transferase activity
III homolog
CD270527  Q8Y0Q1 Probable glutathione Glutathione transferase
S-transferase-related trans ... activity; Transferase activity
CD269885 Q10344 Translationally controlled Cytoplasm

tumour protein

*The table lists 27 genes that were identified as being locally divergent (Figs 5-7). Only genes found to be significantly different in at least
two of the three pairwise comparisons and displaying a significant homology to proteins in the UniProt database (Apweiler et al. 2004) are
listed. A full list of locally divergent genes (177 in total) can be found in the Table S3 (Supplementary material). GO annotations (Ashburner
et al. 2000) were inferred by retrieving information from the UniProt entry. The underlined gene was identified as duplicated within the
clades analysed (Table S4, Supplementary material). Genes in bold were characterized by DNA sequencing (cf. Table 2).

The locally divergent genes were also over-represented
(P < 0.01) by genes being homologous to members within
large gene families identified in the basidiomycete Phaner-
ochaete chrysosporium (Martinez et al. 2004) (Table S6, Sup-
plementary material). Several of these large gene families
have been shown to be rapidly expanding when compar-
ing lineages of more distantly related eukaryotes (Lespinet
et al. 2002; van Nimwegen 2003). Among them are the major
facilitator superfamily transporters, the cytochrome P450
family hydroxylases, and the glutathione S-transferases.

Gene duplications

To identify genomic differences that could be associated
with variations in host specificities, the genomes of the
closely related Park strains Maj and Nau were compared.
The Maj strain forms ECM with birch and poplar, while
Nau is incompatible with these trees (Gafur et al. 2004; Le
Quéré et al. 2004). The log, fold changes for Maj and Nau
relative to the ATCC strain are shown in Fig. 10. Most of
the reporters were scattered along the diagonal and thus
had highly similar hybridization signals in Maj and Nau.
However, there were 21 outliers with log, fold changes >
0.5 or < 0.5, which indicate that the genes are found in
different copy numbers in the two strains. Among these
putatively duplicated genes, 14 were identified by EST-
derived reporters whereas 7 by cosmid-derived reporters
(Table S4, Supplementary material).

Only 2 out of the 14 duplicated genes identified by EST-
derived reporters displayed significant sequence similarities
to proteins in the GenBank nr protein database (Benson
et al. 2005). One of them corresponded to the sequenced loci
ptrA (Table 2). The ptrA gene translates into a polypeptide
of 185 amino acid residues that shows a high sequence

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550

identity (43%) to Pho88p in Saccharomyces cerevisiae. Pho88p
is a putative membrane protein involved in inorganic
phosphate transport and regulation (Yompakdee et al. 1996).
The second duplicated gene (corresponding to the EST clone
CD274497) showed a significant similarity to a hypothetical
protein in Neurospora crassa. The 7 cosmid-derived reporters
that indicated variation in copy number between Maj
and Nau all originate from one continuous 3.2-kb genomic
region, in positions covering the putative ORF PiC1-11 and
adjacent DNA regions (Table S1, Supplementary material).
PiC1-11 displays a high sequence similarity to a WD40
repeat motif (Le Quéré et al. 2002). This domain acts as site
for interaction with other proteins, and there are 102 proteins
in S. cerevisine with at least one copy of this motif (IPR001680).

We have previously shown that approximately 66 (6%)
of the arrayed genes are differentially expressed in Majand
Nau following the contact with the roots of birch seedlings
(Le Quéré et al. 2004). Notably, none of the duplicated
genes identified in this study were among these differen-
tially expressed genes. Thus, the differences in expression
levels cannot be explained by differences in gene copy
numbers. Most probably, the observed differences in
expression levels are due to variation in promoter elements
or levels of transcription factors.

An analysis was also performed to identify duplicated
genes between strains of the Forest clade. In total, we
identified 56 genes and one cosmid-derived fragment
that were found in different copy numbers in at least one
of the three pairwise comparisons made between ATCC/
Pi01SE, ATCC/Pi08BE, and Pi01SE/Pi08BE. Notably, six
of these duplicated genes including ptrA were among the
genes that also varied in copy number in the comparison
between Majand Nau. Altogether, a cohort of 64 genes was
identified as being duplicated in at least one of the four
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Fig. 10 Identification of genes being duplicated in the compatible
strain Maj and the incompatible strain Nau (i.e. not infecting
birch or poplar). The scatter plot shows the log, fold change in
hybridizations signals of Maj relative to ATCC (reference strain)
vs. the log, fold change of Nau relative to ATCC, for 1019 reporters
(990 EST and 29 cosmid-derived reporters). The dotted line is
the diagonal showing genes with almost identical hybridization
signals in Maj and Nau. The position for each gene along the
diagonal is a measure of its divergence between the two Park clade
strains Maj and Nau relative to the ATCC strain of the Forest
clade, with the most divergent genes scattered towards the lower
left corner of the plot. The dotted lines at y=x+1and y=x-1
correspond to a log, fold change between Nau and Maj of 1 and
—0.5, respectively. Genes that have been duplicated in Nau relative
to Maj or vice versa are expected to scatter along these lines.
Indicates nonduplicated genes (in total 976); duplicated genes
(14); non duplicated cosmid-derived reporters (22); duplicated
cosmid-derived reporters (7); duplicated genes in the Forest clade
(49); duplicated genes in both the Forest and Park clades. All
duplicated genes identified to be duplicated in the analysed
Paxillus strains are listed in the Supplementary material (Table S4).

pairwise comparisons made between the strains within the
Forest and Park clades, respectively (Table 54, Supplement-
ary material). Notably, a large fraction of these duplicated
genes (40 out of 64) were also identified as being locally
divergent when the different clades of P. involutus and
P. filamentosus were compared. The fraction of genes dis-
playing no significant homology to proteins in the UniProt
database was under-represented among the duplicated
genes (Fig. 9B). Similarly to the pattern observed for the
divergent genes, the genes predicted to be localized to mem-
branes and involved in transport were over-represented
among the duplicated genes.

Conclusions

Due to the fact that the costs for EST sequencing and the
fabrication of microarrays are rapidly decreasing, we foresee

that in the near future DNA microarray analysis will become
a common tool for comparing genome composition in
many organisms. Here we present several novel procedures
for the analysis of such data. We suggest methods for the
normalization of hybridization data that correct for the
presence of a large number of variable genes yielding weak
signals, which typically complicates CGH analyses. We have
shown that the hybridization signal in the CGH experiments
depends on both sequence divergence and gene copy
number. When comparing closely related strains, the fold
changes in CGH hybridization signals will primarily be
associated with differences in gene copy number and not
sequence divergence. In contrast, when comparing more
distantly related strains, the variation in hybridization
signals can be related to both sequence divergence and gene
copy number. To distinguish between these two processes,
information on both hybridization signal intensity and
sequence divergence are needed.

We developed a simple rate test, the EPLP procedure,
to screen for genes diverging at an enhanced rate. Such
changes in the rate of evolution may indicate cases of
functional diversification associated with adaptations.
The comparison is made by contrasting the observed fold
change in hybridization signal for each gene with the sig-
nals from a cohort of genes displaying a similar degree of
sequence similarity to an outgroup organism. In principle,
any organism with a fully sequenced genome can be used
as an outgroup as long as it is more distantly related than
the species or lineages being examined by CGH. However,
the genomes should be close enough to avoid saturation of
nucleotide substitution. Presently, the CGH-based pro-
cedure for detecting non-neutral evolving genes has only
been validated using sequence data from a limited set of
genes. In fact we observed a correlation between the CGH-
based measure of non-neutrality and a standard phylo-
genetic analysis. The analysis also indicated that it should
be possible to further optimize the algorithm given a larger
set of genes with an a priori known sequence history. In
any case, the ‘candidates’ identified by the EPLP screen
should be sequenced to verify their rate of divergence and
to identify possible selection mechanisms acting on the
genes.

The developed procedures were used to screen for
duplicated and rapidly evolving genes in strains of the
ECM fungus Paxillus involutus. Approximately 17% of the
printed genes were detected as rapidly and presumably
non-neutrally evolving within P. involutus. Furthermore,
6% of the analysed genes varied in gene copy numbers.
The cohort of divergent and duplicated genes showed an
over-representation of orphans, genes whose products
are located at membranes, and genes encoding for com-
ponents of stress/defence reactions. Some of the identified
genomic changes may be associated adaptations to the
symbiotic lifestyle, including variations in host specificity

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 535-550
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of ECM fungi. However, due to the fact that there are other,
more closely related species to Paxillus than Coprinus
cinereues that are nonmycorrhizal, part of the detected
genomic changes might be associated with adaptations to
nonsymbiotic growth.
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e Hydrophobins are small, secreted proteins that play important roles in the devel-
opment of pathogenic and symbiotic fungi. Evolutionary mechanisms generating
sequence and expression divergence among members in hydrophobin gene families
are largely unknown.

¢ Seven hydrophobin (hyd) genes and one hyd pseudogene were isolated from
strains of the ectomycorrhizal fungus Paxillus involutus. Sequences were analysed
using phylogenetic methods. Expression profiles were inferred from microarray
experiments.

e The hyd genes included both young (recently diverged) and old duplicates. Some
young hyd genes exhibited an initial phase of enhanced sequence evolution owing to
relaxed or positive selection. There was no significant association between sequence
divergence and variation in expression levels. However, three hyd genes displayed
a shift in the expression levels or an altered tissue specificity following duplication.
e The Paxillus hyd genes evolve according to the so-called birth-and-death model
in which some duplicates are maintained for a long time, whereas others are inacti-
vated through mutations. The role of subfunctionalization and/or neofunctionaliza-
tion for preserving the hyd duplicates in the genome is discussed.
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Introduction

Duplications of genes or larger chromosome regions in
combination with mutations that cause functional divergence
of the duplicates is considered to be the most important
mechanisms generating evolutionary novelties, including new
gene functions and expression patterns (Ohno, 1970). Such
duplications have most likely played a substantial role both in
the rapid change in organismal complexity apparent in deep
evolutionary split, and in the adaptation and diversification of
more closely related strains or species (Prince & Pickett, 2002;
Long et al., 2003). Analyses of genome sequences suggest that

*These authors have contributed equally to this work.

www.newphytologist.org

gene duplications arise by very high rates. Some of these new
genes are preserved, but a majority are silenced within a few
millions of years (Lynch & Conery, 2000). Accordingly, there
is a relatively narrow time window for evolutionary
explorations until gene inactivation becomes the most likely
outcome. The fate of the recent duplicated genes and the
evolutionary forces that drive their fixation and divergence
are, however, not yet clear (Long ez al., 2003).

Recently, we have used DNA microarrays to screen for
duplicated and rapidly evolving genes that could be associated
with symbiotic adaptations in the ectomycorrhizal (ECM)
fungus Paxillus involutus (Basidiomycetes; Boletales). Strains
of P. involutus with various abilities to form ECM were ana-
lysed by comparative genomic hybridizations using a cDNA
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Table 1 Fungal strains used in this study

Species/strain Abbreviation Site and mycorrhizal host Origin References
Paxillus involutus
ATCC 200175 AT Isolated close to birch trees. Forms ECM with birch, Scotland Chalot et al. (1996)
pine, spruce and poplar (in the laboratory)
Pi01Se Se Isolated from a pine forest Sweden S. Erland (unpublished)
PiO8Be Be Forms ECM with pine, spruce and poplar (laboratory) Belgium Blaudez et al. (1998)
Maj Mj Isolated close to poplar trees. Forms ECM with poplar France Gafur et al. (2004)
and birch (laboratory)
Nau Nu Isolated close to oak trees. Does not form ECM with France Gafur et al. (2004)
poplar or birch but with oak (laboratory)
Paxillus filamentosus
PfO1De Pf Isolated close to alder trees Germany Jarosch & Bresinsky (1999)

ECM, ectomycorrhiza.

microarray containing 1076 putative unique genes. Approxi-
mately 17% of the gene representatives available on the array
were detected as rapidly and presumably nonneutrally evolv-
ing within Paxillus (Le Quéré et al., 2006). Among them
were several genes encoding hydrophobins. Hydrophobins are
small, secreted proteins that can self-assemble and form visible
aggregations of protein rodlets on fungal surfaces (Kershaw &
Talbot, 1998; Wasten, 2001). Hydrophobins are known to
play a role in a range of different processes related to growth
and development in fungi. For example, hydrophobins are
involved in the formation of aerial structures such as spores
and fruiting bodies, they can mediate adhesion of pathogenic
fungi to plant host surfaces and they can function as toxins
(Kershaw & Talbot, 1998; Wosten, 2001). Hydrophobins
have also been shown to be developmentally regulated by
ECM-forming fungi during the infection of the host plant
(Tagu et al., 1996; Mankel ez al., 2002; Duplessis ez al., 2005; Le
Quéré et al., 2005). Hydrophobin genes are commonly found
in multigene families. The members in these families display a
large divergence in nucleotide sequences and expression patterns
(Wessels ez al., 1991; Segers ez al., 1999; Duplessis et al., 2001).
In this study we have examined the evolutionary mecha-
nisms that could be responsible for generating sequence and
expression divergence among members of the hydrophobin
gene family in P involutus ATCC 200175. Seven hydro-
phobin (hyd) genes were characterized. Orthologs were iso-
lated from several Paxillus strains and one closely related
species (Le Quéré er al., 2004) and compared with available
sequences from other fungi using phylogenetic analysis and
tests for selection. Gene expression patterns were inferred
using data from several cDNA microarray experiments.

Materials and Methods

Fungal cultures and DNA extractions

Five strains of P involutus (Batsch: Fr.) and one closely related
species  Paxillus  filamentosus (Table 1) were grown on
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cellophane-covered agar plates and liquid medium, and DNA
was prepared as previously described (Le Quéré ez al., 2002).
The obtained DNA extracts were finally treated with RNase
A (Promega, SDS Biosciences, Falkenberg, Sweden).

Isolation of hydA to hydG

Putative hyd genes were identified in a P involutus ATCC
200175 expressed sequence tag (EST) database. The database
contains 19 188 ESTs (assembled into a uniset of 3700 fungal
gene representatives) originating from 11 different cDNA
libraries and have partly been published (Johansson ez al,
2004). The uniset can be estimated to correspond to approx.
50% of the total number of genes in P involutus, assuming
a gene content of 7700 (Le Quéré ¢t al., 2002). The cDNA
libraries represent material harvested from different tissues
and under different growth conditions including saprophytically
growing mycelium and ECM root tips associated with birch
(Betula pendula; Johansson et al., 2004), mycelium, cords and
ECM root tips growing in soil (D. Wright ez a/. unpublished)
and mycelium growing in liquid cultures with different
nutrient composition (M. Caillau ez 2/ unpublished). Homology
searches of the EST sequences were performed against
public databases using the BLASTX program (Altschul ez al,
1990). Within this database seven contigs displaying a
hydrophobin signature motif (Kershaw & Talbot, 1998)
were identified.

For the complete sequencing of cDNAs corresponding to
these hydrophobin genes (designated 4ydA to hydG (Table 2),
for gene nomenclature refer to the Supplementary Material,
Table S3), plasmid clones were retrieved from the collection
of EST clones (Johansson ez al., 2004). Plasmids were prepared
and the inserts were amplified and sequenced using vector-
specific or template-specific primers (see the Supplementary
Material, Table S1) as previously described (Wright ez 4/, 2005).
Overlapping sequences were aligned and trimmed using the
SEQUENCHER software (v. 3.1.1b4) (Gene Codes Corp., Ann
Arbor, MI, USA).

© The Authors (2007). Journal compilation © New Phytologist (2007)
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Fig. 1 Phylogenetic relationships between
hydrophobins from Paxillus involutus

ATCC 200175 and those from other
basidiomycetes. The maximum likelihood
tree shows values at the nodes indicating the
bootstrap support in percent for 100
replicates (only values > 50 are shown).
Accession numbers for the nucleotide
sequences are from top to bottom:
AJ319663, Scaffold 6* (292824-293084,
293144-293185), Y10627, X90818,
AJ225061, AF217808, M32329, AB126686,
Y16881, Y10628, AB079128, AB079129,
AB079130, AJ225060, Scaffold 25*
(103205-103417,103474-103515), Scaffold
24* (134686-104898, 104988-135029),
Scaffold 18* (76134-75859, 75794-75750),
Scaffold 7* (95562-95287, 95225-95184),
U29606, AF097516, AY048578, U29605,
Y15940, AJ007504, M32330 and M61113
(Emericella nidulans) as an outgroup for
rooting the tree. Asterisks (*) indicate
sequences obtained from Broad Institute
(http://www.broad.mit.edu/annotation/).
The shaded boxes indicate the seven
hydrophobin genes (hydA to hydG) from

P. involutus ATCC 200175 and their
accession numbers are given in Table 2 and
supplementary material Table S3.
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_|7

Pleurotus ostreatus (fbh1)

Coprinopsis cinerea*
Coprinopsis cinerea (coH1)
Agaricus bisporus (hypC)
Pleurotus ostreatus (poh2)
Lentinula edodes (hyd2)
Schizophyllum commune (Sc3)
Flammulina velutipes (Fv-hyd1)
Pleurotus ostreatus (poh3)

Coprinopsis cinerea (coH2)
Pholiota nameko (pdi251)

Pholiota nameko (pdi263)
Pholiota nameko (pdi315)
Pleurotus ostreatus (poh1)
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Coprinopsis cinerea*
Coprinopsis cinerea*
Coprinopsis cinerea*
Paxillus involutus ATCC 200175 (hydD)
Paxillus involutus ATCC 200175 (hydG)
Paxillus involutus ATCC 200175 (hydB)
Paxillus involutus ATCC 200175 (hydE)
Pisolithus tinctorius (hydPt-2)
Pisolithus tinctorius (hydPt-3)
Tricholoma terreum (hyd1)
Pisolithus tinctorius (hydPt-1)
Paxillus involutus ATCC 200175 (hydA)

99

79

Agaricus bisporus (hypB)

Paxillus involutus ATCC 200175 (hydC)
Paxillus involutus ATCC 200175 (hydF)

Schizophyllum commune (Sc6)

Schizophyllum commune (Sc4)

Emericella nidulans

Phylogenetic analyses

Putative homologues for AydA to hydG were identified by
querying the GenBank database (www.ncbi.nlm.nih.gov) and
genome sequences of Coprinopsis cinerea (Coprinus cinereus,
Sequencing Project, Broad Institute of MIT and Harvard,
www.broad.mit.edu) using BLASTN search algorithm.
Nucleotide sequences (in total 82) with an F-value < 10e-5
were translated into polypeptide sequences which were then
aligned using the MUscCLE (version 3.6) (Edgar, 2004) and
BIOEDIT version 7.0.4.1 (www.mbio.ncsu.edu/BioEdit/

© The Authors (2007). Journal compilation © New Phytologist (2007)

bioedit.html) softwares. Sequences that were shorter than
expected, or without identified start and stop codons, or not
containing codons for all the eight cysteine residues according
to the hydrophobin signature motif (Kershaw & Talbot,
1998), or sequences distantly related to hydA to hydG were
excluded from further analysis. A final set of 26 protein
sequences remained after filtering. These sequences together
with hydA to hydG and a hydrophobin from Emericella
nidulans (outgroup) (cf. Figure 1) were realigned using
MUsCLE. The resulting protein alignment was used as a
template to align the corresponding nucleotide sequences. In

New Phyrologist (2007) 174: 399-411
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the nucleotide alignment, codons upstream to the first
cysteine codon (i.e. upstream to the hydrophobin core mortif;
Waosten, 2001), along with gaps and a few ambiguous sites
were removed before the phylogenetic analysis. The final
alignment containing 201 bp were used to construct a
phylogenetic tree by the Maximum Likelihood method
in PAUP* software (version 4.0b8) (Swofford, 1998). The
software MODELTEST (Posada & Crandall, 1998) was used to
evaluate the appropriate models and parameters.

The evolutionary relationships between the seven P invo-
lutus ATCC 200175 hyd genes were analysed further using the
SplitsTree method (Huson, 1998; see the Supplementary
Material, Fig. S2).

Analysis of hydrophobin gene fragments in
Paxillus strains

Based on the hydrophobin cDNA sequences obtained from
the P involutus ATCC 200175 (hydA to hydG), new primers
were designed (see the Supplementary Material, Table S1) to
amplify the corresponding genomic regions of sydA to hydG
in various strains of P involutus and P filamentosus. The
amplicons were ligated into the pGEM-T Easy Vector System
I (Promega) and transformed into Escherichia coli DH5a. For
each amplicon/primer pair, several clones were randomly
picked and in total 98 genomic fragments were sequenced as
already described. The sequences of the putative hydA— hydG
genes were aligned using MUSCLE and BIOEDIT software. The
identity between the aligned sequences were estimated
using MATGAT software (v 2.02) (Campanella ez 2/, 2003).
Sequences showing pairwise identities of >99% to existing
sequences and four truncated sequences identified as pseudo-
genes were removed. The phylogenetic relationships of the
remaining 48 gene fragments were analysed by constructing a
neighbour-joining (N]) tree (Galtier ¢z al, 1996). The phylogeny
was constructed using a 50%-majority rule consensus of
1000 neighbour-joining bootstrap replicates, adjusted with
the Kimura-2 model. Accession numbers of the amplified
gene fragments are given in the Supplementary Material
(Table S3).

The rates of nonsynonymous (4,) and synonymous ()
nucleotide substitutions per site for each of the hydA to hydG
orthologous groups were estimated separately using the CRANN
software (Creevey & Mclnerney, 2003). The hydrophobin
gene (Sc4) of Schizophyllum commune was used as outgroup.

Analysis of expression data

The expression patterns for six (hydA to hydF) of the seven
P involutus ATCC 200175 hyd genes (hydG was excluded
because no reporter was available on the array) were examined
by collecting processed relative expression levels from dual-label
cDNA-microarray experiments (each including dye swaps and
at least three biological replicates) from a number of studies
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(cf. Table 3) which included 25 different treatments covering
a wide range of developmental and physiological conditions
(Table 3 and Fig. 5). The microarray design, the sample
preparation, the hybridization procedures and the statistical
analyses of the array data have previously been described in
detail by Johansson ez a/. (2004) and Le Quéré ez al. (2005),
and involved normalization and statistical analysis (mixed-
model analysis of variance (ANOVA)) as described by Wolfinger
et al. (2001). From those analyses we retrieved the estimated
relative expression level (log,), for each Ayd gene and in each
treatment, for the construction of transcriptional profiles
(Fig. 5).

The expression divergences for all Ayd gene pairs were esti-
mated by calculating the Euclidean distances of the log,-
transformed expression levels (residuals) using data from 13 of
the treatments listed in Table 3 (designated A to H, APO,
ASU, BSA, CHI and GLN). These distances were related to
the corresponding pair-wise nucleotide sequence divergence
measured either as &, or as amino acid (aa) sequence distances
(d); d, was calculated as described earlier. AydC was excluded
from the analysis because of significant higher substitution
rates at the second and third codon positions in comparisons
to the other P involutus ATCC 200175 hyd genes. The PRO-
TDIST program from the PHYLIP-3.64 package was used to
estimate dfrom the alignment using the Dayhoff PAM matrix
along with default parameters.

The estimated log, relative expression levels of hydA to
hydF were subjected to principal component analysis (PCA)
using the Multivariate Statistical Package MVSP (Kovach,
1998).

Results

Characterization of hydA to hydG

Seven putative hydrophobin genes designated /ydA to
hydG, were identified within a collection of EST clones
originating from the P involutus ATCC 200175. The corres-
ponding cDNA sequence information were translated into
polypeptide sequences and showed predicted sizes ranging
between 107 and 141 aa residues (Table 2). All polypeptides
were predicted to contain an N-terminal signal peptide as well
as eight conserved cysteine residues, which are characteristic
features of fungal hydrophobins (see the Supplementary
Material, Fig. S1).

Three distinct gene structures were observed in the Ayd
genes. The AydA gene contained three introns, AydB to hydF
genes contained two introns whereas the /ydG gene consisted
of a single uninterrupted exon (Table 2). The nucleotide
sequences of hydA to hydG varied extensively. The hydD and
hydG (88%) showed the highest pairwise identity followed by
the pair 4ydB and hydE (76%). The nucleotide sequence of
hydC appeared most divergent and displayed low identities
(53—56%) against all the other P involutus ATCC 200175

© The Authors (2007). Journal compilation © New Phytologist (2007)



Paper1V -5

Table 2 Characterization of hydrophobin genes and their gene products in Paxillus involutus ATCC 200175

Length Exons® Introns Number GCe Protein ESTs Mean expression
Gene*  (bp) (bp) (bp) of introns (%) (aa) (library)d level (log,)® Strains
hydA 929 426 169 3 57 141 23 (1) 0.78 6 (AT,Be,Se,Mj,Nu,Pf)
hydB 637 336 113 2 63 111 114 (9) 0.72 4 (AT,Be,Se, —Nu, -)
hydC 779 324 116 2 53 107 21 (5) 0.54 6 (AT,Be,Se,Mj,Nu,Pf)
hydD 607 327 112 2 61 108 5(1) -1.15 5 (AT,Be,Se,Mj,Nu, -)
hydE 614 324 107 2 59 107 16 (3) 2.58 3 (AT, —, = Mj,Nu, -)
hydF 602 351 107 2 60 116 1(D -0.59 6 (AT,Be,Se,Mj,Nu,Pf)
hydG 596 327 0 0 58 108 2(2) NA 1 (AT, -, = — = — )

EST, expressed sequences tag.

aAccession numbers are given in the Supplementary Material, Table S3.
bThe boundaries of exons and introns were identified by comparing genomic and cDNA sequences.

“The GC content in exons (GC) were calculated using the pamge-4.13 program (Xia & Xie, 2001).

4Total number of ESTs clustered for each gene. The numbers in the brackets refer to the distribution of ESTs among 11 cDNA libraries.
€Means of relative expression levels (log,-transformed) calculated from 25 microarray experiments (Table 3). NA, No data available because the

array did not contain reporters for hydG.

fTotal number and names of Paxillus strains (cf. Table 1) in which orthologs of hydA to hydG were amplified (cf. Figure 2). Accession numbers

for all sequences are given in the Supplementary Material, Table S3.

hyd genes (see the Supplementary Material, Table S2). In
addition, AydC had a considerable lower GC content in its
exon (53%) compared with that of other P involutus ATCC
200175 hyd genes (57-63%) (Table 2).

Phylogeny of hydA to hydG

A phylogentic analysis showed that the AydA to hydG genes
from P involutus ATCC 200175 were found among genes of
the Class I group of hydrophobins found in basidiomycetes
(Wessels, 1997) (Fig. 1). The hydD, hydG, hydB and hydE
clustered into one clade (bootstrap support value 54) with
hydD and hydG (bootstrap support 99) as the most recently
duplicated genes. The hydA, hydC and hydF genes were
dispersed among other basidiomycete sequences. The AydA
was found in a clade (support value 76) containing the hydPs-1
gene from Pisolithus tincrorius (Tagu et al., 1996). Two other
hydrophobin genes (hydPr-2 and hydPs-3) have been isolated
from P tinctorius (Tagu er al., 1996) which were found outside
this clade. The orthologs AydA and hydPs-1 encode for
considerably longer polypeptides (141 and 140 aa) than those
encoded by AydB to hydG and hydPr-2 and hydPr-3 (in the
range 107117 aa) (Table 2) (Tagu ez al., 1996).

Owing to the rather poor resolution in the maximum like-
lihood tree, the evolutionary relationships between AydA to
hydG of the P involutus ATCC 200175 were also analysed
using the split decomposition method, as implemented in the
SplitsTree (Huson, 1998). The SplitsTree graph supported the
finding that AydD and hydG are closely related. In addition,
the analysis also indicates that 4ydE is more closely related to
hydBthan to hydD and hydG (see the Supplementary Material
Fig. S2).

© The Authors (2007). Journal compilation © New Phytologist (2007)

Evolution of hydrophobin genes within the Paxillus clade

Attempts were made to amplify, by polymerase chain reaction
(PCR), genomic fragments corresponding to each of the seven
hyd genes in five strains of P involutus and in one closely
related species P filamentosus (Table 1). Sequence analysis
showed that hydA, hydCand hydF orthologs were successfully
amplified from all the six Paxillus strains/species (Fig. 2) and
were found in well-resolved clades supported with high bootstrap
values (82, 100 and 91, respectively). By contrast, hydB,
hydD, hydE and hydG orthologs were less universal and were
amplified in one to five strains/species. The relationships of
the clades of hydBand hydE, and hydG and hydD, respectively,
supports the finding (cf. above) that these genes represent two
recently duplicated gene pairs. In addition, with the primers
used, hydrophobin gene fragments were amplified that
formed two additional clades, designated sydXand hydY. The
hydX clade was closely related to the 4ydD and hydG clades,
and the AydY clade was closely related to the clade of ydF.

Analysis of hydrophobin pseudogenes

Among the gene fragments amplified with primers designed
against hydE, there were four sequences that appeared
to be truncated, containing only part of the conserved
hydrophobin signature motif. Two sequences (Mj-AydPI and
Mj-hydP2) were amplified from the strain Maj and another
two (Nu-AydPI and Nu-£ydP2) from the closely related strain
Nau (Le Quéré ez al., 2004). These four sequences were 100%
identical and the sequence of Mj-/ydP1 was analysed in detail.
From comparisons with the other /yd genes it was revealed
that the above sequences represent a pseudogene of AydE

New Phyrologist (2007) 174: 399-411
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Fig. 2 Phylogenetic tree showing relationships of hydrophobin genomic fragments that were polymerase chain reaction (PCR)-amplified from
different strains of Paxillus. The gene fragments from Paxillus strains were amplified using gene-specific primers based on the hydA to hydG
genes (see the Supplementary Material, Table S1). The first alphabets in the gene name represent the name of strain (e.g. AT) or species (e.g.
Pf), separated by *-', followed by gene names abbreviated as three lower-case italics and an upper-case italic letter (e.g. hydA). The italic number
after the locus name refers to a clone number. Accession numbers of all the genes are given in Table S3. The tree was constructed using the
neighbour joining algorithm on 48 hydrophobin sequences from the Paxillus strains along with seven hydrophobin genes from other closely
related basidiomycetes Tricholoma terreum, Agaricus bisporus, Pisolithus tinctorius and Schizophyllum commune (cf. Fig. 1). The tree was
rooted using a sequence from S. commune (S4). Values at nodes (only > 50 are displayed) represent the bootstrap support value in per cent of
1000 replicates. An asterisk (*) at the node indicates well-resolved clades that contain genes considered to have evolved directly from the same
ancestral locus (i.e. they represent well-defined orthologs). hydX and hydY represent two clades of sequences with not yet identified homologs
in the P. involutus ATCC 200175. Alternate hyd gene groups have been shaded.

P. tinctorius (hydPt-1)
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Paper IV -7

(a)

5 M C CC C C CC C * 3’
AT-hydE

_25NT_ B Exon OiIntron

(b) Exon 1 (Amino acids in UPPER CASE), Intron 1 (nucleotide in lower case), 5’ primer binding (+)
AT-hydE  |MFTRVFTVVSVAALAIAGAAPTSQCNTGTTQCCNNVQSgtgagtcctcecgcaattactetgtgatgecagtctettatggtecgtgtacag
Mj-hydE +++++++VVSVATLAIAGAI PTTPTNQCNTGSMQCCNNYQSht tagtcctctgaaattactectgegatgetgtecctecatggtecatgtacag
Mj-hydX +++++++LLPLALLASASHLEARDQCNTGSISCCNQVQTtaaactgtagtcccttegetgtcattagaccaactctgacgtectecacttgegtag
Mj-hydP1 |[+++++++VSIRRRTSLSLL*PRV

(C) Exon 1 (Nucleotide alignment)
AT—hydE ATGTTCACCCGTGTCTTCACTGTT-FTCTCCGTTGCTG CTCGCCATTGCTGGCGCTIGCC----~----~ CCACTAGCCAGTGCAACACCGGCACCACCCAGTGCTGCAACAACGTCCAGTCG
Mj-hydE —++++++++++++++++++++GTT-GTCTCCGTCGCTA CTCGCTATTGCTGGCGCCATCCCGACCA CCACCAACCAGTGTAACACCGGTTCCATGCAGTGCTGCAACAACTACCAGTCG

Mj-hydX — -++++++++++++++++++++CTQ-CTTCCCCTCGCTCT]-BCTTGCCTCTGCTICTCACTTGGAGGCTCGTGAC - - - - - CAGTGCAACACTGGATCCATCAGCTGCTGCAACCAGGTCCAAACG
Mj-hydP1 - t4++++++++++++++++++GTGAETATCCGCCGCCGOALCCTCECTATCACTICTCTGACCCCGCGTC - = = = = = = = = o = = = = = = = = = = o oo oo o oo oo oo
4 19
1 2 3 4
(d) Exon 1 (Amino acid alignment after removing indels)
c cc
AT-hydE  MFTRVFTVVSVAALAIAGARA---[PTSQCNTGTTQCCNNVQS AT-hydE from P. involutus ATCC 200175
Mj-hydE +++++++VVSVATLAIAGAIPTTPTNQCNTGSMQCCNNYQS Mj-hydE from P. involutus Maj
Mj-hydX +++++++LLPLALLASASHLEARD - -[QCNTGSISCCNQVQT Mj-hydX from P. involutus Maj
Mj-hydP1  +++++++VVSAAALAITSLTPRX - - |- -------------- Pseudogene Mj-hydP1 from P. involutus Maj
1 2 3 4

Fig. 3 Reconstruction of events leading to the formation of a hydrophobin pseudogene in Paxillus involutus. The pseudogene (Mj-hydP1) is
compared against hyd genes AT-hydE (P. involutus ATCC 200175 strain), Mj-hydE and Mj-hydX (Maj strain). The pseudogene (Mj-hydP1) was
amplified from the strain Maj using primers designed for hydE. (a) Organization of the fully sequenced AT-hydE gene The gene has three exons
(shaded boxes) and two introns (open boxes). The translational start codon (M), the codons for the eight cysteine residues(C) of the hydrophobin
signature motif and the stop codon (*) are indicated. In the pseudogene (Mj-hydP1), the region corresponding to Exon 2 and Exon 3 is well
conserved whereas a number of degenerative mutations have occurred in the region corresponding to Exon 1 and Intron 1 (underlined). The
nucleotide (nt) sequence identity between the region (alignment had 216 sites including gaps and the stop codon) containing Exons 2 and 3
of the pseudogene and AT-hydE is 60%, and between the pseudogene and the Mj-hydE ortholog Maj is 71 %. The Exons 2 and 3 of the
pseudogene also display high sequence identity (62 %) to another amplified hydrophobin gene fragment of Maj (Mj-hydX) that is found among
a uncharacterized cluster of hydrophobin genes named hydX (cf. Fig. 3). (b) Enlargement of the region corresponding to Exon 1 and Intron 1.
Enclosed in a box are the translated sequences (amino acid (aa) in upper case letters) corresponding to the region of Exon 1 in AT-hydE. Region
corresponding to the primer binding site are excluded (+). Note the presence of a stop codon (*) in the pseudogene. Furthermore, the
pseudogene lacks part of the nucleotides encoding Exon 1 and Intron 1 (ntin lower case letters). (c) Enlargement of the boxed region displayed
in (b). The nt alignment of Exon 1 has been divided into four segments (1-4). Segment 1 is the primer binding site (+). Segment 2 shows a
region where two nt have been inserted (position 4 and 19) in the pseudogene compared with the Mj-hydE, Mj-hydX and AT-hydE genes.
Segment 3 of the pseudogene contains a variable region (enclosed in box) where insertions and deletions of nt are observed. Segment 4 shows
the part of Exon 1 that has been deleted in the pseudogene. (d) Translation of the nt sequences in Exon 1 after removing the inserted nt (at
positions 4 and 19 indicated in panel (c)) in the pseudogene. In the segment 2 of the pseudogene, seven of the first 10 aa residues are identical.
The remaining nt sequences of Exon 1 that are absent in the pseudogene correspond to a region containing three of the eight cysteine residues
of the hydrophobin motif.

(Fig. 3; Supplementary Material, Table $3). The Exons 2 and
3 which contain five out of eight conserved cysteine residues
in the hydrophobin motif were intact in the pseudogene and
this region displayed high sequence identity to AydE from the
Maj strain. The Exon 1 and Intron 1 of this pseudogene
displayed several degenerative mutations leading to the
formation of a nonfunctional gene: one mutation introducing
a stop codon, insertions of two single nucleotides in the first
exon and a deletion of a larger fragment encompassing part of
the first exon and the entire first intron.

Rate of nucleotide substitutions

The rates and patterns of nucleotide substitutions within the
Paxillus hyd gene family were analysed by calculating the

© The Authors (2007). Journal compilation © New Phytologist (2007)

and ds values for the orthologs of hydA—hydE and hydX. In
total 143 pair-wise comparisons were performed of which 14
showed a brief period of 4 /d, ratio > 1, indicating relaxed or
positive selection (Fig. 4). Four of these comparisons included
hydB, six hydD and the remaining four comparisons involved

genes of the AydX group.

Divergence in expression profiles

The expression levels of the P involutus ATCC 200175 hyd
genes varied extensively depending on the growth conditions
and the tissues being analysed (Fig. 5). Overall, the pattern of
expression profiles for hydA, hydB, hydC and hydE were
similar, whereas sydD and hydF were expressed at lower levels
and showed different patterns of regulation.

New Phyrologist (2007) 174: 399-411
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Fig. 4 Comparison of rates of
nonsynonymous (d,,) and synonymous (d)
nucleotide substitutions per coding site in the
hydrophobin genes. Each alphabetic character
represents a pairwise comparison made
between the true orthologous hydrophobin
genes belonging to hydA to hydX from
Paxillus involutus (strains ATCC 200175,
Pi08Be, Pi01Se, Maj and Nau) and P.
filamentosus (Pf01De) (Fig. 2). The letter A
corresponds to pairwise comparisons of

FF hydrophobin genes within the true
orthologous group indicated by an asterisks (*)
in the hydA node in Fig. 2. The remaining
letters, B, C, D, E, F and X, correspond to gene
comparison of orthologous group hydB, hydC,
hydD, hydE, hydF and hydX, respectively
(Fig. 2). The diagonal line shows the neutral

0.0 0.1 0.2 0.3
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|—> Soil microcosms (@) < I

expectation where d, is equal to d,, if d,/d, > 1
then the pairwise comparisons occur above the
diagonal line.
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Fig. 5 Transcriptional profiles for six hyd genes (hydA to hydF) from Paxillus involutus ATCC 200175 based on relative expression levels

retrieved from a number of different dual-label cDNA microarray studies as listed in Table 3. Columns represent 25 different treatments (Table 3)
and are covering a wide range of developmental and physiological conditions. Treatments indicated by an asterisk (*) are ectomycorrhizal (ECM)
tissues from associations with birch (Betula pendula). The mycelia grown in soil microcosms (@) and on agar substrates (O) are indicated with

respective symbols. The scale shows relative expression levels on a log, scale (c.f. Materials and Methods).

To examine whether the divergence in expression levels
were related to the divergence in sequence between gene
duplicates, the distances in expression level were related to 4.
This measure can be used as a proxy for the divergence time
between gene duplicates (Gu eral, 2002). Although the

expression divergence increased with sequence divergence, the

New Phyrologist (2007) 174: 399-411

association with 4, was not statistically significant (r=0.29,
P=0.45, n=9). In addition, we tested the correlation
between expression divergence and protein sequence diver-
gence () of the hydrophobin gene pairs (Wagner, 2000).
This association was weak and not statistically significant
(r=-0.33, P=0.22, n=15).
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Fig. 6 Principal component analysis (PCA) of the patterns of expression levels of the hydrophobins hydA to hydD from 25 different microarray
experiments (Table 3, Fig. 5). (a) Sample plots of 25 different microarray experiments. The PCA axis 1 and axis 2 explained 68% and 18%,
respectively, of the total variation in the data. Treatments indicated by an asterisk (*) are ectomycorrhizal (ECM) tissues from associations with
birch (Betula pendula). The mycelia grown in soil microcosms (@) and on agar substrates (O) are indicated with respective symbols. (b) Loading
values of hydA to hydD. PCA axis 1 explains 68% and axis 2 18 % of the variation.

To characterize the patterns of variation in expression levels
more clearly, the data was examined by principal component
analysis (PCA). We performed PCA on four hyd genes (hydA
to hydD) for which expression data was available for a total of
25 microarray experiments. The first two principal compo-
nents (PC1 and PC2) accounted together for 86% of the var-
iation (Fig. 6a). The PC1 separated samples growing in soils
from those growing on defined agar medium. The PC2 sepa-
rated the samples of ECM root tips from those of mycelia and
cords. A projection of the hydrophobins on the sample plane
showed that the expression levels for hydA, hydB and hydC
were positively correlated and explained mainly the variation
along the PC1 (Fig. 6b). Conversely, AydD was more closely
projected to the ECM samples along the PC2. Thus AydD
appear to be specifically regulated in ECM root tips.

Discussion

Seven hyd genes were identified in a collection of EST clones
from P involutus ATCC 200175. Owing to the fact that the
complete genome sequence of P involutus is not available, the
isolated genes might not include all the members of the Ayd
gene family in this fungus. The phylogenetic analyses
indicated that four of the Ayd genes characterized — AydB,
hydD, hydE and hydG — have diverged rather recently,
presumably after the separation of the Paxillus clade (suborder
Paxillinieae) within the Boletales (Binder & Bresinsky, 2002)
(Figs 1 and 2 and the Supplementary Material, Fig. S2).
Furthermore, /hydD/hydG and hydBlhydE represent two
recently duplicated gene pairs. These apparent young

© The Authors (2007). Journal compilation © New Phytologist (2007)

duplicates were not found in all the Paxillus strains analysed.
By contrast, orthologs for three other hydrophobins, AydA,
hydC and hydF, were identified from all the Paxillus strains
examined (Fig. 2). However, the evolutionary history of these
hyd genes differed. hydA was found in a clade containing
hydPs-1 from P tinctorius. The two genes translate into
proteins sharing a unique primary structure that is different
from those encoded by other hydrophobin genes in P
involutus and P tinctorius. Considering the fact that P
involutus and P tinctorius belong to two evolutionary distant
lineages (suborders) within the Boletales, Paxillineae and
Sclerodermatineae, respectively (Binder & Bresinsky, 2002),
we conclude AydA is an ancient copy, which has been
maintained for a long time in the genome of Paxillus. The
hyd(C is found in a branch containing no other Ayd genes or
orthologs from other species (Fig. 2). The 4ydC gene showed
the lowest GC content in the exons and displayed the lowest
pair-wise nucleotide identity towards the other P involutus
hyd genes. By contrast, hydF is found in a clade with another
closely related but not yet characterized hyd gene (hydY)
(Fig. 2).

In addition to /4ydA to hydG, we identified a hyd pseudo-
gene (hydP) in the Maj and Nau strains. Phylogenetic analyses
of internal transcribed spacer (ITS) sequences have shown
that these strains are closely related and comprise a well-
resolved clade within P involutus (Le Quéré et al., 2004).
Comparison of the Ayd pseudogenes and their cognate ORFs
in P involutus showed that the pseudogene had a truncated
hydrophobin motif retaining five out of the eight conserved
cysteine residues (Fig. 3). Studies of the crystal structure of
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Table 3 Microarray experiments of the Paxillus involutus ATCC 200175

Growth conditions and tissues Array? References
Treatment® Description
P. involutus in association with birch (Betula pendula) in soil microcosms (®): Print 85 Wright et al. (2005)
COR Cords (rhizomorphs)
PCH Extramatrical mycelium growing in nutrient patch
TIP* ECM root tips
Mycelium colonizing nutrient patches in soil microcosms. Print 154 Wright et al. (unpublished)
The following nutrients were added to the patches (@):
APO Ammonium phosphate
ASU Ammonium sulphate
BSA Bovine serum albumin
CHI Chitin
GLN Glutamine
Mycelium grown on agar with the following nutrient amendments (O): Print 154 Caillau et al. (unpublished)
A Ammonia
B Ammonia + patch of phosphate
C Ammonia + patch of phosphate + birch seedlings
D Complete medium
E Complete medium + birch seedlings
F Modified complete medium + birch seedlings
G Phosphate + patch of ammonia
H Phosphate + patch of ammonia + birch seedling
P. involutus in association with birch (Betula pendula) grown on agar substrate (O): Print 85 Le Quéré et al. (2005)

DO2MYC*
DO4MYC*
DO8MYC*
D14MYC*
D21MYC*
DO2REF
DO4REF
DO8REF
D14REF

ECM root tips developed after 2, 4, 8, 14 and 21 d, respectively,

Mycelium grown axenically for 2, 4, 8, 14 and 21 d, respectively,

ECM, ectomycorrhiza.

@Two different batches of cDNA microarrays (Print 85 and 154) were used in the experiments. Both arrays were printed with reporters obtained
from a nonredundant set of expressed sequences tag (EST) clones originating from the P. involutus ATCC 200175. Each reporter was replicated
in at least quadruplicates on the array. Print 85 contained reporters for hydA to hydD and Print 154 contains reporters for hydA to hydF. A full
description of the Print 85 array design is available from the EMBL-EBI ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/; Accession
number A-MEXP-92) whereas the Print 154 array design is in preparation for submission.

bTreatments indicated by an asterisk (*) are ECM tissues from associations with birch (Betula pendula).

hydrophobins and analysis of mutants have shown that all
eight cysteine residues are needed for producing a functional
hydrophobin (Hakanpaa et al., 2004; Kershaw ez al., 2005).
There were several partly degraded pseudogenes recognized
within gene families of Saccharomyces cerevisiae (Lafontaine
et al., 2004). However, such pseudogenes are not expected
according to the classical model of gene degradation, which
assumes that random mutations are accumulated in the
absence of a selection pressure. This raises the question
whether pseudogenes can remain in the genome because they
are involved in homology-dependent gene silencing mecha-
nisms (Cogoni, 2001; Lafontaine ez al., 2004).

The above data suggests that the Paxillus hyd gene family
evolves according to the birth-and-death model (Nei &

New Phyrologist (2007) 174: 399-411

Rooney, 2005). This model predicts that new genes are cre-
ated by gene duplication, and whereas some duplicates remain
functional in the genome for long period of time, others are
inactivated or deleted. Because of the lack of genomic data,
the mechanisms by which the Paxillus hyd genes become
duplicated are largely unknown. Nevertheless, the lack of
introns and the phylogenetic position of the ydG gene sug-
gest that this gene has arisen by retrotransposition of hydD
transcript (Long ez al,, 2003). This is probably a recent event
since hydG was only identified in the P involutus ATCC
200175 strain. There is also a possibility that 4ydD and hydG
correspond to alleles of same gene. Since the 5~ and 3'-
untranslated regions of 4ydG are much longer than AydD (see
the Supplementary Material, Table S3), we still favour the
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supposition that the 4ydG has arisen by retrotransposition of
hydD.

The classical model for the origin of functional novelties
following gene duplication postulates that gene duplication
creates a redundant locus that is free to accumulate otherwise
deleterious mutations as long as the original copy maintains
the ancestral function (Ohno, 1970). The most likely out-
come of this period of relaxed selection is that the redundant
gene degenerates to become a pseudogene (nonfunctionaliza-
tion). A less frequent outcome is that the redundant copy
evolves a new function by a process known as neofunctional-
ization. In addition to neofunctionalization, it has also been
proposed that preservation of gene duplicates can be brought
by the process of subfunctionalization. In this model, the orig-
inal function of the single-copy ancestral gene is partitioned
between the two daughters (Prince & Pickett, 2002). The pat-
terns of selection predicted by these models have been
revealed by analysing gene duplicates in eukaryotes with
sequenced genomes (Lynch & Conery, 2000). Similar to the
results of these studies, we observed a period of relaxed selec-
tion in several of the young /yd duplicates (Fig. 4). Assuming
that silent substitutions are not subjected to selection and that
their number increases linearly with time, 4ydB and hydD,
and a not yet fully characterized Ayd gene (hydX) have experi-
enced a phase of accelerated evolution, as confirmed from 4 /
d, ratios 2 1, which is an indicative of relaxed or positive selec-
tion (Nei & Kumar, 2000). A decline in the 4 /d, ratio reflects
a gradual increase in the magnitude of selective constraints
(purifying selection). Notably, AydE, which is the closest
duplicate to hydB, had a d /d, ratio < 1. This suggests that the
two recently duplicated AydB and hydE genes were diverging
at different rates and under different selection pressures, as
predicted by the neofunctionalization model.

Changes in gene expression are thought to be a major rea-
son for the functional divergence and retention of duplicated
genes (Ohno, 1970; Prince & Pickett, 2002). We asked
whether the divergence in expression levels of the P involutus
hyd genes have increased with gene sequence divergence, that
is, evolutionary time. This question has been examined for
members in gene families in several eukaryotic model organ-
isms using data from microarray experiments. These studies
have provided various and in some cases contradictory results
(Wagner, 2000; Makova & Li, 2003; Blanc & Wolfe, 2004;
Haberer ez al., 2004). We found that the expression diver-
gence of the P involutus hyd paralogs increased with time, but
their association with protein sequence divergence (&) or . or
d,, was weak and not statistically significant. Thus, the evolu-
tion of coding regions and mRNA expression patterns appear
to be uncoupled among the P involutus hyd genes. A reason
for not observing such correlations can be that the number of
gene pairs compared was low and that the data set contains
both old and young duplicates. Studies of gene duplicates in
yeast, human and Arabidopsis suggest that evolution in expres-
sion patterns are rapid and correlate with sequence divergence

© The Authors (2007). Journal compilation © New Phytologist (2007)

only during a brief period of time after duplication (Gu ez 4L,
2002; Makova & Li, 2003; Blanc & Wolfe, 2004).

Gene duplicates that are evolving according to the neo-
functionalization and subfunctionalization models can be
expected to accumulate mutations in their promoter sequences
that can lead to shifts in their expression levels and tissue spe-
cificity (Prince & Pickett, 2002; Duarte ¢t a/., 2006). Notably,
such shifts were detected in the expression of several P invo-
lutus hyd genes. These shifts involved increased (4ydE) and
reduced levels (hydD and hydF) of expression, as well as
increased tissue specificity (hydD) (Figs 5 and 6; Table 2).
According to the so-called DDC (duplication—degeneration—
complementation) model of subfunctionalization, degenera-
tive promotor mutations can alter the level of expression of
daughter genes to the point where both copies are needed
to supply enough protein products (Force ez al., 1999).
Although, the DDC model can explain the shift in expression
levels of the P involutus hyd genes, the model cannot explain
the altered tissue specificity of AydD. The subfunctionalization
model predicts that the expression pattern of an ancestral gene
is partitioned between its daughters. However, the expression
pattern of the presumably ancestral /ydA gene was not divided
between hydD and other P involutus hyd genes. Moreover, the
expression pattern of AydD has not evolved according to the
neofunctionalization model. Thus, the AydD expression pat-
tern is not entirely novel, as other Ayd paralogs were also
expressed in the ECM root tissue. The above data suggests
that the expression patterns of the P involutus hyd gene family
have evolved according to more complex combinations of the
neofunctionalization and subfunctionalization models. Mix-
tures of these models have recently been noted in studies of
duplicates in yeast, human, mouse and Arabidopsis (He &
Zhang, 2005; Huminiecki & Wolfe, 2004; Duarte ez 4/, 2006).

One concern in microarray experiments is that cross-
hybridization between closely related paralogs and reporters
may affect the result. We have previously shown, using similar
array hybridization conditions referred to in this investiga-
tion, that the signals decrease rapidly when the sequence
similarity drops below 90—95% (Le Quéré ez al., 2006). Con-
sidering that the sequence identity between the Ayd paralogs
analysed was below 88% (see the Supplementary Material,
Table S2), we do not feel that the expression data of these
genes have been distorted by cross-hybridization.
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Fig. S2 Phylogenetic relationship between hydA to hydG
from the Paxillus involutus ATCC 200175 as revealed by the
SplitsTree method.

Table S1 Primers used for PCR amplification and DNA

sequencing of hydrophobin genes in various Paxillus strains

Table S2 Pairwise nucleotide (upper triangle matrix) and
amino acid (lower triangle matrix) identity of /ydA to hydG
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