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Labor omnia vincit improbus…
(Géorgiques de Virgile I, 145-146)

A mes parents, à ma femme et à mes Tontons…..
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LETTERS
The genome of Laccaria bicolor provides insights into
mycorrhizal symbiosis
F. Martin1, A. Aerts2, D. Ahrén3, A. Brun1, E. G. J. Danchin4, F. Duchaussoy1, J. Gibon1, A. Kohler1, E. Lindquist2,
V. Pereda1, A. Salamov2, H. J. Shapiro2, J. Wuyts1,5, D. Blaudez1, M. Buée1, P. Brokstein2, B. Canbäck3, D. Cohen1,
P. E. Courty1, P. M. Coutinho4, C. Delaruelle1, J. C. Detter2, A. Deveau1, S. DiFazio6, S. Duplessis1,
L. Fraissinet-Tachet8, E. Lucic1, P. Frey-Klett1, C. Fourrey1, I. Feussner7, G. Gay8, J. Grimwood9, P. J. Hoegger10,
P. Jain11, S. Kilaru10, J. Labbé1, Y. C. Lin5, V. Legué1, F. Le Tacon1, R. Marmeisse8, D. Melayah8, B. Montanini1,
M. Muratet11, U. Nehls12, H. Niculita-Hirzel13, M. P. Oudot-Le Secq1, M. Peter1,14, H. Quesneville15, B. Rajashekar3,
M. Reich1,10, N. Rouhier1, J. Schmutz9, T. Yin16, M. Chalot1, B. Henrissat4, U. Kües10, S. Lucas2, Y. Van de Peer5,
G. K. Podila11, A. Polle10, P. J. Pukkila17, P. M. Richardson2, P. Rouzé5,18, I. R. Sanders13, J. E. Stajich19, A. Tunlid3,
G. Tuskan16 & I. V. Grigoriev2

Mycorrhizal symbioses—the union of roots and soil fungi—are
universal in terrestrial ecosystems and may have been fundamental
to land colonization by plants1,2. Boreal, temperate and montane
forests all depend on ectomycorrhizae1. 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-megabase 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 (SSPs) 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 SSPs probably have 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 wall polysaccharides, reveals the dual saprotrophic and biotrophic lifestyle
of the mycorrhizal fungus that 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 to perform vital functions in
the carbon and nitrogen cycles that are fundamental to sustainable
plant productivity.

The 65-megabase genome of Laccaria bicolor (Maire) P. D. Orton
is the largest sequenced fungal genome published so far3–7 (Table 1).
Although no evidence for large-scale duplications was observed
within the L. bicolor genome, tandem duplication occurred within
multigene families (Supplementary Fig. 4). Transposable elements
comprised a higher proportion (21%) than that identified in the
other sequenced fungal genomes and may therefore account for
the relatively large genome of L. bicolor (Supplementary Table 3).
Approximately 20,000 protein-coding genes were identified by combined gene predictions (Supplementary Information Section 2).
Expression of nearly 80% (,16,000) of the predicted genes was
detected in free-living mycelium, ectomycorrhizal root tips or fruiting bodies (Supplementary Table 4) using NimbleGen customoligoarrays (Supplementary Information Section 9). Most genes
are activated in almost all tissues, whereas other more specialized
genes are only activated in some specific developmental stages, such
as the free-living mycelium, ectomycorrhizae or the fruiting body
(Supplementary Table 5).
Only 14,464 L. bicolor proteins (70%) showed sequence similarity
(BLASTX, cut-off e-value .0.001) to documented proteins. Most
homologues were found in the sequenced basidiomycetes Phanerochaete chrysosporium4, Cryptococcus neoformans5, Ustilago maydis6
and Coprinopsis cinerea7 (Supplementary Table 6). The percentage
of proteins found in multigene families was related to genome size
and was the largest in L. bicolor (Fig. 2). This was mainly owing to the
expansion of protein family size, but was also because of the larger
number of protein families in L. bicolor compared with the other
basidiomycetes (Supplementary Table 7). Expansion of protein family
sizes in L. bicolor was prominent in the lineage-specific multigene
families. Marked gene family expansions occurred in those genes
predicted to have roles in protein–protein interactions (for example,
WD40-domain-containing proteins) and in signal transduction

1
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Figure 1 | Ectomycorrhizal symbiosis and the localization of the SSP
MISSP7. a, Fruiting bodies of L. bicolor colonizing seedlings of Douglas fir
(photograph courtesy of D. Vairelles). b, Laser-scanning confocal
microscopy image of a transverse section of Pseudotsuga menziesii–L. bicolor
ectomycorrhizae showing extramatrical mycelium (em), the mantle (m) and
Hartig net hyphae (hn) between epidermal (ec), tannin (tc) and cortical (cc)

root cells. Scale, 10 mm. c–f, Immunofluorescent localization of MISSP7.
Transverse (c, e) and longitudinal (d, f) sections of P. trichocarpa–L. bicolor
ectomycorrhizae. MISSP7 was detected in the hyphae of the mantle (m) and
the Hartig net (hn) ensheathing epidermal cells (ec). Rectangles in d and
f show the finger-like, labyrinthine hyphal system accumulating a large
amount of MISSP7. e, f, Phase contrast images. Scale, 10 mm.

mechanisms (Supplementary Table 7). Two new classes of GTPase a
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 8). Several
transcripts coding for expanded and lineage-specific gene families
were upregulated in symbiotic and fruiting body tissues, suggesting a
role in tissue differentiation (Supplementary Tables 5 and 9).
In our analysis of annotated genes, in particular that of paralogous
gene families, we highlighted processes that may be related to the
biotrophic and saprotrophic lifestyles of L. bicolor. Twelve predicted
proteins showed a similarity to known haustoria-expressed secreted
proteins of the basidiomycetous rusts Uromyces fabae8 and Melampsora lini9, which are involved in pathogenesis (Supplementary Table
10). Out of the 2,931 proteins predicted to be secreted by L. bicolor,
most (67%) cannot be ascribed a function, and 82% of these predicted
proteins are specific to L. bicolor. Within this set, we found a large
number of genes that encode cysteine-rich products that have a predicted size of ,300 amino acids. Of these 278 SSPs, 69% belong to
multigene families, but only nine groups comprising a total of 33 SSPs
co-localized in the genome (Supplementary Fig. 5). The structure of
two of these clusters is shown in Supplementary Fig. 6. Other SSPs are
scattered all over the genome, and we found no correlation between
SSP and transposable element genome localization (Supplementary
Fig. 5). Transcript profiling revealed that the expression of several SSP
genes is specifically induced in the symbiotic interaction (Table 2 and
Supplementary Fig. 10). Five of the 20 most highly upregulated fungal

transcripts in ectomycorrhizal root tips code for SSPs (Supplementary
Table 5). These mycorrhiza-induced cysteine-rich SSPs (MISSPs)
belong to L. bicolor-specific orphan gene families. Within the
MISSPs, we found a family of secreted proteins with a CFEM domain
(INTERPRO IPR014005) (Supplementary Figs 7 and 8), as previously
identified in the plant pathogenic fungi M. lini9 and Magnaporthea
grisea10 (Supplementary Table 10), and proteins with a gonadotropin
(IPR0001545) or snake-toxin-like (SSF57302) domains related to the
cysteine-knot domain. Expression of several SSPs was downregulated
in ectomycorrhizal root tips (cluster E in Supplementary Fig. 10),
suggesting a complex interplay between these secreted proteins in
the symbiosis interaction.
The rich assortment of MISSPs may therefore act as effector proteins to manipulate host cell signalling or to suppress defence pathways during infection, as suggested for pathogenic rusts8,9, smuts6 (U.
maydis) and Phytophthora11 species. To have a role in symbiosis
development, MISSPs should be expressed in L. bicolor hyphae colonizing the root tips. To test this assertion, we determined the tissue
distribution of the mycorrhiza-induced cysteine-rich SSP of 7 kDa
(MISSP7) (JGI identification number 298595) showing the highest
induction in ectomycorrhizal tips (Table 2 and Supplementary Table
5). Two peptides, one of which is located in the amino-terminal and the
other in the carboxy-terminal part of the mature protein, were selected
as antigens for the production of anti-MISSP7 antibodies. The selected
peptides were not found in the deduced protein sequences of other L.
bicolor gene models, nor in the Populus trichocarpa genome12. MISSP7

Table 1 | Genome characteristics of L. bicolor and other basidiomycetes
Genome characteristics

Strain
Sequencing institution
Genome assembly (Mb)
GC content (%)
Number of protein-coding genes
Coding sequence ,300 bp
Average gene length (bp)
Average coding sequence length (bp)
Average exon length (nt)
Average intron length (nt)

L. bicolor

C. cinerea7

P. chrysosporium4

C. neoformans5

U. maydis6

S238N-H82
JGI
64.9
46.6
20,614
2,191
1,533
1,134
210.1
92.7

Okayama7#130
Broad
37.5
51.6
13,544
838
1,679
1,352
251
75

RP78
JGI
35.1
53.2
10,048
163
1,667
1,366
232
117

H99
Broad
19.5
48.2
7,302
313
1,828
1,502
253
66

521
Broad
19.7
54
6,522
58
1,935
1,840
1,051
127
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Figure 2 | Expansion of protein families in L. bicolor. a, Relationship
between genome size and the number of protein families. b, Relationship
between genome size and protein family sizes in five sequenced
basidiomycetes. Protein sequences predicted from the genome sequences of
L. bicolor, C. cinerea, P. chrysosporium, C. neoformans and U. maydis were
clustered into families using the TRIBE-MCL algorithm (see Supplementary
Information Section 5 for details).

localization in L. bicolor–P. trichocarpa ectomycorrhizal root tips by
indirect immunofluorescence is illustrated in Fig. 1 and Supplementary Fig. 11. Control images in which the ectomycorrhizae sections
were obtained by replacing primary anti-MISSP7 antibodies with preimmune immunoglobulin (Ig)G are shown in Supplementary Fig. 12.
For cases in which ectomycorrhizae were treated with anti-MISSP7
antibody followed by fluorescent-labelled secondary antibody, fluorescence was localized in the hyphae colonizing short roots (Fig. 1 and
Supplementary Fig. 11) and was not detected in the free-living
mycelium (Supplementary Fig. 12). Although MISSP7 was detected
in the hyphal mantle layers ensheating 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 therefore interact with the plant
components after secretion. MISSP7 shares no sequence similarity or
protein motif with other SSPs.
Comparison of the MISSP sequences did not reveal a specific
conserved motif that could potentially contribute to their function
or to targeting to the host cell, such as the RXLR motif11 of phytopathogenic Phytophthora or the malaria parasite. SSPs with upregulated expression in fruiting bodies (Supplementary Table 5 and
Supplementary Fig. 10) may have a role in the differentiation of
the sexual tissues and/or the aggregation of sporophore tissues.
Interestingly, there is a large set of SSP genes showing significant
changes in gene expression in both ectomycorrhizal root tips and
fruiting bodies (cluster A in Supplementary Fig. 10), suggesting that
both developmental processes recruit similar gene networks (for
example, those involved in hyphal aggregation).
Host trees are able to harness the formidable web of mycorrhizal
hyphae (which permeates the soil and decaying leaf litter) for their
nutritional benefit. A process that is pivotal to the success of ectomycorrhizal interactions is therefore the equitable exchange of nutrients
between the symbiont and its host plant1,2,13. A comparison with other
basidiomycetes (Supplementary Table 12) revealed that the total
number of predicted transporters is larger in L. bicolor compared with
C. cinerea and P. chrysosporium. Interestingly, L. bicolor has multiple
ammonia transporters, although it encodes a single nitrate permease.
Ammonia is arguably the most important inorganic nitrogen source for
ectomycorrhizal fungi14. One of the ammonia transporters (AMT2.2),
for instance, is greatly upregulated in ectomycorrhizae (Supplementary
Table 5). Therefore, L. bicolor shows an increased genetic potential in
terms of nitrogen uptake compared with other basidiomycetes. These
capabilities are consistent with L. bicolor being exposed to a range of
nitrogen sources from the decay of organic matter15.
Although the L. bicolor 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) oligosaccharides and polysaccharides. Glycoside hydrolases, glycosyltransferases, polysaccharide
lyases, carbohydrate esterases and their ancillary carbohydratebinding modules were identified using the carbohydrate-active
enzyme (CAZyme) classification (http://www.cazy.org/). A comparison of the L. bicolor candidate CAZymes with fungal phytopathogens

Table 2 | Changes in expression of transcripts coding for MISSPs
Protein identification
(JGI Laccaria database)

298595
333839
298667
332226
311468
295737
334759
395403
333423
312262
295625
325402
316998
333197
327918
307956
327246
303550
300377
293250
298648
298646
293729

Family size

sc
5
2
8
2
8
sc
4
9
4
4
8
sc
3
2
sc
sc
5
2
sc
sc
2
3

Length (amino Transcript concentration P. menziesii ECM/FLM P. trichocarpa ECM/FLM
acids)
(FLM)
ratio (fold)
ratio (fold)

68
129
70
181
59
288
101
121
120
106
199
238
56
148
154
74
194
98
291
224
64
73
210

ND
ND
ND
43
ND
131
ND
24
6
85
325
310
137
266
763
336
1,025
1,365
5,499
127
1,108
1,028
3,000

21,877
7,844
1,906
847
191
171
109
103
102
69
66
49
29
17
13
13
10
10
10
9
8
7
7

12,913
1,931
1,407
780
ND
252
18
93
72
53
48
74
57
8
4
90
18
14
8
10
12
14
7

Features

MISSP7
Glycosyl phosphatidylinositol (GPI)-anchored
CFEM domain (INTERPRO IPR014005)

Gonadotropin domain (IPR0001545)

Snake toxin-like (SSF57302)

Homologue in C. cinerea
Whey acidic domain (IPR008197)
Homologue in C. cinerea

Homologue in C. cinerea

Transcript profiling was performed on free-living mycelium (FLM) and ectomycorrhizal root tips (ECM) of poplar (P. trichocarpa) and Douglas fir (P. menziesii). See Supplementary Information
Section 9 for details. Abbreviations: ND, not detected; sc, single copy.
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confirms the adaptation of its enzyme repertoire to symbiosis and
reveals the strategy used for the interaction with the host (Supplementary Tables 13 and 14). The reduction in PCW CAZymes affects
almost all glycoside hydrolase families, culminating in the complete
absence of several key families. For instance, there is only one candidate cellulase (glycoside hydrolase 5, GH5) appended to the sole fungal
cellulose-binding module (CBM1) found in the genome, and no cellulases from families GH6 and GH7 (Supplementary Table 14).
Similar reductions or loss of hemicellulose- and pectin-degrading
enzymes were also noted. These observations suggest that the
inventory of L. bicolor 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 action on
plant polysaccharides (for example, GH28 polygalacturonases) is
probably required for cell wall remodelling during fungal tissue
differentiation because their expression was upregulated in both
fruiting bodies and ectomycorrhizae (Supplementary Table 15 and
Supplementary Fig. 13). By contrast, transcripts coding for proteins
with an expansin domain were only induced in ectomycorrhizae,
suggesting they may be used by L. bicolor for penetrating into the root
apoplastic space.
To survive before its mycorrhizal association with its host, L. bicolor seems to have developed a capacity to degrade non-plant (for
example, animal and bacterial) oligosaccharides and polysaccharides;
this is suggested by retention of CAZymes from families GH79, polysaccharide lyase 8 (PL8), PL14 and GH88 (Supplementary Table 14).
Interestingly, there is no invertase gene in the L. bicolor genome,
implying that this fungus is unable to use sucrose directly from the
plant. This is consistent with earlier observations16 that L. bicolor
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 owing to
an increased number of putative chitin synthases and enzymes
acting on b-glucans (Supplementary Table 14). Several of the corresponding genes are up- or down-regulated in developmental processes requiring cell wall alterations such as formation of fruiting
bodies or mycorrhizae (Supplementary Table 15 and Supplementary Fig. 13).
Ectomycorrhizal fungi have an important role in mobilizing nitrogen from well-decomposed organic matter2,15. 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. 14) is relatively
large compared with that in other sequenced saprotrophic basidiomycetes, such as C. cinerea and P. chrysosporium. Secreted aspartyl-,
metallo- and serine-proteases may have a role in degradation of
decomposing litter15, confirming that L. bicolor has also the ability
to use nitrogen of animal origin, as suggested previously17. They may
also have a role in developmental processes because the expression of
several secreted proteases is up- or down-regulated in fruiting bodies
and ectomycorrhizal root tips (Supplementary Table 16). Mycelial
mats formed by L. bicolor hyphae colonizing organic matter therefore
possess the ability to degrade proteins from decomposing leaf litter.
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, saprotrophic4 and pathogenic6 fungi, as well as from the mycorrhizal tree P. trichocarpa12, 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, to perform
vital functions in the carbon and nitrogen cycles2 that are fundamental to sustainable plant productivity.

METHODS SUMMARY
Genomic sequence. Scaffolds and assemblies for all genomic sequences generated by this project are also available from the Joint Genome Institute (JGI)
portal (http://genome.jgi-psf.org/Lacbi1/Lacbi1.download.ftp.html). A genome
browser is available from JGI (http://www.jgi.doe.gov/laccaria). BLAST search of
the genome is available at JGI (http://www.jgi.doe.gov/laccaria) and INRA
LaccariaDB (http://mycor.nancy.inra.fr/IMGC/LaccariaGenome/).
Predicted gene models. Consensus gene predictions, produced by combining
several different gene predictors, are available from JGI (http://www.jgi.doe.gov/
laccaria) as General Feature Format (GFF) files. These gene models can also be
accessed from the Genome Browser in the JGI L. bicolor portal (http://www.jgi.
doe.gov/laccaria).
Gene annotations. Tables compiling KEGG, PFAM, KOG and best BLAST hits
for predicted gene models, transposable element and CAZyme data, as well as
Tribe-MCL gene families, are available from INRA LaccariaDB (http://mycor.
nancy.inra.fr/IMGC/LaccariaGenome/).
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-H82 from L.
bicolor (Maire) P. D. Orton was sequenced with the use of a whole-genome
shotgun strategy. All data were generated by paired-end sequencing of cloned
inserts using Sanger technology on ABI3730xl sequencers. Supplementary Table
1 gives the number of reads obtained per library.
Genome assembly. The data were assembled using release 1.0.1b of JAZZ, a JGI
whole-genome shotgun assembler. On the basis of 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 Mb, which is sufficient to cover the main-genome
gaps to a mean depth of 9.9. A total of 64.9 Mb are captured in the scaffold
assembly (Supplementary Table 2).
Genome annotation. Gene models were predicted using FgenesH18, homologybased FgenesH1 (ref. 18) and Genewise19, as well as EuGène20 and TwinScan21,
and alignments of several complementary DNA resources (Supplementary
Information Section 3). The JGI pipeline selected a best representative gene
model for each locus on the basis of expressed sequence tag support and similarity to known proteins from other organisms, and predicted 20,614 proteincoding gene models. All predicted genes were annotated using Gene Ontology22,
eukaryotic clusters of orthologous groups23 and KEGG pathways24. Protein
domains were predicted using InterProScan25. Signal peptides were predicted
in 2,931 L. bicolor proteins by both the hidden Markov and the neural network
algorithms of SignalP26. After eliminating predicted transmembrane proteins
and removal of transposable element fragments, we selected 278 cysteine-rich
secreted proteins with a size of ,300 amino acids. Gene families were built from
proteins in L. bicolor, C. cinerea, P. chrysosporium, C. neoformans and U. maydis
using Tribe-MCL tools27 with default settings.
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). The antiMISSP7IgG fraction was purified using the MAbTrap kit (GE Healthcare) according to the manufacturer’s recommendations. Subsequently, the IgG-containing
fraction was desalted using a HiTrap desalting column (GE Healthcare). The
concentration of purified IgG from pre-immune serum was determined by
Bradford assay using a Bio-Rad protein assay. The final concentration of antiMISSP7 IgG was 0.16 mg ml21. Immunolocalization was performed essentially as
described in refs 28 and 29, with slight modifications (Supplementary Section 10).
Gene expression. Average expression levels of genes in different tissues and
conditions were analysed using CyberT statistical framework (http://www.igb.
uci.edu/servers/cybert/) and hierarchical clustering with EPCLUST (http://ep.
ebi.ac.uk/EP/EPCLUST/) (Supplementary Information Section 8).
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Abstract
Background

Laccaria bicolor, the first sequenced genome of a symbiotic fungus, displays
one of the largest fungal genome. High content of repeated sequences (transposable
elements, microsatellites) partly explains this large genome size. Although it is
becoming clear that simple sequence repeats (SSRs), also called microsatellites are
important in genomic organization and have become a large source of genetic markers,
little is known on their distribution. We used an in silico approach to survey SSRs
organization through the genome of the symbiotic ectomycorrhizal basidiomycete
Laccaria bicolor. Finally, we have developed new SSR markers for genetic mapping
and population genetic studies.
Results

By using the microsatellite identification tool MISA, we detected 277,062 SSRs
( 5 repeats) in the L. bicolor genome. Mononucleotides outnumbered all other classes
(4,152 SSRs/Mb). The SSR density decreased according to the number of nucleotides
(31 SSRs/Mb for the dinucleotides, 22.3 SSRs/Mb for the trinucleotides, 4.1 SSRs/Mb
for the tetra, penta and hexanucleotides). The majority (73.3%) of SSRs were located in
intergenic regions. The highest SSR density (repeats  5) was observed in transposable
elements (TEs) (6,706 SSRs/Mb). In the genic regions, the highest density was in
introns. In a L. bicolor progeny, SSRs appeared to be the most polymorphic in the
intergenic regions outside the TEs. The seventy-eight polymorphic microsatellite
markers developed in this study have facilitated the construction of the genetic map of
L. bicolor and could become powerful tools for ecological studies.
Conclusions
Among the basidiomycetes analyzed in this study, L. bicolor exhibited the
highest SSR density corresponding to 8% of the genomic sequence. SSRs were not
distributed at random throughout the different genomic regions, showing the highest
density in TEs. Nevertheless, the SSR density differed among the various genic regions
exhibiting the highest density in introns. Most of genes containing SSR motifs code for
unknown protein probably, having a role in the symbiotic interactions remaining to be
determined. Our work showed that the 78 SSR markers developed in L. bicolor progeny
were most polymorphic in the intergenic regions outside the TEs.
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Background
Ectomycorrhizal fungi are symbiotic organisms involved in mutualistic
associations with the fine roots of most forest tree species. They play an essential role in
the host-tree mineral nutrition and enhance its growth [1, 2]. This nutrient contribution
is reciprocated by the allocation of carbohydrates by the trees to the fungus through the
root interface, making the relationship a mutualistic association. Laccaria bicolor, a
worldwide ectomycorrhizal basidiomycete, has been an experimental model for decades
and is now used in large-scale mycorrhizal inoculation programs [3, 4]. Moreover, its
genome has been recently sequenced [5], facilitating the study of the processes involved
in the symbiotic interactions [6]. To date, with a size of 65 megabases (Mb), the L.
bicolor genome is the largest fungal genome published, comprising a high content of
repeated sequences of which 24 % of TEs and 8% of SSRs [5]. This proportion of
repeated sequences may account for the relatively large genome of L. bicolor and may
lead to genome rearrangements.
Microsatellites are formed by 1-6 base pair nucleotide motifs, tandemly repeated
at least five times [7]. They are frequently and randomly widespread throughout
prokaryotic and eukaryotic genomes although their frequency varies significantly
among different organisms [8, 9]. They can be found in any DNA sequence (protein
coding region and non-coding regions) and they exhibit a high frequency of length
polymorphism due to the high mutation rates affecting the number of repeat units [8, 9].
SSRs are considered as the best genetic markers in human identity testing, diagnosis at
an early stage of disease, studies of mating systems, population genetics and genome
mapping [7, 10]. Moreover, a recent work has shown that SSRs have many important
functions in terms of gene regulation, organism development and evolution [11]. The
locations of SSRs determine the potential functional role of genes and can lead to
changes in the phenotypes of an organism [12, 13]. Different molecular techniques were
used to study Laccaria populations in natural or artificial forest ecosystems: the
polymorphism of the intergenic spacer (IGS) of the rDNA [6], random amplified
polymorphic DNA (RAPD) markers [14], specific characterized amplified region
(SCAR) markers [15], and microsatellites [16]. Although SSRs are widely used for
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population genetics [7, 16, 17] few studies have been carried out on their genomic
organization/distribution in fungi [8, 18].
The availability of the whole-genome sequence (WGS) of L. bicolor [5, 6] allows the
evaluation of the abundance and the distribution of SSRs inside this genome.
Microsatellites could play an important role in the plasticity and evolution of the
genome of L. bicolor [5]. The aims of this work were to determine the organization of
SSRs in the L. bicolor genome, to determine their possible involvement in the
polymorphism of this genome, to compare it with those of completely sequenced
saprotrophic fungal species, and to generate new microsatellite markers for genetic
mapping, genetic population and molecular ecology studies.

Results
There are several articles dealing with the repartition of the microsatellites
according to the regions of the genomes [7, 8, 9, 11, 12, 19], but until now there are
very few analyses concerning the fungal genomes [8, 17, 18, 20]. The definition of
microsatellites varies according to the authors. We have adopted the most common
definition: mono, di, tri, penta and hexa tandems repeated at least 5 times. Nevertheless,
to compare our results with those of some other authors, we also have considered other
definitions: mono, di, tri, penta and hexa tandems repeated at least 10 times [11] or 12
times [19] (Table 1).
Comparison of SSRs in the L. bicolor genome and in other fungal genomes

We have compared the number and types of SSRs in the L. bicolor genome with
those of eight other completely sequenced haploid fungal genomes (Table 2). They
belong to two different phylogenetic classes, the Basidiomycota (Phanerochaete
chrysosporium, Coprinopsis cinerea, Ustilago maydis, Cryptococcus neoformans) and
the Ascomycota (Aspergillus nidulans, Magnaporthe grisea, Neurospora crassa,
Saccharomyces cerevisiae). The size of these genomes, ranged from 11.9 Mb (S.
cerevisiae) to 42.3 Mb (M. grisea) (Table 2). The SSR density did not differ between
ascomycetes and basidiomycetes, although the highest density was observed in S.
cerevisiae (Figure 1 and Table 2). Among the basidiomycetes, L. bicolor exhibited the
highest SSR density. The SSR density appeared to be unrelated with genome size, two
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of the smallest genomes (S. cerevisiae and C. neoformans) [8], exhibiting a high SSR
density (6517 and 3620 SSRs/Mb respectively). Mononucleotide motifs outnumbered

Figure 1 - Density of SSRs (number of SSRs per Mb) in nine fungal genomes

all other SSR classes in all fungal genomes, ranging from 1,644 SSRs/Mb in P.
chrysosporium to 6,425 SSRs/Mb in S. cerevisiae. L. bicolor displayed one of the
greatest densities of mononucleotide (4152 SSRs/Mb) after S. cerevisiae (6425
SSRs/Mb). In all genomes, there was a strong overrepresentation of An repeats in the
mononucleotide class. Their proportion ranged from 93% (S. cerivisiae) to 52% (C.
cinerea), L. bicolor showing a percentage of 70%. In the nine analyzed genomes, after
the An repeats, the Cn motifs were the most frequent mononucleotide microsatellites.
Their percentage ranged from 5% in S. cerevisiae to 46% in C. cinerea, L. bicolor
exhibiting a percentage of 28%. In most of the nine analyzed fungal genomes, after the
mononucleotides, the most represented SSR motifs, as in L. bicolor genome, were the
dinucleotides and then the trinucleotides. Nevertheless, there was an exception for M.
grisea, which had a similar density of di- (33 SSRs/Mb) and trinucleotides (34
SSRs/Mb) SSRs and N. crassa, which, had a greater density of tri- (95 SSRs/Mb) than
that of dinucleotide (78.3 SSRs/Mb) motifs (Table 2). The nucleotide composition of
the dinucleotide repeats varied among species. GA/AG repeats were predominant in L.
bicolor, C. cinerea, U. maydis and C. neoformans, while AT/TA repeats were
77

predominant in A. nidulans, N. crassa and S. cerevisiae. GC/GC repeats were only
found in P. chrysosporium and CA/GA repeats in M. grisea.
In the nine analyzed fungal genomes, the tetra-, penta- and hexanucleotide
density was very low, compared to the mono-, di-, and trinucleotides. Most of the times,
the density of the tetra-, penta and hexanucleotides was equal or inferior to one
SSR/Mb. Nevertheless, there were some exceptions. N. crassa exhibited a density of
18.6 SSRs/Mb for the tetranucleotides, 4.6 SSRs/Mb for the pentanucleotides and 3.3
SSRs/Mb for the hexanucleotides. U. maydis exhibited a density of 3.3 SSRs/Mb, 3.7
SSRs/Mb and 9 SSRs/Mb respectively. The most frequent tri- to hexanucleotide repeats
appeared to be extremely variable among the nine fungal genomes and specific to each
genome.
Microsatellite density and most common classes in the L. bicolor genome (Table
3)

The assembly (v.1.0) of 65 Mb haploid genome of L. bicolor contained a total of
277,062 SSRs repeated at least five times. Mononucleotide SSRs outnumbered all other
classes (4,152 SSRs/Mb). The SSR density decreased according to the number of
nucleotides: 31 SSRs/Mb for the dinucleotides, 22.3 SSRs/Mb for the trinucleotides, 4.1
SSRs/Mb for the tetra, penta and hexanucleotides. A chi-square test (Ȥ2= 71,017; ddl=
3) showed that SSRs were not distributed at random in the genome but that their density
was significantly different according to coding and non-coding regions (Figure 2 A,
2B). Twenty-five percent of SSRs (69,943 SSRs) were located in the genic regions,
while by difference, 74.8% (207,119 SSRs) were located in the intergenic regions,
which represented, 68,7 % of the genome. In this study, the TEs, which may produce
transcripts, were considered as part of intergenic regions. These two regions also
differed by the density of the mononucleotides: 4,433 SSRs/Mb in the intergenic
regions against 3,350 in the genic regions. They also differed by the density of the
dinucleotides: 38 SSRs/Mb in the intergenic regions, and 14.7 SSRs/Mb in the genic
regions. In the genic regions, the trinucleotides (28.9 SSRs/Mb) were more frequent
than the dinucleotides (14.7 SSRs/Mb).
In the genic regions, the SSR density differed among UTR regions, exons and
introns (Figure 3). There were no SSRs in the 3’UTR regions, while the 5’UTR regions
exhibited a density of 3,802 SSRs per Mb (1,825 SSRs in total). The highest density
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was observed in the introns, 5,396 SSRs/Mb against 3,395 SSRs/Mb in the exons.
Nevertheless, due to the size of the exons, the total number of SSRs in the exons
(69,943) exceeded that found in the intronic regions (37,070). The exons also differed
from the other genic regions by their number of trinucleotides (595 in total against 88 in
the introns and 8 in the 5’UTR region). As expected, there were few differences in

Figure 3 - Number of SSRs in different regions of the L. bicolor genome.

di- and trinucleotide SSR density between exons and ESTs. The di-, tri- and
hexanucleotide density was 14.7 SSRs/Mb, 28.9 SSRs/Mb and 0.45 SSRs/Mb in exons,
whereas 22.3 SSRs/Mb, 21 SSRs/Mb and 0.21 SSRs/Mb in ESTs respectively. In order
to reveal a positional specificity of SSRs in genes, the density in various area was
determined. We divided the genic regions consisting of exons and introns, into the first
exon/intron, the second exon/intron, the third exon, the second last exon/intron and the
last exon/intron (Figure 4). The SSR density was constant in the various exonic
positions while it was higher in the second last intron (4,648 SSRs/Mb) and the last
intron (3,802 SSRs/Mb).
SSR motifs were located in 85.8% of the protein-coding genes (17,152).
Although 52% of these genes (10,392) exhibited SSRs in both exons and introns, 5%
(990) and 28.9% (5,770) of coding-genes only contained SSRs in intronic or exonic
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regions, respectively. Eigthy-one percent of the genes (16,162) exhibited SSRs in their
exons. Three percent of the genes (580) contained tri- and hexanucleotide motifs (498
only in exons, 73 only in introns, and 9 in both exons and introns). Most of these genes
code for unknown proteins. Nevertheless, few genes code for homologues of
glycosyltransferase and with proteins containing WD40, leucine-zipper and zinc-finger
domains.

Figure 4 - SSR density in genic regions (exons and introns). Exons and introns are
classified into the following categories: the first exon/intron, the second exon/intron, the
third exon, the second last exon/intron and the last exon/intron. All genic regions
throughout the L. bicolor genome sequence are considered in measurements. The
SSR density is defined as the number of SSRs per Mb.

The main amino-acid repeats corresponding to the tri- or hexanucleotide motifs were
proline, serine, threonine, leucine and alanine.
TEs, which represented 24% of the assembly [5], exhibited the highest SSR
density (6706 SSRs/Mb) among the different regions of the genome (Figure 3, Table 3)
and contained more that one third of the total SSRs (97,240 for a total of 277,062
SSRs). The density of the mononucleotides (6,583 SSRs/Mb) was much higher in the
TEs than in all the other regions of the genome. The density of the di- and trinucleotides
also was the highest in the TEs, but in a lower proportion. Among all SSRs found
within TEs, 28.4% were found in elements of class I (24.5% in long terminal repeat
(LTR) retrotransposons, 3.8% in long interspersed nuclear elements (LINE), 0.1% in
large retrotransposons derivative (LARD), 26% in elements of class II (25.4% in
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terminal inverted repeats (TIRs), 0.5% in Helitrons, 0.1% in miniature inverted-repeat
transposable elements (MITE), and 45.6% in TEs of unknown classes specific to L.
bicolor [5]. SSRs integrated within TEs of class I, were located in both the 5’ and
3’ends of LTR, and in the polyA tail of LINE. However, the distribution of some of
SSRs was different according to the type of LTR retroelements. In most of the copialike elements, the main regions containing SSRs were the 3’ end of the 5’ LTR, which
starts by a SSR. Similarly, in gyspy-like elements, the second LTR always starts in 5’ by
SSRs of approximately 40 bp. Within class II TEs, SSRs were apparently located into
non-coding sequences. Nevertheless, incomplete characterization of these class II
elements makes difficult to assign a location to all SSRs.
Development of microsatellite markers

A pool of 216 SSRs (di- to hexanucleotide motifs with a minimum repeats  8),
distributed throughout the largest scaffolds of the L. bicolor genome [21] were selected
for primer design. Among these 216 SSRs, 152 were amplified on the dikaryotic strain
L. bicolor S238N and on the sequenced haploid L. bicolor strain S238N-H82. Only 78
of these 152 microsatellite loci appeared to be polymorphic in the L. bicolor S238N
progeny (Table 4). Thirteen were located in exons, five in introns, 14 in TEs and 46 in
remaining regions (Table 5). Amongst the 14 coding sequences containing a SSR, most
are coding for proteins with unknown function. However, a histidine-rich protein (JGI
ID: 328508) and a SWIFT protein (JGI ID: 328751) contained repeated motifs and the
alleles showed a mendelian segragation (3:1) in the progeny.

Discussion
We have compared the SSR density ( 5 repeats) of L. bicolor genome with
eight other fungal genomes belonging to two phylogenetic classes, the Ascomycota and
the Basidiomycota (Table 2). These two classes did not differ by their SSR density, S.
cerevisiae in the Ascomycota and L. bicolor in the Basidiomycota exhibiting the highest
SSR density. The differences in SSR density among the different fungal species could
be explained by different genomic organization among the species. This differential
distribution among the fungal species could be the result of differences in mutability or
bias in efficiency of the mismatch repair system [22]. It appeared that, in fungal
genomes, SSR abundance was neither inversely nor directly proportional to the genome
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size, as reported in other studies [8].
Mononucleotide motifs outnumbered all other SSR classes in all fungal
genomes. The proportion of A was always greater than that of C with no differences
between the two classes. However, the proportion of A and C mononucleotides was
almost equal (52% versus 46%) in the basidiomycete C. cinerea. In most of the nine
fungal genomes, after the mononucleotides, the most represented SSR motifs, were the
dinucleotides, the GA motif being found in 3 basidiomycetes and 2 ascomycetes. From
the tri- to the hexanucleotides, there were no common motifs. These repeat types
appeared to be characteristic of the species examined. The diversity of microsatellite
motifs seems to give to each species a unique signature.
In L. bicolor genome, the highest SSR density (repeats  5) was observed in TEs
(6,706 SSRs/Mb) (Figure 3, Table 3). Several studies have shown that SSRs are often
associated with retrotransposons [24, 25, 26]. Some are component of active TEs
spreading throughout the genome. Others could act as a ‘landing pad’ for transposable
element insertion. A third category, could arise after the integration of an extended and
polyadenylated retro-transcript into the genome [24]. Among the LTR retrotransposon
sequences analyzed, we have identified SSR extended to both 5’ and 3’ ends. Thus, it
would seem that these SSRs have arisen by mutation followed by expansion of the same
proto-SSR [27], then spread throughout the L. bicolor genome as a component of an
active retrotransposable element. SSRs and TEs were not distributed at random in L.
bicolor genome. They often showed links, revealing highly targeted regions for SSR
insertion in TEs. The positioning of these SSRs in TEs allowed us to classify them into
four subtypes: SSRs located in 3’ at the beginning of a TE, SSRs located in 5’ at the
beginning of a TE, SSRs positioned on each side and SSRs located inside the TE.
The major part of the SSRs into the L. bicolor genome ( 5 repeats) was represented by
mono-, di- and trinucleotides accounting for up to 80% of all SSRs found (Table 1).
Tóth et al. [19] have examined SSR abundance in several taxonomic groups. Tri and
hexanucleotides  12 repeats generally prevailed in exons of all taxa including yeast and
other fungi [19, 28]. According to our results, even if we also take into account the  12
repeats (Table 1), tri- and hexanucleotides were never predominant in L. bicolor exons.
The tri- and hexanucleotide density in L. bicolor exons were confirmed by the SSR
densities found in L. bicolor ESTs. The tri- and hexanucleotide ( 5 repeats) densities
respectively were 28.9 and 0.45 SSRs/Mb in exons against 21 and 0.21 SSRs/Mb in
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ESTs. The weak discrepancy observed between exon and EST SSR density is easily
explain by the fact that ESTs only represented 45.6% of the total exons.
The present survey revealed a higher proportion of SSRs (repeats  5) in the
intergenic regions of the L. bicolor genome than in the genic regions (exome). The
density of SSRs decreased slightly from the first exon to the last exon (Figure 4), being
almost constant feature of mammalian showed in the study of Fujimori et al., [29].
Assuming repeats  10 per motif, the SSR density decreased to 58, 41 and 151
SSRs/Mb in the 5’UTR, exons and introns respectively. This density is much lower than
in Arabidopsis (2364, 334 and 814 SSRs/Mb respectively) or Rice (3971, 658 and 634
SSRs/Mb) [11]. A feature of the genome of L. bicolor is a lack of SSRs in 3’UTR. The
average amount of  5 repeats per gene in L. bicolor genome was ~5.3, while it was
~0.0125 if we only considered the  10 repeats, which was very low compared to
Arabidopsis or Rice. It is known that SSRs may play a role in gene transcription,
regulation, mRNA splicing, and gene silencing [12]. They are involved in several
human diseases, for example by activation of “toxic” proteins. These possible
deleterious effects likely explain why SSR density is relatively low in protein-coding
regions. On the other hand, the presence of polymorphic SSRs in exons, introns or
UTRs could alter the protein structure and/or gene expression and then, play a role in
the mechanisms of adaptation, survival and evolution of the organisms. Most of the L.
bicolor genes exhibiting tri- and hexanucleotide insertion in their exons code for
unknown proteins. However, some of these SSR-containing genes code for homologues
of a glycosyltransferase and proteins containing WD40, leucine-zipper and zinc-finger
domains.

Transcript

profiling

showed

that

the

genes

corresponding

to

glycosyltransferase was expressed during the symbiosis as well as identified genes
coding for proteins containing leucine-zipper domains which were also up-regulated [5].
In contrast, the identified genes coding for proteins containing WD40 and zinc-finger
domains were not expressed and not regulated (Kohler et al., unpublished data) in the
same conditions. It remains to be determined whether those proteins have a role in the
symbiotic interactions.
SSRs are often used as genetic markers helping the study of genetic population
[7, 9, 16, 17, 20] the construction of genetic maps [21] and the identification of species
or individuals [9, 16, 17]. Our work showed that SSRs in a L. bicolor progeny were the
most polymorphic in the intergenic regions outside the TEs. If it is generalizable, this
83

result could facilitate the search of polymorphic SSRs, for the construction of genetic
maps in other species.

Conclusions
The assembly (v.1.0) of 65 Mb haploid genome of L. bicolor contained a total of
277,062 SSRs corresponding to 8% of the genomic sequence. This is the
basiodiomycetes genome analyzed here having the highest density of SSRs. The highest
SSR density was observed in TEs. This could support the hypothesis that the L. bicolor
genome is characterized by a large plasticity, allowing it to adapt both to saprotrophic
and symbiotic ways of life. The average amount of  5 repeats per gene in L. bicolor
genome was ~5.3. According to Tóth et al. [19], tri- and hexanucleotides  12 repeats
generally prevailed in exons of all eukaryote taxa. Althougth, tri- and hexanucleotide
were not predominant in exons of L. bicolor, according to our results they could play a
role in the code of repeated structure of some protein domains involved in transfer
processes. Moreover, the presence of SSRs in the exons of 81% of the coding genes of
L. bicolor could mean that these SSRs have played a key role in the evolution of this
symbiotic fungus. Finally, our work showed that the 78 SSR markers developed in L.
bicolor progeny were most polymorphic in the intergenic regions outside the TEs.

Methods
Sequence data

The L. bicolor genome (JAZZ assembly v.1.0) was downloaded from publicly
available database on the Joint Genome Institute (JGI) web site [23], while the
ARACHNE assembly (v. 1.0) of L. bicolor genome was downloaded from the INRA
LaccariaDB [29]. All other fungal genome sequences used in this analysis were
downloaded from publicly available databases listed in Table 6.
ESTs

The L. bicolor EST containing 14,312 tentative consensi was downloaded from
the INRA LaccariaDB [30].
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Transposable elements

TEs were identified by similarity with other fungal genomes and compiled in the
INRA LaccariaDB [5, 30].
SSR scanning and analysis of sequences containing SSRs

Using the L. bicolor JAZZ and ARACHNE assemblies, the EST and transposon
files, the SSRs were located in translated and untranslated regions, in various genic
regions (3’UTR, 5’UTR, exons and introns) and in transposable elements. This
identification was carried out with specific written PYTHON scripts. On the other hand,
all SSR genome scanning were carried out using the microsatellite identification tool
(MISA) available from the Plant Genome Resources Center (PGRC) [31]. MISA was
used to identify systematically all possible mono- to hexanucleotide motifs of 5, 10 or
12 repeats in the databases selected. Because of the presence of polyA tails, we could
not determined, the mononucleotides from the EST file. The MISA tool recorded repeat
number and SSR types in ouput files. The data were processed with Microsoft Excel
2004. We have obtained the total number of all perfect repeat types and calculated the
number of SSRs per Mb to allow comparison among genome of different sizes.
The coding genes of L. bicolor exhibiting tri and hexa SSR motifs in their exons, were
blasted (BLAST X) against the publicly available database on the Joint Genome
Institute (JGI) web site [23].
Development of microsatellite markers
Primer design

The SSRs used as molecular markers were detected on the L. bicolor JAZZ
assembly (v.1.0) [31] and confirmed on the L. bicolor ARACHNE assembly (v.1.0)
[30]. With the exception of mononucleotide and compound motifs  8 repeat SSRs,
were sample on the 20 larger JAZZ scaffolds and on the 15 larger ARACHNE
supercontigs. The online Primer3 tool [32] was used to design primers on sequences
flanking microsatellite motifs. Primers were synthesized by Invintrogen (Cergy
Pontoise, France).
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Fungal strain and culture conditions

Ninety-one individual homokaryotic (haploid) mycelia, including the S238-H82
strain from which the genome was sequenced [5], were used according to conditions
described in Labbé et al., [21].
DNA isolation

We used the protocol of DNA isolation as described in Labbé et al., [21, 33].
SSR analysis

We have performed amplification tests, using unlabeled primers (Invitrogen)
designed for 216 SSRs firstly chosen, by following the same amplification protocol
described below for the polymorphism test. PCR products were analyzed on 2% agarose
gels. Then, the 152 successfully amplified SSRs were analyzed for the detection of
polymorphism on the progeny of L. bicolor S238N, using the following high resolution
procedure: SSRs were amplified with one fluorescent dye-labeled primer (D2-PA, D3PA, D4-PA, WellRED dyes, Proligo, Paris). PCR reactions were carried out in a total
volume of 10 ȝl containing 10 ng of template DNA, 10 ng forward and reverse
oligonucleotide primers (Invitrogen), 200 ȝM of each dNTP, 0.5 U Taq DNA
polymerase (Qbiogene), 1 ȝl Qbiogene buffer 10x containing 25 mM MgCl2. PCR was
conducted in a Perkin-Elmer Cetus thermocycler 9700 (Applied Biosystems) with 30
cycles of 94˚C for 30 s, 60˚C for 1 min, and 72˚C for 2 min combined with a final
extension at 72˚C for 10 min. PCR products were detected, on a CEQ 8000 XL
sequencer using the CEQ 8000 V9.0 genotyping module. Before analysis, each
amplification product was diluted in 1:10 with deionized water. One ȝl of this dilution
was mixed with 0.5 ȝl DNA size standard (DNA size standard kit 600 bp, Beckman
Coulter) and with 30 ȝl SLS buffer (Beckman Coulter). The seventy-eigth polymorphic
SSRs identified by this procedure were listed in Table 4, with the corresponding primer
sequences and their positions, on the L. bicolor JAZZ assembly.
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Figure 2 - Percentage and density of genes, transposable elements and SSRs found on the linkage group 1 (LG1) of L. bicolor.
(A) Percentage of genes (blue), TEs (red) and SSRs (yellow). A1 Relative percentage of genes, TEs and SSRs. A2 Relative percentage of
genes and SSRs. A3 Relative percentage of TEs and SSRs. (B) The density is graphically represented as the number of genes, TEs and SSRs
found in a window of 10 kb.
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Table 1 - Number of SSRs in 5’ UTR, exons and introns of the L. bicolor genome according to the number of repeats.

Table 2 - Density and percentage of the most frequent SSR motifs in nine fungal
genomes. aPercentage inside the given SSR category.
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Table 4 - Set of primers designed to amplify polymorphic SSR regions in L. bicolor genome.

SSR Type

Primer sequence

Position on L.
bicolor genome v1

 !"#$
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%%&'(%%
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%+#)(+%
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%+#)(%,

(!8220

%+#)(%'

(80

%+#)(%*

(!82203

(F)CTGAGCTAGAGCAGCTGGTA
(R)GACAATCGCACATTGGATAG
(F)GTTTGACTTTCCAGCGCTTC
(R)CGCCTCTGATGAGGATGAGT
(F)TATGCCGTTGCGTTTTCATA
(R)CCCTTTGCAAGTTCTCTTCG
(F)GCTTCGCAAACAAAGAAAGC
(R)AACAGGGGCATTGCTCTACA
(F)GGAAATAGAATCAAGTCTTGTTGTTG
(R)GGGTTTTCTGACTTCCTCTGC
(F)CGTCGTTGAGTGAAGTGTGG
(R)TGTGTTGGGAGAGTCCAGTG
(F)TGGACTCCGACTGGACTCAT
(R)CATTCCACCACTGTTCATGC
(F)TTGATGCTCTCCGTCCTCTT
(R)GCCTGGTTTGCTTCCTGTAG
(F)ACCTGGGGGAAGTATGGATT
(R)TGTGTTGGGAGAGTCCAGTG
(F)TCCAACAATTCCAGCTCCTC
(R)GATTCATCTTGGGGACCAAC
(F)CCCCTTGCTATGGGATGTG
(R)AAATTTGAGGGCCTTGCAG
(F)CTGCCTGAGGTGCCTTTTT
(R)GGGTCTGCAATTTGGAACAG
(F)CTGGGACTGGACTCAGGAAA
(R)AGCAGGAGGTGGTGGTAGTG
(F)ATACCAAAGGCCCTCGAACT
(R)CAGTATCTGCAACCCAAGCA
(F)AGAACTTCGCGAGTTTTGGA
(R)GGGCGTCTTGTTATTCGGTA
(F)AGGCTGAAATGCAAGCCAT
(R)CATTGAAGGGATCGGAGAAA
(F)GGATCCCGTTTCTTCTTCCT
(R)GATGAAGGGCATCCTGACAC
(F)CTTTGAGATACGGCGGACTT
(R)ATTACGGGGTGTCATCATCC
(F)TGTGTTGGGAGAGTCCAGTG
(R)TATCCCTGAGGGCCAATACA
(F)AATCCCATGTTGCATTCTCA
(R)TTTTCTGACTTCCTCTGCTTGA
(F)GCCAAATTACCTGAGCAAGG
(R)CGTCAACGTATTTGGGGACT
(F)GAATCCCATCCCCTCAAGTT
(R)CATCTCGGGCTAGGATTGAA
(F)TGAGGAGGGTGGAGTACCAG
(R)ATGACCGACATTTTCGAGGT
(F)ATACCAAAGGCCCTCGAACT
(R)CATAGGTGCAGGTCAGAGCA
(F)CGCGTCACGTCAACACAC
(R)TTGACATGTCGCCGTCGT
(F)AGGCTGAGAAAGTGGGAACA
(R)CCCTCAAACTTGTGCACTGA
(F)ATACCAAAGGCCCTCGAACT
(R)CTCTACCCGTACCCCATGAA
(F)CCCTTGAACTTGTGCACTGA
(R)AACAAATCCTGGAGGGCATT
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Table 4 continued

SSR Name
 !"#,
%+%'(*
 !"#*

SSR Type

Primer sequence

Position on L.
bicolor genome v1
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(F)CTGTTCTCGCGAAGAAGGTC
(R)GGGAAATGTGATGAACCGGC
(F)TCTTTCACGATGACCCAGTG
(R)GCTTTGTTTGGCATCCATTC
(F)CGAGTATCCAGTATCTCGCTTTCCTAC
(R)AGCATCGTGAGATGAGCAGCTGCTT
(F)TTCTCGACATGGTTGGGATT
(R)GGTGCACAAGAGGAAGAAGG
(F)CGAGCTTTGGGAGAAGTTTG
(R)AGGATTTATGCCACCACAGC
(F)GACAACGTCAAGGCCAAGAT
(R)TTGTAGTCGGAGAGGGTTCG
(F)ACCTTTTTGTTGCTCGTTCG
(R)AGTCAGGACAACCGTGAAGG
(F)TCTAGACGCTTCGGATCCAT
(R)AAGGCCAAGAAGGGAAAGAG
(F)GGAGCCAAACGTAAATTGGA
(R)GCGGACTTGATCCTCACTCT
(F)TGACGAAGATGGCTCAGATG
(R)GCATGCTTGTAGCCTTGTCA
(F)AGTCAGGACAACCGTGAAGG
(R)ACCTTTTTGTTGCTCGTTCG
(F)TGGGAGTGTTGGTATGGTATC
(R)AATCCCTTGTTGCACTCTCA
(F)TGAAGTGGTGTCCGGTGATA
(R)ATACCAAAGGCCCTCGAACT
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Table 4 continued

SSR Name

SSR Type
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Primer sequence
(F)TCATCAAAGCCTTACCCATTG
(R)TGCAAAATCGTGAGCATTTC
(F)GATGACGACGTGCAAGGAT
(R)GTTCGGCACCTCAAGCGCCTGTGCA
(F)AAGGGCGGAAAGAAGAGAAG
(R)TTGTGATGACGCATCAGAAGGAG
(F)TCGTCGAAACGTCCAACATA
(R)GTAAGAAGGCGCCAAGGAG
(F)TGTCGTGCTATCGCTGTTTC
(R)ACCAATGGGTGGTGAAGAAG
(F)CCTACCGGGACAAACGAATA
(R)CGACGACTCGGGAGTTAGAG
(F)CTTGGAATCAAATGGCAGTTA
(R)GCAGCGAAGAGGTTTGCTAT
(F)CCCAGACCTAACCCTAACCC
(R)CATGTCAGACTTCACTTGCAC
(F)AGGACAGCCAGGACAACAAC
(R)TATGGTCTGTGGCTGCTGAG
(F)ATGGGCAGCCTAACACTCAC
(R)GGTGCCTAAACAGTCCATCC
(F)TTCGTCAAAATGTCGGAGTG
(R)TCCGAAATCGACGAAATTCT
(F)GGCTTAAGGCCGTAAAGGAT
(R)CCGACTGATTTGGTGGGTTA
(F)CAGGAGCGAAATCACCATCT
(R)GAGATCCCTGAGCATGAGGA
(F)GGCATGCACCTTCCTTTTT
(R)GAAGTGCTCCCATTGTGGAT
(F)CGCATGATTTGACCTAACGA
(R)CGCCAACTTGTTTTCTGACA
(F)CATGGTCGGTCTGTCAAATG
(R)TCGAGATCCTCCAGATGTCC
(F)TCATTGGATCAACGCAGAGA
(R)ACGGGGAGCGAAATTATTCT
(F)TGATACTGCGTCTGGAGGTG
(R)ACGCAGAACTCCTGCACTTT
(F)GACTGCCTGGAAATTTCGTC
(R)CACCAGGTCAGTCGGAAAAT
(F)TCGACGGCACATAGACACTC
(R)CGTCGCACGTAGTAACTCCA
(F)GACGAAACCACCAGGTCAGT
(R)GAAGGTGTGACTGCCTGAAA
(F)GGAATTGCACTTACCCACCT
(R)TCCACCTAGGCACATGAACA

Position on L.
bicolor genome v1
455 
6//*6/636
455 3
/.*67
455 3/
.*.6..
455 /
3*.
455 .
/37*/3
455 /
.7.*.7/63
455 7
*/
455 
//6*/6
455 3
3.36*3.7.
455 3
*//
455 7
3/*3//
455 .3
3*.7
455 
33.*33/73
455 
7.36*767
455 /
*/.
455 
7/3.*7333
455 3
63*/77
455 7
.77*.7/
455 7
/./*/.3.3
455 7
.7.*.6.
455 3
3.*36..
455 3
3.66*36/.
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Table 5 - Number of successfully amplified SSRs and number of polymorphic SSRs
according to the genome regions among the progeny of L. bicolor.
Region
5’UTR
Exon
Intron
3’UTR
Transposable
Elements
Others

Amplified SSRs
0

Polymorphic SSRs

30

0
13

7

5

0

0

55

14

60

46

Table 6 - List of analyzed fungal genomes: their web site and genome size.
Organism

Public Web Site

Genome Size
(Mb)

L. bicolor
P. chrysosporium
C. cinerea
U. maydis
C. neoformans
A. nidulans
M. grisea
N. crassa
S. cerevisiae

http://genome.jgipsf.org/Lacbi1/Lacbi1.home.html
ftp://ftp.jgi-psf.org/pub/JGI_data/WhiteRot/whiterot.020216.fasta
http://www.broad.mit.edu/cgi-bin/annotation/fungi/coprinus_cinereus
http://www.broad.mit.edu/cgi-bin/annotation/fungi/ustilago_maydis
http://www.broad.mit.edu/cgi-bin/annotation/fungi/cryptococcus_neoformans
http://www.broad.mit.edu/cgi-bin/annotation/fungi/aspergillus
http://www.broad.mit.edu/cgi-bin/annotation/fungi/magnaporthe
http://www.broad.mit.edu/cgi-bin/annotation/fungi/neurospora
ftp://genome-ftp.stanford.edu/pub/yeast/data_download

65
30
37.5
20
19.5
31
40
43
12
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• The recent Laccaria bicolor genome sequencing has provided a considerable
genomic resource allowing the identification of TEs in this symbiotic
etcomycorrhizal fungus. Using a TE annotation pipeline we have characterized
and analyzed all TEs in the L. bicolor S238N-H82 genome.
• TEs represent 24 % of the 60 Mb L. bicolor genome, totalizing 25,787 fulllength and partial copies distributed within 172 families. The most abundant
elements were the Copia-like. TEs are not randomly distributed across the
genome, but are tightly nested or clustered. The majority of TEs are ancient
except some terminal inverted repeats elements (TIRS), long terminal repeats
elements (LTRs) and a large retrotransposon derivative element (LARD). There
were three main periods of acquirement of TEs in L. bicolor: the first one from
57 to 10 Ma, the second one from 5 to 1 Ma and the last one from 500,000 years
ago until now. LTR retrotransposons are closely related between them and to
retrotransposons found in another basidiomycete, Coprinopsis cinerea.
• This analysis represents an initial characterization of TEs in the L. bicolor
genome. It contributed to facilitate its assembly and to better understand the role
played by TEs in genome evolution.

Key words: Laccaria bicolor, transposable elements and genome organization.
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The basidiomycete Laccaria bicolor (Maire) P.D. Orton is an ectomycorrhizal
fungus living in symbiosis with various woody host plants. Symbiotic plant-fungus
association plays a fundamental role in biology and ecology of forest trees, affecting
growth, water and nutrient absorption, and providing protection from root diseases
(Harley & Smith, 1983). L. bicolor is characterized by its ubiquity, resulting in lack of
strict host specificity. This feature requires a large plasticity of the genome in order to
adapt to different hosts.
Transposable elements (TEs), which are foreign DNA segments inserted in
eukaryote genomes, are characterized by their ability to move within these genomes.
They had a tremendous influence on the evolution of eukaryote genomes (Kidwell &
Lisch, 2000). These elements often constitute a large proportion of the genome, for
instance, ~ 45 % of the human genome (Lander, 2001), 50 to 80 % of some grass
genomes (Meyers, 2001) and only 9.7 % in the Magnaporthe grisea genome (Deane et
al, 2005). TEs were first identified in fungi in the yeast Saccharomyces cerevisiae
(Boeke, 1989), with the first evidence for their presence in filamentous fungi coming
from conventional genetic studies with Ascobolus immersus mutants unstable for sporestaining (Decaris et al., 1978). In 2003, Ty1-Copia retroelements were reported in three
ectomycorrhizal basidiomycetes, L. bicolor, Pisolithus macrocarpus and Pisolithus sp.,
by Diez et al. (2003). Recombination between elements at different sites can lead to
large-scale chromosomal rearrangements. Some TE insertions may even become
domesticated to play roles in the normal functions of the host genome (Kidwell, 2002).
Indeed, TE insertions next to genes can modify gene expression patterns while
insertions within genes can directly change gene structure. Thus, proliferation of TEs
induces potentially deleterious effects. To avoid that eukaryotes have developed
mechanisms limiting TE activity. However, TE existence depends on the survival of
eukaryote genome. They have themselves developed mechanisms directing their
integration to specific parts of the genome, and minimizing damages (Sandmeyer,
1998). Thus, there is no doubt that eukaryote genomic DNA has evolved in close
association with TEs.
Eukaryotic TEs are divided into two classes: DNA transposable elements and
retroelements or retrotransposons (Feschotte et al., 2002). There are numerous families
of TEs within each class, based on features (length and target site), and whether they are
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autonomous or non autonomous. The retrotransposons, most commonly isolated from
fungi, transpose via an RNA intermediate (class I elements; Boeke & Stoye, 1997).
There are two broad classes: the major divisions are the LTR retrotransposons
characterized by long terminal repeats (LTRs) at each end and those that lack these
repeats, the Non-LTR retrotransposons (also known as LINE and SINE elements;
Deninger, 1989). The transposons (class II elements) transpose via DNA intermediates
using either a "cut-and-paste" mechanism for those which have terminal inverted
repeats (TIRs) or a rolling circle replicon mechanism, for Helitrons elements similar to
some known prokaryotic transposition mechanism.
Fungi have small genomes, usually with limited amounts of repetitive DNA. The
Ascomycota and Basidiomycota have a strong tendency towards streamlined genomes.
The majority of them contain no more than 10-15% of repetitive DNA (Kempken and
Kück 1998; Wöstemeyer and Kreibich 2002). However, the recent sequencing of the
haploïd genome of L. bicolor highlighted the largest sequenced fungal genome
published (Martin et al., 2008). The 60 megabases (Mb) L. bicolor genome comprises a
higher proportion of repetitive sequences and elements than that identified in the other
fungal genomes.
As TEs are mobile, high-copy, variable and dispersed throughout the genomes, they
can induce serious difficulties in sequence assembly. To assemble L. bicolor genome, it
was necessary to determine the abundance and distribution of TEs.
Here, we report the results of a computer-assisted analysis which provides
information on the abundance (copy number), diversity and distribution for all TE types
and temporal feature for the major TE types: the LTR retrotransposons. Moreover, we
have compared LTR distribution and insertion age of full length LTRs in L. bicolor and
Coprinopsis cinerea, a saprophyte basidiomycete.
     
Sequences analyses were performed using the WGS of the strain S238N-H82
from L. bicolor (Maire) P.D. Orton downloaded from the Joint Genome Institute
website (http://genome.jgi-psf.org/Lacbi1/Lacbi1.home.html) or from the L. bicolor
genome resources (http://mycor.nancy.inra.fr/fr/index.html). The WGS of Coprinopsis
cinerea

was

downloaded

from

the

Broad

Institute

website

(http://www.broadinstitute.org/). The TE reference set used was constructed from
RepeatMasker repeat library (http://www.repeatmasker.org), from Repbase on the
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Genetic

Information

Research

(http://www.girinst.org/repbase/index.html)

Institute
and

website

sequences

from

(GIRI)
NCBI

(http://www.ncbi.nlm.nih.gov/).
Sequence annotation: TEs were annotated in L. bicolor genome using the
RMBLR procedure from the TE annotation pipeline described by Quesneville et al.,
2005. Then, consecutive fragments on both the genome and the same reference TE were
automatically joined if they were separated by a sequence of which more than 80%
consisted of other TE insertions. Simple repeats were found using the Tandem Repeat
Finder program (Benson G, 1999) and used to filter out spurious hits. All TE
annotations that were less than 20bp after removing any regions that over-lopped simple
repeat regions were eliminated. Finally, 215 consensus sequences (complete and
incomplete) which could belong to any class or type of TEs were obtained. LTR
retrotransposons sequences were confirmed by a second identification using the
program LTR_STRUC (McCarthy & McDonald, 2003). To facilitate manual curation,
we automatically promoted the 215 consensus sequences of RMBLR to be the candidate
annotation (defined as a set of one or more joined fragments and by using sequence
alignments with CLUSTALW, http://www.ebi.ac.uk/clustalw), which could then be
validated or modified by the curator in Artemis v11 freeware. A database of TE of L.
bicolor

is

available

on

the

L.

bicolor

genome

resources

(http://mycor.nancy.inra.fr/fr/index.html).
TE copy number estimation and distribution: the copy number for each TE type
in the 60 Mb of L. bicolor genome sequence was calculated on the basis of the elements
obtained from the TE annotation pipeline, TBLASTN searches and the RepeatMasker
analysis used in the previous pipeline. The TE distribution in L. bicolor genome was
established on the RepeatMasker analysis with the TE database of L. bicolor made after
annotation. Specific python scripts were used for the mapping of TE density on the
updated linkage groups from the genetic map of L. bicolor (Labbé et al., 2008).
Multiple sequence alignments by CLUSTALW (http://www.ebi.ac.uk/clustalw)
allowing estimate the age of TEs according to the sequence identity.
Sequence alignments and comparison: to study the phylogenetic relationship
between the major elements form in L. bicolor and C. cinerea, the reverse transcriptase
(RT) amino-acidic sequences were aligned for LTR elements. Multiple sequence
alignments were constructed with CLUSTAL_X (Thompson et al., 1997). Phylogenetic
trees were calculated on the basis of the neighbor-joining method (Saitou, 1997) using
105

PHYLIP with default parameters (Felsenstein, 1989). Bootstrap values were calculated
for each tree from 1000 replicates. The phylogram graphics were obtained using the
freeware FigTree v1.2.3 (http://tree.bio.ed.ac.uk/software/figtree/).
The insertion age of full length LTR retrotransposons was determined from the
evolutionary distance between 5’ and 3’ solo LTR derived from a CLUSTALW
alignment of the two solo LTR by the Kimura two-parameter method (emboss distmat,
http://emboss.sourcesforge.net/). The insertion age was determined for each family of a
category of retroelements (i.e., LTR Gypsy family 1 and LTR Gypsy family 2 found in
L. bicolor). For the conversion of distance to insertion age, a substitution rate of 1.3E-8
mutations per site per year was used (Ma & Bennetzen, 2004).

TE abundance, diversity and distribution
Consensus sequences obtained by TE annotation pipeline (Quesneville et al.
2005) used as queries in BLASTN searches of L. bicolor genomic sequence did not
detect any novels repeats, indicating that the vast majority of TEs had been identified.
The results of these analyses are summarized in Table 1. On the 60 Mb of L. bicolor
genomic sequence, ∼15 Mb (24 %) derived from TEs. Among these 15 Mb, TEs of class
I represent ∼ 5 Mb (8 % of the genome) and TEs of class II represent ∼ 3 Mb (5 % of
the genome). The 7 remaining Mb (11 % of the genome), which did not exhibit
matches, corresponded to truncated and unclassified TEs.
From the 215 consensus sequences obtained by the RMBLR procedure, without
counting TE fragments, we have identified 112 families of TEs in L. bicolor showing
912 full length copies and 24875 incomplete copies. The major class was the class I (84
families) in which the Copia families were the most numerous (46), followed by the
Gypsy (27). The third major families were represented by the TIRs (23, class II). We
have also identified other families: three LINEs, four MITEs, three large
retrotransposon derivatives (LARD), two ERVs, one DIRS and one Helitron.
The identification of thousands of TEs in L. bicolor genome provided the raw
material to address questions about TE diversity and temporal aspect of TE
amplification. We have compared all TE types and families sequences previously
identified by multiple alignments using CLUSTALW. According to sequence diversity,
most of these elements could be considered as ancient except some of them, namely
four TIRs, two MITEs, three LTRs and one LARD (Supplementary Table 1). These
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elements (5 % of total; threshold: 95% of identity) contained nearly identical members,
suggesting recent and ongoing transposition.
#'<dUAZBREBA@T?<?T?F?ZJB<H]AUAHJ?UC^?D<CZ<"

<X?ZEF?<
% TE
DNA amount
composition
(Mb)
in genome

Family

Copy number

Full length /
incomplete

1
LTR
ERV
Copia-like
Gypsy-like
LARD
DIRS
LINEs
Total Class I

2
46
27
3
1
5
84

6585
7
3382
3085
118
19
1249
7860

105 / 6480
4/3
57 / 3325
47 / 3038
1 / 117
1/ 18
5 / 1244
115 / 7745

3.99
0.03
2.23
1.71
0.05
0.01
0.58
4.57

6.65
3.72
2.85
0.96
7.62

Class II
TIRs
Helitrons
MITEs
Total Class II

23
1
4
28

6369
215
249
6833

692 / 5677
2 / 213
103 / 146
797 / 6036

2.85
0.08
0.06
2.99

4.75
0.13
0.10
4.98

TE fragmentsa

60

11094

—

6.96

11.6

TE type

172
14.56
25787
912 / 24875
Total TE
a
Others elements truncated, unclassified and unfound matches (named no cat).

24.2

The TE density was higher in the small scaffolds, whereas the average density
throughout the whole genomic sequence was 430 copies per Mb (Figure 1). To
determine whether the TEs might show differential accumulation in the genome, we
have analyzed their distribution within 10 kb intervals along the updated and anchored
genetic-physical linkage groups of L. bicolor 47.7 Mb (Figure 2). Due to their small
length, the unmapped scaffolds were not included in this analysis. As shown in Figure
2, TEs were not uniformly distributed within each linkage group. Similar results were
obtained within 100 kb intervals (data not shown). Most of linkage groups contain 20 %
of TEs and two, LG 8 and LG 9 respectively contained 60 and 62 % of TEs. On each
linkage group, we observed regions exhibiting high TE density, mainly Copia, Gypsy
and TIRs. In majority, these regions corresponded to proximal ends of the linkage
groups and were correlated with telomere regions for LG 2, LG 4, LG 6 and LG 9. As it
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is commonly found in plant genomes, TEs inserted within another transposable element
are named nests. Groups of TEs located within 10 kb of each other are defined as
clusters (Tikhonov et al. 1999; Fu et al, 2001). We found 382 nests or clusters of TEs
containing 138 families (Figure 3). This
4!<'UAR]CH<U?RU?B?ZJAJCEZ<Eb<JUAZBREBA@T?<?T?F?ZJB<edfg<D?ZBCJG<bSZHJCEZ<JE<J]?<
BHAbbETD<T?ZXJ]<Eb<J]?<X?ZEFCH<B?[S?ZH?<Eb<" 

means that about 80 % of TEs of L. bicolor were either inserted into another element or
positioned adjacently to another element. Among the 382 nests or clusters, 153 were
within the proximal 1 Mb region of the linkage groups. Most of TEs belonging to nests
or clusters were incomplete. LTRs Gypsy and Copia (34 %) were nested or clustered
most often than either TIRs (25 %) or LINE (16 %).
Phylogenetic analysis of the LTR retrotransposons
LTR retrotransposons being the most frequent TEs in the L. bicolor genome
(Copia > Gypsy), we have analyzed the relationships between these elements and those
of C. cinerea where retrotransposons also are over-represented (Gypsy > Copia). Whave
constructed phylogenetic trees based on multiple alignments of various RT domains
including all identified families of LTR retrotransposons on both genome sequences by
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LTR_STRUC (McCarthy & McDonald, 2003) (Figures 4a, 4b and 4c). L. bicolor and
C. cinerea TEs exhibited the same phylogenetic structure with three independent
monophyletic groups. In L. bicolor, the group 1 and 2 mainly comprised Copia, while
the group 3 mainly comprised Gypsy. In C. cinerea, the three groups mainly contained
Gypsy (Figure 4a, Figure 4b). Most of Gypsy and Copia families appeared to be closely
related to each other in both genomes (Figure 4c). Indeed, the group 1 and 3 and the 3
subgroups of group 2 contained both L. bicolor and C. cinerea Copia or Gypsis.
Nevertheless, the subgroup 3 almost exclusively contained C. cinerea Gypsy.
The insertion age of LTR retrotransposons
As shown by Figure 5a and 5b, the first LTR retrotranspsosons were respectively
inserted in L. bicolor and C. cinerea genome 57 and 59 million years ago (Ma). In L.
bicolor, there were three main periods of acquirement of TE families: the first one from
57 to 10 Ma, the second one from 5 to 1 Ma and the last one from 500,000 years ago
until now. In C. cinerea, there were only two main periods of high TE acquirement: one
from 59 to 10 Ma and a second one from 500,000 years ago until now. In L. bicolor,
during the three main periods of TE Copia were more abundant than Gypsy. During the
period of low acquirement (0.5 to 1 Ma), Gypsy were more abundant than Copia. In
contrast, in C. cinerea during the two main periods of TE acquirement, Gypsy were
more abundant than Copia.

7'

Figure 5a Number of LTR retrotransposons families function to their insertion age
expressed in million years in the L. bicolor genome
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Figure 5b Number of LTR retrotransposons families function to their insertion age
expressed in million years in the C. cinerea genome
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Discussion
We have described and characterized 172 TE families in the symbiotic fungus L.
bicolor genome. The localization of these repetitive elements has first greatly improved
the assembly of the L. bicolor genome sequence. In a second step, our results have
contributed to a better knowledge of the role of transposable elements the structure and
the evolution of this genome.
The L. bicolor genome is rich in TEs (24 % of the genome), which explains its
large size compared to other fungi. The major class was the class I with a high
proportion of LTR retrotransposons (Copia > Gypsy). Nevertheless, some other types
were found such as LINE, ERV and LARD. A large proportion of class II elements also
were found, mainly TIRs, Helitron and MITE. Among the 172 recorded families, 40
exhibited intact structure, which suggests that these elements are still active. However,
according to their sequences, most of the families are ancient and only 5 % of them
could be recent and still could have the capacity to transpose.
Phylogenetic analysis of the LTR retrotransposons revealed that these elements are
closely related between them and to retrotransposons found in another basidiomycete,
C. cinerea. The estimation of the insertion age of LTR retotransposons suggests that L.
bicolor had three main periods of acquirement, including a recent one. C. cinerea had
only two main periods of acquirement, which could explain the higher frequency of
LTRs observed in L. bicolor. The first main period of TE insertion in L. bicolor dates
from 57 Ma. This is congruent with the age of the oldest known fossil of
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ectomycorrhiza, which was found in the middle of the Eocene and dates back to about
50 Ma (Lepage et al., 1997). But it is probable that ectomycorhizal basidiomycetes are
more ancient (Selosse & Le Tacon, 1998; Ducousso et al. 2004).
TEs are not randomly distributed across the genome, but are tightly nested or clustered.
The analysis of the TE localization on the linkage groups revealed that the nests or
clusters are positioned at the proximal ends in the telomeric regions. Most of TEs
belonging to nests or clusters are partial and are mainly LTRs (Copia and Gypsy), and
with a least degree, TIRs and LINE. We propose several sources of selective pressure to
explain this type of distribution. The ectopic exchange model states that repetitive DNA
promotes deleterious ectopic recombination events. Since negative selection would be
reduced in regions of low recombination rate, repetitive DNA would accumulate in
regions with low recombination rate. Under the insertion model, TE insertions generally
have a deleterious effect on fitness, and are thus likely to be lost from the population. In
chromosomal segments that have low recombination rates, deleterious mutations are
more likely to be genetically linked to neutral genes, decreasing their negative fitness
effect. Otherwise, the insertion of TE may trigger a runaway process, since it will
provide a target into which other elements may insert without deleterious consequences
(Walbot et al., 2001).
Finally, as all plant and animal and fungal genomes characterized to date, the L.
bicolor genome has a distinctive TE composition and evolution. The high proportion,
the large diversity and the nested and clustered distribution of TE of L. bicolor may
suggest rearrangements promoted by their presence. This nested and clustered
distribution could result from potential insertion sites formed by the SSRs flanking the
transposable elements (Metzgar et al., 2000). This nested structure is predominant in
weakly recombinant telomeric regions, where TE insertion can produce rearrangements
without deleterious effects. However, TEs are distributed throughout the L. bicolor
genome and could be major contributors to the genesis of new genes or to the adaptation
of existing genes. The high density of TEs in L. bicolor genome could explain its
plasticity and its evolution from a saprophytic to a symbiotic way of life.
!
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Figure 2 Density of transposable elements (TE) along the linkage groups of L. bicolor. The density is graphically represented as the number of
TE copy found in a window of 10 kb. Lane 1 represents the density of all TE; Lane 2 represents the density of Gypsy and Copia; Lane 3
represents the density of Helitron; Lane 4 represents the density of LARD; Lane 5 represents the density of LINE; Lane 6 represents the density
of TIRs.
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Figure 3 Screen capture from Artemis v11 reprensenting two samples of the nested and clustered distribution of TE (a) on the LG 5 and (b)on
the LG 1
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Figure 4 a Relationships of LTR retrotransposons of L. bicolor. This phylogenetic tree is
based on reverse transcriptase amino-acidic sequences of all the LTR retrotransposons
identified by LTR_STRUC. In green: group 1, in orange: group 2, in blue: group 3.
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Figure 4b Relationships of LTR retrotransposons of C. cinerea. This phylogenetic tree is
based on reverse transcriptase amino-acidic sequences of all the LTR retrotransposons
identified by LTR_STRUC. In green: group 1, in orange: group 2, in blue: group 3.

120

Figure 4c Relationships of LTR retrotransposons of L. bicolor and C. cinerea. This
phylogenetic tree is based on reverse transcriptase amino-acidic sequences of all the LTR
retrotransposons identified by LTR_STRUC. In green: group 1, in orange: group 2, in blue:
group 3.
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• In natural conditions, basidiomycete ectomycorrhizal fungi such as Laccaria
bicolor are typically in the dikaryotic state when forming symbioses with trees,
meaning that two genetically different individuals have to fuse or ‘mate’. Nevertheless,
nothing is known about the molecular mechanisms of mating in these ecologically
important fungi.
• Here, advantage was taken of the first sequenced genome of the ectomycorrhizal
fungus, Laccaria bicolor, to determine the genes that govern the establishment of
cell-type identity and orchestrate mating.
• The L. bicolor mating type loci were identified through genomic screening. The
evolutionary history of the genomic regions that contained them was determined by
genome-wide comparison of L. bicolor sequences with those of known tetrapolar
and bipolar basidiomycete species, and by phylogenetic reconstruction of gene family
history.
• It is shown that the genes of the two mating type loci, A and B, are conserved
across the Agaricales, but they are contained in regions of the genome with different
evolutionary histories. The A locus is in a region where the gene order is under strong
selection across the Agaricales. By contrast, the B locus is in a region where the gene
order is likely under a low selection pressure but where gene duplication, translocation
and transposon insertion are frequent.
Key words: gene order conservation, mating type loci, mushroom-forming fungi,
recombination, sex chromosome evolution.
New Phytologist (2008) doi: 10.1111/j.1469-8137.2008.02525.x
© The Authors (2008). Journal compilation © New Phytologist (2008)

Introduction
The growth of boreal, temperate and montane forest trees
relies on root colonization by ectomycorrhizal fungi, Basidiomycetes and to a lesser extent Ascomycetes, that provide the
host plant with nutrients and water in exchange for photosynthetically derived carbohydrates. Basidiomycetes display a
life cycle that is predominantly dikaryotic with two separate
haploid nuclei in the hyphal cells, the mating process between

www.newphytologist.org

two monokaryons taking place, in natural conditions, before
the establishment of the symbiotic association (Harley & Smith,
1983) or before the infection of the plant by pathogenic
Basidiomycetes such as Ustilago maydis (for review see Banuett,
2007). In the laboratory, some basidiomycete monokaryotic
mycelia have the potential to form ectomycorrhizas (Kropp &
Fortin, 1988; Gay et al., 1994) but their symbiotic potential
was shown to be lower than that of dikaryons (Kropp &
Fortin, 1988; Gay et al., 1994). Consequently, understanding
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how the specialized regions of the genome that control mating
in fungi (the mating type loci) regulate the formation of the
dikaryons, and if they regulate the establishment of the
symbiotic association, is important. Although the mating type
loci have been studied in a large number of basidiomycete
species (for review see Casselton & Olesnicky, 1998; Fraser &
Heitman, 2004; Fraser et al., 2007), very little is known about
the genetics of mating in ectomycorrhizal fungi. Recently the
first draft genome of a basidiomycete ectomycorrhizal fungus,
Laccaria bicolor, has been released (Martin et al., 2008) and
can be compared with other closely related basidiomycete
genomes in which the mechanisms that give rise to mating
compatibility are understood.
In all Ascomycetes, and some Basidiomycetes, mating compatibility is determined by different alleles of a single mating
type (MAT) locus (mating type system called bipolar). In a large
number of basidiomycete species (55–65% of the Agaricomycotina) the mating compatibility is controlled by different
alleles of two unlinked regions of the genome (Whitehouse,
1949; Raper & Flexer, 1971), commonly known as the A and
B loci (called tetrapolar mating system). The number of
potentially compatible mating type alleles per mating type
locus gives rise to thousands of potentially compatible mating
types in some tetrapolar fungi (e.g. c. 12 000 in Coprinopsis
cinerea and c. 20 000 in Schizophyllum commune; Raper,
1966). The population genetic consequences of the tetrapolar
versus the bipolar system is a reduction in the amount of
interbreeding among the haploid progeny of one individual
(A1B1 can mate with A2B2, but not with A1B1, A1B2 or
A2B1).
The genes encoded by the A and B loci have been characterized in a number of Basidiomycetes. In all studied higher
Basidiomycetes, the A mating type locus contains genes for
two types of homeodomain transcription factors (HD1 and
HD2) and the genes at the B mating type locus encode
lipopeptide pheromones and G-protein-coupled pheromone
receptors (STE3-like pheromone receptors with seven transmembrane domains) (for review see Casselton & Olesnicky,
1998; Fraser et al., 2007). More than one copy of these genes
is frequently observed in agaricomycete species. The model
species C. cinerea contains three gene copies for each type of
homeodomain transcription factor (gene pair a, b and d), at
least six copies of mating type pheromones and three copies of
STE3-like pheromone receptors (subfamily 1, 2 and 3). By
contrast, the model species S. commune possesses two gene
copies for STE3-like pheromone receptors and six pheromone
genes and at least two genes copies for each type of transcription
factor (for review see Casselton & Olesnicky, 1998; Casselton
& Kües, 2007). Each unique combination of alleles at the
different subloci specifies a unique mating type, making the
subloci redundant in function. Receptors and pheromones
diverged rapidly in sequence within and between species. Only
the seven transmembrane domains share enough similarity in
sequence between species to help the assignment of new

STE3-like receptors. By contrast, the mating type pheromones
share only a CaaX motif at the C-terminus and this makes them
difficult to detect. Similarly, the homeodomain transcription
factors diverged in sequence within and between species while
certain domains for essential functions remain conserved.
The Agaricomycetes use an elegant strategy to ensure that
mating-dependent developmental pathways are activated
only after fusion between compatible mates. Two functional
domains of their mating type-specific transcription factors are
separated into two proteins encoded at the A locus by divergently transcribed pairs of the HD1 and HD2 genes, respectively. The products of the HD2 gene family carry the crucial
DNA binding domain, the homeodomain motif HD2. By
contrast, the products of the HD1 gene family carry an atypical
homeodomain motif HD1, with low or no affinity for DNA.
In C. cinerea, HD1 proteins were shown to also carry the nuclear
localization signal (NLS) and the activation domain (AD),
thought to be required for transcriptional activation of target
genes (Asante-Owusu et al., 1996). Moreover, dimerization
motifs were characterized in the N-terminal domains of HD1
and HD2 gene products, respectively. Indeed, heterodimerization
of HD1 and HD2 gene products from the different mates
plays an important role in bringing together the various
domains required for the formation of a functional transcription
factor complex (Banham et al., 1995; Spit et al., 1998). If the
full function of HD1/HD2 heterodimers is conserved across
Agaricales, the functional motifs described in C. cinerea are
also expected to be detected in L. bicolor homologues.
The L. bicolor mating system is considered to be tetrapolar
(Fries & Mueller, 1984; Kropp & Fortin, 1988; Doudrick &
Anderson, 1989) with at least 45 A and 24 B mating type alleles
(Raffle et al., 1995). In order to understand the mechanisms
involved in compatibility and incompatibility during mating
in L. bicolor, it is essential to know which genes are located at
each of the mating type loci. Furthermore, understanding
how allelic diversity can be generated at these loci requires the
analysis of the evolution of these two loci and, in particular,
whether recombination plays a major role in the diversity and
arrangement of genes at these loci. Indeed, an increase in
recombination rate in the vicinity of mating type loci could
reduce the association and potential selective conflicts between
mating type genes and linked genes (Hsueh et al., 2006).
Alternatively, recombination activity within the gene could
mix existing variations in a combinatorial fashion to contribute
to the evolution of novel alleles (Badrane & May, 1999). Such
a mechanism has been suggested to explain the evolution of
shared clusters of genes among major histocompatibility
complex alleles (Hughes et al., 1993; Yuhki & O’Brien, 1994;
Zangenberg et al., 1995) and alleles of the gametophytic
self-incompatibility locus (Awadalla & Charlesworth, 1999;
Vieira et al., 2003). Recombination within a gene may also
have an advantage if it increases the effectiveness with which
deleterious mutations are eliminated (Kondrashov, 1984;
Rice, 2002). Such an effect may be most relevant among
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interacting genes (Rice, 1998) or among sex-determining
alleles (Beye et al., 1999).
The aim of the present study was to identify the A and B
loci in whole-genome sequences of L. bicolor and compare the
genes and their arrangement to loci known in other Basidiomycetes such as C. cinerea, Phanerochaete chrysosporium or
Pleurotus djamor. We then analysed whether the two loci have
evolved with recombination in or around the loci and within
genes at these two loci.

Materials and Methods
Strains and culture conditions
A fruiting body of L. bicolor (Maire) P.D. Orton (common
name: bicoloured deceiver) was collected in 1976 under Tsuga
mertensiana in the Crater Lake National Park (OR, USA) by
J. Trappe and R. Molina and deposited at the Forest Service
(Corvallis, OR, USA). A subculture of this strain, so-called
S238-O, was transferred to INRA-Nancy in 1980 and renamed
S238N (Di Battista et al., 1996). For this study, spores of L.
bicolor were obtained from sporophores collected under
Pseudotsuga menziesii, that had been inoculated with L. bicolor
strain S238N in a glasshouse or in a nursery (Di Battista et al.,
1996) and germinated according to Fries (1983). Forty-two
different sib-monokaryotic mycelia were used in this study,
including the H82 line whose genome was sequenced
(Martin et al., 2008). All material was stored and subcultured
at INRA-Nancy (Champenoux, France). All monokaryotic
strains were grown in Petri dishes containing a modified
Pachlewski agar medium (Di Battista et al., 1996) and
incubated at 25°C.
MAT loci annotation
The L. bicolor genome sequencing, assembly and annotation
were described in Martin et al. (2008). All L. bicolor sequences
from the monokaryon H82 are available at the Joint
Genome Institute website: http://genome.jgi-psf.org/Lacbi1/
Lacbi1.home.html. Complete C. cinerea (= Coprinus cinereus)
DNA sequences and protein sequences were obtained from
the C. cinerea strain Okayama 7 genome database (Coprinus
cinereus Sequencing Project, Broad Institute of MIT and
Harvard, http://www.broad.mit.edu; Stajich et al., 2006),
while sequence data for P. chrysosporium (Martinez et al., 2004)
were obtained from the Joint Genome Institute website
(http://genome.jgi-psf.org/Phchr1/Phchr1.home.html) and
the sequence data for Pleurotus djamor from National Center
for Biotechnology Information (NCBI) GenBank (accession
numbers AY462111 and AY462110 for A and B locus,
respectively). The evolutionary relationships between species
used in the present study are shown in Supplementary
material Fig. S1. We carried out blast translated DNA and
amino acid sequence similarity searches of the predicted

3

proteins from C. cinerea and P. chrysosporium mating type
regions against the L. bicolor translated genome and vice versa
using BLOSUM62 substitution matrices and the DUST
and SEG filters for low-complexity regions (Altschul et al.,
1997). All reciprocal hits were tested for functional homology
by psi-blast searches against all NCBI database (http://
www.ncbi.nlm.nih.gov/BLAST/) and SMART (http://
smart.embl-heidelberg.de/index2.cgi) searches for putative
conserved domains. Genes were annotated in L. bicolor based
on homology to the existing annotation in other fungi.
Correction on some L. bicolor, C. cinerea and P. chrysosporium
gene annotation as the annotation of new genes for P. djamor
and new pheromone-like genes in L. bicolor and C. cinerea are
detailed in the Supplementary Material, Text S1.
Syntenic relationships were illustrated with chromomapper
(http://www2.unil.ch/biomapper/chromomapper/, NiculitaHirzel & Hirzel, 2008). coils program (http://
www.ch.embnet.org/software/COILS_form.html;
Lupas
et al., 1991) was used to locate dimerization motifs at a
window size of 14 sites. hmmtop 2.0 (Tusnády & Simon, 2001),
tmhmm (Center for Biological Sequence Analysis, Technical
University of Denmark, Lyngby, Denmark) and phobius (Käll
et al., 2007) programs were used to predict the transmembrane
helices in STE3-like pheromone receptor proteins.
Phylogenetic reconstruction
Protein-coding DNA sequences were aligned using the ClustalW
algorithm and edited by hand in bioedit version 7.0.5.3
(Hall, 1999). To reconstruct the evolutionary relationships of
L. bicolor STE3-like pheromone receptor sequences with
that of other fungal species the full-length coding sequences
of the STE3-like pheromone receptor genes deduced from
the L. bicolor genome (http://genome.jgi-psf.org/Lacbi1/
Lacbi1.home.html; Martin et al., 2008), the C. cinerea strain
Okayama 7 genome (http://www.broad.mit.edu/annotation/
genome/coprinus_cinereus/Home.html), the P. chrysosporium
genome (http://genome.jgi-psf.org/Phchr1/Phchr1.home.html),
as well as from the Coprinellus disseminatus and P. djamor B
locus sequences available at the NCBI GenBank were used.
The Cryptococcus neoformans STE3 sequence was added as an
outgroup. The accession numbers of all these sequences are
given in the Supplementary Material section. To estimate
phylogenetic relationships, the alignment was analysed using
sequential and parallel maximum likelihood-based inference
as implemented in the raxml software, version 4.0.0
(Stamatakis, 2006), with a general time-reversible model of
nucleotide substitution and additionally assuming a percentage
of invariant sites and gamma-distributed substitution rates at
the remaining sites (GTR + I + G). Branch support was
inferred from 1000 replicates of nonparametric bootstrapping
(Felsenstein, 1985). Additionally, a Bayesian Markov chain
Monte Carlo (MCMC) analysis was performed using mrbayes
3.1 (Ronquist & Huelsenbeck, 2003). We ran two independent
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Fig. 1 Relative position in the mating type
genes of the primers used in the allele-specific
polymerase chain reaction (PCR) test. Primer
pairs designed for STE3.1.1, STE3.2.1
STE3.3.1, Lba1.1 and Lba2.1 genes amplify
specifically the allele 1 of the dikaryon S238N.
Two primer pairs were designed for Lba1.1
and Lba2.1, one covering the 5′ region of the
gene and the other the 3′ region of the gene.
Primer pairs designed for STE3.1.2 and Lba2.2
genes amplify specifically the allele 2 of the
dikaryon S238N. Primer pairs designed for
GLYDH, RPB2 and UPB2 amplify the two
alleles present in the dikaryon S238N. Primers
are indicated as thin arrows. Genes are
indicated as bold arrows, with orientation
indicating the direction of transcription.

MCMC analyses, each involving six incrementally heated
chains over one million generations, using the GTR + I + G
model of nucleotide substitution and starting from random
trees. Model parameters were not fixed but sampled during
MCMC. Trees were sampled every 100 generations, resulting
in an overall sampling of 10 000 trees per run, from which the
first 5000 trees of each run were discarded. The remaining
5000 trees sampled from each run were pooled and used to
compute a majority rule consensus tree to get estimates for the
posterior probabilities. Stationarity of the process was assessed
using the tracer software (Rambaut & Drummond, 2003).
Gene expression
Expression of predicted mating type genes was detected in
free-living mycelium of L. bicolor S238N, ectomycorrhizal
root tips (Douglas fir ECM and Poplar ECM) and fruiting
bodies of L. bicolor S238N using the L. bicolor whole-genome
expression array data described in Martin et al. (2008).
DNA extraction
Mycelium for DNA extraction was prepared by growing
isolates at 28°C in 20 ml of Pachlewski liquid medium
according to Henrion et al. (1992), until stationary phase.
The mycelium was removed from the growth medium, rinsed
in H2O, and lyophilized. Approximately 80 mg were used for
DNA extraction, using the DNeasy Plant Mini Kit (Qiagen,
Courtaboeuf, France) according to the manufacturer’s
instructions, and DNA was recovered in 50 μl of distilled
water. Quality of DNA extracts was tested by polymerase
chain reaction (PCR) amplification of the ribosomal DNA
internal transcribed spacer (ITS) using the following primers:

ITS1 (5′-TCCTCCGCTTATTGATATGC-3′) and ITS4
(5′-TCCGTAGGTGAACCTGCGG-3′) (Henrion et al., 1992).
Recombination analysis
In order to determine the recombination rate between and
within L. bicolor mating type loci, the inheritance of the allele
1 or allele 2 of each mating type gene present in the dikaryon
S238N was determined in 42 sib-monokaryons, (F1 progeny
of the dikaryon S238N) by a allele specific PCR test. The
allele 1 corresponds to the monokaryon H82 sequence whose
genome was sequenced (Martin et al., 2008). A partial sequence
of the second allele of Lba1 (Lba1.2) and LbSTE3.1
(LbSTE3.1.2) were obtained from the dikaryon L. bicolor
S238N cDNA library constructed and sequenced as described
in the Supplementary Material section. Contigs with alleles
Lba1.2 and with LbSTE3.1.2 were generated from the accession
numbers EYMTT9U01EFVE6, EYMTT9U01DQOK6 and
EYMTT9U01BO6Z1, EYMTT9U01CEA01, EYMTT9U01DUGTU, EYMTT9U01BX66W, EYMTT9U01BX9M2,
EYMTT9U01BXYKF, EYMTT9U01D5QSG and EYMTT9U01DNINT, respectively.
Allele-specific primer pairs were designed for amplifying
mating types genes Lba1.1, Lba2.1, STE3.1.1, STE3.2.1 or
STE3.3.1 alleles or for genes Lba1.2 or STE3.1.2 from the
opposite mating type, respectively. Primer pairs were also
designed for detection of either of the respective alleles of two
genes surrounding the A locus: GLYDH, RPB2, and of one
gene localized in the proximity of the B locus: UPB2 (Fig. 1,
see the Supplementary Material, Table S1).
Two independent PCRs were conducted for each gene in
each monokaryon. The DNA from the monokaryon H82
and the dikaryon S238N was used as a positive control. A
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Fig. 2 Schematic depiction of Lba1 and Lba2 with their regions
encoding conserved and divergent protein domains: homeodomain
(HD1 and HD2), nuclear localization signals (NLS1 and NLS2),
activation domains (AD1 to AD3) and dimerization motifs (Di-1 to
Di-4). Genes are indicated as arrows, with orientation indicating the
direction of transcription.

PCR was carried out on 15 ng of genomic DNA in 25 μl,
with final concentrations of 250 μm of each dNTP, 0.2 μm of
each of the primers (Microsynth, Balgach, Switzerland), Qiagen PCR buffer containing 25 mm MgCl2 1×, 1.5 units of
Taq DNA Polymerase (Qiagen). Reactions were performed in
a T1 Thermocycler (Biometra, Châtel-St-Denis, Switzerland)
under the following conditions: initial denaturation at 94°C
for 30 s, annealing at specific temperature (Supplementary
Material, Table S1) for 30 s and extension at 72°C for 90 s.
After 40 cycles, a terminal extension of 7 min at 72°C was carried
out. Finally the PCR products were run in 1% agarose gel. In
order to confirm if the sequence is belonging to the allele 1 or
allele 2 of a particular gene, amplicons from five monokaryons
were purified using a MinElute PCR purification kit (Qiagen,
Hombrechtikon, Switzerland) and directly sequenced on both
strands using the forward and reverse primers. Sequencing
reactions utilized the BigDye sequencing kit (Applied Biosystems,
Rotkreuz, Switzerland) and were analysed on an ABI3700
DNA sequencer. The two alleles of GLYDH, RPB2 and UPB2
in the progeny dikaryon S238N were always found to be
identical in sequence.

Results
Characterization of the L. bicolor A locus
We screened the L. bicolor genome of the H82 monokaryon
for HD1 and HD2 sequences and found one gene encoding
the HD1 domain (Lba1, ID: 301103) and one gene encoding
the HD2 domain (Lba2, ID: 379291). The two genes are
linked and divergently transcribed (Fig. 2) as seen in A mating
type loci of other basidiomycete species (Casselton &
Olesnicky, 1998; James et al., 2004, 2006). As expected,
HD1 and HD2 domains were both highly conserved between
the Basidiomycetes, including L. bicolor. However, few other
motifs were found to be conserved among products of the
HD1 gene family (see the Supplementary Material, Fig. S2).
The absence of motifs conserved among products of the HD2
gene family (see the Supplementary Material, Fig. S3) is in
accordance with the finding in C. cinerea that almost all
sequence C-terminal to the HD2 homeodomain can be deleted
without a loss of function (Kües et al., 1994).

5

The conserved motifs between the HD1 proteins correspond to nuclear localization signals, transactivation domains
and dimerization domains already characterized in C. cinerea.
Indeed, the two nuclear localization signals (NLS1 and NLS2)
present in the C-terminal region of the C. cinerea HD1
proteins (Tymon et al., 1992, Asante-Owusu et al., 1996,
Spit et al., 1998) were both detected in the L. bicolor Lba1
protein (Fig. 2, Fig. S2). These observations suggest a
functional conservation of both nuclear localization motifs in
Agaricales.
Four transactivation domains, AD1–AD4, were predicted
in C. cinerea HD1 proteins (Badrane & May, 1999), but only
three of them (AD1, AD2 and AD4) appear to be of functional
importance (Kües et al., 1994, Asante-Owusu et al., 1996).
The similarity in the serine, threonine and proline composition
(Mermod et al., 1989; Tymon et al., 1992) and the sequence
conservation of five to seven amino acids between AD1 or
AD2 transactivation domains of L. bicolor, C. cinerea, C.
disseminatus (a1 protein only) and Coprinopsis scobicola HD1
proteins, suggest a functional conservation of these two domains
through all these species. By contrast, the low similarity in
amino acids composition and the absence of sequence conservation observed between AD4 of L. bicolor and the other
fungal species suggest that this transactivation domain might
not be functional in L. bicolor (Fig. S2).
Because a heterodimeric interaction between HD1 and
HD2 proteins is required for sexual compatibility (Banham
et al., 1995; Spit et al., 1998), we looked for coiled/coil motifs
using predictive algorithms (Lupas et al., 1991). The robustness
of these predictions has already been tested by Badrane &
May (1999) on C. cinerea proteins. Two coiled/coil motifs,
Di-1 and Di-2, were predicted in the Lba2 protein with a high
probability (P = 0.90 and P = 0.98, respectively; Fig. S3), one
on each side of the HD2 domain (Fig. 2). Interestingly, only
the Di-1 motif is at a similar position in all Agaricales proteins
and was shown to be functional in C. cinerea proteins suggesting
that only this motif has an important role in Lba1/Lba2
dimerization (Banham et al., 1995).
For the Lba1 protein, three coiled/coil motifs were predicted
with distinct probabilities: one on N-terminal and two on
C-terminal of HD1 domain (Fig. 2). The N-terminal motif,
Di-1, was predicted with a low probability (P = 0.30) as in C.
cinerea alleles (P = 0.088–0.35). However, Di-1 was proved
to have a functional importance for heterodimerization
and protein discrimination in C. cinerea (Banham et al.,
1995). Consequently, it seems that the Di-1 motif could
also participate in Lba1/Lba2 protein dimerization. The
C-terminal coiled/coil motifs, Di-3a and Di-3b, of Lba1
were predicted with a strong probability of 0.90 and 0.98,
respectively (Fig. S2) and their positions are conserved
between the Lba1 and two proteins of C. disseminatus or Lba1
and most C. cinerea HD1 proteins. Nevertheless, in vitro
protein dimerization studies with C. cinerea proteins suggest
that Di-3b does not participate in heterodimerization
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Fig. 3 Schematic comparison of the B locus from Laccaria bicolor, Coprinopsis cinerea, Pleurotus djamor and Phanerochaete chrysosporium
drawn with CHROMOMAPPER (Niculita-Hirzel & Hirzel, 2008). Only the pheromones genes and STE3-like receptors were drawn. The species names
are labelled on the left. Arrows represent individual genes. The colour gradient indicates in how many species the gene is present, from yellow
(one species) to red (all species). Connectors join orthologous genes, as determined by the phylogenetic analysis performed in the present study.
The DNA scale (bp) is indicated on the bottom. The order of the C. cinerea genes from left to right is as follows: CcPhB1, CcSTE3.1 (rcb143),
CcPhB2 (phb143), CcPhB3, CcPhB4 (phb2.343), CcPhB5 (phb2.243), CcPhB6 (phb2.143), CcSTE3.2a (rcb243), CcSTE3.2b, CcSTE3.3 (rcb343),
CcPhB7 (phb3.143), CcPhB8 (phb3.243), CcPhB9 (phb3.343), CcSTE3-2151 and CcSTE3-2153 (names in brackets refer to the nomenclature used
previously for genes as identified by Riquelme et al., 2005). The order of the P. djamor genes from left to right is Pdphb1 and PdSte3.3 (James
et al., 2004) and the order of the P. chrysosporium genes PcSTE3-432, PcSTE3-276, PcSTE3-430 (this study). Note that there are no pheromone
genes linked to the pheromone receptor genes in the bipolar basidiomycete P. chrysosporium.

(Banham et al., 1995). These contradictory data prevented us
from concluding on an eventual function of the Di3-a motif
in Lba1/Lba2 dimerization.
Characterization of the L. bicolor B locus
In a tetrapolar species, such as L. bicolor, the B locus is
expected to contain at least one mating type pheromone gene
and one STE3-like pheromone receptor gene. The L. bicolor
genome was screened with all known Agaricales STE3-like
sequences and thirteen STE3-like pheromone receptor genes
were identified. Their distribution in the L. bicolor genome is
given in the Supplementary Material (Table S2). Only eight
of these genes encode all the seven transmembrane helices
characteristic of STE3-like receptors (as predicted by hmmtop,
tmhmm and phobious programs). The other five genes
correspond to partial duplication of pheromone receptor
genes and they are not functional (Table S2). Mating type
specific pheromone genes (PhB1, PhB2 and PhB3; Fig. 3),
encoding the characteristic CaaX motifs at the C-terminus of
their proteins, were detected only in the close proximity of

LbSTE3.1, LbSTE3.2 and LbSTE3.3. These three STE3-like
pheromone receptors/mating type pheromone gene pairs are
clustered in one locus of scaffold 56 (Fig. 3).
Interestingly, the molecular phylogeny of STE3-like
pheromone receptor sequences from L. bicolor, C. cinerea, C.
disseminatus, P. djamor and P. chrysosporium shows that
LbSTE3.1, LbSTE3.2 and LbSTE3.3 belong to the three
independent subfamilies of STE3-like receptors known to be
involved in mating in C. cinerea (Riquelme et al., 2005, Fig. 4).
In C. cinerea, the genes for these three STE3-like receptors
(CcSte3.1, CcSte3.2b and CcSte3.3) are grouped into a single
locus encompassing approx. 9.5 kb, with two or more matingtype-specific pheromone genes being associated with each of
them and an extra gene coding for another CcSte3.2 receptor
(CcSte3.2a) in between that appeared to be obtained through
a gene duplication event (Figs 3, 4). Surprisingly, the order
of the genes coding for the three independent subfamilies
of STE3-like receptor is conserved between C. cinerea
strain Okayama 7 and L. bicolor H82 monokaryon despite
the lack of homology in the surrounding regions between the
two species.
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Fig. 4 Phylogenetic relationships between
the STE3-like pheromone receptors. An
alignment of the seven transmembrane
domains of the coding STE3-like sequences
was used. The phylogram is derived by
heuristic maximum-likelihood (ML) analysis
using a time-reversible model of nucleotide
substitution, additionally assuming a portion
of invariable sites and gamma-distributed
substitution rates at the remaining sites
(GTR + I + G). Branch support values were
calculated from Bayesian Markov chain
Monte Carlo analysis (numbers above) and
from 1000 replicates of nonparametric ML
bootstrap analysis (numbers below). Branch
lengths are scaled in terms of expected
numbers of nucleotide substitutions per site.
STE3.1, STE3.2 and STE3.3 indicate,
respectively, the three subfamilies of
STE3-like receptors involved in mating. Cc,
Coprinopsis cinerea; Cd, Coprinellus
disseminatus; Cn, Cryptococcus neoformans;
Lb, Laccaria bicolour; Pc, Phanerochaete
chrysosporium; Pd, Pleurotus djamor.

Four of the five other full-length L. bicolor STE3-like receptors genes (LbSTE3.4, LbSTE3.6 and LbSTE3.9, LbSTE3.13)
appear to be homologues to three other subfamilies of STE3
receptors that are not known to play a role in mating (Fig. 4).
Moreover, no pheromone genes were found in the proximity of
these receptors suggesting that they do not assume the B locus
function. Nevertheless, 45 more pheromone-like genes encoding
peptides with a CaaX motifs at their C-terminus, were detected
spread throughout the L. bicolor genome, of which 36 look
functional (Table S3). The unprocessed precursors of all these
pheromone-like peptides have a shorter N-terminal domain than
the mating type-specific pheromone precursors and, surprisingly,
they have multiple homologues in the C. cinerea genome
(Fig. S4). The sequence conservation of these pheromone-like
peptides, as well as of nonmating type STE3-like pheromone
receptors, suggests that the function of these shared components of
signalling pathways is conserved between C. cinerea and L. bicolor.

To examine whether all the full-length STE3-like receptors
of L. bicolor are functional, transcript profiling was carried out
using the custom NimbleGen oligoarray. The eight full-length
STE3-like receptor genes were all expressed in free-living
mycelium, ectomycorrhizal root tips and fruiting bodies
(Table S4). But only LbSTE3.1, LbSTE3.2 and LbSTE3.6 genes
were strongly repressed, as were the three mating type pheromone genes and the transcription factor genes Lba1 and Lba2
in the fruiting body of the S238N strain (Table S4). This finding
is interesting because the fruiting body is the tissue in which
changes from a dikaryotic stage to a diploid stage occurs.
Recombination within and around A and B mating
type loci
Analysis by allele-specific PCR test of A and B allele
segregation in S238N progeny showed that the two mating
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type loci are unlinked. Moreover, when the two loci are mapped
on linkage group J in the L. bicolor genetic map of Doudrick
et al. (1995), their position corresponds to that expected
for the mating type loci (J. Labbé et al., unpublished).
These observations confirmed that the newly characterized A
and B loci correspond to the functional A and B loci.
Interestingly, the A and B mating type loci are located on
chromosomes of very different size – the A locus on the
largest chromosome and the B locus on one of the smallest
chromosomes (Martin et al., 2008; J. Labbé et al., unpublished) – as is the case in C. cinerea (O’Shea et al., 1998). In
C. cinerea, the linkage map is similar in length between the
two chromosomes containing the mating type loci despite the
huge difference between their physical maps (Muraguchi
et al., 2003). In consequence, the organization around the A
locus is expected to be maintained by a low recombination
frequency, whereas that around the B locus is predicted to be
much less conserved because of a high recombination frequency
(Casselton & Kües, 2007).
To examine whether the L. bicolor A- and B-containing
regions are in genomic regions with different recombination
rates, we explored different genomic characteristics that are
known to illustrate the recombination frequency such as the
length of intergene distance or the presence of G + C rich
sequences. Indeed, although recombination events would be
counterselected within clusters of essential genes with short
intergene distances (Pal & Hurst, 2003; Poyatos & Hurst,
2007), they will be frequent in clusters of genes with large
intergene distances (Cromie et al., 2007). Moreover, in the
basidiomycete C. neoformans frequent recombination events,
detected in the border of the mating type locus, are associated
with regions with a high G + C content (Hsueh et al., 2006).
To address this issue, we first determined the median intergenic distance. It was found that the intergene spacers had
different sizes between the two regions of the genome. The
distance between genes was small in the 450 kb surrounding
the A locus (median = 229 bp; Supplementary material
Fig. S5a). By contrast, it was longer in the 350 kb surrounding
the B locus (median = 1.4 kb; Supplementary Material Fig. S5c).
Notably, the intergenic distances within the B locus (LbSTE3.1,
PhB1, LbSTE3.2, PhB2, LbSTE3.3, PhB3) were relatively
short, those within B subloci being shorter than those between
B subloci (464 bp and 819 bp, respectively; Fig. S5c). This
difference in the intergene length between the two regions
containing the MAT loci suggests differences in recombination
rates between these two regions, the A locus being in region
subject to lower rates of recombination.
Second, we monitored the presence of potential recombination hotspots by determining the G + C content in the two
genomic regions with a 4-kb sliding window. No G + C-rich
sequences were detected in the proximity of the A locus, the
closest one being situated 250 kb downstream of the A locus
(Fig. S5b). However, no G + C peak was detected surrounding
the B locus either (Fig. S5d). These features would suggest an

absence of recombination and, in particular, of hotspot
recombination in the proximity of both loci.
Recombination is known to be suppressed within the mating
type loci of different basidiomycetes (Fraser et al., 2007) or
within the regions encoding the protein domains mediating
self/nonself recognition (Badrane & May, 1999). When
recombination occurs a local enrichment in G and C can
often be observed (Duret et al., 2006). Therefore, we calculated the G + C content in the two MAT loci with a small
sliding window of 100 bp. Short G + C rich sequences (over
60%) were detected within both loci: in the B locus upstream
of the LbSTE3.1, LbSTE3.2 and LbSTE3.3 genes, and in the
A locus in the 3´end of gene Lba2 (Supplementary Material,
Fig. S6). The authenticity of these recombination sites was
tested by an allele-specific PCR test for mating type genes.
This test monitored the recombination events occurring at
the MAT loci of the 42 S238N sib-monokaryotic progeny
between LbSTE3.1, LbSTE3.2 and LbSTE3.3 genes as well as
between and within genes Lba1 and Lba2 (Fig. 1, Table 1).
Surprisingly, in most of the recombining individuals only one
of the two genotypes, expected after a reciprocal exchange, is
observed, suggesting that these products are an outcome of a
nonreciprocal exchange (gene conversion). The excess of one
parental genotype to the other infers the same hypothesis. A
high number of recombination events were detected in the 3′
end of the Lba2 gene and upstream of the LbSTE3.2 and
LbSTE3.3 genes, as predicted by the high G + C content
(Table 1). Recombination events occurring upstream of the
LbSTE3.1 gene could not be detected by the PCR test. No
crossing-over events were detected in the A locus, but one was
detected in the B locus between the first and second B subloci.
Gene order conservation
Because gene pairs with short intergene spacers are less likely
to have been rearranged during evolution (Poyatos & Hurst,
2007) we expected a higher conservation of the gene order in
the A mating type containing region than in the B mating type
containing region, with a conservation of the gene order
restricted to the B locus itself. This prediction was confirmed
by genomic comparison between L. bicolor and C. cinerea, the
closest species to L. bicolor with a fully sequenced genome.
The syntenic region containing the A locus spans more than
350 kb (331 kb in L. bicolor and 363 kb in C. cinerea) with
119 genes being homologues between the two species (Fig. 5;
36–80% of sequence identity depending on the genes with
the exceptions of HD1 and HD2 genes that present only 20%
and 15% of sequence identity, respectively). Just two insertions
of one and three genes and one deletion of one gene
(FMNOR) are observed in this part of the L. bicolor genome
compared with the C. cinerea genome. The shared gene order
is also relatively conserved at a longer phylogenetic distance,
such as with P. djamor and P. chrysosporium (Fig. 5). The
inversion events that disturbed the synteny in this region
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Locus

Genotype

Number observed

Observed frequency

B
B
B
B
B
B
B
B
A
A
A
A
A
A
A
A
A
A

STE3.1.1 STE3.2.1 STE3.3.1
STE3.1.2 STE3.2.2 STE3.3.2
STE3.1.2 STE3.2.1 STE3.3.2
STE3.1.1 STE3.2.2 STE3.3.1
STE3.1.1 STE3.2.1 STE3.3.2
STE3.1.2 STE3.2.2 STE3.3.1
STE3.1.2 STE3.2.1 STE3.3.1
STE3.1.1 STE3.2.2 STE3.3.2
A2C.1 A2N.1 A1N.1 A1C.1
A2C.2 A2N.2 A1N.2 A1C.2
A2C.1 A2N.1 A1N.1 A1C.2
A2C.2 A2N.2 A1N.2 A1C.1
A2C.1 A2N.2 A1N.2 A1C.2
A2C.2 A2N.1 A1N.1 A1C.1
A2C.1 A2N.2 A1N.2 A1C.1
A2C.2 A2N.1 A1N.1 A1C.2
A2C.1 A2N.2 A1N.1 A1C.1
A2C.2 A2N.1 A1N.2 A1C.2

13
7
8
0
12
0
1
1
8
12
0
2
13
0
1
0
3
0

31.0%
16.7%
19.0%
0.0%
28.6%
0.0%
2.4%
2.4%
20.5%
30.8%
0.0%
5.1%
33.3%
0.0%
2.6%
0.0%
7.7%
0.0%

9

Table 1 Recombination events detected in
the mating type loci of F1 progeny of S238N

The parental alleles are noted 1 (H82 monokaryon) and 2 (in bold type) for each locus. N refers
to the 5’ region of the gene and ‘C’ to the 3′ region of the gene.

during evolution are clearly visible. It is interesting to note
that all the genes in this conserved region are single copies in
the fungal genomes and that several of them, including pab1
and ade8, are critical for fungal fitness in nature (Fig. 5; Kües
et al., 2001; James et al., 2004).
In contrast to the A locus-containing region, little gene
order conservation was observed around the B locus between
L. bicolor and the other Agaricomycotina (Supplementary
Material, Fig. S7).
Two STE3-like pheromone receptor genes, LbSTE3.4 and
LbSTE3.6, are located at the proximity of LbSTE3.1, LbSTE3.2
and LbSTE3.3 in the L. bicolor genome. Similarly, their
homologues in C. cinerea, CcSTE3-2151 and CcSTE3-2153
are located 38 kb downstream of the C. cinerea B locus. One
gene, UPB2, coding for a conserved protein of unknown
function, is found in C. cinerea and P. djamor in close vicinity
to the B mating type genes and is still linked to the L. bicolor
B locus but it is highly duplicated upstream to the pheromone
receptor genes of the L. bicolor B locus (Fig. S7). Two genes
linked to the B locus in P. djamor and C. cinerea (RPS19 and
CLA4) were not found in L. bicolor in the region surrounding
of the B locus, but in another scaffold (scaffold 5) which also
contains a gene coding for a nonmating-specific STE3-like
pheromone receptor (LbSTE3.9) at a distance of 424 kb. By
contrast, two genes located 5′ (2083 and 2084) and two genes
located 3′ (2089 and 2114) to genes RPS19 and CLA4 in C.
cinerea were also found 240 kb upstream of the L. bicolor B
locus (Fig. S7). Interestingly, in addition to gene duplication
and translocation events, the surrounding of the L. bicolor B locus
showed an accumulation of transposable elements (Fig. S7).
These observations suggest high rearrangement rates in the
genomic regions surrounding the B locus of L. bicolor.

Discussion
We have investigated the genetics underlying of the tetrapolar
mating system of the ectomycorrhizal fungus L. bicolor. Using
genome comparison, molecular phylogeny, allele-specific
PCR tests and gene expression, we demonstrated that the
mating specificity in this species is encoded by the two mating
type loci known in Agaricomycotina, the A mating type locus
(homeodomain transcription factor genes) and the B mating
type locus (pheromones/pheromone receptor genes). The two
loci are located in two unlinked genomic regions and have a
very different evolutionary history.
Conservation of mating type gene functions
Comparisons of gene structures between distinct lineages
have been instrumental in understanding the conservation of
structural motifs necessary for protein function and, further,
in developing predictive algorithms that relate secondary
structure and protein function (Lupas et al., 1991). We used
the sequence variation at the A and B mating type loci to test
the correlation between known function and sequence
conservation. We showed that, despite more than 100 million
years of divergence (Berbee & Taylor, 2001), the L. bicolor and
C. cinerea mating type proteins share sequence conservation
for all C. cinerea functional domains. The Lba2 protein carries
the classical homeodomain that binds target DNA sequences.
The Lba1 protein carries the atypical homeodomain, two
nuclear localization domains, as well as at least two of the
functional transactivation (AD1 and AD2) domains described
in C. cinerea HD1 proteins AD1 and AD2 (Kües et al., 1994;
Asante-Owusu et al., 1996; Badrane & May, 1999). The
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Fig. 5 Schematic comparison of genomic regions containing the A locus from Laccaria bicolor, Coprinopsis cinerea, Pleurotus djamor and
Phanerochaete chrysosporium drawn with CHROMOMAPPER (Niculita-Hirzel & Hirzel, 2008). Some genes conserved across species are of known
function such as mitochondrial intermediate peptidase (MIP), the essential subunit of Sec61 complex that forms a channel for SRP-dependent
protein import and retrograde transport of misfolded proteins out of the ER (Sec61), glycine dehydrogenase (GLYDH), ketopantoate reductaselike protein (KPAR), GDP-fucose transporter-like protein (GDPF), para-amino acid synthase (pab1) and aminoimidazole ribonucleotide
synthetase (ade8). The species names are labelled on the left. Arrows represent individual genes. The colour gradient indicates in how many
species the gene is present, from yellow (one species) to red (all species). Dark and light blue arrows refer to HD1 and HD2 genes, respectively.
Connectors join orthologous genes. The DNA scale (bp) is indicated on the bottom. Data stem from P. djamor (positions 1–75 000 from GenBank
accession no. AY462111; James et al., 2004), C. cinerea (positions 382 826–488 764 from contig 26, http://www.broad.mit.edu/annotation/
genome/coprinus_cinereus/Home.html), L. bicolor (positions 1 143 076–1 245 371 from scaffold 1, JAZZ annotation v.1.0, http://genome.jgipsf.org/Lacbi1/Lacbi1.home.html), P. chrysosporium (positions 1 012 000–1 106 000 from scaffold_13, http://genome.jgi-psf.org/Phchr1/
Phchr1.home.html).

position of dimerization domains is also conserved between L.
bicolor and C. cinerea in HD1 and HD2 proteins. Conservation
is, however, surprising for the AD3 transactivation domain as
this motif is less conserved between C. cinerea and its closer
relatives, C. scobicola and C. disseminatus, than between C.
cinerea and L. bicolor (Fig. S2). Moreover, this domain was
not found to be functionally essential in C. cinerea HD1
proteins (Kües et al., 1994; Asante-Owusu et al., 1996).
Site-directed mutagenesis combined with biochemical assays
will be necessary to test if this domain provides a specific
function to Lba1 alleles.
In the B locus, STE3-like pheromone receptor genes
encode for a seven transmembrane protein which couple to
heterotrimeric guanine nucleotide-binding proteins (α, β, and
γ GTPase proteins) to effect intracellular signalling (Casselton
& Olesnicki, 1998). Despite the dissimilarity in primary
sequence, the L. bicolor STE3-like pheromone receptor genes
have a common tertiary structure with those of the other
Agaricales, namely, a short N-terminal extracellular domain,
seven hydrophobic α-helices (the transmembrane domains),

three extracellular and three intracellular loops, a C-terminal
intracellular tail (Supplementary Material, Fig. S8). The
particularity of L. bicolor receptors lies in the relatively short
C-terminal tail compared with those of C. cinerea or of those
of the ascomycete Saccharomyces cerevisiae. Such a short terminal
tail means that an interaction between the terminal tail and
the GTPase α subunit is unlikely. In the S. cerevisiae STE3
receptor, the second and third intracellular loops of the protein
were predicted to interact with the GTPase α subunit (reviewed
by Bourne, 1997) and the first and third extracellular loops
with the mating type specific pheromone (Sen & Marsh,
1994). If these functions are conserved in Agaricales, a higher
conservation of the domain interacting with the GTPase
protein (the second and third intracellular loop of STE3-like
receptor) compared with those interacting with pheromones
(first and third extracellular loops of STE3-like receptor) is
expected, each pheromone and its respective receptor being
engaged in long-term coevolution. Surprisingly, the first and
third extracellular loops are more conserved than the second
intracellular loop between all mating type specific and
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nonmating type specific STE3-like paralogues. No conservation
was observed for the third intracellular loop. These features
make it difficult to predict which domains interact with the
mating type pheromones. However, they suggest a functional
innovation for the STE3-like receptor in Agaricales: the capacity
to interact by their extracellular domains with proteins
other than the mating type pheromones, for example, the
conserved nonmating pheromones whose genes were detected
in this study in the L. bicolor genome. The sequence variability at
the internal domain could reflect receptor-specific interactions with different classes of GTPase α proteins. Indeed,
eight classes of GTPase α genes were found in the L. bicolor
genome, four being specific to Agaricales (Martin et al., 2008;
S. Duplessis et al., unpublished).
Evolution of mating type loci
The molecular characterization of the L. bicolor A locus
highlights that this locus encodes only one pair of homeodomain transcription factors as in the bipolar P. chrysosporium
and the tetrapolar species P. djamor. This distinguishes L.
bicolor from C. cinerea, which encodes three functional pairs
of homeodomain transcription factors. Interestingly, the number
of A alleles observed in C. cinerea populations (124–164
mating-types; Raper, 1966; May & Matzke, 1995) is three
times more than in L. bicolor (c. 45 mating-types; Raffle et al.,
1995) or P. djamor (c. 58 mating-types; James et al., 2004)
populations. This suggests similar rates of evolution of each
A sublocus within species under the assumption of a low
recombination rate between the A subloci in C. cinerea. The
low recombination rate and the small number of rearrangement events observed in the region containing the A locus
would explain the homogeneity in the evolutionary rate of the
A locus in Agaricales. Situated in a low recombining region
with a very low transposable element density, the divergence
in the self-recognition domains between the products of the
A locus alleles is favoured, the multiple alleles of this region
being maintained in the population by balancing selection
(May et al., 1999). By contrast, the DNA-binding domains of
the HD2 mating type proteins are essential and should not be
able to tolerate the accumulation of deleterious mutations.
Biased gene conversion has to purge such mutations, as shown
in C. cinerea (Badrane & May, 1999) and as suggested by the
present study.
The organization of the B locus is more complex in L.
bicolor than the organization at the A locus. Three tightly
linked subloci, born from tandem duplication of pheromone/
receptor units, were identified. These two duplication events
have been traced by phylogeny from the common ancestor to
C. cinerea and L. bicolor. The B mating type genes of L. bicolor
encode proteins that contain structural domains (seven transmembrane domains for the STE3-receptor) and self-recognition
domains. Balancing selection is expected to maintain linked
allelic diversity between a given class of receptors and a given
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class of pheromones. Indeed, short intergene spacers counterselect recombination events within subloci. Unexpectedly,
the three B subloci must have remained linked for a long time
since the general gene order is conserved between L. bicolor
and C. cinerea. This suggests that these three genes are functionally important or that recombination was suppressed
between B subloci. Nevertheless, in C. cinerea each one of
these subloci is sufficient for mating (Riquelme et al., 2005).
The conservation of two other STE3-like receptor genes,
LbSTE3.4 and LbSTE3.6, in the proximity of the B locus and
the similarity of the LbSTE3.6 expression profile to that of the
mating type genes in L. bicolor open the discussion on the
existence of mating type STE3-like receptors other than those
already characterized in C. cinerea.
Unlike the A locus, the B locus is surrounded by genes with
relatively long intergene distance. This feature allows sequence
translocation, gene duplication and transposon insertion
(Fig. S7) that has caused divergences among related species.
The rapid evolution of the region surrounding the B locus
would favour a species-specific rate of B locus diversification
(c. 24 mating-types in L. bicolor, Raffle et al., 1995; c. 79
mating-types in C. cinerea, Riquelme et al., 2005; c. 231
mating-types in P. djamor, James et al., 2004).
It is interesting to note the striking difference between
evolution at the A and B loci. Despite typical features characteristic of sex-determining genes (fast-evolving genes, suppression
of recombination, punctual gene conversion to protect the
functional domains against erosion), the genomic regions
containing the two mating type loci seem to have different
evolutionary histories. The A locus is in a region where the
gene order is under strong selection across the Agaricales.
Consequently, the genes linked to the A locus evolve at a
constant rate in each species. By contrast, the B locus is in a
region where the gene order is likely to be under low selection
pressure but where gene duplication, translocation and
transposon insertion are frequent. Consequently, the genes
surrounding the B locus evolve at a species-specific rate,
depending on the recombination rate variation.
Understanding the differences in mating type locus evolution
is important for understanding the theoretical basis for sex
chromosome formation. Indeed, a widely accepted scheme for
the evolution of Y chromosomes in the XX/XY system consists
of three major events: acquisition of the sex-determining loci,
suppression of recombination, and genetic degeneration driven
by evolutionary processes such as Muller’s ratchet (Charlesworth, 1978; Charlesworth & Charlesworth, 2000). However,
the evolution of sex chromosomes of a haploid system was
predicted to be different from that in a diploid system (Bull,
1983). In a haploid organism, degeneration should not occur,
because it would impair essential genes. In L. bicolor, further
investigations consisting of a full comparative genomic analysis
of the mating type containing regions from compatible
monokaryons are needed to determine whether gene loss and
degeneration occur in the mating type containing regions of
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mating compatible partners. Nevertheless, the frequent gene
duplication and inversion events as well as the accumulation
of transposable elements combined with gene degenerations
observed in the B mating type containing region in the
present study show that the B-containing region evolves faster
than the A-containing region. These events resemble those
that shaped the Cryptococcus mating type region (Fraser et al.,
2004) and those that shaped the sex chromosomes in animals
and plants (Fraser & Heitman, 2004).
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• A genetic linkage map for the ectomycorrhizal basidiomycete Laccaria bicolor was
constructed from 45 sib-homokaryotic haploid mycelial lines derived from the
parental S238N strain progeny. For map construction, 294 simple sequence repeats
(SSRs), single-nucleotide polymorphisms (SNPs), amplified fragment length polymorphisms (AFLPs) and random amplified polymorphic DNA (RAPD) markers were
employed to identify and assay loci that segregated in backcross configuration.
• Using SNP, RAPD and SSR sequences, the L. bicolor whole-genome sequence
(WGS) assemblies were aligned onto the linkage groups. A total of 37.36 Mbp of
the assembled sequences was aligned to 13 linkage groups. Most mapped genetic
markers used in alignment were colinear with the sequence assemblies, indicating
that both the genetic map and sequence assemblies achieved high fidelity.
• The resulting matrix of recombination rates between all pairs of loci was used to
construct an integrated linkage map using JoinMap. The final map consisted of 13
linkage groups spanning 812 centiMorgans (cM) at an average distance of 2.76 cM
between markers (range 1.9–17 cM).
• The WGS and the present linkage map represent an initial step towards the
identification and cloning of quantitative trait loci associated with development and
functioning of the ectomycorrhizal symbiosis.
Key words: genetic map, gene positioning, Laccaria bicolor, sequence assemblies.
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Introduction
Underlying a tree’s ability to generate large amounts of biomass
or store carbon is its interactions with soil microbes known as
ectomycorrhizal fungi, a symbiotic organism that excels at
procuring necessary, but scarce, nutrients such as phosphate
and nitrogen. The fungus within the root is protected from
competition with other soil microbes and gains preferential
access to carbohydrates within the plant, while concurrently
transferring most of its obtained nutrients to the tree, and
*These authors contributed equally to this work as first authors.
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thus a mutualistic relationship is established (Martin et al.,
2007). The ectomycorrhizal fungus Laccaria bicolor (Maire)
P.D. Orton (Basidiomycota, Agaricales, Hydnangiaceae)
(Matheny et al., 2007) forms symbiotic associations with a
wide variety of tree species in the northern hemisphere (Mueller,
1982, 1991). In Europe, L. bicolor is mainly associated with
Pinaceae, but it is sometimes found under deciduous trees
such as Quercus or Fagus. In North America, L. bicolor appears
to be primarily associated with members of Pinaceae. L. bicolor
has been a major experimental model for decades (Martin
et al., 2004), and has been used in large-scale mycorrhizal
inoculation programs (Le Tacon et al., 1992). The elucidation
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of its genome, which has been sequenced under the initiative
of the US Department of Energy (Martin et al., 2008), will be of
interest to communities studying everything from physiology
and ecology in forest ecosystems to fundamental questions in
evolution and development of host and symbionts.
The whole-genome sequence (WGS) reads of L. bicolor
S238N-H82 were initially assembled using the JAZZ assembler
(J. Chapman et al., unpublished). After excluding redundant
and short segments of assembled sequences or scaffolds,
there remained 65.4 Mb of sequence (665 scaffolds with
248 > 10 kb in length), of which 6.6 Mb (10.1%) existed as
unassembled sequences or captured gaps (Martin et al., 2008).
After initial computational and manual annotations, the WGS
data were re-assembled using the ARACHNE assembler
(Batzoglou et al., 2002). The ARACHNE algorithm was less
sensitive to repeat regions, such as abundant transposable
elements. The ARACHNE assembly generated larger scaffolds,
so-called supercontigs, with fewer gaps (total supercontig
size, 59.9 Mb with 0.6 Mb gaps; 82 supercontigs > 10 kb),
suggesting inconsistencies between genome assemblies. As a
result, it was difficult to assess the degree of mis-assembly, as
no independent comparator, such as a genetic linkage map,
was detailed enough to verify the released WGS assemblies.
Most eukaryotic genome sequencing projects are often preceded by the construction of physical and genetic (meiotic)
maps. For the L. bicolor genome project, there was no physical
BAC map, and although a L. bicolor linkage map was constructed
by Doudrick et al. (1995), the polymorphic marker sequences
were not available, thus precluding genetic map-assembled
sequence integration. Moreover, there were no reports on the
chromosome number for L. bicolor; however, in L. montana,
a close species, the haploid number of chromosomes appeared
to be n = 9 (Mueller et al., 1993).
In addition to WGS, another important component of
ecological genomics and association genetics programs is the
development of a linkage and quantitative trait loci (QTL)
map. Linkage maps in ascomycetous fungi have been shown
to be useful for identifying QTLs, candidate gene mapping,
and comparative mapping between species (Hulbert et al.,
1988; Tzeng et al., 1992; Debets et al., 1993; Arnau et al.,
1994; Nitta et al., 1997; Gale et al., 2005). However, among
basidiomycetes genetic linkage maps are scarce. Thus far, there
are genetic maps for Phanerochaete chrysosporium (Raeder
et al., 1989), Agaricus bisporus (Callac et al., 1997), Coprinopsis
cinerea (Muraguchi et al., 2003), Cryptococcus neoformans (Marra
et al., 2004) and Pleurotus ostreatus (Park et al., 2006). One
feature of basidiomycetes that facilitates genetic mapping
is the presence of homokaryotic haploid meiotic spores produced in the fruiting body. Assay of mycelium issued from
these spores directly reveals the products of meiosis (essentially,
behaving like a cross to a homozygous testor strain), allowing
an efficient mapping of genes.
In the present study, we generated a genetic linkage map for
L. bicolor based on a mapping panel comprising 45 individual

haploid siblings from a progeny of the parental S238N
dikaryon strain. For map construction, 294 simple sequence
repeats (SSRs), single-nucleotide polymorphisms (SNPs),
amplified fragment length polymorphisms (AFLPs) and random
amplified polymorphic DNA (RAPD) markers were employed
to identify loci that segregated in backcross configuration.
The JAZZ and ARACHNE WGS assemblies were anchored
to this genetic linkage map using 49 sequence-tagged markers.
Finally, key structural genes coding for mating-type loci,
nuclear rDNA, laccase lcc6 and hydrophobin LbH2 were
mapped on the linkage map. The release of the WGS and
development of a linkage map for L. bicolor would enable us to
map and clone QTLs associated with symbiosis development
and functioning, and acquisition of scarce soil nutrients.

Materials and Methods
Fungal strain and culture conditions
Spores were sampled from caps of Laccaria bicolor (Maire) P.D.
Orton fruiting bodies growing beneath Pseudotsuga menziesii
(Mirb.) Franco seedlings inoculated with L. bicolor stain S238N
in a glasshouse or in a nursery (Di Battista et al., 1996) and
germinated according to Fries (1983). Ninety-one individual
homokaryotic (haploid) mycelia were used in this study, including
the S238-H82 strain from which the genome was sequenced
(Martin et al., 2008). All homokaryotic mycelia were subcultured
in Petri dishes containing a Pachlewski agar medium (Henrion
et al., 1992) and stored at 4°C with yearly subculturing. To
provide material for DNA isolation, mycelium was grown in glass
tubes containing 20 ml of Pachlewski liquid medium for 3 wk at
25°C. All strains are stored and subcultured at INRA-Nancy.
DNA isolation
Homokaryotic mycelium was removed from the growth
medium, rinsed in H2O and frozen in liquid nitrogen.
Approximately 80 mg (FW) were used for DNA isolation
using the DNeasy Plant Mini Kit (Qiagen, Courtaboeuf,
France) according to the manufacturer’s instructions. DNA
was recovered in 50 μl of deionized water. Taxonomic identity
of strains and quality of DNA were ascertained by PCR
amplification and sequencing of the internal transcribed spacer
(ITS) of the nuclear ribosomal DNA, using the following
primers: ITS1 (5′-TCCTCCGCTTATTGATATGC) and
ITS4 (5′-TCCGTAGGTGAACCTGCGG). The PCR was
performed in a Perkin-Elmer Cetus thermocycler 9700
(Applied Biosystems, Foster City, CA, USA) according to Di
Battista et al. (2002).
Marker development
Detection, scoring and sequencing of RAPD fragments
The sequence of 23 10-mer primers (Table 1) used by Doudrick
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Table 1 Sequences of the 23 random amplified polymorphic DNA
(RAPD) primers used for the genetic linkage map construction

Primer

Sequence

Annealing
temperature (°C)

RAPD 157
RAPD 213
RAPD 499
RAPD 300
RAPD 159
RAPD 271
RAPD 551
RAPD 222
RAPD 308
RAPD 429
RAPD 190
RAPD 258
RAPD 156
RAPD 288
RAPD 556
RAPD 375
RAPD 532
RAPD 608
RAPD 567
RAPD 184
RAPD 503
RAPD 248
RAPD 256

5′-CGTGGGCAGG-3′
5′-CAGCGAACTA-3′
5′-GGCCGATGAT-3′
5′-GGCTAGGGCG-3′
5′-GAGCCCGTAG-3′
5′-GCCATCAAGA-3′
5′-GGAAGTCCAC-3′
5′-AAGCCTCCCC-3′
5′-AGCGGCTAGG-3′
5′-AAACCTGGAC-3′
5′-AGAATCCGCC-3′
5′-CAGGATACCA-3′
5′-GCCTGGTTGC-3′
5′-CCTCCTTGAC-3′
5′-ATGGATGACG-3′
5′-CCGGACACGA-3′
5′-TTGAGACAGG-3′
5′-GAGCCCCAAA-3′
5′-AGACACCTGA-3′
5′-CAAACGGCAC-3′
5′-ATCGTCCAAC-3′
5′-GAGTAAGCGG-3′
5′-TGCAGTCGAA-3′

36
30
32
36
34
30
32
34
34
30
32
30
34
32
30
34
30
32
30
32
30
32
30

et al. (1995) was retrieved from the UBC primer set (http://
www.michaelsmith.ubc.ca/services/NAPS/Primer_Sets/)
available at the Nucleic Acid Protein Service Unit (University
of British Columbia, Canada). RAPD analysis was carried out
on the 91 sibling homokaryons and the parental S238N
dikaryon. PCR amplification of the DNA template was as per
the protocol of Doudrick et al. (1995), except that PCR was
performed using a Perkin-Elmer Cetus thermocycler 9700
using 0.5 U of Taq DNA polymerase (Qbiogene, Strasbourg,
France) and the Qbiogene 10× buffer containing 25 mm
MgCl2. After amplification, RAPD fragments were resolved
by electrophoresis (5 V cm−1) for 2 h in 2% agarose gels
(one-third agarose (Qbiogene), two-thirds wide-range agarose
(Sigma-Aldrich, Saint-Quentin Fallavier, France)) in TBE
buffer (45 mm Tris base, 45 mm boric acid, and 1 mm EDTA,
pH 8). RAPD fragments were detected by staining with
ethidium bromide (0.5 mg ml−1) for 20 min. RAPD fragments
were scored as dominant segregating markers (presence/
absence) when amplicons of identical size were detected in
three replicates for each polymorphic fragment. RAPD markers
were identified by the letter R followed by a number (i.e. R1).
The markers were imported in JoinMap v 3.0 (Van Ooijen
and Voorrips, 2001) and checked for deviation from 1 : 1
ratios. Polymorphic RAPD fragments were excised from agarose
gel using QIAquick Gel extraction kit (Qiagen), cloned using
TOPO TA cloning Kit pCR 2.1TOPO vector (Invitrogen,
Cergy-Pontoise, France) and sequenced on both strands using

3

M13 forward and M13 reverse primers, the CEQ Dye-labeled
Dideoxy-Terminator Cycle Sequencing kit (Beckman Coulter,
Fullerton, CA, USA) and the automated CEQ 8000 XL
sequencer (Beckman Coulter). Sequences of these RAPD
fragments are available at http://mycor.nancy.inra.fr/IMGC/
LaccariaGenome/GeneticMap/RAPDMarkerSequences and
were located by similarity search on the JAZZ and ARACHNE
genome assemblies using the BLAST algorithm at the JGI
L. bicolor genome website (www.jgi.doe.gov/laccaria) or INRA
LaccariaDB website (http://mycor.nancy.inra.fr/IMGC/
LaccariaGenome/).
SSR analysis The SSR markers were detected on the L. bicolor
ARACHNE genome assembly (v. 1.0) (http://mycor.nancy.
inra.fr/IMGC/LaccariaGenome/Annotation/index.php?select=
fast) using MAGELLAN 1.1 software (Lim et al., 2005). Details
on the SSR distribution analysis will be presented elsewhere
(J. Labbé et al., unpublished). We selected all SSR types except
for the compound motifs in an effort to sample the 20 larger
ARACHNE supercontigs. SSR primers were designed using
the online Primer3 tool (Koressaar & Remm, 2007). The SSR
analyses were conducted at Oak Ridge National Laboratory
(ORNL) and INRA-Nancy using two different protocols.
At ORNL, SSRs were analyzed with Fluorescein-12-dUTP
(Enzo Roche, Penzberg, Germany). PCR reactions were
carried out in a total volume of 15 μl containing 25 ng of
template DNA, 7.5 ng forward and reverse oligonucleotide
primers (Operon Technologies, Alameda, CA, USA), 20 μm
of each dNTP, 0.5 U Taq DNA polymerase (New England
Biolabs, Beverly, MA, USA), 1.5 μl 10× buffer (containing
100 μm Tris-HCl, pH 8.3, 500 mm KCl, 20 mm MgCl2 and
10.0 g l−1 bovine serum albumin). PCR was conducted in a
Perkin-Elmer Cetus thermocycler 9700, using 10 touchdown
cycles performed with annealing temperature starting at 60°C
and ending at 50°C with a 1°C decrease each cycle. After the
touchdown cycles, there followed 20 cycles of 94°C for 30 s,
50°C for 30 s, and 72°C for 1 min combined with a final
extension at 72°C for 7 min. PCR products were detected on
an ABI 3730XL sequencer using the standard microsatellite
genotyping module. The amplification products were mixed
in appropriate ratios and diluted 1 : 10 with loading buffer
(91% deionized formamide, 9% internal standard GeneScan
450ROX (Applied Biosystems)), then denaturated at 95°C
for 5 min followed by rapid cooling on ice.
At INRA-Nancy, SSRs were analyzed with one fluorescent
dye-labeled primer (D2-PA, D3-PA, D4-PA, WellRED dyes;
Proligo, Paris, France). PCR reactions were carried out in a
total volume of 10 μl containing 10 ng of template DNA, 10 ng
forward and reverse oligonucleotide primers (Invitrogen),
200 μm of each dNTP, 0.5 U Taq DNA polymerase (Qbiogene),
1 μl Qbiogene buffer 10× containing 25 mm MgCl2. PCR
was conducted in a Perkin-Elmer Cetus thermocycler 9700
(Applied Biosystems) with 30 cycles of 94°C for 30 s, 60°C
for 1 min, and 72°C for 2 min combined with a final
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extension at 72°C for 10 min. PCR products were detected
on a CEQ 8000 XL sequencer using the CEQ 8000 V9.0
genotyping module (Supporting information, Fig. S3).
Before analysis, each amplification product was diluted 1 : 10
with deionized water. One microliter of this dilution was
mixed with 0.5 μl DNA size standard (DNA size standard kit
600 bp, Beckman Coulter) and with 30 μl SLS buffer (Beckman
Coulter).
AFLP analysis The AFLP analyses, carried out at the ORNL,
have been applied in map construction for many different
pedigrees (Yin et al., 2002, 2004). In this study, we used three
replicates of the DNA template extracted from the dikaryon
S238N and H82 (the sequenced homokaryon). Two initial
screening steps were performed before genotyping the entire
progeny set. We initially used S238N and H82 to screen
primer combinations to identify discernible amplification
profiles. In a second step, we used S238N, H82 and six
additional homokaryons to screen primer combinations for
reproducible amplification profiles. These eight individuals
were then included in the progeny genotyping step. Thus, the
reproducibility of the AFLP amplification profiles was confirmed
during each of the three steps listed above.
The AFLP procedure was performed as described by Vos
et al. (1995) with the following modifications. Pre-amplification
reactions (15 μl) were performed for 3 μl of the diluted DNA
template using 20 pmol each of a pair of AFLP primers
(Operon Technologies) with no selective 3′ nucleotides on the
‘E’ primer and 1 ‘C’-selective 3′ nucleotide on the ‘M’ primer.
Reaction conditions were identical to those described for
SSRs. The pre-amplified products were diluted 1 : 30 as DNA
template for selective amplification. Selective amplification
was carried out in a volume of 15 μl reaction mixture, containing 3 μl diluted pre-amplification product, 0.5 pmol ‘E’
primer with two selective nucleotides (Hex-labeled) and
5 pmol ‘M’ primer with three selective nucleotides (Operon
Technologies), 200 μm each dNTP, 0.5 U Taq DNA polymerase
(Promega, Madison, WI, USA), 1.5 μl 10× buffer (100 μm
Tris-HCl, pH 8.3, 500 mm KCl, 20 mm MgCl2), 10.0 g l−1
BSA and 1% (v/v) deionized formamide. Thermocycling
conditions for selective amplification were 12 cycles of 94°C
for 30 s, 65°C for 30 s decreasing by 0.7°C per cycle, and
72°C for 60 s, followed by 23 cycles of 94°C for 30 s, 56°C
for 30 s and 72°C for 60 s. PCR products were detected use
the ORNL SSR genotyping protocol discussed earlier on the
ABI 3730XL sequencer. The restriction site sequences of
AFLP fragments were too short for aligning the AFLP markers
on the genome sequence assemblies.

ribosomal DNA intergenic spacer 1 (IGS1). PCR amplification
of the genes coding for LbH2 (JGI ID 399267) and lcc6
(JGI ID 399748) on 91 monokaryotic genomic DNA was
conducted in a Perkin-Elmer Cetus thermocycler 9700 with
30 cycles of 94°C for 30 s, 53°C for 30 s, and 72°C for 2 min
combined with a final extension at 72°C for 10 min. Primers
(Table 2) were designed using the online Primer3 tool (Koressaar
& Remm, 2007). PCR reactions were carried out in a total
volume of 25 μl containing 25 ng of template DNA, 20 ng
forward and reverse oligonucleotide primers (Invitrogen),
250 μm of each dNTP, 0.5 U Taq DNA polymerase (Qbiogene),
and 2.5 μl Qbiogene buffer 10× containing 25 mm MgCl2.
PCR products were sequenced on both strands using the
respective forward and reverse PCR primers, the CEQ
Dye-labeled Dideoxy-Terminator Cycle Sequencing kit and
the automated CEQ 8000 XL sequencer according to the
manufacturer’s instructions. Sequences were then assembled
using CLUSTALW (http://bioinfo.hku.hk/services/analyseq/
cgi-bin/clustalw_in.pl) and Sequencher 4.2 (Gene Code
Corporation, USA) software. SNPs were detected for lcc6 at
positions 1758, 1869, and 1940, and for LbH2 at position 478.
Analysis of meiotic segregation of the intergenic spacer 1
(IGS1) of the nuclear rDNA was carried out as per Selosse
et al. (1996). The IGS1 haplotypes, α or β, were amplified
from 91 monokaryotic genomic DNA using the primer 5SA
(5′-CAGAGTCCTATGGCCGTGGAT) and the fluorescent
dye-labeled primer INRAjLIGS1 (5′-CAGTGGAGTAAGTCAG-D4-PA) (D2-PA, D3-PA, D4-PA, WellRED dyes,
Proligo). PCR amplification was conducted in a Perkin–Elmer
Cetus thermocycler 9700 with 35 cycles of 94°C for 30 s,
50°C for 30 s, and 72°C for 5 min combined with a final
extension at 72°C for 10 min. PCR reactions were carried out
in a total volume of 10 μl containing 10 ng of template DNA,
10 ng forward and reverse oligonucleotide primers (Invitrogen),
200 μm of each dNTP, 0.5 U Taq DNA polymerase (Qbiogene),
and 1 μl Qbiogene buffer 10× containing 25 mm MgCl2.
Amplified IGS1 homo- and heteroduplexes (Selosse et al., 1996)
were detected on the CEQ 8000 XL sequencer using the
fragment detection module. Before analysis, each amplification
product was diluted in 1 : 10 with deionized water. One
microlitre of this dilution was mixed with 0.5 μl DNA size
standard (DNA size standard kit 600 bp, Beckman Coulter)
and with 30 μl SLS Beckman buffer. The IGS1 sequence,
being part of the rDNA tandem repeat (18S-ITS1-5.8SITS2-28S-IGS1-5S-IGS2) (Martin et al., 1999), was assumed
to co-map with the whole rDNA repeat region. The matingtype genes STE3, HD1 and HD2 were mapped using the
segregation analysis amplification products carried out in
Niculita-Hirzel et al. (2008).

Mapping of selected nuclear genes, SNPs and
mating-type genes

Linkage analysis and map construction

Five structural loci were mapped: hydrophobin (LbH2), laccase
(lcc6), mating-type A and B (MATa and MATb), and nuclear

Owing to the numbers of used markers (i.e. 301), the premapping diagnostics showed that these markers can be resolved
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Table 2 Sequenced-tagged markers used for anchoring whole-genome sequence (WGS) assemblies on the genetic linkage map

Marker ID

Primer sequence

Positions on ARACHNE
supercontigs

Positions on
JAZZ scaffolds

Linkage groups
(genetic distance, cM)

Shyd2.1

(F)GTGCTGCTCCGAGCCTTACC
(R)GGAGAGCATCCGACAACGACC
(F)CTGAGCTAGAGCAGCTGGTA
(R)GACAATCGCACATTGGATAG
(F)GTTTGACTTTCCAGCGCTTC
(R)CGCCTCTGATGAGGATGAGT
(F)TATGCCGTTGCGTTTTCATA
(R)CCCTTTGCAAGTTCTCTTCG
(F)GCTTCGCAAACAAAGAAAGC
(R)AACAGGGGCATTGCTCTACA
(F)GGAAATAGAATCAAGTCTTGTTGTTG
(R)GGGTTTTCTGACTTCCTCTGC
(F)CGTCGTTGAGTGAAGTGTGG
(R)TGTGTTGGGAGAGTCCAGTG
(F)TGGACTCCGACTGGACTCAT
(R)CATTCCACCACTGTTCATGC
(F)TTGATGCTCTCCGTCCTCTT
(R)GCCTGGTTTGCTTCCTGTAG
(F)ACCTGGGGGAAGTATGGATT
(R)TGTGTTGGGAGAGTCCAGTG
(F)TCCAACAATTCCAGCTCCTC
(R)GATTCATCTTGGGGACCAAC
(F)CCCCTTGCTATGGGATGTG
(R)AAATTTGAGGGCCTTGCAG
(F)CCCCTTGCTATGGGATGTG
(R)AAATTTGAGGGCCTTGCAG
(F)CTGCCTGAGGTGCCTTTTT
(R)GGGTCTGCAATTTGGAACAG
(F)CTGGGACTGGACTCAGGAAA
(R)AGCAGGAGGTGGTGGTAGTG
(F)ATACCAAAGGCCCTCGAACT
(R)CAGTATCTGCAACCCAAGCA
(F)AGAACTTCGCGAGTTTTGGA
(R)GGGCGTCTTGTTATTCGGTA
(F)CTGAGCTAGAGCAGCTGGTA
(R)GACAATCGCACATTGGATAG
(F)AGGCTGAAATGCAAGCCAT
(R)CATTGAAGGGATCGGAGAAA
(F)GGATCCCGTTTCTTCTTCCT
(R)GATGAAGGGCATCCTGACAC
(F)CTTTGAGATACGGCGGACTT
(R)ATTACGGGGTGTCATCATCC
(F)TGTGTTGGGAGAGTCCAGTG
(R)TATCCCTGAGGGCCAATACA
(F)AATCCCATGTTGCATTCTCA
(R)TTTTCTGACTTCCTCTGCTTGA
(F)GCCAAATTACCTGAGCAAGG
(R)CGTCAACGTATTTGGGGACT
(F)GAATCCCATCCCCTCAAGTT
(R)CATCTCGGGCTAGGATTGAA
(F)TGAGGAGGGTGGAGTACCAG
(R)ATGACCGACATTTTCGAGGT
(F)ATACCAAAGGCCCTCGAACT
(R)CATAGGTGCAGGTCAGAGCA
(F)CCCTTGAACTTGTGCACTGA
(R)AACAAATCCTGGAGGGCATT
(F)CGCGTCACGTCAACACAC
(R)TTGACATGTCGCCGTCGT

S 1211
2191423
S 1211
4254317–4254523
S 1184
1503565–1503781
S 1184
328207–526772
S 1184
328518–328784
S 1184
816179–819095
S 1205
218443–218640
S 1205
220003–220062
S 1205
294315–294150
S 1205
792190–792308
S 1198
1911207–1911395
S 1205
4065293–4065481
S 1205
4065293–4065481
S 1205
4065217–4065428
S 1205
4031269–4031475
S 1199
168676–168873
S 1199
2626779–2626965
S 1199
2849726–2850115
S 1199
2858807–2859030
S 1199
580742–580967
S 1209
880080–880642
S 1209
1736375–1736618
S 1209
1513518–1513863
S 1213
280255–280475
S 1206
1610490–1610667
S 1206
789453–789711
S 1206
803810–804059
S 1206
822987–822846
S 1207
325759–3257846

Sc 7
1206777
Sc 34
334200–334406
Sc 51
222848–223068
Sc 16
384272–611895
Sc 16
611337–611584
Sc 85
1410–1728
Sc 18
217884–218081
Sc 18
219444–219463
Sc 18
322388–322591
Sc 18
829525–829643
Sc 10
679442–679630
Sc 17
313582–313770
Sc 17
313582–313770
Sc 17
313506–313726
Sc 17
283452–283658
Sc 15
944503–944700
Sc 15
481624–481488
Sc 15
252454–252843
Sc 15
243706–243928
Sc 11
870603–870828
Sc 8
630699–630878
Sc 64
66123–66364
Sc 84
1413–1662
Sc 37
469159–468977
Sc 75
165228–16605
Sc 19
120592–120850
Sc 19
136336–136595
Sc 19
155532–155673
Sc 47
231939–232190

LG 1
(45.1)
LG 1
(59.3)
LG 1
(117.6)
LG 1
(118.2)
LG 1
(120.5)
LG 1
(124.7)
LG 2
(18.4)
LG 2
(19.9)
LG 2
(20.8)
LG 2
(31.9)
LG 2
(43)
LG 2
(0)
LG 2
(15.9)
LG 2
(20.8)
LG 2
(25.7)
LG 3
(7.7)
LG 3
(11.5)
LG 3
(0)
LG 3
(11.4)
LG 3
(0)
LG 3
(5)
LG 3
(30.1)
LG 3
(54.1)
LG 4
(0)
LG 4
(26.8)
LG 4
(66.8)
LG 4
(66.8)
LG 4
(66.8)
LG 5
(0)

μ 03.4
1184M15
1184M16
1184M4
1184M11
1205M21
1205M17
1205M14
1205M16
μ 107.3
μ 112.1
μ 112.2
1205M12
1205M18
1199M3
1199M9
μ 03.3
1199M6_1
1199M11
1209M8
1209M4
1209M3
1213M6
1206M3
1206M5
1206M2
1206M1
1207M10
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Table 2 continued

Marker ID

Primer sequence

Positions on ARACHNE
supercontigs

Positions on
JAZZ scaffolds

Linkage groups
(genetic distance, cM)

μ 07

(F)CTGTTCTCGCGAAGAAGGTC
(R)GGGAAATGTGATGAACCGGC
(F)AGGCTGAGAAAGTGGGAACA
(R)CCCTCAAACTTGTGCACTGA
(F)ATACCAAAGGCCCTCGAACT
(R)CTCTACCCGTACCCCATGAA
(F)TCTTTCACGATGACCCAGTG
(R)GCTTTGTTTGGCATCCATTC
(F)CGAGTATCCAGTATCTCGCTTTCCTAC
(R)AGCATCGTGAGATGAGCAGCTGCTT
(F)TTCTCGACATGGTTGGGATT
(R)GGTGCACAAGAGGAAGAAGG
(F)CGAGCTTTGGGAGAAGTTTG
(R)AGGATTTATGCCACCACAGC
(F)CAGAGTCCTATGGCCGTGGAT
(R)CAGTGGAGTAAGTCAG-D4
(F)GACAACGTCAAGGCCAAGAT
(R)TTGTAGTCGGAGAGGGTTCG
(F)CCCGGGTTTCGCTGCAAACTCTCC

S 1207
4006848–4007283
S 1207
3323790–3323971
S 1214
3096597–3096792
S 1214
1298208–1298446
S 1168
1297215–1297672
S 1168
1223201–1223427
S 1168
211567–211735
S 1216
785280–785572
S 1195
1233145–1233327
S 1215

Sc 47
330033–330468
Sc 23
434731–434912
Sc 4
849407–849626
Sc 12
955770–956008
Sc 9
611086–611543
Sc 9
531727–531953
Sc 9
479751–479919
Sc 1067
160-452
Sc 10
924213–924395
Sc14

(R)AATTATTCCACGCAGCAGCG

3379947–3382098

429733–431884

(R)TATTCCACGCAGCAGCGCGATC
(F)CCGGAAAAGGAAGAAGGGACAATGA
(R)CTTTTCGCGGTGTAGAGTGGTTTGG
(F)CTTCACTCAGGCCTGCTTCCACTTC
(R)TTTCTAGTCCCGCTTGCGCTCTTTG
(F)TGTAACAAAGAGCGCAAGCGGGACT
(R)AGTCAGGACAACCGTGAAGG
(F)ACCTTTTTGTTGCTCGTTCG
(F)GCTGTGGTGGAAGTGGTTTACGTTGTG
(R)ATGTCCGGAGTCTGGTTTGGGTGTATG
(F)AGATTATCGGCCATTGGGAAGAGGTTG
(R)GAGGGAAGGCGGCTGAAGTTTGTTATC

S 1168
638167–638191
S 1168
635410–639634
S 1168
630872–630901
S 1192
921896–922079
S 1195
3564435–3566855
S 1195
3566677–3568724

Sc 56
285965–385989
Sc 56
284522–288746
Sc 56
293255–293284
Sc 6
694909–695111
Sc 1
1169650–1172070
Sc 1
1169802–1167807

LG 5
(15)
LG 5
(30.6)
LG 6
(26.8)
LG 6
(64.4)
LG 8
(8.3)
LG 8
(14.4)
LG 8
(19.3)
LG 7
(0)
LG 9
(4.9)
Pair 2
(0)
(2.1)
unlinked
Pair_4
(0)
Pair_4
(17)
Pair_4

1207M4
1214M3
1214M6
μ 06
1168M2
1168M4
IGS1.1
IGS1.2
1195M6
SLaC14.1
SLaC14.2
SLaC14.3
STE3.1
STE3.2
STE3.3
1192M5
HD1
HD2

Unlinked
LG 1
LG 1

(F) and (R) indicate the forward and reverse primers used to amplify the 49 sequence-tagged markers, respectively. CM values indicate the
genetic distance on linkage groups in centiMorgan from the proximal end.

with confidence until a minimum of mapping population size
of 39 (JoinMap X2 test, Van Ooijen & Voorrips, 2001). The
mapping population consisted of a L. bicolor S238N progeny
of 45 haploid homokaryons. The haploid nature of the members
of this population allowed the application of a backcross
model for handling data. Linkage analysis between markers,
estimation of recombination frequencies and determination of
the linear order of loci, were performed using JoinMap V3.0
software (Van Ooijen and Voorrips, 2001). Recombination
rates were converted to genetic distances in centiMorgans (cM)
using the Kosambi’s mapping function (Kosambi, 1944).
This mapping function assumes crossover interference met
in multipoint analysis, meaning that the presence of one
crossover reduces the probability of another in the area. Thus,
when multi-markers were analyzed, the crossover disturbing
coefficient C was introduced into the mapping function

to adjust the genetic distance on linkage groups. Thus, for
marker A-B-C:
C = Rr/Re = Rr/(r1r2n)
where Rr is the observed recombination rate, Re is the expected
recombination rate, and r1 and r2 are the independent
recombination rates between marker A-B and marker B-C.
The standard deviation of C is:
Sc = ± (C / n ) ⋅[(1 − Cr1 − Cr2 − Cr1r2 + 2C 2r1r2 )/(r1r2 )] .
C is a value between 0 and 1. If C = 1, there is not a crossover
disturbance; if C = 0, there is complete crossover disturbance.
Then, C is integrated into calculation of the Kosambi’s
mapping function (Kosambi, 1944). Thus, the genetic
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distances between markers were adjusted by this parameter to
a multipoint analysis, which is consequently different from a
single two-point analysis.
Referring to the genome assembly, we adapted the grouping
criteria, reaching final minimal LOD scores of 3.0 for small
linkage groups (LGs) and 5.0 for large LGs, and a maximum
recombination fraction of 0.4. In some cases, because of the
lack of adequate recombination and LOD information,
complete maps for some groups could not be created. In these
cases, markers within these groups were split based on linkage
relationships; two or more maps were generated and linkage
between smaller groups and larger groups assessed. When
smaller groups linked within larger groups, the smaller groups
were removed. A third round of marker addition was performed,
but without reordering first- and second-generation maps.
LGs with ≥ four loci were retained as major LGs to represent
the L. bicolor genome. We calculated total map distance that
covered all LGs and average distance between markers as total
map distance divided by the number of mapped markers.
Several markers were linked as pairs or triplets, but not integrated
in the map (e.g. linkage pair 4). The integration of the AFLP
markers into our preliminary linkage map (Martin et al.,
2008), constructed using only RAPD and SSR markers, led
to the exclusion of several markers. The positions of these
excluded sequence-tagged markers were determined by alignment on the ARACHNE assembly.
Alignment of JAZZ and ARACHNE assemblies
Masked sequences for whole-genome JAZZ and ARACHNE
assemblies (version 1.0) were downloaded from the JGI
(www.jgi.doe.gov/laccaria) and the INRA LaccariaDB (http://
mycor.nancy.inra.fr/IMGC/LaccariaGenome/Annotation/),
respectively. The JAZZ assembly scaffolds were aligned on the
ARACHNE assembly supercontigs by using the BLASTN
algorithm (99% identity, E value 0.0) at the INRA LaccariaDB
BLAST server, and the GEnome PAir – Rapid Dotter Gepard
(http://mips.gsf.de/services/analysis/gepard) (Krumsiek et al.,
2007). The sequenced genetic map markers were located on this
assembly alignment with BLASTN, and the genetic map and
the genome assemblies aligned manually. Average recombination
rates were obtained by dividing the total linkage distance
(cM) by the total physical length (Mb) for each LG
(pseudochromosome). These estimates were not adjusted for
gaps between LGs or supercontigs or for differences in marker
density.

Results
Of the 144 SSR primers screened using the parental S238N
(N+N) dikaryon and a pilot set of seven randomly selected
haploid homokaryons, 63 yielded PCR amplicons. Among
these 63 SSRs, we retained 38 polymorphic SSRs (13
codominant and 25 dominant). For map construction, we

7

Table 3 The codominant microsatellite markers (simple sequence
repeats, SSRs) segregating in the Laccaria bicolor mapping pedigree
identified during SSR primer screening
SSR name

SSR type

1199M11
1168M2
1168M4
1195M6
1205M12
1205M14
1192M5
1199M9
1206M3
1206M5
1209M8
1213M6
1184M15

(TCC)8
(CCT)9
(GAG)10
(GTG)9
(CAC)12
(TCC)11
(GGT)10
(AGG)9
(AG)11
(GGA)9
(TGG)8
(GT)17
(GTCCTT)5

Among the initial set of 91 homokaryons, 45 were selected by using
13 codominant SSRs. Primer sequences are given in Supporting
Information, Table S1.

selected 45 homokaryons yielding one of the two alternative
alleles inherited from the dikaryon, by using the 13 codominant
SSRs. Homokaryons displaying none of these two alternative
alleles were exluded based on assuming a segregation distortion
(possibility of aneuploidy) (Table 3, Fig. S2). Ultimately, 37
SSRs were placed on the genetic map, with one SSR remaining
unlinked. The primers and the sequences of these 37 SSRs
were then used to anchor the SSR markers on the JAZZ/
ARACHNE genome assemblies (see later). In the AFLP
analysis, from the 99 AFLP primer combinations, 46 primer
pairs revealed 254 polymorphisms (average of five loci per
primer combination). These AFLP markers were used to
improve map coverage in regions of the genome that lacked
mapped SSRs or sequence-tagged RAPD markers. The mapped
marker list is presented in Table 2. In the RAPD analysis, 23
RAPD primers, chosen from Doudrick et al. (1995) for their
profile clarity, generated 39 segregating RAPD markers. Only
eight were finally kept for mapping calculation because of
ambiguous segregation in the remaining 31 markers.
Genetic map construction
Thus, a total of 301 markers that segregated in a 1 : 1 ratio in
a L. bicolor progeny of 45 selected haploid homokaryons were
used to calculated average pairwise LOD and recombination
data. The initial calculation with JoinMap was able to group
294 markers (four SNPs, eight RAPDs, 37 SSRs, 243 AFLPs,
two mating-type genes) at LOD thresholds of three (small
groups) and five (large groups) with a maximum recombination
fraction of 0.4. These LOD thresholds were chosen as they
produced the minimum number of LGs, while maintaining
the integrity of the map. Adding AFLP markers significantly
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increased the map size from 400 to 812 cM. The final map
contained 287 markers positioned on 13 LGs, four marker
pairs and one marker triplet (Fig. S1). LGs contained four to
66 markers and their sizes ranged from 10 to 124.7 cM,
covering a total genetic length of 812 cM, with an average
distance of 2.76 cM between the adjacent markers (range
1.9–17 cM). Thus, the 287 markers in the current map may
be assumed to provide a reasonably comprehensive coverage
of the L. bicolor genome. Owing to unknown chromosome
number, the strict correspondence between LG ID and
L. bicolor chromosomes remained unresolved.
Integration of genome assemblies and genetic map
To anchor the JAZZ and ARACHNE assembled sequences to
the L. bicolor genetic map, we aligned the sequences of 49
mapped SSR, RAPD and SNP markers onto the assembled
genomic sequences using BLASTN. The number of markers
located on the assemblies ranged from one (LG 9) to nine
(LG 1) per linkage group. No sequenced markers were
available to align assembled sequences to LG 10, 11 and 12.
Table 2 summarizes the total number of JAZZ scaffolds and
ARACHNE supercontigs anchored on the genetic map.
Schematics of the assembled sequences-genetic map integration are shown in Fig. 1. For example, based on sequence
alignments of nine mapped markers, ARACHNE supercontigs
1211 and 1184, and large regions of supercontigs 1199 and
1195 were anchored to LG 1 (124 cM, 6.38 Mb) (Fig. 1).
Eight scaffolds (e.g. 83, 8, 71, 41 and 7) from the JAZZ
assembly were similarly integrated into LG 1. Based on the
alignment of nine markers, LG 2 (97 cM, 4.68 Mb), comprising
two subgroups, was anchored to ARACHNE supercontig
1205, partly to ARACHNE supercontig 1198 and to several
scaffolds (18, 35, 2, 9, 44, 10 and 17) from the JAZZ assembly.
In total, c. 38 Mb of the ARACHNE assembled sequences
were integrated into pseudochromosome units along 10 LGs.
The majority of the mapped markers used in alignment were
colinear with the sequence assembly (Table 2, Fig. 1). The 10
LGs aligned with 16 ARACHNE supercontigs accounted for
63% of this genome sequence assembly. Other supercontigs
were too short to be genetically oriented. Several unoriented
JAZZ scaffolds (e.g. 41, 71, 8 and 83 on LG 1) were placed on
pseudochromosomes, but their orientation was determined
using BLASTN against the ARACHNE supercontig.
The ARACHNE assembly displayed some discrepancies
that can be corrected by the present genetic map. For instance,
it is clear that regions of ARACHNE supercontigs 1195 and
1199 anchored on LG 1 (Fig. 1) should be removed from the
rest of their assembled sequences that were anchored on LG 3
and LG 9. Similarly, based on the organization of LG 2
(Fig. 1), a part of the ARACHNE supercontig 1198, which is
mostly anchored to LG 3, should be moved into ARACHNE
supercontig 1205. According to Martin et al. (2008), the largest
ARACHNE supercontig 1195 (6.8 Mb) likely belongs to LG 9.

Recombination rate
The ratio of genetic distances to physical lengths provides an
estimate of the recombination rate. In L. bicolor, the ratio
averages 20.92 cM Mb−1 for the anchored part of the genome
(Fig. 1). In many species there is a large variation in the
recombination rate among linkage groups and a general
tendency for the smallest linkage groups to recombine more
than the large ones (Solignac et al., 2007). In L. bicolor, the
recombination rate is very similar for all LGs, varying from
15.58 cM Mb−1 on LG 5 to 25.14 on LG 4. A region with a high
recombination rate was identified on LG 5 from approximately
locus 1207M10 to locus TA-CCC498, whereas a region of low
recombination rate was noted on LG 6 from approximately
TC-CAT72 to TA-CCA73. The two regions of the matingtype loci also showed distinct recombination rates.
Mapping structural genes
Nucleotide sequencing of LbH2 and lcc6 (P. E. Courty,
unpublished) genes from the L. bicolor S238N homokaryons
allowed us to detect a single SNP in LbH2 intron 3 (Shyd2.1)
and three SNPs in lcc6 coding sequence (Table 2). By using
these SNPs, we located the corresponding loci on the
linkage map. LbH2 (identified by Shyd2.1) mapped on LG 1
(supercontig 1211) (Fig. 1), whereas lcc6 (identified by SLac14.1,
SLac14.2) mapped on pair 2 (supercontig 1215) (Fig. 1). The
mating-type locus MATa (homeodomain transcriptional factors,
HD1 and HD2) was mapped on LG1 (supercontig 1195)
(Figs S1, S4). This result suggests that LG1 and LG9 are
tandem ends of the same chromosome. MATb (STE3-like
pheromone receptors) was mapped on nonintegrated linkage
pair 4 on supercontig 1168; the latter likely belonging to LG
8 (see previous map version in Martin et al. 2008).
The whole nuclear rDNA repeat is not part of the large
JAZZ and ARACHNE assembled sequences currently
available, because of the repetitive nature of this region. A
BLASTN analysis using known nuclear rDNA tandem
repeat sequences (Martin et al., 1999) as queries revealed that
portions of the rDNA located onto unassembled JAZZ
scaffolds (Martin et al., 2008). Sequence reads corresponding
to the consensus sequence of the rDNA unit were found at
c. 500 copies in raw sequence traces (NCBI Trace Archive),
whereas single copy genes were present at 10 copies, indicating
that the L. bicolor genome contains 50 repeats of the
10 kbp-rDNA unit, that is, 500 kbp. The linkage analysis of
the segregating rDNA IGS1 heteroduplexes (α or β) allowed
the mapping of this rDNA tandem repeat locus on the distal
end of LG 7 (Fig. 1).

Discussion
The present genetic linkage map is composed of 287 markers
on 13 LGs covering a total genetic length of 812 cM, with an
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Fig. 1 Alignment of whole-genome sequence (WGS) assemblies and the genetic map resulting in chromosome maps for Laccaria bicolor. JAZZ
scaffolds and ARACHNE supercontigs anchored to the genetic map are drawn on the left of linkage groups. Maps are scaled to represent the
relative physical length of the pseudochromosomes. The genetic unit in centiMorgan (cM) is indicated on the left of LGs. The physical size in
Mb (or kb) is shown on the right of the supercontigs. AFLP markers are shown but they were not anchored on the WGS assembled sequences.
Additional markers from a previous version of the linkage map (Martin et al., 2008) are also shown by boxes (i.e. MATa). LbH2 gene marker is
identified by Shyd2.1. HD1 and HD2 genes are colocalized in mating-type A locus and are shown by the box MATa.
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Fig. 1 continued

average of 2.76 cM between adjacent markers. The advantage
of this linkage map over that generated in Doudrick et al.
(1995) is greater genome coverage and integration of the
assembled sequences of the L. bicolor S238N-H82 WGS.
Nucleotide sequences of the RAPD markers used by
Doudrick et al. (1995) are unavailable and therefore the two
L. bicolor genetic maps could not be reconciled. We were,
however, able to create and map sequence tags for 39 RAPD

markers derived from 23 Doudrick et al. RAPD primers, but
only eight of these markers were integrated into the current
genetic map.
In total, we aligned 48 sequence-based markers with the
JAZZ and ARACHNE genome sequence assemblies; nine for
LG 1, LG 2 and LG 3, four for LG 4, LG 5 and LG 8, two
for LG 6, pairs 2 and 4, and one for LG 7 and LG 9 (Fig. 1).
This validated the current large-scale structure of the draft
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WGS assemblies, although additional finishing sequencing will
be required to improve the assembly of highly polymorphic
transposon-rich regions and the integration of telomeric and
centromeric regions. The majority of the mapped markers used
in our alignment were colinear with the sequence assembly,
indicating that both the genetic map and sequence scaffolds
achieved high fidelity. The genetic map anchored c. 38 Mb
(66%) of the ARACHNE assembly. For example, the
ARACHNE supercontig 1184 and corresponding JAZZ
scaffolds, were anchored through four markers and the
ARACHNE supercontig 1211 was anchored by three markers
on LG 1 (Fig. 1). The anchoring of the distal end of LG 1,
corresponding by similarity searches to the JAZZ scaffold 83,
8, 71 and 41, was not confirmed by a genetic linkage marker.
The number of markers allowing the anchoring of LGs on
the genome assemblies is still limited and, as a consequence,
a large number of the ARACHNE assembled sequences
remained poorly anchored, or even unanchored (e.g. anchoring
of supercontig 1214 on LG 6, Fig. 1).
In most cases, the linkage map and physical sequence reciprocally validated marker order and position; it also revealed
some problems in each. Improving the genetic map-assembled
sequence integration will require an increased number of
assignable markers designed to target poorly aligned regions.
Additional SNP, SSR and AFLP markers will continue to
be added to the genetic map, furthering the integration of
genetic and physical resources. However, filling the gaps in the
WGS assemblies will be limited in the centromeric and heterochromatic regions (Grewal & Klar, 1997). Similarly, regions
having a high density of protein-coding genes (Poyatos &
Hurst, 2007) will require additional measures.
Based on the JAZZ and ARACHNE assemblies, the haploid
genome size of L. bicolor was estimated to be 59.9–64.9 Mb
(Martin et al., 2008). An average of 46.7 kb cM–1 was obtained by
dividing the size of ARACHNE assembled genome integrated
into the genetic map by the total genetic size. This ratio was
close to those reported in other Agaricales, 48.5 kb cM–1
in Agaricus bisporus (Kerrigan, 1993) and 35.1 kb cM–1 in
Pleurotus ostreatus (Larraya et al., 2000). Thus, the estimated
size of the L. bicolor genome contained within the integrated
genetic map and sequence assembly is 37.36 Mb.
Several regions of relatively high or low recombination were
discernible when the genetic linkage distances were compared
with the physical sequence distances (Fig. 1). Recombination
suppression has been reported in the basidiomycetes Ustilago
hordei (Lee et al., 1999) and Cryptococcus neoformans (Lengeler
et al., 2002) for sex chromosomes where mating-type loci
were present in large genomic regions that fail to pair properly
during meiosis. A similarly low recombination rate for the
region surrounding the L. bicolor mating-type A (Fig. S4) was
proposed by Niculita-Hirzel et al. (2008) based on the
determination of intergenic distance. Niculita-Hirzel et al.
(2008) reported that the STE3-like pheromone receptor
genes (LbSTE3.1, LbSTE3.2, LbSTE3.3, LbSTE3.4) were

11

clustered in one locus (i.e. MATb) of JAZZ scaffold 56. Our
data suggest that MATb is located on linkage pair 4, likely
belonging to LG 8. The size of this locus is c. 9.5 kb with three
sub-loci, each containing two genes that encode for a matingtype-specific pheromone and the corresponding receptor
(Niculita-Hirzel et al., 2008). Analysis by PCR of the MATa
and MATb loci showed that the two mating-type loci were
unlinked in contrast to previous findings (Doudrick et al., 1995).
In our study, the MATa locus was localized on ARACHNE
supercontig 1195 (JAZZ scaffold 1) anchored onto LG 1
(Fig. 1).
We located the ribosomal DNA at the distal end of LG 7.
Based on the number of copies (i.e. 50) per haploid genome
and the size of the rDNA tandem repeat (10 kb, Martin et al.,
1999), the size of the rDNA locus is c. 0.5 Mb. The occurrence
of numerous telomeric motifs (TTAGGG) in the intergenic
spacer (IGS) (Martin et al., 1999) is in agreement with the
suggested peritelomeric location.
The current genetic map reduced the number of LGs from
15 (Doudrick et al., 1995) to 13. Cytological chromosome
counts for Laccaria montana, a closely related species, suggested
a minimal haploid number of nine chromosomes (Mueller
et al., 1993). Ongoing cytological chromosome counts and
electrophoretic karyotyping will confirm the haploid number
of chromosomes in L. bicolor S238N. Based on the integration
of the linkage map into WGS assemblies (i.e. unaligned
supercontigs and scaffolds), we postulate that the total haploid
number of L. bicolor chromosomes is less than 13.
The principal interest of genetic maps is to localize and
then identify Mendelian genes or quantitative trait loci (QTLs)
in association mapping studies. The current linkage map is
therefore a precursor to several genomics applications, including
QTL mapping, comparisons of genetic maps among Laccaria
species and interspecific transfer of genomic information, and
candidate-gene association studies. Moreover, this study supplies useful marker resources with known physical and genetic
position for population genetic studies that could be used to
differentiate local genetic populations (Tuskan et al., 1990) or to
conduct future genome-wide association studies. The availability
of a genetic linkage map integrated to the WGS (Martin et al.,
2008) in L. bicolor will enhance our ability for comprehensive
analyses of the regulation of chromosome recombination, the
mechanisms underlying fruiting body and ectomycorrhiza
formation, ecological symbiosis fitness and evolutionary
interactions between the symbiont model L. bicolor and its
various hosts.
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Cet article présente une étude révélant la variabilité génétique au sein d’un
croisement entre deux espèces de peuplier et du fonctionnement de l’association
symbiotique avec L. bicolor par la mesure d’activité enzymatiques. Comme il est
indiqué en première page de cet article, j’ai contribué à égalité avec le premier auteur à
la rédaction de ce manuscrit et aux expérimentations ; notamment en participant à la
conception, à la mise en place de l’expérience et à l’entretien des plants en cultures,
mais aussi aux analyses statistiques et aux calculs des héritabilités et des hétérosis.
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Abstract
From an interspecific P. deltoides X P. trichocarpa controlled cross, 38 F1 individuals
were inoculated with the ectomycorrhizal fungus Laccaria bicolor. The colonization of
poplar roots by L. bicolor completely modified their capacity to secrete enzymes
involved in organic matter breakdown or organic phosphorus mobilization such as Nacetylhexosaminidase, glucuronidase, cellobiohydrolase, glucosidase, xylosidase,
laccase and acid phosphatase.
The enzymatic activities expressed in mycorrhizal roots differed significantly between
the two parents, while it did not differ in non-mycorrhizal roots. Significant differences
were found between poplar genotypes for all enzymatic activities measured on
ectomycorrhizas except for laccase activity. On the contrary, no significant differences
were found between poplar genotypes for enzymatic activities of non-mycorrhizal root
tips except for acid phosphatase activity. The level of enzyme secretion by the
associated fungus in mycorrhizal root tips is under the genetic control of the host.
Moreover, poplar heterosis is expressed through the enzymatic activities of the fungal
partner.

Introduction
The fine roots of social tree species in temperate and boreal forests are
symbiotically associated with fungi, forming composite organs called ectomycorrhizas
(ECM) (Smith & Read, 2008). The establishment and the functioning of ECM lead to
complex morphological and physiological changes in both the plant and the fungus
(Martin et al., 2007). The ECM symbiosis has been classically described as a
mutualistic association where the autotrophic plant supplies photosynthates to the
heterotrophic fungus, which in turn supplies water and nutrients to the host (Smith &
Read, 2008). Several studies also have shown that ectomycorrhiral fungi (ECMf) are
capable to produce extracellular enzymes involved in the direct mobilization of
nutrients from organic substrates (Burke & Cairney, 2002; Courty et al., 2005, 2006;
Lindahl et al., 2005; Koide et al., 2008). In addition, a given species may contribute to
significant functional variations of function through physiological plasticity (Buée et
al., 2007; Courty et al., 2009).
The ecological performance and the physiological plasticity of ECMf depend on
their genotypes, on environmental factors (Smith and Read, 1997; van der Heijden and
Sanders 2002), on host plant genotypes (Barker et al., 2002; Linderman and Davis,
2004), and on the interactions between all these factors (Khasa et al., 2002; Karst et al.,
2009). Recent studies also suggest that host plant genome may play a role in
determining the dominant mycorrhizal type in dually colonized hosts (Walker and
McNabb, 1984; Van der Heijden and Kuyper, 2001; Khasa et al., 2002). However, no
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studies have simultaneously examined the host plant genetics and the functional
plasticity of one ECMf species in controlled conditions.
The capability of ECM fungal species to form mycorrhiza with trees is a critical
dimension of the biotic interactions. In the ECM symbiosis Laccaria bicolor/poplar,
Tagu et al. (2005) have shown for the first time that the host genotype impacts on root
colonization by the fungus. The use of poplar as host tree model was motivated by the
availability of large genetic and genomic resources (Andersson et al., 2004; Brunner et
al., 2004). Moreover, the study of heritability and variability of physiological
parameters (i.e. water use efficiency, dry weight, Leaf Maximum Area) at family level
were intensively studied in poplar (Brendel et al., 2002; Marron et al., 2005).
Heritability of mycorrhizal colonization of poplar was also studied (Tagu et al., 2001,
2005). However, the functional plasticity of one ECM fungal genotype colonizing
different genotypes of the same host species was never studied.
The purpose of this study was first to determine how the association of Poplar
with the ECMf L. bicolor modifies the secretion by the root system of enzymes
involved in the mobilisation of nutrient from organic matter. The second objective was
to determine whether the enzymatic activities expressed in mycorrhizal roots differed
significantly between two parents, P. deltoides and P. trichocarpa, and the different
poplar genotypes (P. deltoides X P. trichocarpa). The third and the last objective was to
determine the degree of poplar genetic control on fungal traits by calculating the
heritability of enzymatic activities in mycorrhizal and non-mycorrhizal root tips and by
calculating for these traits a possible heterosis among the progeny.

Materials and Methods

Plant material, strain and culture conditions
Poplar material consisted of cloned 38 F1 individuals from an interspecific P.
deltoides (female clone from Illinois, no. 73028-62) and P. trichocarpa (male clone
from Washington, no. 101-74) controlled cross (family 54B) (Lefèvre et al., 1998; Tagu
et al., 2001; Tagu et al., 2005). We have tested the two parents and the 38 progenies to
form mycorrhizas by inoculating them with Laccaria bicolor S238N (Di Battista et al.,
1996; Tagu et al., 2001). The 38 F1 genotypes were chosen at random among the 336
genotypes used for the construction of genetic map (Faivre-Rampant et al., 1999;
Cervera et al., 2001; Jorge et al., 2005). The L. bicolor S238N fungal strain, coming
from the INRA-Nancy collection of ECMf, was maintained on Pachlewski’s medium
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(Pachlewski and Pachlewska 1974). This model fungal strain was chosen for its ability
to form ECMs with poplar and for the avaibility of genomic ressources (Tagu et al.,
2001; Martin et al., 2008). The inoculum of L. bicolor S238N was prepared by
aseptically growing the mycelium in a peat-vermiculite nutrient mix in glass jars for 2
months in the dark at 25 °C, and kept at 4° C before use (Le Tacon and Bouchard,
1986).

Inoculation
Cuttings of one internode of each of the 38 poplar progenies and the two parents
were rooted and individually inoculated at the same time, in 1-l pots containing a
mixture of fungal inoculum (1:9 vol/vol) and calcinated attapulgite (Oil Dri US Special,
Damolin, Denmark ; http://www.damolin.dk) during three months and a half, in
greenhouse in spring with day-night temperatures of 15 and 28°C respectively. Plantlets
were watered during the whole experiment until measurements. From the second month,
a nutrient solution was applied weekly (Frey-Klett et al., 1997). In order to control
environmental heterogeneity in the greenhouse, 8 replicates were done for each poplar
genotype and were randomly distributed in 8 blocks. Each block contained one pot of
each 38 progenies and the two parents.

Root colonization
Entire root systems (except roots present 1 cm depth from cal) were carefully
washed under tap water and cut into approximately 1-cm pieces. For each root system,
100 randomly selected root tips were examined and assessed as mycorrhizal or nonmycorrhizal under a stereomicroscope (magnification, 40).

Chlorophyll content, leaf morphological measurement and dry weight
Before harvesting plantlets, chlorophyll content was measured with a Minolta
SPAD chlorophyll meter (Minolta Corp., Ramsey, N.J.). The SPAD chlorophyll meter
measures the absorbance by plant tissues of wavelengths in the visible spectrum, which
gives the relative internal concentration of chlorophylls a and b. Three SPAD
measurements were done on three leaves of each plants and then averaged (Monje and
Bugbee, 1992). SPAD measures were then converted into chlorophyll content.
Once mycorrhizal infection had been determined, leaves, stems and roots were
separated. The leaves were placed in plastic bags and kept at 4°C until leaf
morphological measurements were completed. The leaf area (cm2) of all leaves of each
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plantlet was measured by using a LI-COR 3100 (Li-Cor Inc., Lincoln, NE, USA). Then,
leaves, stems and roots were dried at 70 °C for 1 week (Mettler, Toledo balance). The
leaf mass area (LMA) was calculated for each clone using the relationship between the
area of each leaf and its corresponding dry weight.

Enzymatic activity profiling of ectomycorrhizal and non-mycorrhizal root tip
One mycorrhizal root tip and one non-mycorrhizal root tip were collected from
each of the 320 cuttings in order to determine their potential enzymatic activities, using
the high-throughput photometric and fluorimetric microplate assays described and
detailed in Courty et al. (2005), and applied in previous studies (Buée et al., 2007;
Rineau et al., 2009; Courty et al., 2009). Each well of the 96-well micro-titration plate
contained either one ectomycorrhizal root tip or one non-ectomycorrhizal root tip.
Seven activities were successively measured on root tips: xylosidase (EC 3.2.1.37),
glucuronidase (EC 3.2.1.31), cellobiohydrolase (EC 3.2.1.91), N-acetylglucosaminidase
(EC 3.2.1.14), ß-glucosidase (EC 3.2.1.3), acid phosphatase (EC 3.1.3.2), and laccase
(EC 1.10.3.2) activities. The enzymes activities were expressed as pmol.min-1.mm-2 of
developed surface area of root tips.

Statistical analysis
The percentage of mycorrhizal colonization was transformed by arcsin ¥X/100
function

prior

to

variance

analysis

(ANOVA).

Xylosidase,

glucuronidase,

cellobiohydrolase, chitinase, ß-glucosidase, acid phosphatase and laccase activities,
root, shoot and stem dry weight and LMA were also submitted to ANOVA. The
following mixed linear model was applied on an individual basis to detect significant
differences among the clones:
Yijk = ȝ + Bi + Gj + İijk where ȝ is the overall mean, B is the block effect (fixed),
G is the genotype effect (random), and İ is the random residual error. Restricted
maximum likelihood estimates of genetic, block and residual variance components (ı2G,
ı2B and ı2İ) were computed, and for each trait, individual broad sense heritability (h2)
was estimated as follows:
h2 = ı2G /(ı2G + ı2İ /n) where n is the average number of replicates per genotype.
Standard deviations (SD) of were derived from classic estimation of SD for a ratio x/y
where x = ı2G and y = ı2G + ı2İ /n.
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All analyses were performed with the statistical programs JMP 5.0 (SAS Institute Inc.,
Cary, NC, USA) and R version 1.8.0 (R. Development Core Team, 2003, www.Rproject.org).
The genetic coefficient of variation (CVG) was used (Cornelius, 1994) to compare the
relative amounts of genetic variation of traits with different means:
CVG = ¥( ı2G / ȝ)
Relationships between the different traits were also analysed by Pearson linear
correlations.

Results
A total of 320 plants were harvested and studied in this experiment. Only 3
cuttings died and were not used in the analysis. No significant block effect was found
for any measured traits.

Poplar ecophysiological traits
Significant differences were found between plant genotypes for all measured
traits (chlorophyll content, leaf maximum area, stem and root dry weight; Table 1).

Effect of poplar genotype on root colonization by L. bicolor
Three months and half after inoculation, progenies and parental clones were
exclusively mycorrhizal with L. bicolor. No contaminant ectomycorrhizas were
observed on the roots. The two parents greatly differed in their mycorrhizal
development, P. trichocarpa exhibiting a rate of colonization of 40 % ± 8, and P.
deltoides a rate of 16 % ± 4. The percentages of colonization of the different genotypes
varied from 12 % ± 8 to 64 % ± 6, with an average of 31 % (Figure 1). The variance
analysis revealed a significant genotype effect and no block effect.

Enzymatic activity patterns of ectomycorrhizal and non-mycorrhizal root tips
For each plantlet, the seven enzymatic activities were measured successively on
one mycorrhizal and on one non-mycorrhizal root tip (40 poplar genotypes x 8 plant
replicates x 2 root tips). For activities measured on ECM root tips of the 8 replicates of
the same Poplar genotype, the standard deviation (n = 8) was around 15 % for very low
activities (e.g. glucuronidase) and below 10 % for medium and high activities (e.g.
cellobiohydrolase) (Figure 1). For activities measured on non-mycorrhizal root tips, the
standard deviation (n = 8) was between 15 to 50 %. Mycorrhizal root tips never lost
172

their ability to secrete the seven enzymes in the conditions of the test, even if sometimes
at very low level (e.g. for glucuronidase, laccase).
For the 40 clones, six of the enzymatic activities differed significantly between
mycorrhizal and non mycorrhizal roots, while no laccase activity could be detected in
non mycorrhizal roots. Compared to non mycorrhizal root tips, N-acetylhexosaminidase
activity was multipled by more than 100 in mycorrhizas, while glucuronidase,
cellobiohydrolase and glucosidase activities were multiplied by a factor ranging
between 50 and 100, and xylosidase and acid phospatase between 15 and 50 (Table 2).

Enzymatic activities of the two parents
The six enzymatic activities expressed in non mycorrhizal roots did not differ
significantly between the two parents, both expressed a similar profile. The seven
enzymatic activities measured on ECM root tips differed significantly between the two
parents (Figure 2): five activities (cellobiohydrolase, chitinase, ß-glucosidase, acid
phosphatase, and laccase) were overexpressed in P. trichocarpa and two (xylosidase
and glucuronidase) were overexpressed in P. deltoides.

Enzymatic activities of the hybrids
Enzyme activity patterns of mycorrhizal and non-mycorrhizal root tips of the
parents and of their progeny differed significantly (Figure 3, Table 3). Significant
differences were found between plant genotypes for all activities measured on ECM
root tips except for laccase activity (Table 3). No significant differences were found
between plant genotypes for any activities measured on non-mycorrhizal root tips
except for acid phosphatase activity (Table 3).

Heritability
Heritability values (h2) of plant phenotypic characters ranged from 0.21 to 0.48
(Table 4). The highest values of heritability were found for leaf maximum area (0.48 ±
0.01), chlorophyll content (0.45 ± 0.01) and stem dry weight (0.43 ± 0.01). The lowest
value was found for root dry weight (0.21 ± 0.01). A value of 0.45 ± 0.02 was found for
the percentage of mycorrhizal colonization (Table 4). Heritability values of enzymatic
activities were similar for ectomycorrhizal and non-mycorrhizal root tips, except for
laccase activity, which was not detected on non-mycorrhizal root tips (0.29 ± 0.01 in
mycorrhizal root tips; 0 in non-mycorrhizal root tips). The highest heritabilities were
found for N-acetylhexosaminidase (mycorrhizal root tips, 0.42 ± 0.01, non mycorrhizal
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root tips 0.40 ± 0.01), acid phosphatase (mycorrhizal root tips, 0.41 ± 0.01; non
mycorrhizal root tips, 0.40 ± 0.01), glucosidase (mycorrhizal root tips 0.36 ± 0.01; (non
mycorrhizal root tips, 0.34 ± 0.01) and cellobiohydrolase (mycorrhizal root tips, 0.33 ±
0.02; non mycorrhizal root tips, 0.31 ± 0.02) activity. The lowest value was found for
glucuronidase activity (mycorrhizal root tips 0.04 ± 0.01; non mycorrhizal root tips,
0.04 ± 0.01).

Heterosis
For each trait, we have calculated the ratio between the average of the hybrids
and the best parent (a) or between the average of the hybrids and the average of the two
parents (b) (Table 5). The leaf maximum area exhibited a high positive heterosis (a = +
46, b = + 51), while the leaf dry weight exhibited a negative one (a = - 41, b = - 36). The
percentage of mycorrhizal colonization also exhibited a positive heterosis (a = + 25, b =
+ 75). In mycorrhizal and non mycorrhizal root tips, all the enzymatic activities
displayed a positive heterosis at least for the b values, with the exception of laccase
activity in mycorrhizal root tips (a = - 15, b = - 8) and acid phosphatase activity in non
mycorrhizal root tips (a = - 4, b = - 3).

Correlation between the different traits
No poplar trait was correlated with enzymatic activities of non-mycorrhizal root
tips (Table 6). LMA, stem and root dry weights were not correlated with any activities
either from ectomycorrhizal and non-mycorrhizal root tips (Table 6). Chlorophyll
content was significantly negatively correlated with xylosidase, glucosidase and
cellobiohydrolase activities, three enzymes involved in cellulose and hemi-cellulose
catabolism.
Enzymatic activities of ectomycorrhizal root tips were not correlated with those
of non mycorrhizal root tips. All the enzymatic activities of mycorrhizal root tips were
correlated between them, except for laccase activity. Similarly, except for acid
phosphatase, all the enzymatic activities of non-mycorrhizal root tips were correlated
between them. Xylosidase activity of mycorrhizal roots was the only activity positively
correlated with the percentage of mycorhizal infection (Table 6). Stem and root dry
weights also were significantly correlated with the percentage of root colonization.
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Discussion
Enzymatic activities of root tips
The colonization of poplar roots by L. bicolor completely modified their
capacity to secrete enzymes involved in organic matter breakdown or organic
phosphorus

mobilization.

Compared

to

non-mycorrhizal

root

tips,

N-

acetylhexosaminidase activity was multiplied by more than 100 in mycorrhizas, while
glucuronidase, cellobiohydrolase and glucosidase activities were multiplied between 50
and 100 and xylosidase and acid phospatase between 15 and 50. Moreover, laccase
activity could not be detected on non-mycorrhizal roots. It is well known that ECMf are
able to secrete enzymes such as chitinases and phosphatases, which allow the release of
mineral nutrients from soil organic matter (Tibbett and Sanders, 2002). But it is the first
time that the width of the modifications induced by the symbiotic association in the
potential enzymatic secretion by the root system is measured. Although the complete
sequences of the P. trichocarpa and L. bicolor genome are available, few studies are
actually available on the characterization of genes coding for the enzymes used in our
experiment. Nevertheless, we know that L. bicolor has a poor cellulolytic and
hemicellulolytic machinery (Martin et al., 2008). Concerning chitin catabolism, it
appears that many genes code for secreted exo- and endo-chitinases as the Nacetylglucosaminidase. However, their functions could be multiple such as the
mobilization of nitrogen from chitin or defense against other fungi. More information
on the genes coding for laccases and acid phosphatases are available. In L. bicolor, the
MCO (Multi Copper oxidases) family comprised 11 genes divided into two subfamilies
corresponding to laccases sensu stricto (lcc1 to lcc9) and two ferroxidases (lcc10 and
lcc11). Lcc3 and lcc8 transcripts are very abundant in L. bicolor/poplar ectomycorrhizas
(Martin et al., 2008; Courty et al., 2009). Several MCOs, found in the P. trichocarpa
genome, seem to be involved in the production of melanin and in the polymerization of
lignin precursor (McCaig et al. (2005). This could explain why we did not find any
activities on non-mycorrhizal root tips.
Acid phosphatases are widespread in living organisms. They form a complex family of
enzymes and play many different roles, most of them remaining unknown. However,
several of them, particularly in microorganisms, are able to free phosphate groups from
complex organic compounds. Both ECMf and plants secrete acid phosphatases in the
mycorhizosphere. Nevertheless, mycorrhizas secrete more phosphatases than non
colonized roots (Colpaert et aL, 1997, Conn and Dighton, 2000). Ectomycorrhizal fungi
exhibit high phosphatase release in their environment, particularly under mineral
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phosphorus deficiency (Dighton, 1983). The L. bicolor genome comprises only one
gene coding for acid phosphatase, while P. trichocarpa genome contains seven. We can
make the assumption that the numerous acid phosphatases potentially existing in poplar
roots are stored in the cells, explaining the absence of phosphatase activity on the root
surface. On the contrary, the unique Laccaria acid phosphatase seems to be intensively
secreted outside the fungal cells, giving to mycorrhizas access to phosphorus bound in
organic compounds.

Host genetic control of ECM enzyme secretion
The enzymatic activities expressed in mycorrhizal roots differed significantly
between the two parents, while it did not differ in non mycorrhizal roots. Significant
differences were found between poplar genotypes for all enzymatic activities measured
on ECMs except for laccase activity. On the contrary, no significant differences were
found between poplar genotypes for enzymatic activities of non-mycorrhizal root tips
except for acid phosphatase activity.
Heritability values of enzymatic activities were similar for ectomycorrhizal and nonmycorrhizal root tips, except for glucuronidase in both types of roots and laccase which
was not detected on non-mycorrhizal root tips. It is remarkable to find a high heritability
value among the poplar genotypes for the enzymatic secretions of mycorrhizal roots,
which are mainly due to fungal activity.
Several previous studies have demonstrated significant genetic variability within plants
and/or fungal species for symbiotic capability in mycorrhizal interactions. Rosado et al.
(1994) reported a high value of heritability for colonization of Pinus ellilotii by the
ECMf Pisolithus tinctorius, and moderate heritability for the development of P.
tinctorius extramatrical mycelium. Eucalyptus grandies, E. globules, E. marginata and
Pinus muricata varied greatly in their growth response to different Pisolithus and
Rhizopogon genotypes, respectively (Tonkin et al., 1989; Burgess et al., 1994;
Thompson et al., 1994; Piculell et al., 2008). Tagu et al. (2003, 2005) have already
shown that the ability of poplar to form ECMs is under its genetic control. Other studies
with contrasting results have found that plant genotype can play a dominant role in
controlling the associates soil microbial communities. Short-term experiment have
either shown variations in mycorrhizal colonization, in microbial and in mycorrhizal
communities (Gehring and Whitham, 2003; Kuske et al., 2003; Tan et al., 2003;
Kasurinen et al., 2005) or few differences in arbuscular fungal and bacterial
communities (Bever et al; 1996; Madritch and Hunter, 2002, 2003). To our knowledge,
176

our study is the first one reporting a genetic control of the host plant on some fungal
functional traits. Here, the degree of fungal enzymatic secretion is under the control of
poplar genome. These results strongly suggest the potential for poplar genome to direct
the microbial-plant interaction and to create environments to which ECM fungi can
respond.
In addition, we found a high positive heterosis for the capacity of poplar to form
mycorrhizas (h2 a = + 45 %). We also found positive heterosis for characters such as
leaf maximum area, dry weight of roots and for five of the seven enzymatic activities of
mycorrhizal roots. Heterosis for poplar hybrids is a well-known phenomenon (Stettler et
al., 1996; Li and Wu, 1997; Pearce et al., 2004; Marron et al., 2006). Heterosis is
determined by non-mutually exclusive mechanisms, including genome-wide dominance
complementation, locus-specific overdominance effects and epistasis, although the
relative contribution of each of these mechanisms is still unclear (Lippman and Zamir,
2007). But it is also the first time that it is shown that plant heterosis could be expressed
through the physiological activity of the fungal partner.

Conclusion
The genetic diversity in tree species can influence fluxes of nutrients and also
interactions with soil microorganisms. Assessing tree genotype x environment
interactions is a major challenge in functional ecology. In this paper, our data linked and
quantified the general relationships between poplar plant genetics, ECM fungal
infection, and physiological parameters. In the association L. bicolor/poplar, variations
in plant and fungal responses in these controlled conditions illustrate the broad plasticity
of the interaction. In this study, the role of poplar genetics in determining both poplar
growth characteristics and fungal activities are clear.
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Tables and figures
Figure 1: Percentage of the root colonization of the different Poplar clones (n = 40).
Genotypes are ranked in mean percentage of root colonization. Bars represent SE (n =
8). Light grey correspond to Populus deltoides (female) and dark grey to Populus
trichocarpa (male).

%$$
-$
,$
+$
*$
)$
($
'$
&$
%$
$




181

Figure 2: Enzymatic activity profiles measured on one root tip sampled on P.
trichocarpa (dark grey line) and P. deltoides (light grey line) (n = 8 for each clone)
either colonized (a) or non colonized (b) by L. bicolor. The polar graphs have been
drawn from the relative activities calculated in per cent of the mean value of all root tips
(either colonized or non-colonized by L. bicolor). (c) Traits measured on P. trichocarpa
(dark grey line) and on P. deltoides (light grey line) (n = 8). The polar graphs have been
drawn from the relative values calculated in per cent of the mean value measured on all
poplar cuttings. The dotted line corresponds to the mean activity. As no laccase activity
was measured on non mycorrhizal root tips. A statistical analysis was performed to
highlight differences between the two parents (* p<0.01). Abbreviations for enzymes:
pho, acid phosphatase; nag, N-acetyl-glucosaminidase; gls, ȕ-glucosidase; cel,
cellobiohydrolase; xyl, xylosidase; lac, laccase; glr, glucuronidase. Abbreviations for
poplar traits: %, percentage of mycorrhizal colonization ; DW, dry weight; Chl;
chorophyll content; LMA; Leaf Mass Area.
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Figure 3: Values of the seven enzymatic activities successively measured on one root
tip of the different poplar cuttings (40 clones, 8 replicates per clone), either colonized
(a) or non-colonized (b), by L. bicolor. No laccase activity was detected on non
mycorrhizal root tips. Genotypes are ranked by mean activity. Enzyme activities are
expressed as pmol.mm−2.min−1 (Courty et al., 2005). Bars represent SE (n = 8). Dark
grey corresponds to Populus trichocarpa (male) and light grey to Populus deltoides
(female).
+$

'.)

67 /  

*$

'

)$

&.)

($

&

'$

%.)

&$

%

%$

$.)

67 /  

$

$

%&$

67 




'.)



67 





'

%$$

&.)
,$
&
*$
%.)
($
%
&$

$.)

$

$


-$$

67 18# 


,



,$$

67 18# 











+

+$$

*

*$$

)

)$$
(
($$
'

'$$

&

&$$

%

%$$

$

$




183

Figure 3 (continued)
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Table 1 Trait variations among the two parents and the 38 progenies.

Traits

F

P

Chlorophyll
Leaf maximum area
Stems (dry weight)
Roots (dry weight)

2.104
1.661
8.105
0.768

<0.001
<0.001
<0.001
<0.001

Table 2 Average enzymatic activities of ectomycorrhizal and non mycorrhizal root tips
of poplar. Enzyme activities are expressed as pmol.mm−2.min−1 (Courty et al., 2005).
Mean and SE are given for each activity. Significant differences (p < 0.001) between
mycorrhizal and non-mycorrhizal root tips are indicated by S.

Xylosidase
Glucuronidase
N-acetylhexosaminidase
Cellobiohydrolase
Glucosidase
Acid phosphatase
Laccase

n

Mycorrhizal root tips

Non mycorrhizal root tips

317
317
317
317
317
317
317

31.32 ± 1.76
41.41 ± 2.90
418.30 ± 17.26
85.07 ± 6.48
306.78 ± 16.93
396.65 ± 26.42
4.8 ± 0.2

1.23 ± 0.07
0.82 ± 0.06
3.14 ± 0.16
0.87 ± 0.06
4.68 ± 0.52
24.81 ± 1.35
0

Ratio
myc/non
myc

p < 0.001

25.5
50.5
133.2
97.8
65.5
16

S
S
S
S
S
S
nd
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Table 3 Variation among 40 clones of poplar (two parents and the 38 progenies) in
fungal ectomycorrhizal (a) and plant (b) physiological traits.
(a)
Mycorrhizal root tips
F
P

Traits
Xylosidase
Glucuronidase
N-acetylhexosaminidase
Cellobiohydrolase
Glucosidase
Acid phosphatase
Laccase

18.69
7.35
5.24
9.47
6.67
10.87
0.74

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.3882

Non mycorrhizal root tips
F
P
0.51
0.79
1.25
0.75
0.71
1.09

1.0000
0.9285
0.1295
0.9599
0.9510
<0.001
nd

(b)

Traits
Chlorophyll
Leaf maximum area
Stems
Dry weight
Roots

F
2.104
1.661
8.105
0.768

P
<0.001
<0.001
<0.001
<0.001
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Table 4 Heritability (h2) of poplar traits (a) and enzymatic activity of mycorrhizal and
non-mycorrhizal root tips (b).
(a)

n

h2

Mycorrhizal infection

40

0.45 ± 0.02

Chlorophyll

40

0.45 ± 0.01

40

0.48 ± 0.01

Stems

40

0.43 ± 0.01

Roots

40

0.21 ± 0.01

Leaves

40

0.50 ± 0.01

Leaf Maximum Area

Dry weight

(b)

n

Mycorrhizal root tips

Non-mycorrhizal root tips

Xylosidase

40

0.16 ± 0.01

0.19 ± 0.01

Glucuronidase

40

0.04 ± 0.01

0.04 ± 0.01

N-acetylhexosaminidase

40

0.42 ± 0.01

0.40 ± 0.01

Cellobiohydrolase

40

0.33 ± 0.02

0.31 ± 0.02

Glucosidase

40

0.36 ± 0.01

0.34 ± 0.01

Acid phosphatase

40

0.41 ± 0.01

0.40 ± 0.01

Laccase

40

0.29 ± 0.01

0
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Table 5 Heterosis calculated as the ratio between the average of the hybrids and the best
parent (a) or between the average of the hybrids and the average of the two parents (b)

Heterosis
Character
a

b

Mycorrhizal colonization

+ 25

+ 75

Chlorophyll

- 21

-7

Leaf maximum area

+ 46

+ 51

Stems

- 17

- 14

Roots

+1

+ 11

Xylosidase

+ 26

+ 62

Glucuronidase

+ 19

+ 44

Activities of

N-acetylhexosaminidase

+ 22

+ 19

mycorrhizal

Cellobiohydrolase

+ 0.2

+ 59

root tips

Glucosidase

- 13

+ 30

Acid phosphatase

+9

+ 54

Laccase

- 15

-8

Xylosidase

+ 34

+ 103

Glucuronidase

+ 19

+ 82

Activities of non

N-acetylhexosaminidase

+3

+ 11

mycorrhizal

Cellobiohydrolase

+ 53

+ 75

root tips

Glucosidase

+ 15

+ 38

Acid phosphatase

-4

-3

Laccase

0

0

Dry weight
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%
Chl
DW Stem
DW Roots
LMA
M Xyl
M Glr
M Nag
M Cel
M Gls
M Pho
M Lac
NM Xyl
NM Glr
NM Nag
NM Cel
NM Gls
NM Pho

1

%

-0,09
1

Chl

0,20
-0,12
1

DW
Stem

0,20
-0,12
0,42
1

DW
Roots
0,06
-0,01
-0,28
-0,20
1

LMA
0,22
-0,19
-0,05
0,05
0,14
1

M
Xyl
0,14
-0,01
-0,04
0,04
0,09
0,12
1

M Glr
0,13
-0,07
0,04
0,06
0,14
0,41
0,27
1

M Nag
0,07
-0,18
-0,07
-0,01
0,06
0,64
0,18
0,35
1

M
Cel
0,13
-0,18
-0,13
0,02
0,10
0,56
0,15
0,33
0,69
1

M
Glus
0,04
-0,05
-0,02
-0,03
0,12
0,25
0,30
0,47
0,22
0,25
1

M
Pho
0,05
0,01
-0,01
0,06
0,13
0,25
0,15
0,31
0,16
0,27
0,29
1

M Lac
0,05
-0,00
-0,01
-0,07
-0,08
0,07
0,01
-0,11
0,06
0,01
0,01
-0,12
1

NM
Xyl
0,13
0,02
0,09
0,00
-0,13
0,02
0,07
-0,08
-0,04
-0,05
0,08
-0,05
0,47
1

NM
Glr
0,02
0,08
0,12
-0,09
-0,04
-0,03
-0,12
-0,04
0,02
-0,07
-0,01
-0,14
0,27
0,25
1

NM
Nag
-0,02
0,08
0,00
-0,09
-0,07
0,11
-0,13
-0,01
0,05
0,06
0,02
-0,06
0,43
0,39
0,24
1

NM
Cel

0,06
0,00
-0,02
-0,10
-0,06
-0,03
-0,07
-0,19
-0,06
-0,05
0,01
-0,10
0,35
0,29
0,31
0,28
1

NM
Glus

0,13
0,11
0,01
-0,02
0,04
0,09
0,15
0,32
0,05
0,09
0,36
0,21
-0,03
0,04
-0,03
-0,03
0,07
1

NM
Pho
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Table 6 Correlation matrix (Pearson Correlation r) between poplar parameters, enzymatic activities and percentage of mycorrhizal colonization.
Correlation is significant for p < 0.01 (light grey cells).
Abbreviations: %, percentage of mycorrhizal colonization; Chl, Chlorophyl (g/m2); DW, Dry Weight (g); LMA, Leaf maximum area (m2); M,
mycorrhized root tips; NM, non-mycorrhized root tips; Pho, acid phosphatase; Nag, N-acetyl-glucosaminidase; Gls, ȕ-glucosidase; Cel,
cellobiohydrolase; Xyl, xylosidase; Lac, laccase; Glr, glucuronidase.
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Summary:
A Populus deltoides x Populus trichocarpa F1 progeny was analyzed for QTLs
affecting ectomycorrhizal development and for characterization of gene networks
involved in this symbiosis. This progeny was evaluated for its ability to form
ectomycorrhiza with the basidiomycete Laccaria bicolor. The percentage of
mycorrhizal root tips was determined on the root systems of 300 progeny genotypes and
their two parents. A first QTL analysis (map v1) highligthed 4 significant QTLs, one
(Myc_d1, linkage group LGg_d) on the P. deltoides and three on the P. trichocarpa
map (Myc_t1, LGi_t; Myc_t2, LGk_t; Myc_t3, LGXI_t). Two QTLs positioned on the
genetic map of P. trichocarpa could be anchored on the P. trichocarpa genome
sequence. A second QTL analysis, performed with a different map (v2), identified three
putative QTLs (MycI_d, LG_Ia d; MycII_d, LG_II d; MycVI_d, LG_VI d) on the P.
deltoides map. On the P. trichocarpa map, two putative QTLs (MycIII_t, LG_IIIb t;
MycXI_t, LG_XIa t) were also detected. A NimbleGen whole genome microarray
analyses was performed by generating cDNA from RNA extracts of ectomycorrhizal
root tips from the parental genotypes P. trichocarpa and P. deltoides. Among the 1543
differentially expressed genes (p-value < 0.05 and  5.0 change in transcript level)
having different transcript levels in mycorrhizas of the two parents, 81 transcripts were
located in the QTL genomic regions: 14 in Myc_t1 = MycXI_t, 7 in MycIII_t, 30 in
MycI_d, 20 in MycII_d, and 10 in MycVI_d.
Among these 81 transcripts, 52 were up-regulated in P. deltoides of which 5 of top
20 of up-regulated genes; 29 were up-regulated in P. trichocarpa of which 2 of top 20.
The gene showing the highest upregulation in P. trichocarpa mycorrhizas compared to
P. deltoides mycorrhizas was lacated within the QTL MycIII_t on the linkage group
LG_IIIb t and codes for a EREBP-4 protein involved in ethylene and auxin responses.

Key words: Quantitative trait loci, poplar, symbiosis, ectomycorrhiza
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Introduction
The majority of terrestrial plants live in association with symbiotic fungi which
facilitate their access to soil mineral nutrients. The ectomycorrhizal (ECM) symbiosis is
the most common association in forest under boreal and temperate climates. ECM
symbioses are complex biological systems implying numerous interactions between the
two partners and with their environments. These interactions also depend on the specific
combination tree and fungus involved (Peterson and Bonfante, 1994; Nehls et al., 2001;
Martin et al, 2003; Martin et al, 2009). Ectomycorrhizal establishment depends as well
on both trophic and climatic conditions (Smith and Read, 1997), as genetic traits of the
partners (Rosado et al., 1994; Tagu et al., 2001).
The development and functioning of ectomycorrhizas involve the expression of
numerous genes encoding for example for developmental proteins, enzymes or
transporters both in the fungi and their partners (Martin et al., 2007). The genetic
predisposition and molecular adaptation needed for mycorrhizal establishment probably
involve the combined action of numerous gene networks (Martin et al, 2009). One
putative quantitative trait loci (QTL) related to ectomycorrhizal formation was located
on a P. trichocarpa linkage group containing QTLs involved in the pathogenic
interaction with the fungus Melampsora larici-populina, the causal agent of leaf rust
(Tagu et al., 2005). The recent release of genomic resources, such as the Laccaria
bicolor genome (Martin et al., 2008) and the Populus trichocarpa genome (Tuskan et
al, 2006), will ease the identification of genetic factors involved in these complex
interactions.
Here, we aimed to confirm and extend the previous QTL analysis (Tagu et al., 2005)
by positioning QTLs involved in root colonization by L. bicolor on two improved
Populus genetic maps, using an extended progeny (300 F1 individuals). We then anchor
the QTL markers on the P. trichocarpa genomic sequence and characterize genes that
could be involved in the ectomycorrhizal establishment. Using a whole genome
oligoarray of P. trichocarpa (Tuskan et al., 2006) we compared the differential gene
expression between P. trichocarpa and P. deltoides ECMs. The final objective was to
determine whether these genes showing a differential expression between the parents
exhibiting a low ectomycorrhizal infection (P. deltoides) and the parent exhibiting a
high ectomycorrhizal infection (P. trichocarpa) located in putative QTLs related to
ectomycorrhizal colonization.
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Material and methods
Biological materials
Poplar material consisted of cloned 300 F1 individuals from an interspecific P.
deltoides (female clone from Illinois, no. 73028-62) and P. trichocarpa (male clone
from Washington, no. 101-74) controlled cross (family 54B, Pop2) (Lefèvre et al.,
1998; Tagu et al., 2001; Tagu et al., 2005). We have tested the two parents and the 300
progeny for ectomycorrhizal formation by inoculating them with Laccaria bicolor
S238N (Di Battista et al., 1996; Tagu et al., 2001). The 300 F1 genotypes were chosen
at random among the 336 genotypes used for the construction of the updated genetic
maps (Jorge et al., 2005). Moreover, these 300 genotypes comprised the 90 genotypes
used for the construction of the first Pop2 genetic map (Faivre-Rampant et al., 1999).
The L. bicolor S238N fungal strain, issued from the INRA-Nancy collection of
ectomycorrhizal fungi, was maintained on Pachlewski’s medium (Pachlewski and
Pachlewska 1974). This model fungal strain was chosen for its ability to form
ectomycorrhizas with poplar and for the avaibility of its genome and transcriptome
(Tagu et al., 2001; Peter et al., 2003; Martin et al., 2008). The mycelium was produced
on a peat-vermiculite nutrient mixture and grown in glass jars during 2 months in the
dark at 25°C and kept at 4°C before use (Duponnois and Garbaye, 1991).

Inoculation
Cuttings of one internode of each of the 300 poplar progeny and the two parents
were rooted and individually inoculated at the same time, in 1-l pots containing a
mixture of fungal inoculum (1:9 vol/vol) and calcinated attapulgite (Oil Dri US Special,
Damolin, Denmark ; http://www.damolin.dk) during three and a half months, in a
greenhouse at INRA-Nancy during spring (48° 41' 37" N, 6° 11' 05" E; glasshouse
temperature 15-28°C, photoperiod 12h). Plantlets were watered twice daily during all
the time of the experimentation until measurements, and weekly received a nutrient
solution (like describe in Frey-klett et al., 1997). In order to take in account the
environmental heterogeneity of the greenhouse, eight replicates were done for each
poplar genotype and were randomly distributed in eight blocks. Each block contained
one pot of each 300 progeny and the two parents.
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Measurements
The percentage of mycorrhizal infection was determined three and half months after
inoculation by eight observers; it lasted 2 months. Each root system was rinsed with tap
water, cut in 1-cm pieces and analyzed under a dissecting microscope. For each root
system, 100 apices were randomly examined and assessed as mycorrhizal or nonmycorrhizal. Up to 25,000 mycorrhized root tips were harvested.

Statistical analysis
The percentage of mycorrhizal colonization was transformed by arcsin ¥X/100
function prior to variance analysis (ANOVA). The following mixed linear model was
applied on an individual basis to detect significant differences in mycorrhizal
colonization among the clones:
Yijk = ȝ + Bi + Gj + Ok + İijk
where ȝ is the overall mean, B is the block effect (fixed), G is the genotype effect
(random), O is the observer effect (fixed) and İ is the random residual error. Restricted
maximum likelihood estimates of genetic, block and residual variance components (ı2G,
ı2B and ı2İ) were computed, and for each trait, individual broad sense heritability (h2)
was estimated as follows:
h2 = ı2G / (ı2G + ı2İ /n) where n is the average number of replicates per genotype.
Standard deviations (SD) of h2 were derived from classic estimation of SD for a ratio
x/y where x = ı2G and y = ı2G + ı2İ /n. All analyses were performed with the statistical
programs JMP 5.0 (SAS Institute Inc., Cary, NC, USA) and R version 2.9.1 (R.
Development Core Team, 2003, www.R-project.org).
The genetic coefficient of variation (CVG) was used (Cornelius, 1994) to compare the
relative amounts of genetic variation of traits with different means: CVG = ¥ (ı2G / ȝ)
Molecular data and QTL detection
Poplar genotyping was conducted using RFLP, STS, RAPD, and microsatellite
markers in a first subset of 90 genotypes (Jorge et al., 2005). Microsatellite and AFLP
genotyping was then extended to 253 supplementary genotypes (Jorge et al.,
unpublished). RFLP and STS genotyping was conducted as described by Bradshaw and
Stettler (1993). RFLP markers were coded by the letter “P” followed by a 3- to 4-digit
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number (e.g. P1273). RAPD genotyping was performed according to Villar et al.
(1996). RAPD markers were coded by the Operon kit primer name followed by the
molecular weight of the polymorphic band (e.g. M02-1150). AFLP genotyping was
performed as described in Jorge et al. (2005). AFLP markers were named after the code
of the EcoRI/MseI combination from the kit followed by the band ranking on the gel
(e.g. E5M5-7). The SSR primers came from two different sources: (1) the International
Populus

Genome

Consortium,

SSR

named

"PMGC"

(http://www.ornl.gov/sci/ipgc/ssr_resource.htm), "ORPM" (Tuskan et al., 2004) and
"WPMS" (Van der Schoot et al., 2000) and (2) SSR named "ai", "bi" and "bu" (Jorge et
al., in prep.) developed from public EST databases. Different labeling techniques were
successively used for SSR genotyping: primers were labeled with γ-[33P] ATP, with
forward fluorochrome-labelled primer or the M13 tailing strategy (Schuelke, 2000). The
first two techniques were described elsewhere (Jorge et al., 2005). The third one
follows: PCR reaction were performed in a total volume of 10 µl containing 10 mM
Tris-HCL, pH 8.3; 50 mM KCl; 1.5 mM MgCl2; 200 µM each of dATP, dCTP, dGTP
and dTTP; 0.2 unit Taq Polymerase (Invitrogen); 5 pmoles reverse primer; 0.5 pmoles
M13-tailed forward primer; 5 pmoles M13-labelled primer; and 40 ng DNA. PCR were
conducted with 42 cycles of a 30-s denaturation at 94°C, 30-s annealing at 55°C or
52°C and 30-s extension at 72°C. Each forward primer was 5’-tailed with the M13
forward consensus sequence. The M13-tailed forward primers were then used in
combination with a standard M13 primer labelled with fluorescent dye (6FAM, HEX or
NED) at its 5’-end. The amplicons for each SSR marker were separately produced,
diluted and pooled post-PCR by three-color multiplexes (6FAM, HEX, and NED) for
polymorphism screening. Microsatellite polymorphisms were visualized using an
ABI PRISM 3100 genetic analyzer (PE Applied Biosystems, Foster City, Calif.). SSR
allele lengths were recorded by GeneScan and Genotyper or Genemapper softwares.
Markers significantly deviating from Mendelian segregation ratios [1:1] (i.e.
P>χ2 < 1%) were eliminated from the linkage analysis. Linkage maps were constructed
using Mapmaker version 3.0b (Lander & Botstein, 1989) and were based on the pseudotestcross strategy, which led to the construction of two parental maps (Grattapaglia &
Sederoff, 1994). Steps for map construction were the same than Jorge et al. (2005)
except “Error detection” option was set up on.
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QTL analysis
Data used for QTL detection were corrected of the observer effect using a logistic
regression. QTLs were determined using MultiQTL 2.4 (http://www.multiqtl.com/;
MultiQTL Ltd, Institute of Evolution, Haïfa University, Haïfa, Israel). The option
‘marker restoration’ was used to reduce the effect of missing information. The Kosambi
mapping function was chosen for recalculation of maps on genotypic data. Single trait
analysis was performed using a combination of interval mapping approach and multiple
interval mapping. The entire genome was first scanned using the one QTL model and then
using the two-linked QTL model. Permutation tests (1000 runs), comparing hypotheses H1
(there is one QTL in the chromosome), and H0 (no QTL in the chromosome) were run to
obtain chromosome-wise statistical significance. In a second step, the genome was scanned
for QTLs assuming a two-linked QTL model. For chromosomes for which a single QTL
was already detected, permutation tests (1000 runs) were run to compare the hypotheses
H2 (two-linked QTLs in the chromosome) versus H1. Subsequently, when p(H2vsH1)<0.05,
permutations were run to compare H2 vs. H0. A two-linked QTL model was only accepted,
if the two intervals were not adjacent. To speed up calculation time, permutations for the
two-linked QTL models were only conducted with 1000 runs when the p-value was <0.1
after 100 runs. In a last step, multiple interval mapping was performed including all the
significant intervals mapping QTLs (single and 2 linked QTLs), and threshold was 0.05.
For the remaining significant QTLs, permutations were run per chromosome, using
thresholds (0.05) per chromosome. Bootstrap analysis was performed to estimate the 95%
confidence interval. Two QTL analysis were performed, one with the genetic map v1 (P.
deltoides and P. trichocarpa maps; Jorge et al., 2005), and another one with the genetic
map v2 (P. deltoides and P. trichocarpa maps; Jorge et al., unpublished data).

RNA extraction and cDNA synthesis
Ectomycorrhizal root tips from P. trichocarpa and P. deltoides inoculated with L.
bicolor S238N for three and half months in the greenhouse were harvested and snap
frozen in liquid nitrogen. Total RNA was extracted from three biological replicates (3 x
2 ECMs) of each poplar genotype using the RNeasy micro kit (ref.74004, QIAGEN
Courtaboeuf, France) following manufacturer's instructions. An in-column digestion
step with DNAse I (ref.79254, QIAGEN Courtaboeuf, France) was included of the
RNA purification. RNA quality was verified using Experion High sens Capillar gels
(BIO-RAD, France). cDNAs for NimbleGen microarrays was synthesized using the
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Super Smart cDNA Synthesis kit (ref.635000, Clontech-Takara Bio Saint-Germain-enLaye, France).

NimbleGen microarrays
The Populus whole-genome expression array version 2.0 (S. DiFazio, A. Brunner,
P. Dharmawardhana, and K. Munn, unpublished data) manufactured by NimbleGen
Systems Limited (Madison, WI) contains in duplicates three independent, non-identical,
60-mer probes per whole gene model plus control probes and labeling controls.
Included in the microarray are 65,965 probe sets corresponding to 55,970 gene models
predicted on the P. trichocarpa genome sequence version 1.0 and 9,995 aspen cDNA
sequences (Populus tremula, Populus tremuloides, and P. tremula x P. tremuloides).
The Populus version 2.0 oligoarray is fully described in the platform Gene Expression
Omnibus (GEO) at NCBI (http://www.ncbi.nlm.nih.gov/geo). NimbleGen whole
genome microarray analyses were performed in triplicate as per manufacturer
instructions. Expression data were processed in the following way: to assure a high
specificity, all independent 60mer oligos for the 55,970 genes were blasted against the
Populus

genome

v1.1

(Tuskan

et

al,

2006)

available

on

http://genome.jgipsf.org/Poptr1_1/Poptr1_1.home.html and only probes with less than
10% homology to other gene models than the gene model they were designed for were
retained for the further analysis. Due to this stringent filtering about 30% of the genes
(16,667) were excluded since all three independent probes failed the given specifity.
Fluorescence data were normalized between all different arrays using ARRAYSTAR
software (DNASTAR, Madison, USA). Average expression levels from all three
biological repetitions were calculated for each gene from the specific independent
probes and were used for further analyses. A Student’s T-Test with FDR (BenjaminiHochberg) multiple testing corrections was applied on the data using ARRAYSTAR
software (DNASTAR). Transcripts with a significant p-value (<0.05)  5.0-fold change
in transcript level were considered as differentially expressed between P. trichocarpa
ECM and P. deltoides ECM. The complete expression dataset is available as series
(accession

number……)

at

the

Gene

Expression

Omnibus

at

NCBI

(http://www.ncbi.nlm.nih.gov/geo/).
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Results
Mycorrhizal development
Three and a half months after inoculation, root systems of the 300 progenies and two
parental clones were exclusively colonized by the ectomycorrhiome L. bicolor. No
contaminant ectomycorrhizal fungi such as Thelephora terrestris, were observed on the
roots. Progenies and parental clones could be ranged following their degree of
mycorrhizal infection (Figure 1). The two parents greatly differed in their mycorrhizal
capacity-rate; P. trichocarpa exhibited a colonization rate of 45 % ± 2.4, whereas P.
deltoides showed a rate of 15 % ± 3.2. The percentages of ECM colonization of the
different genotypes varied from 8 % (hybrid clone N˚661300230) to 88 % (hybrid clone
N˚661300592), with an average of 47 %. The genetic variation in the inter-specific
family was assessed by a linear mixed model (Table 1). This variance analysis showed a
significant genotype and observer effects. No block effect was detected. The broad
sense heritability of the percentage of mycorrhizal infection was 0.40 (CVG= 20.82 %)
before correction of the observer effect while after correction it was 0.38 (CVG= 22.94
%).
Table 1 ANOVA for the percentage of mycorrhization (% Myc) in the interspecific family
(54B) issued from a cross between P. deltoides and P. trichocarpa.
Trait
% Myc

Effect

df

F value

P

Genotype
Block

302
8

7.47
0.2726

< .0001
< 0.2732

Observer

8

5.38

< .0001

Figure 1 Distribution of Populus deltoides (female) and P. trichocarpa (male) and their F1
progeny following their root colonization by Laccaria bicolor. The bars represent the number
of genotypes distributed in each class according to their percentages of mycorhization. The
percentage of P. deltoides is identified by the pink line while that of P. trichocarpa is identified
by the blue line.
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QTL detection
Before QTL detection, the observer effect was corrected using a logistic regression.
On the genetic P. deltoides map v1 (Jorge et al., 2005), a single putative QTL (Myc_d1,
linkage group LGg_d), explaining 10.9 % of the variation of the mycorrhizal
colonization, was detected (LOD score=3.59; Table 2a). This QTL was co-localized
with three amplified fragment length polymorphism (AFLP) markers, which could not
be anchored onto the poplar genomic sequence (Figure 2). On the genetic P.
trichocarpa map v1 (Jorge et al., 2005), three QTLs named Myc_t1, Myc_t2 and
Myc_t3 respectively explaining 28.3 %, 5.2 %, 2.2 % of the mycorrhizal colonization
trait were detected on the respective linkage groups LGi_t (LOD score=4.0), LGk_t
(LOD score=1.3) and LGXI_t (LOD score=1.1) of the P. trichocarpa parent (Table 2a).
No co-localization with components of partial resistance to Melampsora larici-populina
was found (Tagu et al., 2005). The QTL Myc_t1 was co-localized with two markers, an
AFLP (E1M7.9) and a single nucleotide polymorphism (SNP) marker corresponding to
a gene coding for the cinnamoyl-Coa reductase, CCR2 (ID: 172900). QTL Myc_t2 was
co-localized with a microsatellite marker corresponding to a poplar genomic region of
unknown function. QTL Myc_t3 was not co-localized with markers corresponding to a
coding region of the poplar genome (Figure 2).
The use of an updated genetic map comprising additional markers (v2; Jorge et al.,
unpublished data) allowed the positioning of these two Myc_t1 markers on P.
trichocarpa LG XI of the P. trichocarpa and to anchor the Myc_t1 QTL onto the poplar
genome using the microsatellites PMGC634 and PMGC2499, which frame E1M7.9 and
CCR2 (Figure 2). Size of this QTL is 5.1 megabases (Mb).
The newly updated genetic maps (v2) also allowed the detection of three additional
putative QTLs, named MycI_d, MycII_d and MycVI_d, respectively, explaining 2.3 %,
3.6 %, and 2.3 % of the variation of the mycorrhizal colonization and positioned on the
linkage groups LG_Ia d, LG_II d and LG_VI d of P. deltoides parent (with LOD scores
of 0.39, 0.118 and 0.085; Table 2b, Figure 3a, 3b and 3c). These three putative QTLs
were co-localized with several microsatellite markers anchored to the genomic sequence
(Tuskan et al, 2006; Figure 3a, 3b and 3c). MycI_d, MycII_d and MycVI_d respectively
displayed a coverage of 17.2 (Mb) on the poplar chromosome I, 16.7 Mb on the
chromosome II and 6.6 Mb on the chromosome III (Figure 3a, 3b and 3c).
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Two other additional putative QTLs named MycIII_t and MycXI_t, respectively
explaining 3 % and 1.8 % of the variation of the mycorrhizal development were
detected on the respective linkage groups LG_IIIb t and LG_XIa t of the P. trichocarpa
parent (Table 2b, Figure 3d). The putative QTL MycIII_t, which covered a region of 2.4
Mb on the chromosome III (Figure 3d), was co-localized with several microsatellite
markers allowing its anchoring on the Populus genome v1.1(Tuskan et al, 2006). The
QTL MycXI_t was co-localized with a SNP marker (SNPT1) and a microsatellite
marker (PMGC2011) not positioned on a well defined region of the physical map
(Figure 3e, Table 2b). No co-localization with components of partial resistance to
Melampsora larici-populina was found.

Analysis of microarrays transcript profiling
We have identified 3679 transcripts corresponding to the putative QTLs Myc_t1
(264) MycI_d (1359), MycII_d (1528), MycVI_d (486) and MycIII_t (242). No
significant transcripts differentially expressed are found for the QTL MycXI_t (Table
3g). The marker SNPT1 linked to this QTL belongs to a gene of unknown function, for
which the expression is not significantly different. By considering a change in gene
expression  5 between P. trichocarpa ECM and P. deltoides ECM, we found 384
transcripts placed on the different QTL (Myc_t1: 27, MycI_d: 123, MycII_d: 154,
MycVI_d: 51 and MycIII_d: 29) on a total of 8546 for the whole genome. In a second
step, on the five QTLs, we have selected 81 transcripts displaying a significant p-value
<0.05 and a gene expression  5 between the mycorrhizas of the two parents (1453 for
the whole genome; Table 3a, 3b, 3c, 3d, 3e, 3f and 3g). Four transcripts belonging to the
putative detected QTLs were among the ten most up-regulated transcripts between P.
trichocarpa ECM and P. deltoides ECM (Table 3a). On these 81 transcripts, 50
corresponded to known functions and 31 to unknown functions.

Discussion
The present study confirmed the previous results of Rosaldo et al. (1994) and Tagu
et al. (2001 and 2005), who respectively shown that in Pinus elliotii and P. trichocarpa
x P. deltoides hybrids the ability to form ectomycorrhizas was partly under the genetic
control of the host.
On the same progeny from the 54B family (P. deltoides female clone from Illinois, no.
73028-62 and P. trichocarpa male clone from Washington, no. 101-74) but with less
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clones than in this study (146 against 300), Tagu et al. (2001-2005) found that the
heritability of the mycorrhizal development was comprised between 0.49 (Tagu et al.,
2001) and 0.09 (Tagu et al. 2005). With a larger progeny (300 clones), our statistical
analyses also have shown a significant genotype effect on ectomycorrhizal formation.
The broad sense heritability of the percentage of mycorrhizal infection was 0.38 (CVG=
22.94 %), indicating moderate genetic control of the trait and a large involvement of
environmental factors. As in our previous studies (Tagu et al. 2001, 2005), we found a
large difference in the response of the two parents to L. bicolor colonization (45% for P.
trichocarpa and 15% for P. deltoides). The mean of the progeny (47 % against 35% in
Tagu et al., 2005) was not significantly different from that of the P. trichocarpa parent
(45 %). We could hypothesize that the genes involved in this trait would be dominant
and inherited from the P. trichocarpa parent. Some clones, such as 661300592, showed
a higher percentage of mycorrhizal infection than that of their parents. This result is
probably connected with the large genetic distance existing between the two parents,
which could induce the formation of heterozygotes exhibiting heterosis for this trait.
This fact suggests that the ability to form ectomycorrhizas in poplar could be improved
by breeding.
In the present study, an initial QTL analysis (carried out using genetic maps v1)
identified four QTLs, one on the P. deltoides map and three on the P. trichocarpa map.
The putative QTLs positioned on the v1 genetic map of P. deltoides could not be
anchored onto the P. trichocarpa genome sequence (Tuskan et al, 2006). From the three
QTLs positioned on the genetic map of P. trichocarpa, two could be anchored onto the
genome assembly. The QTL Myc_t2 was anchored in a region containing only genes of
unknown function, while the QTL Myc_t1, explaining 28.3 % of the ectomycorrhizal
infection, was linked to a SNP marker located in the CCR2 gene-coding region (ID:
172900). The existence of such a QTL reinforce the assumption of the dominance of the
trait inherited from the P. trichocarpa parent.
No significant QTL was detected with the updated mapping data, while by using the
same phenotypic data set we have found four significant QTLs as reported above. The
updating of the genetic map induced undesirable effects. Indeed, to integrate the new
markers, it was necessary to remove several pairs of markers linked to the four QTLs of
the v1 map (Jorge et al., 2005). As long as the genetic map of P. deltoides and P.
trichocarpa will not be saturated and stabilized, there will remain difficult to
definitively validate the QTLs.
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Despite their lack of significance, thanks to microsatellite markers, three of these
QTLs were positioned on the genetic map of P. deltoides (MycI_d, MycII_d, MycVI_d)
and two on the genetic map of P. trichocarpa (MycIII_t and MycXI_t). It was possible
to anchor the QTL MycXI_t onto the P. trichocarpa genome, but not to delimit it on the
chromosome XI due to the fact that the corresponding region is still split into several
scaffolds. However, MycXI_t is linked to a SNP marker (SNPT1) located in a gene of
unknown function.
The corresponding genomic regions to QTL spread through several megabases. In order
to determine the candidate genes which could play a role in the mycorrhizal
development, we have selected genes differentially expressed in between P. trichocarpa
and P. deltoides ECM and located in the QTL genomic regions. Among the 1543
differentially expressed genes (p-value <0.05 and fold-change  5 in transcript level)
between the mycorrhizas of the two parents, 81 transcripts were located in the QTL
genomic regions: 14 in Myc_t1, 7 in MycIII_t, 30 in MycI_d, 20 in MycII-d, and 10 in
MycVI_d.
Among these 81 transcripts, 52 were up-regulated in P. deltoides and 29 were upregulated in P. trichocarpa. We can hypothesize that the genes whose transcripts are upregulated in P. trichocarpa play a positive role in ectomycorrhizal development, while
the genes whose transcripts are up-regulated in P. deltoides play a negative role. The
most up-regulated gene in P. trichocarpa mycorhizas compared to P. deltoides
mycorrhizas belongs to the QTL MycIII_t on the chromosome III and codes for a
protein EREBP-4. The proteins of this class seem to be important ethylene-responsive
binding protein transcription factor (Leubner-Metzger et al., 1998, Solano et al., 1998;
Ohta et al., 2000). Hirota et al. (2002) shown that the auxin-regulated AP2/EREBP
PUCHI gene, encoding a putative APETALA2/ethylene-responsive element binding
protein transcription factor, is required for the coordinated pattern of cell divisions
during lateral root formation in Arabidopsis thaliana. It is well known that
phytohormones are involved in ectomycorrhizal development (Slankis, 1950, 1973; Gay
et al. 1994; Karabaghli-Degron et al., 1998; Barker and Tagu, 1998; Tagu et al., 2003).
For example, Rupp and Mudge (1995) showed that ethylene and auxin induce
mycorrhiza-like roots on Pinus mugo. In the Eucalyptus globulus-Pisolithus
microcarpus ectomycorrhiza, Tagu et al. (2003) showed that many plant genes are upregulated during the mycorrhizal development and that the expression of the EgHypar
gene, exhibiting homology with plant auxin-induced glutathione-S-transferases (GST)
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was up-regulated not only in the ectomycorrhiza, but also by exogenous application of
auxin and hypaphorine. The up-regulation of this gene, which codes for a protein
EREBP-4, fits perfectly well with the previous knowledge on the involvement of
hormonal interactions in ectomycorhizal establishment. We are conscious that this kind
of study presents severe limitations. Indeed, the QTL approach requires a stable and
saturated genetic map. In the future, we hope to be able to use better genetic maps
allowing to definitively localize significant QTLs involved in mycorrhizal
establishment.
On the another hand, the comparison of the gene expression between the
mycorrhizas of the two parents three or four months after fungal inoculation probably
integrates only a part of the interactions which took place at the moment of mycorrhizal
establishment (early recognition with exchange of signals, attachment of the mycelium
on the root, internal colonization). Moreover several months after inoculation, the
comparison of the mycorrhizas of the two parents also integrates processes related to the
functioning of the association.
Nevertheless, despite the imperfections of the two approaches, the combination of
both provides an exhaustive list of genes, which could be involved into mycorrhizal
establishment or functionning and which could be further confirmed or infirmed. The
interactions involved in mycorrhizal establishment and functioning seem extremely
complex: For the whole genome, we have identified 8546 transcripts significantly and
differentially expressed between P. trichocarpa and P. deltoides ECMs, including 3679
localized into the putative QTLs Myc_t1 (264), MycI_d (1359), MycII_d (1528),
MycVI_d (486) and MycIII_t (242). By considering a change in transcript level more
than 5, in the different QTLs, there were still 81 transcripts displaying a significant pvalue (<0.05) between the mycorrhizas of the two parents (1453 for the whole genome).
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Table 2 QTLs detected by composite interval mapping in the full-sib Populus deltoides x
Populus trichocarpa F1 progeny for mycorrhizal infection evaluated in green house
conditions.
a
Populus deltoides (d) and Populus trichocarpa (t) linkage groups
b
Nearest marker anchored to the Populus genome from the maximum LOD value
c
P < 0.05
d
Maximum LOD (logarithm of odd ratio)
e
In percentage of mycorrhizal infection
f
Proportion of explained variability by the putative QTL
Table 2a QTL detection on the genetic linkage map v1 (Jorge et al., 2005)

Trait

LGa

Myc_d1

LGg_d

Markerb

Significancec
(on 1000 runs)
0.018

M10.1600
G14.1050
G9.1600

Myc_t1

LGi_t

0.002
CCR2
E1M7.9
P1312

Myc_t2

LGk_t

0.024
E3M1.2*
E3M1.3

Myc_t3

LGXI_t

0.048
P219
K19.550
PMGC333

Position
(cM)
9.079

LODd

Meane

PEVf

1.393

43.31

0.109

0
3
6.1

1.13
1.13
1.13

45.95

0.283

45.91

0.052

48.14

0.022

50.82

4

0
19.2
19.4

0,8
1.6
2.4

0

1.338

0
14.5

1.34
1.33

24.7

1.108

0
14.9
15

0.537
0.559
0.582

*distorted (2 = 0.019, segregation 57:85)
Table 2b QTL detection on the genetic linkage map v1 (Jorge et al., unpublished data)

Trait

LGa

MycI_d

LG_Ia d

Markerb

Significancec
(on 1000 runs)
0.39

PMGC2098
bu831219
PMGC2852

MycII_d

LG_II d

0.116
PMGC667
PMGC2088.1
PMGC2418

MycVI_d LG_VI d

0.085
PMGC2578
ORPM190
PMGC2328

MycIII_t LG_IIIb t

0.152
PMGC486
PMGC2274

MycXI_t LG_XIa t

0.160
PMGC2011
SNPT1

Position
(cM)
342.92

LODd

Meane

PEVf

0.958

47.63

0.023

178.5
278.4
289.9

0.0226
0.00781
0.0044

54.93

1.366

47.75

0.036

35.3
193.9
219.3<

0.412
0.35
0.338<

142.49

1.471

47.87

0.023

92
171.3
207.3

0.14
0.284
0.31

47.48

0.03

47.69

0.018

51.17

1.088

18.3
45.1

0.0684
0.0366

160.17

1.118

129
160.3

0.00568
0.0131
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Table 3 Microarrays transcript profiling corresponding to the regions of putative detected
QTLs. Only transcripts with a significant p-value (<0.05) and  5.0 change in transcript level were
considered as significantly differentially expressed between P. trichocarpa ECMs and P. deltoides
ECM.
Table 3a Transcripts corresponding to the most up- and down-regulated genes, in the whole genome.
Those corresponding to the detected QTLs appear in green and in pink.
Top of
up/down
regulated gene

2
3
4

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Protein
ID

Expression ratio
del/trich

8383
412601
830358
755638
753870
569526
654260
679320
769294
772380
755637
271871
774414
423586
594950
201272
595584
595584
416408
766543
580472
259627
767919
788513
649437
669706
675468
800187
829444
670561
278262
727226
579578
253773
561449
751341

86,6
59,0
58,2
54,8
54,4
53,3
53,0
50,7
50,6
49,2
45,1
45,1
44,4
44,2
44,1
42,8
42,2
40,4
39,7
38,3
35,1
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

Expression ratio
P value
trich/del
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
321,7
262,1
190,5
134,5
113,5
113,0
97,5
86,8
82,2
81,2
81,0
78,6
71,1
70,2
69,3

0,0011
0,00424
0,0000936
0,000929
0,0000115
0,00000124
0,000641
0,000000548
0,0102
0,00000123
0,00222
0,000891
0,0000331
0,000321
0,00000997
0,00111
0,000157
0,00000089
0,0000221
0,000477
0,000101
0,0000994
0,000000399
0,00000041
0,00000239
0,00000132
0,00000306
0,00000658
0,0092
0,000000977
0,00141
0,000000498
0,0126
0,00326
0,0259
0,000192

Putative function
epoxide hydrolase
epoxide hydrolase
putative flavonol reductase
glycosyl hydrolase family 3
Ubiquitin ligase
Unknown
Steroid binding protein
Unknown
Plant lipid transfer protein
Ubiquitin ligase
Glycoside hydrolase
Plant lipid transfer protein
UDP-glucosyltransferase
Expansin
alcohol dehydrogenase
isoflavone reductase
disease resistance protein RPM1
acyltransferase
nodulin-like protein
Leucine rich repeat
Unknown
plastocyanin
Cinnamoyl Alcohol Dehydrogenase
Unknown
Unknown
Unknown
Unknown
protein EREBP-4
putative flavonol reductase
Unknown
methyltransferase
Auxin Efflux Carrier
Serine/threonine protein kinase
cyclin
Glucose/ribitol dehydrogenase
Unknown
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Table 3b Transcripts corresponding to the QTL Myc_t1 (on LGi_t map v1, LG_Ib t map v2)
Protein
ID
548125

Expression ratio
delt/trich
23.9

Expression ratio
trich/delt
0.04

P value

Putative function

0.00028

potassium transporter AtKT1p

750943

17.0

0.05

0.000333

gag-pol polyprotein

750935

8.31

0.12

0.000259

Unknown

640058

8.08

0.12

0.000219

WRKY-DNA binding protein

750915

6.80

0.14

0.0471

Unknown

548126

6.60

0.15

0.0278

potassium transporter AtKT1p

179061

6.3

0.15

0.00257

cytochrome p450

179380

5.24

0.19

0.000351

FKBP-type isomerase

639958

0.02

43.8

3.98E-07

Unknown

797239

0.06

14.2

0.00121

Lipolytic Enzyme

179173

0.08

11.8

0.0246

MADS-box protein AGL3

814871

0.15

6.56

0.00785

chalcone synthase

708629

0.17

5.57

0.00761

putative phloem-specific lectin

640148

0.18

5.38

0.00146

Unknown

Table 3c Transcripts corresponding to the QTL MycI d (on LG_Ia d)
Protein
ID
641531
752790
174800
752836
549720
549955
752786
174968
706543
641991
171534
174544
751815
751865
174972
549334
751814
174671
829783
172616
172038
549698
549181
172100
640672
549673
549969
174093
815170
705727

Expression ratio
delt/trich
17.1
16.8
16.7
16.1
15.6
12.2
11.8
9.36
9.07
9.03
8.03
7.46
7.29
7.17
7.10
6.61
6.03
5.89
5.64
5.40
5.05
0.03
0.05
0.06
0.08
0.09
0.09
0.10
0.11
0.17

Expression ratio
trich/delt
0.05
0.05
0.05
0.06
0.06
0.08
0.08
0.10
0.11
0.11
0.12
0.13
0.13
0.13
0.14
0.15
0.16
0.16
0.17
0.18
0.19
26.5
18.4
14.9
12.3
10.7
10.3
9.86
8.69
5.55

P value

Putative function

0.00725
0.00178
0.000147
0.000339
0.0016
0.00582
0.00444
0.00152
0.00123
0.0017
0.000872
0.00651
0.0000522
0.0309
0.0135
0.00059
0.000189
0.0395
0.0566
0.00242
0.00273
0.0000719
0.000185
0.0000291
0.0000256
0.0000362
0.000209
0.000787
0.000335
0.000532

glucosyltransferase
ABA-responsive protein
putative phosphate transporter
F-box protein
Unknown
Unknown
Unknown
dehydrodolichyl diphosphate synthase
wall-associated kinase 2
Unknown
protein kinase
MADS-box protein
peptide transporter PTR2-B
Unknown
UDP-glucose glucosyltransferase
cinnamyl-alcohol dehydrogenase
peptide transporter PTR2-B SP
Unknown
Enoyl-Coa hydratase
GRAS transcription factor
membrane protein
Unknown
Unknown
Multicopper oxydase
Unknown
Unknown
Anaphylatoxin/fibulin
Chitinase
Chitinase 1 precursor
Ribosomal protein L37e

Table 3d Transcripts corresponding to the QTL MycII d (on LG_II d)
Protein
ID
412601

Expression ratio
delt/trich
59.0

Expression ratio
trich/delt
0.01

830358

58.2

755638

54.8

552266

P value

Putative function

0.00424

epoxide hydrolases

0.01

0.0000936

flavonol reductase

0.01

0.000929

glycosyl hydrolase family 3

16.7

0.05

0.000535

Ion transport protein (K+)

830240

13.1

0.07

754447

11.7

0.08

0.00000295 Multi antimicrobial extrusion protein MatE
0.00696
Unknown

409930

11.1

0.08

754777

9.33

0.10

0.00000811 NADH dehydrogenase
0.00008
PPR repeat

644137

8.67

0.11

0.0000591

Cinamoyl-Coa reductase

411764

7.69

0.12

0.000121

Calcium-binding EF-hand

816402

7.28

0.13

0.00144

phosphoenolpyruvate carboxykinase

754607

7.08

0.14

0.00553

GRAS transcription factor

644752

6.06

0.16

0.00811

Unknown

755810

0.03

32.5

0.0000103

Unknown

551488

0.08

12.0

0.0000149

flavonol synthase (FLS)

412508

0.08

11.2

0.000042

UDP-glucose glucosyltransferase

552582

0.09

10.8

0.0000349

816547

0.13

7.4

411729

0.14

6.75

Serine/threonine phosphatase 2C (PP2C)
0.00000997 t-complex polypeptide 1
0.0000719 riboflavin biosynthesis protein ribG

643641

0.15

6.58

0.0000675

transcription factor with AP2 domain

Table 3e Transcripts corresponding to the QTL MycVI d (on LG_VI d)
Protein
ID
416408

Expression ratio
delt/trich
39.7

Expression ratio
trich/delt
0.02

762951

22.2

0.04

0.0000221 nodulin-like protein
0.0111
protein kinase

819386

8.98

0.11

0.000868

Adenine-specific DNA methylase

561528

7.26

0.13

0.00673

Unknown

653743

6.84

0.14

0.000219

Unknown

416253

6.10

0.16

0.0117

disease resistance response protein

561474

0.12

7.99

0.000061

Unknown

561172

0.14

6.89

0.000534

calcium-dependent protein kinase

417451

0.14

6.88

0.00065

561340

0.14

6.82

P value

Putative function

NAC-domain protein
0.0000332 Unknown

Table 3f Transcripts corresponding to the QTL MycIII_t (on LG_IIIb t)
Protein
ID
413017

Expression ratio
delt/trich
21.6

Expression ratio
P value
trich/delt
0.0
0.000655

830999
758242
647351

8.17
7.22
5.59

0.12
0.13
0.17

0.00013
0.000139
0.000158

800187

0.01

97.5

758186

0.07

13.9

0.00000658 protein EREBP-4
steroid sulfotransferase
0.0131

555048

0.12

7.82

0.00152

Putative function
peptide transporter
Unknown
Methionine lyase
PPR repeat

serine threonine-specific kinase

Table 3g Transcripts corresponding to the QTL MycXI_t (on LG_Xia t)
Protein
ID
234401

Expression ratio
delt/trich
1.20

Expression ratio
P
Putative function
trich/delt
value
0.83
0.766 Unknown

Figure 2 Graphical representation of QTL detected by permutation test on the corresponding
linkage group of the map v1 (Jorge et al., 2005), correspondence on the updated map when this
is possible and corresponding transcripts, up- (red) and down- (green) regulated identified. The
genetic distances are given in centiMorgan (cM); markers in red are linked to the corresponding QTL;
markers in pink allow the anchoring to the Populus genome v1.1.
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Figure 3 Graphical representation of QTL detected by permutation test on the corresponding
linkage group, anchoring on the Populus genome v1.1 and corresponding transcripts, up- (red)
and down- (green) regulated identified. The genetic distances are given in centiMorgan (cM) and
physical distances in base pairs (bp).
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Contribution to the study of the structure and the polymorphism of the genome of
the ectomycorrhizal basidiomycete Laccaria bicolor (Maire) Orton and
identification of QTLs of mycorrhization in two Poplars, Populus trichocarpa Torr.
& A. Gray ex Hook. and Populus deltoides (Bartr.) Marsh.
The mycorrhizal symbioses between fungi and roots concern 95 % of the plant species.
Social trees of boreal and temperate forests form a particular type of root association
with fungi: the ectomycorrhizal symbiosis. Ectomycorrhizas play a major role in tree
hydromineral nutrition, nutrient cycles and primary production. However, their
complexity have so far prevented from deciphering their precise function and role. The
recent availability of the genome of the ectomycorrhizal fungus Laccaria bicolor and
that of the host-tree Populus trichocarpa provides an unprecedented opportunity to
decipher the key components of development and functioning of this symbiosis. The
aims of this study were to participate to the characterization and deciphering of the
genome of L. bicolor, and to determine the genes involved in the formation of
ectomycorrhizas in both partners. Firstly, in order to facilitate the assembly of the
genomic sequence of L. bicolor, we have identified the repeated sequences and
generated a genetic map. On the 60 Mb of this genome, 8 % are microsatellite sequences
and 24 % transposable elements. A genetic map was built from 111 monokaryons issued
from L. bicolor S238N. This map includes 326 markers (8 RAPD, 243 AFLP, 59 SSR
and 14 SNP) distributed on 10 linkage groups anchored onto the genomic sequence of L.
bicolor. Secondly, we have identified the genes involved in the establishment of
ectomycorrhizas in poplar by combining QTL detection and DNA microarrays. We
targeted 81 genes which can be involved in the establishment and/or the functioning of
the symbiosis.
Keywords: ectomycorrhizal symbiosis, genome organization, genetic mapping and
QTL detection
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Contribution à l'étude de la structure et du polymorphisme du génome du
basidiomycète ectomycorhizien Laccaria bicolor (Maire) Orton et identification de
QTLs de mycorhization chez les Peupliers, Populus trichocarpa Torr. & A. Gray ex
Hook. et Populus deltoides (Bartr.) Marsh.<
Les symbioses mycorhiziennes, entre champignons et racines de plantes, concernent
95 % des espèces végétales. Les arbres sociaux des forêts boréales et tempérées forment
avec les champignons un type particulier d’association : la symbiose
ectomycorrhizienne. Les ectomycorrhizes jouent un rôle essentiel dans la nutrition
hydrominérale des arbres, le cycle des éléments minéraux et la production primaire.
Cependant, leur complexité n’a pas permis à ce jour de déchiffrer leurs rôles et leurs
fonctions précises. La récente disponibilité du génome du champignon ectomycorhizien
Laccaria bicolor et de celui de l'arbre hôte Populus trichocarpa fournit une occasion
inégalée d’approfondir nos connaissances du développement et du fonctionnement de
cette symbiose. Les objectifs de cette étude ont donc été de participer à la caractérisation
et au décryptage du génome de L. bicolor puis à la recherche des gènes impliqués dans
la formation des ectomycorhizes chez les deux partenaires. Dans un premier temps et
afin d’aider à l’assemblage de la séquence génomique de L. bicolor, nous avons identifié
les séquences répétées et construit une carte génétique. Sur les 60 Mb de ce génome,
nous avons mis en évidence 8 % de séquences microsatellitaires et 24 % d’éléments
transposables. Une carte génétique a été construite à partir de 111 monocaryons issus de
L. bicolor S238N. Cette carte comprend 326 marqueurs (8 RAPD, 243 AFLP, 59 SSR et
14 SNP) répartis sur 10 groupes de liaison ancrés à la séquence génomique de L.
bicolor. Dans un second temps, nous avons tenté d’identifier les gènes impliqués dans
l’établissement des ectomycorhizes chez le peuplier en combinant une approche de
détection par QTL et par puces à ADN. Nous avons ciblé 81 gènes potentiellement
impliqués dans l’établissement et/ou le fonctionnement de la symbiose.
Mots clés : Symbiose ectomycorhizienne, organisation du génome, cartographie
génétique et détection de QTL
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