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Abstract The American strain S238N of the ectomycor-
rhizal fungus Laccaria bicolor (Maire) Orton has been
used to inoculate Douglas-fir [Pseudotsuga menziesii
(Mir.) Franco] plantations in France over the last two de-
cades. Laccaria fruit bodies are scarce in mature planta-
tions, which precludes further assessment of its persis-
tence by fruit body surveys. Our objective was to devel-
op new markers to identify this strain and its eventual
non-fruiting progeny on root tips. We converted nine
random amplified polymorphic DNA markers into se-
guence characterized amplified region (SCAR) markers.
Two of these SCAR markers enabled us to detect S238N
on roots of seedlings and mature trees. No amplification
of non-fungal (host plant, bacterial, etc.) DNA was ob-
served. Moreover, both SCARs were amplified from
Laccaria-like mycorrhizas in a Douglas-fir plantation in-
oculated 14 years ago, demonstrating the long-term per-
sistence of the inoculant strain. We also obtained a
SCAR marker to detect one strain of European origin
(L. bicolor 81306), indicating that SCARs are potential
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markers to type the naturally occurring genets. Thus,
SCAR markers are of great value in studying the persis-
tence of inoculant strains and the effects on local popula-
tions of introducing foreign strains.
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Introduction

Successful forest plantation sometimes requires deliber-
ate introduction of ectomycorrhizal fungi (Smith and
Read 1997). Hence, such fungi are used in tree nurseries
as inoculants (Le Tacon et al. 1992). A research program
was developed in France over the last 15 years to im-
prove growth of Douglas fir [Pseudotsuga menzesii
(Mir.) Franco] by inoculation with strains of Laccaria bi-
color (Maire) Orton (Le Tacon et al. 1992). This fungus
is distributed worldwide and is common in both forest
nurseries (Henrion et al. 1994) and mature forest stands
(Last et al. 1987). Soil-growing dikaryotic mycelia are
regarded as the main vegetative stage. Soil mycelia form
mycorrhizas with tree roots (Smith and Read 1997) and
giveriseto fruit bodies (Fries and Mueller 1984).

Strain S238N of L. bicolor is used commercialy in
France to inoculate Douglas fir in nurseries and forest
plantations. This strain can increase the total volume of
wood produced by 60% (Selosse et al. 2000). Unfortu-
nately, morphological identification of fruit bodies and
mycorrhizas is not sufficient to distinguish Laccaria
genets (genetic individuals) and molecular tools are re-
quired. Survival of the S239N strain has been studied in
nursery and in Douglas-fir plantations using PCR-based
techniques (Henrion et a. 1994; Selosse et al. 1998a).
Molecular typing of Laccaria sporophores with random
amplified polymorphic DNA (RAPD) markers con-
firmed that this inoculant strain was still present and
dominant (ca. 38% of fruit bodies) 14 years after inocu-
lation (Selosse et al. 19984, b).
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The basidiomycete L. bicolor is heterothalic with a
bifactorial mating-type system and multi-allelic mating-
type factors (Kropp and Mueller 1999). North American
strains are genetically divergent from European strains,
yet they are sexualy compatible (Mueller and Gardes
1991; De la Bastide et a. 1995). Furthermore, strain
S238N is sexually compatible with a strain isolated from
Saint-Brisson (France) (Selosse et al. 1998a). Hybrid
spread may outcompete or displace indigenous geno-
types. Despite the persistence and abundant fruiting of
S238N, neither introgressed nor inbred progeny of this
strain were detected among sporophores (Selosse et al.
1998a). However, hybrid and/or inbred genets could ex-
ist solely as vegetative mycelia and thus remain unde-
tected by basidiocarp typing. Such genets may not fruit
because of genetic sterility or low mycorrhizal coloniza-
tion (Lamhamedi et al. 1994; Selosse et al. 1998b). The
scarcity of Laccaria fruit bodies in mature plantations of
Douglas fir, probably because of canopy closure (Jansen
and de Nie 1988), is afurther hindrance to Laccaria pop-
ulation assessment by basidiocarp surveys. Thus, molec-
ular markers are necessary for detecting potential proge-
ny of S238N on roots.

Genets can be identified with RAPD markers using
DNA extracted from fruit bodies and mycelium pure
cultures, but not with DNA extracted from mycorrhizal
root tips. Primers used in RAPD amplification can am-
plify DNA from both symbionts (plant and fungus) and
other microorganisms of the rhizosphere, e.g. bacteria
(Garbaye and Duponnois 1992). This would give rise to
complex DNA patterns. The only available marker to de-
tect strain S238N on mycorrhizal root tips is the rDNA
intergenic spacer (IGS) (Henrion et a. 1994; Martin et
a. 1999). A single marker, however, is insufficient to
distinguish a strain from its descendants. RAPD may be
transformed to give fungal-specific markers. After clon-
ing and sequencing RAPD fragments, longer primers can
be designed to specifically amplify the so-called se-
guence characterized amplified region (SCAR) (Paran
and Michelmore 1993). As longer primers, SCAR prim-
ers specifically amplify fungal DNA from the mycorrhi-
zal complex-DNA matrix. A short set of SCAR markers
thus produce multilocus fingerprints. Such fingerprints
allow the identification of mycorrhizas of strain S238N
and its progeny. SCAR markers have been of great value
aready for identifying organisms in complex samples,
e.g. pathogenic microorganisms or fungi used for bio-
control in plants (Toth et al. 1998; Becker et al. 1999).
In particular, SCAR markers enable the identification
of truffle species in roots of inoculated seedlings
(Gandeboeuf et al. 1997; Bertini et al. 1998). Encour-
aged by these advances, we sought to design SCAR
markers for identifying mycorrhizas of L. bicolor
S238N.

Materials and methods
Strains

The strains used in this study are listed in Table 1. The American
strain S238N of Laccaria bicolor (Maire) Orton was isolated by
J. Trappe (Oregon State University, Corvallis, Ore., USA) and
R. Molina (USDA Forest Service, Corvallis, Ore., USA) from a
fruit body collected under Tsuga mertensiana (Bong.) Carr. at
Crater Lake, Ore, USA in 1976 (Di Battista et al. 1996). Strain
S238N was then transferred to the Forest Microbiology Laborato-
ry (INRA-Nancy Center, France). This strain has since been intro-
duced as inoculant into tree nurseries and plantations in France,
e.g. the experimental plantation of Saint-Brisson (Niévre, France)
in 1987 (Selosse et al. 2000).

A set of five monokaryons obtained from in vitro spore germi-
nation was also used. The spores were isolated from one basidio-
carp of S238N (Selosse et a. 1996). In addition, we used a set of
five field isolates of L. bicolor isolated from fruit bodies in associ-
ation with Douglas fir [Pseudotsuga menziesii (Mir.) Franco] at
Saint-Brisson (Selosse et al. 1998a, b; 1999). The field isolates
consisted of local strains, among them N109 and N77. These two
strains were identified as S238N using RAPD markers (Selosse et
al. 1998a).

The study material also included isolates of L. bicolor from
Douglas-fir and Norway spruce plantations in central France and
isolates of L. laccata and L. proxima from European coniferous
stands (Henrion et al. 1994). Additional isolates of fungi that may
form mycorrhizas with Douglas fir were analyzed. These field iso-
lates were from different regions of Europe (Henrion et al. 1994).
All strains used in this study are preserved in the Collection of
Ectomycorrhizal Fungi at the INRA-Nancy Center (France). They
are subcultivated every 2—3 months on solid modified-Pachlwe-
ski's medium (Selosse et al. 2000) at 25°C in the dark.

Mycorrhiza sampling

From April to June 2000, Douglas-fir mycorrhizas were collected
from a greenhouse, a tree nursery and a forest plantation. Mycor-
rhizas were examined under a dissecting microscope and classified
as Laccaria-like, Thelephora-like, Rhizopogon-like or Chalci-
porus-like morphotypes (Selosse et al. 2000). Mycorrhizas and
root tips were preserved at —20°C pending DNA extraction. Al-
though our original sample was larger, we only used DNA extrac-
tions that tested positive for the amplification of the intergenic
28 S/5 S spacer (IGS1).

Mycorrhizas were sampled from 1-year-old seedlings growing
in the greenhouse of the INRA-Nancy Center (France). Ten
S238N-inoculated and 10 non-inoculated seedlings were used.
Twenty-five Laccaria-type and 15 Thelephora-like mycorrhizas
were analyzed. Greenhouse seedlings were inoculated with S238N
as described by Villeneuve et al. (1991).

Mycorrhizas were collected also in the tree nursery of the Nau-
det Company (Autun, France). Inoculation for commercial purpos-
es has been practiced in this nursery since 1992. Seedlings were
inoculated with S238N as described by Villeneuve et a. (1991).
Inoculated seedlings were transplanted to the upper 30 m (treat-
ment |) of a 75-m-long nursery bed, and non-inoculated seedlings
were transplanted to the lower 45 m (treatment I1). Seedlings were
planted 2—10 cm apart in four rows separated by 20 cm. In April
2000, we randomly sampled 10 seedlings per treatment with the
constraint that samples were taken at least 2 m apart. Twenty-five
Laccaria-like mycorrhizas and 15 Rhizopogon-like mycorrhizas
were analyzed per treatment.

Mycorrhizas were sampled also in the experimental plantation
of Saint-Brisson. In this plantation, inoculated seedlings were
planted during spring 1987. Ten 225-ml soil cores were randomly
collected from the upper 10 cm of soil within a 7.2x7.2-m2
S238N-inoculated plot. The soil cores were spaced 1 m apart.
Roots were separated from the soil and washed. Fifty Laccaria-
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Table 1 List of strains used in this study. These strains are preserved in the Collection of Ectomycorrhizal Fungi of the INRA-Nancy

Center (France)

Strain Species Host

Origin

S238N Laccaria bicolor (Maire) P.D. Orton

Monokaryons obtained from Laccaria bicolor strain S238N

Tsuga mertensiana (Bong.) Carr

Crater Lake, Ore., USA

H182 L. bicolor Pseudotsuga menziesii (Mir.) Franco INRA-Nancy, France
H632 L. bicolor P. menziesii INRA-Nancy
H82a L. bicolor P. menziesii INRA-Nancy
H902 L. bicolor P. menziesii INRA-Nancy
H972 L. bicolor P. menziesii INRA-Nancy

Laccaria bicolor strains present at the Saint-Brisson plantation

N77bc L. bicolor P. menziesii Saint-Brisson (Niévre, France)
N109b.c L. bicolor P. menziesii Saint-Brisson (Niévre)

N18¢ L. bicolor P. menziesii Saint-Brisson (Niévre)

N93c L. bicolor P. menziesii Saint-Brisson (Niévre)

N246¢ L. bicolor P. menziesii Saint-Brisson (Niévre)

L. bicolor strain isolates from forest stands in Europe

Cham3 L. bicolor P. menziesii Chammet (Limousin, France)
83216 L. bicolor Picea abies Karst Grand Grammont (Limousin)
81306 L. bicolor P. menziesii Barbaroux (Limousin)
Laccaria isolates from Europe

CNRF Laccaria laccata (Scot.) Fr. Fagus sylvatica L. INRA-Nancy

83.222 L. laccata P. abies Grand Grammont (Limousin)
Prag Laccaria proxima (Bou.) Pat. P. abies Prague (1986), Czechoslovakia
LLO04 L. proxima Unknown (Edinburgh, UK)

Potential ectomycorrhizal fungi of P. menziesii at Saint-Brisson

Graml Lactarius hepaticus Plowr. Picea abies Grand Chammot (Limousin)
Nancy Cenococcum geophilum Fr. Tiliasp Nancy

Gram Chalciporus piperatus (Bull.: Fr.) Bat P. menziesii Grand Grammont, (Limousin)
Peyrat Rhizopogon subareolatus Smith P. menziesii Peyrat, France

1K1444 Paxillus involutus (Bastch) Fr. Unknown Goldboden, Germany

aMonokaryon obtained from spore germination of afruit body of the S238N strain

bldentified as S238N by RAPD typing (Selosse et al. 19984)
¢ Strain isolated from fruiting genets collected at Saint-Brisson

like mycorrhizas (six soil cores), and 20 Chalciporus-like mycor-
rhizas (two soil cores) were analyzed.

DNA extraction

Total DNA was extracted from pure fungal cultures of monokary-
otic or dikaryotic mycelia, non-mycorrhizal root tips and mycor-
rhizas using an hexadecyltrimethylammonium bromide (CTAB)
proteinase-K protocol (Henrion et al. 1994).

PCR reactions

All PCR reactions were run in 0.2-ml tubes in a GeneAmp PCR
System 9600 (Perkin Elmer, Norwalk, Conn., USA). Reaction
tubes contained 1x reaction buffer (20 mM Tris HCl pH 9.0,
1.5 mM MgCl,, 50 mM KCI, 0.1% Triton X100), 0.2 mM dNTR,
0.02-2 ng/ul template DNA and 0.06 u/pl Tag DNA polymerase
(Quantum-Appligéne-Oncaor, IlIkirch, France).

The thermocycling program for all amplifications was 3 min
denaturation at 94°C, 30 cycles of 94°C for 30 s, 50°C for 30 s,
72°C for 2 min, and afinal elongation at 72°C for 10 min. RAPD
amplification was carried out with conditions designed to enhance
reproducibility, i.e. high annealing temperature (50°C) and high
primer concentration (3.5 M) (Selosse et a. 1998a). All RAPD
reactions were performed at |east twice. We used two different di-
lutions from two different extractions.

RAPD primers were: 152GC, 5'-CGCACCCGCAG-3'; 152 C,
5-CGCACCGCAC-3’; 152G, 5-CGCACC GCAG-3; 156: 5'-
GCCTGGTTGC-3'; 157: 5-CGTGGGCAGG-3'; 173: 5'-CA-
GGCG GCG T-3'; 174, 5-AACGGGCAGC-3'. All primers were
supplied by LifeTechnologies, Paisley, UK.

Election of RAPD markers

Amplification patterns were compared to identify bands present
only in S238N (and its haploid progeny). Amplification products
were separated by electrophoresis on 8% polyacrylamide or 2%
agarose gels in a 1x Tris-borate-EDTA buffer (Sambrook et al.
1989). The gels were stained with 4 pg/ml ethidium bromide and
photographed under UV light. A 100-bp DNA ladder (Gibco-
BRL, Life Technologies, Paisley, UK) was included in the gels as
amolecular size marker.

Recovery of RAPD markers from polyacrylamide gels

Nine RAPD bands present only in the American S238N strains
were recovered from the gels (see Table 2). In addition, three
RAPD bands present only in the European strain L. bicolor 81306
were extracted (see Table 2). These bands were excised with a
clean, sharp scalpel and placed into a 1.5-ml microcentrifuge tube
with 1 ml of diffusion buffer (0.5 M ammonium acetate, 10 mM
magnesium acetate; 1 mM EDTA, pH 8, 0.1% SDS). After incuba-
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Table2 SCAR markers obtained in this study. The strain from
which RAPD fragment was cloned is shown in parentheses

Strain SCAR GenBank accession no.

S238N SCAR-157450+100) AF306317
SCAR-15735100) AF306318
SCAR-1573541100) AF306320
SCAR-157501100) AF306324
SCAR-174y,157 AF306321
SCAR-174 41182 AF306322

81306 SCAR-152C47051306) AF306316
SCAR-156(81306) AF306323
SCAR-1573,(51306) AF306319

tion at 50°C for 30 min, they were centrifuged 1 min at 10,000 g
and then filtered through a paper filter (Prolabo, Fontenay-Sous-
Bois, France) using a 1-ml hypodermic syringe. DNA was purified
with a PCR QIAquick Gel Extraction Kit (Qiagen, Hilden, Germa-
ny). The DNA fragment was re-amplified with the same primer
and RAPD amplification conditions described above. The re-am-
plified DNA fragments were purified with a QIAquick PCR Puri-
fication Kit (Qiagen).

Cloning and sequencing

Each purified RAPD product was ligated into the pCR4-TOPO
plasmid vector of a TOPO-TA Cloning Kit (Invitrogen, Gronin-
gen, The Netherlands) following the manufacturer’s instructions.
Recombinant plasmids were used to transform TOPO thermocom-
petent Escherichia coli cells provided with the kit. The size of

Table 3 SCAR primers designed in the present study. The mono-
karyon from which the SCAR was issued is shown in parentheses.
Italics indicate the sequence from the origina RAPD primer.

cloned RAPD fragments was checked by PCR using the universal
primers T3 and T7. Plasmid DNA was purified from bacterial
cells (QIA prep Spin Miniprep Kit; Qiagen). Both strands of each
insert were sequenced with a Taq DyeDeoxy Terminator Cycle Se-
quencing Kit (Perkin Elmer) using the T3 and T7 primers. The se-
quence products were analyzed with an ABI model 373 DNA flu-
orescent sequencer (Perkin EImer Applied Biosystems). Sequenc-
es were assembled with Sequencher 3.0 for MacOS from Genes
Codes (Ann Arbor, Mich., USA). The consensus sequences were
deposited in the GenBank of the National Center for Biotechnolo-
gy Information (NCBI); accession numbers AF306316-AF306324
(Table 2). A search for sequence identity was conducted at the
NCBI website (http://www.ncbi.nih.gov) using Blastn and Blastx
agorithms (Altschul et a. 1997).

Primers design and SCAR nomenclature

We designed SCAR primers of 18-20 bases (Table 3). They typi-
cally included the sequence of the corresponding RAPD primers, a
high percentage of GC bases and ended by G or C. Suitable Tm
was calculated using the web page of the Virtual Genomic Center
(http://alces.med.umn.edu/rawtm.html) (Breslauer et a. 1986).
Primer specificity was tested prior to synthesis by virtual PCR us-
ing Amplify 1.2 software (University of Wisconsin, Madison,
Wis., USA). Care was taken to avoid secondary structures, cross
hybridization and primer dimer generation. Marker nomenclature
follows standard conventions for primer designation, i.e. the name
of the primer followed by the molecular weight of the base-pair
band. The nomenclature also includes in parentheses the name of
the strain from which it originated and the primer pair used for the
amplification, €g. SCAR-157,09071-4: RAPD primer 157,
400 bp band from the strain H90, using the primers 1 and 4 given
in Table 3.

SCAR markers were designed to optimize Tm and to avoid forma-
tion of dimers (Tm temperature °C)

SCAR Primer sequences (5'-3') Position Size Tm Type of primer
157 yo0(150) (1) cgtgggcaggaacgaatgag 1 20 66.2 Forward
(2) ccaggatcgegaggctttec 41 20 68.6 Forwarda
(3) gecgaccttgaaatcacaac 390 20 60.3 Reverse2
(4) cgtgggcaggtcgtgttcg 421 19 68.5 Reverse
157 yo0(1190) (1) cgtgggcaggacgatttac 1 19 61.3 Forward
(2) cgtgggcaggegceagaattyg 224 20 715 Reverse
157 y30(190) (1) cgtgggcaggcatcggag 1 18 68.7 Forward
(2) ctggeeccegattcttcacg 115 19 68.4 Forwarda
(3) gtcggaggtttcgaacatcg 423 20 62.8 Reverse2
(4) cgtgggcaggagagagggac 466 20 66.8 Reverse
157350(H90) (1) cgtgggcagggccattgggg 1 20 76.0 Forward
(2) cgtgggcaggtggggacge 353 19 74.0 Reverse
174 0182) (1) cgggcagccacagacctc 1 18 65.4 Forward
(2) cgggcagcacgaagataag 118 19 61.7 Reverse
174p401182) (1) cgggcagcaatgaccgctcc 1 20 72.7 Forward
(2) cgggcagcacgttgtacteg 269 20 67.3 Reverse
152C475(81306) (1) cgcaccgcaccaagacatg 1 19 67.3 Forward
(2) ggcgtaccctggtgttettc 54 20 61.7 Forwarda
(3) ccgcttgeecccatectgg 482 19 725 Reverse2
(4) cgcaccgcacctggeggactg 516 21 7.7 Reverse
15690(81306) (1) gectggttgetcaggatcag 1 20 63.2 Forward
(2) gectggttgecgggagggta 297 20 70.8 Reverse
157 10(81.306) (1) cgtgggcaggcaatgaaat 1 19 64.1 Forward
(2) cgtgggcagggcaccagtage 204 21 715 Reverse

alnternal primer



SCAR amplification conditions

Twelve SCAR pairs were tested for strain specificity to S238N.
Each primer pair was tested on strains, on non-mycorrhizal roots,
and ectomycorrhizas. For IGS1 amplification, 200-fold DNA dilu-
tions were used to counter effects of the high copy number of the
intergenic spacer. The IGS1 was amplified using the primers 5SA
(5'-cag agt cct atg gee gtg gat-3') and CLN12 (5'-ctg aac gcc tct
aag tcag-3') at 0.5 mM. The IGS1 and SCAR reactions were car-
ried out under the same conditions as the RAPD reaction. The an-
nealing temperature of the SCAR amplification was raised to
achieve exclusive amplification for strain S238N (65°C). Controls
with no DNA were included in each set of PCR amplifications to
test for contamination of reagents.

Results
SCAR markers

Six RAPD markers, present only in S238N (and its hap-
loid progeny), were cloned and sequenced (Table 2).

Fig. 1 SCAR markers for Laccaria bicolor S238N on acrylamide
gels. Amplification was performed on DNA extracted from the
mycelial pure cultures. Strain data are described in Table 1. The
SCAR-157 4100y Was amplified with primer pair 1-4; the SCAR-
1745401190 With primer pair 1-2; and the SCAR-157 34490 With
primer par 14 (Table 3). A band over the SCAR-157 4301190 WaS
unique to the S238N strain (M 100-bp ladder)

23

These markers were recovered from monokaryons issued
from strain S238N (H82 or H90). In addition, three
RAPD markers were detected only in Laccaria bicolor
81306: 152C,;,, 156,4, and 157,,,. These three RAPD
bands were aso cloned and their sequences character-
ized (Table 2). All the amplified sequences included the
corresponding primer sequences at both ends. Nucleotide
homology searches found no similar sequences in the
GenBank database.

Strain specificity of the SCAR markers

At an annealing temperature of 59°C, no SCAR primer
pair (Table 3) amplified a band only present in S238N
(including N109 and N77) or its haploid progeny. At
65°C, two primer pairs, SCAR-157,5yu00-1-4 and
SCAR-174,0182-1-2, amplified one singﬁe NA frag-
ment only from S238N and part of its progeny. The
SCAR-157 49549014 primer pair amplified a DNA
fragment from three monokaryons (H90, H63 and H18)
(Fig. 1), but not from monokaryons H82 and H97. Simi-
larly, the primer pair SCAR-174,,44g)-1-2 amplified
DNA from monokaryons H82, H97, H63 and H18, but
not from monokaryon H90 (Fig. 1). Therefore, S238N
strain is heterozygous at both loci. The presence of
SCAR-174551g2) ad SCAR-1574551490) rEPresents the

Laceari,

o - bl'miz:m Laccaria ) & & o

aint-Brisson proxima . § ¥ & o

Identified . European Laccaria & & :&é P
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157430(H90)
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Table4 SCAR marker amplification for strains used in the present work. See Table 1 for the strain code (+/— weak amplification just
observable on the UV transilluminator; — no information, null the primer pair did not amplify the corresponding SCAR marker)

Strain SCAR

157 450 (primer pair) 157 400 15745, 157,50 174, 174,,,

(1-3) (2-3) (1-3) (2-3)

(1-4) (2-4) (1-4) (2-4) (1-2 (1-2 (1-2 (1-2
L. bicolor S238N 4302 4302 400 400 350 220 240 220
Obtained from the strain S238N of Laccaria bicolor
L. bicolor H18 430 430 Null - 350 - Null 220¢
H63 430 430 400 - 350 - 240 220
H82 430 430 Null - 350 - 240 220¢
H90 430 430 400 - 350 - Null 220
H97 430 430 Null - 350 - 240 -
Laccaria bicolor strains present at the Saint-Brisson plantation
L. bicolor N77 4302 4302 400 - 350 - 240 220¢
N109 4302 4302 400 400 350 220 240 220
H18 430 430 400 (+-) 350 220 240 220
N93 430 430 Null - 350 - Null 220
N 246 430 430 Null 400b 350 220 - 220
Laccaria bicolor strain isolates from forest stands in Europe
L. bicolor Cham3 Null Null Null 400 350 220 Null 220¢
83216 430 430 Null 400 350 - Null 220
81306 430 430 Null 400+ 350 220 Null 220
Laccaria isolates from Europe
L. laccata CNRF 430 (+-) Null Null Null Null Null (+-)
83222 Null 430 Null 4000 350 220 - 220
L. proxima Prag Null (+-) Null Null Null - - (+/-)
LLO04 Null (+-) Null Null Null Null Null 220
Potential ectomycorrhizal fungi of P. menziesii at the Saint-Brisson plantation
Lactarius hepaticus Gram1 Null (+-) Null - Null - Null (+-)
Cenoccum geophilum Nancy Null (+-) Null - Null - Null (+/-)
Chalciporus piperatus Gram Null Null Null - Null - Null (+-)
Rhizopogon subareolatus Peyrat Null Null Null - Null - Null -
Paxillus involutus IK 1444 Null (+-) Null - Null - Null (+-)
Annesaling temperature 65°C 65°C 65°C 59°C 65°C 59°C 65°C 65°C

aAdditional band of 1000 bp; P Additional band of 450 bp; ¢ Additional band of 240 bp

dominant alele and the lack of amplification indicates
the recessive (null) allele. DNA extracts from monokary-
on H90 amplified SCAR-157,,, but not SCAR-174,,,.
DNA extracts from H82 and H97 amplified SCAR-
174,,, but not SCAR-157,4,. Extracts from two further
monokaryons (H18 and H63) amplified both markers.
The two SCAR markers are, therefore, dominant and not
tightly linked.

All the other SCAR markers were amplified from
several Laccaria strains, e.g. SCAR-157,3y4490 and
SCAR-1573551490) (Table 4). A retarded band of ca
1,000 bp appeared for the dikaryotic strains S238N,
N109 and N77 above the band of SCAR-157,3449q). This
band did not appear in the monokaryons issued from
S238N (Fig. 1). Additional DNA bands were also ob-
served above other SCAR bands. We obtained three
SCAR markers from L. bicolor 81306. Among them, at
an annealing temperature of 65°C, SCAR-156,yg1306)
was found only in 8306.

Typing mycorrhizas with SCAR markers

Primers 1 and 4 of SCAR-157,,, amplified one band for
Laccaria-like mycorrhizas of nursery-inoculated seedlings
(n=25 mycorrhizas, 10 seedlings). Similarly, only one oth-
er band was amplified with the primers 1 and 2 of SCAR-
174,,,. SCAR-157 44, and SCAR-174,,,were not found in
Laccaria-like mycorrhizas of non-inoculated greenhouse
seedlings (n=25 mycorrhizas, 6 seedlings). Positive ampli-
fication was also found in Laccaria-like mycorrhizas col-
lected within the inoculated part of the nursery bed (n=25,
10 seedlings). In contrast, no amplification was observed
in Laccaria-like mycorrhizas from the non-inoculated part
(n=25, 6 seedlings). No amplification was obtained for
Thelephora-like mycorrhizas of greenhouse seedlings
(n=15, 5 seedlings) or Rhizopogon-like mycorrhizas of
nursery seedlings (n=30, 6 seedlings) (Fig. 2).
SCAR-157,y, and SCAR-174,,, markers were ampli-
fied from 10% of Laccaria-like mycorrhizas collected in
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color S238N on ectomycorrhi-
zas using the primers SCAR-

greenhouse

forest

tree nursery
plantation

157 000100y~ 14 and SCAR-
1740119012 (see Table 2 for
sequencesB . Ectomycorrhizas
were recovered from inocul ated
greenhouse and nursery seed-
lings and from soil coresin the
Saint-Brisson plantation. Both
markers distinguished naturally
occurring Laccaria genets from
the S238N strain. Agarose
ethidium bromide-stained gel
(M 100-bp ladder)

the forest plantation (n=50 mycorrhizas, 6 soil cores). In
contrast, no amplification was observed for Chalciporus-
like mycorrhizas (n=20, 2 soil cores) and 90% of Lac-
caria-like mycorrhizas. Loca Chalciporus and Laccaria
genets probably formed these mycorrhizas. Finally, no
amplification was observed for non-mycorrhizal roots
(n=8, 2 soil cores) (Fig. 2).

Discussion
SCAR markersto identify Laccaria bicolor S238N

In our study, the mgjority of the SCAR markers were
found in most of the Laccaria strains assessed, suggest-
ing that these SCAR primers would anneal also for other
Laccaria strains at the same loci. Low specificity has
been reported previously in other organisms (Hernandez
et al. 1999). Extending the primers from 10 to 20 nucleo-
tides could reduce the effect of mismatching at the fixa-
tion site of the primer and prevent such polymorphism.
However, we cannot exclude the possibility that we have
cloned non-polymorphic bands undetectable by ethidium
bromide staining (Hernandez et al. 1999).

SCAR-157 4, and SCAR-174,,, markers were pres-
ent only in part of the haploid progeny, revealing allelic
polymorphism. This contradicts the previous observa-
tion of homozygosity (Selosse et al. 1998a) in the cor-
responding RAPD markers for S238N. Extending prim-
er length from 10 to 20 bases probably induced more
mismatching at primer fixation sites in one of the two
aleles. If so, this would preclude amplification in
monokaryons carrying this allele (Hernandez et al.
1999). An alternative explanation is the presence of
two bands of the same size in the RAPD profile. One of
them may be homozygous, thereby preventing observa-

mycelium

300
-— 174240(Haz2)

100

tion of the heterozygosity of the cloned band. In both
scenarios, the level of heterozygosity of S238N might
have been underestimated in previous work (Selosse et
al. 1998a).

Both SCAR-157,,, and SCAR-174,,, represent al-
lele-specific markers, as illustrated by the fact that both
markers segregated within the haploid progeny. Our
study was performed on a limited set of strains collected
in France. Similar tests should be performed on a larger
number of strains to determine whether both markers are
strain specific. Such specificity must be evaluated before
the markers are used in field studies. In particular, it will
be necessary to verify whether these markers are absent
from the fungal population of Saint-Brisson.

I dentification of the mycorrhizas of L. bicolor S238N

False negatives are a common problem with SCAR
markers. We chose the IGS1 of L. bicolor S238N as a
control for failure in SCAR amplification resulting from
low DNA quality. Under our amplification conditions,
samples positive for both SCARs often did not amplify
the IGS1 (data not shown). This might be because of the
larger size of the IGSL1 (800 bp), the higher SCAR-prim-
er Tm, and/or the stringent temperature used in the
SCAR amplification (65°C). Consequently, the intergen-
ic spacer was a suitable control for DNA quality. We on-
ly used DNA samples that amplified the IGS1 after 200-
fold dilutions. Hence, we prevented failures in amplifica-
tion resulting from low-quality DNA. Moreover, these
primers did not amplify DNA fragments from the host
plant Pseudotsuga menziesii. Thus, they will alow us to
investigate the persistence of L. bicolor S238N in large-
scale mycorrhiza surveys. We also observed successful
and specific amplification from Laccaria-like mycorrhi-
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zas. Neither soil microorganisms nor root DNA prevent-
ed amplification of mycorrhiza samples.

SCAR markers were originally developed for marker-
assisted selection in plant breeding programs (Paran and
Michelmore 1993; Lahogue et al. 1998). They have
proven to be of great value for identifying organisms in
complex samples (Toth et al. 1998; Becker et a. 1999).
SCAR markers were obtained to identify truffles of eco-
nomic value at the species level. These markers alow
verification of the reliability of seedlings intended for
truffle plantations (Gandeboeuf et al. 1997; Bertini et al.
1998). SCAR markers have been used aso in a few
cases for typing mycorrhizas. To our knowledge, howev-
er, the present study is the first report of SCAR markers
used for the identification of single genets in ectomycor-
rhizal root tips.

Detection of the S238N progeny on mycorrhizas

SCAR markers are used for the identification of hybrids
and for the characterization of introgression (Mandolino
et a. 1999; Hernandez et al. 1999). In our case, the
SCAR markers obtained will improve our capacity to de-
tect strain S238N and its potential progeny on mycorrhi-
zal roots. They will be particularly useful in assessing
mature plantations where fruiting is currently scarce. A
preliminary mycorrhiza assessment on the persistence of
strain S238N at Saint-Brisson was carried out using the
nuclear rDNA 1GS1 locus (Selosse et al. 2000). The
PCR-amplified 1GS1 of strain S238N produced two
characteristic bands when resolved in polyacrylamide
gels. These bands correspond to two heteroduplexes
formed after PCR denaturation and further cross-hybrid-
ization between the DNA strands of these aleles. The
observation of heteroduplexes in mycorrhizas does not
truly determine whether the inoculant strain or its proge-
ny colonizes the roots. In the case of inbreeding, these
heteroduplexes would prevent distinction of S238N from
half of its F1 (also heterozygous for this locus). Potential
hybrids would aso present heteroduplexes. In addition,
homozygous F1 of S238N genotypes could not be de-
tected.

In conclusion, we obtained two SCAR markers to de-
tect mycorrhizas of the inoculant strain L. bicolor S238N.
Both markers are dominant and not tightly linked. My-
corrhizas displaying only one of the SCARs might be hy-
brids or S238N self-crossed descendants. The corre-
sponding RAPD markers and the IGS1 locus are unlinked
(Selosse et a. 1998a). Three heterozygous unlinked
markers (IGS included) are sufficient to identify recombi-
nants if they occur in silva at any significant frequency.
However, they did not alow discrimination between
S238N and its progeny. New unlinked SCAR markers
would be required to identify genets as parental, intercon-
tinental hybrid, inbreed or backcrossed genets. In addi-
tion, we have obtained a SCAR marker to detect a strain
of L. bicolor of European origin. This demonstrates the
ability of the SCAR markersto identify local genets.
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