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ABSTRACT

We isolated 132 basidiosporic strains of 33 tetrads from the outbred strains MCR14 and 
MCR15 of Lentinula edodes for linkage analyses. Mating tests detected crossing over 
between genes of the B mating-type locus during meiosis in four strains, MCR14B-121-3 
(B3), MCR14B-121-4 (B4), MCR14B-130-1 (B3), and MCR14B-130-4 (B4), as monokaryons 
having different mating types from the parental type (B1 , B2). In MCR14B-121-3 and 
MCR14B-121-4, the recombination was also detected between a sequence characterized 
amplified region (SCAR) marker, sOPP19-560, tightly linked to the B mating-type locus 
and a random amplified polymorphic DNA (RAPD) marker, C02-0900t. Furthermore, 
sOPP19-560 mapped between the B mating-type locus and a RAPD marker, Y07-0820t.
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INTRODUCTION

Lentinula edodes (Berk.)Pegler is a popular 
commercial mushroom called “shiitake” 
in Japan. L. edodes is a tetrapolar fungus 
having two mating loci, the A mating-
type locus and the B mating-type locus17. 
In studies of Coprinus cinereus and 
Schizophyllum commune, it has been 
established that genes of the A mating-type 
locus encode two classes of homeodomain 
proteins (HD1 and HD2), and the B mating-
type locus has multiallelic genes encoding 
a large family of peptide pheromone and 
receptors1,2,6. The A mating-type locus 
and the B mating-type locus are unlinked 
in L. edodes13. In addition, studies of 
molecular linkage mapping indicated that 
these mating-type loci belong to different 
linkage groups7,20, suggesting that these 
mating-type loci are located on different 
chromosomes. Mating-type loci of 
basidiomycetes are usually multiallelic1. 
Tokimoto et al.21 estimated that there are 
63-100 allelic specificities of the B mating-
type loci in the natural populations of L. 
edodes in Japan. However, the composition 
and DNA sequencing of mating-type loci 
from L. edodes have not been analyzed, 
although the knowledge of mating-type 
loci would be very important for designing 
breeding programs in L. edodes.
 Outbred lines of L. edodes were 
produced by monokaryons obtained from 
dedikaryotization via protoplasting of D703 
(isolated from New Zealand) and G408 
(isolated from Japan)10. It was determined 
that D703 was genetically far from Japanese 
strains including G408 by genetic distance 
index14 calculated from RAPD analysis10. 
Crosses from MCR14 and MCR15 outbred 
lines were selected as strains to construct 
a linkage map (MCR14/15) of L. edodes 
(unpublished data).

 Tetrad analyses are particularly useful 
for detecting linkage relationships and 
constructing linkage maps9,15,22. In L. edodes, 
tetrad analysis for screening heterozygous 
molecular markers has been shown to be 
remarkably useful for dominant markers, 
such as random amplified polymorphic 
DNA (RAPD)11.
 Tanaka et al.19 screened two RAPDs that 
were tightly linked to the A and B mating-
type loci, and further developed two 
sequence characterized amplified region 
(SCAR) markers, which were linked to 
the A mating-type locus (sOPH09-590) 
and to the B mating-type locus (sOPP19-
560). However, the location of these 
SCARs was not determined, because these 
SCARs were in 72 synchronously divided 
meiotic strains for each mating-type locus. 
The locations of SCAR markers must be 
determined to be able to perform a gene 
walking analysis from them. In this study, 
we determined the location of sOPP19-560 
by investigating two recombinants within 
the B mating-type locus in a tetrad.

MATERIALS AND METHODS

Strains. Parental heterokaryons, MCR14 
and MCR15, were produced from 
homokaryons, D703PP-9 (mating type: 
A1B1) obtained from D703, a wild strain 
from New Zealand, and G408PP-4 (A2B2) 
obtained from G408, a Japanese wild 
strain11. The parental strain MCR14 has 
the mitochondrial genome derived from 
G408, while MCR15 has the mitochondrial 
genome from D703. The mating-type 
information of 132 basidiosporic strains of 
33 tetrads from the parental strains, MCR14 
and MCR15, was reported by Miyazaki 
et al.12. The tester strains MCR14B-30-1 
(A2B1), MCR14B-30-2 (A1B1), MCR14B-
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30-3 (A2B2), and MCR14B-30-4 (A1B2) 
were used for determining mating types. 
Detailed study was conducted on eight 
strains, MCR14B-121-1, MCR14B-121-2, 
MCR14B-121-3, and MCR14B-121-4 
isolated from one basidium (B-121), 
and MCR14B-130-1, MCR14B-130-2, 
MCR14B-130-3, and MCR14B-130-4 
isolated from another basidium (B-130). 
Isolation of tetrad strains and mating tests 
were carried out using methods similar to 
those reported by Miyazaki et al.11. 

Polymerase chain reaction (PCR) amplification
 Sequencing of internal transcribed 
spacer (ITS) region. Standard amplification 
of the ITS region was primed with the 
oligonucleotides ITS1-F, ITS4-B as 
described by Gardes and Bruns4. The PCR 
reactions were carried out according to the 
following parameters: initial denaturation 
at 95 C for 5 min, followed by 35 cycles 
consisting of denaturation at 95 C for 30 s, 
annealing at 55 C for 60 s, and extension at 
72 C for 60 s. A final extension at 72 C for 10 
min was also carried out. The amplification 
products were sequenced in both directions 
using ITS1-F, ITS4-B, ITS-2, and ITS3 
primers by the dye-dideoxy-nucleotide 
chain-termination procedure of Sanger 
et al.16 in an automated sequencer (ABI, 
Model 310 Genetic Analyzer).
 PCR amplifications of SCAR markers. 
Each reaction mixture consisted of 20 mM 
Tris-HCl (pH 8.5), 50 mM KCl, 2.5 mM 
MgCl2, 0.16 mM each dNTP, 0.08 µM of 
each primer, 5 ng of genomic DNA, and 
0.25 unit of Platinum Taq DNA polymerase 
(Invitrogen). The total volume of each 
reaction mixture was 12.5 µl, and each one 
was overlaid with mineral oil. The thermal 
cycling program (PE480, Perkin Elmer) 
was: 15 cycles of 95 C for 90 s, 55 C for 
90 s, 72 C for 120 s, and then 15 cycles of 

95 C for 30 s, 55 C for 90 s, 72 C for 120 s. 
This was followed by a 10 min incubation 
at 72 C and subsequent cooling at 4 C. 
 PCR amplifications of RAPD markers. 
The amplification was performed in a 10 
µl mixture that contained 20 mM Tris-HCl 
(pH 8.4), 50 mM KCl, 3 mM MgCl2, 0.2 
mM each dNTP, 0.5 µM of primer, 10 ng 
of genomic DNA, and 0.5 unit of Platinum 
Taq DNA polymerase (Invitrogen). After 
pre-denaturation at 95 C for 1 min, the 
mixture was subjected to 45 cycles of 30 s 
of denaturation at 95 C, 30 s of annealing at 
55 C, and a 90 s extension at 72 C, which 
were performed before a final extension of 7 
min at 72 C and subsequent cooling at 4 C. 
 Linkage analysis and calculation of map 
distance. The MAPMAKER (version 3.0) 
computer program was used to calculate 
the linkage analysis. This program uses 
an efficient algorithm that allows a 
simultaneous multipoint analysis of any 
number of loci8. The Kosambi mapping 
function was used to determine the distance 
between two loci.

RESULTS AND DISCUSSION

DNA sequences from the ITS region of 
D703PP-9 and G408PP-4, original strains 
of MCR14 and MCR15, were deposited 
at the DNA Data Bank of Japan (DDBJ; 
www.ddbj.nig.ac.jp/index-j.html). Their 
accession numbers are: D703PP-9: 
AB366151; and G408PP-4: AB366150. 
When each sequence data was queried 
at the DDBJ, D703PP-9 was close to 
TMI1172, whereas G408PP-4 was close 
to TMI-1148, which were included within 
the phylogenetic groups III (New Zealand) 
and I (Japan), respectively, according to 
Hibbett5. The geographic origin of each 
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strain was thus confirmed by genetic 
analysis of the ITS region.
 Four strains, MCR14B-121-3, MCR14B-         
121-4, MCR14B-130-1, and MCR14B-
130-4, out of 132 basidiosporic strains 
isolated from MCR14/MCR15, had 
different B mating types compared to the 
parental types12. The results of the intra-
tetrad mating tests of MCR14B-121 and 
MCR14B-130 are shown in Table 1. In 
the intra-tetrad mating tests, these tetrads 
were shown as ordinary dipolar-type 
tetrads. Then mating types of the potential 
mating-type recombinants was determined 
by using the four tester strains. From a 
parental dikaryon of genotype A1A2B1B2, 
the expected meiotic progeny are of one 
mating type among A1B1, A1B2, A2B1, and 
A2B2. Therefore, a meiotic strain derived 
from normal meiotic events can mate with 
only one of the four tester strains MCR14B-
30-1 (A2B1), MCR14B-30-2 (A1B1), 
MCR14B-30-3 (A2B2), and MCR14B-
30-4 (A1B2). However, MCR14B-121-3 
and MCR14B-121-4, MCR14B-130-1, 
and MCR14B-130-4, each one mated 

with two tester strains (Table 2). All of 
them had normal compatibility relative 
to the A mating-type loci, but not to the 
B mating-type loci. We presumed each 
mating type as follows: MCR14B-121-3 
(A2B3), MCR14B-121-4 (A1B4), MCR14B-
130-1 (A2B3), and MCR14B-130-4 (A1B4). 
Then, we performed further mating tests of 
MCR14B-121 versus MCR14B-130 (Table 
3). These mating tests were consistent with 
expected mating types hypothesized. We 
calculated the distance value between the 
two subloci of the B mating type as 3.0 cM. 
This value (3.0 cM) was lower than those 
for Flammulina velutipes (16.4 cM)18 and 
Coprinus lagopus (9.0 cM)3, but it was 
higher than that reported by Terashima et 
al.20 (1.1 cM) for L. edodes. Therefore, 
we analyzed a larger number of samples 
to determine more precisely the distance 
between the B mating-type subloci and 
flanking markers of L. edodes. MCR14B-
121-3 and MCR14B-121-4 were further 
analyzed in relation to the location of 
sOPP19-560.
 We performed RAPD analyses to check 

Table 1. Intra-tetrad mating tests of MCR14B-121 and MCR14B-130. A: The result of MCR14B-121. 
B: The result of MCR14B-130.
          
A         B     

  Strains     Strains 

  MCR14B-121    MCR14B-130 

Strains -1 -2 -3 -4 Strains -1 -2 -3 -4

MCR14B-121-1 - + + - MCR14B-130-1 - + - +
MCR14B-121-2 + - - + MCR14B-130-2 + - + -
MCR14B-121-3 + - - + MCR14B-130-3 - + - +
MCR14B-121-4 - + + - MCR14B-130-4 + - + -
          
+ = Compatible mating; - = Incompatible mating.     
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each strain of MCR14B-121 using 3 
heterozygous unlinked RAPD markers, 
C02-0900t, Y07-0650t and L01-0680t. 
These three RAPD markers segregated 
in a ratio 2:2 among the four strains of 
MCR14B-121 (Fig. 1, only for C02-
0900t), confirming that the four strains of 
MCR14B-121 are a tetrad. 
    RAPD and SCAR analyses, as well as 

linkage analyses, were carried out using 
the methods of Miyazaki et al.11 and 
Tanaka et al.19. On the linkage map of L. 
edodes constructed from 72 progeny using 
RAPD markers, the B mating-type locus 
was located between C02-0900t (distance, 
8.4 cM) and Y07-0820t (distance, 18.9 
cM). The location of the SCAR marker, 
sOPP19-560, tightly linked to the B mating-

Table 2. Mating tests between potential recombinants and tester strains.     
                 
  Strains     Strains

  MCR14B-121   MCR14B-130

Tester strains (mating type) -1 -2 -3 -4 -1 -2 -3 -4

MCR14B-30-1 (A2B1)
a + - - + - - - +

MCR14B-30-2 (A1B1) - - + - + - + -
MCR14B-30-3 (A2B2) - - - + - + - +
MCR14B-30-4 (A1B2) - + + - + - - -

Mating type expectedb A1B2 A2B1 A2B3 A1B4 A2B3 A1B1 A2B2 A1B4
         
a Mating type that followed the number of the tester strain.
b Mating type of the tetrad strains expected from the mating tests.
+ = Compatible mating; - = Incompatible mating.

Table 3. Mating test, MCR14B-121 versus MCR14B-130.
          
  Strains (mating type expected)  

  MCR14B-130

Strains (mating type expected) -1 (A2B3) -2 (A1B1) -3 (A2B2) -4 (A1B4) 

MCR14B-121-1 (A1B2) + - - - 
MCR14B-121-2 (A2B1) - - - + 
MCR14B-121-3 (A2B3) - + - + 
MCR14B-121-4 (A1B4) + - + - 
     
+ = Compatible mating; - = Incompatible mating.    
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type locus was not defined, because it was 
completely linked to the B mating-type 
locus in all of 72 progeny19. We applied 
these linked markers to the irregular tetrad 
(MCR14B-121) in this study (Fig. 1). The 
genotypes of these strains are shown in 
Table 3. Strains having the parental mating 
type, MCR14B-121-1 and MCR14B-
121-2, were shown to have a common type, 
either D703 or G408, for all molecular 

Fig. 1. The results of SCAR and RAPD analyses. Arrowheads indicate molecular markers linked to the 
B mating locus. M, 100 bp ladder marker (Amersham, U.S.A.). Lane 1, D703PP-9; Lane 2, G408PP-4; 
Lane 3, MCR14B-121-1; Lane 4, MCR14B-121-2; Lane 5, MCR14B-121-3; Lane 6, MCR14B-121-4. 
A: RAPD marker C02-0900t. B: RAPD marker, Y07-0820t. C: SCAR marker, sOPP19-560.

Table 4. The genotypes of molecular markers on strains studied.  
          
    Molecular marker 

Strains B mating type C02-0900tc  Y07-0820t sOPP19-560 

MCR14B-121-1 G408(B2)
a G408  G408 G408 

MCR14B-121-2 D703(B1) D703  D703 D703 
MCR14B-121-3 NPb D703  G408 G408 
MCR14B-121-4 NP G408  D703 D703 
     
a The B locus type followed the marker genotype.   
b NP= Non-parental.    
c The genotype (G408/D703) of the molecular marker.

markers including the B mating-type locus. 
This result revealed that no crossing over 
occurred within the region analyzed. By 
contrast, in strains having non-parental 
B mating types, MCR14B-121-3 and 
MCR14B-121-4, the genotypes of Y07-
0820t and C02-0900t were recombined 
(Table 4). Crossing over within the B 
mating-type locus is hypothesized for the 
strains having non-parental B mating types. 

800 bp
800 bp

800 bp

M 1 2 3 4 5 6 M 1 2 3 4 5 6 M 1 2 3 4 5 6A B C
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Fig. 2. The model for recombination of partial 
chromosomes from strains having the new 
B mating types. “+” following the name of 
the molecular marker indicates the presence 
of molecular marker fragments observed in 
electrophoresis after PCR, whereas “-” indicates 
absence.

In addition, the genotypes of sOPP19-560 
were indicated to have genotypes similar 
to those of Y07-0820t in the strains having 
non-parental mating type (Table 4). 
Therefore, the sOPP19-560 would be on 
the same side as Y07-0820t relative to the 
B mating-type locus (Fig. 2). It is expected 
that the recombined chromosomes of the 
meiotic progeny having new B mating 
types, B3 and B4, were caused by a single 
crossing over within the B mating-type 
locus (Fig. 2).
    In this work, a SCAR marker, sOPP19-
560, tightly linked to the B mating-type 
locus, was mapped to a location between the 
B mating-type locus and Y07-820t (Fig. 2). 
For targeting and cloning of the B mating-
type locus in L. edodes, gene walking 
should be performed from sOPP19-560 

to C02-0900t. Like in this work, if other 
recombinants close to a target marker were 
obtained, the recombinants would be useful 
directly for gene mapping. Especially, if 
the recombinants were isolated within a 
tetrad, a pair of recombinations could be 
confirmed, leading to higher accuracy of 
gene mapping.
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