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Pleurotus 95
(http://www.indexfungorum.org)
Pleurotus ostreatus (Jacg.) P. Kumm. Pleurotus pulmonarius

(Fr.) Quél. Oyster mushroom

Agaricus bisporus (J.E.Lange)
Imbach Lentinula edodes (Berk.) Pegler 1997

875,600 (Chang 1999)

(Zadrazil 1978)

10 30 ( 2000)

(Law et al. 2003; Rodriguez et al. 2004) (Sigoillot et al. 2005)
(Couto & Sanroman

2005)



(Wasser 2002; Zhang et al. 2007)

(Hausen et al. 1974;

Sakula 1974; Olsen 1987; Vereda et al. 2007)

( 1973; 1991;

Hibbett & Donoghue 1996)

(sporeless) ( )



Coprinus cinereus

(Schaeff.) Gray (Day 1954; Gibbins & Lu 1982) Schizophyllum
commune Fr. (Bromberg & Schwalb 1977) (Hasebe et al. 1991)
(Eger et al. 1976) (Ohira 1979) (UV)

(Takemaru & Kamada 1972; Kanda et al.

1989) Agrocybe cylindracea (DC.) Gillet (Murakami 1993;

1998) (Imbernon & Labarére 1989; Baars et al. 2000; Ravishankar et al.
2006) Pleurotus sajor-caju (Fr.) Singer (Ravishankar et al. 2006)
[ (Zervakis &
Balis 1996)] (Imbernon & Labarére 1989) Pleurotus eryngii

(DC.) Quél. (Obatake et al. 2003)

(Murakami 1993)

(Baars et al. 2000) ( 2006) 3

(http://www.hinsyu.maff.go.jp)



DNA

(MAS: marker-assisted selection)

(Kerrigan et al. 1993) (Muraguchi et al. 2003)
(Kwan & Xu 2002; Terashima et al. 2002b)

Larraya  (2000)

RFLP ( : restiction
fragment length polymorphism) RAPD ( DNA: random amplified
polymorphic DNA) AFLP ( . amplified fragment length
polymorphism) SSR ( : simple sequence repeat) DNA
Ohira (1979)

TMIC-30058
TMIC-30058



(BSA: bulked segregant analysis) (Michelmore etal. 1991)  AFLP

BSA-AFLP (bulked segregant analysis-based AFLP)

STS (sequence tagged site)



I TMIC-30058

(UV) )
(
Agrocybe cylindracea (Murakami 1993) Pleurotus eryngii ( 2006),

Pleurotus ostreatus (Baars et al. 2000))



Pleurotus pulmonarius TMIC-30058 Ohira (1979, 1984)

1972 ( )

Ohira (1979, 1984)

( ) 0.02

0.04%

1992

TMIC-30058

Ohira (1979, 1984)

(1)



31664-S1 (

B1) TMIC-30058

(spo) A2

30058-S2 (genotype: spo A3

MA (
25

mm 25

TMIC-31664

TMIC-30058
TMIC-31664
(genotype): (+)
30058-S1 (genotype:
B2)
TMIC-30058
B3) TMIC-30058
(Ohira 1979)
20 g, 20 g, 1,000 ml)
MA 2 2
4 5
(15x20 )



(Fagus crenata Blume)

10:3 65% 250 ml
180 g 121 60 MA
25 4
( )
1 19 ( , 90+ 5%)
800 ml ( 2000)
(Cryptomeria japonica (L.f.) D.Don) (
4:0.7:03, 65%) 550 g 121 30
25 30
19 ( , 90+ 5%)
(Fig. 1) 1
4
MA 15 ml
2 3 25
MA



Fig. 1. Morphology of fruiting bodies produced by the sporeless mutant of Pleurotus
pulmonarius (TMIC-30058). Bar = 30 mm.
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DNA

31664-S1  30058-S1

1,000
150
Thoma 1x10° /ml
100 ul (10° ) MA

25

150 30058-S2 (genotype: spo, A3

B3)

TMIC-30058
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(A2, B2)
pH7.0) 2 3
E101
35
60
1/15M

Fi 31664-S1 (A1, B1)  30058-S1
36
2.5% 0.1M
5 2%
30 50 75 90 100%
30 50 75 100%
HCP-2 CO;
S-800
15KV
Aist (1969)
100%
B:1 wviv) 5 2
( 15 ) 15
1IN 6 15
(pH 7.0) 5
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)
TMIC-30058
TMIC-30058
(Ohira 1979)
( 2000)
Fig. 1
Ohira (1979)
11
(ecotype )
(Zervakis & Balis 1996) A B 2
31664-S1 30058-S1 A1B1
A2B2 Al1B1 A2B1 A2B1 A2B2
150 Table 1

13



Table 1. Segregation of the mating type on the mapping population from the single cross
between a sporeless isolate (30058-S1: A2B2) and a wild type isolate (31664-S1: A1B1) of
Pleurotus pulmonarius.

Mating type Sporeless Wild type Total
Al1B1 12 23 35
A2B2 32 6 38
AlB2 9 29 38
A2B1 24 15 39
Total 77 73 150

14



4 AlBl1 A2B1 A2B1 A2B2 1:1:1:1

A B 1:1
Ohira (1979)
A B
150
150 A B
B 5%
(Larraya et al. 1999a) ( 2003)
F1
30058-S2 F1 150
250 ml
77 73 (Table2) x 2
1:1(08<P<0.7) (Table 2)
Ohira (1979) TMIC-30058
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Table 2. Segregation of each component of the sporulation trait and 2 mating
type factors on the mapping population of Pleurotus pulmonarius.

Analysis:

2 .
Segregation of X2 (1:1) P
Sporeless Sporeless 77  Wild type 73 0.11 .80-.70
A-factor Al 73 A2 77 0.11 .80-.70
B-factor Bl 74 B2 76 0.03 .90-.80

16



(spo)

A B
(Table 3) A 28.0cM
A Ohira (1979)
254 cM
TMIC-30058
(31664-S1 30058-S1)
F1
(Table 4)
Fig. 2
TMIC-30058

17



Table 3. Recombination on segregation between the sporeless trait and 2 mating type
factors on the mapping population of Pleurotus pulmonarius.

Recombination between  Parental Recomb. X2(1:1) P
Sporeless &
108 42 29.04 <001
A-factor
Sporeless &
79 71 0.43 0.50-0.60
B-factor
A-factor &
73 77 0.11 0.70-0.80
B-factor

18



Table 4. Fruiting body production of backcross populations (31664-S1 (genotype: +, Al and
B1) x F1 from 31664-S1 x 30058-S1 (genotype: spo, A2 and B2) and 30058-S1 x F1 from
31664-S1 x 30058-S1) of Pleurotus pulmonarius in the bottle cultivation.

Genotype (Number of isolates)

Fresh weight of fruiting bodies

(g/bottle)
[31664-S1 x F1 from (31664-S1 x 30058-S1)] 623+ 1.7 (42-86)
+, +, Al, A2, Bl and B2 (n=2) 60.0 £ 7.0 (55-65)
+, spo, Al, A2, Bl and B2 (n=20) 625+ 12.2 (42-86)
[30058-S1 x F1 from (31664-S1 x 30058-S1)] 618 £ 7.6 (50-75)
+, spo, Al, A2, Bl and B2 (n=6) 615+ 85 (50-73)
spo, spo, Al, A2, Bl and B2 (n=8) 623 + 6.9 (55-75)
TMIC-30058 60

19



Fig. 2. Morphology of fruiting bodies produced by a backcross isolate.
Bar = 30 mm.
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Fig. 3

TMIC-31664
TMIC-30058
(Fig. 3)
Ohira (1979)
0.02 0.04%
(Fig. 4, Table 5)
Ohira (1984) (Table 5)
(Fig. 3) Kanda  (1989)
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Fig. 3. Scanning electron micrographs of gill surfaces of a wild-type and the sporeless
mutant of Pleurotus pulmonarius. Right: Sporeless mutant (TMIC-30058). Various
stages of sporulation are shown. Left: Wild type (TMIC-31664). Bar = 3 pm.
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Fig. 4. Different stages of meiosis in basidia of the sporeless mutant (TMIC-30058) of
Pleurotus pulmonarius. Prefusion (a). Prophase | (b). Meta-anaphase | (c). Telophase-
Prophase Il (d). Nuclear tetrad (e). Bar = 10 um.
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Table 5. Frequency of different stages of meiosis in basidia of the sporeless mutant
(TMIC-30058) of Pleurotus pulmonarius. A total of 1078 basidia were observed.

Prefusion Prophase | Meta- Telophase- Nuclear

P anaphase | Prophase Il tetrad

Ohira (1984) 41.57% 55.24% 2.64% 0.52% 0.03%
Present study 44.62% 51.30% 3.80% 0.09% 0.19%
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Murakami (1998)

(UV
(Te
(4)
TMIC-30058
(1979)

)

4

(MA-I

) (3

) @)

(Ps

25

1)

(St

MA-I

Ohira



11 AFLP

Ohira (1979) Pleurotus

pulmonarius TMIC-30058

DNA DNA

(MAS: marker-assisted selection)

DNA

(QTL: quantitative trait locus)
Agaricus bisporus
(Kerrigan et al. 1993) Pleurotus ostreatus (Larraya et al. 2000, 2002, 2003)
Lentinula edodes (Kwan & Xu 2002; Terashima et al. 2002b)

DNA
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QTL (Larraya et al. 2002, 2003)

RFLP (restriction fragment length polymorphism) RAPD
(random amplified polymorphic DNA) AFLP (amplified fragment length
polymorphism) SSR (simple sequence repeat) DNA

(Agarwal et al. 2008)

(Agarwal et
al. 2008) AFLP (Vos et al. 1995) DNA
4 6
20 PCR (polymerase chain reaction)
3 1 3
(Fig. 5) AFLP
PCR DNA
DNA
RFLP RAPD
Cryptococcus neoformans (San Felice) Vuill. (Forche et al. 2000)
(Terashima et al. 2002b) Heterobasidion annosum (Fr.) Bref. (Lind
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Msel coRlI

Restriction l

reaction

Z;
%

7
%,
222 Y%

Msel
2d Adaptor

Adaptor
ligation

Preselective
primers

Preselective

amplification
Selective
primers
*: Fluorescent
Selective labeled
amplification

|

Fractionation and detection of amplified fragments by sequencer or electrophoresis

l

Analysis of detected fragments

Fig. 5. Overview of the AFLP technique.
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etal. 2005)  AFLP

150 AFLP
)
30058-S1
31664-S1
F1 150
DNA
DNA 25 2 MYG (2% malt extract,
0.2% yeast extract, 2% glucose)
DNA 10 mg GenElute Plant

Genomic DNA Miniprep Kit (Sigma Aldrich, St. Louis, MO, USA)
100 uI  TE buffer (10 mM Tris-HCI, 0.1 mM EDTA, pH

8.0) 30
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AFLP

AFLP \os (1995) AFLP Core Reagent Kit

(Invitrogen, Carlsbad, CA, USA)

Fig. 5 DNA (100 ng) EcoRlI  Msel

37 2
Msel EcoRlI 20 2

DNA TE buffer 10

EcoRlI Msel

E+0 (5°-GAC TGC GTA CCA ATT C-3")  M+0 (5’-GAT

GAG TCC TGAGTAA-3) PCR
Fig. 6 TE
buffer 20
E+0 M+0 2 E+2 M+2
E+2 M+2 18
E+2 % (6’-carboxy-fluorescein: 6-FAM)

E+GT/M+GG, E+AC/M+CA, E+AC/M+CC, E+CA/M+CA, E+CA/M+CC,
E+CC/M+AC, E+CC/M+TT, E+GA/M+GC, E+GT/M+GT, E4+TG/M+AG,
E+TG/M+GG, E+TG/M+GT, E+TT/M+AC, E+TT/M+TT, E+GC/M+CG,

E+GG/M+TA, E+AG/M+AA, E+GG/M+AT

PCR Terashima  (2002a, 2002b)
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PCR condition

94

94

56

72

2 min

30 sec

1 min

1 min

x 20 cycles

Reaction mixture

10 x E Taq buffer 5.0
dNTP (2.5 mM each) 20
E+0 primer (30 ng/pl) 25
M+0 primer (30 ng/pl) 25
Ex Taq (5 units/pl) 02
template DNA 5.0
up tp 50 pl

Fig. 6. PCR condition and reaction mixture for preselective-amplification.
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(Fig. 7)
AFLP ABI Prism 310 Genetic Analyzer
(Applied Biosystems, Foster, CA, USA) AFLP
GeneScan ver. 3.0 (Applied Biosystems)

Rox 500 size standard (Applied Biosystems)

PCR Takara Ex Taq (Takara Biomedical, Shiga, Japan)
DNA polymerase iCycler thermal cycler (Bio-Rad Laboratories, Hercules, CA,
USA) AFLP

( : E+GT/M+GG
300 bp  AFLP GTGG300 )
1:1

X 2
MAPMAKER ver. 3.0 (Lander et al. 1987) group
(two-point analysis) (LG: linkage group)

LOD 30 50 0.5 three
point analysis try
LOD table
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PCR condition

94

94

66

72

94

56

72

2 min

20 sec

30 sec | x 10 cycles

2 min

20 sec

30 sec |[x 20 cycles

2 min

Reaction mixture

10 x EX Taq buffer 5.0
dNTP (2.5 mM each) 20
E+2 primer (2 uM each) 25
M+2 primer (2 uM each) 25
Ex Taq (5 units/pl) 02
template DNA 5.0
up tp 50 pl

Fig. 7. PCR condition and reaction mixture for selective-amplification.

*Decrease temperature by 1.0

33
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(2)

AFLP
18 AFLP 150
324  AFLP (Table 6)
AFLP 12
(E+CCIM+TT) 30 (E+GA/M+GC) 1
18 (Table 6) 324  AFLP
154 (31664-51) 170
(30058-51) (Table 6) AFLP
1:1 X 2
10.5% 34 (3.84 < x ?values < 10.67;
0.001 <P<0.05) 0.6% 2
(x ?values > 10.67; P < 0.001) (Table 6)
36 16 20
2 (P<0.001)
AFLP 322 AFLP

MAPMAKER ver. 3.0 (Lander et al. 1987)
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Table 6. Distribution of AFLP markers in the parental Pleurotus pulmonarius isolates
(wild type and sporeless mutant).

Primer pairs No. of markers
EooRl  Msdl  POEESS TODPE mo  SKEOTENES

AG AA 6 12 18 4
AC CA 9 8 17 3
AC cc 5 8 13 0
T AC 10 4 14 3
TT TT 5 8 13 1
TG AG 11 9 20 2
6 GT 8 6 14 1
TG GG 13 3 16 0
GA GC 18 12 30 3
GT GT 6 8 14 1
GT GG 7 8 15 2
GG AT 9 10 19 3
GG TA 12 11 23 3
GC CG 11 7 18 L
CA CA 13 14 27 4
CA cc 9 13 22 3
cc AC 10 9 19 2
CC TT 8 4 12 0

Total 170 154 324 36
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(0.001 < P < 0.05) 1 22 AFLP

300 AFLP 2 (A B)

12 (LG | XII) 971.1
cM 52 cM (Fig. 8, Table
7) Table7 52.5 cM (LG XII) 113.4 cM (LG I)

80.93 cM 9 (LG IX) 42
(LG )
( 3.56 cM (LG VI) 9.26 cM (LG 1X)) (0.001
<P <0.05) 34 AFLP 23
\/ (Fig. 8
1| A 40 AFLP
(Fig. 8, Table 7) A
34.1cM 10 cM
3 2 (CACA175 CCAC271)
14cM
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LG | LG Il LGl

H—GAGC190 TT-TGAG144/ AGAA119 GAGC105
) TGAG?2 7P
9.7 0. 79=A88R%8, acca170
0. T CACA334/ TGGG104 ACCA144/ ACCA229
o ¥t—0CCs164
-¥H—ACCA296/ GTGG307/ CACA393 e b
7.9
0 TGAG240/ GGTA1438
T—CAcc211 24. 4 0. F—&a%&18Y
7.0 2
Ll _TTTT362/GGTA214 1
0. fT—TGAG350 GGTA398
5.5
9.7 T 1
) CACA16GIAGAA1450 -::<T3<T?¥$gég g'u Aggei3g
1. CAcAs 92 . CACA454/ CCAC225
2. ¢
M—ACCA310 10.[3
2. ¥l caccz227
0. FT—GGAT312/ AGAA1169.J3
2.1 Gcce1l10 ACCC315/ GTGT391/ GTGT393
0 TTTT392
1.3l —CACA275
9.5 3. b
[ —GGAT3 71
L GccGga71 1.4 1T-GAGC389 2. TTTT156
2.9 > FTACCA255/ CCAC331/ CCTT2pls
o [ ccTT428 4+—Af ac/tcGAC335/ CCAC337
& H—cTGG245/ AccA2373. 4
- F—CACA318 d41-ccaca24
2.0 TTTT329 0. TT-GAGC247 20 |4
2-21—cacAd21 :
-H—AGAA253
12. o
6.4
H—TTTT360
) , T GAGC294/GAGCAT2 CACC320/ TGAG275
7.0
, T c6ceTA462
5 EZg?E?iii I1—ACCC454/ GAGC435/ GAGQ4[8
1. +H—GTGT145 5.4
4 b 4 -caca132 GGTA225
H T7TT245 5 ¢ 4.}
: A 4 2
1l caca175/ccac271 4 b cCcc450/ GCCG233
1.41 Sporel ess "I accc2e3
2-¥1 cAca1l94
21.|3 11.p
9.5
4l ccTT215
9-F—ACCA3684/ cAacA202/ CACA2] | 6CGG369
- i1 GGAT171 L)
|l cccea11 -44+—-KEcc324/ACCC327/ TGAG4A86
4. =
H—CCAC119

Fig. 8. Genetic linkage map of Pleurotus pulmonarius based on 300 AFLP markers,
two mating-type factors and the sporeless trait. Underlines and asterisks represent
skewed markers (0.001 < P < 0.05) and loci with more than 4 markers, respectively.
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GTGG458/ TGAG379 ACCC232
7. 1
AGAA288 15.15
3. 4| ccTT372
93 GAGC244/ GAGC249/ AGAA324
g %é&%%%ﬁ’CACA36° GTGG336/ CACA260
TGGG326
2 ACCA130 sk
4
ACCA1 GTGG181/ GTGG296/
ccAL3s3 0. TTAC201
13.[7 146
0 CACA257
TGAG439 GTGG105/ CACA181/
2 TGGG444/ AGAA260 4.p
o B—TGAG334/ TGAG336
2 B[ TeGT440
CACC102/ CCAC437/
4.9
GAGC233
2.1 TTTT185
1.MGAGC339
0. AGAA196
3-7 ACCA459/ TTAC300/
5 B—CGTGG184/ ACCAL195/
44 | I JT—CACA198/ CACA200/
. : CACC236/ GGTA285
10.[3
CACA419/ GGTA102/
3.
CACA372/ TGAG315
9.
RN AGC383/ TGAG171/
2. GGAT112 G
g-_ Bf ac/tGUEG163 TGGT194
: TTAC331 -

Fig. 8.-continued.
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GAGC344
7.1 s b
ACCA291
13|71 5.
2.7
ACCC485/ CACC3317.p
1 AGAA333
14.
146 g
GTGT232/ GGTA442 ; 4
3. h :
GAGC443 3-8
8.8
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1 19.]3
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Fig. 8.-continued.

LG Vil

GTGT387/ TGAG442/ AGAA49

14.

GTGG425/ GAGC372/ TGGG15

GTGT454/ TGGT422

2
GCCG325
6
GAGC234 1.
17.
ACCA217
GTGT280/ AGAA280
CACC339
TTAC342
22.
GTGT362

TGAG366/ TTAC135/TTTT41
GAGC121
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LG IX

U

CACC378

GGTA226
TGGT372

TGGG436
CACA126/ TGGT499

CCAC388/ CCAC395




LG X LG XI LG_XII

s b GGAT200 GAGC131 TGGG264/ GCCG380/ GGTA375
. TTAC104 5.6
g:; GGTA434 12.|9 ., G CCAc367/TGGG366
8871488 ' GGAT229
CACC285
1217 2 GGTA471 o f
TGGT377
6. 4 5.0
GGAT158 TGAG258 CCTT1658
3.4
) GTGT470/ TGGT165 4-P TGGT4TS
: GCCG309
16.|4 2.7 2.1
6 5 AGAA104 GCCG379
: GTGG129/ CACC109/ TTAEK32
7.0
1 W—TGGG488
CACC410/ CACC445 TTAC268 5 b G?GCilg/GAGC318
4.p 5 CGAC1SsL 2. GTEG49
TGGT433 i CA216 CCTT289/CCTT471/ TGGG208
0.1 0. TGEG134 0. CACC165
TGAG201/ TGGT488/ TGGT493 2. CeRcass
7.p
7.
GGAT409/ GGAT412 CGATS24
21.]3 U
14.|4¢
CCTT276/ TGGT135/ TTAC380
TTTT460/ TTTT462 U

Fig. 8.-continued.
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Table 7. Characteristics of genetic linkage groups with AFLP markers, mating-type
factors and the sporeless trait in Pleurotus pulmonarius.

Linkage Length No. of Avg. marker No. of
Groups (LG) (cM) markers interval (cM)* skewed markers
(0.001 < P < 0.05)
| 1134 36 436 0
I 104.3 42 497 0
I 101.8 27 5.09 0
v 89.7 23 528 0
Vv 88.8 41 4.44 23
VI 85.5 31 356 0
vl 78.2 17 559 0
Vil 65.7 22 5.48 6
IX 64.8 9 9.26 3
X 64.4 16 5.85 1
XI 62.0 18 477 0
Xl 525 21 3.75 0
Avg. 80.9 25.2 5.20
Total 971.1 303 33

* Avg. marker interval did not contain same location markers.
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©)

AFLP 300 AFLP 2
(A, B) 12
971.1cM 52cM (Fig. 8,
Table 7)
Coprinus cinereus (Muraguchi et al. 2003)
(Terashima et al. 2002b) (Larraya et al. 2000)
13 11 11 1346 cM 1957 cM 1001 cM

53cM 95cM 53 cM

(Larraya et al. 2000)

QTL (Larraya et al. 2002, 2003)

AFLP

QTL

(Vilgalys et al. 1993; Vilgalys & Sun 1994)

(12) (Larraya et al. 2000) (11)
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(PFGE: pulsed field gel electrophoresis)

(Larraya et al. 2000)

6 9 (Sagawa & Nagata 1992; Peberdy & Fox 1993)

PFGE CHEF (contour-clamped

homogeneous electric field analysis)

AFLP 18 1
18.0
(14.1 , Forche et al. 2000) (60.8 , Terashima et al.
2002b) (Terashima et al. 2002b)
70% 18
AFLP
AFLP 324 AFLP X 2
1:1
36 (11.1%) (3.84 < x 2 values; P < 0.05)
(32.8%, Kerrigan et al. 1993) (14.0%, Larraya et al.
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2000) (20.7%, Terashima et al.

2003)

(TMIC-31664) 20

23

2000)

al. 1993; Larraya et al. 2000)

150

36

AFLP

(Kerrigan et al. 1993)
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2002b)

(90%

16

)

(6.4%, Muraguchi et al.

F1 150

(TMIC-30058)

(Larraya et al.

(Kerrigan et



AFLP I

A 34.1 cM
(28.0 cM)
1.4 cM 2 AFLP (CACAL75
CCAC271)
DNA
AFLP
2 AFLP (CACAL75 CCAC271)
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STS

V-1 AFLP

Pleurotus pulmonarius

TMIC-30058 I

40 AFLP (amplified fragment length polymorphism)

A 40 AFLP
14 cM 2 AFLP
(CACAL75 CCAC271) 2 AFLP
AFLP
AFLP STS (sequence tagged site)
STS
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2 AFLP

(BSA: bulked segregant analysis) (Michelmore et al. 1991)

( ) DNA ( )

(Fig. 9) Michelmore

(1991) Bremia lactucae Regal Lactuca
sativa L.

Hordeum vulgare L. (Zhong et al. 2006) Triticum aestivum L. (Cao et al.
2009) Lycopersicon esculentum Mill. (Miao et al. 2009) Pyrus

pyrifolia (Burm.f.) Nakai var. culta (Makino) Nakai (Terakami et al. 2006)

Pyrenophora
teres Drechsler (Beattie et al. 2007)
Pleurotus ostreatus

(Larraya et al. 1999a) Lentinula edodes (Kwan & Xu 2002)

47



o0Ow>

Parent al strains

a B
Al —
B_
Cl —
D_
Mating
a v B
== — —| — —|Categorization
- - — | = | —| by phenotype
1 2 3 15 1 2 3 15
Bul ke DNA > B« Bul ked DNA

A
pol ymor plht |
anal ysCiC
D_ J—

[72)
|
*

Fig. 9. Overview of the bulked segregant analysis (BSA).
* Markers linked to the targeted region.
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STS AFLP

BSA-AFLP (bulked segregant analysis-based AFLP)

1)
DNA
31664-S1  30058-S1
F1 150 DNA DNA
AFLP
BSA-AFLP
Michelmore  (1991) Fig. 9
1|
15 DNA AFLP
AFLP Vos  (1995)
AFLP Core Reagent Kit (Invitrogen)
E+0 M+0 3’ 2
E+2 M+2 256
18
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238 BSA-AFLP AFLP ABI Prism 310
Genetic Analyzer 3130 Genetic Analyzer (Applied Biosystems)
GeneScan ver. 3.0
Gene Mapper ver. 4.0 (Applied Biosystems) PCR
Takara Ex Taq (Takara Biomedical) DNA polymerase iCycler
MyCycler thermal cycler (Bio-Rad Laboratories)

Rox 500 size standard (Applied

Biosystems) BSA-AFLP
1:1
X 2
MAPMAKER ver. 3.0 (Lander et al. 1987) LOD 3.0
5.0 0.5 three point analysis try

LOD
table
)

DNA 238
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AFLP

DNA

30058-S1) 150

20
AFLP
O cM)

10)

20

o1

(31664-S1,

MAPMAKER (Lander et al. 1987)

0 95cM

(Fig. 10) 12

(Fig.

AFLP



CACAL175/CCAC271

TGAG144/AGAA119
4. :
03 TGAG260 : 1. h
07 ACCA166/ACCA170 :
: CACA334/TGGG104 H
: Sporeless/
: CATC192/TTAT136/CTCA378/
: CTCG282/CTCT477/CTCG101/
24.4 : CTCC580/CGTA445/GATG365/
: GAGG281/GACA244/TCCAT720
: 3.4
TTTT319 :
0.7 CCTT268 :
: CCGC510/GTAC268/CGGG296/
: TGAT391
19.3 :
2. F
14 GAGC389 :
57 ACCA255/CCAC331 :
3 : 4 Afactor/CCAC335 :
07 CCAC424 :
. GAGC247 : CCGG367/CCGG373
12.0 :
, 7 TH~GAGC294/GAGC4T2 3k
27 GGTA462 :
' ACCC454/GAGC435
56 :
CACA132 H
5.6 . : TTAT520/CCGG276
14 CACAL75/CCAC271 ******
Sporeless
2. p
11.2
07 (\CTT215 sessecsccssssccsncane Pssucscees CCTT215
14 ACCA364/CACA202 (cM)
21 GGAT171
ACCC324/ACCC327

(c™)
Fig. 10. The locus of the sporeless mutation in Pleurotus pulmonarius and closely
linked markers on LG Il. The maps were constructed by common AFLP analysis
(left) and bulked segregant analysis-based AFLP (BSA-AFLP) analysis (right).
Asterisks and underlines represent loci with more than 4 markers and BSA-AFLP
markers, respectively. The description of each AFLP marker name is given in

Materials and Methods.
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V-2 STS

(Day 1954; Eger et al. 1976; Bromberg & Schwalb
1977; Ohira 1979; Gibbins & Lu 1982; Hasebe et al. 1991) (UV)
(Takemaru & Kamada 1972; Imbernon & Labarére
1989; Kanda et al. 1989; Murakami 1993; 1998; Baars et al. 2000; Obatake et al.
2003; Ravishankar et al. 2006)
Agrocybe cylindracea (Murakami

1993) Pleurotus eryngii ( 2006) (Baars et al. 2000)

40
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PCR STS SCAR

(Sequence characterized amplified region)

(Qin et al. 2006; Li et al. 2008)

Flammulina velutipes (Curtis) Singer (Su et al. 2008) Pholiota nameko (T. Ito)

S. Ito & S. Imai (Sasaki et al. 2007)

(Tanaka et al. 2004)

BSA-AFLP TMIC-30058
20 AFLP
0 95cM
12 (0 c™)
STS
STS
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(1)

1| TMIC-30058
TMIC-31664 30058-S1  31664-S1
F1 150 BSA-AFLP
STS
TMIC-31664 15 (Table 8)
STS
DNA
(Table 8) DNA 1 MYG (2%
malt extract, 0.2% yeast extract, 2% glucose) GenElute Plant
Genomic DNA Miniprep Kit (Sigma Aldrich)
DNA Il
BSA-AFLP
(PAGE:
Polyacrylamide gel electrophoresis) 65V 18
Millipore
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Table 8. Pleurotus pulmonarius wild type strains
examined in this study.

Strain Geographical origin
TMIC-30049 Unknown, Korea
TMIC-30084 Bayern, Germany
TMIC-30087 Almsee, Austria
TMIC-30384 Fujian, China
TMIC-30949 Ehime, Japan
TMIC-31024 Tottori, Japan
TMIC-31025 Hokkaido, Japan
TMIC-31027 Tottori, Japan
TMIC-31033 Okinawa, Japan
TMIC-31036 Ishikawa, Japan
TMIC-31664 Kyoto, Japan
TMIC-32101 Unknown, Germany
TMIC-32102 Unknown, Germany
TMIC-33602 Nagano, Japan
TMIC-34073 Akita, Japan

TMIC no. represents Tottori Mycological Institute Collection.
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(MA, USA) MICROCON YM-100 SUPREC-02 (Takara
Biomedical) pGEM-T Easy
Vector System (Promega, WI, USA)

DNA  QIlAprep Spin Miniprep Kit (Qiagen, Hilden, Germany)

(T7: 5°-CGC GTA ATA CGA CTC ACT ATA G-3’, SP6: 5°-CAT
ACG ATT TAG GTG ACA CTATAG-3’)
Big Dye Terminator ver. 3.1 (Applied Biosystems)

3130 Genetic Analyzer (Applied Biosystems)

STS STS
STS

GENETYX ver. 9.1.1 (GENETYX, Tokyo, Japan)

Primer3 STS PCR
94 2 94 10 56
10 72 30 30 72
10 BSA-AFLP STS
150 BSA-AFLP
2
1% STS
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15 (Table 8)

TMIC-30058 PCR STS
STS
Multiplex PCR PCR
)
14 cM 2 AFLP
34 cM 16 BSA-AFLP STS
(Fig. 11) 18
STS STS
150 30058-S1  31664-S1 DNA
PCR 18 1 AFLP
(CACAL75; Fig. 11) 3 BSA-AFLP (CATC192,
CGGG296, CTCG282; Fig. 11) 4 STS
STS
CACA175 CATC192 CGGG296
CTCG282
STS 150

100% (CATC192, CTCG282) 98.7% (CACA175) 97.3% (CGGG296)
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CACA175"/CCAC271

1. 4
Sporeless/
CATC192™/TTAT136/CTCA378/
CTCG282'/CTCT477/CTCG10Y/
CTCC580/CGTA445/GATG365/
GAGG281/GACA244/TCCA720

3. p
CCGC510/GTAC268/CGGG296™/
TGAT391

2.V
CCGG367/CCGG373

3. p
TTAT520/CCGG276

2.p
CCTT215

(cM)

Fig. 11. The locus of the sporeless mutation and closely linked
markers on LGII. This is the right side map of Fig. 10. Underlines and
Bold represent BSA-AFLP markers and markers tried to convert into
STS markers, respectively. Dagger markers show successfully
converted to STS markers. Asterisk markers validated as suitable for
marker-assisted selection of sporeless trait in Pleurotus pulmonarius.
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STS

CATC192

(Fig. 12)

STS

SD192 SD296

STS
15 (Table 8) DNA
CATC192 CGGG296 (Fig. 11)
(Fig. 12) CGGG296
2 (TMIC-30949, TMIC-31033)
CACA175 CTCG282 2
CATC192 CGGG296 2
STS
STS

SD192: 5’-CAG AAT GAC GAG GGA CTC-3’ (forward)

5’-GCG TGC TAATAT TAT GTC CC-3’ (reverse)

SD296:5’-CGT TGT CTT CTG AAT AGT ATT CCT-3’ (forward)

SD192

5’-GGC GAT GCG AGG GGA-3’ (reverse)

SD296 15 (Table 8) DNA

Multiplex PCR STS Multiplex PCR
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Fig. 12. Validation of the STS markers, SD192 and SD296.

(bp)
- 200

=100

- 400
= 300
e 200

30058-S1 and 31664-S1 represent spore isolates from Pleurotus
pulmonarius TMIC-30058 and TMIC-31664, respectively. The five

columns of numbers represent the Pleurotus pulmonarius TMIC
shown in Table 8. Marker (M) was a 100 bp ladder.
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SD192  SD296 1:1 2:1 1:2
1:1 PCR
STS Multiplex PCR STS

(Fig. 13)

@)

(Ramirez et al. 2001; Wang et al. 2009)
(Kwan & Xu 2002; Larraya et al. 2002, 2003)
STS SCAR
(Qin et al. 2006; Sasaki et al. 2007;

Li et al. 2008; Su et al. 2008)

BSA-AFLP AFLP
18 2 STS
SD192 SD296 2 150
100% 97.3% 15
STS SD296
2 SD192
TMIC-30058
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Fig. 13. Validation of both STS markers by multiplex PCR. The
five columns of numbers represent the Pleurotus pulmonarius
TMIC no. shown in Table 8. Marker (M) was a 100 bp ladder.
This electrophoregram show representative results.
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2 STS SD192 SD296

2STS

SD192 SD296

STS

STS

TMIC-30058
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V-3

DNA rad (Zolan et al. 1988; Ramesh &
Zolan 1995; Valentine et al. 1995; Acharya et al. 2008) DMC1 (Nara et al. 1999)

spoll (Celerin et al. 2000) mer3 (Sugawara et al. 2009)

DMC1

(Mikosch et al. 2001)

TMIC-31664 DNA

STS
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(1)

TMIC-31664
31664-S1
DNA
DNA

MYG (2% malt extract, 0.2% yeast extract, 2% glucose) 25

2 1lg

65 2%

(sodium N-dodecanoyl sarcosinate) CP buffer (0.2M Na;HPO., 0.5M citric acid,
0.IM EDTA, pH6.0) 5 ml x2 65 30

5M NaCl M 2 3
15,000 rpm 4 30

2 3

RNase (100 pg/ml) (ribonuclease A from bovine
pancreas, Sigma Aldrich) Amylase (200 pg/ml) (o -Amylase from Bacillus sp., Sigma
Aldrich) TE buffer 5 ml 37 1

Proteinase K (40 mg/ml) (Proteinase K from Tritirachium album, nacalai tesque, Kyoto,
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Japan) 30l 1 37 5M NaCl 1.5 ml

( 0.7M) PEG 500 ul  TE buffer

300 ul  TE buffer DNA

CopyControl Fosmid Library Production Kit
(EPICENTRE Biotechnologies, WI, USA)

DNA Fosmid Control DNA (100 ng/ul)

DNA 1%
(Agarose L, NIPPON GENE, Tokyo, Japan)
40 kb
DNA 8139 bp CopyControl pCC1FOS Vector
coS

MaxPlax Lambda Packaging Extracts

Phage Dilution Buffer (100 mM NaCl, 10 mM MgCl,, 10 mM
Tris-HCI, pH8.3) 1ml T1
EPI300 Plating Strain

1mil (cfu (colony
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forming units) /ml)

DNA
N=In (1-0.99)/ In (1-f)
f
(Larraya et al. 1999b) 35.1
Mbp 40 kb
4,000
20% 80% Glycerol
80
0cM
STS AFLP 31664-S1
CTCG282
CTCG282

ctcg282_RR3Re: 5°-CTG GTC GTC GAC TAT TGA TAA G-3’ (forward)
5’-CGC AAT ATG TCA GTC TAG GC-3’ (reverse)

STS
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1%
SUPREC-01 (Takara Biomedical) DIG

DNA Labeling and Detection Kit (Roche diagnostics, Basel, Switzerland)

DIG-11-dUTP
(Nylon
membranes for colony and plaque hybridization (Roche diagnostics)) 1
(0.5M NaOH, 1.5M NacCl) 15
(1.5M NaCl, 1.0M Tris-HCI, pH7.4)
15 2 X SSC (0.3M NaCl, 30mM sodium

citrate, pH7.0) 10

DNA 2xSSC 10 Proteinase K (20 mg/ml)

Hybridization buffer (5 x SSC, 1% Blocking Reagent (Roche diagnostics), 0.1%

, 0.02% SDS (sodium dodecyl sulfate)) 65
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65

0.1% SDS 0.1 x SSC buffer 65 30
2 buffer I (0.1 M maleic acid, 0.15 M NaCl, pH7.5)
5 1%  buffer 1l (1% Blocking Reagent in buffer I)
45 60 (Anti-digoxigenin-AP Fab Fragment,
Roche diagnostics) buffer | 25 0.3% Tween 20
buffer1 20 2 buffer 111 (0.1 M Tris-HCI,

0.1 M NaCl, 50 mM MgCl,, pH 95) 5
NBT  (nitroblue tetrazolium  chloride, Roche diagnostics) BCIP

(5-bromo-4-chloro-3-indolyl-phosphate, Roche diagnostics) buffer 1l1

QIAprep Spin Miniprep Kit (Qiagen)
Rsal EcoRV BamHI Xbal
(Wako Pure Chemical Industries, Osaka, Japan)  Perfectly

Blunt Cloning Kits (Novagen, WI, USA)

GENETYX ver. 9.1.1 Primer3 Big Dye

Terminator ver. 3.1 3130 Genetic Analyzer (Applied Biosystems)
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GENETYX ver. 9.1.1

)
TMIC-31664
DNA
DNA
1 ml
20,000
4,000
31664-S1
CTCG282
4
Gl 426kb G2
G4 39.0kb ATSQ
kb (Fig. 14)
0cM 12 AFLP
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41.7kb G3

ATSQ

31664-S1

AFLP

(G1L G4)

37.2 kb

67.2

(Fig. 11)



A BC D E

_ 0 kb 67.2 kb
Contig | [] [ [ [ |
6L | |'
(426 kb) kb 42.6 kb i
o A |
G2 i [ P |
(41.7 kb) 255 kb N 67.2 kb
G3 | §
(37.2 kb) i 19.0 kb 56.2 kb !
G4 | |
I ]
(39.0 kb) 18.6 kb 57.6 kb

Fig. 14. Schematic representation of alignment between positive clone G1-G4.
A-E indicates locus of AFLP marker CTCC580, GATG365, CTCG282, TCCA720
and CGTA445, respectively.
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31664-S1 6  (CGTA445, CTCC580, CTCG282,

GATG365, TCCA720 TTAT136)
CTCG282 5  (TTAT136 ) 67.2 kb
18 45kb (Fig. 14)
0 cM AFLP (5/6 AFLP
) 30 kb
AFLP
67.2 kb
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(sporeless)

DNA

(QTL: quantitative trait locus)

DNA
DNA
(Pleurotus pulmonarius)
DNA
Ohira (1979)
TMIC-30058
¢ )

AFLP (amplified

fragment length polymorphism)
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( u o)

AFLP (BSA-AFLP: bulked segregant analysis-based AFLP)

STS (sequence tagged site) PCR
(MAS: marker-assisted selection)
STS
STS

DNA

TMIC-30058

F1 150

Ohira (1979)

TMIC-30058

F1 150
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300 AFLP 2
(A, B) 12 9711 cM 52 cM
(Lentinula edodes)

(Pleurotus ostreatus)

QTL
A I
1.4cM 2 AFLP (CACAL175 CCAC271)
BSA-AFLP 0 95
cM 20 AFLP 12
AFLP (0 cM)
2 (CACAL175 CCAC271) AFLP
STS 4 AFLP (CACAL75, CATC192, CGGG296
CTCG282) STS
15
CATC192 CGGG296 STS
SD192 SD296
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SD192

CTCG282

BSA-AFLP

6 AFLP

STS
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1. (Pleurotus pulmonarius)

TMIC-30058 1972

Ohira (1979)

150

fragment length polymorphism) 2
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(sporeless)

Ohira (1979)

300

F1

F1 150

AFLP (amplified



12 971.1 cM 5.2cM

40 AFLP
A 1|
14cM
3. (MAS: marker-assisted selection)

AFLP STS (sequence tagged
site) AFLP (BSA-AFLP:
bulked segregant analysis-based AFLP)

0-3.4 cM 18 4
AFLP STS 15
SD192 SD296 2 STS Multiplex
PCR 2
STS
MAS
4,
STS CTCG282
DNA 4
4
67.2 kb
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Summary

Pleurotus pulmonarius (Fr.) Quél. (“Usuhiratake” in Japanese) is one of the main
commercial species of oyster mushroom (Pleurotus spp.) that is cultivated around the
world. In the cultivation of edible mushrooms, including P. pulmonarius, the enormous
number of spores produced by fruiting bodies can adversely affect mushroom growers’
health, mushroom cultivation facilities, and the genetic diversity of natural populations.
Sporulation-deficient (sporeless) mutants are useful for preventing the aforementioned
problems in mushroom cultivation. In this study, using P. pulmonarius sporeless mutant
TMIC-30058 we constructed a genetic linkage map based on amplified fragment length
polymorphism (AFLP) marker and identified the locus associated with the sporeless
mutation. By mainly bulked segregant analysis-based AFLP (BSA-AFLP), AFLP
markers closely linked to the sporeless locus were identified and converted to sequence
tagged site (STS) markers for application in marker-assisted selection (MAS) in P.
pulmonarius breeding. Furthermore, positive clones carrying the locus associated with
the sporeless mutation were screened from P. pulmonarius genomic library to provide a
basis of further study. The results are summarized as follows.

1. A sporeless mutant dikaryon of P. pulmonarius (TMIC-30058), derived by
spontaneous mutation, was isolated by Dr. Ohira in 1972 (Ohira 1979). Cytological

observation on meiotic events in the sporeless mutant suggested that meiosis was
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blocked at certain stage, namely the meta-anaphase I, and then no both basidiospore and
sterigma on the basidia could be recognized. From the genetic analysis, it was
revealed that the sporeless mutation was controlled by single recessive gene. These
results well agreed with those have reported by Ohira (1979), suggesting that the
sporeless phenotype of this mutant is stable. In the cultivation of backcrossed isolates,
it could not be estimated the effect of sporeless trait on the fruiting abilities and the
gross morphology of fruiting body among different sporeless genotypes. From these
results, it was judged that the present sporeless mutation is a useful material for
molecular analysis on sporeless gene, and this mutant could serve as a potential material
in breeding of sporeless P. pulmonarius commercial cultivars.

2. In this study we constructed a primary genetic linkage map and identified the locus
associated with the sporeless mutation of P. pulmonarius using 150 progeny isolates
derived from a cross between sporeless and wild-type isolates. Based on the segregation
of 300 AFLP markers, two mating-type factors and the sporeless trait, a linkage map
was generated consisting of 12 linkage groups (LGs). The map covered a total genetic
distance of 971.1 cM, with an average marker interval of 5.2 cM. The gene region
responsible for the sporeless mutation was located in linkage group LG Il including 40
AFLP markers and the A mating-type factor locus. Of these markers, the nearest marker
to the sporeless locus was located 1.4 cM away. Construction of this P. pulmonarius

genetic linkage map and identification of markers that are closely linked to the sporeless
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locus will facilitate marker-assisted selective breeding of a sporeless strain with
economically important traits.

3. A sporeless mutant of P. pulmonarius (TMIC-30058) has been introduced with a
high potential for breeding sporeless cultivars to reduce these adverse effects. We
report here the conversion of the AFLP marker, closely linked to a sporeless locus, to a
STS marker for use in MAS. By mainly BSA-AFLP, a total of 18 markers were
identified the linkage to the sporeless locus with genetic distances ranging from 0
(co-segregation) from 3.4 cM. Out of them, 4 AFLP markers could be converted into
STS markers and their implementations in various genetic backgrounds were validated
by the amplification test against 15 wild type isolates from different geographical origin.
Two STS markers, SD192 and SD296, were selected and these 2 STS markers’
fragments amplified by using multiplex PCR reproducibly. These results indicated that
2 STS markers can be used in MAS targeted at the sporeless trait in P. pulmonarius
breeding.

4. To analyze the sporeless gene, genomic library of P. pulmonarius was constructed,
and positive clones were screened by the colony hybridization using a STS marker
(CTCG282) as a probe DNA. Four positive clones covered the 67.2 kb region in
genome sequences of this fungus. The sequence analysis on the above region revealed
that out of 6 AFLP markers localized at same position to sporeless trait in genetic

linkage map, 5 AFLP markers were localized in this region. It was considered that
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these results supported the accuracy and reliability of the linkage map constructed in
this study. Additionally, the cloned region in this study was expected to contain the

targeted sequences related to the sporeless gene.

84



85



Acharya, S.N., Many, A.M., Schroeder, A.P., Kennedy, F.M., Savytskyy, O.P.,
Grubb, J.T., Vincent, J.A., Friedle, E.A., Celerin M., Maillet, D.S., Palmerini, H.J.,
Greischar, M.A., Moncalian, G., Williams, R.S., Tainer, J.A. & Zolan, M.E. (2008)
Coprinus cinereus rad50 mutants reveal an essential structural role for Rad50 in axial
element and synaptonemal complex formation, homolog pairing and meiotic

recombination. Genetics 180: 1889-1907.

Agarwal, M., Shrivastava, N. & Padh, H. (2008)
Advances in molecular marker techniques and their applications in plant sciences. Plant

Cell Rep 27: 617-631.

Aist, J.R. (1969)

The mitotic apparatus in fungi, Ceratocystis fagacearum and Fusarium oxysporum. J

Cell Biol 40: 120-135.

(2000)

pp. 129-132.

86



Baars, J.J.P., Sonnenberg, A.S.M., Mikosch, T.S.P. & Griensven, L.J.L.D.V. (2000)
Development of a sporeless strain of oyster mushroom Pleurotus ostreatus. In: Science
and cultivation of edible fungi (1), (ed. by Griensven, L.J.L.D.V.), pp. 317-323.

Balkema, Nederland.

Beattie, A.D., Scoles, GJ. & Rossnagel, B.G. (2007)
Identification of molecular markers linked to a Pyrenophora teres avirulence gene.

Phytopathology 97: 842-849.

Bromberg, S.K. & Schwalb, M.N. (1977)
Isolation and characterization of temperature sensitive sporulationless mutants of the

basidiomycete Schizophyllum commune. Can J Genet Cytol 19: 477-481.

Cao, W., Somers, D.J. & Fedak, G. (2009)
A molecular marker closely linked to the region of Rht-D1c and Ms2 genes in common

wheat (Triticum aestivum). Genome 52: 95-99.

Celerin, M., Merino, S.T., Stone, J.E., Menzie, A.M. & Zolan M.E. (2000)

Multiple roles of Spol1 in meiotic chromosome behavior. EMBO J 19: 2739-2750.

87



Chang, S-T. (1999)
World produciton of cultivated edible and medicinal mushrooms in 1997 with emphasis

on Lentinus edodes (Berk.) Sing. in China. Int J Medic Mushroom 1: 291-300.

Couto, S.R. & Sanroméan, M.A. (2005)
Application of solid-state fermentation to ligninolytic enzyme production. Biochem Eng

J 22:211-219.

Day, P.R. (1954)
A cytoplasmically controlled abnormality of the tetrads of Coprinus lagopus. Heredity

13: 81-87.

Eger, C., Eden, C. & Wissig, E. (1976)
Pleurotus ostreatus: breeding potential of a new cultivated mushroom. Theor Appl

Genet 47: 155-163.

Forche, A., Xu, J., Vilgalys, R. & Mitchell, T.G. (2000)
Development and characterization of a genetic linkage map of Cryptococcus
neoformans var. neoformans using amplification fragment length polymorphisms and

other markers. Fungal Genet Biol 31: 189-203.

88



Gibbins, AM. & Lu, B.C. (1982)
An ameiotic mutant Coprinus cinereus halted prior to premeiotic S-phase. Curr Genet 5:

119-126.

(1991)
29:

1-69.

Hasebe, K., Murakami, S. & Tsuneda, A. (1991)
Cytology and genetics of a sporeless mutant of Lentinus edodes. Mycologia 83:

354-3509.

Hausen, B.M., Schulz, K.H. & Noster, U. (1974)
Allergic disease caused by the spores of an edible fungus Pleurotus florida. Mushroom

Sci 9: 219-225.

Hibbett, D.S. & Donoghue, M.J. (1996)

Implication of phylogenetic studies for conservation of genetic diversity in Shiitake

mushrooms. Conserv Biol 10: 1321-1327.

89



Imbernon, M. & Labarére, J. (1989)
Selection of sporeless or poorly-spored induced mutants from Pleurotus ostreatus and

Pleurotus pulmonarius and selective breeding. Mushroom Science 12 (1): 109-123.

Kanda, T., Goto, A., Sawa, K., Arakawa, H., Yasuda, Y. & Takemaru, T. (1989)
Isolation and characterization of recessive sporeless mutants in the basidiomycete

Coprinus cinereus. Mol Gen Genet 216: 526-529.

Kerrigan, R.W.,, Royer, J.C., Baller, L.M., Kohli, Y., Horgen, P.A. & Anderson, J.B.
(1993)

Meiotic behavior and linkage relationships in the secondarily homothallic fungus

Agaricus bisporus. Genetics 133: 225-236.

(1998)

24: 1-8.

Kwan, H.S. & Xu, H.L. (2002)

Construction of a genetic linkage map of shiitake mushroom Lentinula edodes strain

L-54. J Biochem Mol Biol 35: 465-471.

90



Lander, E.S., Green, P., Abrahamson, J., Barlow, A., Daly, M.J., Lincoln, S.E. &
Newburg, L. (1987)
MAPMAKER: an interactive computer package for constructing primary genetic

linkage maps of experimental and natural populations. Genomics 1: 174-181.

Larraya, L., Peflas, M.M., Pérez, G., Santos, C., Ritter, E., Pisabarro, A.G., &
Ramirez, L. (1999a)

Identification of incompatibility alleles and characterisation of molecular markers
genetically linked to the A incompatibility locus in the white rot fungus Pleurotus

ostreatus. Curr Genet 34: 486-493.

Larraya, L.M., Pérez, G., Pefias, M.M., Baars, J.P., Mikosch, T.S.P., Pisabarro,
A.G. & Ramirez, L. (1999b)
Molecular karyotype of the white rot fungus Pleurotus ostreatus. Appl Environ

Microbiol 65: 3413-3417.

Larraya, L.M., Pérez, G., Ritter, E., Pisabarro, A.G., & Ramirez, L. (2000)

Genetic linkage map of the edible basidiomycete Pleurotus ostreatus. Appl Environ

Microbiol 66: 5290-5300.

91



Larraya, L.M., ldareta, E., Arana, D., Ritter, E., Pisabarro, A.G. & Ramirez, L.
(2002)
Quantitative trait loci controlling vegetative growth rate in the edible basidiomycete

Pleurotus ostreatus. Appl Environ Microbiol 68: 1109-1114.

Larraya, L.M., Alfonso, M., Pisabarro, A.G. & Ramirez, L. (2003)
Mapping of genomic regions (quantitative trait loci) controlling production and quality
in industrial cultures of the edible basidiomycete Pleurotus ostreatus. Appl Environ

Microbiol 69: 3617-3625.

Law, W.M., Lau, W.N., Lo, K.L., Wai, L.M. & Chiu, S.W. (2003)
Removal of biocide pentachlorophenol in water system by the spent mushroom compost

of Pleurotus pulmonarius. Chemosphere 52: 1531-1537.

Li, H-B., Wu, X-Q., Peng, H-Z., Fu, L-Z., Wei, H-L., Wu, Q-Q., Jin, Q-Y. & Li, N.
(2008)

New available SCAR markers: potentially useful in distinguishing a commercial strain
of the superior type from other strains of Lentinula edodes in China. Appl Microbiol

Biotechnol 81: 303-309.

92



Lind, M., Olson, A. & Stenlid, J. (2005)
An AFLP-markers based genetic linkage map of Heterobasidion annosum locating

intersterility genes. Fungal Genet Biol 42: 519-527.

Miao, L., Shou, S., Cai, J., Jiang, F,, Zhu, Z. & Li, H. (2009)
Identification of two AFLP markers linked to bacterial wilt resistance in tomato and

conversion to SCAR markers. Mol Biol Rep 36: 479-486.

Michelmore, R.W., Paran, I. & Kesseli, R.V. (1991)
Identification of markers linked to disease-resistance genes by bulked segregant
analysis: a rapid method to detect markers in specific genomic regions by using

segregating populations. Proc Natl Acad Sci USA 88: 9828-9832.

Mikosch, T.S.P., Sonnenberg, A.S.M. & Griensven, L.J.L.D.V. (2001)
Isolation, characterization, and expression patterns of a DMC1 homolog from the

basidiomycete Pleurotus ostreatus. Fungal Genet Biol 33: 59-66.

Muraguchi, H., Ito, Y., Kamada, T. & Yanagi, S. (2003)
A linkage map of the basidiomycete Coprinus cinereus based on random amplified

polymorphic DNAs and restriction fragment length polymorphisms. Fungal Genet Biol

93



40: 93-102.

Murakami, S. (1993)
Genetics and breeding of spore deficient strains in Agrocybe cylindracea and Lentinus
edodes. In: mushroom biology and mushroom products. (ed. by Chang, S-T., Buswell,

J.A. & Chiu, A\W.), pp. 63-69. The Chinese University Press, Hong Kong.

Nara, T., Saka, T., Sawado, T., Takase, H., Ito, Y., Hotta, Y. & Sakaguchi, K.

(1999)

Isolation of a LIM15/DMC1 homolog from the basidiomycete Coprinus cinereus and its

expression in relation to meiotic chromosome pairing. Mol Gen Genet 262: 781-789.

(2003)

pp. 9-16.

Obatake, Y., Murakami, S., Matsumoto, T. & Fukumasa-Nakai, Y. (2003)

Isolation and characterization of a sporeless mutant in Pleurotus eryngii. Mycoscience

44: 33-40.

94



(2006)

15: 18-27.

Ohira, 1. (1979)
Sporulation-deficient mutant in Pleurotus pulmonarius Fr. Trans Mycol Soc Japan 20:

107-114.

Ohira, 1. (1984)
Sporulation-deficient mutant in Pleurotus pulmonarius. Rept Tottori Mycol Inst 22:

69-70.

Olsen, J.A. (1987)

Pleurotus spores as allergens. Mushroom J 172: 115-117.

Peberdy, J.F. & Fox, H.M. (1993)
Protoplast technology and edible mushrooms. In: Genetics and breeding of edible
mushrooms, (ed. by Chang, S-T., Buswell, J.A. & Milse, P.G.), pp. 125-155. Gordon and

Breach Science Publishers, New York.

Qin, L.H., Tan, Q., Chen, M.J. & Pan, Y.J. (2006)

95



Use of intersimple sequence repeats markers to develop strain-specific SCAR markers

for Lentinula edodes. FEMS Microbiol Lett 257: 112-116.

Ramesh, M.A. & Zolan M.E. (1995)
Chromosome dynamics in radl2 mutants of Coprinus cinereus. Chromosoma 104:

189-202.

Ramirez, L., Muez, V., Alfonso, M., Garcia Barrenechea, A., Alfonso, L. &
Pisabarro, A.G. (2001)
Use of molecular markers to differentiate between commercial strains of the button

mushroom Agaricus bisporus. FEMS Microbiol Lett 20: 45-48.

Ravishankar, S., Pandey, M., Tewari, R.P. & Krishna, V. (2006)
Development of sporeless/ low sporing strains of Pleurotus through mutation. World J

Microbiol Biotechnol 22: 1021-1025.

Rodriguez, E., Nuero, O., Guillén, F., Martinez, A.T. & Martinez, M.J. (2004)

Degradation of phenolic and non-phenolic aromatic pollutants by four Pleurotus

species: the role of laccase and versatile peroxidase. Soil Biol Biochem 36: 909-916.

96



Sagawa, |. & Nagata, Y. (1992)
Analysis of chromosomal DNA of mushrooms in genus Pleurotus by pulsed-field gel

electrophoresis. J Gen Appl Microbiol 38: 47-52.

Sakula, A. (1974)

Allergy to the spores of Pleurotus florida. Lancet 1: 137.

Sasaki, Y., Shigihara, T., Itabashi, Y., Chiba, N., Nakamura, S., Miyazaki, A. &
Kimura, E. (2007)
Development of STS markers for the identification of Pholiota nameko cultivars and

wild isolates. Mushroom Sci Biotechnol 15: 177-182.

Sigoillot, C., Camarero, S., Vidal, T., Record, E., Asther, M., Perez-Boada, M.,
Martinez, M.J., Sigoillot, J.C., Asther, M., Colom, J.F. & Martinez, A.T. (2005)
Comparison of different fungal enzymes for bleaching high-quality paper pulps. J

Biotechnol 115: 333-343.

Singer, R. (1986)
The Agaricales in modern taxonomy, 4th ed., Sven Koeltz Science Books, Koenigstein.

981pp.

97



Su, H., Wang, L., Liu, L., Chi, X. & Zhang, Y. (2008)
Use of inter-simple sequence repeat markers to develop strain-specific SCAR markers

for Flammulina velutipes. J Appl Genet 49: 233-235.

Sugawara, H., lwabata, K., Koshiyama, A., Yanai, T., Daikuhara, Y., Namekawa,
S.H., Hamada, F.N. & Sakaguchi, K. (2009)
Coprinus cinereus Mer3 is required for synaptonemal complex formation during

meiosis. Chromosoma 118: 127-139.

Takemaru, T. & Kamada, T. (1972)
Basidiospore development in Coprinus macrorhizus. 1. Induction of developmental

variations. Bot Mag Tokyo 90: 235-245.

Tanaka, A., Miyazaki, K., Murakami, H. & Shiraishi, S. (2004)
Sequence characterized amplified region markers tightly linked to the mating factors of

Lentinula edodes. Genome 47: 156-162.

Terakami, S., Shoda, M., Adachi, Y., Gonai, T., Kasumi, M., Sawamura, Y., Iketani,
H., Kotobuki, K., Patocchi, A., Gessler, C., Hayashi, T. & Yamamoto, T. (2006)

Genetic mapping of the pear scab resistance gene Vnk of Japanese pear cultivar

98



Kinchaku. Theor Appl Genet 113: 743-752.

Terashima, K., Matsumoto, T., Hasebe, K. & Fukumasa-Nakai, Y. (2002a)
Genetic diversity and strain-typing in cultivated strains of Lentinula edodes (the

shii-take mushroom) in Japan by AFLP analysis. Mycol Res 106: 34-39.

Terashima, K., Matsumoto, T., Hayashi, E. & Fukumasa-Nakai, Y. (2002b)
A genetic linkage map of Lentinula edodes (shiitake) based on AFLP markers. Mycol

Res 106: 911-917.

(1973)

10: 371-376.

Valentine, G., Wallace Y.J., Turner, F.R. & Zolan, M.E. (1995)

Pathway analysis of radiation-sensitive meiotic mutants of Coprinus cinereus. Mol Gen

Genet 247: 169-179.

Vereda, A., Quirce, S., Fernandez-Nieto, M., Bartolomé, B. & Sastre, J. (2007)

Occupational asthma due to spores of Pleurotus ostreatus. Allergy 62: 211-212.

99



Vilgalys, R., Smith, A., Sun, B.L. & Miller, O.K. (1993)
Intersterility groups in the Pleurotus ostreatus complex from the continental United

States and adjacent Canada. Can J Bot 71: 113-128.

Vilgalys, R. & Sun, B.L. (1994)
Ancient and recent patterns of geographic speciation in the oyster mushroom Pleurotus
revealed by phylogenetic analysis of ribosomal DNA sequences. Proc Natl Acad Sci

USA 91: 4599-4603.

\os, P., Hogers, R., Bleeker, M., Reijans, M., Lee, T., Hornes, M., Frijters, A., Pot,
J., Peleman, J., Kuiper, M. & Zabeau, M. (1995)

AFLP: a new technique for DNA fingerprinting. Nucleic Acids Res 23: 4407-4414.

Wang, L., Hu, X., Feng, Z. & Pan, Y. (2009)
Development of AFLP markers and phylogenetic analysis in Hypsizygus marmoreus. J

Gen Appl Microbiol 55: 9-17.

Wasser, S.P. (2002)
Medicinal mushrooms as a source of antitumor and immunomodulating polysaccharides.

Appl Microbiol Biotechnol 10: 13-32.

100



Zadrazil, F. (1978)
Cultivation of Pleurotus. In: The biology and cultivation of edible mushrooms, (ed. by

Chang, S-T. & Hayes, W.A.), pp. 512-558. Academic press, New York.

Zervakis, G. & Balis, C. (1996)
A pluralistic approach in the study of Pleurotus species with emphasis on compatibility

and physiology of the European morphotaxa. Mycol Res 100: 717-731.

Zhang, M., Cui, S.W., Cheung, P.C.K. & Wang, Q. (2007).
Antitumor polysaccharides from mushrooms: a review on their isolation process,

structural characteristics and antitumor activity. Trends Food Sci Technol 18: 4-19.

Zhong, S., Toubia-Rahme, H., Steffenson, B.J. & Smith, K.P. (2006)
Molecular mapping and marker-assisted selection of genes for septoria speckled leaf

blotch resistance in barley. Phytopathology 96: 993-999.

Zolan, M.E., Tremel, C.J. & Pukkila, P.J. (1988)

Production and characterization of radiation-sensitive meiotic mutants of Coprinus

cinereus. Genetics 120: 379-387.

101



1. Okuda, Y., Murakami, S., & Matsumoto, T. (2009)
A genetic linkage map of Pleurotus pulmonarius based on AFLP markers, and

localization of the gene region for the sporeless mutation. Genome 52: 438-446.

( 1l )

2. Okuda, Y., Murakami, S., & Matsumoto, T. (in press)
Development of STS markers suitable for marker-assisted selection of sporeless trait in
oyster mushroom, Pleurotus pulmonarius. Breeding Science.

( v 1 2 )

102



