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ABSTRACT: Microsatellite SSR markers were developed and utilized to reveal the genetic diversity of 32 strains of Flammulina
velutipes collected in Korea, China, and Japan. From the SSR-enriched library, 490 white colonies were randomly selected and
sequenced. Among the 490 sequenced clones, 85 (17.35%) were redundant. Among the remaining 405 unique clones, 201
(49.6%) contained microsatellite sequences. We used 12 primer pairs that produced reproducible polymorphic bands for four
diverse strains, and these selected markers were further characterized in 32 Flammulina velutipes strains. A total of 34 alleles were
detected using the 12 markers, with an average of 3.42 alleles, and the number of alleles ranged from two to seven per locus.
The major allele frequency ranged from 0.42 (GB-FV-127) to 0.98 (GB-FV-166), and values for observed (Hc) and expected (Hy)
heterozygosity ranged from 0.00 to 0.94 (mean = 0.18) and from 0.03 to 0.67 (mean = 0.32), respectively. SSR loci amplified
with GB-FV-127 markers gave the highest polymorphism information content (PIC) of 0.61 and mean allele number of five,
whereas for loci amplified with GB-FV-166 markers these values were the lowest, namely 0.03 and two. The mean PIC value
(0.29) observed in the present study with average number of alleles (3.42). The genetic relationships among the 32 Flammulina
velutipes strains on the basis of SSR data were investigated by UPGMA cluster analysis. In conclusion, we succeeded in
developing 12 polymorphic SSRs markers from an SSR-enriched library of Flammulina velutipes. These SSRs are presently being
used for phylogenetic analysis and evaluation of genetic variations. In future, these SSR markers will be used in clarifying
taxonomic relationships among the Flammulina velutipes.
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W RAGA Aol AgEel F BF W ATR
gk Aol dE] 853 Jquh(Williams et al., 1990;
Moon et al., 2013; Kim et al., 2014). £3] DNA marker
o] g4 7128 1970 allozymeS A2k g 3 9)8}
Al o] &= A84<Q1 448 vRC 2 mitochondrial DNA,
random amplified polymorphic DNA (RAPD), single
nucleotide polymorphism (SNP), simple sequence repeat
(SSR) T°] AREHAL glow, vwa A H§oF wE
AZE Qe A+ vk S 7RITJo et al,
2013). °l& Oﬂ/\ﬂc SSR 0]49“0}01 74]52 44 o

Y3l JTH(Wheeler ef al., 2014). T3+ A5 microsatellite
maker= WE f7ol oF FAAA Aol SE=IL
ATHMcConnell et al., 1995; Smith et al, 1998;
Beacham ef al., 2000; Sunnucks, 2000). ©] W32 PCR
< o]&al7] Wl AE7F FAFYAE Aol 7Fsat
H, 7%9 DNA AA7}F e38x] &, e /A& &
/jlggl %= gj\l:].l: x}x%oﬂ,\{ zh:]— x{rs}z% 01.7_01] %—o] o]
i’uﬂl UTH(Koizumi et al., 2007; Chiang et al., 2008).
2 ATelde fARAT 7R HoHA dFE B
4 = microsatellite DNA 2 #xvlAE 73t
2}

O}ME}‘-

Hm‘i“

ol Au == et
o %—% FEH o B F<l 32709 oAl AlFel
ato] ZAFEFSAT) (Table 1). %OWWEI gDNAS] F&2&
DNA extraction kit (Mag Extractor, Toyobo, Osaka,
Japan)E ©|&3lo] 4733} T}h. Potato Dextrose Argar
(PDA) iR A A Z] Ho|gdFE TAAZ AA oA
ANHLE o]&ste] FYAI F A FA vkfskdTt.
R E 7F7E 7] Aol & k&)l lysis buffer
600 ulE EiL 65°ColA 1%

chloroform: isoamylalcohol (25:24:1)% 600 ul H7FslL
vortexing 3k & 13,000rpmolA] 1587 AR5t A
SRk FHsksdet. o710 F&A 600 pl oF AHIHI= 40
puE ¥ 3 trapperol]l FEE 719 AHAH]=o] DNAZL
7 stk AHIEE A AT 70% R 284
A e 3 AgLollA] 1087 AZAIA 100 ple] 32 H
ol =9}, trappero] FEE 7]¢9) AJHI =9} DNAZF
ZollE AS FEs T DNAR Al FEO &4 4°Cell
HASIHA template DNAZ ARE-331 T}

103 ¥Hg-A1Z1 %, phenol:

Table 1. Details of the 32 accessions of Flammulina velutipes
used in the present study

Code  ASI No. Source Pileus color ~ Description
1 4021  South Korea Light yellow (LY)
2 4031 South Korea White (W)
3 4057 China  Light yellow (LY)
4 4058 China  Gold yellow (GY)
5 4059 China  Yellow white (YW)
6 4074  South Korea White (W)
7 4100 Japan White (W)
8 4102 Japan White (W)
9 4103  South Korea Dark brown (DB)
10 4149  South Korea Brown (B)
11 4151 South Korea Brown (B)
12 4153  South Korea White (W)
13 4154 Japan White (W)
14 4155 Japan White (W)
15 4156  South Korea ~ White (W)
16 4157 Japan White (W)
17 4161 Japan Brown (B) wild
18 4162 Japan Brown (B) Wwild
19 4163 Japan Brown (B) wild
20 4164 Japan Brown (B) Wwild
21 4165 Japan Brown (B) wild
22 4166  South Korea White (W)
23 4167 Japan White (W)
24 4168 Japan White (W)
25 4169 Japan White (W)
26 4170  South Korea White (W)
27 4171 Japan White (W)
28 4172 Japan White (W)
29 4173 Japan White (W)
30 A6XV4-3 South Korea White (W) hybrid
31  A6XV4-57 South Korea White (W) hybrid
32 A7-4100-3 South Korea White (W) hybrid

Adapter H{ZEE 0| &5} ligation

gDNA 500 ngS 7t A|gtas AFAR] Ao we}
EcoRV, Dral, Smal, Pvul, Alul, Haelll ¥ RsalZ HT35}
Ath. AeE DNAS 1.2% oP7kz2 Ao H7]19E3 +,
2F 300-1500 bp Z7]2] DNA ©HATHS AZRE FZ3}
o 5. o, F5% DNA @S 2719] o7iE
(adapter; AP-11 (5'-CTCTTGCTTAGATCTGGACTA-3')
% AP-12 (5-TAGTCCAGATCTAAGCAAGAG-3), 7t
50 ng)2} T4 DNA 2lo|Alo] = (ligase; Promega, USA)S
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o]-gste] 12°CollA shH=RF B<t ligationAZ k. ©] o
ligation &&& 3°]7] 9l AP-12 adapter= alkaline
phosphatase= 5° WS Q14ks}algl om, gfo]A o]4dA] €]
Hhe-gole] 2448 | X ligation M3 (Promega, USA),
50 ng AP11 adapter, 50 ng AP12 adapter, 150 ng DNA
A, 3 Unit T4 ligation (Promega, USA)°| T},

O|AHIEME S ZEfet A= DNA CHHo| Mt 5l 2a|

Magnetic bead F¥]

Magnetic bead (SA-PMPs, Promega, USA; 1 mg/ml)
0.6 mIE magnetic 27| (magnetic stand; Promega,
USA)E 3% § 89S A A 1719 0.5 x SSC
(Saline-Sodium Citrate) ¥ 0.6 ml& 2] A2 3}
oAl w2712 R & 89S AASA
0.5 x SSC HHAE o]&3+ A|H2 33] yhEsle] HA]ak3]
oh. A3 vyl g Hl=o) 0.5 x SSC ¥ 100 plE ¥
& T 308 ool AHg-sksdTt

&35

A|Z3 ligation A=l /775 20] 500 wrt =5 & %
65°CollA] 1087} denaturer]ZAT}. &17]9Y] BEZ biotin®] 3A|E
SSR 3 [(GA)y, (AGC);s(GGO)s(AAG);s(AAC),5(AGG);s]
1.5 pl (20 ng)®} 20 x SSC WF] 13 plE FaL Ad-=2olA]
1037 WAete] Aghs FEstith(Ma er al., 2009).

Template] ¥

HollAl AZ3S magnetic bead &¥S SSR H3-
template EAA| &N QW ALoA 1087 WA
o}, W8 A magnetic #2]7]= SSR ©3 -template
EAA17F A%E magnetic beadS FH 3L A5HES Al
Ak, 471 SSR © -template A7 AgE
magnetic beadE 0.1 x SSC 300 ulZ 43] A &
SHT S0ulE ¥ 90°ColA sEZF 7Hdsle] 3§17
templateE -2 3F31

PCR ¥

123 templateol] thal AP-11 adapterE primerZ ©]
g3t PCR W85 st PCR W £3t&
(20 ph)e] 242 o3 2tk 250 ng ©IHH -ligation®
DNA, 10 pmol AP11 Z&gto|#, 2 mM dNTP, 2 units
Taq DNA S84, 5ul 10x $5-g9o]t}, PCR HHe-&
72°COllA] 24, 94°CollA] 3351t 7FE s & 94°CollA] 30
Z; 56°ColA 30%; 2 72°CollA 122 24 cycle® WHE-
TR, vpAEeR 72°CAlM 1029] 2o E 35}

oj9 e WRow B Ay mawtEqde o
f3tar = 490702 DNA 98 2a)akgich.

T2¥ DNA @H9 MEEH & ZFor HAR]

P HAaEA LS SRSkl 2ls DNA 9SS
pGEM T-easy ¥]E] (Promega, USA)°l cloning3}™] ©]&
o] MEE A8 A7IME B4 () SAHE
olglate] Fadatnt. EAE AEE 7122 st 470 o]
o] W 59 (repeat unit)S EFSIL e dHETES
Adksldct. RS f5lS I¥shke TS 7SR 5h
HaRbEd S 2T+ ook E=3 AUIMEe

Primer3 2213 (http://frodo.wi.mit.edu/cgi_bin/primer3/

primer3_www.cgi)& AH&-3tod A ZSFH I F 201732 =
gholm - Al sttt

SSR ®}A 9] At

o] TrRRIE ZEolud Fol|A] o] FFolA] thEA
Ho| 2 Wo] YeEhE SSR Zlolr %¢HS Awslr] 9
slod, 3ol tsle] PCRE 53k DNA profiling &
A& sttt

Z}zke] PCR WhS- &2 (20 pl)e] 248 o] DNA 40
ng, 4 Zetolw] 02 pM, L ZetolH 0.6 uM, FFE
Ho] ¥AE MI13 Zlo|H (TGTAAAACGACGGCCAGT)
0.6 uM, 1X PCR ®FS-9! (10 mM Tris-HCI (pH 8.8),
1.5 mM MgCl,, 50 mM KCI, 0.1% Triton X-100), 1
unit DNA St & 40|t} PCR W32 94°Coll A 387F 3
3 DNAS AR 3, 94°ColA 30%; zt Zefo|H
o] Tmoll sGsle LEollA 30%; 2 72°ColA 45%9]
2702 353] WHES & ThA] 94°Cell A 30%; 53°CollA]
45%; @ 72°ColA 45%°] 2707 153] whEE 5w}
Ao 2 72°CollA 1582 27 F 433t}

717 thg PEEARE FEE PCR 2HE @Ho A5
A8 98l As Q7IME A A (ABI 3130
Genetic Analyzer, Applied Biosystems, U= )E ©]-&3}3]
o} 245 9sled, PCR 4HE 1.5 pl, Hi-di formamide
92 ul, W =7] 1A% (Internal Size Standard; Genescan-
500 ROX) 0.3 plE S 5 94°CollA] 327 WA st
Aol ARE-SFATH

MY

=

Microsatellite2| 543

oA 327152 AHE-314] biotin-streptavidin capture
(Dixit ef al., 2005) PO & SSR vHAE 7HEeI3At. 2
oAl mAuHE A E (microsatellite) S ESH3IL 9
4907§¢] DNA @S Ach. oFg Aol +5
¢] PCRE 53 DNA Z2ad9s Fygean o
A Wels Beo] vehll= 122449] SSR Zefo|mag &
e

2 AT ArEe ZefolmR B ol5e o8 TF
He vAnNEEAde] Exlsks W EE]E (repeat

1

ot it rf
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Table 2. Forward and reverse primer sequences for 12 SSR markers designed from sequences of microsatellite-enriched genomic
libraries and genetic diversity statistics for 32 Flammulina velutipes strains.

Primer sequence Genetic parameters

e L T
GB-FV-003 TAGGCC;gg(T}iCGAT' Gi};g}i(”l;gii_G (TG), 277 086 2 024 022 021
GB-FV-007* CG&EE%TF(;TG’ ACA‘;Q(TZEQEGGG' (AAC),ACCAG(AAC), 211 0.95 3 0.09 003 0.09
Gppvourr CTOGTTOGICT. CIGTAGGCATCAG (e oy o7 7 o 025 s
GB-FV-055*** AGT%%%%%}CGT' CTE%ETCJXZTGGC’ (CGA), 219 0.59 6 060 013 0.56
GB-FV-062*** GCC?CJE}%SAAT' GATgig%iGGT' (CA)3CCCA(CA), 219 0.65 3 051 008 046
GB-FV-077* GCGg?éié‘(C}AAG’ CCCTEX;}E;GCCT' (GAA),, (GAA), 287 0.93 3 0.14 007 013
GB-FV-127** gggggzi% TGATgiiiéGTGC' (TG), 203 0.42 5 0.67 094 0.6l
GB-FV-162** TCGZ%T&??“" T‘éiGC%TTiggT (GCA), 241 084 3 027 006 024
GB-FV-166 TTTTCiigééGCA' AGGCCi{}giTGAGA' (TCCC), 248 0.98 2 0.03 003 0.03
GB-FV-168+* TGZ(;TTCC}EESTC‘ CCAT?C:‘;TG?CCCG' (TC)s 240 067 3 050 0.13 0.44
GB-FV-175* ngﬁg‘égf TG%GC]&?}%}CG’ (CG), 265 097 2 006 000 006
GB-FV-192 Ggéiiggé TAGGggggZCGAT' (CA), 277 0.86 2 024 022 021

Mean 079 342 032 018 029

M, major allele frequency; H,, observed heterozygosity; N,, number of alleles; Hy, expected heterozygosity; PIC, polymorphic information con-
tent *P<0.05, **P<0.01, ***P<0.001 (Significant departure from Hardy—Weinberg equilibrium).

motif), FE = PlavHE g A7) Bl w|ankEA o]
EAsk= A hE ARkl 3 FE = Table 291 717
wo] ek, F 34709 iy FAA7}E 1270€] v Foll A

& HY 732 5 RIS GB-FV-1667H1= 5
| fRzkE 0.033% 22 7Pg vtk 2 dAgelA 3
PIC 3£(0.29) Wi¥ fraAke] Hat 5 (342)= #EH

32 Ml

HAEEL, Bt 3.42709] Y FAaAe e fF492442]  ©} (Table 2).

T A2 F 27l A7 xRS oY ¥4 H

TE 0.42(GB-FV-127)°14  0.98(GB-FV-166)°]%.2H, Microsatellite®| 2|8t ET= 24

ol HE (heterozygosity)oll thet &2 (H )<t 71X FolA 1 45 7+o] AlFTEA2 SSR HolHe|

Hp)E= ZHzE 0.00914 0.94(F = 0.18)2F 0.0390A

A% 3270 45 e 14 A”E 71Zx8tke] 10,000
0.67(Fd = 0.32)°1th. 984 A4 (polymorphism =8

bootstraps W5 2]3] UPGMA Z&|2F EAlo] <3|

information content: PIC)E T2 4]0 & A4t 4= Q).
k

PIC = 3 Pi® o714 Pit= SSR fx1xpael A A o]
i=1

FAR 5 WA AR Y, ke 1A

A o2 thgelRt FRolth, FV-127 PR SZ % SSR

ARz 0619 7H8 =2 PICSH 5 SSR f71Ak#e]

Y= Ah(Fig. 1).

AT A} A o= Aol HaL Sl WA A
BTES BT e FelaH bl JFo fA3AI7) ofF
T S o g dor, o] A Alee fdd
AZE W Ao yepdth, A8FHow e TR
SSR golB & ofA] 12 7He] thE/d SSR PHAE s
ATk o] g SSRLE AlF A B, f17F WHols Hrt
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Fig. 1. UPGMA dendrogram showing phylogenetic
relationships among 32 Flammulina velutipes strains

st ARE ). 53] 28t AEeS AU A
JA MAZEFETR] FHOl AR 100% FEAHS B
ASS AQslae 7Hest Ao2 ATET. ofF Fito
2 g WA AFES FESY] dMe o B2
SSR "} T AJEQ SNP w7 9] 7o) Qs Ao
2 Aztdr. ¢o g o] 3k SSR = ol HAIAIE 7
o] FABAE W3] sh=d FosM AFEE A= A}

l‘

—

lo

iS22
5 Q

WA A S, S5, R A e 5k
FTEXNEA o B FA 32719 oAl Azl st
ZAFsIAT. FolwAle]  wAuHE A H (microsatellite)2
Z3Fala e 490702 DNA @S Ak, ohksh 3
o[ulsl 5] PCRE §8 DNA Z2 g Sago
24 o3 ¥ol7t Bol AEHAU. & 34709 tiY &
A7 1270¢) ©HEA SSR v Toﬂﬁ AESEH AL, 3

7 342709 oy A g fAAke] e faRkE
g ool TR BESGT. e 8d Hns
0.42(GB-FV-127)°14 0.98(GB-FV-166)°]1.2™ ©]
A BZR (Ho)o 71tHA (Hp)E 2H2E 0.00914 0.94(%3
= = 0.18)2} 0.03914 0.67(H< = 0.32)°]34t}. A

] E3E2 93 SSR nAE 82

A& (PIC) GB-FV-127 v}AolA 7F & 0.61, Bt
oy 82 7= 55 YERAAL, GB-FV-166717 ¢4
0.03% 22 7 Wtk B AFedlA i PIC %4(0.29)
S Y AR Ha F(G.42)E BEEUTH AEFHO
2 8= 35 SSR gholEHF A 12 7He] thEAd
SSR #HAE 7idsh=t] Ad53lth. o]2g SSRE AlE
A A, A de] el S8k ARSE Zlolth

aAe] =
2 dATe 218 718t A73A (Project No.
PJ01016003) o] oJste] Y= AF T
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