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2 o & A7 MY A7IME NS o8kl 23Tl microsatellite WS TSl SAE
7] 918 A EATE GS-FLX Titanium 2HAH] A71ME 24 GRS o]&3te] 305771709 reads VAL, 1
o] HolHE AASIATE. De novo assemblyE Fste] 7,326709] contigs €rEITH =717 500 bp ©]%
contige 2921702 YeERTh L 5 microsatellite 92 ¥

microsatellite®] £ 91VIE E1EAT 2 5 13702] microsatellite -F-ARZ oA FFUYE A 7+ opgAdo] Az
HAT} ©E microsatellite A tisle] T4k Fetolx] B2 §8 EFAATU)E Hah 4.966(2.439~7.515)
2 Uehith B o3P B (H )9 Bt o|FHTE ZUA (L= 2 0.873(0.731~1.000% 0.766(0.590~0.867)
o2 Vet gddo] #EE ZE microsatellite F-AAE A null Y52 #2ER] gkow, viA 7+ A
AEHYL Yehx] itk wbd B Aol sk 13712] microsatellite T = FFUE- Fwke] fxddo)
Ao §-8 Ao AlsE.
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Abstract: This study was conducted to develop microsatellite markers in Quercus variabilis using next generation
sequencing. A total of 305,771 reads (384 bp on average) were generated on a Roche GS-FLX system, yielding
117 Mbp of sequences. The de novo assembly resulted in 7,346 contigs. A total of 606 contigs (20.75%)
including 911 microsatellite loci were derived from the 2,921 contigs longer than 500 bp. A total of 180 primer
sets were designed from the 911 microsatellite loci and screened in eight Q. variabilis individual trees sampled
from a natural stand to obtain polymorphic loci. As a result, a total of thirteen polymorphic microsatellite loci
were selected and used for estimating population genetic parameters in the 54 individual trees. The mean number
of effective alleles was 4.996 ranging from 2.439 to 7.515. The observed heterozygosity and the expected
heterozygosity ranged between 0.731 and 1.000 with an average of 0.873 and from 0.590 to 0.867 with an average
of 0.766, respectively. Null alleles were not detected in all loci. No significant linkage disequilibrium was detected
after Bonferroni correction in all loci. In the near future, these novel polymorphic microsatellite markers will be used
to study population and conservation genetics of Q. variabilis of Korea in more detail.
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7171 A3 E]ojof st} DNA FlA= AE Fol Uik 4
ARl 548 4T F de 7R Y HES 4
gk 7t Aol &&2 Uk 2719 DNA "= o
Fo FHARE &olaA &<9UdT + U= RAPD
(randomly amplified polymorphic DNA), ISSR(inter-simple
sequence repeat) 5] -+ "7 (dominant marker)”} 5=
2 o] §FAT}. 2} RAPDS} ISSRE] A Aol E
o] Wt ofyzt S uA o 5437 20 AN 4 F
FHEAA Y ol FHFA FHAF ] FiEo] EVFs &
o] AthWelsh and McClelland, 1990). ¥F3, microsatellite
(2= SSR; simple sequence repeat)y= A=A genome’d
o EA)3t= 2~8 bpel A7IAFo] T WHEE= PR
71 g e] wHE Sl=¢] 2po] = Q13 tHE A (polymorphism)
o] Yeh= 94 vlA )t} Microsatelltie "} = 7€k
DNA wpA 9} vlaste] thd A AxrF woba] f44 o
P FAIAE Bkt Bol o853 It Tautz,
1989; Coburn et al., 2002; Pinto et al., 2006).

Microsatellite #}7] 7185 918 o]v] B4 3le 471
M HRE o]&3d= WH(Varshney et al., 2005)3}
selective hybridization protocol ©]-83}] microsatellite &
7ML BRE A o® gRsh= Wyol T2 &85
ATHZane et al., 2002). =24 tFEe] 7M1 LE AR}
53| 987 7% microsatellite §HE A5 @A 4
Ao, A7IME AR B A 2AFe] F71A
d EE ESTARE &89 5 vk 22v 2952 4
7IME Bre FABA et AFskA] s AT
EST A HE o]83= 7% microsatellite -3 FZ3}7]
28t primer A ZF Al AA}F g ol EZTFER] 2 intron
o9& IyetA Kot wjiEol PCRIAAANA H3x s
microsatellite G<}0] 2 FEEA] = 7457 AL
Rom, Hy Foof s EE HAA| FHA T dF I
Ao AF=E 7ks/do] AUrh. ProbeE ©] &3 selective
hybridization protocol W2 HHEMEE T4 € probeol
w2} A3 microsatellite 8 X THS- WS 4= 917, s
A7t B3hg @do] ok ESh, ZAF oA ofn s
H uAE o] &3 Adx T AT Aol ujef &%
o] AgtE= o] Ut} HZol= NGS(next generation
sequencing)E ©]8-3to] wiA s IFFo 2 FE
9] A7IME ABE B43}3, microsatellite 3 FS 2
SISO 24 microsatellite W& 7 W o] o] &
=3 ) vH(Gardner et al., 2011; Zalapa et al., 2012). %
< Vaccinium macrocarpon(Zhu et al., 2012), Quercus
stellata(Chatwin et al., 2014), Acer miyabei(Saeki et al.,
2015) 5 & FFollA NGS7|H2 ©]-8-3F microsatellite
ubAZF 7 vp ok

Ul A GF] S microsatellite 717 71 A+=

G71ME FRe FAlo} & 27] /M H]8o 2 Q3le]
s PR ko), H A F7IME A
(NGS) v 9] ®Hgo| guj=|ar, 4] H|-&-o] d7tgol w}
2} microsatellite P17} 7= A] 92 AAY5FollA] NGS
= o] &3 97|4E 819} microsatellite PF] 7ol o
7ol FokA AL Ut

23 5-(Quercus variabilis Blume)y= 357} (Fagaceae)
TS (Quercus)dll Fshs GHSARLEOEA T, O
9 A2 Ffloll= AFE=E ALg FHold dYd &
X3 FFo|tH(Lee, 2006; Chen et al., 2012). =35
friwe] Aol Adste] SEuRtE HIRS T, Y&,
tiRte)] EESh= AA-ES e R 591849 RAPD,
chloroplast DNA, ISSR w7 & ©]-&ste] F7HEE, 4
o R Tzl ek A7 A= ATHSong et al.,
2000; Zhou et al., 2003; Xu et al., 2004; Chen et al.,
2012). Xu et al.(2004)2 FFE ZAF A JiEE
microsatellite P}AE o] &3] F=tol A= 23
At FAGgAdS H7ke v 191, Wang et al.
(2015b)2 A A 2] probeE ©]-&-3h= WO Z FHF-
microsatellite "} Z sl o), B4 7153 viA 9]
Tt T o] FESHA LUt

2 A= S o] 48 918 microsatellite
ulAE NEE7] 93k, NGSE ©]8-3t 2359 &
718 ARE 15ty A71A Y9 A X ZHE] microsatellite
FY9E gl o, o]5 FHolA e tEAd FAE 9

3 Bolzlel vAE AMWek fR29 BHS B,

=]
=

M=

b}
0z

1. ZMICH QH7IMY 2 L microsatellite £
Microsatellite WFA 7idel] &8k Z3Fo] G714 <E
BEE 7] st AA7IdE 27152 AR E AHF
=23 258 DNAS F23513(th DNA 52 DNA
% 7]E(DNeasy Plant Mini Kit, QIAGEN, Germany)
£ AR&ste] AlxAbe] AW met &0 2
DNAE SFEF7](Aeromist Nebulizer, Alliance Medical,
USA)E o|&ste] F2912 A7l &, glo|Hz] 7]
E(GS FLX Titanium Rapid Library Preparation Kit,
Roche, Switzerland)E ©]-§-3to] A|ZzALe] Aw o uwpat
DNA libraryS A 2}5}91th DNA #24 7](Agilent 2100
Bioanalyzer, Agilent Technologies, CA)S ©]-8-3lH library
715 I3} fluorescence =7 = F3l librarydS &
o135t t}. o] GS-FLX Titanium(Roche) @714 E &4
71& ©]-8-3}4] pyrosequencings G435t A H71
Ad HARE= v=F3HAEX R AIE (National Center for
Biotechnology Information) SRA(Sequence Read Archive)
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o] 5239 THSRR3679030). GS-FLX platforms %3]
4241 do]E] 25 E] Roche GS-FLX software(v 2.9)Z ©]
23t G714 E readE AE3IA . A28 E read= Roche
GS De novo Assembler(v 292 ©]|&€3} De novo
assemblyS Z13J 3t} AAE contigs 500 bp Z o] o]
o] contig® S E MSATCOMMANDER (Faircloth,
2008) ZZ 138 ©]-8-51%] contiglloll EA3I= microsatellite
d9-S AT A 272 mononucleotide] 7-$- 10
3] o] WHE, dinucleotide®] 739~ 63] o] WHE- tri-,
tetra-, penta-, hexanucleotide®] 7-$- 48] o] WH=o 2
ZA319 k. @Y contig ol 5 7 ©]7+2] microsatellite
go] eAEE= AL AR S 79 microsatellite 3
S A3l contig T 3 72| microsatellite % % RF #29
== 33Tt ©21 % microsatellite 992 5&3517] 9
$ 5ol primer® ‘7= Primer3(Untergasser et al.,
2012) Z 2138 0831921, primer 2] 18~22 bp,
TF AEC] A7 150-350 bp, T, #4°] 57°C~63°CZ

i)

2. microsatellite FHAIElQ| CI&AM &0l

A7 E AHE vgro 2 gAlE microsatellte 99 S
AA R SE2D F JE primerE ALsl7] §ste] F30)
T YHAE o= PCR 2415 33130t} PCR &4
< 93 whg-g-ol e 12 nLY 20 ng 53 DNA, 1X reaction
buffer, 0.2 uM primer mix, 0.1 mM dNTPs, 1 mM MgCl,
1U Tag DNA polymerase(RBC Bioscience, Taiwan)= =
A35k3 . ZF primer?] forward sequence?] 5"l E &
FEZ2 FAM & HEX dyeS 23N AN FATo=
A FFNE £ A Aol FBS YA HEOEH
DNA 2 7](ABI 3730x] DNA Analyzer, Applied
Biosystems, USA)E ©]§-3g PCR product®] d# =7]
Z74o] 7FssHl 3t PCR S&-2 95°ColA] 57k %
7] DNA W78 A2 & 95°CellA 307+ DNA WA,
60°CollA 30%7F 3 DNAS} primer &, 72°CollA] 30
%7k DNA 2% 345 403] nhEsiglon, F7HHo%
72°Col A 1027 A 785 3813tk PCR S34t=
S X Eoufo] = (Hi-Di™ Formamide, Applied Biosytems)
9} rlo]= 2~EHTIE(GeneScan™-500 ROX™ Size Standard,
Applied Biosytems)?} E3tate] L8t SHAHES]
71282 Gene Mapper software(v 4.0; Applied Biosystems)
£ ol&sto] At

3. Microsatellite O |SHEAIEAN

ttaAdo] golg AR E) HEte] F44 A2 =+
U oA AFHE saNAE WA O E PCREAS
FYsIRoH, B4 2L A9 L3t 2UE A

oA A E SSR F% Aol wEt GenAlEx(v 6.5;
Peakall and Smouse, 2006)ZZ 1S o]&3lo] 7z} -3
Az AT (4), 82 HEFAATA,), ©13H
T ASZA(H), o lBHAE 7IHA(H,), ILBAF(F),
polymorphism information content(PIC)E A2+ o}
Null tHE-FA#}2] Z4)+= MICRO-CHECKER (v 2.2.3;
Van Oosterhout et al., 2004)Z 24]3}9 T} Hardy-
Weinberg 3 & (HWE)2 GENEPOP(v 4.2; Rousset,
2008)°l14] Markov chain®] exact test(Guo and Thompson,
1992)2 Ea}e] 2451901 FSTAT(v 2.9.3.2; Goudet,
2002)5 ©]-&-3ke] Weir (1979)2] W2l wel AA-EHE
(linkage disequilibrium) 55 #A13}5 T},

Zn o g

1. 7ML EM R de novo assembly

NGSE o] &3to] Z3h e gr7Mg e E43% 43
Z 305771709 971K Y readE 4o, & dolo g

ol A W(0. acutissima)2] Als 27171 684 Mbp
S 38T o 2R A A7 % o9 fAME ¥

TXT Aoz FHT F rh(Kremer et al,
2007). 2AZS vl Als 2715 78 A
2 AToA A" e 97182 AA Alsel
oF 17.1%e] B3k & 305,771719] readS o3k
assemblyS 43 3+ A3} AA ] oF 28%9l 3 Fs=
84,6057 2] read”} assemblyoll AFE-EA 2™, o] & read?]
dole]l & Aole oF 30 MbpE A FAUTE De novo
assembly A3} 7,346719] contigZ7t A= AT o] &2 &
ZolE 3.78 Mbp(H i 515 bp)olR M, G+C TFHe
38.4%% UEFITH Table 2). ©]&i3t Aate F3y9 2
o] FF & 552 Quercus stellata®] NGS AIH(H 714
4 read=305,717/ll, ¢ contig A°]=601 bp)e} FAFS}

Table 1. Reads, total length, averaged read length of sequences.
Total bases
117 Mbp

Averaged read length
384 bp

Sequence reads
305,771

Table 2. Summary of de novo assembly.

Number of Number of Numberof Numberof  Mean
reads’ bases” contigs bases* depth

84,605 31 Mbp 7,346 3.78 Mbp <10X

“the reads used in the assembly computation
“the length of reads used in the assembly computation
*the length of contigs
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S tH(Chatwin et al., 2014). ¥ =FA A H tfFEe
contigZ} 3~6X ©]&}2] depthE YRl om, Hutzog
10X "I9S depthE WERHAUTH & AFolx Zrd
contig?] Z7] ®X= Aol7t T7FEFE contigd] 7T 7
aske] 9 29k FAFSHA ™, Primula
possonii, P. wilsonii(Zhang et al., 2013) % Verarilla
baillonii(Wang et al., 2015a)°| 4ol A] #2HE contig 7]
o] Fx} fFAFsIIT

H2] (power law) &

2. Microsatellite B 3 Cl&EM ol

A contigdll EFE microsatelliteES B4 317] 230
F 24~ ZJo]7} 500 bp ©1/de] &= contigs A S A3} 40%
o sFsh= 22170 E Ve O™, 3+ 808 bp(N50=752
bp)= ERIF AL} o]& contigdll W3t microsatellite 3
o5 gAE A3} 20.75%° HBEHE 60670 contigell A
9117(1.57) /contig)®] microsatellte % & o] &2 = At}
(Table 3). ©]= microsatellite %3l )3} PCRZFZ0]
7158k primer sets AAISH A, AA 24 AFs
primer 5 18070 2] primer setE A2t ©]& primer
setg ©]-&3ate] Fit T FHAIE S E PCR
A1g g Az, 13709] primer setol| Al P21 5

S UepdeH, JiA 7F trE o] SRlE ATk
(Table 4). Brondani et al.(1998)= 4 HF2E U4
3 gk A+l A microsatellite enriched library #12} 214

_11-1:1 Mo

Table 3. Summary of microsatellite analysis.

Sequences Sequences“used Sequence containing

- Number of :
containing for searching repeats/sequences used
repeats .
repeats repeats for searching repeats
606 911 2,921 20.75%

“Contigs longer than 500 bp

% enrichment &A1 A microsatelliteS £ 3$}5}= contig
7} 10~40% A= AEHTL B3t B Aol A
X3F3t= contigZ7} 20.75%% UERL}
Brondani et al.(1998)°] A3} AR FFel it & A
T4 500 bp ©]7d<] contig %] microsatellite 44l
o] &5 7] wiEo] EAME A iﬂ contig% ge =z
microsatelliteS B4 StchA EE}
Ao

S
PN o
A £ Qs

microsatellite S

2 microsatelliteS &

microsatellite %99S A
AZFsE7] Y1814 microsatellite 39S Eghsle 853 A

714 FR7F D] e, 500
FA3ke] microsatellite 92 FAs= 2ol F21T A
o =2 Aot GAE microsatellites WHE-
o] o wpE} RS, BY 9712 FAE microsatellite
7F 65%= 7P o] UEhstth. 2 tao 2 5 sHek Al 7R
o] A712 A% microsatellite”} ZF2F 15.7%SF 14.2%%

=2 H &S A 9 ) o)de] |E7IE A E

microsatelliteS 5.1%] B339, 1 = 6719 F7)
2 FAE microsatellite” 0.4%= 713 AA YERS

(Figure 1). Sonah et al.(2011)°] ©AFE 3} FAE 21 &E9]
7141 <€ (whole genome sequence)S ©|-&
£ AT AaollM ddd7E 74

314 microsatellite
Jd % microsatellite2] 1]
0] 43~79%, 471 °]’42] H71=Z FAE microsatellite”}
0.9~54%, 6719 9712 FA%F microsatellite H] & °]
0.1~0.6%= YER & Ao Aol fAFsH At

3. RCIYM o 54

TG A ] ZFT JeellA] A FH " saiAE
Aoz JNE 13709 microsatellite 1A S & &5t th
(Table 5). Z} microsatellite "} #2He A=
A Hx vl Hd 22702 el Elom Hit 9.843

Table 4. Characteristics of 13 microsatellite markers developed in Q. variabilis.

Observed size

Marker Motif Primer sequence (5'—3') ranges(bp)
QVn 001 (AAACCC), F: TGGAAAATTCTCCCACGACA R: TCACATGGGGITTGITAGGGA 229-253
QVn 014 (AAAT), F: GTGCCAGGCCAAATGCTTAA R: AGCACTTGTACCAAGCCCTT 330-378
QVn 016 (AAAG), F: TTGGTCTGTGATGGTCCGTG R: TGGTAACATTTCTCAATTTTTGATT 333-389
QVn 023 (AAT), F: CACGITGCTTGTTGTITCCCC R: TAGGATTCAAGGCCCCCTCT 170-203
QVn 052 (AAT), F: TCAAATGGTGCGITGAACTT R: AAATGITTGAGCCACCCCCAT 300-372
QVn 055 (CCT), F: CCCCCTCCTCCTCTTTCCTT R: AGAGGAGGACCCAGTACCAC 290-341
QVn 058 (ATT), F: AGAGCAGACATCCTCGGACT R: TTGGTAGCCAAACGCATACT 367-388
QVn 068 (AC), F: TCCCAATACTCTCAACAACAA R: ACATGTGCAGGTACAATGTGA 169-259
QVn 086 (AT),, F: AGGACAAAGTGCCTTGCTCA R: CGCAATTCCTACGAATTAAGGGT 262-298
QVn 119 (ATT),, F: TGAGITAAGGGGATCAGAGT R: GGTTTGTTGGGCCATTGTCC 149-182
QVn 120 (GAT), F: TGAACACTCATGICAGCCGT R: CACCGGAAGAGCTAGCATCC 158-185
QVn 122 (AGQG), F: GCCGICTTTTGAAGCTTGGG R: TCCAAGGATGCTTCAAGGCC 163-175
QVn 134 (AAT),, F: ACTTTTGCCATTTCTCTCTATCTCT R: TCTTACGGATGCTGITGGACA 243-270

Annealing temperature was 60°C for all markers, F: forward, R: reverse.
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Microsatelite motifs type

ATTT
CTTT
GAGT
AAAA
ATATT
ATTTT
CGGGT
GTTTT
AAAAAT
AAACCC
AAGACT
ACATAT

Mononucleotide

Dinucleotide

= Trnudleotide

= Tetranucleotide

65.0%

= Pentanucleotide

Hexanucleotide

Figure 1. (A) Distribution and (B) proportion of microsatellite motifs from Q. variabilis genome.

Table 5. Genetic characterization of polymorphic microsatellite markers in Q. variabilis.

Locus N A A, H, H, F PIC

QVn_001 53 4 2.881 0.774 0.653 -0.185 0.583
QVn_014 54 9 3.496 0.944 0.714 -0.323 0.678
QVn_016 54 12 6.545 0.778 0.847 0.082 0.831
QVn_023 54 12 6.696 0.815 0.851 0.042 0.835
QVn_052 53 10 3.665 0.868 0.727 -0.194 0.707
QVn_055 52 7 2.952 0.904 0.661 -0.367 0.604
QVn_058 54 8 4.490 0.944 0.777 -0.215 0.747
QVn_068 52 22 6.288 0.731 0.841 0.131 0.830
QVn_086 54 14 7.515 0.870 0.867 -0.004 0.856
QVn_119 54 11 7.336 0.870 0.864 -0.008 0.849
QVn_120 54 5 2.439 0.944 0.590 -0.601 0.506
QVn_122 54 4 3.399 1.000 0.706 -0.417 0.653
QVn_134 54 10 6.853 0.907 0.854 -0.062 0.839
Mean - 9.846 4.966 0.873 0.766 -0.163 0.732

A=number of alleles; 4. =number of effective alleles; H =observed heterozygosity; H =expected heterozygosity; F=fixation index; PIC=

polymorphism information contents

© 2 YEhth Bt 8 HHTAATU)E 496602
QVn 086 primerol| Al 75152 7P4 Be 4o #& g
FAA7F FZE R, Qvn_ 120 primerol| A 2.439% 71
e FA7F AL o|FHFE FSH(H)E
0.731~1.0002.2 H+t 0.8732.2 YEPS T, o|FHTE 7]
WA (H)e FSXHEY T ve 0.590~0.8672
0.766 2= eRTE 13709 213t 2= 370 ¢] Akt
NA o] IHAF S 2= 22 UERSLTE Botstein
et al.(1980) w9 T AEE YeR= PIC %ol
0.5 o]FolH F&e HAAEE S 2t 2102 IS
=], 2 AellA] g 13719] fFRkske] S+ PIC 3
o] 0.732% UERY o]& w7} 4E] =2 vHAIAEY
o] A& Aoz FtET} Wang et al.(2015b)°] B3
microsatellite probe 7|9+ =3 microsatellite WA
Mk Aol A Hek ol e/ 3F = 2~670, o131
&= ZIHHAE 0.042~0.7500. 2 B3 v} gl o] d 2
ZFo} vl w) B Aol A Al4kE 137019] microsatellite
npA o] Tk kol A o] o7} (4~2271)%F o1
A= 71th2](0.590~0.867)7 B} A VR, F3t
ol TS gelsked #-83 riAR ddE

Null -5 A= microsatellite W17 #4] A] 33
719] RHE-& EA S primere] 3T Sl EA4) 3=

54 &3] YA A¢A S, AR &
Alste A 2E &R Kate d2do|th Null o
Hrdztel osiA dig-dx 2 A ¥ 4o
LF7F vehd 4 9121, Hardy-Weinberg & & (HWEY3
g B} sFH TR Hert 2ol A9 2T &
A tH(Dakin and Avise, 2004). £ A-rollA 7)== 13719
microsatellite "} 2] null HH-FAA 4947, 25 null
N F-HAA7E A6 g A2 et gk 137]
9] u}A 7} Bonferroni corrections 4-8-3F AAEHY &
Al A} wbA ZF ABEH Y-S YA ol S
Aol el g EA 8=t F-83 o= Arker
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2850, H2ol 2
ol gl wat +4 i

F7IME S A5, ol & HlEeR
microsatellite®} 7+ 39" DNA "}AE 7jdsh= 34
ojth. & A= Il Y el £48 S
microsatellite "FAS st} AT 714G B4
(NGS)S Faste] H7IMES SEEAUTE De novo
assemblys &5t 1t H7|AMEelA 23 microsatellite
& FE3= WS B3k 1807119] $ X microsatellite P}
7oA 1370¢] T A U}ﬂg MdstAtt. ol & A E
Grt ZFHE o S thE Aol vE
zqz}g} AAEF o] YERUA] edot

X o
)
ultA
N
X
PO

NN )
1
1o
114
fl
F

—_—

WSO, null EH
ST Qo] o] BA §-83 202 el
ok,

S A FE] A AGHOR etes BE
S obalo} Alejo] A4 0.2 R3] wel, A7)
A2 w7} o} 4714 Y Rk #4 5 A DNA v
P EGIA At e Agels, 2 e
8 97199 Pust AS ol gk ol Yol B
- Slon, e Bol e 44 e ofel &

A9 ek web) Fu) REsks ASEe] SR

BES 95l BE oY £ FE DNA BHAZ 7]
WY Bast 9ov], ol Astel Al F71HG B4
59 B AL Fuslolo} ¥ 0% ARHL,
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