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ABSTRACT

Background: Adenophora triphylla var. japonica (Regel) H. Hara shows vegetative growth with radical leaves during the first year
and shows reproductive growth with cauline leaves and bolting during the second year. In addition, the shape of the plant varies
within the same species. For this reason, there are limitations to classifying the species by visual examination. However, there is not
sufficient genetic information or molecular tools to analyze the genetic diversity of the plant.

Methods and Results: Approximately 34.59 Gbp of raw data containing 342,487,502 reads was obtained from next generation
sequencing (NGS) and these reads were assembled into 357,211 scaffolds. A total of 84,106 simple sequence repeat (SSR) regions
were identified and 14,133 primer sets were designed. From the designed primer sets, 95 were randomly selected and were applied
to the genomic DNA which was extracted from five plants and pooled. Thirty-nine primer sets showing more than two bands were
finally selected as SSR markers, and were used for the genetic relationship analysis.

Conclusions: The 39 novel SSR markers developed in this study could be used for the genetic diversity analysis, variety identifica-
tion, new variety development and molecular breeding of 4. triphylla.
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3 ZsAAL AT} (Shin and Seo,

ZYt  [Adenophora triphylla var. japonica (Regel) H. 2000).

Harale 25530l &3l e A&l A AAF R oF HAZHA] ekg-2lEol Uigh dve EEEAE 5 o)A
60 o Fo] LHEBA|E F= oprjolAoA] AAYE 2 F oF ARpHEe] o] 83t 712 Aol ik A2k DNA barcode” |3
30 of Fo] fEughl AL e Aoz dHA Ut S 53 F¥Holy randomly amplified polymorphic DNA
(Lee et al., 2006). Fth= 722 Folzt sttjate 7HA] 71l (RAPD)E ©]&3 FAA 4 T A7t F2 o]F9]
tFet Fed S48 Ve 2 fA3F g veksitiar Ak HZ E0] FepAle] 7)ol H= A= el AT
BAIEATH (Lee et al, 1988; Lee, 1989). dlZHE] L&l oxe] £F7A A7t SdeiA L low fa4Re] T8
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QPR - 2GS - e -2 - g & - 2] - 8FE - 0] O
’do] thFEWA] next generation sequencing (NGS)S &3 Mz 2 o
FAA 24 2 FH4 GRS ol 7IRE ske EA
%59 oAl WFEEHZ ATt (Eu et al, 2009; Lee et 1. SSR 72+ B 91 Zalo|o] M%)
al., 2010). B A NGS EAole 4= BAoM a9 77

A s AErket 75 = DNAS] G71M Y G roj
7|5kslo] S AAM-S- (polymerase chain reaction, PCR)
Ao Aol AolE WAL F7IM L] ApolE o]&-3t
o F 52 JAds v E4ske Rt 2 nle] &
Aoge s 7L o e R AEE
3L, G R she AEe] FAl Al A=A st
ol& ®llsl= o] AHS H[GOE FS A7k A0
7hsd W ot AjRdde] =A vehe Zle] Foh
ALY 3] FFHZ+= RAPD, restriction fragment
length polymorphism (RFLP), amplified fragment length
nucleotide  polymorphism

polymorphism (AFLP), single

(SNP), simple sequence repeat (SSR) 5°] Ut} o]ZolA]
SSRAAE A EAS] Aol SR8k et G714 LE9]

HHE Sl 2lolE o] slke wirol tE miinTt Tl
BE7F #5394 VERZ] wiwel A7 Al ol@d A%
T HE dA EIE F = 59 Aol At McCouch
et al, 1997; Coburn et al, 2002). AA R FAXEANZEZHT
9 (International Union for the Protection of New Varieties
of Plants, UPOV) W] ALY EsHA F2dut (Working
Group on Biochemical and Molecular Techniques and DNA-
Profiling in Particular, BMT) WollX &= E5-24He|| SSRe}A7F
7P A AS AR v Stk (UPOV-BMT, 2002).

2 50] FepAe 7lde] He AE F5 R 4
FollM AE ERSE SHe] AT Bol o]FofR|aL glo
™ (Eu et al, 2009; Lee et al, 2010), 3 TFFd 2 F
A'E w7 vl 2AS flal ST A 7919
71qgelyt F2AE ©]-8-¢ DNA fingerprintings ©]-8-3 <A
T7F T RAEAT (Kress et al, 2005; Weising et al.,
2005).

2 NGS 719 22 gige] v 222 7FssiAl &t
o (Mardis, 2008; Wang ef al., 2009), 7L A3} S5
9, W T 78 AgEely A, sildMe §571ee B
23} mpA L] 2 A4 el gk Aot Eiks] o] Folx]
T} (Nybom, 2004; Henry, 2012; Kilian and Graner, 2012).
e, oRgAHEe] Tl Tkl tigk A= B1E (Kim e
al, 2016y 72 9 FBAES A9l wArEe] A+
7F w9~ mm|gk Aot}

B Agols =] o] Aol AA st A,
FHI e FNE gPFeZ NGSE F3 SSREHAE /M
SlaL o] o]gate] zthe] fHZ TS At g
S50l daF A 7Ivke widskaz} Fsieltt.
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4 PCOO1°l] &ah= g AAE o= AdElslylon, SSRut
7ol B84 AR AT BHS 93 Alse B B
1 U, 34, sk 5 7 0 AQelA s
d THUAEZ T JAAEE A S
AR S ARE-SFATH (Table 1).

NGS+= Illumina Hiseq 2500 ZZ ¥ (lllumuna, San
Diego, CA, USA)S ©|&3le] Fa3tlom, o]& & 9
AHAZZES Gil 5 (2017)2] e wel SOAPdenovo2 version
2.049] SOAPecS ©]83}4] emrors HA3$H & SOAPdenovolE
o] &3l Z3H3I Tl Microsatellites, transposable elements,
DNAs 53 722 REE-A]E-2 RepeatMasker version 4.0.53}
RepeatModeler version 1.0.8 (http:/www.repeatmasker.org/)S ©]
£3lo] FAJ31ATE B3k SSR Finder (fip:/ftp.gramene.org/pub/
gramene/arch-ives/software/scripts/ssr.pl)& A3t SSR +7F
< B8 SSR kS HAlIs] flEf 2 7Ae] WrE

=

Table 1. List of Adenophora triphylla genetic resources used in this

studly.

No. Collection Collection region Collection
ID year
1 PC001 [NGS"]Gangwon-do, Pyeongchang-gun 2015
2 PC002  Gangwon-do, Pyeongchang-gun 2015
3 PC003  Gangwon-do, Pyeongchang-gun 2015
4 PC004  Gangwon-do, Pyeongchang-gun 2015
5 BEOOT  Chungcheongbuk-do, Boeun-gun 2015
6 BEOO2  Chungcheongbuk-do, Boeun-gun 2015
7 BEOO3  Chungcheongbuk-do, Boeun-gun 2015
8 1S006 Jeollabuk-do, Imsil-gun 2016
9 IS0O09  Jeollabuk-do, Imsil-gun 2016
10 1S012 Jeollabuk-do, Imsil-gun 2016
11 1SO16 Jeollabuk-do, Imsil-gun 2016
12 JAOO1 Jeollabuk-do, Jinan-gun 2015
13 JA002 Jeollabuk-do, Jinan-gun 2015
14 JAOO3  Jeollabuk-do, Jinan-gun 2015
15 NJOO1 Jeollanam-do, Naju-si 2016
16 NJOO2  Jeollanam-do, Naju-si 2016
17 NJ003 Jeollanam-do, Naju-si 2016
18 NJ0O04  Jeollanam-do, Naju-si 2016
19 GS002  Jeollanam-do, Gokseong-gun 2015
20 GS003  Jeollanam-do, Gokseong-gun 2015
21 HS001  Jeollanam-do, Hwasun-gun 2016
22 HS007  Jeollanam-do, Hwasun-gun 2016
23 HS008  Jeollanam-do, Hwasun-gun 2016

NGS; Used for next generation sequencing.
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sl A A= 2 7HellA 6 7He

o] AHZ FHa 5 3] o viEHE A7IMES 4 A
3L, HAlE YR E motiftll Hol7t Sle 21 A8kt
Primer3 program (Untergasser et al., 2012)2 ©]&3}] SSR
zgtolm MEE v} 22 7oA RIS Hol=
18bpel A 26bp (HA 7o) 23 bp)ol L GCEHS 50%0l4]
70% (HAX 60%)Z 39°o™, TmiS 55CA 62T (&
2 58C)= A3tk PCR product®] Zol= 150 bpellA]
250bp Atel7F HAl AAstE, Zeto]wg Alojol] M= HE

motife] W] oi7k AFS BT Al stk

71 (base pairs)

(ex]
=
g2 94 Hus

2. Cfadd SSR Zzjojof Myt
2 AT = A 5 5
U, o4, skeelA A 1 RAA
genomic DNAE F&
genomic DNA pooling genomic
DNAE 95 7il9] 2zglo]Hd <, Fragment
Analyzer Automated CE system (Advanced Analytical
Technologies, Ankeny, 1A, USA) 7]71& ©]&€3l9 Quant-iT
PicoGreen dsDNA reagent kit, 1-500bp (Invitrogen Co.,
Carlsbad, CA, USA)Z 7195 T3t o|F, %4
W= PROSize version 2.0 software (Advanced Analytical
Technologies, Ankeny, 1A, USA) Z2138 o]g&3dlo] £
Sttt ol nige=, A3 Fhol HF3l8laL, PCR product?]

°

|

[¢]

ZE o7k Y A} v, EG 2 7 o)
MES Hole TefolWE Husilt,

3. SSR OPH9] 28d HS

A wiAE FHE ARl Agste] Al vl 8§
e ARSI olF flEliA AdE Zete|wE F 23 A
of Ztzt A&393, SHE PCR AH=S DNA Fragment
Analyzer Automated CE System (Advanced Analytical
Technologies, Ankeny, 1A, USAYS o]-8-3t] #A181t) 1
AFNE vl EA ZZ a3 Power Marker software
(Version 3.23) (Botstein er al., 1980; Liu and Muse 2005)
o] g3lo] AuteEl SSR viFe] TEALS EAEIT

=

+

Z g A

h =)

1. DIME 24 A

E Ao = Illumina Hiseq 2500
Q71ME BA4S Y3 TE Paired-end sequencing
o]g3lo] F 342,487,502 /€] reads EFel= T 34.59
Gbpel @714 E AES AAFsIaL, GCol HlE2 41.37%
ATk AL A7IMERRE F 357211 7H9] scaffolds

SSR 2 A} Z2lojo] A=}
&3t
ey

platforms- ©]
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Table 2. Details of the repeat search from the Adenophora
triphylla PCO01 whole genome assembly.

Type Number Length In genome
of elements (bp) (%)
Retrotransposons 271,852 51,826,041 11.38
SINEs 9,922 1,139,203 0.25
LINEs 28,230 5,370,052 1.18
LTR elements 233,700 45,320,139 9.95
DNA transposons 123,770 16,890,297 3.71
DNA 120,710 16,345,389 3.59
RC 3,060 561,985 0.12
Unclassified 772,971 100,313,631 22.03
Simple sequence 84,106 3,316,165 073
repeats

Low complexity 15,057 720,565 0.16
Total 170,626,675 37.47

SINEs; Short interspersed nuclear elements, LINEs; Long interspersed
nuclear elements, LTR; Long terminal repeat, RC; Rolling-circle.

Table 3. SSR motif types of Adenophora triphylla.

Repeat ser:?c.r?ef q SSR F,:‘r?rﬁzfr INSSR No. of
wPe  oeR %) gesigned ssg (%) tested SSR
Di 70,497 84.58 11,785 14.14 NT
Tri 9,998 11.99 1,899 2.28 31
Tetra 1,263 1.52 222 0.27 40
Penta 752 0.90 117 0.14 24
Hexa 757 0.91 102 0.12 NT
Hepta 87 0.10 8 0.01 NT
Total 83,354 100 14,133 16.96 95

AL, N50& 1,459 bpSith.
o]gA| Ao scaffold2FE SSR 77HS ML primer
AlZstATE. AAE SSRPZHE F 84,106 7HE assembly
AA 7ML 073%E AAFALH, 1 F di-
nucleotide”} 70,497 7N, tri-nucleotide”} 9,998 7Y, tetra-
nucleotide”t 1,263 7N, penta-nucleotide”} 752 7ll, hexa-
nucleotide”} 757 7ll, hepta-nucleotide”}t 87 7NE XSS T
(Table 2, Table 3).
gAE SSR FZrellA ME ThE SSR motif’t $lES
14,133 7i9] SSR Zglo|HE AR, o] Folx d=
tri-nucleotide 31 7H, tetra-nucleotide 40 7ll, penta-nucleotide
24 NE 95 79l Zetolm MEES AZsl)

=
=
=]

gus

x3ke F
2. /8 20l= SSR Z2lojo] My

Az 95 7ie] Zetolw] ME F 5 /HAE o83t thE
e A A F 39 ] Zetolm AEZE AT
(Table 4). ALE 39 7He] Zgtolm] AEE o]§ste] 23 7
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Table 4. Characteristics of the SSR markers developed from Adenophora triphylla.

—
(bp) No.
1 AtH00004 AAAC 59 149-229 E 22%?53%15%@%;%%? KY906103
2 AtH00007 AAAG,) 59 181-193 E :;Eigi%igiggéﬂégng KY906104
3 At00011 AAAG) 59 179-199 E ::ETGCTA}%ACTT?@TCCGCP}GG%%CTTGCT KY906105
4 Atri00021 AAAT 58 200-212 ; gigfé;ﬁggggiggﬁgg e KY906106
5 Atri00048 ACAG,) 58 168-204 E ::g(g/\@fgfgci%ﬁgﬁ@:gg . KY906107
6 Atri00051 ACCT,) 59 168-184 ; iléig%ccﬁgfééggié?c KY906108
7 Ati00079 ATTT 58 146-162 Eﬁg%féglé?éfggﬁégfé c KY906109
8 At00095 CCAG 57 132-164 E éﬁ%fgfgg&ggggfgfc c KY906110
9 Atri00108 CTCAg) 58 200-232 E ::E//\\LTT%/A&T CGT%GT%CTTT(T:(GQ?EE KY906111
0w ace, s s FOTMOSCIAGTIINGAC
11 A00146 GCTA) 59 179-203 ; ﬁﬂéﬁggg&i@f&?&?m KY906113
12 A00171 TATGy) 58 166-190 EE&E&%@?&;&%& c KY906114
13 A00172 TATG) 58 161177 ; Egégﬁféﬁccccﬁé’}%ﬁg(; KY906115
14 Ati00174 TATT 58 185-213 E :Egigﬁgg gfgﬂfigﬁ& N KY906116
15 Atri00186 TCTT 59 166-186 E E;i/zcciéAAig(c:?géﬁigcch - KY906117
16 Atri00200 TTCC, 59 151-171 E %ﬁ%ﬁ%ﬁ%@é@? KY906118
17 Atri00206 TTCT 58 169-173 ; 2@25:5&%%?5&%’;&&%& . KY906119
18 Atri00223 AAAAG; 58 192-208 ; E%/g%\ggfggmgglg KY906120
19 Atri00232 AAAGA, 58 153-208 ; Lﬁi?ﬁﬁ%?g%ﬁggfg KY906121
20 Ati00237 AAATT 58 183-203 E %CGATPT‘%S%EAC\;TA%EEEZT KY906122
21 Atri00245 ACCAG 59 190-230 E CGTCT;ITC;;L%SZSSTCC?E CACC KY906123
22 Atri00246 ACTCA, 59 190-210 E %gé?/fé%%%i%éiﬂg KY906124
23 Atri00254 AGGTGy, 58 164-204 ; :;igiggggﬁi;@éfc(;g éGG KY906125
24 Ai00276 CCTCAs 60 185-215 ; Egi;%mxgigg%%? KY906126
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Table 4. continued.

No  Pmer SR Tm R Pimer squences secesion

(bp) No.

25 Atri00285 CTTGT 57 163-183 ; ::giéggipc‘igzgggigfgg KY906127

26 Atri00287 CTTTTy 59 176-206 E iéﬁg&éﬁéﬁg;@;ﬁ;@c KY906128

27 Atri00326 TGTAC 59 191-211 E Ei(égilfgg:;(g:;zii(é_r cce KY906129

28 Atri00338 TTTGG 57 199-219 E igi$§é§g::é§gég£§ AGTC KY906130

29 Atri00456 AACg 59 152-161 ; S]-;ASAG/A\?T?:EL%GAS\L%AAA(?F?GC(STC KY906131

30 Atri00543 AAT g 59 181-193 ; ((:]é\c(]:-{:(/:\"(f:;-l(—:c(:é‘\fég?—? GCA?\TCAC KY906132

31 Atri00855 ATC,, 58 182-197 ; gﬁ?géﬁggggﬁgfggfg KY906133

32 Atri00959 CAA) 58 176-251 E é}%ré;—ig?éﬁgf G(El—c(:]CC(/:\(é]iTC KY906134

33 Atri01120 CCAg) 58 148-175 E ?ﬁlﬁg;?ggié%lﬁ%%i?g G KY906135

34 Atri01347 ClTg 59 197-248 E E?i:éé?éﬁggg}igggfrﬂgié KY906136

35 Atri01349 CTTo 58 180-195 ; ::(G:ZCTEEELZ‘STC:TCCCCAT%C&TCCATT . KY906137

36 Atri01490 GAG, 59 180-198 ; giﬁgféiégég;;géﬁéCTc KY906138

37 Ati01559 GCAw) 59 188-194 ; zzggcciggf‘ggfé;ﬁg&?gm KY906139

38 Atri01585 CCT 58 180-201 E iﬁgiﬁg%ﬁgglgééiﬁggéé?é KY906140

39 Atri01627 GGCy 58 171-186 E iéizmigzi%%ﬁz_zé KY906141
o] AellA F4 IS FAg At allele®] 77F 2 71 (Ho)ol #2 024-1.00 (H+ 0.59)% 29, polymorphism
old 12 /IE Yeh} wWEsk gdAe B om (Table 5), information content (PIC)2] #&2 0.20-0.87 (H 0.64)°1%]
o] SSR 2Zglolw] ME= ) [ddenophora triphylla var. t}. PIC o] 7FF 29 v+ Ati00959%9.0.H, o] ulA&=

Jjaponica (Regel) H. Hara]?] SSR vFAZ &-g3p7]d wl<¢
Aesitar A=t o5 #EAC] motif THE tri motif
11 70, tetra motif 17 7, penta motif 11 7| FoH, A7}
O 2 motif &2 12 vpA7} NLEHASS &+ AATH
3. SSR 02| €284 HS
il U]’ﬂJ BEAES A7) flsted 23 JHAOl 285t
o A& F 263 79 alleleS 243139t} Frequency of major
alleles (Mpp)2 0.17-0.87 (Ho 046) ©|UA3L, genotype
number (Gyy= 2] #2 2-18 (Hd 9.9)%12H, heterozygosity
(Hp)= 0.23-0.88 (Hd 0.68)°13t}. Observed heterozygosity
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PICH3} Hp 3t olyz} Gye =7 YERt (Table 5). 9
AFNE o s 8% 39 7ie] mAE o] fAkd
Aof] Agtattiar AbEE AT

39 7ie] SSRUHAE ol&3dle] AL AFE vigo= S
7 QoA FhE J FAxR 23 AelA FAAE S 1
A5l AEETH BAL g Ay SRARGEE 280) D]—E—oﬁ
AR Bl HoAM vEoA = AL & 5 AT (Fig. 1). =
gh gk X HoA FHE Aol o] AlF 250 E U
oA, M= FHF R tgdaitte AS 3 34 HE
nlgko 2 7 SSR wAE o]&3fe] Feld 4= Uit
N wAL] Hat PIC Fo] 06421 ZoZ & B

2=

1=}
R

E
T3l
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Table 5. Genetic diversity measures for 39 polymorphic SSR loci
using 23 Adenophora triphylla accessions.

No. Marker Mxe (@N AN He Ho PIC
1 Atrio0004 0.65 7 6 0.53 0.65 0.50
2 Atri00007 0.65 4 4 0.51 0.65 0.45
3 Atri00011 0.47 9 7 0.69 0.53 0.65
4 Atri00021 0.24 17 9 0.85 0.91 0.84
5 Atri00048 0.59 6 4 0.59 041 0.54
6 Atri00051 0.61 5 5 0.57 0.74 0.51
7 Atri00079 0.50 6 4 0.63 0.56 0.57
8 Atri00095 0.33 14 9 0.81 0.87 0.78
9 Atri00108 0.33 15 8 0.79 0.65 0.76
10  Atri00111 0.39 11 9 0.72 0.83 0.67
11  Atri00146 0.28 12 7 0.80 1.00 0.77
12 Atri00171 0.33 11 7 0.79 0.86 0.76
13 Atri00172 0.35 9 5 0.76 035 0.72
14 Atri00174 0.48 9 7 0.68 0.45 0.64
15 Atri00186 0.61 6 5 0.57 0.26 0.53
16  Atri00200 0.59 9 6 0.61 0.52 0.58
17 Atri00206 0.87 2 2 0.23 0.26 0.20
18 Atri00223 0.35 10 7 0.76 0.25 0.73
19  Atri00232 0.41 13 10 0.73 0.74 0.70
20 Atri00237 0.52 8 5 0.67 0.74 0.63
21  Atri00245 0.35 14 9 0.75 0.61 0.71
22 Atri00246 0.57 10 5 0.62 0.44 0.58
23 Atri00254 0.35 10 7 0.74 0.65 0.69
24 Atri00276 0.52 12 7 0.69 0.61 0.66
25 Atri00285 0.35 10 5 0.72 0.78 0.67
26 Atri00287 0.64 9 6 0.56 0.36 0.53
27 Atri00326 0.65 9 6 0.54 0.44 0.51
28 Atri00338 0.44 8 5 0.67 0.26 0.61
29 Atri00456 0.52 6 4 0.58 0.57 0.50
30 Atri00543 0.39 8 5 0.71 0.52 0.65
31 Atri00855 0.50 10 7 0.68 0.65 0.65
32  Atri00959 0.17 18 12 0.88 0.74 0.87
33 Atri01120 0.23 18 10 085 0.77 0.84
34  Atri01347 0.37 10 8 0.78 0.52 0.75
35 Atri01349 0.39 11 8 0.75 0.52 0.71
36 Atri01490 0.30 12 8 0.80 0.78 0.77
37 Atri01559 0.67 5 3 0.49 048 0.43
38 Atri01585 0.48 9 7 0.67 0.24 0.62
39 Atri01627 0.60 8 6 0.60 0.57 0.57

Mean  0.46 9.9 6.6 0.68 0.59 0.64

Mar; Major allele frequency, Gy; Genotype number, Ay; Number of
alleles, Hg; Expected heterozygosity, Ho; Observed heterozygosity,
PIC; Polymorphic information content.
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0.01 GS003
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pPC003
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0.05

Fig. 1. Phylogenetic tree for 23 Adenophora triphylla
collections using 39 SSR markers. PC; Gangwon-
do Pyeongchang-gun 2015, BE; Chungcheongbuk-
do Boeun-gun 2015, IS; Jeollabuk-do Imsil-gun
2016, JA; Jeollabuk-do Jinan-gun 2015, Nj;
Jeollanam-do  Naju-si 2016, GS; Jeollanam-do
Gokseong-gun 2015, HS; Jeollanam-do Hwasun-
gun 2016. The genetic distances between strains
were calculated based on the shared allelic methods
(in and Chakraborty, 1994) using PowerMarker
v3.25 software. The values on each Eranch indicate
the length of the branch. The scale bar indicates
the branch length.

HFEZ B4, ok|@gol gk At B olFolA S
ARt (Lee et al, 2015; Kim, 2016), Zthe] 42 ThAd
ojvf AFEE S4L S% 4 A= RAPDY DNA
barcoding 5 F3 o]Fox &7F FABAL] EZHA
Bl FetE N, 7y Fige] A9 &7 434 EAk
Ao A7 FW thdel o At wle- s oloA
(Eddie et al., 2003; Cheon and Yoo, 2013), &=3F Zj
FRA] g B0 9 AAF e, AlE EF ol B
2 oFgo] AUt

2 A4 e SSR v = o] £3A4 ARE 7]
Hro = gk ZloaM, o] 4% e d7IME
o wél=dl vl fEsttte AS & F ATk T3 o]
£ olgste] =l ) faAkde] TS AEAeE Tot
o zx, Fe] AAZ AE BF &
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