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Abstract - Several members of the genus Broussonetia are woody plants with high-quality cellulose fibers and are used to
make a traditional type of Korean paper known as Hanji. Three of these species, Broussonetia kazinoki, Broussonetia
monoica, and Broussonetia papyrifera, are found in the Korean Peninsula. Because it is challenging to distinguish different
Broussonetia species based on morphology alone, we have developed a set of insertion/deletion (InDel) markers for genetic
identification of these species. From twenty-two Broussonetia samples collected throughout Korea, we selected six for
next-generation sequencing analysis. InDel marker candidates were identified by comparing this sequence information with
the B. kazinoki chloroplast genome sequence. The marker candidates were used to screen the genomes of the twenty-two
Broussonetia plants, and five useful chloroplast-based InDel markers were identified. Detailed genotyping using these five
markers showed that the twenty-two plants of the genus Broussonetia could be clustered into five groups, verifying that the
markers developed here can be used for breeding, identification, and analysis of species in the genus Broussonetia.
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Next—generation sequencing (NGS) 242 9|3t genomic
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Table 1. The twenty-two samples used in this study

No. Sample name Collection place Resource type
1 D-01 Goesan-gun, Chungcheongbuk-do, South Korea Natural resource
2 D-02 Goesan-gun, Chungcheongbuk-do, South Korea Cultivation
3 D-03 Okcheon-gun, Chungcheongbuk-do, South Korea Natural resource
4 D-04 Jeju-si, Jeju-do, South Korea Natural resource
5 D-05 Wonju-si, Gangwon-do, SouthKorea Natural resource
6 D-06 Chuncheon-si, Gangwon-do, South Korea Natural resource
7 D-07 Gapyeong-gun, Gyeonggi-do, South Korea Cultivation
8 D-08 Mungyeong-si, Gyeongsangbuk-do, South Korea Cultivation
9 D-09 Mungyeong-si, Gyeongsangbuk-do, South Korea Cultivation
10 D-10 bonghwa-gun, Gyeongsangbuk-do, South Korea Natural resource
11 D-11 Ulleung-gun, Gyeongsangbuk-do, South Korea Natural resource
12 D-12 Ulleung-gun, Gyeongsangbuk-do, South Korea Natural resource
13 D-13 Gokseong-gun, Jeollanam-do, South Korea Natural resource
14 D-14 Gokseong-gun, Jeollanam-do, South Korea Natural resource
15 D-15 Gurye-gun, Jeollanam-do, South Korea Natural resource
16 D-16 Naju-si, Jeollanam-do, South Korea Natural resource
17 D-17 Shinan-gun, Jeollanam-do, South Korea Natural resource
18 D-18 Shinan-gun, Jeollanam-do, South Korea Natural resource
19 D-19 Shinan-gun, Jeollanam-do, South Korea Natural resource
20 D-20 Yeosu-si, Jeollanam-do, South Korea Natural resource
21 D-21 Wanju-gun, Jeollabuk-do, South Korea Natural resource
22 D-22 Danyang-gun, Chungcheongbuk-do, South Korea Natural resource
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PCR HF2-2- 5 ng/uL. - =2] gDNA 2 4L, DSBio A2 Tag mix
(0.25 U/uLs Taq DNA polymerase, 2 X PCR buffer, 0.4 mM
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83}0] PCR 228 43519t}

PCR %718 95094 pre—denaturation 35 95C0||A
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& d7old= PCR 5% 8¢l 9 oy &4 9fsto
Fragment Analyzer (Agilent, Santa Clara, CA, USA)E o]-&
519t} Fragment Analyzer ©-4]of|= Agilent AF2] protocol©]]
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capillary conditioning solution, dsDNA 905 gel, 35~400 bp
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calating dye7} ARE-E| T}
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Table 2. Summary of next-generation sequencing data using six Broussonetia plants

Sample name Total read bases (bp)

Total reads GC content (%)

D-01 13,775,335,890
D-02 13,638,400,332
D-03 14,707,483,352
D-04 14,330,844,958
D-05 14,120,733,592
D-06 15,080,109,374

91,227,390 34.87
90,320,532 35.63
97,400,552 35.84
94,906,258 34.84
93,514,792 35.65
99,868,274 36.28

Table 3. Primer information for Broussonetia spp. InDel markers

Amplicon size

Annealing temperature

Marker Location Primer sequence (5" — 37 .
(bp) uence (5 = 3 (€)
F: CGATCGATACCTAGTAA
Br-cp-InDel-1 rps16~trnQ-UUG 270, 291 44
R: TATCCTATCACTAGCAG
F: CACGCCCCATTTACATTTA
Br-cp-InDel-2 trnQ-UUG~psbK 248, 264 50
R: CTCGCCCAATCAAAACTC
F: TGATCTCCTCTTTCTGATTC
Br-cp-InDel-3 atpF~atpH 236, 244 50
R: AGAAGACCCGATACCTAATT
F: CTATAATTGAAGGGGGGTTT
Br-cp-InDel-5 rbcl~accD 74, 94, 115 50
R: TTCTTTTGTGAGAACCCG
F: CCGCGAAAGTTCCATACA
Br-cp-InDel-7 petD 243, 262 51

R: CAATTGCGCTTTATCCCC
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5 AA|5HTt, Fragment AnalyzerS o] o] Wi=2 #AJ3l9la, D-02, D-05, D-06, D-07, D08,
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Fig. 1. Results of electrophoresis performed on 22 genetic resources using five InDel markers and fragment analyzer. A,
Br-cp-InDel-1, B; Br-cp-InDel-2, C; Br-cp-InDel-3, D; Br-cp-InDel-5, E; Br-cp-InDel-7.
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RS,
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o] 243 bp 27]9] HIEE ABIATL D-01, D-03, D-04,
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20|41 0,4628, Br—cp—InDel—30}|A4] 0.2355, Br—cp—InDel-5
oJ| 4] 0,5413, Br—cp—InDel—70]| 4] 0.4835% - 0,43722] 3k

EPATH H 7S 25 00]319. 1, PIC= Br—cp—InDel—19]]
A 0.8557, Br—cp—InDel—2¢J|A4] 0.3557, Br—cp—InDel—30|A]
0.2078, Br—cp-InDel—50||A] 0.4632, Br—cp—InDel—70]A]
0,36662°.2 H4t 0,34982 UEHATHTable 4).
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Mo} 153 B/38I5ickFig. 2).
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15,4 em, HUAREL] Zo]7} 15,5 em?l D-15, 18]l AR-3-5520]
], 99 Ao]|7}13.4 em, YAFFE] Ao]7H1.4 em@] D-19% 0]
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= A 15(Group 11)-& AF&o|5R0|H, 919] Ao]7} 20 cm,
olz}Z 0] Zol7} 5.1 em$l D-11, AFgo]FolH, ¢lo] Zol7}t
20.4 cm, QAFE] Zol7} 5.9 amQl D-12& o]FoFrt,

Al A ZL5 (Group I11)- ARg-o]5=0]m, ¢19] Zo]7}15.0
cm, AARFS] Aol7k1, 1 emo|w] AM 4235 7 D-012} A5
S0, 99| Aol7k12,1 em, QAL Zo)7H1.5 em@l D4,
231 ARgolg=oln, §lo) Zo]7}12,9 em, IAFE] Lozt
1.8 cm®l D-17& o]Foj A}

| WA L5 (Group IV)olli= AR&-g=olm], $19] o7}k 11
cm, AR} Zo)7}0,9 em@l D-180] USATH,

7P B2 TiAIE0] ol F tHAl WA 1E(Group V)= AFg-0]
FrolH, 219] Zo)7}F16.9 em, UAFFE] Ao]7} 5.2 cno]™ 3]
A o) =3l 5 7H2 D-02, ARg-olFEo|w, 2] Aol7}t15.6

Table 4. Diversity statistics of twenty-two Broussonetia genus genetic resources analyzed using five InDel markers

Marker MAF” GN SS* ANY GD' H" PIC'
Br-cp-Indel-1 0.6364 2 22 2 0.4628 0 0.3557
Br-cp-Indel-2 0.6364 2 22 2 0.4628 0 0.3557
Br-cp-Indel-3 0.8636 2 22 2 0.2355 0 0.2078
Br-cp-Indel-5 0.5909 3 22 3 0.5413 0 0.4632
Br-cp-Indel-7 0.5909 2 22 2 0.4835 0 0.3666

MAF; major allele frequency. *GN; genotype number, *SS; sample size, "AN; allele number. 'GD; gene diversity, "H;

heterozygosity, ‘PIC; polymorphism information content.
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Fig. 2. Cladogram of twenty-two Broussonetia genetic resources analyzed using five InDel markers. The collected twenty-two plants

of the genus Broussonetia were divided into five groups.

n, QA oIz} 5.6 anol ] B Fjo] £3]E sh
D-05, ARg-olF=oH, 9] Ao]7} 20,3 em, UAHFS] Ao|7}
5.3 o] 54 5] 532 7171 D-06, 4300w, 91
Z0]7}18.6 cm, QAFF2] Z10]7} 8.0 emO|H SuiAY O] o=
515 71 D-07, 40|50, 99] Zol7HLS en, AT
ol7} 2.3 mol 1 =4 5] 42318 741 D-08, 2HgolZEo]
), 919] Zo|7} 14 em, YAFF-2] Z0)7}8,0 emo| 1w M 3] 5
7 D-09, ARgol5FolH, Qo] Zo]7}14.5 em, QAR Ao]
7}3.9 @l D-10, A-g-g=0H, 919 Zo]7}13.8 em, AR
o] Zo]7}F1.4 emQl D13, AHg-55=0H, Ao] Ho]7}13.9 em,
QA2) o]/} 11 gl D-14, AHgolF-o]u, 91e] Zol7h
20.2 cm, QAFF-2] Zo]715.0 en?l D16, AFg-0]F=0]H, 819

40174126 em, QAFFE] Ho]7k4.5 enql D-20, A-g-5=0[H
%9] Ao)7}F13.5 em, QARFS] Zol7 1.1 em¥] D-21, 1211
AFg-olFoln, §lof Ao]7120.3 em, QAR Zol7}5.4 em$l
D-22% o|FofAit.

L)

f

2 0] g Q17 ATHE Erj=(Won, 2019) EpE &2
7| Ehbe} e A o] mA7} ol 3 1E-E ol
AU Ago] B LES olio] 2 740 THS ol F Ao o
AFI9LO1} B Q1o BAa 5] bt g 5 7o)
SgoR eelr), Te)a ol AE L ol AS)

-296 -



D02, D-07, D-08, D-09%= 1 3 thAl Mg T12of 239
t}. o]2f3t k= f-2luetel] APYsk= HuH & AlE Y] f4
2 /o] 719 AYztHct DPHE}E e EO%E}

D-18 Ao 2 LAE IV W 8-S A QJ% 4 7] 150 =}
A A= FEA 5492 HokE UH I ¥ 752 8 B4

o] AV BT, Teiut 1, I, v A 2golAE 254
E48 27] of2gitt, ol HE & AIRES 4 U] o]

470 lofuh] o] GEAS /120 v TBoIAI 3
Lh] 1A Thop FeE S4Jo] vhebd 4= 917] el
02 uelrkFig, 2), YEA DNAL BAGHL 517] 2] ¢
ARSI U3 A A 854 4ol 7 <
7] who] §A15}E B4jol AL BT 4 UeKim er
ol 20220, ] TR T2 S S 71
ul ] Z7bel o] BATH AR Hele)

B Ao ST & A1 A=A £784] 7] InDel v}
AT AUFORA ST & ABE §A% thopy 4
o FET 4 Gloich B MY vhAa} A0 BE Ho]
FE Aol (Kim et al,, 2022b) F=A] 54| 7]4k2] In—
Del u}712} @A) 707 7]4] InDel A S Bl 24151
S, B f RO AL 0|2 HAS ?%611% %9
3824 e e & ol A 9 £ )
of nAt eo] AAA A 710kl S F7H4 0
Harstol g EafRhcka SHufol Ayt gl e

59| 3719) S.ABAS Wrk s & 4 9, St
Amo] g0l o] ghilo] BT 4 U ol 7|

(L od

*HU

]

o Jl->

NI

o
a

)

3 Ao S & Al chak InDel wAS
o}, o] S 4 A2 2272 SRe R, SR
54 A2 % 67112 A1 EHNGS) S AN
o}, NGSE B3le] 9 @714 ARG 7)ol Haseld

lo=]
AN

U 924 193} v wslo] InDel 1H W2 Adksiglt,
ARt upA $HE S E S & AlEo] 2)-8-810f nA 9
54 AR8S 3ol T o7l GEA 7 nkAE skl Ah
vk [nDel O}AE 22712] QAR 283 & L2 Bl
AR AR F 5719 LEOoR U 2 Aol Al i
TAES YU &9 S50l & o 83 4 9l Aol
2t T

SR & 420 24§79 71 InDel wlAS] A

Al AL

H =20 9022W = w259 2| Yo 2 SHLH LA L] A
DG o} 43y AR -ohst FeE7]ut A sl Alle) A
olut} (2021RIS—001)

Conflicts of Interest

The authors declare that they have no conflict of interest,

References

Chang, C.S., H.L. Liu, X. Moncada, A. Seelenfreund, D.
Seelenfreund and K.F. Chung. 2015. A holistic picture of
Austronesian migrations revealed by phylogeography of
Pacific paper mulberry. PNASU. 112(44):13537-13542.

Chen, R., L. Chang, X. Cai, J. Wu, J. Liang, R. Lin, Y. Song and
X. Wang. 2021. Development of InDel markers for Brassica
rapa based on a high-resolution melting curve. Hortic. Plant
J.7(1):31-37.

Chun, J.B., M.A. Jin, N.H. Jeong, C.O. Cho, M.S. Seo, M.S.
Choi, D.Y. Kim, H.B. Sohn and Y.H. Kim. 2019. Genetic
identification and phylogenic analysis of new varieties and
149 Korean cultivars using 27 InDel markers selected from
dense variation blocks in soybean (Glycine max (L.) Merrill).
Korean J. Plant Res. 32(5):519-542 (in Korean).

Chung, K.F., W.H. Kuo, Y.H. Hsu, Y.H. Li, R.R. Rubite and
W.B. Xu. 2017. Molecular recircumscription of Broussonetia
(Moraceae) and the identity and taxonomic status of B.
kaempferi var. australis. Bot. Stud. 58(1):11.

Doyle, J.J. and J.L. Doyle. 1990. Isolation of plant DNA from
fresh tissue. Focus 12:13-15.

Go, I.H. and S.H. Jeong. 2018. Anatomical, morphological, and
chemical characteristics of paper-mulberry wood and bast
fiber for raw material of Korean paper (hanji). Journal of
Conservation Science 34(6):517-524 (in Korean).

Go, L.H., A.H. Jo,K.J. Jang, K.T. Park, S.M. Park, S.J. Park and
S.H. Jeong. 2019. Molecular phylogenetic and dendrological
study of paper-mulberry (B. kazinoki) in Gyeongsang-do
region. Proceedings of the Plant Resources Society of Korea
Conference 2019, The Plant Resources Society of Korea. p.
68 (in Korean).

Jeong, H.J., J.B. Lee, J.S. Gil, C.P. Hong, S.H. Kang, S.J. Kwon,

-297 -



Korean J. Plant Res. 36(4) : 290~298(2023)

H.J. Kim, C.K. Kim, J.H. Lee and Y. Lee. 2021. Develop-
ment of chloroplast-based InDel markers for the discrimination
of Schisandraceae plant species. Korean Journal of Medi-
cinal Crop Science 29(1):11-16 (in Korean).

Kim, G.M., J.M. Chung, J.Y. Jung, H.J. Choi and S.Y. Lee.
2022a. Germination characteristics in seeds of Broussonetia
kazinoki Siebold ex Siebold & Zucc (Moraceae) native to
East Asia. Korean J. Plant Res. 35(1):36-43 (in Korean).

Kim, J.H., D.W. Lee, M.K. Kim, M.S. Lee, N.S. Joand Y. Lee.
2022b. Development of InDel markers to distinguish between
Prunus mume, Prunus armeniaca var. ansu, and their inter-
specific hybrids. Korean Journal of Medicinal Crop Science
30(3):210-216 (in Korean).

Kim, M.K., J.H. Kim, M.S. Lee, N.S. Jo, S.I. Park, J.S. Gil, E.
Yeruult, H.K. Oh, K.H. Lee, H.B. Kim, M.S. Lee and Y. Lee.
2021. Development of insertion or deletion markers to dis-
tinguish Korean jujube cultivars. Korean Journal of Medi-
cinal Crop Science 29(4):282-292 (in Korean).

Kim, M.Y., T.J. Kim and S.T. Lee. 1992. A taxonomic study of
the Korean Broussonetia (Moraceae) by multivariate analysis.
Korean J. Plant Taxon. 22(4):241-254 (in Korean).

Kwon, Y.H. 2020. Paper and forest culture. Forest Culture
Series No. 14. Society for Forests & Culture Publishing Co.,
Seoul, Korea. pp. 189-198 (in Korean).

Liu, K. and S.V. Muse. 2005. PowerMarker: An integrated
analysis environment for genetic marker analysis. Bioinfor-
matics 21(9):2128-2129.

Ohba, H. and S. Akiyama. 2014. Broussonetia (Moraceae) in
Japan. Journal of Japanese Botany 89(3):123-128 (in Japanese).

Pan, 1.C., D.C. Liao, F.H. Wu, H. Daniell, N.D. Singh, C. Chang,
M.C. Shih, M.T. Chan and C.S. Lin. 2012. Complete chlo-
roplast genome sequence of an orchid model plant candidate:

Erycina pusilla apply in tropical Oncidium breeding. PloS
One 7(4):¢34738.

Park, S.I. 2021. Rooting characteristics of Broussonetia kazi-
noki according to auxin concentration and cuttings length by
cutting time. Department of Forest Science, MS Thesis,
Chungbuk National Univ., Korea. pp. 1-49 (in Korean).

Park, S.I., K. Hwangbo, J.S. Gil, H. Chung, H.B. Kim, O.T.
Kim, S.C. Kim, S.C. Koo, Y.R. Um and Y. Lee. 2017.
Determination of the origin of angelica roots using Angelica
gigas chloroplast based SSR markers. Korean Journal of
Medicinal Crop Science 25(6):361-366 (in Korean).

Peiiailillo, J., G. Olivares, X. Moncada, C. Payacan, C.S. Chang,
K.F. Chung, P.J. Matthews, A. Seelenfreund and D. Seelen-
freund. 2016. Sex distribution of paper mulberry (Brousso-
netia papyrifera) in the Pacific. PloS One 11(8):e0161148.

Peiiailillo, J., W. Kuo, G. Olivares, G. Silva-Poblete, B. Pefia-
Ahumada, S. Muiioz, X. Moncada, K.F. Chung, D. Seelen-
freund and A. Seelenfreund. 2017. Characterization of micro-
satellite markers for Broussonetia papyrifera (Moraceae).
Appl Plant Sci. 5(8):1700044.

Pratiwi, I.R., Syamsuardi and Nurainas. 2021. Genetic relation-
ships of mulberry (Morus L.) using internal transcribed spacer
(ITS) markers. The International Journal of Social Sciences
World 3(2):55-63.

Wolfe, K.H., W.H. Li and P.M. Sharp. 1987. Rates of nucleotide
substitution vary greatly among plant mitochondrial, chloro-
plast, and nuclear DNAs. PNASU. 84(24):9054-9058.

Won, H.S. 2019. Test of the hybrid origin of Broussonetia x
kazinoki (Moraceae) in Korea using molecular markers.
Korean J. Plant Taxon. 49(4):282-293.

Yun, K.W. and M. Kim. 2009. Taxonomic study of Broussonetia
(Moraceae) in Korea. Korean J. Plant Taxon. 39(2):80-85.

(Received 1 November 2022 ; Revised 30 March 2023 ; Accepted 28 April 2023)

-298 -



