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SNP {ir%h - SEELARAIR{T-ARIEE - (REH 3,565 {Emin'E SNP iz » W#EFHISLE SNP 2 A A
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HEi(Brassica oleracea var. capitate){affiimRES @ REERASKHY IR - FRSIEY
8,000 AHITHIEEREZ BGRMAETE » 2021)  WEENHELRE  AFFRHEREEER - 2RE
SN S A e TR E (Bt §5 28 BB S A (A - 2012) © Rultt - EPEESERSEH 5]
AMFEE G > 12 96 fE 5 102 et BR HES T 1 58~ R HEST 258 (3#F > 2013) - I H
FY 111 AR EACE R 58 DIRIRBG E E Fr B 58 H B MR T4 RE SNP 3 TS » LUF
SR AR T 4 (PR R > 2021) » HT4F > Ryifes H B 55 357 (Fusarium yellow 5 Fusarium
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FEHEAUE Frhciin e - B e A KR N - AAMAEIKRERIRIE P ER T » SR E(ERET
EERRSE PR VIR - BaEE R RFLP B AFLP BESEHVEEFH4EE: - 45 & IRHINEEH AR
HG HUER B HAUE ey Rla FEZE T 4R > Baird 55 A (2008) & A4 B — R HIEG U B PR A1 Ui BHA
TEETE Fe(restriction site-associated DNA sequencing, RADseq) » [ PR Il 2 B2 0] % SNP
FESERRE o BETR Y 2012 4 - FNEERR HIESTIAY Two-Enzyme GBS (Poland et al., 2012) 52 ddRADseq
(Peterson et al., 2012) &Y [EIHYHE 3 - BRIFE Rl ARG A EHY rare cutter 4h > SEIIHY
common cutter B Y-#E57 1 - AIHECRIE Fr SR Y 7 B Ry A8 EERBIRE DRy e 71) - (HESE B —2
Eil$5) 5] o Two-Enzyme GBS B ddRADseq Ff | /& S H 45 LAY 7= 54 - ddRADseq B 585 5
BEARUINHYEREE - FEHH RE AV AR 28 » /D SO B PR S E PR e » [ S A E R Y A&
M ERE @ P e s M B AR (e -

HAl +FEREE B EYI A 22 (Brassica rapa){i: ] Pstl £ Mspl [R1#§4H & 7#7T ddRADseq
AEALFUR QTL (Laila et al., 2019) » ffi7+2%(Brassica juncea)HlIfsE f Msel k. Sacl [RiilEgaH & #ETT
ddRADseq ##31 SNP fir Bh1J4C §%(Sudan et al., 2019) » HEERIE ARG MHEA BT - KL > AUH5ERE
FHE s e T B E HES IR HINGAH S - FIF 112 (B s b R 1 BiERES HEE ddRAD sEaEd &k
IIATARAR > BHEE SNP AT ELHAAORVEEE « FMEASSR DA R & 48 > B B S S RE A -

MEHERTTIE

— ~ 1EMRH

ABTFELL 52 {6 Bt s T M E SR E R 2 HEEE S % ~ 39 MW E R -~ 7 (6=
SRR —Ran R R 14 (BT R — RanfR I R} - HUREE 0.05 g ZXHI DNA -
= TEMREAEEEY

fEPR DNA flHUSTE R E ${E AR ZEHU# (Smart LabAssist-32 > Z/E [RIBOR IR0 AIR A
&) o B o BAGUKIAH(TANBead Plant DNA Auto Plate » ZEERAORFIBAZAIRAE] > 2iE) -
PR 2 557 B 2 mL [FEESUE o i A ER K 800 uL Lysis buffer #2% | min> FFEHYZM 5 min -

L1 '8,000 g &0 1 min > % EFFREACTRIL /I ESEZ 96 FLR - A B EH{EIXEEZEHURE - (IIR(E
F-itBEEE(BIO-W4-BBTO)f2 5 » 5€f DNA ZEHY

- EFRXEERE
(— ) DNA E#& : BY 2 uL £ DNA DA ¢Et(Invitrogen Qubit 4, Thermo Fisher Scientific Inc., USA)
& B 2 30 ng/ul  #5FE1% DL Quant-iT™ PicoGreen™ (Thermo Fisher Scientific Inc.,

USA)*RE/E'JT%&:&/%TQ R AR A TR BN » DRI AZEHEE -
(Z)EEEPEHIEST] ¢ B 20 uL DNA [ Pstl ~ Tagl (New Enbland BioLabs, USA) i 37°C 30 min #E
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T ZEGY] - R 2 65°C 30 min 1 FF7FE -

(=Z)iEF3E4 © DL T4 DNA Ligase (New Enbland BioLabs, USA)J® 16°C |7 fEfG X 2L &I »
%I E 65°C 20 min B FJE - AEERIEMEIR 2 23°C » IEAIKEL 0.8x #5152 AMPure XP
(Bechman Coulter Life Sciences, USA) 4fi{EAl[E[7AR 40 uL QH,0 1 -

(M) &G SH S EEL dual index ZH A © DISCAE SR FIRGTT V)AL S HHE T-HY DNA /E R - K
#e4 Nextera XT dual index FE51EL illumina EFFTENFESS | F4H0L PCR By ARIAERE
SZJE > BL 1 U Phusion HF SNA Polymerases (Thermo Fisher Scientific Inc., USA) ~ 200 uM dNTPs
HE(T 2 steps PCR » SZFES:1A 98 °C K2 30 s (210 98 °C 10 s ~ 72 °C 30 s #ET 20 {E{EER « 1
72 °C [ZJE 10 min (5% 4 °C {#{F - PCR #EMEYIE 2L 0.8x AMPure XP 4fifE -

(B EmR & fe 7 B © S8y PCR ZEYJLL Quant-iT™ PicoGreen™ PicoGreen E &%
)84 » AL BluePippin (Sage Science, USA)$f#f 250-600 bp 5 EX[a(Ug » LA 1x AMPure XP
R 8 BCE i SRR Y - T e SR ZE R R e T A B (R RE K SU i AR VIR I (i A TR A F]
E=72) D/ Illumina HiSeq4000 #{T 150 bp &2 7E 7 -

* SNP FRENERE R BYHIZE

EFERL AdapterRemoval (Schubert et al., 2016)EfRFGE Y HER illumina 1€ P45t~ F2
Il - (BT HRE LA Bowtie2 (Langmead & Salzberg, 2012)f 558751 LL ¥ (alignment) £ 25 5]
Ensembl &f}EEH Brassic oleracea £ %K [N4H 75l (release-42) - LL¥F & AYEEF LA samtools
(Danecek et al., 2016) {REYHE B L A7 B HE 717 BR4EIEHA £ BAM £ » FH2L GATK (Genome
Analysis ToolKit) (Danecek et al., 2011)H iz FEER{E R AZ (best practice) LA 2ali fm(joint calling) /7
PRI LR G 828 S A HFE AL R A - A 2 E0 AT BAM #5228 2L GATK #Y HaplotypeCaller {7
W2 8k BTy BRI i 2 Y VCF A5 2245 By dbSNP {E 55 BQSR(base quality score recallibraition)fy
B F(covariate) » ETLEfP B » iR SafEmdy BAM fEZ DGEF B R R
EIEEFE - FIERE BAM FEZE - F#E A S8 B BEPRE) SR R H5E (Variant Calling) o

858 ST BEPREN B R N R HRER AR MK gVCF JRAZ#ET » DL GATK 1Y HaplotypeCaller #5515 1E

L B HE BRI A2 i 4% VCF A2 » SERREIE NI TTRAZ
A~ DFIRFEF R SR

PHESEF(EEREELAY SNP LB - i H B NERY TR S AT - DIHERE 1 -
PR MR ER SIEGTEOH | EsPYHY SNPse 72 ThermoFisher 48152 Custom TagMan Assay Design Tool
it TaqMan S3ffrEd - WEREEEM AT (EEMEERDAIRATE - Z28)5 - TagMan 53 E
¢H > BIRG 25 & il 85 &7 fE (real-time PCR) » [ JEREFE & 10 pl > A& 2.5 pl ddH20 ~ 5 pl TagMan
GTXpress Master Mix(Thermo Fisher Scientific, USA) ~ 0.5 ul TagMan SNP Genotyping Assay
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20X(Thermo Fisher Scientific, USA) ~ 2 ul template DNA - £ o R &% LIRS E S NG fHsE & FE 2
(QuantStudio 3 Real-Time PCR Systems, Thermo Fisher)#E{TEZFE » KKFES DL 60°C 30s #Ef T EE =
ETHRE ~ BEELL 95°C 20s JHLEEHE - 1EERIEEL Ry 95°C 1s J 60°C 20s 3L 40 {H{fEER - H&% 2
60°C 30s #EFTIIELE TR » PYERIEER K S eSS R AT EAE -

AEREE
— ~ ddRAD EF X E&fREETE :

DA A BT 52 (BLEVATIES - Hiiken KA B B> HEE A5 4 - 39 [EHUWE
MR 7 RS — FETER 14 (B — R R UBHE - B 2 RE PR
ARBFFEAE TR PR TR R BB SRS F TR/ « B PR 23 - 3t
(RISFTIES B2 PStl 2 Tagl EAIRAIERALS - 78 SR VIR (LASEUR 4 » 2 Nextera XT Index
Kit 15 514 + SR EREIT S - FREE(TH ERRIEATSE - 4 bioanalyzer 544k JE R /S0 1
S PR/ By 300-600 bp([Bl—) » 75 & ASBRTN 35 - € lllumina HiSeq 4000 AT » 7

SRS 480 EAAERT VISR 44 EEERT  FUARGY IS E S
#( Phred score) % 38.2 > 49 91.6%F51] Q score > 30 i B FIEA BT 0/E -

B — ~ HEEM LA SR LL Bioanalyzer 53T &5 » &LEURIFUEUE » BEE AR
BluePippine &[] 1% 2 & Fr S

Fig. 1. Bioanalyzer analysis results of the simplified genome library for cabbage, depicting the original
library in red and the sequenced libraries after BluePippin size selection and recovery in blue and
green, respectively.
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= FIIER IR SNP HYEH; -

AP FIASERERE TR - (FESH FyHEITILYE - fE R0 235,222,316 &5 4 » H
205,213,007 EFF 0] INELH ESF T LLEETIER R 87.2% » SEEMEIILLE F Y17
73.6-90.7%f - HEAREHAMRE NQO2N) HEERNBEEF > 97.8% » HE R EEEH ddRADseq 1Y
Laila 5 A (2019)AZE & 68.7% > BEURABRHIEGAH S BREDRIE - IWHE T EA RIFIERAE ) - £1]
FIDEEEEIFFIE B 62.3% 75 e R — 2 FAEE - SESEIIENT 54.4-73.7%(8 ) - &
FURHRREN Sy o GEETHRRL 745,196 (EE RS - HA 648,810 {[E SNP {ir B o BIARTEA(2021) 2 H
EE RS B E P45 SR AHEE » FUEH 209.8 MR 5I ch sl 7.5 M (B ELEL - B0 E Fr & 2 S 5L (i B
EIRNARER  E—SH RSP ERER - AR T EEFYI PR 345,855 {EE R
fir8E > EEETZERY 107,296 EsE A8 > B8R ddRADseq FMEEIERFE IR o 5495 2% & P
SN BEAME BRIV BN BEHERIL G o HH 45 R BIRR HINGAH & AR - Fellers (2008) HALL#ER 9
TR ARG S N RS 2 2 PhEEE Pl 724 4 (5 A LIS U IR FIE— DA 1R
HIAINE ~ FORRAEE PSR 8 EREUR Pl [RHIEG T 8 RV B 5 I LL BN A
R EERCE -

Ill||

I - 18 ddRADseq FFFILLEIEER. & LG FFIBOLA -

Fig. 2. ddRADseq alignment results for cabbage, showing the number and classification of sequences for
each sample.
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Fig. 3. Distribution of SNP positions across chromosomes.

= KRB EREEMEEERENM

SNP &35 QUAL ~ QD ~ GR{EA fe AU VEERIEE - WEHIFRATE S0 bp WA HASE R SNP 1%
A 18,356 (EANMER AT RN REE ST - BEREESTEHS > WL & F
B E S A9 - Fy BEAS B 2 B T SR AL R B P s 5 2 P > L SNP BBEE SRR 20.8
-26.4% - AR HWRELEGRAE A EAARE - AEAER » BUEER 1.1-23.7%  HiE
FGE B R ARG S S REK o /Y 1.1-1.2%[ > BURERSERAIRGE RIF(E) - Rl
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Fig. 4. Density plot of genetic heterogeneity in 112 cabbage samples: F; hybrids (F, red), inbred lines (I,
blue), and disease-resistant inbred lines (Y, yellow), where both I and Y encompass multiple
selfing generations.
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Fig. 5. PCA analysis results depicting genetic diversity among the 112 cabbage lines.

* SNP TEHFEE

FyiE—PHEREELL ddRAD JEfplEfe 2 BRARGER - H{ER Perl ZESEL R 0AHES » ¥ VCF
REHETTIRAT » BB R I - 577,617 (B A B - QUAL Kt 1000 HYEHAH 125,800 4H ~ QD K
& 10 FYEHA 542,008 2H - [FIRE 2 22 W E R 1R = B B SRR T 123,3141 4H © 878 is.SNV ¢
singleALTOnly fE8EREEHVETH 497,950 SNPs » [AHF € DL EFRAFHVETA 104,700 2 o (RIAGHER
B F MR AR B A T B Bhitr e SR sk EE 38 AFTE 112 [ S fEM R E R AUE -
HpFZRIMENE 96,759 £ > BYER/INA 25%198 55,962 & > RGN RS 58 77 8752 30
PAEZ 1% » 51 40,363 25 SNPs « Ryl D& Gk i E4H IS RIAR T 888 S B S — MR 2
HIRTRE - HEERAADT A B A HAN S AT SNPs » B —HEE B R EE - DLHESH TS
HER ARG - BTN B R BE  (EPRBE AR TEONI 5 B2 SNPs » £ 44045 7,451 £ SNPs » L) Perl
G EHZ > LL Custom TaqMan Assay Design Tool #7555 1 #&a TRl # Ry 92.2%
HAELS 6,870 ([H T ELHE N - BESLEANERY PIC (Polymorphism Information Content)FE{H @ #Hi£L
FiisE > SNP #iE8 (L > &&GF PIC {H2ZE 0.4 DL _LE REiisEffRit » 1815 3,565 22 SNPs (57 —) °
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BE > RlifEfRpkEE SNP dHE SR Z MR R T » HERRGRI (B By 111 ~ 1-12
I-13 Bd I-TNI-M > {REFRESE 77 HogR 109 {EHEESFEARAY SNP 414 > AG{#EH IGV (Integrative
Genomics Viewer) /T LERE - AA%EEH 8 [ SNP 1 BT B4H (R D) - MLFSERII T E4HE
&L ThermoFisher #RASETRETAL » 775 B RS TaqMan Assay & AEIEE FIREARBIGS R - 10R
it 8 {l SNP A (Efo] (A ATRE HE - FHEE T RLEEE S > PGP o]
SRAIRETTHVERSN SNP o By T HECRERS R AR - MRS E R AR (5 SNP (Ir8: - Wit EHE
{8 FE#fi(Manhattan distance) » 4 722 BAE 7 (i SNP DL_EAUSH 2 40Pk AR - SasEH 24 (H5h A F BbR
SOHARE o GEFHUR 8 AT EAL B RETEE HIEA A - H S FEHHE R A —EL (& S)
Fo— ~ BOE Z BRI T SIS R R E

Table 1. Number of variants on each chromosome under the set filtering conditions

’

Chrl Chr2 Chr3 Chr4d Chr5 Chr6 Chr7 Chr8 Chr9 Total

All Variants 51,844 62,066 92,487 66228 59,859 51,705 68,240 56,229 68,283 577,617
QUAL>1000 11,580 13,027 20,632 14,019 12,616 11,617 14,643 12,351 15259 125,800
QD>10 48396 57,841 87,098 62,231 56,017 48,743 64,573 52,409 64,087 542,008
HighQ 11,352 12,706 20275 13,711 12,342 11,425 14351 12,077 15,028 123,314
isSNP 44,636 53,805 79,108 57,269 51,464 44,591 59224 48184 59,083 497,950
HighQ.SNP 9,597 10,892 17,011 11,714 10,487 9,687 12,249 10214 12,810 104,700
Polymorphism 8,884 10,118 15851 10,888 9,763 8847 10,940 9,520 11,948 96,759
Missing<0.25 5162 5675 9,013 6285 5941 5115 6255 5500 7,016 55,962
GQ.poly 5106 5610 8870 6200 5870 5043 6,151 5439 6,947 55236
GQ.missing 3,845 4,004 6,806 4443 4373 3,665 4503 3,990 4,971 40,600

GQ.missing.poly 3,822 3,986 6,756 4,421 4345 3,641 4,469 3,971 4,952 40,363

in silico frags 689 691 1,256 873 882 705 751 754 850 7,451

Success in
. 642 634 1,156 808 818 649 690 682 791 6,870
assay design

PIC>0.4 283 320 585 460 480 346 347 366 378 3,565




44

EE RN RS Fias s — NI

T~ ABIFERAS% 2 TagMan Assay 5[ 5B EH 751
Table 2. TagMan Assay primer/probe sequences developed in this study

Assay Name'

Primer/Probe

Sequence (5°—3")

2:47705934_A/G

Forward

Reverse

GCCTGGGTGATTTTATCATACTCTTC

CCTTTTCTACTTCAGAACCATAACATACATTACT

5:19077016_T/G

Probe 1 (VIC) CTTTGGAGCTACTGCTC
Probe 2 (FAM) TTGGAGCTGCTGCTC
Forward ATTCTTCTCTCTCTCAAATTTTCAGACCAA

Reverse
Probe 1 (VIC)

CTCAGCTCAAAAATCAAGAACAATGGA
CTTTAATGTACCACTGATATAA

Probe 2 (FAM) AATGTACCCCTGATATAA
Forward CTGCAGTGGGAATGATGCA
Reverse CTTTCTACACTACAGCCCAAGCAA
6:22509740 T/A
- Probe 1 (VIC) AACAACCAGATTTATTCTT
Probe 2 (FAM) ACAACCAGATATATTCTT
Forward CAAGAAAGCATTGGTTCACGTTATCC

4:64210791_G/A

Reverse

GCTAGTGTGGTACATGGATTGCT

7:31829522_T/C

Probe 1 (VIC) CCTTCCACCGGCATAC
Probe 2 (FAM) CCTTCCACCAGCATAC
Forward AAACGGGTAAGCTGAGCATTATCTT

Reverse
Probe 1 (VIC)
Probe 2 (FAM)

GCCAACTAATGTAAACCACCACCAT
CTCACATCCCATGGAAG
CTCACATCCCGTGGAAG

Forward ATCTCCACAACCACATCTTGAAACT

Reverse GCGTGTAGAGAGCTGCTTCTT
8:34814345 G/A

Probe 1 (VIC) TCCAAGAGAAGGATCTAG

Probe 2 (FAM) CCAAGAGAAAGATCTAG

Forward ACCAAAACCTGAATAATGCAGAGGAA

4:48575349_A/G

Reverse

CGCCTCTTGAATCTCGTGAGA

7:46758784_C/A

Probe 1 (VIC) TCCCAGAGAGTCTCG
Probe 2 (FAM) CCAGAGGGTCTCG
Forward CTGCTTTGATCCTATCTGCTCCAA

Reverse
Probe 1 (VIC)
Probe 2 (FAM)

CCCATGTTTTTGATGTTTGGATCCAT
TGTGTTTGGTTTGTGGTTGT
TGTGTTTGGTTTTTGGTTGT

' Assay Name {i¢ " vt fir B S5 SRR/ BEMERN | fEdHs .

' Assay Name follows the format "chromosome:position_reference/alternative allele".
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(75~ ABERH S 2 SNP B4R BRRERRE 2 /A& © (a) 2:47705934_A/G, (b) 5:19077016_T/G, (c)
6:22509740 T/A, (d) 4:64210791_G/A, (e) 7:31829522 T/C, (f) 8:34814345 G/A, (g)
4:48575349 A/G, (h) 7:46758784 C/A -

Fig. 6. Allelic discrimination plots of TagMan SNP genotyping assay developed in this study. (a)
2:47705934 A/G, (b) 5:19077016 _T/G, (c) 6:22509740 T/A, (d) 4:64210791_G/A, (e)
7:31829522 T/C, (f) 8:34814345 GJ/A, (g) 4:48575349 _A/G, (h) 7:46758784 C/A.
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Developing an SNP Assay Set for Brassica
oleracea Using ddRADseq*

Yen-Yu Lin **, Ceng-Hung Hsiao °, Qun-Shan Wang * and Hsin-Yi Chang *
ABSTRACT

This study focuses on Brassica oleracea, a major vegetable in Taiwan, using the ddRADseq
technique, a next-generation sequencing method, for genomic analysis. Through the sequencing and
analysis of 112 breeding materials, a total of 745,196 variant loci were successfully identified, including
648,810 SNP loci. After rigorous filtering, 3,565 high-quality SNP loci were retained. By utilizing the
genotypic values of these SNPs, genetic heterogeneity and diversity data for Brassica oleracea breeding
materials were constructed, providing rich reference information for material management and breeding.
Eight sets of synthetic analysis kits were selected from these SNPs, capable of distinguishing 109
different varieties, and their utility was confirmed in 24 validation materials. The analysis kits
demonstrated high stability and reliability within breeding materials, serving as a powerful tool for
breeding efforts. This study not only established a molecular marker kit to assist Brassica oleracea
breeding but also introduced an economical and rapid ddRADseq experiment and analysis pipeline for
obtaining genotypic values of a large number of samples. This pipeline can serve as a beneficial tool for

molecular-assisted breeding and gene localization in Brassica oleracea.
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