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Abstract
Rapid, economical, and reliable genotyping is an important requirement for germplasm analysis and cultivar identification 
in crop species. Chinese cabbage (Brassica rapa L. subsp. pekinensis (Lour.) Hanelt) originated in China and is now an 
economically important vegetable crop worldwide, especially in East Asia. In this study, we evaluated 1167 single nucleo-
tide polymorphisms (SNPs) among 166 representative Chinese cabbage inbred lines using a KASP genotyping assay. On 
the basis of polymorphisms and principal component analysis, we selected 60 core SNPs distributed on all Brassica rapa 
chromosomes with allele frequencies sufficiently balanced so as to provide adequate information for genetic identification. 
The core set of SNPs was used for construction of a neighbor-joining dendrogram, in which the 166 inbred lines were 
clustered into spring, summer, and autumn ecotype groups. Clustering of the ecotype groups was better resolved than that 
achieved with 1167 and 360 polymorphic SNP datasets. Stability and resolution of the core SNP markers were tested using 
178 commercial hybrid Chinese cabbage cultivars to confirm their utility in genetic identification. The set of 60 informative 
and stable SNP markers showed high discriminatory power and relatively uniform genomic distribution (4–9 markers per 
chromosome). The SNPs represent a cost-efficient and accurate marker set for germplasm analysis and cultivar identification 
and are suitable for molecular marker-assisted breeding in Chinese cabbage.

Keywords Chinese cabbage · Genetic diversity · Molecular markers · Single nucleotide polymorphism (SNP) · KASP 
assays

1 Introduction

Chinese cabbage (Brassica rapa L. subsp. pekinensis) origi-
nated in China and is an important vegetable crop worldwide. 
Two decades ago, Chinese cabbage was grown as an autumn 
crop, but now is grown year-round and has spring, summer, 
and autumn ecotypes (Ke 2010). As a diploid (2n = 20) crop, 
Chinese cabbage is a model plant for genetic studies owing 
to its high recombination rate and rich genetic diversity. In 
terms of breeding, the selection of diverse genetic resources 
with different agronomic characteristics and understanding 
the genetic relationships among these breeding materials are 
crucial for cultivar improvement. However, little is known 
about such genetic materials. It is imperative to understand 
the genetic diversity of Chinese cabbage within available 
breeding lines using genome-wide molecular markers. In 
addition, an accurate, simple, and rapid method is urgently 
needed to test the purity and authenticity of seeds and for 
protection of intellectual property rights.
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Molecular detection and utilization of genetic varia-
tion in crop genomes is one of the most important tasks for 
plant geneticists and breeders to understand the genomic 
architecture and to devise crop improvement strategies. The 
development and widespread adoption of molecular mark-
ers in genetic studies has provided a foundation for link-
ing the phenotype to the genotype (Langridge et al. 2005). 
Molecular markers have been used to characterize the dis-
tinctness of a species by analyzing the genetic diversity and 
constructing a DNA fingerprint, which gave rise to the dis-
tinctness, uniformity, and stability (DUS) testing method. 
In recent decades, several DNA marker technologies have 
been applied to detect genetic diversity in cultivated Chinese 
cabbage (Song et al. 1990; Powell et al. 1996; Das et al. 
1999; He et al. 2003; Soengas et al. 2011), such as random 
amplified polymorphic DNA (RAPD), amplified fragment 
length polymorphism (AFLP), and simple sequence repeats 
(SSRs). However, the different data sets are hardly compa-
rable because of the lack of a common core set of reference 
genotypes and the use of different marker systems.

At present, single nucleotide polymorphisms (SNPs) are 
the markers of choice for genome-wide analyses, owing to 
the high marker density across the genome and high genetic 
stability and because SNPs can be readily adapted to auto-
mated genotyping methods. A number of high-throughput, 
cost-effective SNP genotyping platforms have been devel-
oped, such as the  Illumina®  GoldenGate® (Fan et al. 2003) 
and Infinium platforms (Steemers and Gunderson 2007), 
 TaqMan® technology (Livak et al. 1995), and the KASP™ 
platform (KBiosciences; https ://www.lgcgr oup.com/produ 
cts/kasp-genot yping -chemi stry/#.W2MSy ygzbI U). Many 
of these platforms have been used for important crop spe-
cies such as barley, wheat, maize, soybean, cowpea, and 
pea (Allen et al. 2011; Cortés et al. 2011; Hiremath et al. 
2012). KASP is a user-friendly system that provides flex-
ibility in the numbers of SNPs and genotypes to be used 
for assays. Given the importance of KASP assays in geno-
typing variable numbers of samples with variable numbers 
of SNPs, assays have been developed for wheat, common 
bean, chickpea, and cotton (Allen et al. 2011; Cortés et al. 
2011; Hiremath et al. 2012; Kuang et al. 2016). The gen-
eration of a high-throughput SNP genotype identification 
platform will play a crucial role in genetic diversity analysis, 
fingerprint construction, and assessment of cultivar purity 
and authenticity.

The objective of this study was to validate and obtain an 
appropriate set of core SNP markers suitable for identifica-
tion of Chinese cabbage germplasm and cultivars. Using 
166 representative Chinese cabbage lines, we identified a 
set of 60 core SNPs from 1167 SNP markers, which are 
rich in polymorphisms and evenly distributed throughout the 
B. rapa genome. Marker stability and resolution was tested 
using 178 commercial hybrid cultivars to demonstrate the 

utility of the markers for genetic identification. The core 
SNPs effectively represented the genetic diversity in the 
Chinese cabbage germplasm collections and can be used 
efficiently and reliably in DUS testing, DNA fingerprinting, 
cultivar identification, and analysis of genetic diversity in 
Chinese cabbage.

2  Materials and methods

2.1  Plant materials

A total of 166 Chinese cabbage inbred lines, which were col-
lected from different areas in China, were used for core SNP 
screening in this study and consisted of 32 spring Chinese 
cabbages, 36 summer Chinese cabbages, and 98 autumn 
Chinese cabbages (Supplementary Table 1). In addition, 178 
Chinese cabbage hybrid cultivars (Supplementary Table 2) 
obtained from 68 breeding companies or institutes were used 
for genetic identification.

2.2  DNA extraction

Total DNA was extracted from two to three young leaves 
following a standard DNA isolation protocol (Li et al. 2015). 
The DNA quality and concentration were measured with a 
NanoDrop 2000 UV spectrophotometer (Thermo Scientific, 
Waltham, MA, USA), and working solutions were prepared 
at a concentration of 10 ng/μL.

2.3  SNP selection

A total of 1167 SNPs were identified using 231 resequenced 
B. rapa genotypes (Su et al. 2018). These SNPs were then 
used to select a core set from the 166 inbred lines of Chinese 
cabbage. The identification of SNPs was performed using 
GATK software (McKenna et al. 2010) using Chiifu-401-42 
(v1.5) as the reference genome (Wang et al. 2011).

High-quality SNP candidates were selected for KASP 
assays and were comprehensively screened in the 166 inbred 
lines. The following strict criteria were used for selection of 
high-quality SNPs for KASP assays: (1) minor allele fre-
quency (MAF) value among the 166 genotypes ≥ 0.1; (2) 
read depth ≥ 20; (3) potential SNP candidates evenly distrib-
uted throughout the genome; (4) only one marker selected 
for markers that showed the same genotypes across the 166 
inbred lines; and (5) polymorphic markers useful for geno-
typing in both inbred lines and hybrids.

2.4  KASP genotyping

For each SNP, two allele-specific forward primers and one 
common reverse primer were designed by LGC (Laboratory 

https://www.lgcgroup.com/products/kasp-genotyping-chemistry/#.W2MSyygzbIU
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of the Government Chemist). Using these primers, KASP 
assays were performed in final reaction volumes of 1 μL in 
1536-plates (no. KBS-0751-001, KBioscience), containing 
1 × KASP reaction mix (KBS-1016-011, KBioscience), 12 nM 
each allele-specific forward primer, 30 nM reverse primer, and 
4 ng genomic DNA. The GenePro™ Thermal Cycler (Hydro-
cycler) was used for amplification with the following cycling 
conditions: 15 min at 94 °C; 10 touchdown cycles of 20 s at 
94 °C and 60 s at 65–57 °C (the annealing temperature for each 
cycle was reduced by 0.8 °C per cycle); and 26–42 cycles of 
20 s at 94 °C and 60 s at 57 °C. Fluorescence detection of the 
reactions was performed using an Omega Fluorostar scanner 
(BMG PHERAstar), and the data were analyzed using Klus-
terCaller 1.1 software (Kbiosciences).

Following completion of the KASP PCR, reaction plates 
were read and the data analyzed using SNPviewer (Kbio-
sciences). Detected signals were plotted, with samples of the 
same genotype clustering together. Detailed instructions can 
be downloaded at www.kbios cienc e.co.uk. The clusters were 
defined from the graphs according to the following criteria: (1) 
clear boundaries between different genotypes and (2) the mini-
mized missing data rate. Specific primers for KASP assays 
are usually 18–35 bp, with high specificity and SNP call rate.

2.5  Marker polymorphism and diversity analysis

To identify high-quality, core SNP markers, principal compo-
nent analysis (PCA) was performed using Tassel 4.0 (Brad-
bury et al. 2007). The polymorphic information content (PIC) 
and gene diversity values for the SNP markers in this study 
were calculated using PowerMarker software (https ://brcwe 
bport al.cos.ncsu.edu/power marke r/). To assess genetic diver-
sity within different subspecies or variant clusters, we used 
Genalex 6.3 (Peakall and Smouse 2006) to estimate MAF, 
observed heterozygosity (ObsHET), and fixation index (FST) 
values.

A matrix was constructed using Nei’s genetic distances 
and a neighbor-joining (NJ) tree was created with MEGA 
5 software (Tamura et al. 2011). Population and subpopula-
tion genetic structure were further analyzed by conducting an 
analysis of molecular variance (AMOVA) using Arlequin 3.5 
software (Excoffier et al. 1992; Peakall and Smouse 2006). 
The graphical genotyping software GGT 2.0 was used to rep-
resent graphically the genotyping data for all 178 hybrids using 
60 SNPs.

3  Results

3.1  Development of KASP assay markers 
from selected SNPs

As shown in Fig. 1, SNPs were automatically called for 
AA, AB, and BB genotypes. If a rare AB genotype was 
identified or some data points were shifted to one side, 
the automatic SNP calling frequently produced errors; 
therefore, such SNP loci were of insufficient quality to 
be used as a KASP marker (Fig. 1a, b). For the remain-
ing SNP loci, KASP genotyping discriminated the two 
homozygous alleles and heterozygous alleles in the inbred 
lines (Fig. 1c, d). In total, 597 KASP markers were readily 
amplified and clearly distinguished the 166 Chinese cab-
bage genotypes.

3.2  Identification of candidate core SNPs

We screened the 597 KASP markers on the basis of the 
MAF, heterozygosity, and PIC values as well as physical 
position. There were 227 SNPs with MAF < 0.1, of which 
14 SNPs were monomorphic. Ten SNPs showed heterozy-
gosity ≥ 0.25. To identify markers representing the core SNP 
set, we performed PCA of 360 polymorphic SNPs using 
TASSEL 4.0 software based on the 166 genotypes. On the 
basis of the eigenvalues (Supplementary Table 3), 60 princi-
pal components were selected when a cumulative contribu-
tion rate of 80% was taken into account (Fig. 2). We identi-
fied 60 SNPs with the maximum eigenvector values, which 
were considered to be the most representative markers. The 
genomic distribution of the 60 candidate SNPs was screened 
for development of KASP assays. The SNPs were distributed 
on the 10 chromosomes of the genome with numbers of loci 
per individual chromosome of 5, 9, 8, 4, 7, 5, 6, 4, 8, and 4, 
respectively. The physical distribution of the 60 loci on the 
10 chromosomes was determined from their mapped posi-
tions on the Chiifu-401-42 genome sequence (Fig. 3). The 
majority of the SNP loci were distributed evenly throughout 
the genome. The 60 SNP loci, which satisfied the five cri-
teria described in Materials and Methods, were selected as 
core SNP markers for further analysis (Table 1).

3.3  Evaluation of polymorphism for the core SNP 
markers in inbred lines

Data from the 166 Chinese cabbage inbred lines were used 
to calculate the PIC, MAF, heterozygosity, and gene diver-
sity values for each core SNP marker. The PIC for the 
60 markers across all 166 accessions ranged from 0.21 to 
0.37 with an average of 0.35. The PIC percentage value 

http://www.kbioscience.co.uk
https://brcwebportal.cos.ncsu.edu/powermarker/
https://brcwebportal.cos.ncsu.edu/powermarker/
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between 0.3 and 0.4 was 86.7% (Table 2), which suggested 
that the markers were strongly polymorphic.

The MAF of the 166 inbred lines ranged from 0.14 to 
0.50 with an average of 0.37. The ObsHET of the 166 
inbred lines ranged from 0.01 to 0.22 with an average of 
0.04. Given that the 166 lines included in this study had 
been selfed for many generations and all were predicted to 
be largely homozygous, low ObsHET values among these 
lines were expected. Indeed, only two lines (A06_2523098 
and A09_28158636) showed ObsHET values > 0.1. The 
genetic diversity within the germplasm collection ranged 
from 0.24 to 0.5 with an average of 0.45 (Table 2).

3.4  Cluster analyses of genetic distance and genetic 
diversity among inbred lines

In general, Chinese cabbage accessions can be grouped into 
spring, summer, and autumn ecotypes based on the growing 
season (Su et al. 2018). In addition, a number of heading 
types are distinguished, such as flat heading, oval heading, 
and straight heading types. We compared three datasets to 
evaluate the core SNP markers in this study. First, the data-
set of 1167 SNPs was used to analyze the genetic distance 
and diversity among the 166 Chinese cabbage inbred lines 
(Supplementary Fig. 1). In the unrooted NJ tree, the inbred 

Fig. 1  Development of SNP markers from Chinese cabbage inbred 
lines for KASP genotyping. SNPs were automatically called for AA, 
AB, and BB genotypes. Red dots are homozygous for one allele, blue 

dots are homozygous for a second allele, and green dots are the het-
erozygous allele. a, b KASP markers that were not well amplified; c, 
d KASP markers that were well amplified. (Color figure online)
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lines were predominantly grouped into spring, summer, 
and autumn ecotypes at a low genetic distance. However, 
some mixture of spring, summer, and autumn ecotypes was 
apparent. Second, the dataset comprising 360 polymorphic 
SNPs was used to analyze the genetic distance and diver-
sity among the Chinese cabbage accessions (Supplementary 
Fig. 2). Clustering of the Chinese cabbage inbred lines into 
distinct clusters of spring, summer, and autumn ecotypes 
was improved compared with that achieved with the 1167 
SNP dataset. However, several different ecotypes were still 
mixed together.

Finally, the genetic diversity among the Chinese cabbage 
inbred lines was analyzed using the core SNP marker dataset. 
In the unrooted NJ tree constructed from pairwise genetic dis-
tances, the 166 genotypes were clustered into three groups at 

a low genetic distance (Fig. 4). The three groups corresponded 
to the spring, summer, and autumn ecotypes. Thus, the cluster-
ing of Chinese cabbage accessions using the core SNP dataset 
was far superior to that achieved with the 1167 SNP and 360 
SNP datasets. Similarly, the clustering of Chinese cabbage 
accessions was better than that realized using the 568 B. rapa 
SNPs (Su et al. 2018). Thus, our results indicated that the 60 
core SNPs could effectively represent the genetic diversity 
among the Chinese cabbage inbred lines.

3.5  Evaluation of the efficiency of the core set 
of SNPs in hybrid cultivars

KASP genotyping showed that 178 hybrid cultivars of Chi-
nese cabbage harbored two different homozygous alleles and 

Fig. 2  Principal component 
analysis of 360 SNP markers. 
Blue dots indicate the propor-
tion of variance accounted for 
by individual principal compo-
nents, and orange dots indicate 
the cumulative percentage of 
contribution of principal com-
ponents to the total variance

Fig. 3  Distribution of the 60 core SNP loci on the 10 chromosomes of the Chinese cabbage genome
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Table 1  KASP primer sequence information for the 60 core SNP markers

Marker code Chr. Position (bp) SNP Primer ID SNP alleles (center) and flanking sequence

A01_1059908 A01 1059908 T/C A01_1059908_FF GTT TTT GTT CTT TGC AGA TTC CTC CAA 
A01_1059908_FV TTT GTT CTT TGC AGA TTC CTC CAG 
A01_1059908_R GTT TAT GGA CTT GCC TTG ATC ATC ATA CAA 

A01_1248141 A01 1248141 T/C A01_1248141_FF AAC ACA TCC TCG TCC TGA CAT ATG AT
A01_1248141_FV AAC ACA TCC TCG TCC TGA CAT ATG AC
A01_1248141_R CAT CAA CAT AGT AAA ATG TAT AAT GAT AAT GCG 

A01_11343476 A01 11343476 G/A A01_11343476_FF ACT GGT GCC TTA GCC AGG GAA 
A01_11343476_FV CTG GTG CCT TAG CCA GGG AG
A01_11343476_R CTG GTG CCT TAG CCA GGG AG

A01_22523311 A01 22523311 C/T A01_22523311_FF CGT GAT TCT AGC ACT CCA TCCG 
A01_22523311_FV AAT CGT GAT TCT AGC ACT CCA TCC A
A01_22523311_R TGG CAC TTA GCC ACT GAC TAC CAT 

A01_24361302 A01 24361302 T/C A01_24361302_FF GGG TTT TGA GTG CAG GGG ACTAT 
A01_24361302_FV GGG TTT TGA GTG CAG GGG ACTAC 
A01_24361302_R GGC ACC GCA TAT TAT AGT CAC ATC G

A02_157034 A02 157034 G/A A02_157034_FF AAG TCG AGT TCG GGA GCT GATG 
A02_157034_FV GAA GTC GAG TTC GGG AGC TGATA 
A02_157034_R GAA GTC GAG TTC GGG AGC TGATA 

A02_2579520 A02 2579520 A/C A02_2579520_FF AGC TTC TTC TAC TTT CCA CTC CTT A
A02_2579520_FV GCT TCT TCT ACT TTC CAC TCC TTC 
A02_2579520_R GAA GGG TCG AAG AAA GGT TAA GGC TT

A02_7721820 A02 7721820 A/G A02_7721820_FF CGC TCA ATT TAA AGT GAA TGA AGA CTAA 
A02_7721820_FV GCT CAA TTT AAA GTG AAT GAA GAC TAG 
A02_7721820_R TCG AAT TCA TAA CAG AAC GAG AGA GAAAC 

A02_10159686 A02 10159686 C/G A02_10159686_FF ACT GGC CAA ATT ACT GAG GTC TTA C
A02_10159686_FV ACT GGC CAA ATT ACT GAG GTC TTA G
A02_10159686_R ACT GGC CAA ATT ACT GAG GTC TTA G

A02_11181828 A02 11181828 T/A A02_11181828_FF GCG AAT GTT GAC ATT TAC GGA TGC T
A02_11181828_FV GCG AAT GTT GAC ATT TAC GGA TGC A
A02_11181828_R GGC CAC AAG TGA CTC GTC TTC TAT 

A02_12026181 A02 12026181 C/A A02_12026181_FF CTA TTT CTG CAC CAC AGG TAA ATG TC
A02_12026181_FV AAC TAT TTC TGC ACC ACA GGT AAA TGTA 
A02_12026181_R AAC TAT TTC TGC ACC ACA GGT AAA TGTA 

A02_16465013 A02 16465013 G/C A02_16465013_FF CCT GAA TAC ATA TAT GAA ATG GTT GCA GTG 
A02_16465013_FV CCT GAA TAC ATA TAT GAA ATG GTT GCA GTC 
A02_16465013_R CTA CAA TTA CTC CCT CAT ATC TTG GCAGT 

A02_18425637 A02 18425637 G/C A02_18425637_FF GGT ATA CGA CTC TGT TCA CTA GCG GAG 
A02_18425637_FV GGT ATA CGA CTC TGT TCA CTA GCG GAC 
A02_18425637_R AAA ACA TGT GGT AGA GTG TTT GGA TTACC 

A02_19966721 A02 19966721 T/A A02_19966721_FF GGT TCA ACA AAG TTG CAT CTC CAC T
A02_19966721_FV GGT TCA ACA AAG TTG CAT CTC CAC A
A02_19966721_R GGT ATG CCA CTG TTT GTC ATT TCC TC

A03_128271 A03 128271 C/A A03_128271_FF CAT CAC GAG ATC GTA AGG AGCG 
A03_128271_FV GCA TCA CGA GAT CGT AAG GAGCT 
A03_128271_R GGT CTT CAC TTT CGC CAA GAA GCT T

A03_3151130 A03 3151130 G/A A03_3151130_FF TCT TGC CTT ATG TGT CTA AAC GAA TCG 
A03_3151130_FV TCT TGC CTT ATG TGT CTA AAC GAA TCA 
A03_3151130_R AAT CTT AGG AGC GGA TCA TAT GAG TAT AGT AC
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Table 1  (continued)

Marker code Chr. Position (bp) SNP Primer ID SNP alleles (center) and flanking sequence

A03_15431305 A03 15431305 G/C A03_15431305_FF GCT ATA CTT GAC TCC TTG TTT ACC GTTG 
A03_15431305_FV GCT ATA CTT GAC TCC TTG TTT ACC GTTC 
A03_15431305_R TGA GAA GTA TCT CTC AGA GGT TAC AAT GAT CT

A03_19754414 A03 19754414 T/C A03_19754414_FF AGC TTC TTC CAC TCT CCC TGAG 
A03_19754414_FV GAG CTT CTT CCA CTC TCC CTGAA 
A03_19754414_R GAG AAG CAC TAC GTT TGT TTG ATT GAT CTT 

A03_24127049 A03 24127049 T/A A03_24127049_FF CAT TAC TTA TGT TCC GCA GCT CTC TACT 
A03_24127049_FV CAT TAC TTA TGT TCC GCA GCT CTC TACA 
A03_24127049_R GAC GTT TCC GGT TAG AGC AGA AAC T

A03_27471408 A03 27471408 T/G A03_27471408_FF GGC TAT CGT TGC TAC GAA TGT AAA ATC 
A03_27471408_FV GGC TAT CGT TGC TAC GAA TGT AAA ATA 
A03_27471408_R TGA TCT CTA AAG ATG ACT CTG CAC ATT TCT 

A03_28161015 A03 28161015 G/C A03_28161015_FF CTG CAG TGA ATT CCA GCA GTC CTG 
A03_28161015_FV CTG CAG TGA ATT CCA GCA GTC CTC 
A03_28161015_R GAG AAG CGT TGT TAA TAG CTT AAG GCAT 

A03_30080620 A03 30080620 T/C A03_30080620_FF CTA TTG TTG AAG ATT TAG TTG TCA TCT CTG AT
A03_30080620_FV CTA TTG TTG AAG ATT TAG TTG TCA TCT CTG AC
A03_30080620_R TCA TAC CAT TTC TAA AAC ATC GTT TCTGG 

A04_3232728 A04 3232728 G/C A04_3232728_FF CAT ATC ATA TGC AAC TTT TAG AGT AAA AAT GTG 
A04_3232728_FV CAT ATC ATA TGC AAC TTT TAG AGT AAA AAT GTC 
A04_3232728_R CGT TTA TAC AGT CGG ATA AAA GAT CAC TTG 

A04_9890388 A04 9890388 T/C A04_9890388_FF AAT TCA ATA CTC GCT GTT AAA CTT TCC AAT 
A04_9890388_FV TTC AAT ACT CGC TGT TAA ACT TTC CAAC 
A04_9890388_R CCA TTG TTA CTA AAC CAA CAA GCA AAC GTT 

A04_14743112 A04 14743112 G/A A04_14743112_FF AAA CCC AGC TAG AGT AGT CCCG 
A04_14743112_FV TAA ACC CAG CTA GAG TAG TCCCA 
A04_14743112_R GCT GTC TTC AAG TAA CTT TAT GTA TTT CTC TT

A04_16349755 A04 16349755 C/T A04_16349755_FF CTT TTG AGT TGT GGC ATT CTT GCG 
A04_16349755_FV GCT TTT GAG TTG TGG CAT TCT TGC A
A04_16349755_R ACA TTT TGC GTA CCA GAA AAC GCC TG

A05_487286 A05 487586 A/T A05_487286_FF ATG GTC ATG AAG CAG TTA CAT CAT CAA 
A05_487286_FV ATG GTC ATG AAG CAG TTA CAT CAT CAT 
A05_487286_R GTA GTA CTG CAT CAA TCC TCT ATC TAGAT 

A05_1283052 A05 1283352 C/T A05_1283052_FF CGT TTT CAG CTG GAT GGT TAGAC 
A05_1283052_FV CCG TTT TCA GCT GGA TGG TTA GAT 
A05_1283052_R GAT GAA AGA GAC GTT CTA AGG ATT GTGAA 

A05_5717250 A05 5717250 A/G A05_5717250_FF CTT CTT GGA CTA TCT TCC GGTCA 
A05_5717250_FV CTT CTT GGA CTA TCT TCC GGTCG 
A05_5717250_R TAC CAT ACA TCA CCA CGT ACT GAG ATAT 

A05_6133524 A05 6133524 T/C A05_6133524_FF GCC ATT ATG AGG CTG AGG ATT AGA 
A05_6133524_FV CCA TTA TGA GGC TGA GGA TTAGG 
A05_6133524_R GTA GAT TTG GAG TTG CCT GCA AAT TCC 

A05_7815093 A05 7815093 G/A A05_7815093_FF CCT TGG ATC CGT CAC CGG TTTA 
A05_7815093_FV CTT GGA TCC GTC ACC GGT TTG 
A05_7815093_R CCA AAC TGA TGA ATC AAG AAA GGC GAAAA 

A05_14960042 A05 14960042 G/C A05_14960042_FF ATA TCG ACA ATA AAT CTG CAA CAG CAG 
A05_14960042_FV ATA TCG ACA ATA AAT CTG CAA CAG CAC 
A05_14960042_R GCT TCG TCC ATG GAA CAC ATG ATT C
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Table 1  (continued)

Marker code Chr. Position (bp) SNP Primer ID SNP alleles (center) and flanking sequence

A05_24583581 A05 24583581 T/C A05_24583581_FF CTT TCT CAT TTA TCA ACT TCG CCG C
A05_24583581_FV CCT TTC TCA TTT ATC AAC TTC GCC GT
A05_24583581_R GTT TTT TAG GGT TTT GGA AAT GTT GGT TCT T

A06_2523098 A06 2523098 A/C A06_2523098_FF GCT GGT ACC TGT GGT TGG CAA 
A06_2523098_FV CTG GTA CCT GTG GTT GGC AC
A06_2523098_R CGA CGG TTG AGC TGA TTT GTC TTC AA

A06_9159584 A06 9159584 G/A A06_9159584_FF ATA GAG GTG GGA GAT AAG TTT CAT AAG 
A06_9159584_FV GAT AGA GGT GGG AGA TAA GTT TCA TAAA 
A06_9159584_R TCG GAT GAG ATG TAT CGC CTA CGT A

A06_20048440 A06 20048140 G/A A06_20048440_FF CCT GTC ATG GTG GAC CTG CG
A06_20048440_FV ACC TGT CAT GGT GGA CCT GCA 
A06_20048440_R GGA AGC CAG AAA CTC CAT TCT CGA T

A06_21632076 A06 21632076 G/A A06_21632076_FF TTG GTC TCA CTA AAG CTT GGT CTC AT
A06_21632076_FV TTG GTC TCA CTA AAG CTT GGT CTC AC
A06_21632076_R AGA CGA CTA GTG AGG GAG GAG CAG T

A06_22964640 A06 22964640 G/A A06_22964640_FF TGT TCG TTT TGT CTT GGG ACTGG 
A06_22964640_FV TTT GTT CGT TTT GTC TTG GGA CTG A
A06_22964640_R TTT CTG CTG TGA TCT GAG CAT TAG CC

A07_246275 A07 246275 G/C A07_246275_FF ACT CAG TTA TTA GAA AGA TGG AAA TGA TAC 
A07_246275_FV ACT CAG TTA TTA GAA AGA TGG AAA TGA TAG 
A07_246275_R GGA GAG TCT TGC TCT CCT GTA ACT T

A07_1901764 A07 1901764 A/G A07_1901764_FF ATT ACT AAA AGC AAC GAT GAG TCA ACG 
A07_1901764_FV CAT TAC TAA AAG CAA CGA TGA GTC AACA 
A07_1901764_R CCT CTT CCT CTT TTT TCT TCT GAG TCATA 

A07_6101124 A07 6101124 T/A A07_6101124_FF TGA GAG TTG ACT CTC TTG ATG CTA CAACA 
A07_6101124_FV TGA GAG TTG ACT CTC TTG ATG CTA CAACT 
A07_6101124_R TAT AAG ACG TTG GTG CTT CTG GCT AA

A07_12437728 A07 12437728 A/T A07_12437728_FF CTT CGC CCC GAT ATT CCC AGAA 
A07_12437728_FV CTT CGC CCC GAT ATT CCC AGAT 
A07_12437728_R ATA ATA GTA GCA CAC ATG GGT CTC ACTA 

A07_23521839 A07 23521839 T/G A07_23521839_FF CGG TGA AAA CCA GCT CAT TTC TGT T
A07_23521839_FV GGT GAA AAC CAG CTC ATT TCT GTG 
A07_23521839_R GCA GGA GTC AAG TGT TCC TGA CAT T

A07_24459847 A07 24460147 G/C A07_24459847_FF AAG GAA TGG CTG AGG AGT CGG 
A07_24459847_FV AAG GAA TGG CTG AGG AGT CGC 
A07_24459847_R TTT CTG CAG TTT TGG TCA CGA ATG TAGAA 

A08_2374634 A08 2374634 G/A A08_2374634_FF ATT TTT GGT TCA GCA GAT GAT CCT TA
A08_2374634_FV ATT TTT GGT TCA GCA GAT GAT CCT TG
A08_2374634_R AAC ACA TTT AGC TTC TTC CTC TTC TCT CAG 

A08_3289888 A08 3289888 T/G A08_3289888_FF TCA TTG AAC CAA CAA TCA ATA AGG AAG 
A08_3289888_FV TCA TTG AAC CAA CAA TCA ATA AGG AAT 
A08_3289888_R CAT TGA CAT CAA AAC TTA TTT TGA CCAA 

A08_12855208 A08 12855208 C/A A08_12855208_FF CGC TTC GAC ACT GAC TTT TGA AAT A
A08_12855208_FV CGC TTC GAC ACT GAC TTT TGA AAT C
A08_12855208_R TGT TGC TGA GTA TTG GAA CAA GGG A

A08_15287418 A08 15287418 G/C A08_15287418_FF GAG ATG CTT CTT CTT GAA CTC AGA C
A08_15287418_FV GAG ATG CTT CTT CTT GAA CTC AGA G
A08_15287418_R CGG CGT TAC GCA GTT CTC CGAT 
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a heterozygous allele (Fig. 5). Polymorphisms of the core 
SNP markers among the 178 Chinese cabbage hybrids were 
analyzed. The PIC values ranged from 0.12 to 0.37 with an 
average value of 0.33. The MAF of the 178 hybrid culti-
vars ranged from 0.07 to 0.49 with an average of 0.35. The 
ObsHET of the hybrid cultivars ranged from 0.02 to 0.97 
with an average of 0.36 (Supplementary Table 4). Given that 
the cultivars were all seed-raised hybrids, it was expected 
that the heterozygosity values would be considerably higher 
than those among the 166 inbred lines.

A matrix of genetic distances derived from the core 
SNP dataset for the 178 hybrid cultivars was used to 

construct an unrooted NJ tree with PowerMarker (Liu 
and Muse 2005). The hybrid cultivars were clustered into 
three groups corresponding to spring, summer, and autumn 
ecotypes (Fig. 6), which was consistent with the cluster-
ing of the 166 inbred lines using the core SNP markers. 
The NJ tree indicated that the core set of SNP markers 
was capable of differentiating the 178 hybrid genotypes 
into genetically coherent groups. In addition, DNA finger-
printing based on the SNP genotyping data for individual 
cultivars is feasible (Supplementary Fig. 3).

Table 1  (continued)

Marker code Chr. Position (bp) SNP Primer ID SNP alleles (center) and flanking sequence

A09_1379762 A09 1379762 G/A A09_1379762_FF ATA TAT CTG ACG ATG AGG TCC CTT TCA 
A09_1379762_FV ATA TAT CTG ACG ATG AGG TCC CTT TCG 
A09_1379762_R GTC ACT TTC GAA GAC ACC GTA AGA ATTA 

A09_3019969 A09 3019969 G/T A09_3019969_FF TCC GTT GGT TAT TTC AAG AGGCC 
A09_3019969_FV GTT CCG TTG GTT ATT TCA AGA GGC A
A09_3019969_R GCT AGG CGA AAG AGG ATT GTA AGG AA

A09_7214846 A09 7214846 C/T A09_7214846_FF AGT GTG CCT AGC ATC ATC CTGG 
A09_7214846_FV AAA AGT GTG CCT AGC ATC ATC CTG A
A09_7214846_R GCT GGT TTG ATT GCT CTG AGT TCC ATA 

A09_16265381 A09 16265081 A/C A09_16265381_FF TCG GTT TGC AAC CAG CGT 
A09_16265381_FV TCG GTT TGC AAC CAG CGG 
A09_16265381_R GGT TGA ATC TGC TAT GAG TGT TTT CG

A09_24863709 A09 24863709 G/A A09_24863709_FF TGT AGA TAT GAA GAT CCA AAC AGT GCA 
A09_24863709_FV GTA GAT ATG AAG ATC CAA ACA GTG CG
A09_24863709_R AGC GTC ACC AAG AAG CAT TGA AAA TGAA 

A09_28158636 A09 28158636 T/A A09_28158636_FF GGT AAT GAG GAA GAT ATG CAT ATG CA
A09_28158636_FV GGT AAT GAG GAA GAT ATG CAT ATG CT
A09_28158636_R CTT CTC GAC GGT AAA ATA TTA ACT TTA TGA TG

A09_30222714 A09 30222714 C/T A09_30222714_FF TGA GAC AGA GAT ACA ATT CAG ACT G
A09_30222714_FV AAT GAG ACA GAG ATA CAA TTC AGA CTA 
A09_30222714_R GGA ACA AGA ACC TTT GCC AGA GCT T

A09_37047265 A09 37047265 T/G A09_37047265_FF GAG CTT CGA GCA GTA GTG AAT CGA 
A09_37047265_FV GAG CTT CGA GCA GTA GTG AAT CGC 
A09_37047265_R CTA CCA AAT CTC GGA TTG CTC TCG 

A10_5601251 A10 5601251 G/C A10_5601251_FF CTG AAT GCA TTG TTT TAC TTG TTC TCTAG 
A10_5601251_FV CTG AAT GCA TTG TTT TAC TTG TTC TCTAC 
A10_5601251_R AGA TGC TCA GGT AAT AAG GTG AAC TAT AAA GA

A10_6294669 A10 6294669 T/G A10_6294669_FF TGC ACG AAC AGG AAC CCA CAT 
A10_6294669_FV TGC ACG AAC AGG AAC CCA CAG 
A10_6294669_R CTC AGA ATG GGC AAG CAA TGTCA 

A10_6477381 A10 6477381 C/A A10_6477381_FF GAA AGA TGT CAG AAG CAG ATG GTA TTGA 
A10_6477381_FV GAA AGA TGT CAG AAG CAG ATG GTA TTGC 
A10_6477381_R GCC ATA TTT GAA TGT TCT CCA ACT CTA TAA G

A10_13676244 A10 13676244 A/G A10_13676244_FF CGA GCT AAC AGT TGG TTT CAG ATA ATTA 
A10_13676244_FV GAG CTA ACA GTT GGT TTC AGA TAA TTG 
A10_13676244_R GAT GGA TCT GGT CAG AAA ACA GTT GAG 
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Table 2  Polymorphic 
information content (PIC), 
minor allele frequency 
(MAF), genetic diversity, and 
heterozygosity calculated for 
the 60 core SNP markers tested 
in 166 Chinese cabbage inbred 
lines

Marker Genotype no. Allele no. Availability Gene diversity Heterozygosity PIC MAF

A01_1059908 3 2 0.98 0.50 0.01 0.37 0.48
A01_1248141 3 2 0.97 0.50 0.06 0.37 0.49
A01_11343476 3 2 0.98 0.49 0.09 0.37 0.44
A01_22523311 3 2 0.99 0.49 0.04 0.37 0.42
A01_24361302 3 2 0.99 0.48 0.02 0.37 0.41
A02_157034 3 2 1.00 0.26 0.04 0.22 0.15
A02_2579520 3 2 0.74 0.42 0.02 0.33 0.30
A02_7721820 3 2 0.97 0.34 0.01 0.28 0.22
A02_10159686 3 2 1.00 0.47 0.01 0.36 0.38
A02_11181828 3 2 0.98 0.49 0.06 0.37 0.43
A02_12026181 3 2 1.00 0.31 0.04 0.26 0.19
A02_16465013 3 2 0.95 0.50 0.04 0.37 0.47
A02_18425637 3 2 0.98 0.48 0.03 0.37 0.40
A02_19966721 3 2 0.99 0.45 0.03 0.35 0.34
A03_128271 3 2 0.97 0.47 0.05 0.36 0.39
A03_3151130 3 2 0.99 0.50 0.04 0.37 0.49
A03_15431305 3 2 0.99 0.48 0.04 0.37 0.41
A03_19754414 3 2 0.99 0.50 0.06 0.37 0.46
A03_24127049 3 2 1.00 0.47 0.06 0.36 0.37
A03_27471408 3 2 1.00 0.46 0.02 0.36 0.37
A03_28161015 3 2 0.99 0.50 0.02 0.37 0.49
A03_30080620 3 2 0.99 0.48 0.04 0.37 0.41
A04_3232728 3 2 0.98 0.46 0.01 0.35 0.36
A04_9890388 3 2 0.95 0.49 0.03 0.37 0.43
A04_14743112 3 2 0.98 0.49 0.02 0.37 0.43
A04_16349755 3 2 0.98 0.39 0.01 0.31 0.27
A05_487286 3 2 0.99 0.37 0.04 0.30 0.25
A05_1283052 3 2 0.99 0.45 0.05 0.35 0.34
A05_5717250 3 2 0.99 0.38 0.04 0.31 0.25
A05_6133524 3 2 0.98 0.42 0.05 0.33 0.30
A05_7815093 3 2 0.99 0.46 0.05 0.35 0.35
A05_14960042 3 2 0.95 0.46 0.08 0.35 0.36
A05_24583581 3 2 0.96 0.49 0.04 0.37 0.44
A06_2523098 3 2 0.55 0.46 0.22 0.35 0.35
A06_9159584 3 2 0.98 0.50 0.01 0.37 0.48
A06_20048440 3 2 0.98 0.49 0.04 0.37 0.45
A06_21632076 3 2 1.00 0.40 0.04 0.32 0.28
A06_22964640 3 2 0.98 0.43 0.02 0.34 0.31
A07_246275 3 2 0.99 0.48 0.04 0.37 0.41
A07_6101124 3 2 0.97 0.50 0.04 0.37 0.46
A07_1901764 3 2 0.97 0.49 0.06 0.37 0.42
A07_12437728 3 2 0.97 0.34 0.02 0.28 0.22
A07_23521839 3 2 0.99 0.44 0.05 0.34 0.33
A07_24459847 3 2 0.99 0.50 0.02 0.37 0.46
A08_2374634 3 2 0.99 0.47 0.04 0.36 0.39
A08_3289888 3 2 1.00 0.50 0.05 0.37 0.50
A08_12855208 3 2 0.99 0.36 0.03 0.29 0.23
A08_15287418 3 2 0.98 0.45 0.03 0.35 0.34
A09_1379762 3 2 0.98 0.49 0.04 0.37 0.42
A09_3019969 3 2 0.99 0.36 0.02 0.29 0.23
A09_7214846 3 2 0.96 0.49 0.05 0.37 0.44
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4  Discussion

4.1  Development of KASP SNP marker sets

Previously, the majority of markers used in Chinese cab-
bage breeding were RAPDs, AFLPs, SSRs, and InDels 
(Song et al. 1990; Powell et al. 1996; Das et al. 1999; He 

et al. 2003; Soengas et al. 2011). However, the frequency 
of polymorphism among Chinese cabbage accessions is 
reported to be limited. SNP markers have been employed 
in many research fields, including linkage mapping, popu-
lation genetics, and comparative genomics, in a variety of 
crops such as rice, maize, and barley (Rafalski 2002; Var-
shney et al. 2008; Tian et al. 2015). Recently, SNP mark-
ers have been developed and converted for cost-effective 

Table 2  (continued) Marker Genotype no. Allele no. Availability Gene diversity Heterozygosity PIC MAF

A09_16265381 3 2 0.98 0.42 0.01 0.33 0.30
A09_24863709 3 2 0.98 0.44 0.05 0.34 0.32
A09_28158636 3 2 0.87 0.24 0.19 0.21 0.14
A09_30222714 3 2 0.98 0.39 0.03 0.31 0.27
A09_37047265 3 2 0.99 0.50 0.05 0.37 0.46
A10_13676244 3 2 0.98 0.33 0.01 0.28 0.21
A10_5601251 3 2 1.00 0.50 0.04 0.37 0.50
A10_6294669 3 2 0.99 0.49 0.05 0.37 0.42
A10_6477381 3 2 0.99 0.46 0.04 0.35 0.36
Mean 3 2 0.97 0.45 0.04 0.35 0.37

Fig. 4  Cluster analysis of the 
core SNP data sets for 166 
Chinese cabbage inbred lines. 
The unrooted dendrograms 
were constructed using the NJ 
method from distance matrices 
calculated from the 60 SNP 
dataset. The inbred lines of 
spring, summer, and autumn 
ecotypes are shown using green, 
red, and yellow lines, respec-
tively. (Color figure online)
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Fig. 5  Development of SNP markers from Chinese cabbage hybrid 
cultivars for KASP genotyping. SNPs were automatically called for 
AA, AB, and BB genotypes. Red dots are homozygous for one allele, 

blue dots are homozygous for a second allele, and green dots are the 
heterozygous allele. (Color figure online)

Fig. 6  Cluster analysis of 178 
Chinese cabbage hybrid culti-
vars using the core SNP mark-
ers. The unrooted dendrogram 
was constructed using the NJ 
method. The cultivars of spring, 
summer, and autumn ecotype 
are shown using green, red, 
and yellow lines, respectively. 
(Color figure online)
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genotyping platforms such as KASP and BeadXpress 
assays (Allen et al. 2011; Cortés et al. 2011; Hiremath 
et al. 2012; Roorkiwal et al. 2013).

KASP assays provide flexibility with respect to the num-
ber of SNPs used for genotyping. This gives KASP assays an 
advantage over other SNP genotyping assays. KASP assays 
have been shown to be suitable for estimation of genetic 
diversity in common bean, chickpea, and peanut (Allen 
et al. 2011; Cortés et al. 2011; Hiremath et al. 2012) but 
have not been applied previously for large-scale germplasm 
characterization in Chinese cabbage. In this study, candidate 
SNPs for KASP assays were initially selected on the basis of 
reproducibility, signal strength, and utility for definition of 
the different genotypes. Of the original 1167 SNPs, a core 
set of 60 SNPs was successfully screened for KASP assays. 
The non-utility of the remaining SNP markers is likely due 
to technical issues, incorrect primer design, or the need to 
optimize PCR conditions.

To construct an SNP array for Chinese cabbage DNA fin-
gerprinting, a set of evaluation hybrids representing a broad 
genetic pool, reasonable SNP selection principles, and a reli-
able genotype clustering procedure is required. Polymor-
phism bias will be present if the genetic background of the 
selected materials is concentrated. In addition, Chinese cab-
bage DNA fingerprinting must be able to differentiate among 
hybrids quickly and accurately. Consequently, representa-
tive hybrids must be selected to validate the efficiency of 
genotype discrimination and accuracy of heterozygous base 
calling for candidate SNPs. Common assessment indices for 
selecting a set of SNPs include repeatability, discriminatory 
power, uniformity of distribution, and conservatism of flank-
ing sequences. To ensure that three genotype clusters can be 
readily distinguished, the selected SNP should be a single-
copy locus, and both inbred and hybrid lines should be used 
to evaluate cluster independence and stability. In addition, 
automatic SNP calling using KASP software is sometimes 
prone to error, especially when a rare AB genotype cluster 
is present, which needs to be improved.

4.2  Evaluation of core SNP polymorphism

Our goal in identifying core SNPs is to use the fewest SNPs 
to represent the most genetic diversity among Chinese cab-
bage germplasm. The genetic diversity of each locus was 
estimated by calculating the frequency of the genotype based 
on the PIC following the formula developed by Anderson 
et al. (1993). In this study, the average PIC value of Chinese 
cabbage was considerably higher than those reported in a 
recently developed KASP assay or Illumina SNP array for 
pigeonpea, maize, and wheat of 0.16, 0.09, and 0.33, respec-
tively (Saxena et al. 2012; Tobias et al. 2013; Tian et al. 
2015). All of these PIC values suggest a high discrimina-
tory ability and reliable deep resolution for these SNPs. In 

addition, the higher PIC value of the 166 Chinese cabbage 
inbred lines may be indicative of higher genetic diversity 
in this experimental set of germplasm. The polymorphism 
detected in this study was assessed in accessions that are rep-
resentative of the expression of different characteristics of 
major Chinese cabbage cultivars; thus, the core SNP mark-
ers are of importance for related studies and applications in 
Chinese cabbage.

Previously, SSR markers were detected within morpho-
types represented by multiple accessions, and the mean PIC 
values reported were 0.60 (Brussels sprouts), 0.54 (broc-
coli), 0.57 (cauliflower), 0.65 (cabbage), and 0.31 (Pak-choi) 
(Federico et al. 2008; Su et al. 2017). It must be noted that 
for biallelic markers such as SNPs, the PIC ranges from 0 to 
0.5, whereas for multiallelic markers such as SSRs, the PIC 
values can exceed 0.5 and approach 1. SSR markers have 
been used for cultivar identification for more than 10 years 
because of their high discriminatory power and relatively 
simple experimental procedures (Richard et al. 2008). Com-
pared with SSRs, SNPs are biallelic and high-throughput 
and thus are easy to read, compare, and integrate between 
different data sources. We would also like to stress that the 
molecular information provided in this paper easily can be 
adapted and exploited in alternative technological platforms 
for SNP detection.

4.3  Applications of core SNP marker sets 
in marker‑associated research and germplasm 
characterization

Rapid genotyping is necessary for screening a large number 
of DNA samples in a limited period. This is the case, for 
example, when a phenotypic trait is mapped at high resolu-
tion in a large population of individuals. In addition, with 
the development of a variety of SNP genotyping platforms, 
SNPs are thus ideal for DNA fingerprinting, analysis of 
genetic diversity, and molecular marker-assisted selection 
(MAS) in breeding. The identification of the 60 core SNP 
markers in Chinese cabbage may provide a sufficiently 
high marker density in many populations to allow thorough 
screening of the genome for discovery of quantitative trait 
loci, association analysis, map-based cloning, and anchoring 
of genome sequences with a genetic map.

Assessment of relationships within germplasm collec-
tions can assist in the selection of more distantly related 
lines for use in breeding programs. In this study, SNP geno-
typing data were used to quantify the genetic diversity and 
genetic distances within a Chinese cabbage germplasm col-
lection (Fig. 3). Using cluster analysis, the relationships 
among a large number of genotypes were examined and the 
genotypes were grouped consistent with the ecotype (i.e., 
spring, summer, and autumn ecotypes). The clustering of 
the accessions using the core SNPs was much better than 
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that achieved with the 360 and 1167 SNP datasets, which 
resulted in a degree of mixing of ecotypes within clusters. In 
this study, the majority of the branches in the dendrograms 
received strong support, which demonstrated the reliability 
of the core set. In addition, all of the inbred lines were distin-
guished based on polymorphism of the 60 core SNPs, which 
indicated that these SNPs effectively represented the genetic 
diversity among the Chinese cabbage germplasm collection.

4.4  Selection of SNPs for Chinese cabbage DNA 
fingerprinting

Protection of plant breeder’s rights is an important issue in 
Chinese cabbage breeding (Buanec 2010; Liu et al. 2013). 
Previously, for cultivar identification, a grow-out test applied 
in conjunction with traditional DUS technology involves 
growing plants to maturity and assessing several morpholog-
ical characteristics that distinguish individual plants. How-
ever, environmental influences on morphological characters 
and time demands make it diffcult to collect morphological 
data (Reid et al. 2011). In recent years, some elite parents 
have been used frequently in breeding, which has resulted in 
high genetic similarity of Chinese cabbage hybrids and dif-
fculty in distinguishing cultivars based on phenotypic traits.

Development of SNP markers in Chinese cabbage is in 
its infancy. Not all SNPs are suitable for DNA fingerprint-
ing, however, and some loci do not meet array chip design 
requirements. Genotyping is relatively important for dip-
loid crops such as rice, maize, and hybrid Chinese cabbage 
cultivars. With regard to hybrid cultivars, one SNP locus 
may display three genotypes, namely, AA, BB, and AB. It 
is extremely important to distinguish accurately the hybrid 
genotypes from the homozygous genotypes. Hybrid cultivars 
constitute the majority of the Chinese seed market, and the 
variety of genotypic combinations increases the complex-
ity of genotyping. In this study, only 60 SNP markers were 
identified among Chinese cabbage. As a result, the ability 
to distinguish hybrids and the accuracy of the core marker 
set is more powerful. In addition, molecular markers can be 
used to distinguish hybrids for precise assessment of plant 
genotypes, but the relationship of genotype to phenotypic 
traits remains a crucial issue. SNP markers have the advan-
tage over other types of molecular markers in that they can 
be associated with specific genes. The clustering analysis of 
hybrid Chinese cabbage cultivars analyzed using the core set 
of SNP markers differentiated all genotypes, thus indicating 
that the screening strategy for identification of the core SNP 
markers was effective.

In summary, in this study, we developed an invaluable 
resource of cost-effective and polymorphic KASP markers 
for Chinese cabbage, which are robust, simple to use, and 
easy to interpret and record. We identified a set of 60 repre-
sentative SNPs that show a high level of polymorphism and 

are evenly distributed across the B. rapa genome. Genotype 
characteristics and genetic diversity of 166 inbred lines rep-
resentative of Chinese cabbage germplasm and 178 hybrid 
Chinese cabbage cultivars were analyzed using a set of core 
SNP markers. In both germplasm collections, accessions 
were separated into spring, summer, and autumn ecotype 
groups. The core SNPs will enable breeders to genotype 
large numbers of accessions rapidly and economically and 
will assist in MAS breeding. In addition, the core SNP mark-
ers will help protect breeders’ rights through application of 
the markers for Chinese cabbage DNA fingerprinting in the 
future.
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