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Abstract
Key message QTL mapping plus bulked segregant analysis revealed a major QTL for shoot branching in non-heading
Chinese cabbage. The candidate gene was then identified using sequence alignment and expression analysis.
Abstract Shoot branching is a complex quantitative trait that contributes to plant architecture and ultimately yield. Although
many studies have examined branching in grain crops, the genetic control of shoot branching in vegetable crops such as
Brassica rapa L. ssp. chinensis remains poorly understood. In this study, we used bulked segregant analysis (BSA) of an F
2
population to detect a major quantitative trait locus (QTL) for shoot branching, designated shoot branching 9 (qSB.A09) on
the long arm of chromosome A09 in Brassica rapa L. ssp. chinensis. In addition, traditional QTL mapping of the F2 population revealed six QTLs in different regions. Of these, the mapping region on chromosome A09 was consistent with the results
of BSA-seq analysis, as well as being stable over the 2-year study period, explaining 19.37% and 22.18% of the phenotypic
variation across multiple genetic backgrounds. Using extreme recombinants, qSB.A09 was further delimited to a 127-kb
genomic region harboring 28 annotated genes. We subsequently identified the GRAS transcription factor gene Bra007056
as a potential candidate gene; Bra007056 is an ortholog of MONOCULM 1 (MOC1), the key gene that controls tillering in
rice. Quantitative RT-PCR further revealed that expression of Bra007056 was positively correlated with the shoot branching
phenotype. Furthermore, an insertion/deletion marker specific to Bra007056 co-segregated with the shoot branching trait in
the F2 populations. Overall, these results provide the basis for elucidating the molecular mechanism of shoot branching in
Brassica rapa ssp. chinensis Makino.
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Introduction
Non-heading Chinese cabbage (Brassica rapa ssp. chinensis Makino) is an important vegetable crops in China and
its cultivation and consumption are increasing worldwide
(Hou 2003). Non-heading Chinese cabbage is divided into
five varieties, only one of which, B. rapa ssp. chinensis var.
multiceps, produces multiple shoot branching (tillering) at
the vegetative stage. As a leafy vegetable, shoot branching
greatly affects overall plant architecture and leaf number,
which ultimately determine yield. However, yield improvements via increased shoot branching have yet to be achieved
because we lack an understanding of the genetic control and
regulatory mechanisms that underlie shoot branching in this
species.
Shoot branching are generated from axillary meristems in
the axils of leaves (McSteen and Leyser 2005) via two distinct processes: the initiation and subsequent outgrowth of
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axillary buds (Shimizu-Sato and Mori 2001; Li et al. 2003;
Zhang et al. 2016; Shao et al. 2019). In some plants, axillary meristems develop immediately into branches, whereas
in others, the axillary meristem becomes developmentally
arrested and produces a dormant bud, which grows out only
in response to environmental factors (Mcsteen and Leyser
2005; Wang and Li 2008; Kebrom et al. 2013). The formation of branches therefore depends on the formation of
axillary meristems, as well as subsequent developmental
processes.
Shoot branching is a complex quantitative trait under
polygenic control and is regulated by plant hormones and
external environmental factors (Domagalska and Leyser
2011). Traditional mapping of quantitative trait loci (QTL)
is a powerful approach for isolating candidate genes that
underlie target traits, which aids breeding using markerassisted selection (MAS). Previous genetic analysis of shoot
branching in non-heading Chinese cabbage revealed that
tillering is a qualitative trait controlled by two genes (Zeng
and Cao 1996, 1998). Cao et al. (2016) further revealed that
tiller number is a quantitative trait controlled by two major
genes and polygenes possessing dominant, additive, and
epistatic effects. More recently, Cao et al. (2017) demonstrated that shoot branching is mainly determined by genetic
factors, with exogenous hormones affecting the occurrence
and growth of axillary buds. However, no studies have yet
identified the key genes and related regulatory mechanisms
of shoot branching in non-heading Chinese cabbage.
High-density genetic linkage maps based on single
nucleotide polymorphism (SNP) markers are a useful tool
in traditional QTL mapping and MAS during plant breeding. Bulked-segregant analysis (BSA)-sequencing (BSAseq) combines the advantages of BSA and high-throughput
sequencing (Takagi et al. 2013) and allows the rapid identification of SNP and insertion/deletion (Indel) markers linked
to target genes or QTLs. Traditional QTL mapping coupled
with BSA-seq is therefore a highly efficient and accurate
approach for QTL mapping, which enables the identification of candidate genes associated with important agronomic
traits, as has been successfully demonstrated in multiple
crops (Lu et al. 2014; Wang et al. 2016; Parida et al. 2017).
Studies of mutants with altered patterns of shoot branching have identified genes involved in shoot branching in
plants such as tomato (Solanum lycopersicum) (Schumacher
et al. 1999), rice (Sato et al. 1996; Li et al. 2003), maize
(Doebley et al. 1997; Lukens and Doebley. 2001; Hubbard
et al. 2002) and Arabidopsis (Greb et al. 2003). For example, MONOCULM 1 (MOC1) regulates axillary meristem
initiation and tiller bud growth in rice (Oryza sativa) (Li
et al. 2003). MOC1 belongs to a plant-specific GRAS transcription factor family and is a homolog of Lateral suppressor (Ls) in tomato and LATERAL SUPPRESSOR (LAS) in
Arabidopsis thaliana, both of which are essential for shoot
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branching (Schumacher et al. 1999; Greb et al. 2003). The
rice moc1 loss-of-function mutant exhibits severe defects
in tiller formation, usually resulting in only one main culm
without any tillers. In the tomato ls mutant, the formation
of axillary meristems is completely inhibited during vegetative growth and female fertility is significantly reduced
(Schumacher et al. 1999). The las mutant in Arabidopsis is
also characterized by defects in lateral shoot formation at
the base of the rosette leaf (Greb et al. 2003). These results
suggest that the MOC1/LS/LAS pathway is a key positive
regulator of tillering (branch formation), as well as being
functionally conserved in dicotyledonous and monocotyledonous plants.
The Oryza sativa HOMEOBOX (OSH1) gene plays an
important role in meristem initiation and maintenance (Sato
et al. 1996), and OsTB1, the ortholog of maize (Zea mays)
TB1 (TEOSINTE BRANCHED 1) (Hubbard et al. 2002),
is responsible for axillary bud outgrowth in rice (Doebley
et al. 1997; Lukens and Doebley. 2001; Hubbard et al. 2002;
Takeda et al. 2003). In the moc1 mutant, expression of both
OSH1 and OsTB1 is down-regulated, suggesting that they
are downstream genes regulated by MOC1 in tillering (Li
et al. 2003).
Phytohormones are also key regulators of shoot branching
development. Auxin and strigolactones inhibit the initiation
and outgrowth of lateral buds (Chatfield et al. 2000; Leyser 2003; Gomez-Roldan et al. 2008; Brewer et al. 2009),
whereas cytokinins promote lateral bud outgrowth (ShimizuSato et al. 2009). Some genes involved in phytohormone
signaling pathways, such as ISOPENTENYL TRANSFERASE
(Hayward and Leyser 2009; Leyser 2009), CAROTENOID
CLEAVAGE DIOXYGENASE 7 (CCD7) (Lin et al. 2009) and
CCD8 (Alder et al. 2008), have been identified.
In this study, we used BSA-seq and traditional SNPbased QTL mapping to identify a major QTL (qSB.A09) that
controls shoot branching in different environmental conditions and genetic backgrounds. Examination of the mapped
region identified a GRAS transcription factor (BrSB 9.1) as
a potential candidate gene for qSB.A09 in regulating shoot
branching in non-heading Chinese cabbage. Co-segregation
of an Indel marker in the promoter region of BrSB 9.1 with
the shoot branching trait was also demonstrated in F
 2 individuals. Overall, these findings will aid the breeding of new
cultivars showing improved shoot branching.

Materials and methods
Plant materials and mapping populations
Three parental lines, Jingshuicai (JSC), Heiyebaicai (HYBC)
and Wutacai (WTC), were used in this study. JSC is an
inbred line (selfed for six generations) of Brassica rapa ssp.
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chinensis var. japonica that shows multiple shoot branching,
whereas HYBC and WTC are inbred lines (selfed for eight
generations) of B. rapa ssp. chinensis var. communis (heiyebaicai) and B. rapa ssp. chinensis var. narinosa, respectively,
that do not show shoot branching.
An F2 mapping population (239 individuals, designated
2015 JH) was generated by crossing JSC (female parent)
with HYBC (male parent) and used for BSA-seq and traditional QTL mapping. The plants were grown on Tongzhou
experimental farm of the Beijing Vegetable Research Center,
Beijing, China, in autumn 2015. To verify the initial QTL
mapping results and allow fine mapping, the same F
 2 population (JSC × HYBC, 607 individuals, designated 2017 JH)
and a second F2 population (1226 individuals, designated
2018 JW) derived from a cross between JSC and WTC were
cultivated in the central farm of Beijing Vegetable Research
Center in spring 2017 and winter 2018, respectively. For fine
mapping of the major QTL qSB.A09, 26 extreme recombinant individuals with 18–21 shoot branches and 12 plants
without shoot branching, heterozygous for the region around
qSB.A09, were selected from the 2017 JH and 2018 JW F
2
populations.
All populations mentioned above and their related parents
were planted with 30-cm spacing between rows and 25-cm
between individuals. Plant cultivation and field management
were implemented according to standard practices.

Phenotypic evaluation and statistical analysis
Shoot branching was assessed in the three parent lines, the
F1 and three F
 2 populations. To characterize phenotypic differences among the parents (20 individuals per parent), shoot
branching was observed every 7 days during shoot branching
development (14–56 days after germination). In the three
mapping populations, shoot branching was observed 56 days
after germination, when the number of shoot branches
became fixed. Analysis of variance (ANOVA) on the phenotypic data was performed using SPSS 19.0 software (IBM
SPSS, Chicago, IL, USA).

Bulked segregant analysis by resequencing
For bulked segregant analysis (BSA), two extreme pools
were selected from the 2015 JH F2 population (239 individuals): a shoot branching pool (B-pool, 25 F
 2 individuals
showing 16–19 shoot branches) and a non-branching pool
(N-pool, 25 F2 individuals without shoot branches). Total
DNA was extracted from the parental lines and extreme
pools, and used for library construction for short-insert
sequencing. The quantified libraries were sequenced using
Illumina HiSeq 2500 (Oebiotech, China), and the raw reads
were filtered using an NGSQC toolkit (Dai et al. 2010).
Low-quality reads with a base quality value < 20 and a
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proportion of high-quality bases (Q20) < 70%, low-quality
bases at the 3′ end, or read lengths < 70 were excluded.
Finally, 109,727,059 and 116,366,746 short reads (125 bp)
were obtained from the B-pool (31.86 × depth coverage or
88.76% coverage) and N-pool (34.37 × depth coverage or
87.27% coverage), respectively. The filtered clean reads were
subsequently aligned to the B. rapa reference genome (Wang
et al. 2011) using the Burrows–Wheeler Aligner program
(Li and Durbin 2009). SAM tools were used to call single
nucleotide polymorphisms (SNPs) based on the alignment
files (Li et al. 2009). To identify candidate regions associated with the shoot branching trait, the SNP-index and
Δ (SNP-index) were calculated for all genomic positions.
The SNP-index was estimated from the proportion of reads
harboring SNPs from the entire number of reads compared
to the reference genome sequence (Abe et al. 2012). The Δ
(SNP-index) was then calculated by subtracting the SNPindex of the N-pool from that of the B-pool (Takagi et al.
2013). SNP-index graphs for the N-pool and B-pool were
then plotted using the mean SNP-index against the positions of each sliding window in the genome sequence of the
B. rapa ssp. pekinensis inbred line Chiifu-401-42 (version
V1.5).
In theory, the SNP-index patterns of the B-pool and
N-pool should be identical in genomic regions that are
not related to the phenotypic variation (SNP-indexes:
B-pool = 0.5, N-pool = 0.5), but should deviate significantly
in regions that are closely linked with the shoot branching
phenotype. Statistical confidence intervals of Δ (SNP-index)
were therefore calculated for all SNP positions with given
read depths under the null hypothesis of the existence of no
QTLs. As the screening threshold, 95% confidence intervals
of Δ (SNP-index) were used.

Molecular marker analysis and genotyping
High-quality total DNA from the three parental lines was
re-sequenced using Illumina GA IIx technology, and the
clean reads data from these samples were then mapped to the
reference genome of B. rapa ssp. pekinensis Chiifu-401-42
(v1.5) (Wang et al. 2011). Sequence polymorphisms between
the parental lines were used to develop SNP markers as
described by Su et al. (2018a, b). As a result, a total of 268
SNP markers evenly distributed across the B. rapa genome
were employed to genotype the 2015 JH F
 2 population using
239 individuals (Table S1). The genotype data were then
used to construct a genetic linkage map. The total genetic
distance of the 10 linkage groups was 1177.8 cM, ranging
from 88.6 (Chr. A01) to 142.9 cM (Chr. A09), with a mean
genetic distance of 4.3 cM between two adjacent markers.
To narrow down the QTL region for shoot branching,
closely flanking polymorphic SNP markers, located within
the major QTL interval, as well as newly developed SNP
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markers, were used to screen extreme recombinant individuals from the 2017 JH and 2018 JW F2 populations, respectively. For SNP genotyping, genomic DNA was extracted
from fresh leaf tissue using the cetyltrimethylammonium
bromide (CTAB) method with minor modifications (Hanania
et al. 2004). Design and synthesis of the SNP markers was
carried out by the Laboratory of the Government Chemist (LGC) Co. Ltd. (UK). Kompetitive Allele-Specific PCR
(KASP) amplification and fluorescent detection of the reaction products was used to genotype the individuals according
to Su et al. (2018a, b).

Linkage map construction and QTL mapping
JoinMap 4.0 (Van Ooijen 2006) was used to construct the
linkage map according to Su et al. (2018a, b), using the
Kosambi mapping function to calculate map distances
(Kosambi 1943). Genome-wide QTL analysis was conducted
using MapQTL 5.0 software (Van Ooijen 2004) with composite interval mapping. The logarithm of the odds (LOD)
threshold for detecting significant QTLs was determined by
1000 permutation tests at a significance level of p < 0.05.
For the shoot branching trait, a LOD score threshold of 3.0
was used to determine the presence of putative QTLs. The
linkage map and QTLs were plotted using MapChart 2.0 for
visual graphs (Voorrips 2002). To confirm and fine-tune the
QTL interval for shoot branching, recombinant individuals
(heterozygous for the target qSB.A09 region) with extreme
phenotypes in the 2017 JH and 2018 JW F2 populations
were further genotyped using closely flanking SNP markers
located within the major QTL interval as well as the newly
developed markers.

Candidate gene analysis
Gene annotation information in associated mapped regions
was extracted from the reference genome of B. rapa (Brassica database: http://brassicadb.org/brad/index.php) (Wang
et al. 2011, 2015). The putative function of all genes was
determined using BLAST analysis, Gene Ontology (GO),
and Cluster of orthologous groups (COG). To analyze the
DNA polymorphisms among the 28 genes in the 127-kb
region of the three parents, we obtained all SNPs and Indels
in the 28 genes of the three parents from the resequencing
data; we then excluded those genes that possessed identical
SNPs and Indels to those of the three parents. Following
this screening, only seven genes remained (Table S5). We
then examined the expression levels of these seven genes in
the branching JSC and non-branching HYBC plants using
transcriptome data. Genes that were differentially expressed
between the parents were considered the most probable candidate genes for the QTL in the 127-kb region (Table S5).
In addition, based on their Arabidopsis homologs, all genes
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involved in biosynthesis and signaling pathways involving
hormones such as auxin, cytokinin, and strigolactones, as
well as those involved in meristem formation and cell division processes, were preliminarily identified as candidate
genes. To detect expression of the candidate genes during
shoot branching, shoot apical meristems were sampled
every 7 days from 14 to 28 days after germination in the
parent lines. RNA isolation and real-time quantitative PCR
analysis was carried out according to Li et al. (2018). The
promoter and coding sequence (CDS) of candidate genes
in JSC and HYBC were amplified using specific primers
(Table S4) and cloned into the pEASY-Blunt Zero Cloning
Vector (TransGen Biotech, China) for sequencing. Sequence
alignments were performed using DNAMAN software.

Results
Phenotypic characterization and genetic analysis
of branching in non‑heading Chinese cabbage
The phenotypic analyses showed significant differences
in branching number between the branching parent line
(JSC) and non-branching lines (HYBC, WTC) (Fig. 1 and
Table S2). In JSC, the first axillary bud emerged approximately 14 days after germination (DAG) and then the number increased rapidly from DAG21 to DAG42, before stabilizing at DAG49, reaching a maximum of about 21 (Fig. 1d,
e). By contrast, no visible shoot branching was observed
during the vegetative stage in HYBC and WTC. All F1
plants possessed 9–13 branches, suggesting that the shoot
branching allele in JSC is dominant (Figure S1). The number
of branches in the three segregating populations was continuous and showed a largely normal distribution, suggesting
that branching is also quantitatively inherited in JSC (Fig. 2).

Candidate QTL for shoot branching identified
by BSA‑seq and traditional QTL mapping
To identify the QTL for shoot branching, we compared
two extreme pools from the 2015JH F
 2 population, a shoot
branching pool (B-pool) and non-branching pool (N-pool),
using BSA-seq. This identified 4253,110 in the B-pool and
4190,007 SNPs in the N-pool, compared with the reference
genome. The mean SNP-index of each pool was calculated within a 1-Mb interval using a 10-kb sliding window
and was plotted against positions of the B. rapa reference
genome (Fig. 3). According to the null hypothesis, a 25.5to 29.5-Mb region on chromosome A09 exhibiting significant linkage disequilibrium was identified as the candidate
region harboring the major QTL for shoot branching at
a 95% significance level. SNP haplotype analysis further
revealed that most branching individuals from the B-pool
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Fig. 1  Morphological characteristics of shoot branching in
the two parent lines (JSC and
HYBC). a–c Shoot branching
phenotype of JSC and HYBC at
the vegetative stage. d Leaves
and shoot branches in JSC at
56 days after germination; each
leaf has a corresponding branch
shoot. e Scanned images of
lateral buds in JSC and HYBC.
f Comparison of shoot branching number in JSC and HYBC.
g Dynamic changes in shoot
branching numbers in JSC and
HYBC with time (DAG days
after germination). Bars represent the mean ± SD (n = 20)

Fig. 2  Frequency distribution of shoot branching numbers in each F
2
population. a JSC × HYBC in fall 2015 (2015 JH), b JSC × HYBC
in spring 2017 (2017 JH), c JSC × WTC in winter 2018 (2018 JW).

Arrows indicate the shoot branching number of each parent and corresponding F1 population. JSC: branching parent line. HYBC and
WTC: non-branching parent lines
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Fig. 3  SNP-index graphs of the B-pool (high bulk) and N-pool (low
bulk) from BSA-seq analysis. The SNP-index was calculated at 1-Mb
intervals with a 10-kb sliding window. A candidate region was identified on chromosome A09 at a 25.5–29.5 Mb interval, where the SNP-

index of the two pools deviates significantly from each other. The
SNP-index of the B-pool (red line) was close to 0.65, while that of
the N-pool (blue line) was close to 0.20 (color figure online)

possessed JSC alleles in this region, whereas most nonbranching individuals carried HYBC alleles. This finding
suggests that a major QTL controlling shoot branching
exists in this genomic interval, and it was subsequently
designated qSB.A09 (shoot branching A09).

Traditional QTL mapping of the same F2 population
was also carried out, and this identified six QTLs for shoot
branching at a LOD of 3.0 using composite interval mapping: qSB.A02, qSB.A03, qSB.A06, qSB.A07, qSB.A09, and
qSB.A10 (1% significance; Fig. 4; Table 1; Figure S2). Out
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Fig. 4  Genetic linkage map of non-heading Chinese cabbage showing the QTLs for shoot branching detected in the three F2 populations (2015 JH, 2017 JH, 2018 JW). Marker names are indicated on
the right of each linkage group. Numbers on the left of the linkage
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groups indicate cumulative map distances in centiMorgans. The QTL
locations detected by composite interval mapping are indicated by
bars to the right of linkage groups
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Table 1  Quantitative trait loci (QTL) for shoot branching detected in three F
 2 populations
Cross

QTL name

Chr

Flanking markers

LOD

PVE (%)

Increased effect

Additive

Dominant

JSC × HYBC (2015)

qSB.A02
qSB.A03
qSB.A06
qSB.A07
qSB.A09
qSB.A10
qSB.A02
qSB.A03
qSB.A09
qSB.A03
qSB.A09

A02
A03
A06
A07
A09
A10
A02
A03
A09
A03
A09

A02-23181920–A02-25423795
A03-15431305–A03-18277222
A06-17773836–A06-19128140
A07-6254138–A07-11792356
A09-27991372–A09-28996140
A10-13105346–A10-14562302
A02-23181920–A02-25423795
A03-15431305–A03-18277222
A09-27991372–A09-28996140
A03-15431305–A03-18277222
A09-27991372–A09-28996140

5.54
7.61
4.60
4.64
10.75
6.32
5.54
7.52
9.23
6.30
9.69

6.72
9.11
5.42
6.83
19.37
8.56
6.23
9.00
22.18
8.21
21.68

JSC
JSC
JSC
JSC
JSC
JSC
JSC
JSC
JSC
JSC
JSC

− 1.00
− 1.16
− 0.82
− 1.04
− 1.41
− 1.12
− 1.00
− 1.17
− 1.65
− 1.11
− 1.38

0.43
0.42
0.60
0.17
0.38
0.10
0.43
0.45
− 0.36
0.54
0.33

JSC × HYBC (2017)

JSC × WTC (2018)

of these QTLs, qSB.A09 (LOD = 10.75) was located in the
27.99–28.99 Mb region on chromosome A09, between SNP
markers A0927991372 and A0928996140, and explained
the largest amount of phenotypic variation (19.3%). This
finding was consistent with the results of BSA-seq, thereby
supporting the existence of a major QTL (qSB.A09) for shoot
branching in this region. The remaining five QTLs, qSB.
A02 (LOD = 5.54), qSB.A03 (7.61), qSB.A06 (4.59), qSB.
A07 (4.64), and qSB.A10 (6.32), explained 6.7, 9.1, 5.4, 6.8,
and 8.5% of the phenotypic variance, respectively.
To further confirm the BSA-seq and QTL mapping
results, QTL distribution in the JSC × HYBC F
 2 population (2017) was determined using extreme individuals. This
detected three QTLs at a 1% significance level: qSB.A02
(LOD = 5.54), qSB.A03 (7.52), and qSB.A09 (9.23), were
detected in the same regions as in the 2015 population, with
qSB.A09 remaining a major locus that explained 22.18% of
the phenotypic variance.
To assess qSB.A09 in a different genetic background, a
new F2 population (2018 JW) was constructed using JSC and
B. rapa ssp. chinensis var. narinosa. In this new population,
qSB.A09 (LOD = 9.69) was detected within the same chromosome interval as in the 2015 JH and 2017 JH F
 2 populations and this QTL explained 21.68% of the phenotypic
variation. This finding confirms that qSB.A09 is a major and
stable QTL for shoot branching, which showed consistency
over two years and in multiple genetic backgrounds, whereas
the JSC-derived alleles increased the degree of shoot branching in non-heading Chinese cabbage.

Fine mapping of qSB.A09
To fine-map the qSB.A09 locus, we screened individuals
derived from the 2017 JH (607 individuals) and 2018 JW
(1226 individuals) F
 2 populations using flanking markers and identified 82 recombinants around the qSB.A09
locus. Using six new SNP polymorphic markers developed
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according to the resequencing data (Table S3), these recombinants were subsequently genotyped using a KASP assay
and a high-resolution map was constructed (Fig. 5a). Compared with the three controls (the branching and non-branching parental lines, and heterozygous individuals), 28 recombinants (14 groups, B1–B14) showing an extreme phenotype
were identified and used to narrow down the target interval
(Fig. 5b). B1 had more shoot branches than the branching
parent and delimited qSB.A09 to a region upstream of SNP
marker A09_28698880. B10 showed no branching and
delimited qSB.A09 to a region downstream of SNP marker
A09_28570886. Using this method, qSB.A09 was eventually delimited to a 127-kb interval between SNP markers
A09_28570886 and A09_28698880 (Fig. 5b).

Identification of candidate genes related to shoot
branching
Based on the genetic map of qSB.A09, DNA sequences in
the 127-kb interval were analyzed in the Brassica database
(http://brassicadb.org/brad/index.php) and comparative
gene annotation in Arabidopsis thaliana was performed.
As a result, 21 annotated or predicted genes and 7 functionally unknown genes were identified in the mapping
region (Table 2). To identify candidate genes for branching, all genes were analyzed according to their Arabidopsis
homolog, focusing on those involved in hormone signaling
pathways, meristem formation, and cell division. Accordingly, four genes (Bra007056, Bra007057, Bra007067, and
Bra007072) were identified as candidates. The Arabidopsis
homolog of Bra007056 (AT3G54220) encodes a GRAS protein that regulates the stem cell fate of surrounding cells. The
homolog of Bra007057 (AT3G54230) encodes the splicing
factor SUPPRESSOR OF ABI3-5 (SUA), which controls
alternative splicing of the developmental regulator ABSCISIC ACID-INSENSITIVE3. The homolog of Bra007067
(AT3G54340) encodes a MADS domain protein associated
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Fig. 5  Fine mapping of qSB.A09 using 2017 JH and 2018 JW F
2
population. a High-resolution linkage map of the qSB.A09 region on
chromosome A09. Numbers of recombinants between adjacent markers are indicated below the map. b The qSB.A09 locus was delimited to a 127-kb interval between SNP markers A09_28570886 and
A09_28698880 using the developed polymorphic molecular markers and 28 recombinants. On the right, Type: genotype category;

No.: number of recombinants in each type; Branching, heterozygous,
and Non-branching: the three controls, Branching: homozygous
for JSC, heterozygous: F1 from the cross between JSC × HYBC and
JSC × WTC, Non-branching: homozygous for HYBC and WTC.
Mean values ± SD (n = 20 randomly selected plants) are shown for
each control

with organ development. The homolog of Bra007072
(AT3G54430) is a SHORT INTERNODES gene involved in
vegetative and reproductive organ development. These four
genes were therefore presumed to be candidate genes for
shoot branching and were designated BrSB9.1 to BrSB9.4,
based on their physical location on chromosome A09.
Next, we examined the expression of these four candidate genes at three time points during axillary bud development in the two parental lines (14–21 days after germination). qRT-PCR analysis revealed that the expression
pattern of BrSB9.1 is significantly different between the
parent lines. Expression was higher and significantly upregulated in the branching parent line JSC, whereas in the
non-branching parent line HYBC, BrSB9.1 expression was
lower and showed no significant differences during branching development. In addition, no significant differences in
the expression patterns of the remaining three genes were
detected between the parental lines (Fig. 6). These findings

suggest that BrSB9.1 is the most likely candidate gene for
shoot branching.
Sequence analysis indicated that the full-length cDNA
of BrSB9.1 is 2499 bp long and contains a 951-bp open
reading frame encoding a protein with 216 amino acids
and a 1316-bp-long 5′-UTR and a 232-bp 3′-UTR. Pfam
analysis further revealed that BrSB9.1 encodes a member
of the plant-specific GRAS superfamily. MONOCULM
1 (MOC1) in rice is also a GRAS superfamily member
and a key regulator of tillering, promoting the initiation
of axillary bud formation and subsequent outgrowth. The
coding region and amino acid sequence alignment results
suggest that similarity in the CDS between BrSB9.1 and
MOC1 is as high as 54% (Fig. S3a). BrSB9.1 also encodes
a protein that shares high homology with the rice MOC1
protein (Fig. S3b), further supporting BrSB9.1 as a candidate gene for the shoot branching QTL in non-heading
Chinese cabbage.
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Table 2  Annotated genes in the target region between A09_28570886 and A09_28698880
Gene ID

Chr

Start (bp)

Stop (bp)

Arabidopsis homolog

Gene annotations in Arabidopsis

Bra007052
Bra007053
Bra007054
Bra007055
Bra007056
Bra007057
Bra007058
Bra007059
Bra007060
Bra007061

A09
A09
A09
A09
A09
A09
A09
A09
A09
A09

28,570,089
28,574,208
28,579,400
28,581,300
28,585,353
28,588,039
28,596,969
28,597,660
28,601,819
28,616,407

28,572,664
28,576,247
28,580,055
28,582,014
28,586,466
28,594,202
28,597,274
28,600,435
28,604,346
28,628,039

AT3G54170
AT3G54190
AT3G54200
AT3G54210
AT3G54220
AT3G54230
AT3G54240
AT3G54250
AT3G54270
AT3G54280

Bra007062
Bra007063
Bra007064
Bra007065
Bra007066
Bra007067
Bra007068
Bra007069
Bra007070
Bra007071
Bra007072
Bra007073
Bra007074
Bra007075
Bra007076
Bra007077
Bra007078
Bra007079

A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09

28,628,768
28,633,888
28,636,478
28,639,330
28,643,562
28,648,559
28,652,699
28,657,020
28,660,026
28,668,359
28,669,688
28,672,964
28,678,848
28,682,152
28,685,205
28,688,704
28,696,426
28,698,773

28,629,996
28,635,665
28,637,384
28,641,033
28,647,211
28,650,491
28,655,004
28,658,404
28,663,166
28,669,267
28,671,348
28,676,742
28,681,304
28,683,278
28,688,407
28,695,079
28,697,777
28,700,929

AT3G54290
AT3G54300
AT5G26270
AT3G54310
AT3G54320
AT3G54340
AT3G54360
AT3G54390
AT3G54400
AT3G54420
AT3G54430
AT3G54450
AT3G54480
AT3G54500
AT3G54510
AT3G54520
AT2G19610
AT3G54540

FKBP12-interacting protein 37
Unknown protein
Unknown protein
Ribosomal protein L17 family protein
SHOOT GRAVITROPISM 1, GRAS family transcription factor
Suppressor of abi3-5
Hydrolase, alpha/beta fold family protein
Mevalonate diphosphate decarboxylase
Sucrose-phosphatase 3 (SPP3)
CHR16, CHA16, ATBTAF1, BTAF1; RGD3 (ROOT
GROWTH DEFECTIVE 3); ATP binding
Unknown protein
Vesicle-associated membrane protein 727
Unknown protein
Unknown protein
WRI, ASML1; WRI1 (WRINKLED 1); transcription factor
ATAP3 (APETALA 3); MADS-box transcription factor
Zinc ion binding
Sequence-specific DNA binding transcription factors
Eukaryotic aspartyl protease family protein
ATEP3, ATCHITIV, CHIV; ATEP3; chitinase
SRS6; SRS6 (SHI-RELATED SEQUENCE 6)
Major facilitator superfamily protein
SKP5; SKIP5 (SKP1/ASK-INTERACTING PROTEIN 5)
Unknown protein
Early responsive to dehydration stress protein (ERD4)
Unknown protein
Zinc finger (C3HC4-type RING finger) family protein
ATGCN4; ATGCN4; transporter

Fig. 6  Relative expression level of four candidate genes (BrSB9.1 to BrSB9.4) detected by qRT-PCR at three stages of branching development in
JSC and HYBC. Error bars represent standard errors derived from three replications

To characterize the sequences of the candidate genes in
the branching parent line JSC and the non-branching line
HYBC, the genomic sequence of BrSB9.1 was amplified
and sequenced using specific primers (Table S4) designed
according to the B. rapa reference genome. Sequence alignment analysis revealed that the BrSB9.1 coding region in
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branching parent JSC has 10 SNPs compared with the nonbranching parent line HYBC and reference genome (Fig. 7
and Fig. S4a). However, no differences in the predicted
protein domains were observed between JSC and the nonbranching parent HYBC (Fig. 7 and Fig. S4b). To examine the reason for the significant increase in expression
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Fig. 7  Structure and sequence variation in BrSB9.1 between JSC and
HYBC. a Comparison of the promoter sequence of BrSB9.1 in JSC
and HYBC. The vertical bar and triangle represent nucleotide variation and the deletion in the promoter region. b Gene structure and

mutation of BrSB9.1 in JSC compared with HYBC and the reference genome. Arrows represent synonymous mutations in the coding
region. The size of the exons and introns can be estimated using the
scale bar at the bottom

of BrSB9.1 in branching parent line JSC, we attempted
to obtain the promoter sequence of BrSB9.1 and a region
about 3.3-kb of upstream sequence from start codon was
ultimately amplified and sequenced. Further comparative analysis revealed a 42-bp deletion (~ 800 bp upstream
of the transcription start site) in the BrSB9.1 promoter of
branching parent line JSC, in addition to SNPs (Fig. 7 and
Fig. S4c), highlighting a potential basis for the variation in
BrSB9.1 expression between the two parent lines. Based on
the position of the deletion, we designed an Indel marker to
screen the JSC × HYBC F2 population, which co-segregated
with the branching phenotype (Fig. S5). Overall, these findings suggest that BrSB9.1 is the most promising candidate
gene for the shoot branching QTL in non-heading Chinese
cabbage.

mechanism underlying shoot branching. Studies on the
genetic control of shoot branching in non-heading Chinese
cabbage are therefore important for understanding the regulatory mechanism of branching.
SNP markers facilitate plant genotyping by providing
high genome coverage (Cho et al. 1999; Gaur et al. 2012;
Colasuonno et al. 2014). In addition, BSA-seq combined
with traditional QTL mapping increases the efficiency and
accuracy of genotyping, and is therefore widely used for
rapid QTL detection and candidate gene identification (Takagi et al. 2013; Lu et al. 2014; Wang et al. 2016; Parida et al.
2017). In this study, traditional QTL mapping revealed that
six QTLs control shoot branching in three F
 2 populations,
all of which had a significant additive effect, suggesting that
the alleles arose from the branching parent JSC. By integrating this traditional mapping with BSA-seq, we subsequently
identified a major QTL (qSB.A09) with consistent effects in
all growing seasons and in various genetic backgrounds. By
contrast, the remaining QTLs were environment-specific and
explained less phenotypic variance. These findings suggest
that one major and a number of minor effects contribute to
the genetic component of shoot branching in non-heading
Chinese cabbage, consistent with the previous study of Cao
et al. (2016). To our knowledge, this is the first report on
the genetic control of shoot branching in non-heading Chinese cabbage using traditional QTL mapping combined with
BSA-seq.
Results from QTL mapping can vary in different genetic
backgrounds and environments. Therefore, only those
QTLs that are detected in multiple environments and in
various genetic backgrounds can be considered to be stable
and of potential use in MAS breeding (Fulton et al. 1997).
In this study, the chromosomal location of qSB.A03 was
close to that of q2013BN-A03, which was found to control

Discussion
The genetic and regulatory mechanisms that underlie shoot
branching have been extensively studied in numerous plants;
however, little is known about branching in non-heading
Chinese cabbage. Although the mechanism of branching
appears to be conserved in dicotyledonous and monocotyledonous plants (Kebrom et al. 2013), the details of axillary
bud initiation vary among different species. In the model
eudicot A. thaliana, branches only develop after the reproductive phase (Greb et al. 2003), whereas in monocotyledonous plants, tiller development stops once flower buds begin
to develop (Li et al. 2003). Non-heading Chinese cabbage,
which bears multiple shoot branches, produces a mass of
branches from non-elongated nodes before flowering, and
initiates vegetative branches from elongating internodes
after flowering, suggesting that a more complex regulatory
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branch number in B. napus using a high generation recombinant inbred line (RIL) population (Wang et al. 2016) and
also colocated with a branch number QTL using 124 RILs
of B. napus (Ding et al. 2012). The QTL on chromosome
A07 identified here (qSB.A07) colocated with the primary
branch QTL detected by Li et al. (2017) using 472 rapeseed (Brassica napus) accessions in a genome-wide association study (GWAS). The chromosomal location of the
major QTL qSB.A09 was close to that of the branch angle
QTL qBA.A09-1 detected by Shen et al. (2018) using a
DH population, which also colocated with the branch QTL
BNNP-A9b in B. napus identified by Ding et al. (2012).
These findings suggest that these QTLs are reliable and
that the genomic regions are associated with genes controlling shoot branching. However, the chromosomal locations of qSB.A02, qSB.A06, and qSB.A10 differed from
those for previously reported QTLs, suggesting novel QTL
loci. Overall, these findings suggest that some minor genes
controlling quantitative traits are not expressed in different
environments, whereas QTLs with a higher phenotypic
contribution rate are more stable.
In addition to qSB.A09, we also detected one minor stable
QTL (qSB.A03) between 15.43 and 18.28 Mb on chromosome A03. In maize, TEOSINTE BRANCHED 1 (TB1) is
a key regulator of shoot branching (Doebley et al. 1997;
Lukens and Doebley 2001; Hubbard et al. 2002) and its
orthologs in monocots and dicots, such as rice OsTB1,
Arabidopsis BRANCHED1 (BRC1) and tomato BRC1-like
genes, reportedly play vital roles in axillary bud development (Takeda et al. 2003; Aguilar-Martínez et al. 2007;
Martín-Trillo et al. 2011). In this study, we obtained the
non-heading Chinese cabbage ortholog of Arabidopsis
BRC1 (BrBRC1; Bra001710, A03:18005822–18011603)
from a BLAST search of the Brassica database, the physical location of which was within the region of qSB.A03. We
therefore speculated that BrBRC1 also contributes to shoot
branching in JSC. Additional marker development, fine mapping and functional identification of BrBRC1 are therefore
required in the future.
In conclusion, this study identified eight QTLs for shoot
branching in three F2 mapping populations established from
varieties that showed significant differences in branch number. A major QTL (qSB.A09) with the largest LOD score
and high phenotypic variation was stably detected in all
F2 mapping populations and was fine-mapped to a 127-kb
region on chromosome A09 based on comparison with the
B. rapa Chiifu-401-42 (v1.5) reference genome. Sequence
alignment and expression pattern analysis of candidate genes
in the mapping interval further revealed that a GRAS transcription factor gene, BrSB9.1, an ortholog of rice MOC1,
is the most promising candidate gene for shoot branching in
non-heading Chinese cabbage. These results provide valuable information for the mining of genes that regulate shoot
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branching and studies that aim to understand their potential
regulatory mechanisms in non-heading Chinese cabbage.
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