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Abstract Flower color is considered an important ap-
pealing signal to pollinators and also a marker trait in
Brassica crop breeding. However, the genetic basis of
orange flower trait remains poorly understood in Brassi-
ca rapa. In this study, we conducted a genetic analysis of
orange flower trait and fine mapped the underlying gene
in B. rapa. Two populations, BC,F; and BC,F, with 478
and 443 individuals, respectively, were constructed from
a cross between 94C9 (orange flower) and 92S105 (yel-
low flower). Genetic analysis showed that a single reces-
sive gene, BrOF, controlled the orange flower trait. Using
Indel and dCAPS markers developed from whole-
genome resequencing data of 94C9 and 92S105, BrOF
was mapped to a 41.5-kb region on chromosome A09
delimited by InDel409 and dCAPS425 containing six
putative genes. Among them, only Bra037124 and
Bra037125, which encode an AP2 domain—containing
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transcription factor and an SEC-C motif-containing
protein/OTU-like cysteine protease family protein, re-
spectively, were successfully cloned. The sequence anal-
ysis revealed two SNPs resulting in amino acid residue
changes in the coding region of Bra037124, as well as
seven SNPs and one insertion leading to amino acid
residue mutations in the coding region of Bra037125,
between 94C9 and 92S105. The reliability of a co-
segregating marker InDel314 in marker-assisted selec-
tion (MAS) was confirmed by testing different yellow/
orange flower Chinese cabbage lines. These results pro-
vide a good foundation to identify BrOF and facilitate
our understanding of the genetic basis underlying the
development of orange flowers in Chinese cabbage.

Keywords Chinese cabbage - Orange flower - Molecular
marker - Fine mapping - Whole-genome resequencing

Introduction

In insect-pollinated plants, flower color, determined by
the content and composition of pigments, is considered
one of the most important attractants to pollinators
(Kevan and Baker 1983). Among the three primary
pigments (carotenoids, flavonoids, and betalains) in
plants, carotenoids are responsible for organ color from
yellow to red (DellaPenna and Pogson 2006; Grotewold
2006). Carotenoids (Cy4o isoprenoids synthesized in
plastids) are widely distributed in plants and microor-
ganisms (Britton et al. 2004).
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Carotenoids have different functions in various plant
organs. In chloroplasts, carotenoids are involved in the
construction of the photosynthetic reaction center and
antenna complexes, and play roles in harvesting light
energy and protecting photosynthetic tissues from pho-
tooxidative damage (Niyogi 2000; Walter and Strack
2011). Carotenoids accumulate in chromoplasts to pro-
vide distinct colors to flowers, which then attract polli-
nators (Kevan and Baker 1983). In addition, carotenoids
serve as precursors for the biosynthesis of plant hor-
mones, such as abscisic acid and strigolactones (Dun
et al. 2009; Walter and Strack 2011).

Most steps of the carotenoid biosynthesis pathway
have been elucidated in model plants at the molecular
level (Ruiz-Sola and Rodriguez-Concepcion 2012)
enormously facilitating the study of this pathway in
other plants. Recently, several key genes leading to
changes in flower and fruit colors have been cloned.
For example, in tomato, yellow flowers were converted
to white and beige flowers with mutations in S-ring
carotene hydroxylase 2 (CHY2) and zeaxanthin
epoxidase (ZEP), respectively (Galpaz et al. 2006,
2008). In pepper, fruit color was changed from red to
orange by a single-nucleotide mutation of CHY?2
(Borovsky et al. 2013). The loss of carotenoid cleavage
dioxygenase 4 (CCD4) function produced a yellow
flower phenotype in chrysanthemum (Ohmiya et al.
2012; Yoshioka et al. 2012) and B. napus (Zhang et al.
2015a). Moreover, xanthophyll esterification and the
development of chromoplasts also affect flower colors.
In cauliflower, mutation of the Or gene was responsible
for orange curd tissues (Li et al. 2001; Paolillo et al.
2004). Ariizumi et al. (2014) found that the functional
disruption of pale yellow petal (PYPI) involved in xan-
thophyll esterification resulted in pale yellow petal phe-
notype in tomato.

The flower colors in the Brassica genus are diverse,
including yellow, yellowish, white, orange, etc. (yellow
being the most common color), and genetic analysis has
been performed for some flower colors. The white and
tangerine flower traits are controlled by a single reces-
sive gene in B. rapa (Mohammad et al. 1942; Zhang
et al. 2003). In B. napus, two recessive genes conferred
the tangerine flower trait (Li et al. 1999) while the white
flower trait was controlled by a single dominant gene
(Zhang et al. 2015a). Currently, only a few genes con-
trolling flower color have been cloned, such as the pale
yellow flower gene carotenoid isomerase (BrCRTISO)
in B. rapa (Lee et al. 2014) and the white flower gene
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BnaC3.CCD4 in B. napus (Zhang et al. 2015a). How-
ever, the orange flower gene in Brassica has not been
reported and its formational molecular mechanism has
not been elucidated.

In this study, two segregating populations, BCF,
and BCF,, were constructed with two pure lines, the
orange flower line 94C9 and the yellow flower line
92S5105. Molecular markers covering the entire ge-
nome of B. rapa were developed based on the genome
resequencing data of the two parental lines, and then
fine mapping of the candidate gene conferring the
orange flower trait was performed. The cDNA se-
quences of the candidate genes within the mapping
region were cloned, and the co-segregating markers
were tested using different yellow/orange flower lines
of Chinese cabbage. This study contributes to marker-
assisted selection of the orange flower trait in B. rapa
breeding and provides new information on flower
color variation, especially orange flowers in B. rapa.

Materials and methods
Plant materials

The Chinese cabbage research group in Northwest
A&F University, Yangling, China, provided the eight
Chinese cabbage pure lines used in this study: 94C9,
1551014, and 94B6, all with orange flowers; 925105,
1551006, 94C6, 94B4, and 09Q5, all with yellow
flowers. Here we used 94C9 and 92S105 (Fig. 1) as
parents to study the inheritance pattern of flower color
and performed fine mapping of the BrOF gene, where
the line 94C9 was first crossed with 925105 to pro-
duce the hybrid F; then, the F, plants were used as
the male parent and backcrossed with 94C9 to pro-
duce the BC,F; population with 478 individuals
(Table 1). One heterozygous yellow flower individual
from the BCF; population was self-pollinated to
yield the BC,F, population with 443 individuals
(Table 1). Another six lines were used to validate the
derived co-segregation markers.

Seedlings of all materials were grown in a green-
house and naturally vernalized, then transplanted to the
vegetable experimental field of the Northwest A&F
University in 2015 and 2018. The flower color of each
individual was assessed based on two observations of at
least ten flowers during the flowering stage with an 8-
day interval.
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Fig. 1 Flower colors of the two parental lines. a 94C9, b 92S105

DNA and RNA extraction, first-strand cDNA synthesis,
and polymerase chain reaction

Genomic DNA was extracted from fresh leaves using
the cetyl trimethylammonium bromide (CTAB) method
following Porebski et al. (1997). Total RNA was extract-
ed from the petals of opening flowers with the
MiniBEST Plant RNA Extraction Kit (Takara, Dalian,
China), and first-strand cDNA synthesis was performed
with the PrimeScript™ II 1st Strand cDNA Synthesis
Kit (Takara, Dalian, China). BCF, individuals, 10
yellow-flowered and 10 orange-flowered, were random-
ly chosen to construct yellow-flowered and orange-
flowered DNA pools, respectively.

The PCR were conducted in 10-pL volumes contain-
ing 1 uL of genomic DNA (60 ng/uL), 0.5 uL of each
forward and reverse primer (10 uM), and 5 pL of
Master Mix (Vazyme, Nanjing, China) (Supplementary
Table S1). The PCR amplification procedure was per-
formed as follows: 94 °C for 4 min, 27-33 cycles of
94 °C for 30 s, 50-53 °C for 30 s, and 72 °C for 30 s,
followed by a final extension at 72 °C for 5 min. The
amplified products of insertion/deletion (InDel) markers
were separated on 9% or 12% non-denaturing poly-
acrylamide gel. For derived cleaved amplified polymor-
phic sequences (dCAPS) markers, the amplified

products were dissected with the restriction enzymes
followed by 9% non-denaturing polyacrylamide gel
(Pan et al. 2015).

Development of InDel and dCAPS markers

To develop more polymorphic markers, the 94C9 and
928105 parental lines were resequenced with HiSeq X
Ten (Macrogen, Shenzhen, China) at sequencing depths
of approximately 100-fold. The resequencing data of the
two parental lines were aligned onto the NCBI B. rapa
reference genome (http://www.ncbi.nlm.nih.
gov/genome/?term=Brassica+rapa), the genomic
variants were called with Isaac Variant Caller (IVC),
and the physical location of each genomic variant was
anchored onto the corresponding chromosomes or
scaffolds. Only insertions/deletions with more than
3 bp were applied when designing the InDel primers
with Primer Premier 5.0 (http://www.premierbiosoft.
com/primerdesign/) using the corresponding flanking
sequences in the B. rapa reference genome. For the
single-nucleotide polymorphisms (SNPs), dCAPS
markers were developed with the website software
“dCAPS Finder 2.0” (http://helix.wustl.
edu/dcaps/dcaps.html). In this study, all the designed

Table 1 The segregation of flower color traits in the F;, BC,F;, and BC;F, populations derived from 94C9 and 92S105

Cross combination Generation No. of total No. of yellow No. of orange Mendelian x° value (df=1, p>0.05)
plants flower plants flower plants expectations
94C9x925105 F, 20 20
BC, F, 478 243 235 1:1 0.134
BC, F, 443 336 107 3:1 0.169
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primers were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China).

Identification of recombination events on SNP loci

To clone the DNA fragments containing SNP loci in the
recombinants, PCR primers were designed based on the
B. rapa reference genome. The PCR-amplified products
were separated on a 1.5% agarose gel and purified with
a DNA Gel Extraction Kit (Tiangen, Beijing, China). At
least three purified products were sequenced by Aoke
Biotech Co., Ltd. (Beijing, China). The DNA Star
Lasergene (http://www.dnastar.com) and Chromas
(http://technelysium.com.au/wp/chromas/) software
packages were used to analyze the nucleotide
sequences.

Fine mapping of the BrOF gene

All the developed InDel and dCAPS markers were
screened with the genomic DNA of the two parental
lines, 94C9 and 92S105, and the resulting polymorphic
markers were used to detect the allelic diversity of
individuals in the segregating populations. Using the
segregation data of the polymorphic InDel and dCAPS
markers and flower color phenotypic data of all popu-
lation individuals, the genetic linkage map was con-
structed with the JoinMap 4.0 software using a loga-
rithm of the odds (LOD) threshold score of 6.0. When
there was only one recombinant plant between a marker
and the target gene, the marker was considered as the
nearest flanking marker for the target gene. Based on the
B. rapa reference genome in BRAD (Brassica database,
http://brassicadb.org/brad), the physical positions of
mapped markers were used to construct the physical
map of the BrOF gene. Genes located in the final
delimited chromosome region were identified
according to the annotation data of the BRAD B. rapa
reference genome.

Cloning of the potential candidate genes located
in the mapping region

To clone the cDNA sequences of the potential candidate
genes located in the fine mapping region, specific
primers were designed based on the reference genome
of B. rapa. The PCR-amplified products were separated
on a 1.5% agarose gel and purified with a DNA Gel
Extraction Kit (Tiangen, Beijing, China). The purified
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products were cloned into the pMD18-T Vector (Takara,
Dalian, China) and then transformed into the
Escherichia coli strain DH5x. At least three clones were
sequenced at Aoke Biotech Co., Ltd. (Beijing, China).
The DNA Star Lasergene software package was used to
analyze the cDNA sequences and their deduced amino
acid sequences.

Results

Orange flower was a recessive trait controlled
by a single gene, BrOF

All the hybrid F, plants derived from the cross between
the orange flower line 94C9 and the yellow flower line
925105 had yellow flowers, consistent with the flowers
of 925105 and indicating that yellow flower trait was
dominant over orange flower. The flower color survey
showed that there were 243 yellow flower individuals
and 235 orange flower individuals in the BC,F, popu-
lation, while the BCF, population had 336 yellow
flower individuals and 107 orange flower individuals
(Table 1). The XZ test indicated that the BC,F; and
BC,F, segregation ratios fitted the expected ratios of
1:1 (x*=0.134, df=1, p>0.05) and 3:1 (x*=0.169,
df=1, p>0.05), respectively. Therefore, these results
indicated that the orange flower trait was controlled by a
single recessive gene.

Preliminary mapping of BrOF on chromosome A(09

The two parental lines, 94C9 and 92S105, were
resequenced to develop polymorphic markers for the
preliminary mapping of BrOF. The resequencing data
were aligned onto the NCBI B. rapa reference genome;
the results showed that the resequencing data of 94C9
and 92S105 covered 89.54% and 88.58% of the refer-
ence genome, respectively. After removing duplications
and searching the variants with IVC, a large number of
InDels and SNPs were detected between 94C9 and
92S105.

Based on the InDel locations distributed on each
chromosome, 101 InDel markers distributed over 10
chromosomes were developed, with 56 InDel markers
showing polymorphism between the two parental lines
(Supplementary Table S1). These 56 polymorphic
markers were tested with 96 plants (54 yellow flower
plants +42 orange flower plants) selected from the
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BC,F, population. As a result, seven markers
(InDel143, InDell151, InDell81, InDel182, InDell83,
InDel186, and InDel190) from chromosome A09 linked
with the BrOF gene were used to construct a preliminary
genetic linkage map. The BrOF gene was preliminarily
mapped to a region flanked by InDel181 and InDel182
on chromosome A(09 with corresponding genetic and
physical distances of 8.7 ¢cM and 1.6 Mb, respectively
(Fig. 2a). In addition, the linkage of markers InDel181
and InDel182 with the BrOF gene was also confirmed
by screening yellow-flowered and orange-flowered
DNA pools (Supplementary Fig. S1).

Fine mapping of the BrOF gene

To fine map the BrOF gene, 74 InDel markers were
developed in the preliminary mapping region based on
the resequencing data of the two parents. Of those 74
markers, 43 exhibited polymorphism in the parental
lines (Supplementary Table S1). When InDell81and
InDel182 were used to test 478 BC,F; plants, a total
of 50 recombinants were found in which 24

a b

recombination events occurred between InDell81 and
BrOF, while the other 26 recombination events occurred
between InDel182 and BrOF. These 50 recombinants
were tested with the 43 new polymorphic markers. As a
result, the BrOF gene was narrowed to a region between
InDel307 and InDel315, both with one recombination
event. To further shorten the mapping interval, three
dCAPS markers were developed on the side of
InDel307, in which one polymorphic marker
(dCAPS425) was employed to screen the two
recombinants (Fig. 3). The results revealed that the
dCAPS425 marker also showed one recombination
event with BrOF, which was further confirmed by se-
quence alignment of the DNA fragments containing the
SNP amplified by the primers OY424 (Supplementary
Table S1, Fig. S2). The segregation data from the poly-
morphic markers described above and the phenotypic
data of flower color for all the individuals in the BC,F,
population were used to construct a high-resolution
genetic map, which included 42 markers around the
BrOF gene, as well as four markers (InDel309,
InDel310, InDel314, and InDel409) that co-segregated
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Fig. 2 Fine mapping of the orange flower gene BrOF in Chinese
cabbage. a Preliminary linkage map of BrOF based on 96 indi-
viduals from the BC,F; population. b Genetic linkage map of
BrOF based on 478 BCF; plants. ¢ Fine genetic map of BrOF

based on combining 478 BC,F; plants with 443 BC,F, plants.
Values in the bracket represent the physical position of markers
based on the B. rapa reference genome in BRAD
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Fig. 3 Genotyping of BCF; (a)

and BC,F, (b) mapping

populations using tightly linked 200 bp
markers dCAPS425, InDel3 14,

and InDel409. M, DL50 marker;

Py, 92S105; Py, 94C9; Fy, Fy

individual; BC,F; plants,

individuals from the BC,F, 150 bp
population; BC,F, plants,

individuals from the BC,F,

population; Y, yellow flower

phenotype; O, orange flower

phenotype

M P, P, F

M P, P, F,

BC,F, plants

dCAPS425

M P, P, F,

BC,F, plants

InDel314

BC,F, plants

InDel409

BC,F, plants
o _

with the BrOF gene, where the physical distance of the
two flanking markers, InDel315 and dCAPS425, was
44.7 kb (Fig. 2b). Furthermore, the two flanking
markers and four co-segregating markers were used to
identify recombinants in the BC;F, population (Fig. 3).
The BrOF gene was finally restricted to a genomic
region between InDel409 and dCAPS425 (Fig. 2¢), with
a genetic distance of 0.4 cM and a physical distance
approximately 41.5 kb, respectively (Fig. 4). Based on
the gene annotations in the corresponding genomic re-
gion of BRAD, six genes were found in the mapping
region (Table 2).

InDel409

InDel314

Cloning and sequence analysis of potential candidate
genes located in the mapping region

Six designed primers, including OY911, OY912,
0Y913, OY914, OY915, and OY916, were used to
clone the cDNA sequences of the potential candidate
genes contained in the mapping region from the two
parental lines, 94C9 and 92S105 (Supplementary
Table S1). Only the cDNA sequences of Bra037124
and Bra037125 could be cloned. Sequence alignment
analysis revealed that three SNPs were found in the
coding region of Bra037124 between 94C9 and

dCAPS425

Recombinants

41.5kb

» < L4 4 a
Bra037124

Bra037125 Bra037126 Bra037127 Bra037128

Annotated genes
Bra037129

Fig. 4 Identification of candidate gene for BrOF. BrOF is restricted to a 41.5-kb region on A09 flanked by InDel409 and dCAPS425. This
region contains six annotated genes according to the BRAD B. rapa reference genome
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Table 2 Gene annotation of the mapped region

B. rapa Gene function® Arabidopsis thaliana ~ Gene function
homolog

Bra037124 AP2 domain—containing transcription factor AT5G67190 DREB and EAR motif protein 2

Bra037125 SEC-C motif—containing protein/OTU-like AT5G67170 SEC-C motif—containing protein/OTU-like
cysteine protease family protein cysteine protease family protein

Bra037126 EPSI: transferase/transferase, transferring acyl ~ AT5G67160 HXXXD-type acyl-transferase family protein
groups other than amino-acyl groups

Bra037127 RALFL34 (ralf-like 34): signal transducer AT5G67070 Ralf-like 34

Bra037128 HEC1 (HECATE 1): transcription factor AT5G67060 Basic helix-loop-helix ()PHLH) DNA-binding

superfamily protein
Bra037129  Lipase class 3 family protein AT5G67050 Alpha/beta-hydrolases superfamily protein

 Gene annotation based on BRAD Brassica rapa annotation (chromosome v1.5)

92S105 (Supplementary Fig. S3) resulting in two amino
acid residue mutations (Supplementary Fig. S4); there
were 22 SNPs and one 3-bp insertion in the coding
region of Bra037125 leading to seven amino acid resi-
due changes and the insertion of one amino acid residue
in 94C9, respectively (Supplementary Figs. S3 and S4).

Validation of the co-segregating markers

To validate the accuracy of the co-segregating markers
(InDel309, InDel310, and InDel314) in marker-assisted
selection (Fig. 2¢), linkage analysis was performed in
eight yellow/orange flower Chinese cabbage lines. The
results showed that the genotypes of marker InDel314
were completely consistent with the phenotypes of flow-
er color; however, the genotypes of the other two
markers incompletely fitted the flower color phenotypes
(Supplementary Fig. S5), indicating that the InDel314
marker could be applied to MAS of the orange flower
trait in Chinese cabbage.

Discussion

Because of the rich sources of variation, the flower
colors of Brassica plants vary from white to red with
many colors occurring in the rapeseed (Zhang 2015).
Many studies on the genetic inheritance patterns of
flower color indicated that the white flower trait was
either dominant over yellow flower (B.napus, Quazi
1988, Zhang et al. 2015a; B. oleracea, Kianian and
Quiros 1992, Han et al. 2015) or recessive to yellow
flower (B. rapa, Mohammad et al. 1942; B. juncea,
Singh and Chauhan 2011, Zhang et al. 2018). Some

studies also revealed that the white flower trait was
controlled by a single gene (Mohammad et al. 1942;
Quazi 1988; Kianian and Quiros 1992; Han et al. 2015;
Zhang 2015); however, others reported that the white
flower trait was maintained by two major genes, such as
in B. juncea (Singh and Chauhan 2011; Zhang et al.
2018). The above results indicate that the molecular
mechanisms controlling a single flower color might vary
across Brassica species. Furthermore, other investiga-
tions indicated that the yellow flower trait was dominant
over other flower colors, such as pale yellow and orange
in B. rapa (Alam and Aziz 1954; Cours 1977; Feng et al.
2012; Lee et al. 2014) and tangerine and golden yellow
in B. napus (Li et al. 1999; Zhang et al. 2000). In this
study, the inheritance patterns of orange flower trait in
B. rapa were studied using the hybrid Fy,
94C9%928105, and its BC,F; and BC;F, populations.
The results showed that orange flower trait was con-
trolled by a single gene that was recessive to the yellow
flower, consistent with previous studies (Cours 1977;
Feng et al. 2012).

Although the release of the Chinese cabbage genome
information (Wang et al. 2011) was convenient for the
development of molecular markers, the rapid develop-
ment of whole-genome sequencing technology could
contribute to develop many polymorphic molecular
markers for investigated materials. In this study, the
genomes of two parental lines, 94C9 and 925105, were
resequenced at high sequencing depths. Many variations
were obtained by comparing the resequencing data be-
tween the two parental line genomes and the B. rapa
reference genome, and then, 175 InDel and 3 dCAPS
markers were developed and screened, 100 of which
exhibited amplification polymorphism between the two
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parental lines greatly facilitating the process of fine map-
ping the BrOF gene. Subsequently, the BrOF gene was
rapidly mapped to a 41.5-kb region on chromosome
A09. Therefore, combining whole-genome resequencing
with the conventional gene mapping is an efficient strat-
egy for fine mapping a gene.

Previous studies have indicated that functional dis-
ruption of the BrCRTISO gene, which is located on
the bottom of chromosome A09, results in formation
of the orange head leaf trait of Chinese cabbage
(Zhang et al. 2013, 2015b; Li et al. 2015; Su et al.
2015). In this study, the candidate gene for orange
flower trait was mapped to the top of chromosome
A09. Together, these results suggested that there may
not be a close linkage relationship between the orange
head leaf and orange flower traits in Chinese cabbage.
However, Feng et al. (2012) reported that the mor-
phological marker, orange flowers, co-segregated
with the orange head leaf in two Chinese cabbage F,
populations. Therefore, further clarification is needed
to determine whether the orange flower trait is con-
trolled by different genes on chromosome A09 of
Chinese cabbage.

In the present study, the BrOF gene was restricted
to a region of 41.5 kb on the B. rapa chromosome
A09 containing six annotated genes. We found no
reports on these six genes and their homologous
genes in Arabidopsis involved in carotenoid metab-
olism (Table 2). Among the six genes present,
Bra037126, Bra037127, Bra037128, and
Bra037129 encoding proteins have a transferase do-
main, a RALF domain, a bHLH domain, and a lipase-
3 domain, respectively; however, members of fami-
lies that contain these domains were not associated
with color formation based on previous studies
(Beisson et al. 1997; D’Auria 2006; Gremski et al.
2007; Hong et al. 2008; Kim et al. 2008; Zheng et al.
2009; Atkinson et al. 2013; Bergonci et al. 2014;
Schuster et al. 2015; Murphy et al. 2016). The ho-
mologous genes of Bra037126, Bra037127, and
Bra037128 in Arabidopsis were associated with dis-
ease resistance (Zheng et al. 2009), lateral root initi-
ation (Murphy et al. 2016), and gynoecium develop-
ment (Gremski et al. 2007; Schuster et al. 2015),
respectively. The Bra037129 gene encodes a lipase
class 3 family protein and plays an important role in
both lipase metabolism and stress responses (Beisson
et al. 1997; Hong et al. 2008; Kim et al. 2008). In
B. juncea, mutation of the Bra032956 gene encoding
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an acyltransferase family protein may lead to the
production of the white flower phenotype, which
was recessive to the yellow flower phenotype
(Zhang et al. 2018). Moreover, the cDNA sequences
of these four genes could not be cloned, possibly due
to their low expression levels. We concluded that
these may not be the target genes controlling the
orange flower trait and focused attention on the two
remaining genes. The Bra037124 gene, homologous
with AT5G67190 in Arabidopsis, encodes an AP,/
ERF family protein that is primarily involved in
responses to abiotic or biotic stress (Haake et al.
2002; Tsutsui et al. 2009; Dong and Liu 2010;
Mizoi et al. 2012; Amalraj et al. 2016) and floral
development (Jofuku et al. 1994). However, Lee
et al. (2012) reported that SIERF6, belonging to
AP,/ERF gene family, was associated with caroten-
oid metabolism in tomato. The Bra037125 gene en-
codes a protein of unknown function that contains
both an SEC-C motif and an ovarian tumor domain
(OTU)-like cysteine protease domain. The functions
of the SEC-C and OTU protein families are also
uncharacterized in Arabidopsis. The sequence analy-
sis indicated that two amino acid residue mutations
were found in the deduced amino acid sequences of
Bra037124 between 94C9 and 92S105, and there
were seven amino acid residue changes and one ami-
no acid residue insertion in the deduced amino acid
sequence of Bra037125 in 94C9 (Supplementary Fig.
S4). In addition, the detection of reliability of three
co-segregating markers for MAS indicated that only
the genotype of InDel314 showed completely consis-
tent with the corresponding phenotype, and InDel314
was located in the intergenic region between
Bra037124 and Bra037125. Taken together, we hy-
pothesize that Bra037124 or Bra037125 might be the
likely candidate for the BrOF gene (Table 2). Further
research is needed to identify the BrOF gene and
reveal the molecular mechanism behind formation
of the orange flower phenotype.

The results from the fine genetic mapping of BrOF
showed that InDel309, InDel310, and InDel314 co-
segregated with this target gene in the segregating pop-
ulations that were derived from the cross between the
parental lines 94C9 and 92S105. These three markers
were tested with 8 lines (O1, 02, 03, Y1, Y2, Y3, Y4,
and Y5) (Supplementary Fig. S5), and only the geno-
types of marker InDel314 were completely consistent
with the phenotypes of flower color. Three yellow
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flower lines (Y2, Y3, and Y4) had the same genotypes
of markers InDel309 and InDel310 as the orange flower
lines (O1, 02, and O3), which made the suitability of
these two markers for MAS inbreeding processes weak-
er than that of InDel314. This inconsistent result might
be the reason that the mechanism underlying yellow
flower formation is different, where other regulating
alleles or genes may also be involved that are not located
in the target region of BrOF. The formation of flower
color can rely on complicated regulatory mechanisms,
as in the white flower trait of B. juncea, which was
controlled by two major genes (Singh and Chauhan
2011; Zhang et al. 2018). Therefore, we might infer that
the yellow flowers of Y2, Y3, and Y4 were also affected
by other genetic factors, which led to inconsistencies in
markers InDel309 and InDel310 compared with marker
InDel314. The relatively large genetic distances be-
tween the InDel309 and InDel310 markers and the
BrOF target gene might also account for this inconsis-
tent result.

In conclusion, our study indicated that a single reces-
sive gene controlled the orange flower trait in Chinese
Cabbage. The BrOF gene was mapped to a 41.5-kb
region on chromosome A09 flanked by two markers,
InDel409 and dCAPS425. Two potential candidate
genes for the orange flower trait were identified in the
target region, Bra037124 and Bra037125. The practical
application of a co-segregating marker, InDel314, in
MAS was validated. Therefore, our findings offer a
good foundation for the functional identification of
the BrOF gene and provide a molecular marker for
selecting new orange flower lines of Chinese
cabbage.
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