3 Biotech (2019) 9:274
https://doi.org/10.1007/5s13205-019-1813-6

ORIGINAL ARTICLE q

Check for
updates

Transcriptome-based analysis of carotenoid accumulation-related
gene expression in petals of Chinese cabbage (Brassica rapal L.)

Ning Zhang' - Xiaomin Ma' - Ru Li" - Yihua Xue' - Yeshuo Sun' - Shanshan Nie' - Lugang Zhang'~

Received: 12 March 2019 / Accepted: 13 June 2019 / Published online: 19 June 2019
© King Abdulaziz City for Science and Technology 2019

Abstract

To identify genes associated with carotenoid accumulation in petals of Chinese cabbage, the composition and content of
carotenoids were analyzed, and comparative transcriptome sequencing was performed between the yellow flower line,
925105, and the orange flower line, 94C9. High-performance liquid chromatography (HPLC) revealed that petals of 92S105
were high in violaxanthin as well as lutein, whereas petals of 94C9 showed considerable levels of lutein and p-carotene.
Transcriptome analysis showed that 3534 and 3833 genes were up- and down-regulated in 94C9, respectively. Among these
differentially expressed genes (DEGs), many related to carotenoid accumulation were identified, including 12 carotenoid
biosynthesis pathway genes, 4 transcription factor genes, and 1028 specifically expressed genes. ff-carotene hydroxylase 1
(BrBCHI), BrBCH?2, zeaxanthin epoxidase (BrZEP), and MYB transcription factor gene (BrGAMYB) were down-regulated
in petals of 94C9 when compared with petals of 925105, which caused p-carotene accumulation and may lead to orange
petal color in 94C9. Expression levels of 20 DEGs were verified by qPCR and the results were highly consistent with those
of transcriptome sequencing. Moreover, Gene Ontology (GO) enrichment analysis revealed that membrane, binding, and
metabolic processes were the most significantly enriched GO terms in cellular component, molecular function, and biological
process ontologies, respectively. In conclusion, our study analyzed the differences in composition and content of carotenoids
between 925105 and 94C9 and identified potential candidate genes related to carotenoid accumulation in petals, thereby creat-
ing a solid foundation for future studies on the mechanism regulating carotenoid accumulation in petals of Chinese cabbage.
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Introduction and Pogson 2006; Grotewold 2006) that act as important

signals to attract pollinators and seed dispersers (Kevan and

Carotenoids are synthesized in chloroplasts and are involved
in photosynthesis and photoprotection in green tissues
(Grotewold 2006; Walter and Strack 2011). In flowers and
fruits, carotenoids that are synthesized in chromoplasts can
confer distinct yellow, orange, or red colors (DellaPenna
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Baker 1983; Bartley and Scolnik 1995). Carotenoids can
also provide precursors for the biosynthesis of the phytohor-
mone abscisic acid (ABA) and strigolactones (Nambara and
Marion-Poll 2005; Dun et al. 2009; Walter and Strack 2011).

Carotenoid accumulation in plants was regulated by the
major factors including carotenoid biosynthesis and degrada-
tion (Galpaz et al. 2006; Tanaka and Ohmiya 2008). Most of
the genes from carotenoid biosynthesis pathway have been
identified (Fraser and Bramley 2004; Tanaka et al. 2008;
Zhu et al. 2010). The transcriptional levels of these genes
may affect carotenoid accumulation. For example, expres-
sion levels of phytoene desaturase (PDS) and BCH increased
in parallel with carotenoid accumulation in mature petals of
Sandersonia (Nielsen et al. 2003). In Ipomoea, Yamamizo
et al. (2010) found that the transcriptional levels of most
carotenoid biosynthesis genes were lower in white than in

pisllase ol ay .
Ay &) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-019-1813-6&domain=pdf
https://doi.org/10.1007/s13205-019-1813-6

274 Page2of10

3 Biotech (2019) 9:274

yellow petals. BCH played an important role in regulating
carotenoid content in petals. For example, in several plants,
the increase in the expression level of BCH was accompa-
nied by the increase in carotenoid content (Zhu et al. 2003;
Yamagishi et al. 2010; Yamamizo et al. 2010). In contrast, in
Oncidium petals, down-regulated expression of BCH did not
affect carotenoid content; however, it caused accumulation
of p-carotene, which is a substrate of BCH, and resulted in
orange petals (Chiou et al. 2010). In addition, in chrysanthe-
mum, Kishimoto and Ohmiya (2006) reported no significant
difference in transcriptional levels of carotenoid biosynthe-
sis genes between white and yellow petals. Subsequently,
Ohmiya et al. (2006, 2009) found that the expression level
of carotenoid cleavage dioxygenase 4 (CCD4) affected the
accumulation of carotenoid in chrysanthemum petals.

Technological advancement and rapid cost reduction has
allowed next-generation sequencing (NGS) to become an
effective tool for revealing potential molecular mechanisms
of biological processes and has been widely applied to fine
mapping of genes (Liu et al. 2015; Zhang et al. 2016; Chen
et al. 2017) and expression analysis of whole genes (Huang
et al. 2015; Zhou et al. 2017; Alghamdi et al. 2018; Wang
et al. 2018; Xu et al. 2018). RNA sequencing (RNA-Seq)
has served as a rapid and exact method for obtaining large
amounts of gene expression data used to identify critical
genes associated with various important agronomic traits
in many horticultural plants, such as almonds (Hosseinpour
et al. 2018), cucumber (Zhang et al. 2014), radish (Feng
et al. 2017), and Brassica rapa (Huang et al. 2015; Zhou
et al. 2017; Li et al. 2019).

In this study, carotenoid profiles of yellow and orange
petals were analyzed using high-performance liquid chro-
matography (HPLC). RNA-Seq was used for obtaining data
of global gene expression in yellow and orange petals. Key
differentially expressed genes (DEGs) associated with carot-
enoid accumulation were identified using DEG comprehen-
sive analysis and HPLC analysis. The results are expected
to provide a preliminary understanding of the regulation of
carotenoid accumulation in Chinese cabbage petals.

Fig. 1 Phenotypic characteriza-
tion of flowers from Chinese
cabbage yellow-flowered line
925105 (a) and orange-flowered
line 94C9 (b)
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Materials and methods
Plant materials

Yellow-flowered 925105 and orange-flowered 94C9 lines
of Chinese cabbage used in this study (Fig. 1) were pro-
vided by the Chinese cabbage research group at Northwest
A&F University (Yangling, China). The yellow- and orange-
flowered plants were cultured in the same experimental field
at Northwest A&F University. At full-bloom stage, yellow
and orange petals of fully open flowers from three different
plants were chosen for HPLC analysis and transcriptome
profiling. All samples were immediately frozen in liquid
nitrogen, and stored at — 80 °C.

Carotenoid analysis

Carotenoid extraction from fresh petals and detection were
performed based on the methods previously described by
Cao et al. (2012). Carotenoid detection and quantification
were conducted using a Shimadzu HPLC (LC-2010AHT,
Shimadzu Corporation, Kyoto, Japan). Carotenoids were
separated using an YMC C30 column (YMC, Kyoto, Japan;
250 X 4.6; 5 pm) and identified based on the typical retention
time obtained from the standards of violaxanthin (Sigma-
Aldrich, Saint Louis, America), a-carotene and [-carotene
(Wako, Osaka, Japan), and lutein (Solarbio, Beijing, China).
Individual identified carotenoids were quantified based on
previous methods (Morris et al. 2004). All means and stand-
ard errors were calculated using data from three biological
replicates.

RNA isolation, cDNA library construction,
and RNA-seq

Total RNA was isolated from yellow and orange petals using
Trizol Reagent (Invitrogen, Carlsbad, USA) in accordance
with the manufacturer’s instructions. RNA quality and purity
were assessed using 1.0% agarose gels and a NanoDrop 8000
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spectrophotometer (Thermo Scientific, Waltham, USA), and
RNA integrity was evaluated with the Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, USA).

Sequencing libraries were generated following the manu-
facturer’s instructions (Illumina, San Diego, USA). Eukar-
yotic mRNA was enriched from total RNA by Oligo(dT)
beads, while prokaryotic mRNA was purified by removing
rRNA with a Ribo-ZeroTMMagnetic Kit (Epicentre, Madi-
son, USA), and then the obtained mRNA was broken into
short fragments using fragmentation buffer. These short
fragments were used to synthesize first-strand cDNA with
random primers and second-strand cDNA synthesis was con-
ducted with DNA polymerase I, RNase H, dNTP, and buffer.
cDNA fragments were purified using a QiaQuick PCR
extraction kit and end reparation and addition of poly(A)
were performed, and then fragments were ligated to Illumina
sequencing adapters. Suitably sized ligation products were
selected for amplification by PCR. Finally, cDNA librar-
ies were sequenced using Illumina HiSeq™2500 by Sagene
Biotech Co. Ltd (Guangzhou, China). The obtained raw data
from constructed cDNA libraries was deposited in NCBI
Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.
gov/Traces/sra/) under the accession number: BioProject
PRINA525538.

DEG analysis and GO and KEGG enrichment analysis
of DEGs

Raw reads from RNA-seq were filtered to obtain high-
quality clean reads; they were then aligned to the B. rapa
reference genome obtained from BRAD (http://brassicadb
.org/brad) using TopHat2 software (Kim et al. 2013). Indi-
vidual gene expression level was calculated based on the
fragments-per-kilobases-per-million-mapped reads (FPKM)
method. To identify DEGs between yellow and orange pet-
als, a corrected p value < 0.05 and the absolute value of log,
(fold change) > 2 were selected as thresholds for evaluating
the significance of the differences in gene expression. Fold
change was the ratio of FPKM values for gene expression
between the two petal colors.

To identify possible biological functions of DEGs, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed.
Gene Ontology enrichment analysis was used to obtain the
GO terms significantly enriched in DEGs. Kyoto Encyclo-
pedia of Genes and Genomes enrichment analysis provided
the metabolic or signal transduction pathways that were
significantly enriched in DEGs. For GO and KEGG enrich-
ment analyses, all DEGs were mapped to GO and KEGG
terms in the database, and significantly enriched GO and
KEGG terms in DEGs were then searched by comparing to
the genome background with an adjusted p value <0.05 as
threshold.

Quantitative real-time PCR (qPCR) validation

Twenty selected DEGs were validated using qPCR. The
first-strand cDNA synthesis was performed with Prime-
Script™ 1st Strand cDNA Synthesis Kit (Takara, Dalian,
China) following manufacturer instructions. Specific prim-
ers of the selected DEGs were designed by Primer Premier
5.0 software (http://www.premierbiosoft.com/primerdesi
gn/) (Table S1) and synthesized by Sangon Biotech Co.,
Ltd (Shanghai, China). Chinese cabbage elongation-factor-
I-a (EF-1-a) gene was used as internal reference (Qi et al.
2010). The qPCR analyses were performed in triplicate on
an iCycler iQ5 real-time PCR detection system (Bio-Rad,
Hercules, USA) with SYBR® Premix Ex Taq™ II (Takara,
Dalian, China) following manufacturer instructions. Each
reaction (20 pL volume) consisted of 2 pL of cDNA tem-
plate (100 ng/uL), 0.5 pL of each forward and reverse prim-
ers (10 pmol), 10 pL 2 X SYBR Green PCR Master Mix and
7 uL ddH,0. The following PCR program was used: 95 °C
for 30 s, 40 cycles of 95 °C for 10 s, 58 °C for 30 s, and
72 °C for 30 s. Relative gene expression levels were calcu-
lated using the 2~AACT method (Livak and Schmittgen 2001).

Results

Carotenoid accumulation in yellow and orange
petals

To study whether accumulation of different carotenoids
resulted in the differences in petal color, the analysis of
carotenoid profiles in yellow and orange petals was per-
formed using HPLC. By comparing retention times of sam-
ple carotenoid peaks with those of standard compounds,
four carotenoids were identified, including violaxanthin,
lutein, a-carotene, and p-carotene. HPLC analysis showed
that petals of 925105 contained mainly violaxanthin and
lutein; whereas petals of 94C9 contained mostly lutein and
f-carotene. Violaxanthin content in petals of 925105 was
significantly higher than that in petals of 94C9, but larger
amounts of lutein and B-carotene were accumulated in pet-
als of 94C9 than in petals of 925105 (Fig. 2). These results
indicated that the difference in petal color between 925105
and 94C9 lines was most likely due to differences in the
composition and content of carotenoids.

Transcriptome sequencing and mapping
of sequence reads

Transcriptome sequencing of the two petal cDNA librar-
ies separately constructed from 925105 and 94C9 was per-
formed using Illumina HiSeq™ 2500 to obtain the differ-
entially expressed genes presumably regulating petal color
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Fig.2 Carotenoid composition and content in yellow and orange pet-
als of Chinese cabbage flowers. Bars represent mean + SE of triplicate
assays, and asterisks represent significant difference between 92S105
and 94C9 (t test, p<0.05)

in Chinese cabbage. The cDNA libraries constructed from
the yellow and the orange petals were named S105 and
C9, respectively. After adaptor sequences and low-quality
reads were removed, a total of 113 million clean reads were
obtained including 58 million from S105 and 55 million
from C9 and the Q20 percentage was above 96% (Table 1),
indicating that the sequencing results could be used for fur-
ther analysis.

The clean reads obtained from S105 and C9 were mapped
to the B. rapa reference genome. The results revealed that
72.83% and 74.34% reads were uniquely matched to the ref-
erence genome in S105 and C9, respectively, while 0.84%
reads were mapped to multiple locations of the reference
genome in the two samples (Table 1).

Identification and analysis of DEGs

all genes in S105; and 21,058, 49.72% of all genes in C9),
followed by 3-15 (7394, 17.46% of all genes in S105; and
7970, 18.82% of all genes in C9) (Table 2).

Based on the restrictive threshold, a set of 7367 genes
exhibiting significant differences in expression between
S105 and C9 was identified. Among these DEGs, 3534 up-
regulated and 3833 down-regulated genes were found by the
comparison between S105 and C9 (Fig. 3, Table S2). These
findings revealed that the percentage of up-regulated genes
was almost equal to that of down-regulated genes. Moreover,
specifically expressed genes (SEGs) were defined as genes
that were not expressed in one sample but had read num-
bers > 11 in the other sample (Tao et al. 2012). We identified
632 specifically expressed genes (SEGs) in S105 and 396
SEGs in C9 (including 178 novel genes); Among SEGs, a
total of 426 genes (including 10 novel genes), including 269
genes (including 5 novel genes) in S105 and 157 (includ-
ing 5 novel genes) in C9, were divided into 21 functional
categories and one other category (the number of genes in
functional categories <2). A high proportion of SEGs was
associated with nucleotide-binding catalytic activity and
heterocyclic compound binding; additionally, 158 SEGs
(including 2 novel genes) in S105 and 96 SEGs (including
3 novel genes) in C9 were identified, which encode unknown
proteins (Table 3, Table S3).

Differentially expressed transcription factor genes
related to carotenoid accumulation

Previous studies revealed that accumulated carotenoids
are responsible for three colors (yellow, orange, and red)
in flower petals (DellaPenna and Pogson 2006; Grote-
wold 2006). Based on reported transcription factor genes

Table2 The FPKM distribution of the total genes obtained from
S105 and C9

To determine the exact differences in gene expression  FPKM interval S105 (%) C9 (%)

between S105 and C9, gene expression levels were normal- ) 22679 (33.55 21,058 (49,72

ized by FPKM. The transcript abundance level of a gene a 679 (53.55) 058 (49.72)
. . . 1-3 4899 (11.57) 4821 (11.38)

was used to directly represent the relative expression level. iy 1304 (1746 1070 (18.82

The FPKM value of each gene was calculated. Analysis of 1; ‘0 1305 (10.38) 5163 (12'19)

the FPKM interval distribution of all genes showed that the 6_0 2086 (7 0'5 ) 3341 (7 8‘9 )

most abundant FPKM interval was 0-1 (22,679, 53.55% of i G

Table 1 Summary of clean transcriptome sequencing reads and reads mapping to the Brassica rapa reference genome

Sample Clean reads High-quality clean Q20 (%) GC content (%) Total mapped Multiple mapped  Uniquely

reads (%) reads (%) reads (%) mapped reads
(%)
S105 58,193,087 99.27 97.20 46.70 73.66 0.83 72.83
c9 55,485,687 99.15 97.05 46.84 75.18 0.84 74.34
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Fig. 3 Differentially expressed genes between S105 and C9. The
results were summarized for the number of up-regulated and down-
regulated genes

Table 3 Functional categories for specifically expressed genes from
$105 and C9

Gene functional categories S105 c9

Heterocyclic compound binding 11 12
Catalytic activity 21 16
Ion binding 12 4
Enzyme regulator activity 9 1
Hydrolase activity 4 1
Transmembrane transporter activity 7 2
Small molecule binding 6 1
Transferase activity 7 3
Nucleic acid binding 5 8
Protein binding 6 5
Nucleotide binding 33 17
Organic cyclic compound binding 8 7
Hydrolase activity 10 3
Cation binding 8 3
Enzyme inhibitor activity 6 1
Transporter activity 5 3
Molecular function regulator 3 0
Oxidoreductase activity 4 2
Hydrolase activity 4 2
Metal ion binding 9 6
Transcription factor activity 2 9
Other categories 89 51
No categories 205 143
Unknown genes 158 96
Total 632 396

Other categories represent all the categories in which the number of
genes is not more than 2

associated with carotenoid accumulation in tomato and
maize (Lee et al. 2012; Jin et al. 2018), 14 homologous
genes in Chinese cabbage were obtained using blastp tool
in BRAD (Table S4). Screening of differentially expressed
transcription factor genes (DETFG) related to carotenoid
accumulation was performed; thus, four DETFGs were
identified, including genes encoding two ANAC(074 tran-
scription factors (Bra011037 and Bra024194), one Dof-type
zinc finger domain-containing protein (Bra002504), and
one GAMYRB transcription factor (Bra005597). Our com-
parison between S105 and C9 revealed that, in addition to
Bra005597, all other DETFGs were up-regulated (Table 4).

Functional enrichment analysis of DEGs

To gain a better insight into the function of the identified
DEGs, GO enrichment analysis was conducted. All DEGs in
the two petal colors were mapped to different functional GO
terms and the significantly enriched GO terms were selected
based on the threshold, corrected p values <0.05. As a
result, a total of 48 GO terms were significantly enriched
in 3 GO ontologies, including 16 GO terms in the cellular
component group, 13 GO terms in the molecular function
group, and 19 GO terms in the biological process group. In
the cellular component ontology, the two most significantly
enriched GO terms were membrane and membrane part. The
binding was the most significantly enriched in the molecular
function ontology. As for the biological process ontology,
the metabolic process category was the most significantly
enriched (Fig. 4).

For further identification of metabolic pathways enriched
by detected DEGs, 4810 DEGs were assigned to all KEGG
pathways. Among these pathways, the most significantly
enriched was plant—pathogen interaction (Table S5), with
most DEGs in this pathway exhibiting down-regulation in
C9; furthermore, most of these down-regulated DEGs were
calcium (Ca“)-binding genes (Table S6). Finally, there were
12 DEGs involved in the carotenoid biosynthesis pathway,
11 of which were down-regulated in C9 (Table 4).

qPCR validation of gene expression

To verify our RNA-seq results, 20 genes were tested
by qPCR. These genes were classified into four catego-
ries, including eight carotenoid biosynthesis pathway
genes (Bra032770, Bra019145, Bra003121, Bra012127,
Bra027336, Bra021558, Bra001552, and Bra020970);
four transcription factor genes associated with carotenoid
accumulation (Bra011037, Bra024194, Bra002504, and
Bra005597); four specifically expressed genes encoding
unknown proteins (Bra001015, Bra010007, Bra017584,
and Bra019906); and four Ca?* binding genes from
plant—pathogen interaction (Bra003712, Bra004165,
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Table 4 Identification of DEGs related to carotenoid accumulation in Chinese cabbage

Gene source Gene ID Annotation Log, fold change P value
Carotenoid biosynthesis path- Bra032770 Phytoene dehydrogenase 5.1063 0.0013
way gene
Bra019145 Carotene beta-ring hydroxylase 1 —3.0485 3.6170E-29
Bra003121 Carotene beta-ring hydroxylase 2 —2.1296 1.0266E-11
Bra012127 Zeaxanthin epoxidase —4.5784 2.7199E-16
Bra018616 Violaxanthin de-epoxidase —2.8937 1.0904 E-22
Bra027336 Nine-cis-epoxycarotenoid dioxygenase 3 —2.8193 2.8569E-12
Bra021558 Nine-cis-epoxycarotenoid dioxygenase 3 —2.4328 1.1478E-08
Bra001552 Nine-cis-epoxycarotenoid dioxygenase 3 —2.3323 2.5049E-15
Bra020970 Nine-cis-epoxycarotenoid dioxygenase 4 —5.9653 5.8468E-11
Bra013386 Abscisic acid 8'-hydroxylase —4.5881 9.0919 E-13
Bra021965 Abscisic acid 8'-hydroxylase —5.3545 3.9087 E-56
Bra027602 Abscisic acid 8'-hydroxylase —5.4120 5.5361 E-51
Transcription factor gene Bra011037 NAC domain-containing protein 74 2.6317 5.7602E-19
Bra024194 NAC domain-containing protein 74 2.0641 1.6701E-12
Bra002504 Dof-type zinc finger domain-containing protein 2.2070 2.3106E-08
Bra005597 GAMYB protein-like —10.8578 6.5519E-55
=Up
biological process molecular function cellular component = Down
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Fig.4 GO functional enrichment analysis of S105 vs. C9. X and Y axis represent enriched GO terms and the number of DEGs, respectively

Bra009420, and Bra011605). The results of gPCR showed Discussion

that the relative expression levels of some of the selected

genes were different from the data determined by RNA-  In flowers, accumulated carotenoids are responsible for
seq; however, the expression trends of all the selected  petal colors in many plants, such as Oncidium (Chiou
genes were consistent with those obtained from RNA-seq et al. 2010), Osmanthus fragrans (Han et al. 2014), and
(Fig. 5), indicating that our analysis of RNA-seq was accu-  B. napus (Zhang et al. 2015). In B. napus, Zhang et al.
rate and reliable.
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Fig.5 gPCR validation of 20 DEGs related to carotenoid accumulation in S105 and C9. Bars represent mean + SE of triplicate tests, and aster-

isks indicate significant differences between S105 and C9 (¢ test, p <0.05)

(2015) reported that the main carotenoid in yellow flowers
was violaxanthin and a similar result was found in yellow
flowers of Oncidium (Chiou et al. 2010). Studies revealed
that orange petals of Oncidium and Osmanthus fragrans
accumulated significantly more f-carotene than the yellow
petals (Chiou et al. 2010; Han et al. 2014). In this study,
HPLC analysis revealed that violaxanthin and lutein were
the most abundant carotenoids in yellow petals, whereas
lutein and f-carotene were more abundant in orange pet-
als. These results were consistent with those from previous
investigations (Chiou et al. 2010; Han et al. 2014; Zhang
et al. 2015) indicating that the characteristic orange color
of petals on flowers of B. rapa line 94C9 was most likely
due to the accumulation of -carotene to a greater extent
than accumulation of the same pigment in yellow petals
on flowers of B. rapa, line 92S5105.

RNA-seq has become a powerful tool for the elucida-
tion of gene expression patterns; as such, RNA-seq can
contribute to the identification of potential candidate genes
associated with target traits. In this study, a comparative
RNA-seq analysis was performed between yellow and
orange petals of B. rapa lines 925105 and 94C9, respec-
tively. Thus, we obtained 112 million high-quality reads

of which approximately 74% were uniquely mapped to B.
rapa reference genome. We identified 3534 up-regulated
and 3833 down-regulated genes in samples of the two petal
colors. Among them, 632 and 396 genes were specifically
expressed in S105 and C9, respectively. Although functional
annotation analysis revealed that annotated SEGs were not
associated with carotenoid metabolism, we speculated that
some SEGs encoding unknown proteins may be involved in
carotenoid accumulation in Chinese cabbage petals.
Generally, carotenoid content and composition correlate
with the transcriptional level of carotenogenic genes. Down-
regulated expression of f-carotene hydroxylase (OgBCH)
and zeaxanthin epoxidase (OgZEP) in Oncidium petals led
to the accumulation of pB-carotene, whereby floral tissues
appeared orange (Chiou et al. 2010). In this study, 12 genes
from the carotenoid biosynthesis pathway showed different
expression patterns in the two lines under study. Among
these DEGs, BrBCH and BrZEP, which encode proteins that
control the conversion of -carotene to zeaxanthin and that
of zeaxanthin to violaxanthin, respectively, showed down-
regulation in C9, compared with S105 (Table 4, Fig. 5); such
was presumably the cause of the accumulation of f-carotene
that might have indirectly contributed to the accumulation
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of lutein in 94C9. Moreover, while CCD4 was reportedly
involved mainly in carotenoid degradation in petals (Ohmiya
2009; Zhang et al. 2015), the expression of CCD4 in S105
and C9 did not differ in this study.

Although the main genes in the carotenoid metabolic
pathway have been identified for many crops, the genes regu-
lating the expression of genes directly involved in the path-
way remain largely unknown. Up to present, only a few tran-
scription factors that affect carotenoid accumulation have
been identified in tomato. Thus, for example, transcription
factor LE15G11 showed a negative correlation with lutein
and P-carotene (Lee et al. 2012). In this study, homolo-
gous genes of LEI5GI1 in Chinese cabbage, Bra0l11037
and Bra024194, were up-regulated in C9, indicating that
these two genes are not likely to be the cause of the accu-
mulation of lutein and B-carotene. In maize, transcription
factors ZmPBF and ZmGAMYB independently activated
the expression of ZmBCH?2 (Jin et al. 2018); in our study,
Bra002504 and Bra005597, which are homologous of the
two maize genes (ZmPBF and ZmGAMYB) in Chinese cab-
bage, respectively, exhibited up- and down-regulation in C9.
Based on the observed expression of BrBCH in S105 and
C9, it seems that Bra005597 might play a key role in the
formation of orange petals in Chinese cabbage.

In plants, ABA is synthesized mainly through the carot-
enoid biosynthesis pathway. Previous investigations revealed
that ABA enhanced plant resistance to pathogens by pro-
moting callosum deposition on the cell wall (Mauch-Mani
and Mauch 2005; Garcia-Andrade et al. 2011) and stomatal
closure (Melotto et al. 2006; Cao et al. 2011). As part of
the plant—pathogen interaction pathway, calmodulin (CaM)/
calmodulin-like (CML) proteins and calcium-dependent
protein kinases (CDPKs) have been shown to be involved
in cell wall reinforcement and stomatal closure. Moreover,
the expression of many CaM/CML and CDPK genes was
induced by ABA in plant tissues (Breviario et al. 1995; Yoon
et al. 1999; White and Broadley 2003; Zhou et al. 2008).
Therefore, ABA might be involved in the plant—pathogen
interaction through the regulation of CaM/CML and CDPK
gene expression. In the present study, two genes involved in
the carotenoid biosynthesis pathway, BrZEP and BrNCED,
which play an important role in ABA biosynthesis, were
down-regulated in C9 (Table 4). In the most significantly
enriched plant—pathogen interaction pathway, most DEGs
were CaM/CML and CDPK genes involved in cell wall
reinforcement and stomatal closure. Among them, nearly
all genes were down-regulated in C9 (Table S6). Altogether,
these findings indirectly indicated that carotenoid biosyn-
thesis might be the significantly enriched pathway between
S105 and C9. In addition, according to previous studies,
ABA was primarily associated with seed dormancy and
responses to abiotic and biotic stress (Audenaert et al. 2002;
Fujii et al. 2007; Fan et al. 2009; Wang et al. 2013; Ma et al.
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2017; Vishwakarma et al. 2017). However, up to present,
there is no report that ABA might be directly involved in
petal color formation.

Conclusion

Our study provides a transcriptome-based analysis of dif-
ferentially expressed genes associated with carotenoid accu-
mulation in petals of Chinese cabbage. The main carotenoids
found in yellow petals were violaxanthin and lutein, whereas
lutein and p-carotene were more abundant in orange petals.
Our transcriptome comparison between yellow-petal line
92S105 and orange-petal line 94C9, suggested four genes,
including BrBCH1, BrBCH2, BrZEP, and BrGAMYB, that
might be considered as possible candidate genes associated
with carotenoid accumulation in petals and their expression
patterns were validated. These findings would facilitate bet-
ter understanding of the regulatory mechanism of carotenoid
accumulation in Chinese cabbage petals.
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