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Abstract
Background: Male sterility contributes strongly to hybrid seed purity and production in Brassica crops. To detect plant phenotypes and
the gene expression patterns involved in bioprocess of an Ogura cytoplasmic male sterility line (Ogura-CMS), a dominant genic male
sterility line (DGMS) and their maintainer line, we analyzed the transcriptomes of broccoli �orets among the isogenic Ogura-CMS
(T54C), DGMS (T54M) and inbred lines (T54S).

Results: There were respectively 505, 585 and 469 upregulated genes, and 1109, 1073 and 543 downregulated genes in the comparison
groups of T54C and T54M, T54C and T54S, and T54M and T54S. The head weight and head width showed stronger performance in the
Ogura-CMS than the DGMS line or maintainer line. The Ogura-CMS line showed poorer performance in seed yield and seed germination
than the DGMS line or maintainer line. The DGMS line had longer maturation and �owering periods than the Ogura-CMS and maintainer
lines. The plant hormone genes, auxin (TIR1, GH3 and SAUR) and salicylic acid (SA) (NPR1), and adenosine triphosphate-binding
cassette (ABC) transporters-related genes (ABCB1 and ATM) were highly up-regulated in T54C compared with T54M or T54S. The
brassinosteroid upregulated gene CYCD3 related to the function of late-�owering and delaying senescence in plants, was detected in
T54M over two seasons.

Conclusions: Among the isogenic Ogura-CMS, DGMS and inbred lines of broccoli, the Ogura-CMS line showed strong performance in
head yield than the DGMS line or the inbred line. The DGMS line had longer days to �owering than the Ogura-CMS and inbred lines.
However, the inbred line presented a higher seed yield and seed germination rate than the DGMS or Ogura-CMS line. This study found
that some potential plant hormone genes, auxin (TIR1, GH3 and SAUR) and SA (NPR1), and ABC transporters related genes (ABCB1 and
ATM) might play a key role in regulation of the developmental trait in the Ogura-CMS line. The BR- upregulated gene CYCD3 may
function in late-�owering and delaying senescence of broccoli consistent with the investigations conducted over two seasons. Our
�ndings provided a possible explanation for physiological and developmental differences of broccoli among the Ogura-CMS, the DGMS
and the inbred lines.

Background
Broccoli (Brassica oleracea L. var. italica) is a well-known vegetable grown worldwide that belongs to the cruciferous vegetable family,
which includes cabbage, kale, cauli�ower, Brussels sprouts, Chinese cabbage, rutabaga, and turnips. Broccoli contains many nutrients
and few calories, exhibiting anticancer, weight loss promoting, and cardiovascular and cerebrovascular disease-preventing properties
that are bene�cial to human health [1–5]. In 2017, the area in China under cultivation for broccoli has exceeded 70 000 ha based on
data from the Ministry of Agriculture [6].

Currently, commercial broccoli crops primarily consist of hybrid cultivars bene�ting from heterosis, and the hybrid cultivars are mostly
male sterility lines, especially Ogura cytoplasmic male sterility (Ogura-CMS) lines. There are usually two types of hybrid cultivars: in the
�rst, both parents in the cross are from inbred lines, and at least one of the parents has self-incompatibility; in the second, one of the
parents is transferred from a male sterility line. The male sterility lines currently used in broccoli breeding were derived from a line with
dominant genic male sterility (DGMS), which was discovered in cabbage, and from a line Ogura-CMS, which was discovered in radish
[7–10]. However, there are still some disadvantages regarding bud development and seed production in male sterility lines, especially in
Ogura-CMS plants; these disadvantages include bud abortion and low seed yield [7, 11, 12]. On the other hand, hybrid cultivars from
male sterility lines have enhanced seed purity and hybrid rates, and DGMS lines usually have higher seed yields than Ogura-CMS line
from the same inbred line [11, 13]. The Ogura-CMS lines of broccoli and other Brassica plants used today have been improved by
protoplast fusion [11], and Ogura-CMS is stable and easily transferred between species; therefore, these lines are important sources of
CMS in Brassica plants [14–16].

Transcriptome analyses based on RNA sequencing (RNA-Seq) technology are important methods with which to understand the
differentially expressed genes (DEGs) involved in various biological processes, and these analyses have been widely performed on
Brassica plants [12, 13, 17, 18]. For example, small RNA-Seq has revealed DEGs in the early development of broccoli pollen [19], and
transcriptome analyses have been used to examine four transcription factors in normal and abortive buds of an Ogura-CMS line and its
maintainer line [12]. In addition, the roles of pigment mechanisms in post-harvest broccoli yellowing [20], gene expression patterns
associated with sulforaphane metabolism in broccoli �orets [21], glucosinolate metabolism in seeds and sprouts [22, 23], and yield
heterosis in curds of broccoli have also been elucidated by RNA-Seq technology [24]. To the best of our knowledge, it would be the �rst
report of comparative transcriptome analyses of isogenic Ogura-CMS, DGMS and inbred lines in broccoli �orets.
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Our group �rst discovered a plant with DGMS, from the 79–399 spring cabbage in 1979 [7]. To obtain a new male sterile line of broccoli
for cultivar breeding, we used multiple broccoli inbred lines with cabbage DGMS material and developed several good DGMS broccoli
lines with stable agronomic performance. In the same way, Ogura-CMS broccoli lines derived from CMSR3629 (Ogura-CMS) introduced
by the Asgrow Seed Co. (USA), have also been developed. Among these materials, the inbred line T54 (T54S) has selfed more than 25
generations. T54S was used to develop an isogenic Ogura-CMS line (T54C) and an isogenic DGMS line (T54M).In fact, there are some
big differences of �owering time, seed yield, and other agronomic traits among isogenic Ogura-CMS, DGMS and inbred lines, which
needs further research in transcription level for revealing the molecular mechanism. Therefore, these materials are ideal for studying the
relationships among molecular mechanisms and important agronomic traits in the Ogura-CMS and DGMS lines and their maintainer
line.

Results
Morphological analysis

There were no signi�cant differences in head characteristics among the Ogura CMS line T54C, the DGMS line T54M and their
maintainer line T54S (the inbred line), but there were some other differences in maturity days, �owering time, production and seed
characters, which are described in detail in Table 1. Our analysis of the agronomic traits of broccoli at harvest revealed that the Ogura-
CMS broccoli line showed stronger performance in head weight and head width than the DGMS line or the maintainer line (Table 1). The
DGMS line had longer production (days to maturation and �owering) than the Ogura-CMS and inbred lines. In contrast, the inbred line
presented a higher seed yield and seed germination rate than the DGMS and Ogura-CMS lines. The Ogura-CMS line showed the lowest
seed yield and germination rate.

Transcriptome analysis

Six cDNA libraries from broccoli �orets obtained at harvest times from the T54C, T54M and T54S lines were subjected to Illumina
sequencing with two biological replicates for each sample. After �ltering of invalid reads, 159,424,568 clean reads and 47,827,370,400
clean bases (47.8 Gb) were obtained (Table 2). The Q20 and Q30 percentages were 98.12–98.41% and 95.06–95.62%, respectively, with
GC percentages of 45.08–46.80% (Table 2).

Genomic Characteristics and-Nucleotide Polymorphism (SNP) Distribution

As shown in Table 2, the average amounts of clean bases data for T54C, T54M and T54S were 8.77 Gb, 7.91 Gb and 7.25 Gb,
respectively. The average GC percentages of T54C, T54M and T54S were 46.77%, 45.82% and 46.45%, respectively. There were no
obvious differences in numbers of mapped reads. In addition, the alternative spicing pattern distributions of the samples were shown in
Fig. 1. The T54C vs T54M comparison presented more alternative splicing of �ve patterns than the T54C vs T54S and T54M vs T54S
comparisons, and the T54C vs T54S and T54M vs T54S comparisons showed similar alternative splicing patterns with regard to
alternative 3' splice sites (A3SSs), alternative 5' splice sites (A5SSs), mutual exclusive exons (MEXs), mutual intron retention (IR) and
exon skipping (ES).

As shown in Table 3, we found that eight regions of the genome contained SNP. The T54S line showed a higher percentage of SNP
distribution in exonic regions (54.39%) than the T54C (52.35%) and T54M (52.79%) lines but a lower percentage in intergenic regions
(15.85%) than the T54C (16.96%) and T54M (17.25%) lines. The remaining regions of SNP distribution showed no clear differences.

Gene optimization and correlation test

A total of 5754 optimized regions involving 3872 unigenes were predicted using the gene structure optimization method (Fig. 2; Table
S1). Approximately 13 mitochondrial unigenes (chrMT) were optimized (Table S1).

To study the reliability the results and differences among the samples, correlation tests were performed for each sample comparison
based on the log2 (FPKM) values of gene expression, as shown in Table 4. All the coe�cients of correlation for the pairs of samples

ranged from 0.913 to 0.973, with the Pearson’s R2 test values ranging from 0.867 to 0.973 (R2 > 0.8). The coe�cients of correlation
among replicate T54C, T54M and T54S samples were 0.965 (R2 = 0.943), 0.960 (R2 = 0.925) and 0.966 (R2 = 0.919), respectively. The
coe�cients of correlation between T54C and T54M, T54C and T54S, and T54M and T54S ranged from 0.867 to 0.918, 0.867 to 0.905,
and 0.894 to 0.973, respectively. Therefore, the inbred line and the DGMS line are more closely related than the inbred line and the
Ogura-CMS line.
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Diffential genes expression analysis and DEG clustering

To explore the DEGs, the gene expression variations were analyzed in three comparisons T54C vs T54M, T54C vs T54S and T54M vs
T54S (Fig. 3A, B). In the T54C line compared with the T54M line, 505 and 1109 genes were up- and downregulated, respectively. In the
T54C line compared with the T54S line, 585 and 1073 genes were up- and downregulated, respectively. In the T54M line compared with
the T54S line, 469 and 534 genes were up- and downregulated, respectively. The DEG cluster analysis (Fig. 4) revealed that the T54C
line showed similar up- and downregulated genes in comparisons with the T54M and T54S lines, but the T54M vs T54S comparison
presented very different numbers and types, as shown in Fig. 3B.

Analysis of the Ogura-CMS, DGMS and inbred lines

To better understand the function and biological processes associated with the DEGs, GO term (p < 0.01) and KEGG pathway (p < 0.01)
analyses were performed for the DEGs between T54M and T54S, T54C and T54S, and T54C and T54M. The GO analysis classi�ed the
DEGs from these comparisons into 60 GO categories were separated into three main groups: the biological process (BP) group, the
molecular function (MF) group and the cellular component (CC) group (Fig. 5). With regard to the T54M vs T54S comparison, GO
analysis revealed that 332 and 331 upregulated genes corresponded to the intracellular and intracellular parts terms, respectively, both
belonging to the CC group. However, other genes associated with terms in the CC group, including those associated with membrane
(302), cell periphery (225), plasma membrane (182) and cellular region (104) terms, as well as 228 genes in the BP group were
downregulated in the T54M line (Fig. 5A). With regard to the DEGs between T54C and T54S, GO analysis revealed that upregulated
genes were associated with the response to stimulus (389), response to stress (271), or response to chemical (255) terms in the BP
group, or with the nucleus (419) terms in the CC group. The organism metabolic process (270), extracellular region part (421), intrinsic
component of membrane (300), and cell periphery (232) terms were associated with downregulated genes (Fig. 5B). In the T54C vs
T54M comparison, more upregulated genes were associated with the cell (423) and cell part (423) terms in the CC group than with
terms in the BP and MF groups, and the extracellular region (122) term in the CC group was associated with more downregulated genes
than other terms (Fig. 5C).

The KEGG pathway results were comprehensively evaluated and �ltered (p < 0.01), and there were eight terms strongly related to plant
development. Speci�cally, photosynthesis-antenna proteins (7 upregulated genes), plant hormone signal transduction (41 upregulated
genes), phenylpropanoid biosynthesis (39 downregulated genes), adenosine triphosphate (ATP)-binding cassette (ABC) transporters (4
up- and 5 downregulated genes), fatty acid elongation (5 upregulated genes), fatty acid metabolism (25 downregulated genes),
�avonoid biosynthesis (15 downregulated genes) and polycyclic aromatic hydrocarbon degradation (8 upregulated genes) terms were
distributed among different samples (Table 5). But there needs further validation of these genes in broccoli.

Identi�cation of functional modules in PPI networks

The Protein-Protein Interactions Network (PPI-Net) was developed in 2011 [25, 26]. To better understand the interactions of the DEGs,
PPI networks were constructed using Cytoscape software. As shown in Fig. 6, unlike the T54M vs T54 comparison, which showed a
radiating PPI network, the T54C vs T54S comparison and T54C vs T54M comparison showed branching PPI network. These networks
accurately re�ected the different backgrounds of the Ogura-CMS, DGMS and inbred lines of broccoli. The results also suggested the
existence of a close relationship between the DGMS and inbred lines of broccoli but a distant relationship between both of these lines
and the Ogura-CMS line. In the PPI network for T54C and T54S, the most highly upregulated genes were LOC106311788 (auxin-
responsive protein IAA3-like) and LOC106339384 (E3 ubiquitin protein ligase DRIP2), and the most highly downregulated genes were
LOC106343730 (auxin-responsive protein IAA7) and LOC106331616 (auxin-responsive protein IAA7-like). In the PPI network for T54C
and T54M, the most highly upregulated genes were LOC106312313 (uncharacterized protein At5g05190), LOC106327001 (auxin
response factor 7) and LOC106317959 (auxin response factor 7-like), and the most highly downregulated gene was LOC106304816
(SKP1-like protein 14). In the PPI network for T54M and T54S, the most highly upregulated gene was LOC106298512, and the clusters
of downregulated genes with higher degrees were LOC106322852 (protein TRANSPARENT TESTA 12-like), LOC106325277
(ribonuclease 1), LOC106295628 (protein TRANSPARENT TESTA 12-like) and LOC106340694 (protein ORGAN SIZE RELATED 1).

Special DEG selection and qRT-PCR validation

To better understand and explain the different agronomic traits of the broccoli lines T54S, T54M and T54C during developmental stages
in the spring and autumn of 2016, fourteen DEGs were selected and their expression was validated by qRT-PCR. These genes were
associated with photosynthesis-antenna proteins, plant hormone signal transduction, phenylpropanoid biosynthesis, ABC transporters,
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fatty acid elongation, fatty acid metabolism, �avonoid biosynthesis and polycyclic aromatic hydrocarbon degradation. One additional
gene associated with each term was targeted, and the transcriptome data and qRT-PCR results showed similar patterns for the fourteen
DEGs (Figure S2).

Discussion
Male sterility lines, including Ogura-CMS and DGMS (especially Ogura-CMS), have been widely used in Brassica crops, such as broccoli,
cabbage, cauli�ower, Chinese cabbage, rape, and radish [7, 12, 27]. The Ogura-CMS line contributes signi�cantly to hybrid seed
production in Brassica crops; therefore, some studies focus on Ogura-CMS, although the mechanism of hybrid seed production has not
been elucidated. Previous transcriptome and proteome analyses of the Ogura-CMS line have provided basic information about the DEGs
and differential abundant proteins (DAPs) between Ogura-CMS lines and their maintainer lines [12, 13, 17, 18, 28]. In this study, some
signi�cant differences in agronomic traits associated with growth and reproductive growth and development were noted among the
Ogura-CMS and DGMS lines and their maintainer line in a two-year investigation with statistical analysis. In contrast to previous studies,
this study ought to elucidate the reasons for the stronger performance in head weight and head width in the Ogura-CMS line than in the
DGMS line of broccoli and sought to determine why the DGMS line of broccoli had longer maturation and �owering periods than the
Ogura-CMS and inbred lines. The Ogura-CMS line of broccoli showed poorer performance with regard to seed yield and germination rate
than the maintainer line; this poorer performance was related to bud abortion during the bud development stage. According to
transcriptome analysis and qRT-PCR veri�cation, some DEGs and pathways might be associated with these signi�cant differences in
agronomic traits among the Ogura-CMS, DGMS and maintainer lines.

Plant hormone signal transduction and ABC transporters fuction in the Ogura-CMS line

Plant hormones play important roles in plant development in addition to increasing ATP supply. In this study, the plant hormone signal
transduction and ABC transporters pathways (ko01075 and ko02010, respectively) were both signi�cantly enriched for DEGs in the
Ogura-CMS line compared to the inbred line and DGMS line, respectively. In the plant hormone signal transduction pathway, 26 of 548
genes were upregulated in the Ogura-CMS line and were associated with terms including auxin, cytokinine (CK), abscisic acid (ABA),
ethylene (ET), jasmonic acid (JA) and salicylic acid (SA) metabolism terms; these genes are most likely related to reproductive growth.
The promotion of these factors associated with plant growth might help to explain the growth trait advantages and reproductive
development disadvantages in the Ogura-CMS line compared with its maintainer line.

With regard to auxin metabolism, the TIR1, GH3 and SAUR genes were all upregulated, which could promote cell enlargement during
plant growth promotion. The SCF (TIR1) E3 ubiquitin ligase complex is involved in the auxin-mediated signaling pathway that regulates
root and hypocotyl growth, lateral root formation, cell elongation, and gravitropism. In the PPI network for T54C and T54S, the
expression of the genes LOC106311788 (auxin-responsive protein IAA3-like) and LOC106339384 (E3 ubiquitin protein ligase DRIP2)
were elevated, which consistent with the previous results. The auxin-responsive GH3 gene family is essential for plant growth and
development in rice, and several genes of this family have been con�rmed to have indoleacetic acid (IAA) amido synthetase
biochemical activity [29, 30]. The SAUR gene family was initially de�ned as a set of auxin-inducible genes regulating development,
especially in hypocotyls, and many SAUR genes act by promoting cell expansion [31, 32]. With regard to CK metabolism, only the
Arabidopsis response regulators (A-ARR) gene was upregulated, which primarily regulates cell division in vivo in Arabidopsis [33]. With
regard to ABA metabolism, the protein phosphatase 2C (PP2C) gene is present in plants and animals; plants express SAUR-immune
PP2C, D2 or PP2C. D5 derivatives confer severe cell expansion defects and correspondingly cause constitutively low levels of PM H+-
ATPase phosphorylation. It has been proven that PM H+-ATPase plays an important role in seed germination due to its role in supplying
cell walls with the H+-ions necessary for cell elongation commencement in embryos, but the mechanism of PM H+-ATPase activation in
germinating seeds has not been determined [34, 35]. With regard to ET metabolism, high expression of the ERF1/2 gene is involved in
fruit ripening, and overexpression of this gene has been found to be speci�cally induced by glucose during germination and early
seedling development in Arabidopsis plants [36]. With regard to JA metabolism, JAZ and MYC2 were both upregulated. The JAZ
repressor family proteins are jasmonate coreceptors and transcriptional repressors that operate in the JA signaling pathway and are
vital in regulating the development of plants. The JAZ gene family has been reported to exist in many plants [37, 38]; MYC2, a basic
helix-loop-helix (bHLH)-type stress-related transcription factor involved in JA signaling, interacts with ANAC019 to coregulate the
expression of NYE1 during JA-induced chlorophyll degradation in Arabidopsis [39]. In addition, JA promotes degreening via MYC2/3/4-
mediated regulation of major chlorophyll catabolic genes, which has been reported in Arabidopsis [40, 41]. The NPR1 gene associated
with SA metabolism, was upregulated; this gene is a key regulator of the SA-mediated systemic acquired resistance (SAR) pathway and
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plays an essential role in plant immunity [42]. In Arabidopsis, NPR1 can interact with transcription factors to induce the expression of
pathogenesis-related (PR) genes and strongly promote defense responses [43].

ABC transporters compose a transport system superfamily that is one of the largest and possibly one of the oldest gene families. This
superfamily is essential for eukaryotes, especially for plants [44]. ABC genes are divided into seven distinct subfamilies (ABC1,
MDR/TAP, MRP, ALD, OABP, GCN20 and White). In this study, two genes ABCB1 (MDR1) and ATM, both belonging to the ABCB gene
family, were upregulated in the Ogura-CMS line compared with the DGMS line. ABCB1 is one of ABC genes are present in all kingdoms
of life and are responsible for cellular homeostasis [45].

In summary, our �ndings might indicate that upregulation of the auxin-related (TIR1, GH3 and SAUR), SA-related (NPR1) and ABC
transporter (ABCB1 and ATM) genes in the plant hormone signal transduction pathway (ko04075) in Ogura-CMS line compared with the
DGMS line provides adequate and additional factors to promote the growth of Ogura-CMS broccoli, resulting in strong performance of
head weight and head width. However, there needs further research of these genes in broccoli developmental regulation.

The plant hormone signal transduction and photosynthesis-antenna proteins responding to the DGMS line

In the plant hormone signal transduction pathway (ko04075), 15 of 548 total genes were upregulated in the DGMS T54M line compared
with its maintainer line (T54S), two genes auxin genes (Aux/IAA and SAUR) , one CK-related gene (A-ARR), one ABA-related gene (PP2C),
one ET-related gene (ERF1/2), one brassinosteroid (BR) -related gene (CYCD3) and one JA-related gene (JAZ). Compared to the Ogura-
CMS line, the DGMS line exhibited three differences in broccoli �orets. With regard to auxin metabolism, two genes, TIR1 and GH3, were
absent; another gene, Aux/IAA, was present. This short-lived nuclear protein plays a crucial role in repressing the expression levels of
genes activated by auxin response factors (ARFs) in Arabidopsis [46]. Biochemical and genetic evidence suggests that conserved
domain II, found in most Aux/IAA proteins, is required for rapid degradation and for auxin-mediated acceleration of degradation [47].
The CYCD3 gene associated with BR metabolism was upregulated in this study. Notably, Arabidopsis plants overexpressing CYCD3-1
show extensive leaf curling, disorganized meristems, increased leaf numbers, late �owering and delayed senescence [48, 49]. One J-
related gene (JAZ) was present in the DGMS line, while two JA-related genes (JAZ and MYC2) were present in the Ogura-CMS line; this
�nding could provide an additional explanation for the better seed yields in the DGMS line, as the absence of MYC2 may have reduced
degreening of �orets (buds). No SA gene upregulation was found in the DGMS line. Therefore, we found that the BR gene CYCD3 may
function in late �owering and delayed senescence of broccoli during the growth and developmental stages consistent with the data
obtained in the investigations conducted over two seasons.

In addition, we found that three upregulated genes (Lhcb1, Lhcb3 and Lhcb5) were associated with the photosynthesis-antenna protein
pathway (ko00196). The antenna proteins that exist in phycobilisomes in cyanobacteria and light-harvesting complex II (LHCII) protein
complexes in green plants act as peripheral antenna systems, enabling more e�ciency of light energy absorption. LHCII trimers are
composed of Lhcb1, Lhcb2, and Lhcb3 proteins in various trimeric con�gurations. Lhcb4, Lhcb5, and Lhcb6 are monomeric proteins
associated with photosystem II (PSII), while Lhca polypeptides make up the antenna of photosystem I (PSI). According to analyses of
the functions and expressions of LHCII and PSII genes in previous studies, we hypothesize Lhcb1, Lhcb3 and Lhcb5 genes in the DGMS
line may respond to the environment [50-53].

Conclusions
This study pointed out the Ogura-CMS broccoli line showed strong performance in head weight and head width than the DGMS line or
the maintainer line. The DGMS line had longer production (days to maturation and �owering) than the Ogura-CMS and maintainer
(inbred) lines. In contrast, the inbred line presented a higher seed yield and seed germination rate than the DGMS or Ogura-CMS line; the
Ogura-CMS line showed the lowest seed yield and germination rate. According to RNA sequencing (RNA-Seq) and qRT-PCR veri�cation,
plant hormone genes, auxin (TIR1, GH3 and SAUR) and SA (NPR1), and ABC transporters-related genes (ABCB1 and ATM) might be
important factors in the Ogura-CMS line. The BR- upregulated gene CYCD3 may function in late-�owering and delaying senescence of
broccoli consistent with the investigations conducted over two seasons. Our �ndings provided a possible explanation for physiological
and developmental differences of broccoli among the Ogura-CMS, the DGMS and the inbred lines.

Methods
Plant materials and agronomic trait investigation
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The broccoli (Brassica oleracea var. italica) maintainer T54S (the inbred line), Ogura-CMS T54C and the DGMS line T54M were all bred
at the Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences (IVF-CAAS). The original source of inbred line
T54S was derived from the Sakata commercial cultivar (Japan). The broccoli line T54C is derived from the popular Ogura-CMS line
(Sakata, Japan) [54, 55], and T54M was initially derived from the cabbage line 79-399-3 (our lab) [56, 57]. All the plant materials were
cultivated and improved by our lab (IVF-CAAS). The T54S line produces an early-maturing, uniform, tight-headed, semidomed broccoli
with large buds on a medium-framed plant. In the spring and autumn of 2016, three replicates were successively grown in the same
experimental greenhouse at IVF-CAAS (Beijing, China). When plants harvest began, three types of bud samples were typically collected
from T54S, T54M and T54C and labeled with two biological replicates (Fig. 7). The isolated buds were immediately frozen in liquid
nitrogen and stored at -80°C for late use.

The agronomic traits of three lines were investigated during the harvest, �owering, seed ripening and seed germination stages. All the
data were analyzed with SPSS 12.0 software (IBM Co., Ltd., New York, USA), and one-way ANOVA was carried out on the agronomic trait
data at p < 0.05.

RNA extraction and Illumina sequencing

Total RNA was extracted using an RNA Pure Plant Kit (Tiangen Co., Ltd., Beijing, China) following the manufacturer’s instructions. The
integrity of the RNA was assessed with an RNA Nano 6000 Assay Kit on an Agilent Bioanalyzer 2100 platform (Agilent Technologies
Inc., Santa Clara, CA, USA). High-quality RNA from each sample was used for cDNA library construction and RNA-Seq on an Illumina
HiSeqTM 2500 platform (Berry Genomics Co., Beijing, China). To obtain clean high-quality reads, adapter sequences, low-quality reads (in
which > 50% bases had Q-values ≤ 3) and unknown sequences (“N” reads > 10% unknown nucleotides) were removed from the raw
reads. The Q20, Q30 and GC contents were then calculated based on the clean reads.

Quality control and transcriptome analysis

The clean reads from each sample were mapped to the reference genome (ftp://brassicadb.org/Brassica_oleracea/) with TopHat2
(Version 2.0.3.12) [58]. The gene expression levels were normalized using the fragments per kilobase of transcript per million mapped
reads (FPKM) method [45]. The edgeR package (http://www.rproject.org/) was used to identify differentially expressed genes (DEGs)
between two samples. Each gene was quanti�ed by calculating the FPKM value with RSEM (V1.2.15). Thresholds of an FDR < 0.05 and
a log2 |fold change| > 1 were set to select the DEGs. The DEGs were then analyzed for enrichment of Gene Ontology (GO;
http://www.geneontology.org/GO.downloads.shtml) functions and Kyoto Encyclopedia of Genes and Genomes (KEGG;
http://www.genome.jp/kegg/pathway.html) pathways [21, 59]. GO terms or pathways with p values < 0.05 were de�ned as signi�cantly
enriched for the DEGs. Correlations among the expression levels of DEGs were analyzed with Pearson correlation tests. A protein-protein
interaction (PPI) network was constructed with Cytoscape software with combined information from databases such as the
Biomolecular Interaction Network Database (BIND) and an interactome database [60]. The reference genome was for Brassica oleracea
(wild cabbage) (https://www.ncbi.nlm.nih.gov/genome/10901).

Quantitative qRT-PCR analysis

Quantitative real-time (qRT-PCR) analyses were performed to validate the results from the DEGs with the three biological replicates. This
is the results of the study, fourteen DEGs were chosen and tested; six of them were speci�cally upregulated, and eight of them were
speci�cally downregulated in T54M vs T54S samples, T54C vs T54M samples and T54C vs T54S samples. Total RNA was extracted
from the head buds of each sample at harvest time using an RNA Pure Plant Kit (Tiangen Co., Ltd., Beijing, China). First-strand cDNA
was synthesized using a PrimeScriptTM 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). qRT-PCR was carried out according to the
SYBR PrimeScript RT-PCR Kit manufacturer speci�cations (Takara, Dalian, China) on an ABI Prism® 7900HT Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Three biological replicates (with three technical replicates for each biological replicate) were
analyzed for each gene, and the relative expression level was estimated by the 2-△△Ct method [61, 62]. The β-actin gene was used as an
internal control, and the speci�c primers were designed using Primer Premier 6 (Premier Co., Canada) (Table 6) [61].
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Tables
Table 1 Agronomic trait investigation of the broccoli lines T54S, T54M and T54C during developmental stages in the spring and autumn
of 2016

Trait Name Autumn     Spring    

T54S T54M T54C T54S T54M T54C

Single head weight (kg) * 0.24 ± 0.04 0.23 ± 0.07 0.26 ± 0.04 0.22 ± 0.05 0.21 ± 0.08 0.24 ± 0.05

Head height (cm) 15.24 ± 1.16 15.26 ± 2.06 15.36 ± 2.18 15.11 ± 1.89 14.84 ± 1.78 15.26 ± 2.24

Head width (cm) * 15.37 ± 1.55 15.22 ± 2.08 16.04 ± 2.57 15.08 ± 1.87 14.39 ± 2.06 15.53 ± 3.15

Flower color Yellow Yellow Yellow Yellow Yellow Yellow

Days to maturity (day)* 105 ± 3 109 ± 4 106 ± 4 126 ± 3 134 ± 4 128 ± 4

Days to �owering (day) * 126 ± 3 129 ± 3 126 ± 4 143 ± 2 147 ± 3 142 ± 2

Seeds yield per plant (g) * 4.13 ± 0.24 3.52 ± 0.58 2.41 ± 0.27 2.86 ± 0.29 2.21 ± 0.56 1.74 ± 0.36

Seeds germination rate (%)* 86.58 ± 3.77 83.04 ± 4.18 71.76 ± 2.47 85.03 ± 2.61 79.59 ± 2.92 71.46 ± 2.88

Note: T54C, T54M and T54S represent samples from the Ogura-CMS, DGMS and maintainer lines, respectively. All the data are shown
as the mean ± standard deviation (n=3). ”Days to maturity” represents the number of days from sowing to head maturity, and “days to
�owering” represents the number of days from sowing to �owering. The asterisk (*) shows that a signi�cant difference was identi�ed
among the T54S, T54M and T54C groups in the same season based on one-way ANOVA at p < 0.05

 

Table 2 Summary of the broccoli bud transcriptome sequencing data
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Sample
Name

Clean
Reads

Clean

Bases
(Gb)

Clean

N (%)

Clean GC
(%)

Clean Q20
(%)

Clean Q30
(%)

Mapped Reads
(Mapped/Clean)

T54C-1 30962081 9.29 0.00 46.74 98.34 95.47 72.70%

T54C-2 27469179 8.24 0.00 46.80 98.2 95.11 72.30%

T54M-1 28243036 8.47 0.00 46.56 98.34 95.48 73.00%

T54M-2 24472981 7.34 0.00 45.08 98.12 95.06 71.60%

T54S-1 25153030 7.55 0.00 46.27 98.33 95.43 72.60%

T54S-2 23124261 6.94 0.00 46.63 98.41 95.62 72.90%

Note: T54C, T54M and T54S represent the bud samples of the Ogura-CMS, DGMS and maintainer lines, respectively

 

Table 3 SNP distribution in genomic regions as determined by broccoli bud transcriptome sequencing data

Sample

Name

Exonic Splicing

Site

5’ UTR 3’ UTR Intronic Upstream Downstream Intergenic

T54C-1 52.66% 0.40% 6.63% 9.82% 7.60% 2.32% 3.71% 16.86%

T54C-2 52.92% 0.40% 6.60% 9.61% 7.72% 2.25% 3.45% 17.05%

T54M-1 53.29% 0.40% 6.32% 10.10% 7.11% 2.24% 3.59% 16.95%

T54M-2 51.41% 0.35% 5.52% 10.89% 7.52% 2.44% 4.33% 17.55%

T54S-1 53.57% 0.40% 6.52% 10.18% 7.66% 2.12% 3.42% 16.13%

T54S-2 55.21% 0.41% 6.66% 9.98% 7.01% 2.06% 3.10% 15.56%

Note: T54C, T54M and T54S represent the bud samples of the Ogura-CMS, DGMS and maintainer lines, respectively

 

Table 4 Correlation test of gene expression levels derived from broccoli bud transcriptome sequencing data
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Serial Number Sample Name Linear Equation Pearson Test (R2)

1 T54C-1 vs T54C-2_FPKM Y=0.965*X + 0.025 0.943

2 T54C-1 vs T54M-1_FPKM Y=0.939*X - 0.053 0.918

3 T54C-1 vs T54M-2_FPKM Y=0.915*X + 0.046 0.875

4 T54C-1 vs T54S-1_FPKM Y=0.913*X + 0.177 0.867

5 T54C-1 vs T54S-2_FPKM Y=0.937*X + 0.150 0.890

6 T54C-2 vs T54M-1_FPKM Y=0.945*X - 0.073 0.918

7 T54C-2 vs T54M-2_FPKM Y=0.917*X + 0.028 0.867

8 T54C-2 vs T54S-1_FPKM Y=0.918*X + 0.158 0.867

9 T54C-2 vs T54S-2_FPKM Y=0.946*X + 0.130 0.905

10 T54M-1 vs T54M-2_FPKM Y=0.960*X + 0.099 0.925

11 T54M-1 vs T54S-1_FPKM Y=0.947*X + 0.231 0.896

12 T54M-1 vs T54S-2_FPKM Y=0.973*X + 0.205 0.973

13 T54M-2 vs T54S-1_FPKM Y=0.947*X + 0.141 0.894

14 T54M-2 vs T54S-2_FPKM Y=0.967*X + 0.013 0.917

15 T54S-1 vs T54S-2_FPKM Y=0.966*X - 0.013 0.919

Note: T54C, T54M and T54S represent the bud samples of the Ogura-CMS, DGMS and maintainer lines, respectively. Y and X represent
the values of log2 (FPKM) between two samples, and * indicates correlation is highly signi�cant between two samples at p < 0.05

 

Table 5 KEGG pathways enriched for the DEGs
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Term Sample ID Input
No

Background
No

p-Value Corrected p-
Value

Up/

Down

Photosynthesis -antenna

proteins

T54M vs
T54S

ko00196 7 35 0.00000 0.00004 up

Plant hormone

signal transduction

T54M vs
T54S

ko04075 15 548 0.00185 0.05459 up

T54C vs
T54S

ko04075 26 548 0.00000 0.00009 up

Phenylpropanoid biosynthesis T54M vs
T54S

ko00940 14 272 0.00025 0.02413 down

T54C vs
T54S

ko00940 25 272 0.00000 0.00019 down

ABC transporters T54M vs
T54S

ko02010 5 33 0.00036 0.02413 down

T54C vs
T54M

ko02010 4 33 0.00145 0.06517 up

Fatty acid elongation T54C vs
T54M

ko00062 5 41 0.00036 0.04808 up

Fatty acid metabolism T54C vs
T54M

ko01212 12 127 0.00036 0.03038 down

T54C vs
T54S

ko01212 13 127 0.00015 0.00754 down

Flavonoid biosynthesis T54C vs
T54M

ko00941 7 45 0.00045 0.03038 down

T54C vs
T54S

ko00941 8 45 0.00010 0.00680 down

Polycyclic aromatic hydrocarbon
degradation

T54C vs
T54S

ko00624 8 110 0.00072 0.01574 up

 

Table 6 Genes targeted by the speci�c primers for qRT-PCR analysis
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Gene Function

Description

Chromosome Forward

Primer 5'-3'

Reverse

Primer 5'-3'

Ta
(℃)

LOC106318096 chlorophyll a-
b binding
protein 13,
chloroplastic

C9 TCTCCACCAAACCAGCAAAG TCAAGACCGTTGATGCGGAA 59

LOC106313340 auxin-
responsive
protein IAA4

C9 CTTGGGTTTTCGGGGGAAGA CCGTTTAAGCCTCTCACTGGT 60

LOC106316002 ethylene
receptor 2
(BO-ETR2)

C1 TGGGTTTAAGCATTTTCATGGGA GAAAGGGTGGGGACCGTAAG 60

LOC106296937 cinnamoyl-
CoA
reductase 2-
like

C6 AACGGAGCCAAGTTCGTGAT CGAAAAGAAGAGGGCATTCAGC 60

LOC106299021 cytochrome
P450 98A8-
like

C6 TGGTGGGCATCCAACATACC TTGTCGCTAACGAGCCACTT 60

LOC106307625 ABC
transporter B
family
member 2

C1 GGAGGCGTCCAGTGATCC TCCAACGAGTACTTGGCGAC 60

LOC106305741 ABC
transporter B
family
member 19

C7 AGATCATCCGGGGAGGTGAA TCATCAAGCATCAAATCATAAGCGT 60

LOC106312287 3-ketoacyl-
CoA
synthase 1
(KCS)

C8 GCCGTCTCTATCGGCAATGA CACTCCACATATCCGGTCCA 60

LOC106304303 palmitoyl-
protein
thioesterase
1

C7 TTCGGGTTTTACCCGGATGG TACGCAAAGGCTCCTTGGTT 60

LOC106325611 3-oxoacyl-
[acyl-carrier-
protein]
synthase II,
chloroplastic-
like

C2 TGGCTGCCTCTTCCTGTTAC CCGGAGTTAGTTGCTCGGTT 59

LOC106328481 chalcone
synthase 3-
like

C3 CCAAGCTCCTTGGTCTTCGT ACGATGCTGGGAAGTATGTGT 59

LOC106298325 chalcone--
�avonone
isomerase-
like

C6 TTGGCTACCTACCTCCTCCC TCAAACGAACCCGTGACGAT 60

LOC106306241 cytochrome
P450 81D11

C7 ACGAATCTGCGAAGGTGGAG TGCCTGCATCTGCGGAATAA 61

LOC106298990 cytochrome
P450 71B5

C6 CCGACCTAAGACGGTAGGGA CCGGAGATCCGGTCAATGAG 60

β-actin beta-actin   ATCTGGCATCACACTTTCTAC ATCTCTTTGCTCATACGGTCT 55

Figures
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Figure 1

Alternative splicing pattern distributions of samples for A3SSs, A5SSs, MXEs, mutual IR and ES

Figure 2

Summary of the process of gene optimization in the genome. The continuous and overlapping reads mapped to the genome were
connected to form transcript active regions (TARs) marked in orange; the cutoff for coverage of the unique reads was > 2. Then, the
different TARs were connected by paired-end reads (marked with orange lines) to form a potential gene model. Finally, the gene model
was compared with reference gene regions marked purple; which enabled the 5' and 3' ends of the genes to be extended (A). The table in
green shows some of the information on the optimized genes (B)
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Figure 3

Summary of the process of gene optimization in the genome. The continuous and overlapping reads mapped to the genome were
connected to form transcript active regions (TARs) marked in orange; the cutoff for coverage of the unique reads was > 2. Then, the
different TARs were connected by paired-end reads (marked with orange lines) to form a potential gene model. Finally, the gene model
was compared with reference gene regions marked purple; which enabled the 5' and 3' ends of the genes to be extended (A). The table in
green shows some of the information on the optimized genes (B)

Figure 4

Cluster analysis of DEGs in the three comparisons of T54M vs T54S (A), T54C vs T54S (B), and T54C vs T54M (C). In the heatmap of
DEGs, red indicates genes with high expression genes, and green indicates genes with low expression. The colors from red to green
represent descending log10 (FPKM + 1) values
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Figure 5

GO classi�cations of the DEGs in the broccoli bud transcriptome in three comparisons: T54M vs T54S (A), T54C vs T54S (B), and T54C
vs T54M (C)

Figure 6

GO classi�cations of the DEGs in the broccoli bud transcriptome in three comparisons: T54M vs T54S (A), T54C vs T54S (B), and T54C
vs T54M (C)
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Figure 7

Head, �ower, ovary and stamens characteristics among three broccoli lines derived from the Ogura-CMS line T54C, the DGMS line T54M
and their maintainer line T54S
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