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Abstract Embryo development represents a crucial
developmental period in the life cycle of flowering plants.
To gain insights into the genetic programs that control
embryo development in Brassica rapa L., RNA sequenc-
ing technology was used to perform transcriptome profil-
ing analysis of B. rapa developing embryos. The results
generated 42,906,229 sequence reads aligned with 32,941
genes. In total, 27,760, 28,871, 28,384, and 25,653 genes
were identified from embryos at globular, heart, early coty-
ledon, and mature developmental stages, respectively, and
analysis between stages revealed a subset of stage-specific
genes. We next investigated 9,884 differentially expressed
genes with more than fivefold changes in expression and
false discovery rate <0.001 from three adjacent-stage
comparisons; 1,514, 3,831, and 6,633 genes were detected
between globular and heart stage embryo libraries, heart
stage and early cotyledon stage, and early cotyledon and
mature stage, respectively. Large numbers of genes related
to cellular process, metabolism process, response to stimu-
lus, and biological process were expressed during the early
and middle stages of embryo development. Fatty acid bio-
synthesis, biosynthesis of secondary metabolites, and pho-
tosynthesis-related genes were expressed predominantly in
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embryos at the middle stage. Genes for lipid metabolism
and storage proteins were highly expressed in the middle
and late stages of embryo development. We also identified
911 transcription factor genes that show differential expres-
sion across embryo developmental stages. These results
increase our understanding of the complex molecular and
cellular events during embryo development in B. rapa and
provide a foundation for future studies on other oilseed
Ccrops.
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Introduction

Embryo development is a critical developmental period
in the life cycle of flowering plants. It begins with a sin-
gle zygote cell and proceeds through a well-coordinated
series of cell division and differentiation to form a mature
embryo. In many dicotyledonous plants (including Arabi-
dopsis), embryo development consists of two major phases:
morphogenesis and maturation (Braybrook and Harada
2008; Park and Harada 2008). Morphogenesis involves
establishment of the embryonic body plan with primary
shoot and root apical meristem (SAM and RAM, respec-
tively) at the opposite ends, as well as cotyledons and a
hypocotyl. Maturation involves cell expansion and accumu-
lation of important storage reserves (usually carbohydrates,
storage proteins, and oils) (Braybrook and Harada 2008;
Park and Harada 2008). Numerous studies using the model
system Arabidopsis have explored the molecular frame-
works that control these developmental processes, and sev-
eral key genes and biologically active molecules have been
identified (Lau et al. 2012; Wendrich and Weijers 2013).
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The auxin-dependent pathway initiates apical/basal
axis establishment immediately after zygote division (Lau
et al. 2012; Rademacher et al. 2012), and the expression of
WUSCHEL initiates the formation of the SAM. The specifi-
cation of the SAM is regulated through a positive—negative
feedback loop involving the WUS and CLAVATA genes (Lau
et al. 2012; Machida et al. 2013). During the globular stage,
the root tissues and their stem cells are specified (Wen-
drich and Weijers 2013). One of the best-known genes that
play a role in specification of root cell types is the AUXIN
RESPONSE FACTORS5/MONOPTEROS (MP), which is
known to be a key regulator in embryonic root specification.
Mutations in the MP gene result in rootless seedlings (Per-
illi et al. 2012; Wendrich and Weijers 2013). Another gene
involved in RAM initiation and root meristem maintenance
is PLETHORA (PLT); plt mutants contain seedlings com-
pletely lacking the hypocotyl and root (Aida et al. 2004).
SHOOT MERISTEMLESS (STM) expression is required to
maintain the SAM, and shoot meristem initiation is consist-
ently inhibited in sm mutants. The regulation of STM expres-
sion in SAM boundaries by the CUP-SHAPED COTYLE-
DON genes along with auxin transport results in separation
of the cotyledon primordia (Bowman and Eshed 2000; Lau
et al. 2012). When the cotyledon primordia begins to emerge
in Arabidopsis, the embryonic organization shifts from radial
to bilateral symmetry and the embryo proceeds from the
global stage to heart stage. PINOID (PID) is known to play
roles in cotyledon development and the pid wagl wag?2 triple
mutant and the pid enp double mutant lack cotyledons (Lau
et al. 2012). The embryonic body plan is established during
the torpedo stage. LEAFY COTYLEDON 1 (LECI), LEC2,
FUSCA3 (FUS3) and ABSCISIC ACID INSENSITIVE 3
(ABI3), which are intimately associated with abscisic acid
(ABA) and gibberellic acid (GA) signaling, induce the matu-
ration characteristics and activate the expression of seed stor-
age protein genes during the maturation phase (Braybrook
and Harada 2008; Sreenivasulu and Wobus 2013).

Analyses of the above genes have led to the identifica-
tion and characterization of several genes with key roles
in plant embryo development. However, embryo develop-
ment from the action of a coordinated network of genes
is a complex process, and mutagenesis alone cannot be
used to identify all genes that are potentially involved. To
increase our understanding of embryonic development,
transcriptomic analysis can be used to identify differen-
tially expressed genes at the whole-genome level.

Brassica rapa L., a cultivated species of the Brassi-
caceae family, is important for agriculture and human nutri-
tion. Similar to Arabidopsis, the cellularized endosperm
acts as nourishing tissue consumed by the embryo during
maturation events. The primary storage products (lipids
and proteins) accumulate in the cotyledons of the mature
embryos (Dong et al. 2004; Sreenivasulu and Wobus
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2013). With the completion of the draft genome of B. rapa
(http://brassicadb.org/brad/) (Wang et al. 2011), it becomes
feasible to further examination of the transcriptional activ-
ity of all of the functional elements in the B. rapa genome
(Tong et al. 2013). RNA-sequencing (RNA-Seq) is a novel,
high-throughput, deep sequencing technology commonly
used for genomic research that provides novel strategies
to analyze the functional complexity of transcriptomes
(Mortazavi et al. 2008). Compared with microarrays and
other sequence-based approaches using DNA libraries, the
RNA-Seq method provides information on genome-wide
gene expression and has a low background signal, a large
dynamic range of expression levels, more accurate quanti-
fication, and high levels of reproducibility (Mortazavi et al.
2008). RNA-Seq has been used to investigate transcrip-
tomes during plant embryo development, such as rice (Xu
et al. 2012), maize (Lu et al. 2013), and cotton (Yang et al.
2012). Recently, the cDNA-amplified fragment length pol-
ymorphism (cDNA-AFLP) technique (Li et al. 2011), the
analysis of expressed sequence tags (Venglat et al. 2013),
and microarrays (Basnet et al. 2013) have been used to
examine the expression patterns of embryo or seed genes of
Brassica to provide information on transcriptome dynamics
during embryo development.

In our report, we present the transcriptome atlas at key
embryo stages (globular stage, heart stage, early cotyledon
stage, and mature stage) during the process of morphogen-
esis and storage accumulation using deep RNA sequencing
(the Illumina RNA-Seq) to rapidly identify and analyze the
global expression data of B. rapa embryos. These results
provide a comprehensive view of the transcriptome for
embryo development in B. rapa, which will increase our
understanding of the complex molecular and cellular events
in B. rapa embryo development and provide a foundation
for future studies on embryo development in B. rapa and
other oilseeds.

Materials and methods
Plant materials and RNA isolation

Plants of Brassica rapa L. (cv. Qingyuan) were grown in
soil under ambient conditions (Wuhan, China). Individual
flowers on the primary inflorescence were bagged to pre-
vent pollen contamination before flowering and hand pol-
linated to allow the formation of fruits. Siliques at 9, 13,
20 and 35 days after pollination were harvested from 15
individual plants at embryo-comparable developmental
stages according to morphological changes of embryonic
development: globular embryo, heart stage, early cotyledon
stage, and mature embryo (abbreviate as G, H, E and M in
Figures). Embryos from the four stages were taken from
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Fig. 1 Morphological changes occur during embryogenesis of Brassica rapa L. a Globular embryo; b Heart stage embryo; ¢ Early cotyledon

stage embryo; d Mature embryo. Bars represent 100 pm

developing seeds with microdissection needles under a dis-
section microscope (Olympus, Tokyo, Japan) (Fig. 1). The
materials were immediately frozen in liquid nitrogen and
kept at —80°C for total RNA extraction.

RNA sequencing library construction, Illumina sequencing
and data processing

For Illumina sequencing, total RNAs were isolated from
four-staged embryos using TRIzol Reagent (Invitrogen,
Burlington, ON, Canada) according to the manufacturer’s
instructions and treated with RNase-free DNase I (Fermen-
tas, Canada) to remove any genomic DNA. After accessing
the yield and purity of RNA, the RNA sequencing librar-
ies were constructed and sequenced by using Illumina
HiSeq™?2000. Illumina sequencing, data processing and
mapping reads to reference genome were performed as pre-
viously described (Zhao et al. 2013).

Normalized expression levels of genes from RNA-Seq
and gene annotation

For gene expression analysis, ERANGE software (version
4.0) (http://woldlab.caltech.edu/gitweb/) was used to calcu-
late the normalized gene locus expression level by quanti-
fying the number of reads that were mapped to the B. rapa
genome sequences. The expression level of a gene from
RNA-Seq was normalized by the RPKM (reads per kb per
million mapped reads) method, which eliminates the influ-
ence of different gene length and sequence discrepancy on
the calculation of gene expression (Mortazavi et al. 2008).
Gene annotation including GO and KEGG annotation were
also referred as Zhao et al. (2013).

Screening of differentially expressed genes (DEGs)

The R package DEGseq was applied to identify DEGs with
the random sampling model based on the read count for

each gene at different developmental stages (Wang et al.
2010). The false discovery rate (FDR) was used to deter-
mine the threshold of P value (Benjamini and Yekutieli
2001). A combination of FDR < 0.001 and the absolute
value of log, Ratio > 1 were used as the threshold to judge
the significance of gene expression difference. More strin-
gent criteria with a smaller FDR and bigger fold-change
value can be used to identify DEGs. In our study, we
defined genes with fold change >5 and FDR < 0.001 as
DEGs. GO term enrichment was performed on the DEGs.
To group DEGs with similar expression patterns, a hierar-
chical clustering was generated using the expression values
from each library. The analysis was conducted using Clus-
ter 3.0 software with Pearson correlation as the distance
measure. The cluster tree contained distinct clusters which
contained genes with a unique expression profile by visual
inspection. For pathway analysis, we mapped all DEG with
more than five folds differential representation to terms
in the KEGG database, and then looked for significantly
enriched pathway terms compared to the genome back-
ground. For a graphical overview of pathways of metabo-
lism and regulation, we used the MapMan tool as described
as Gao et al. (2013).

Quantitative real-time PCR (qQRT-PCR)

To validate the genes from Illumina sequencing, nine ran-
domly chosen genes (Bra001933, Bra026375, Bra038483,
Bra028162, Bra016269, Bra010474, Bra017113, Bra000321
and Bra005425) were subjected to qRT-PCR. Primer sets
were designed with the Primer5 software and the sequences
of primers were listed in Supplemental Table 1. QRT-PCR
was carried out using SYBR Green I as a fluorescent detec-
tion dye and they were performed on an ABI StepOne™
Real-Time PCR System (Applied Biosystems). ACT2/7
(Girin et al. 2010) was used as internal reference control
to standardize the results and statistical analysis was per-
formed using the 2~22CT method. The reported values were
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averages of four independent trials (two biological replicates
and two technical replicates). All data were expressed as the
mean SD after normalization.

Results
Illumina sequencing and data analysis

In this study, four cDNA libraries from globular, heart, early
cotyledon, and mature-stage embryos, respectively (see
Materials and methods section for detailed library informa-
tion and Fig. 1), were constructed using total RNA from
B. rapa L. (cv. Qingyuan) embryos, and a large amount of
data was generated with the Illumina HiSeq 2000 platform.
Based on Illumina sequencing, 43,752,120 sequence reads
were obtained from the four libraries of B. rapa embryos.
After removing the adapter sequences, duplicate sequences,
ambiguous reads, and the low-quality reads, 7,034,705
(globular embryo), 11,727,228 (heart embryo), 12,270,433
(early cotyledon embryo), and 11,873,863 (mature embryo)
clean reads were generated. Each library represented by
more than 7 million reads, reaching the saturation level of
gene identification and a tag density sufficient for the quan-
titative analysis of gene expression. The clean reads were
mapped to the Brassica rapa Genome Database (http://
brassica.org/brad/) with no more than two base mismatches
allowed in the alignment using SOAPaligner/soap2 soft-
ware. Of the total clean reads, 69.24 % matched to unique
genomic locations, and the uniquely matched reads were
used for gene expression analysis of each library. An over-
view of the mapped statistics is provided in Table 1. To
evaluate the RNA-Seq data, we analyzed the distribution of
gene coverage in each library, which is the percentage of
a gene covered by reads. This value is determined as the
ratio of the number of bases in a gene covered by unique
mapping reads to the total number of bases in that gene,
which evaluates the normality of the sequence data. Genes
with more than 90 % of their sequence covered by reads
were grouped into the most abundant category, accounting
for 33, 38, 43, and 22 % of the matched genes in globular,
heart, early cotyledon, and mature stage embryos, respec-
tively. The second most abundant category was genes
with 80-90 % sequence coverage, and the percentages of
matched genes were similar among the other eight catego-
ries (Supplemental Fig. 1).

Gene expression and functional classification of all
detected genes

Our RNA-Seq data generated 32,941 genes account-

ing for approximately 80 % (32,941/41,174) of the anno-
tated genes in the B. rapa genome. To obtain statistical
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Table 1 Summary of alignment statistics of RNA-Seq in four librar-
ies of B. rapa developing embryos referring to B. rapa genome

Globular  Heart Early Mature
cotyledon
Total reads 7,034,705 11,727,228 12,270,433 11,873,863
Total mapped 5,410,756 8,935,253 9,716,679 10,375,239
reads (76.92 %) (76.19 %)  (79.19 %) (87.38 %)
Unique match 4,776,935 8,163,687 8,782,663 8,058,603
(6791 %) (69.61 %) (71.58 %) (67.87 %)
Multi-position 633,821 771,566 934,016 2,316,636
match (9.01 %)  (6.58 %) (7.61 %) (19.51 %)
Unmapped 1,623,949 2,791,975 2,553,754 1,498,624
reads (23.08 %) (23.81 %) (20.81 %) (12.62 %)

Table 2 Distribution of the gene sequence length of all 32,941 genes
detected in B. rapa embryo development via RNA-Seq technology

Gene length (bp) Total number Percentage
100-500 5,149 15.63
500-1,000 10,076 30.59
1,000-1,500 8,467 25.70
1,500-2,000 4,443 13.49
>2,000 4,806 14.59
Total 32,941 100

For these genes, the gene sequence length distribution can be divided
into five grades. The total number and the percentage of all genes are
presented in this table. The proportion of longer assembled sequences
was higher among these genes, and the lengths of the 17,716 genes
exceeded 1,000 bp

confirmation of gene expression among the developmental
stages, we used the reads per kilobase per million mapped
reads (RPKM) method to normalize the gene expres-
sion levels. This method allows gene expression levels to
be compared both within and between samples (Marioni
et al. 2008), which can avoid biases caused by different
gene exon sizes and the different number of read sequences
obtained from the four libraries. These uniquely mapped
reads were used to calculate the gene RPKM values. Gene
expression patterns during four embryo stages are sum-
marized in Supplemental Table 2. In total, 27,760, 28,871,
28,384, and 25,653 genes (ranging from 100 to >2,000 bp)
were identified from embryos in the globular, heart, early
cotyledon, and mature stages, respectively. As shown in
Table 2, the proportion of longer assembled sequences was
higher among these genes, and the lengths of the 17,716
genes exceeded 1,000 bp (Table 2). A Venn diagram
showed the number of genes uniquely expressed in each
stage or genes that were shared between one or more other
stages. Of these genes, 22,507 of the expressed genes were
represented in all four stages and 3,694 were expressed
specifically in a single stage. We also compared the number
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of genes exclusively expressed in two adjacent embryonic
stages. The number of genes simultaneously expressed in
the early cotyledon embryo stage and mature embryo stage
was lower than that expressed simultaneously in the other
two adjacent embryos stages. Differences in the expression
of co-expressed genes were of interest to determine how
they change throughout embryo development. Moreover,
specifically expressed genes were of interest because of
their potential importance at the corresponding stage. The
detailed statistical analysis of identified genes between all
four samples in various combinations is shown in Fig. 2.
To facilitate the global analysis of gene expression,
all predicted genes were assigned to different functional
categories using Blast2GO (version 2.3.5) (http://www.
blast2go.org/). The annotations were verified manually
and integrated using gene ontology (GO) classification
(http://www.geneontology.org). Of the 32,941 detected
genes, 25,704 (78.03 %) had at least one GO annotation
based on sequence similarity. We categorized these anno-
tated genes according to the secondary classification of
GO terms, assigning genes to 42 functional groups of the
three main GO classification categories (Fig. 3). For the
three main categories of GO classification, the assign-
ments to “biological process” (61,146, 46.3 %) accounted
for the majority of genes, followed by “cellular compo-
nent” (42,848, 32.45 %) and “molecular function” (28,065,
21.25 %). Among them, the terms cellular process (GO:
0009987) and metabolic process (GO: 0008152), which
included 13,277 genes (40.3 %) and 13,228 genes (40.2 %),
respectively, were dominant in the biological process cat-
egory, indicating that embryos from the four developmen-
tal stages were metabolically active. The terms “response to
stimulus” (GO: 0050896; 7,249 genes; 22.0 %) and “devel-
opmental process” (GO: 0032502; 3,702; 11.2 %) were
also common, suggestive of protective mechanisms against
potential external and/or internal stresses during embryonic
development. In the cellular component category, “cell”
(GO: 000555623), “cell part” (GO: 0044464), and “orga-
nelle” (GO: 0043226) were prominent groups. In the molec-
ular function category, the term “binding” (GO: 0005488;
13,193; 40.1 %) and “catalytic activity” (GO: 0003824;
11,325; 34.4 %) were most highly represented. Only a few
genes were clustered in terms of “auxiliary transport pro-

9 LIS

tein activity”, “metallochaperone activity”, “electron carrier
activity”, “biological adhesion”, and “cell killing”.
Pathway-based analysis can be used to examine the
biological functions and interactions of genes. To per-
form functional classification and pathway assignment of
genes during B. rapa embryo development, we mapped
the detected genes to reference canonical pathways in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base (http://www.genome.ad.jp/kegg/). As a result, of the

32,941 detected genes, 22,060 were assigned to 128 KEGG

Early cotyledon
(28384)

Heart

Globular (28871)

(27760)

Mature
(25653)

Fig. 2 Venn diagram showing the genes expressed in each of the four
stages of B. rapa embryo development. Among these genes, 22,507
genes are expressed at all four developmental stages. The number of
stage-specifically expressed genes is 1,058 (Globular), 1,115 (Heart),
967 (Early cotyledon) and 554 (Mature), respectively

pathways (Supplemental Table 3). Metabolism pathway
was the largest category (4,953; 22.45 %), followed by
biosynthesis of secondary metabolites (2,760; 12.51 %),
plant—pathogen interaction (1,663; 7.54 %), and plant hor-
mone signal transduction (1,540; 6.98 %). These results
indicated that embryo development involves genetic and
active metabolic processes, and the functional classification
of KEGG provided valuable information for investigating
specific processes, functions, and pathways during B. rapa
embryo development.

Identification of differentially expressed genes

Analysis of differentially expressed genes (DEG) between
samples can be accomplished using RNA-Seq. In this study,
DEG was defined as the fold change of the normalized
(RPKM) expression values, and was at least fivefold in either
direction when the absolute value of the log, ratio > 2.322
and false discovery rate (FDR) < 0.001. As a result, a set
of 9,884 genes exhibited significant differential expression
between two consecutive developmental stages (Supplemen-
tal Table 4). Comparing globular and heart stage embryo
libraries, 1,514 genes were modulated, of which 687 genes
were up-regulated and 827 genes were down-regulated,
respectively (Fig. 4 and Supplemental Table 5). Compared
with the heart stage, the early cotyledon stage embryo library
had 2,182 up-regulated genes and 1,649 down-regulated
genes (Fig. 4 and Supplemental Table 6). In the mature
stage relative to the early cotyledon stage, 6,266 genes were
down-regulated, while only 327 genes were up-regulated.
The trend of gene expression was down-regulation, perhaps
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Fig. 3 Gene ontology classification of all detected genes. The results
are summarized in three main GO categories (cellular component,
molecular function and biological process) and 42 sub-categories.
Cell (GO: 0005623), with 19,378 genes, are dominant in the main
categories of cellular component. Binding (GO: 0005488) and cellu-
lar process (GO: 0009987) consisted of 13,193 and 13,277 genes, are

7000
6000
5000
4000
3000

6266

2000

Number of DEGs

1000 1649

827

G-vs-H
M up-regulation

H-vs-E E-vs-M
down-regulation

Fig. 4 Differentially expressed genes detected between two adjacent
embryonic stages (G-vs-H, H-vs-E and E-vs-M). The numbers of up-
regulated and down-regulated genes between two adjacent embryonic
stages are revealed

reflecting the molecular mechanisms that control both the
ceasing of embryo growth and entrance into the maturation
phase (Fig. 4 and Supplemental Table 7).

Expression pattern analysis of DEGs

We performed hierarchical clustering of the 9,884 DEGs to
examine the similarity and diversity of expression profiles

@ Springer

Biological Process

dominant in the main categories of molecular function and biological
process, respectively. The x-axis represents the name of the GO sub-
categories. The right y-axis indicates the number of genes expressed
in a given sub-category. The left y-axis indicates log(10) scale, the
percent of a specific category of genes in that main category

using Cluster 3.0 software. The RPKM value was trans-
formed as the binary logarithm. In Fig. 5, the transformed
values were visualized in different colors, with red repre-
senting up-regulation and green representing down-regu-
lation. The hierarchical clustering generated a global view
of the gene expression pattern of DEGs, indicating that
the majority of genes were up-regulated during the early
and middle stages of embryo development (G-vs-H or/
and H-vs-E), and down-regulated in E-vs-M. Correlations
between embryos at the adjacent stages were investigated,
showing that the globular to heart stage embryos had a
closer relationship with heart stage to early cotyledon stage
embryos in gene expression than with the embryos at other
time points.

We then categorized 9,884 genes showing differen-
tial expression from the three comparisons into eight pat-
terns (Fig. 6 and Supplemental Table 4) to identify similar
expression patterns in all DEGs across the stages. Among
the 9,884 DEGs, pattern 1 contained 331 (1 %) genes
whose expression level was up-regulated continuously
from the globular stage to mature stage. Pattern 2 consisted
of 1,471 (15 %) genes whose expression level peaked at
the globular embryo stage and was negatively modulated
throughout all four developmental stages. These genes may
contribute to embryo morphogenesis. Pattern 3 comprised
2,519 (25 %) genes up-regulated from the globular stage
until the early cotyledon stage and was down-regulated
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H-vs-E E-vs-M

G-vs-H

+3

Fig. 5 Hierarchical cluster analysis of 9,884 DEGs based on log ratio
RPKM data. The cluster display expression patterns for a subset of
9,884 DEGs in each of the three comparisons (G-vs-H, H-vs-E and
E-vs-M). The color key represents RPKM normalized log, trans-
formed counts. Red represents up-regulation expression and green
represents down-regulation expression. Each column represents an
experimental condition (e.g. G-vs-H), each row represents a gene

thereafter. 442 (4 %) genes up-regulated from the globu-
lar to heart stage, down-regulated from the heart to early
cotyledon stage, and then up-regulated from the early coty-
ledon to mature stage were defined as pattern 4. Pattern 5
contained the most genes (2,661; 27 %), with expression
levels up-regulated from the globular stage, peaking at
the heart stage, and then down-regulated until the mature
stage. Genes that were down-regulated from the globular
to heart stage and then up-regulated until the mature stage

were classified into pattern 6, which consisted of 470 (5 %)
genes. Pattern 7 contained 1,555 (16 %) genes that were
down-regulated from the globular to heart stage and early
cotyledon to mature stage and up-regulated from the heart
to early cotyledon stage. Pattern 8 consisted of 435 (4 %)
genes that were down-regulated from the globular to early
cotyledon stage and up-regulated from the early cotyledon
to mature stage (Fig. 6 and Supplemental Table 4). These
expression patterns were suggestive of diverse and complex
interactions during embryo development and regulation.

GO analysis of DEGs

To further examine the gene functional differences dur-
ing B. rapa embryo development, DEGs were function-
ally annotated. All DEGs were mapped to GO terms in the
database (http://www.geneontology.org/), calculating gene
numbers for every term and then using a hypergeometric
test to identify significantly enriched GO terms in DEGs
compared to the genomic background. GO enrichment
analysis for 9,884 genes is shown in Supplemental Table 8.
Using GO functional classification analysis (WEGO),
we categorized the DEGs between the globular and heart
stage, heart and early cotyledon stage, and early cotyle-
don and mature according to the secondary classification
of GO terms. Nine, 12, and 19 functional groups were in
the cellular component, molecular function, and biological
process category, respectively (Fig. 7a). In the biological
process category, “cellular process” and “metabolic pro-
cess” were the dominant groups, indicating that extensive
metabolic activities occurred in B. rapa embryos during
all four stages. In the molecular function category, “bind-
ing” and “catalytic processes” were highly represented,
while in the cellular components category, the terms “cell”
and “cell part” were the dominant categories (Fig. 7a). GO
analysis of up-regulated and down-regulated DEGs in the
three comparisons are shown in Fig. 7b—d, respectively.
As shown in Fig. 7b, in the biological process category, a
total of 11 GO categories showed statistically significant
differences between globular and heart embryo, includ-
ing “anatomical structural formation”, “biological regula-
tion”, “metabolic process”, and eight other subcategories.
Although the number of down-regulated genes was higher
than up-regulated genes in most functional groups, the
number of up-regulated genes was dominant in the func-
tional groups mentioned above between globular and heart
(Fig. 7b). In Fig. 7c, analysis of GO terms in the DEGs in
heart and early cotyledon showed that 10 subcategory bio-
logical processes, including “response to stimulus”, “devel-
opmental process”, “multicellular organismal process”,
and seven other subcategories, differed significantly in
terms of gene percentage. In Fig. 7d, among the 19 func-
tional groups of biological process from early cotyledon
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Fig. 6 The clustering of expres- Cluster 1 (331)

sion patterns of the 9,884 25000
DEGs. The x-axis indicates the 20000 F
embryo developmental stage (G
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to mature, GO terms were predominantly associated with
cellular process, metabolic process, biological regulation,
cellular component organization, pigmentation, and repro-
duction. These GO annotations demonstrated that the B.
rapa embryo expressed genes encoding diverse structural,
regulatory, and metabolic proteins.

KEGG and MapMan pathway analysis of DEGs

Gene interactions play an important role in biological func-
tions. To identify genes involved in metabolic or signal
transduction pathways that were significantly enriched, we
mapped all DEGs to reference canonical pathways in the
KEGG (http://www.genome.ad.jp/kegg/). By comparing
with the whole transcriptome background, all DEGs were
assigned to 127 pathways (Supplemental Table 9). Ten,
30, and 13 pathways which were significantly enriched
(Q < 0.05) with DEGs are found in the three comparisons,
respectively. Starch and sucrose metabolism, pentose and
glucuronate interconversions, and metabolic pathways were
significantly enriched with DEGs in globular-vs-heart stage
embryos. The most significantly enriched pathways were
biosynthesis of secondary metabolites, metabolic pathway,
and limonene and pinene degradation in heart-vs-early
cotyledon stage embryos. Between the early cotyledon and
mature stage, photosynthesis and photosynthesis-antenna
proteins pathways were significantly enriched only with
down-regulated DEGs; ribosome, circadian rhythm plant,
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and glyoxylate and dicarboxylate metabolism pathways
were significantly enrichment with down-regulated and up-
regulated genes. Based on RPKM, we identified eight sig-
nificant expression types among all pathways (Fig. 8 and
Supplemental Table 9). Pathways in type 7 were the most
abundant group, containing 42 pathways that were down-
regulated between the globular stage to heart stage and
early cotyledon stage to mature stage, and up-regulated
from the heart stage to early cotyledon stage. Pathways in
type 3 were the second most abundant group, comprising
31 pathways that were up-regulated from the globular stage
until early cotyledon stage and then down-regulated from
the early cotyledon stage to mature stage. Type 2 had 24
down-regulated pathways, indicated by a negative slope
during embryo development. Twenty-one pathways in type
5 were up-regulated from the globular stage to heart stage
and down-regulated until the mature stage. We noticed that
fatty acid (FA) biosynthesis, glucosinolate biosynthesis,
sesquiterpenoid and triterpenoid biosynthesis, and sulfur
metabolism were positively modulated throughout all four
stages, and they were classified as type 1. Carotenoid bio-
synthesis, hypotaurine metabolism, other glycan degrada-
tion, and taurine pathways in type 8 were down-regulated
from the globular stage to early cotyledon stage and up-
regulated from the early cotyledon to mature stage. Type
4 contained genes involved in the cutin, suberine, and wax
biosynthesis pathways, which were up-regulated between
the globular and heart stage, down-regulated between the
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DEGs into 35 major pathways and 237 branch pathways,
MapMan was originally used to visualize B. rapa embryo
ized the figure to depict the biological process of interest

and displayed log, RPKM-normalized expression counts
onto pictorial diagrams. Based on the RPKM, 82 pathways

were down-regulated in the mature stage compared to the
globular stage. The downward trend in overall transcrip-
tion is presented. Only 13 pathways, such as development
(storage proteins), lipid metabolism (triacylglycerol synthe-
sis), transport, redox, and ATP synthesis were up-regulated.
The numbers of pathways in type 3 and 4 expression pat-
terns were 34 and 3, respectively. A more detailed list of
all DEGs corresponding to MapMan functional categories

globular and mature stages in terms of cellular metabolism
and regulation pathways is shown in Fig. 9. We custom-

developmental pathways. An overview of DEGs between

M. A statistically significant difference was determined if the P value
http://brassicadb.org/brad/). Based on the classification of

GO analysis of the up-regulated and down-regulated genes in H-vs-E.
d GO analysis of the up-regulated and down-regulated genes in E-vs-
based on gene percentage was below 0.05 (*P < 0.05)

Biological Process
We next used the MapMan package (http://MapMan.ga

Cellular Component Molecular Function
stage and then up-regulated until the mature stage (Fig. 8
bipd.org) to investigate the pathways involved in B. rapa

and Supplemental Table 9). A summary of KEGG analyses
viding a macroscopic view of the KEGG pathways analy-

sis. Thus, the transcript profile varies substantially among
the stages analyzed might correlate with the profound dif-

ferences between physiological processes during B. rapa

embryo development.
several experts to curate specific biological processes

using information from the Brassica Database (BRAD,

Fig. 7 GO classification of DEGs. The results are summarized in
three main categories: biological process, molecular function and
cellular component by GO analysis. a GO classification of all 9,884
DEGs among three contrasts (G-vs-H, H-vs-E and E-vs-M). b GO
analysis of the up-regulated and down-regulated genes in G-vs-H. ¢
heart and early cotyledon stage, and then up-regulated from
the early cotyledon to mature stage. Finally, only the phe-
nylpropanoid biosynthesis pathway (which belonged to
type 6) was down-regulated from the globular stage to heart
is shown in Table 3. Numerous pathways were altered, pro-
embryo development. The MapMan tool used input from
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Fig. 8 Eight types of expres-
sion pattern of 127 KEGG path-
ways. The x-axis indicates the
embryo developmental stage (G
globular stage, H heart stage, £
early cotyledon stage, M mature
stage). The y-axis indicates the
average expression levels of
genes that belong to the KEGG
functional classes in each type.
The total numbers of KEGG
functional class within a type
are shown in parentheses
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Table 3 The considerably changed KEGG pathways in the RNA-seq analysis

Top 10 of expression
(G+H+E+M)

Top 10 of number
quantity

Top 10 of average value
(expression/quantity)

Top 10 of up-regulated
pathways (M-G)

Top 10 of down-regulated
pathways (M-G)

1 Ribosome (520,638)

2 Metabolic pathways
(348,708.9)

3 Biosynthesis of secondary
metabolites (133,322.7)

4 RNA transport
RNA (60,966.4)

5 Spliceosome (51,910.5)

6 Photosynthesis (48,599.5)

7  Protein processing in endo-
plasmic reticulum (48,599)

8  Plant hormone signal trans-
duction (35,618)

9  Phagosome
(34,683.5)

10  Oxidative phosphorylation
(33,737.2)

Metabolic pathways
(2,229)

Biosynthesis of sec-
ondary metabolites
(1,112)

Plant hormone signal
transduction (600)

Plant-pathogen inter-
action (507)

Ribosome (502)

RNA transport RNA
(285)

Starch and sucrose
metabolism (275)

Spliceosome (222)

Protein processing in
endoplasmic reticu-
lum (214)

Purine metabolism
(170)

Plant hormone signal
transduction (1,130.6)

Ribosome biogenesis in
eukaryotes (1,037)

Photosynthesis- antenna
proteins (540)

Fatty acid elongation
(475.9)

Biotin metabolism
(384.4)

Phenylalanine metabo-
lism (336.7)

Histidine metabolism
(306.2)

Carotenoid biosynthesis
(299)

Non-homologous end-
joining (282.5)

Protein export (275.7)

Biosynthesis of unsatu-
rated fatty acids (4,560)

Tryptophan metabolism
(4,040.1)

Phenylpropanoid biosyn-
thesis (3,895.7)

Fatty acid biosynthesis
(3,385.3)

Cyanoamino acid
metabolism (3,070.7)

Starch and sucrose
metabolism (1,097.7)

Glucosinolate biosynthe-
sis (1,156.6)

Sulfur metabolism
(1,097.7)

Galactose metabolism
(571.7)

Taurine and hypotaurine
metabolism (476.2)

Ribosome (—160,794)

Metabolic pathways
(—44,039)

RNA transport RNA
(—20,668.5)

Spliceosome (—20,718.8)
Phagosome (—15,208.3)

Protein processing in
endoplasmic reticulum
(—12,376.3)

Plant-pathogen interaction
(—10,132.2)

Ribosome biogenesis in
eukaryotes (—10,035.1)

Proteasome (—8,710.9)

Purine metabolism
(—=17,974.5)

All DEGs are assigned to 127 KEGG pathways. The top 10 of expression are the most abundant pathways according to the RPKM value sum
of four libraries. Based on the RPKM, the top 10 of up-regulated pathways and the top 10 of down-regulated pathways can be determined. The
figures in brackets indicate the RPKM value
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Fig. 9 MapMan overview of cellular metabolism (a) and regulation
(b) showing all DEGs between globular and mature embryos. Indi-
vidual genes are represented by small squares. The color key repre-

sents RPKM normalized log, transformed counts. Red represents up-
regulation and blue represents down regulation between globular and
mature stage embryos
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is provided in Supplemental Table 10. These visual anno-
tations provide a valuable resource for the investigation of
pathways in embryo development.

Transcription factor (TF) gene expression during B. rapa
embryo development

To identify TF genes expressed during B. rapa embryo
development, we queried B. rapa TF genes in the Plant
and Transcription Factor Database (http://planttfdb.cbi.
pku.edu.cn/index.php) and identified 2,502 putative TF
genes out of 32,941 genes, which could be classified into
57 TF families. Based on RPKM, 911 genes of the 2,502
putative TFs showed significantly differential expression,
accounting for 36.4 % of the total TF genes (Supplemental
Table 11).

Based on RPKM, nine families were down-regulated
throughout embryo development. The expression pat-
terns of genes encoding the Nin-like family were classi-
fied as pattern 1, which were up-regulated throughout the
entire developmental process. Eighteen families which
were up-regulated from the globular until early cotyledon
stage and then down-regulated at the mature stage, were
classified as pattern 3. The LFY family was classified
as pattern 4, which were only highly expressed during
the globular and heart stage. YABBY (YAB) family and
another 18 families were classified as pattern 5, which
was up-regulated during the heart stage and then down-
regulated until the mature stage. Nine families showed
down-regulation from the globular to heart stage and up-
regulation until the early cotyledon, followed again by
down-regulation; this was classified as pattern 7 (Sup-
plemental Table 12). Some TF families, such as the
AP2, ARF, and MYB gene family will be discussed later
in detail. A more in-depth analysis is required to deter-
mine how the above gene families are associated with the
molecular and cellular changes that occur during B. rapa
embryo development.

We also identified a set of DEGs specific to each
stage, which encode TFs from a variety of different fami-
lies. During the globular stage, three specific TF mRNAs
were identified, including Bra011631 (C2H2 family),
Bra013891 (MIKC family), and Bra023551 (Nin-like
family). During the heart stage, we identified one specific
TF, Bra006741, which was a member of the MYB fam-
ily. Five specific expressed genes were identified from
all DEGs during the early cotyledon stage, including
Bra000245 (C2H2 family), Bra004035 (CO-like family),
Bra017425 (G2-like family), and two MYB family mem-
bers, Bra006811 and Bra015029. Bra002159, a member of
the ERF family, was identified as the mature stage-specific
TF from the DEGs.
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Validation of the RNA-Seq data using quantitative
real-time polymerase chain reaction (QRT-PCR)

To assess the validity and reliability of our RNA-Seq data,
gRT-PCR analysis was performed using gene-specific prim-
ers for nine randomly chosen genes across the embryo
development stages (Supplemental Table 1). The results are
shown in Supplemental Fig. 2. Of the nine genes, Bra001933,
encoding a hypothetical protein involved in the cell part path-
way showed a high expression pattern at the globular stage,
suggesting that it may play an important role in early embryo
development. Bra028162, encoding a seed-specific pro-
tein, Bra016269, encoding a 60S ribosomal protein and
Bra005425, encoding chlorophyll a/b binding protein, were
all expressed at high levels during the heart stage. Bra000321,
encoding an acyl-carrier protein, showed two peaked of
expression at heart stage and mature stage. The expression of
Bra010474, encoding oleosin, was low at the globular stage
and then increased from the heart stage and peaked at the
mature stage. Bra038483 and Bra026375, encoding storage
proteins, as well as Bra017113, encoding a lipid transfer pro-
tein, showed low expression levels in the early stages, with
their expression peaking during the mature stage with lipid
and storage protein accumulation. Overall, these results dem-
onstrated that all nine genes exhibited the same expression
profiles as obtained from the original RNA-Seq results.

Discussion

DEGs that may play critical roles for morphogenesis in B.
rapa embryos

Morphogenesis in seed plants commences with highly ste-
reotypical cell division sequences and is under tight tran-
scriptional control during early embryogenesis (Lau et al.
2012). Although a set of genes considered to be important
regulators of embryo patterning encoding TFs or compo-
nents of signaling pathways has been implicated in this pro-
cess (Spencer et al. 2007; Le et al. 2010; Lau et al. 2012;
Wendrich and Weijers 2013), a large gap in understand-
ing exists between the transcriptional control of embryo
morphogenesis and the cellular execution (Belmonte et al.
2013; Sreenivasulu and Wobus 2013; Wendrich and Weijers
2013). We used our results to increase our understanding
of the gene expression changes during embryo morpho-
genesis. For example, DEGs were significantly enriched
for the GO term ‘“anatomical structural formation” from
the globular to heart stage, which was consistent with the
result that GO terms associated with patterning events,
such as determination of bilateral symmetry and abaxial
cell fate specification, were enriched during Arabidopsis
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embryo development (Belmonte et al. 2013). During the
anatomical structural formation process, DEGs encod-
ing the toxin-coregulated pilus (TCP), flotillin-like pro-
tein, class III homeodomain leucine zipper (HD-ZIPIII),
XND, GROWTH-REGULATING FACTOR (GRF), WOX,
GODEN, YAB, BREVIS RADIX, and APETALA 2 (AP2)
were up-regulated during the heart stage compared to the
globular stage. TCP TFs control the morphology of shoot
lateral organs via the regulation of other genes (Koyama
et al. 2007). Two DEGs were shown to encode TCP13
(Bra039158 and Bra001032) and one to encode TCP4
(Bra021586) belonging to the TCP family. GRF is required
for the development of leaves, cotyledons, and the SAM
and enhances seed oil production by regulating cell num-
ber and plant photosynthesis (Kim and Lee 2006; Liu et al.
2012). GRF7 (Bra022667) and GRF5 (Bra001532) may
play a role in phyllome development and response to red or
far-red light processes; however, this requires further study.
Brassinosteroids (BRs) are known to stimulate growth by
promoting cell division and differentiation, and control
overall developmental programs leading to morphogenesis
(Vanstraelen and Benkova 2012). BREVIS RADIX (BRX)
encodes a key regulator of cell proliferation and elongation
in the root, which has been implicated in the BR pathway as
well as in the regulation of auxin-responsive gene expres-
sion (Mouchel et al. 2006). Bra035521 encoding BRX was
up-regulation from the globular stage to heart stage. AP2
TFs are involved in embryo initiation and development,
and redundantly control embryo patterning through interac-
tions with other genes (Ouakfaoui et al. 2010). Bra000487,
encoding a RAP2-7-like protein, a member of the AP2 fam-
ily, showed high expression at the heart stage, but strongly
decreased thereafter. Aintegumenta (ANT) (Bra011782;
Bra017852) and ANT2 (Bra010610) were involved in
anatomical structure morphogenesis. ANT-like proteins
have been reported to regulate embryogenesis, meristem
development, organ initiation, and growth (Horstman et al.
2014).

The second group of genes are involved in adaxial/
abaxial axis specification between globular and heart stage
embryos. Adaxial/abaxial polarity in plants is specified by
interactions between genes that individually specify either
adaxial or abaxial identity (Fukushima and Hasebe 2014).
In Arabidopsis, adaxial identity is specified by HD-ZIPIII
TFs and the TF ASYMMETRIC LEAVES?2 (AS2), whereas
abaxial identity is specified by KANADI (KAN), YAB, and
AUXIN RESPONSE FACTOR (ARF) (Izhaki and Bow-
man 2007; Fukushima and Hasebe 2014). Four DEGs
(Bra003309, Bra004364, Bra020236, and Bra039733)
involved in adaxial/abaxial axis specification were up-reg-
ulated from the globular stage to heart stage. BraO03309
(encoding a putative male sterility protein) and Bra004364
(encoding CRC protein) belong to the YAB family.

Bra020236 and Bra03973, both encoding hypothetical
proteins, belong to the HD-ZIPIII family and LBD family,
respectively. In our study, REVOLUTA (Bra002458) and
ATHB (Bra021926) showed high expression levels during
the globular stage, which is consistent with the function of
HD-ZIP 1III at the central-apical domain of early embryos
being required for the correct specification of the SAM and
RAM (Izhaki and Bowman 2007). LBD6/AS2 functions in
the specification of adaxial/abaxial organ polarity and neg-
atively regulates expression of KNOX TF genes in lateral
organs (Wu et al. 2008). Bra039733 encoding a hypotheti-
cal gene belonging to the LBD family may play a role in
adaxial specification. In total, 10 YAB genes were identi-
fied as genes involved in adaxial/abaxial axis specification,
and nine genes were up-regulated from the globular to heart
stage embryos. Total RPKM was highest at the heart stage
of the four embryo stages.

Stem cell niches are often found in specialized compart-
ments, such as in the embryonic SAM and the RAM, which
can usually be divided into several regions that contain cells
with distinct properties (Bowman et al. 2000; Perilli et al.
2012). However, stem cell niche specification remains rela-
tively uncharacterized (Wendrich and Weijers 2013). In our
study, nine genes were identified that play a role in “stem
cell division” (GO: 0017145) and “stem cell maintenance”
(GO: 0019827). Based on the stem cell division pathway,
Bra004403 (encoding a no apical meristem domain con-
taining transcriptional regulator) expression level observed
was higher at the globular stage and could affect mer-
istem formation. For stem cell maintenance, one gene
(Bra033698) encoding a zwille-like protein 2 and another
three (Bra034764, Bra038707, and Bra001446) encoding
retinoblastoma-related proteins were down-regulated from
the globular stage to mature stage. In Arabidopsis, retin-
oblastoma-related genes were found to regulate stem cell
maintenance in roots (Wildwater et al. 2005). Consistent
with differentiation of the apex, zwille-like AGO 1 showed
high expression levels during early embryogenesis (Car-
mell et al. 2002). These genes may be important stem cell
factors for embryogenesis in B. rapa.

Since auxin plays critical roles in embryo patterning in
Arabidopsis (Mun et al. 2010; Lau et al. 2012; Rademacher
et al. 2012; Sreenivasulu and Wobus 2013), we analyzed the
B. rapa transcriptome data sets for the expression of auxin-
related genes across different stages of embryo develop-
ment. Several families of auxin-regulated genes, includ-
ing AUX/TAA family genes (Bra032521, Bra015298, and
Bra021184), GH3 family genes (Bra039284, Bra039832,
Bra004543, and Bra039186), and SAUR (Bra017676) were
up-regulated from the globular to heart stage. Other than
three auxin-regulated families, ARF9-1 (Bra013748) was
also up-regulated. ARF9 and redundant ARFs, as well as
their inhibitor IAA10, reportedly act in suspensor cells to
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mediate hypophysis specification and to prevent its trans-
formation to embryo identity (Rademacher et al. 2012). The
AREF gene family is known for their role in auxin-mediated
responses (Mun et al. 2012). We detected 29 members of
ARF, of which 12 were DEGs. ARF genes were highly
expressed from the globular to heart stage (Supplemen-
tal Tables 11, 12), which correlates with the function of
auxin in embryo patterning (Wendrich and Weijers 2013).
Auxin plays essential roles in part through the action of the
ARF5/MP TF and its auxin-labile inhibitor TAA12/BDL
(Rademacher et al. 2012). Bra012190 is homologous to
ARF5/MP, and its expression increased from the globular
stage and peaked at the heart stage, suggesting that this
gene plays a role in early embryo developmental events,
consistent with the function of MP in embryonic root initia-
tion and initiation of cotyledon primordia (Lau et al. 2012;
Rademacher et al. 2012). BABY BOOM (BBM), a member
of the AP2 family, was originally isolated as a marker for
embryogenic cells in tissue culture (Boutilier et al. 2002).
Bra013978, a homolog of BBM, showing high expres-
sion during the globular stage among the four stages, may
play important roles in embryogenesis, which is consistent
with the essential function of BBM in the establishment of
embryonic morphogenesis (Boutilier et al. 2002).

MYB proteins are key factors in regulatory networks
controlling cell fate and identity, development, metabo-
lism, and responses to biotic and abiotic stresses (Dubos
et al. 2010). Three DEGs specifically expressed at stages
were members of the MYB family. Bra006741 was spe-
cifically expressed at the heart stage, while BraO06811 and
Bra015029, both coding for hypothetical proteins, were
specifically expressed during the early cotyledon stage,
suggestive of a divergent role at specific stages. In addi-
tion to ARF, AP2, YABBY, MYB, and the HD-ZIPs family,
another two families (WOX and WRKY) are well repre-
sented from the globular to early cotyledon stages (Supple-
mental Table 12), which are thought to play key regulatory
functions in cell division and differentiation that takes place
during early embryo development (Xiang et al. 2011; Bas-
net et al. 2013; Venglat et al. 2013; Jia et al. 2014). These
genes, potentially involved in morphogenesis in B. rapa are
yet to be functionally defined and fully understood, but will
drive some interesting analyses in the future.

Expression changes of metabolism-related genes in B. rapa
developing embryos

The embryo is the major storage organ in B. rapa seeds,
and lipid can account for up to 50 % of the seed dry weight
in the two cotyledons and the embryo axis (Li et al. 2011;
Sreenivasulu and Wobus 2013; Venglat et al. 2014). Meta-
bolic process and gene expression patterns during seed
development have been documented for Arabidopsis as
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well as B. napus seeds/embryos (Dong et al. 2004; Yu et al.
2010; Troncoso-Ponce et al. 2011; Belmonte et al. 2013).
However, little information exists on dynamic genetic reg-
ulation of lipid metabolism during embryo development
in B. rapa. In our study, distinct gene expression patterns
related to carbohydrate metabolism, lipid biosynthesis, and
storage protein accumulation were documented.

Oilseeds transiently accumulate starch during the early
phases of seed development, but have little or no starch at
maturity (Yu et al. 2010; Xiang et al. 2011; Basnet et al.
2013). The expression of most genes involved in carbohy-
drate production, such as starch and sucrose metabolism,
glycolysis/gluconeogenesis, citrate cycle, photosynthe-
sis process, carbon fixation in photosynthetic organisms,
and photosynthesis-antenna proteins pathways gradually
increased after the globular stage, peaked at the early coty-
ledon stage, and sharply decreased during the mature stage.
This was consistent with the peak in starch accumulation
and preparing a carbon source for FA and protein synthesis
(Santos-Mendoza et al. 2008; Basnet et al. 2013). This sug-
gests that the expression of photosynthetic components is
initiated early in embryo development, consistent with the
roles in preparing for deposition of lipid and protein stor-
age reserves (Yu et al. 2010; Venglat et al. 2013).

Lipid biosynthesis is a highly coordinated process that
involves carbon metabolism, FA synthesis, and triacylg-
lycerol (TAG) synthesis pathways (Yu et al. 2010; Xiang
et al. 2011; Basnet et al. 2013). Genes involved in FA bio-
synthesis, FA elongation, FA metabolism, glycerolipid
metabolism, and biosynthesis of unsaturated FAs were first
expressed from the globular stage and were up-regulated
at the early cotyledon embryo stage. This observation is
in agreement with several other studies in which FA syn-
thesis is active at the cotyledon stage because of their roles
in preparing for TAG synthesis and accumulation of stor-
age reserves (Santos-Mendoza et al. 2008; Yu et al. 2010).
Based on KEGG pathway analysis, the pathways up-reg-
ulated to the greatest extent were biosynthesis of unsatu-
rated FAs (4,560) in the embryo from the globular stage
to mature stage. FA biosynthesis and starch and sucrose
metabolism represented the top up-regulated pathways
(Table 3). In addition, the MapMan analysis suggested
that storage protein synthesis and lipid metabolism (TAG
synthesis) pathways were up-regulated. The expression
of several key enzymes in the pathways of FA modifica-
tion and TAG, including Bra034777 (FAD2-1), Bra018348
(BnaA.FAD3.a), Bra022767 (BnaA.FAD3.c), Bra034635
(FAEI.1), and Bra036722 (DGAT1I) (To et al., 2012), which
are critical for determining the composition and/or quantity
of seed storage oil in Arabidopsis (Sreenivasulu and Wobus
2013), may also have important roles in B. rapa. Storage
protein, late embryogenesis abundant protein (LEA), and
oleosins accumulate in mature stage embryos. Oleosins
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are embedded within the phospholipid monolayer of oil
bodies to prevent oil body coalescence. They have been
reported to have specific functions in the dynamics of lipid
accumulation in Arabidopsis (Miquel et al. 2014). Oleosin
1, 2, and 4 are three major oil body proteins (Miquel et al.
2014). In our study, oleosin S3-2 (Bra010474), oleosin
S1-1 (Bra001002), oleosin S2-1 (Bra033021), oleosin S2-2
(Bra039071), and oleosin S4-4 (Bra025577) were the most
highly expressed oleosins, and were expressed from the
early cotyledon stage and peaked during the mature stage.
Thus, the timing of oleosin gene expression coincides with
lipid accumulation, suggestive of a conserved function of
oleosins in affecting the lipid content (Joliveta et al. 2011;
Liu et al. 2013; Miquel et al. 2014). Our results generated
a global expression profile of lipid metabolism in B. rapa,
providing information for further analyses to uncover the
molecular mechanisms underlying FA synthesis and lipid
deposition in Brassica embryos.

Storage during embryo development is associated with
complex pathways that integrate information from genetic
programs and from both hormonal and metabolic signals
(Santos-Mendoza et al. 2008). The hormones ABA and
GA interact with a network of TFs during embryo devel-
opment, and a high ratio of ABA to GA promotes matu-
ration via ABSCISIC ACID INSENSITIVE3 (ABI3) and
ABI5 (Santos-Mendoza et al. 2008). ABIS is involved in
ABA signaling in Arabidopsis, which includes the regu-
lation of a subset of LEA genes during both maturation
and germination (Cheng et al. 2014). In our study, the
increase in ABI5 (Bra016953) gene expression also coin-
cides with the expression pattern of LEA genes, display-
ing high expression at the early cotyledon stage. LEAFY
COTYLEDONI1 (LEC1), LEC2, FUSCA3 (FUS3), and
ABI3 are four important embryo-specific TFs that regulate
seed maturation (Basnet et al. 2013; Jia et al. 2014). The
best-studied member of the NF-Y TFs is LEC1, encoding
a homolog of the subunit of CAAT box binding factors,
which plays a critical role in embryogenesis and seed mat-
uration (Braybrook and Harada 2008). LEC2, FUS3, and
ABI3 encode related TFs of the B3 domain family and are
positively regulated by LEC1. LEC2 is thought to regulate
WRII1, which in turn mediates glycolysis and FA biosyn-
thesis (To et al. 2012; Sreenivasulu and Wobus 2013; Jia
et al. 2014). BnWRI1, BnLEC]1, and BnLIL are three key
regulators in FA biosynthesis in canola (Yu et al. 2010).
Based on sequence similarity, Bra012301 and Bra031356
were identified as homologs of LEC1, which were mapped
to “embryo development ending in seed dormancy”
(GO:0009793) and “positive regulation of lipid biosyn-
thetic process” (GO:0046889). Bra007066 and Bra003178
were identified as homologs of WRI1, which are involved
in the glycolysis and triglyceride metabolic process.
Bra029365 was identified as a homolog of Transparent

Testal6, which is thought to play multiple roles in plant
development and is involved in lipid synthesis and embryo
development in canola (Deng et al. 2012). Other positive
regulators acting either at the same level or downstream
of the LEC genes by binding to the promoters of genes
encoding storage proteins and other genes involved in seed
maturation have been identified: bZIP TFs that cooperate
with the NF-Y complexes (ABIS, bZIP10, bZIP25, bZIP53,
and bZIP67; Mendes et al. 2013; Cheng 2014), MYB TFs
(AtMYBI115; Dubos et al. 2010), and MADS box TFs
(AGAMOUS-LIKE15; Zheng et al. 2009). Similarly, these
genes are likely to play roles in regulating gene expression
during embryo development in B. rapa.

Comparison of transcriptomic analysis for oilseed
and Arabidopsis seeds/embryos

We performed a transcriptome analysis of embryo develop-
ment in B. rapa and provide a genome-wide transcriptional
landscape and characterization of the annotated transcripts
in its embryos. Our analysis used successive stages of
embryo development to determine the temporal expression
pattern of each identified gene. In total, 32,941 genes were
identified, which is similar to a recent profiling of B. rapa
and Brassica oleracea tissue mRNAs using RNA-Seq anal-
ysis (Tong et al. 2013; Liu et al. 2014). In B. rapa, 32,335
genes were detected as expressed in at least one tissue (cal-
lus, root, leaf, stem, flower, or silique) (Tong et al. 2013),
and most mRNAs detected during embryo development in
this study are also present throughout the plant life cycle.
Thus, a majority of expressed genes in the B. rapa genome
are active and likely required at all developmental stages.
By analyzing the gene expression profiles in Arabidopsis
seeds containing the zygote and globular, cotyledon, mature
green, and post-mature green stage embryos using DNA
microarray analyses, similar numbers of distinct mRNAs
accumulated in seeds at the early developing stages, while
mRNA levels decreased during the later stages (Le et al.,
2010). Similar gene expression trends were observed in B.
rapa developing embryos. In our study, GO term analy-
sis supported this expression trend, and the expression of
genes involved in cellular process, metabolic processes,
biological regulation, cellular component organization,
pigmentation, and reproduction were significantly down-
regulated in mature relative to early cotyledon embryos.
A comprehensive transcriptome analysis of gene activ-
ity was conducted in Arabidopsis embryos using a DNA
microarray approach (Xiang et al., 2011). Cluster analysis
demonstrated that the expression of genes associated with
meristem and morphogenesis accumulated primarily dur-
ing the globular and heart stages, while carbohydrate, FA,
and storage protein synthesis-related genes were highly
expressed during the torpedo and bent stages (Xiang et al.
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2011). Some similarities and differences exist between our
work and previous reports. For example, auxin pathway-
related genes and many TF genes were up-regulated dur-
ing the early stage (globular-heart period); response to
stimuli, transporter activity, photosynthesis, and FA bio-
synthesis-related genes were expressed during the middle
stage (heart—early cotyledon period); and lipid and storage
protein metabolism-related genes were expressed during
the mature stage. These results demonstrated that many
pathways were similar in Arabidopsis and B. rapa during
the globular and heart embryo stages, and a divergence in
transcriptional programs occurs during the heart stage in
embryo development.

Transcriptome profiling in B. napus and three other oil-
seed species revealed conserved expression patterns in FA
biosynthesis regulation and distinct species-specific expres-
sion patterns for genes involved in synthesis of the glyc-
erolipid pathway (Troncoso-Ponce et al. 2011). A compara-
tive transcriptome analysis of developing seeds from two
diverse B. rapa morphotypes, namely, a pakchoi (leafy-
type) and a yellow sarson (oil-type), revealed that FA syn-
thesis and elongation-related genes showed high expression
at 18-25 days after pollination (DAP) and decreased there-
after, while triacylglycerol and FA desaturation biosynthe-
sis processes increased during the late stages or early to
middle stages of development, respectively (Basnet et al.
2013). Our analysis showed that genes involved in FA
biosynthesis, FA elongation, FA metabolism, glycerolipid
metabolism, and biosynthesis of unsaturated FAs were
expressed from the globular stage and up-regulated dur-
ing the early cotyledon embryo stage (20 DAP) and then
decreased, while genes involved in storage protein develop-
ment and triacylglycerol synthesis pathways were up-regu-
lated, consistent with the results of Basnet et al. (2013) and
observations on B. napus developing embryos (Troncoso-
Ponce et al. 2011).

In summary, a comparative transcriptional expression
profiling strategy between different developmental stages
was used to identify a subset of genes that were differen-
tially expressed. In addition, some potential regulators of
embryo development, particularly TF families, which may
play important roles during embryo development, were
also identified. The identification of genes involved in B.
rapa embryo development and the temporal expression pat-
tern of each identified gene will increase our understanding
of the genetic programs that control embryo development
in these development processes and provide a foundation
for future studies on the metabolism, growth, and differen-
tiation of embryos in B. rapa and other oilseed crops.
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