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University, Chongqing, China, ° Food and Bioproduct Science, University of Saskatchewan, Saskatoon, SK, Canada,
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Flavonoids, the compounds that impart color to fruits, flowers, and seeds, are the
most widespread secondary metabolites in plants. However, a systematic analysis of
these loci has not been performed in Brassicaceae. In this study, we isolated 649
nucleotide sequences related to flavonoid biosynthesis, i.e., the Transparent Testa (TT)
genes, and their associated amino acid sequences in 17 Brassicaceae species, grouped
into Arabidopsis or Brassicaceae subgroups. Moreover, 36 copies of 21 genes of the
flavonoid biosynthesis pathway were identified in Arabidopsis thaliana, 53 were identified
in Brassica rapa, 50 in Brassica oleracea, and 95 in B. napus, followed the genomic
distribution, collinearity analysis and genes triplication of them among Brassicaceae
species. The results showed that the extensive gene loss, whole genome triplication, and
diploidization that occurred after divergence from the common ancestor. Using gRT-PCR
methods, we analyzed the expression of 18 flavonoid biosynthesis genes in 6 yellow- and
black-seeded B. napus inbred lines with different genetic background, found that 12 of
which were preferentially expressed during seed development, whereas the remaining
genes were expressed in all B. napus tissues examined. Moreover, 14 of these genes
showed significant differences in expression level during seed development, and all but
four of these (i.e., BnTT5, BnTT7,BnTT10, and BnTTG1) had similar expression patterns
among the yellow- and black-seeded B. napus. Results showed that the structural
genes (BnTT3, BnTT18, and BnBAN), regulatory genes (BnTTG2 and BnTT16) and three
encoding transfer proteins (BnTT12, BnTT19, and BnAHA10) might play an crucial roles
in the formation of different seed coat colors in B. napus. These data will be helpful for
illustrating the molecular mechanisms of flavonoid biosynthesis in Brassicaceae species.

Keywords: Brassica napus L., Brassicaceae species, expression profile, flavonoid biosynthesis pathway,
phylogenetic analysis, seed coat color

Abbreviations: TT: Transparent Testa, Bn: Brassica napus L., TTG: TRANSPARENT TESTA GLABRA, PAL: Phenylalanine
ammonia-lyase, C4H: cinnamate 4-hydroxylase, FLS: flavonol synthase, LDOX: leucoanthocyanidin dioxygenase, BAN:
BANYULS, AHA10: H -ATPase isoform 10, PAs: proanthocyanidins, Bj: Brassica juncea, BLAST: basic local alignment search
tool, BRAD: Brassica Database, PGDD: PLANT GENOME DUPLICATION DATABASE, DAP: days after pollination.
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substitutions per site.

FIGURE 3 | Phylogenetic relationships of PAL gene family of Brassicaceae species. PAL1, PAL2, PAL3, and PAL4 were indicated by gray, light blue, purple
and green color. The Bn_PAL1b and Si_PAL3 were denoted by red font that maybe the synonymous of PAL2. The Red color diamond, triangle, circle, and rectangle
were denoted the gene copies in A. thaliana, B. rapa, B. oleracea, and B. napus, respectively. Scale bar (the numbers) indicates the estimated number of amino acid

(Students t-test, P > 0.05) between the developing seeds of
the black- and yellow-seeded B. napus, the expression levels of
these genes did differ and peaked at different developmental
stages (Figure 7), indicating that these genes can also be classified
as Early Biosynthetic Genes and Late Biosynthetic Genes, as
in Arabidopsis (Lepiniec et al., 2006). The expression of genes
that function upstream in the flavonoid biosynthesis pathway
peaked before those that functioned later, suggesting that the

downstream genes were influenced by the upstream genes. For
example, the expression of BnTT4, which encodes a protein
that catalyzes the first committed step of flavonoid biosynthesis
(Albert et al, 1997; Tang et al, 1997), peaked at 20 DAP,
which was before the expression of the downstream genes
BnTT5, BnTT6, and BnTT7 peaked (Figure 7). All flavonoids
and isoflavonoids are derived from the nargingenin chalcone
generated by this first enzyme. Moreover, the expression
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of most of the regulatory genes also peaked at 20 DAP
(Figure 7), suggesting that they may be essential for regulating
the expression of genes involved in flavonoid biosynthesis
during the early stages of seed development. Although, the
expression of BnTTG2 peaked later than did that of BnTT2
and BnTTS, the expression of BnTT2 was greater in yellow-
than in black-seeded B. napus, and BnTTG1 expression was also
largely affected by the genetic background (Figures 7L-N,P),
indicating that the mechanism of BnTTG2 is different from
that of its orthologs in A. thaliana (Lepiniec et al.,, 2006). In
addition, the expression of BnTT6, BnTT18, and BnTT2 peaked
sooner in the yellow-seeded than in the black-seeded lines
(Figures 7C,EL).

DISCUSSION

Flavonoids are secondary metabolites that are extensively
distributed in the plant kingdom. They not only play an
important role in color formation in fruits and flowers, but are
also well-known for their positive effect on health, due to their
antioxidant and antitumor properties (Winkel-Shirley, 2001,
2002; Lepiniec et al., 2006; Routaboul et al., 2006). Genome-wide
analyses of gene superfamilies have been widely performed after
the completion of numerous plant genome projects. For instance,
numerous genome-wide studies of gene superfamilies have been
performed in the diploid species, B. rapa and B. oleracea (Song
et al,, 2013; Duan et al, 2014; Li et al, 2014; Diehn et al,
2015; Lu et al., 2015). Several gene superfamilies have also been
reported in the allotetraploid species B. napus (Sun et al., 2014;
Raboanatahiry et al., 2015) However, a comprehensive analysis
of the superfamily of genes underlying the flavonoid biosynthesis
pathway in Brassica has not been reported to date. Here, we
identified 649 nucleotide sequences of 21 flavonoid biosynthesis
pathway genes and their corresponding amino acid sequences
in 17 Brassicaceae species (Table 2, Supplementary Table S2).
The gene copy numbers differed between species; for example,
10 copies of PAL3 were found in 6 species, whereas 43 copies
of C4H were identified in 17 species (Table 2, Supplementary
Table S2). Although we did not detect orthologs for some genes
involved in flavonoid biosynthesis (e.g., TT4, TT6, and AHAI0),
in accordance with the fact that the excessive gene loss is typical
after polyploidy formation in eukaryotes (Sankoft et al., 2010;
Wang et al., 2011), we identified orthologs of many of these genes
by querying the Brassica genome databases with the sequences of
A. thaliana genes involved in flavonoid biosynthesis. In addition,
it has been widely suggested that the genome structures are
highly conserved among Brassica species (Krishnamurthy et al,,
2014; Thamilarasan et al,, 2014; Dong et al., 2016). Each of
the gene copies was found to be distributed in orthologous
blocks by collinearity analysis between the A and C subgenomes
(Figure 2). Not all gene members could be accurately annotated
on chromosomes and the number of gene copies varied greatly
in the orthologous blocks (Figure 2, Supplementary Table S3),
indicating that may be associated with Brassicaceae-lineage-
specific whole genome triplication, followed by diploidization
after divergence from the common ancestor (Lysak et al., 2005;
Town et al., 2006; Mun et al., 2009; Wang et al., 2011; Cheng
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et al, 2013). Although, subgenome sequences present higher
levels of conservation in extensive collinear genome blocks
among Brassicaceae species, we found that all genes of the
flavonoid biosynthesis pathway were phylogenetically classified
into two major subcategories (Arabidopsis and Brassicaceae
species; Figures 3-5, Supplementary Figures S1-S11), consistent
with the functional divergence of orthologous gene groups
between Arabidopsis and Brassicaceae species during evolution.
These results revealed that diversification occurred among the
flavonoid biosynthesis pathway gene family members, likely
indicating that functional divergence of orthologous gene groups
occurred between Arabidopsis and Brassicaceae species during
evolution. These findings provide insight into the functional
divergence of these genes among Brassicaceae species. In
addition, the identification of conserved genomic blocks will
provide useful phylogenetic, polyploidization, and comparative
genomics information (Schranz et al, 2006; Cheng et al,
2013). Subgenomes can be classified based on gene density into
the following three groups: least fractionated (LF), medium
fractionated (MF1), and most fractionated (MF2) (Wang et al.,
2011; Cheng et al,, 2013). We then performed the triplication of

flavonoid genes in the whole gennomes of Brassicaceae species.
Furthermore, 10 pseudo-copies of five flavonoid biosynthesis
pathway genes were identified, such as C4H, TT10, UGT2, TT1,
and TT6 (Supplementary Table S4). These results will provide
detailed information for systematic studies of the functions and
roles of these genes in flavonoid biosynthesis pathway at the
molecular level.

Seed coat color was previously reported to involve a similar
mechanism in Brassica and Arabidopsis species (Marles and
Gruber, 2004). Hence, identifying candidate genes by cloning
Brassica TT genes involved in the flavonoid biosynthetic pathway
and conducting comparative studies of these genes is a reasonable
approach, and many homologs of these genes have also been
identified in B. napus (Wei et al., 2007; Xu et al, 2007; Ni
et al., 2008; Chai et al., 2009; Lu et al., 2009; Chen et al., 2013).
However, little is known about the mechanism underlying seed
color formation in B. napus. Using three groups of B. napus
plants in different genetic backgrounds, we showed that the
12 genes (BnTT3, BnTT18, BnBAN, BuTTI12, BnTT19, BnTT10,
BnAHA10, BnTT2, BnTT8, BnTTI16, BnTTG2, and BnTTI)
investigated in this study were highly expressed and showed
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TABLE 4 | The tissue specificity and expression stages of flavonoid biosynthesis pathway genes in B. napus and A. thaliana.

Name Tissue specificity Expressed during
B. napus A. thaliana B. napus A. thaliana

T4 Except Silique pericarps Whole plant EBGs EBGs
75 Whole plant Whole plant NA EBGs
TT6 Whole plant Whole plant LBGs LBGs
7 Whole plant Whole plant NA LBGs
TT3 Development seeds Whole plant EBGs EBGs
TT18 Development seeds Development seeds LBGs LBGs
BAN Development seeds Development seeds EBGs EBGs
TT12 Development seeds Development seeds EBGs EBGs
TT19 whole plant Whole Plant EBGs EBGs
TT10 Development seeds Development seeds and flarol organs NA LBGs
AHATO0 Development seeds and stem Development seeds and stem EBGs EBGs
T2 Development seeds Development seeds EBGs EBGs
78 Development seeds Development seeds EBGs EBGs
TTG1 whole plant whole plant LBGs LBGs
1716 Development seeds and flowers Development seeds and flowers EBGs EBGs
G2 Whole plant Whole plant LBGs LBGs
TT1 Development seeds and floral organs Development seeds EBGs EBGs
TT15 Whole plant Whole plant LBGs LBGs

EBGs and LBGs means the Early Biosynthetic Genes and the Late Biosynthetic Genes, respectively. NA indicates that the expression stage of genes were inconclusive during the

developmental seeds of B. napus.

clear divergence in organ specificity in the developing seed
(Figure 6), suggesting that these genes play an important role
in seed development and are involved in the accumulation of
seed pigmentation. Furthermore, BnTT15 was highly expressed
in flowers (Figure 6R). By contrast, BuTT5, BnTT7, and Bn"TTG1
expression did not differ significantly (Student’s ¢-test, P > 0.05)
among B. napus organs (Figures 6B,D,N). Similar expression
profiles were observed for orthologs of these genes in A. thaliana
(Schmid et al., 2005), suggesting evolutionary conservation of
the regulatory mechanism governing flavonoid accumulation.
Our study lays the foundation for future research aimed at
deciphering the expression profiles of different gene copies in B.
napus. These findings provide insight into the characteristics and
functions of flavonoid pathway genes in B. napus.

As in A. thaliana, the flavonoid biosynthesis pathway has
been characterized mainly using ff mutants that exhibited a
transparent and colorless testa (seed coat; Yu, 2013). Moreover,
much research has focused on identifying the seed pigments
involved in the formation of seed coat color in B. napus
(Theander et al., 1977; Marles and Gruber, 2004; Akhov et al.,
2009; Qu et al, 2013). Homologous genes in the B. napus
flavonoid biosynthesis pathway have also been cloned and
characterized (Wei et al,, 2007; Xu et al., 2007; Ni et al.,
2008; Akhov et al., 2009; Auger et al., 2009; Chai et al., 2009;
Lu et al., 2009; Chen et al., 2013). However, a few of these
genes was comprehensively functionalized in B. napus. Using
qRT-PCR analysis, we now examined the temporal and spatial
expression patterns of 18 flavonoid biosynthesis genes in the
developing seeds of black- and yellow-seeded B. napus, sourced
from different backgrounds. We found that the majority of genes
had similar expression patterns in the developing seed, suggesting

that these genes not only participated in the flavonoid pathway,
but also might be regulated by an upstream regulatory gene
involved in seed coat color formation in B. napus. In addition, we
classified these genes based on the time at which their expression
peaked. The first group of genes with similar expression patterns
in black- and yellow-seeded lines (BnTT4, BnBAN, BnTTI2,
BnTT19, BnAHAI10, BnTT8, BnTT16, BnTTG2, and BnTT1I5)
was expressed at different levels in different tissues and showed
the highest expression levels at 20 DAP, and was considered
as the early biosynthetic genes (Figures?7, 8). By contrast,
BnTT4, BnTTI12, and BnAHAIO have higher expression levels
in black-seeded than in yellow-seeded lines (Figures 7A,H,K).
The first dedicated step for flavonoid biosynthesis of plant
is catalyzed by TT4, which produces naringenin chalcone,
and thus TT4 critically influences many important flavonoid-
related characteristics, such as seed coat color, flower color, and
pigmentation of the stem and leaf surface (Hoffmann et al., 2006;
Kasai et al., 2007). Chai et al. (2009) proposed BnTT12 a potential
candidate gene for seed coat color formation in B. napus. Stein
etal. (2013) found that the transparent testa gene AHA10 strongly
affected both seed color and lignin content using a marker that
was closely linked to a major QTL for seed fiber and color in
B. napus. Moreover, TT12 and AHAI0 in Arabidopsis were both
found to be related to the vacuolar transport of proanthocyanidin
in seed coats (Debeaujon et al., 2001; Baxter et al., 2005). Thus,
the difference in seed coat color between black- and yellow-
seeded rapes seems to be related to the reduction in precursor
accumulation following down-regulation of the encoding gene
(Figure 8).

Another group of genes (BnTT5, BnTT7, BnTT18, BnBAN,
BnTTI19, BuTT2, and BnTTG2) exhibited drastic differences
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the black- and yellow-seeded B. napus (Figures 7B,D,EG,L.L,P).  simultaneously with the downstream genes in the developing
Additionally, TTG1, TT2, and TT8 were found to modulate the  seeds (Figures 7, 8), indicating that the upstream genes not only
activity of proteins encoding TT3 (DFR), TT18 (LDOX), BAN,  control the downstream genes, but also that the upstream genes
and TTI2 in the proanthocyanidin subpathway, respectively.  cooperate in the flavonoid biosynthesis pathway. Together, the
Moreover, we previously found that PAs and polyphenol flavonoid biosynthetic pathway of Brassica species is much more
compounds gradually increase during seed maturation and  complex than thatin A. thaliana, with the former not only having
result in significant differences (Student’s t-test, P < 0.05 more synthesis-related genes, but also exhibiting interactions
or 0.01) in the colors of black- and yellow-seeded B. napus  with other genes involved in flavonoid biosynthesis at multiple
seed coats (Qu et al, 2013). However, BnTT5 and BnTTG1 loci (Figure 8). These findings provide insight into the molecular
were found to possess different expression patterns among the  and biochemical mechanism of seed coat color development in B.
rapeseed seeds, suggesting that they were largely influenced  napus.

by the genetic background (Figures 7B,N). These data suggest

that numerous compounds accumulate in the seed coat during

later development stage and confer color to the mature seed. ~AUTHOR CONTRIBUTIONS
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