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Abstract Toona sinensis, a member of Meliaceae family,
is a traditional Chinese woody vegetable widely used as
food and in health since ancient times. 7. sinensis bud has
extensive clinical uses because of its high flavonoid con-
tent. However, the literature lacks information on flavonoid
metabolism and characterization of the corresponding
genes in T. sinensis. In this study, we constructed two
cDNA libraries of green (GYC-2) and purple toons (BYC-
2) distributed in Taihe County of Anhui Province in China.
A total of 9.48 Gb of raw sequencing reads were generated
using Illumina technology. Obtained raw reads were
assembled into 66,331 non-redundant unigenes with mean
length 1076 bp. A total of 50,582 unigenes (accounting for
76. 26% of all-unigenes) could be matched to public
database using BLASTx. Through alignment against
KEGG database, a total of 34,183 were annotated into 135
KEGG pathways. Among such pathways, many candidate
genes that are associated with flavonoid biosynthesis were
discovered in our transcriptome data. In total, 9541 uni-
genes identified were differentially expressed genes
(DEGs), including 5408 up-regulated unigenes and 4133
down-regulated unigenes in green toon vs purple toon.
Moreover, numerous transcription factors (MYB, bHLH,
and WD40) were found in our data. Many genes related to
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flavonoid biosynthesis showed preferential expression in
BYC-2 cultivar. Therefore, de novo transcriptome analysis
of unique transcripts provides an invaluable resource for
exploring vital gene related to flavonoid biosynthesis of T.
sinensis bud.
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Introduction

Taihe Toona sinensis Roem, which belongs to Toona Roem
of Meliaceae, is a potentially important medicinal and
woody vegetable that is native to Taihe County in Anhui,
China. Commonly known as Chinese toon bud, buds and
leaves of the plant are crispy and juicy, aromatic, taste
uniquely, and have high consumption value (Zhou et al.
2010). Various natural products, such as triterpenes, phe-
nolics, and flavonoids, were isolated and identified from
T. sinensis buds and leaves (Mu et al. 2007; Kakumu et al.
2014). Studies showed that T. sinensis leaf extracts have
many functions, such as suppression of ovarian cancer cell
proliferation, anti-inflammation, analgesic functions, boil
growth inhibition, antioxidant activity, and apoptotic
induction of cancer cells (Huang et al. 2012; Yang et al.
2013). Bud color evolved via breeding with natural polli-
nation. Moreover, bud color variation ranges from green to
deep purple rachis and leaves (Fig. 1). Per bud or leaf
color, Taihe T. sinensis are sorted into two clusters: purple
(BYC-2) and green toons (GYC-2). Leaves or young shoots
of the former are flavorful and edible vegetables, whereas
the latter is used for timbering and forestation (Wang et al.
2008). Flavonoids are important in 7. sinensis bud quality,
and their contents or components have high variability
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Fig. 1 GYC-2 and BYC-2 buds of Taihe 7. sinensis. a GYC-2 buds; b BYC-2 buds. GYC-2: green toon buds; BYC-2: purple toon buds)

among plant cultivars (Yang et al. 2010). Anthocyanin is
the primary pigment responsible for 7. sinensis bud color
(Jin and Dong 1994). The compound is also critical for its
nutrient contribution and health benefits (Zhang et al.
2014). Flavonoids, which increase antioxidant capacity of
cells and tissues, are responsible for the antioxidant prop-
erties of T. sinensis bud. In vitro studies revealed the
powerful antioxidant properties of polyphenols from 7. si-
nensis buds (Wang et al. 2007; Vinodhini and Lokeswari
2014). Toon buds are used to prepare Chinese toon tea,
which reduces risks of cardiovascular diseases and cancer.
Different toon varieties have different flavonoid contents,
and causes of such differences remain unknown. Multi-
species transcriptome sequencing offers a shortcut for
research on complex transcriptional regulation and meta-
bolic pathways of different flavonoid contents (Shi et al.
2014; Wang et al. 2015; Zhang et al. 2015). Given rapid
developments in bioinformatics tools, transcriptome stud-
ies are now possible for species, such as 7. sinensis, even in
the case of unknown reference genomes.

Previous research on T. sinensis included mining and
validation of molecular markers (Liu et al. 2012), isolation
and characterization of important enzyme genes responsi-
ble for secondary metabolites (Hsu et al. 2012), and tran-
scriptome studies involving in lysine biosynthesis in
T. sinensis leaflets (Zhang et al. 2016). However, the lit-
erature still lacks information on flavonoid biosynthesis of
T. sinensis bud. De novo sequencing offers a powerful tool
for effectively obtaining entire plant transcriptome
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information. Among the new-generation, high-throughput
RNA-Seq methods, Illumina HiSeq 4000 System is pre-
vailing because of its low price and high output (Reuter
et al. 2015). HiSeq 4000 sequencing technology is valuable
for studying species, such as Anoectochilus roxburghii and
Arachis hypogaea (Liu et al. 2015; Zhou et al. 2016).

In this report, we have demonstrated de novo tran-
scriptome data in two cultivars of Taihe 7. sinensis bud
using Illumina HiSeq 4000 sequencing platform. More-
over, transcriptomic changes between GYC-2 and BYC-2
were investigated to characterize molecular regulation of
flavonoid biosynthesis. This study provides insight into
molecular mechanisms of flavonoid biosynthesis on this
species, and sequencing outcomes could provide important
basic data for further gene function studies or cultivation of
T. sinensis for yielding high levels of flavonoid for
medicinal purposes or for human consumption.

Materials and methods
Plant sample collection

Toon seedlings were grown for 5 years in the 7. sinensis
industry demonstration zone in Taihe County, Anhui,
China. Two cultivars (GYC-2 and BYC-2) were planted
using maternal plant stem with axillary bud as propagule,
guaranteeing genetic background consistency of different
individuals of the same cultivar. Ten buds of each cultivar
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were selected as RNA-seq sample. Another three buds of
each cultivar were selected for quantitative real-time (RT-
gPCR) confirmation. We removed the weak buds, and
robust samples were collected based on bud color. For the
two cultivars, all buds of the same variety were mixed for
RNA-seq and six buds of the two cultivars were separated
from one another. All samples were rapidly immersed in
liquid nitrogen and frozen immediately for subsequent RT-
gPCR confirmation.

c¢DNA library construction, sequencing, and de novo
assembly

Total RNA was extracted from toon bud samples with
TRIzol Reagent (Invitrogen, USA) according to manufac-
turer’s protocol. RNA concentration and quality were
determined by Nanodrop. mRNA was isolated from the
total RNA with oligo (dT) magnetic beads and then was
fragmented using the fragmentation buffer. mRNA frag-
ments were reverse-transcribed into cDNA. Purified short
fragments were used for end repair, and then were ligated
with adaptors, and the resulting cDNA were enriched by
PCR amplification. Quality of the cDNA library was con-
firmed by Bioanalyzer and real-time PCR was performed to
quantify the library. Finally, cDNA library was sequenced
on the Illumina sequencing platform (Illumina HiSeq™
4000, BGI, Shenzhen, China). The raw reads were pre-
processed by discarding the adapter and low-quality frag-
ments (including redundant sequences) using the filter-fq
software. Clean reads were assembled to obtain unigenes in
the Trinity software (Grabherr et al. 2011). Total unigenes
were sorted into two classes. One class was gene family
clustering named after “CL” with a cluster id behind it. In
this cluster, similarity between unigenes was more than
70%. The other one was identified as singleton, with the
prefix, “Unigene.”

Gene annotation and analysis

All unigene sequences were identified and functionally
annotated in seven functional databases, including Nr, Nt,
GO, COG, KEGG, Swiss-Prot, and Interpro database for
unigenes. We used BLASTx (E value <107°) to align
unigenes to protein databases. BlastN (E value <1073 ) was
used to align unigenes to NT. Sequences were aligned with
above databases to predict and classify functions. We used
the ESTScan software to determine sequence direction.
Blast2GO, which is a popular GO annotation software, was
used to obtain GO annotation against GO database for
unigenes annotated by Nr (Conesa et al. 2005), whereas
InterProScan5 was used to acquire Interpro annotation. GO
functional classification of all-unigenes was performed
using the WEGO software and to characterize gene

function distribution within different pathways from over-
all level (Ye et al. 2006).

Differential expression analysis

To compare transcript abundance between the two culti-
vars’ toon bud, the protocol by Audic and Claverie (1997)
was applied to analyze transcript count information for
each unigene. Unigene expression level was calculated
following Fragments Per Kilobase Million (FPKM) for-
mula. FPKM is derived using the following:

10°C

FPKM = ——
NL/103’

where C and N represent the counts of mappable reads
uniquely aligned to a unigene and sum of reads sequenced
uniquely aligned to total unigenes, respectively; L repre-
sents the sum of a unigene in base pairs. False discovery
rate (FDR) is used to evaluate significantly differential
expressive unigenes of the two cultivars’ toon bud (Kim
and van de Wiel 2008). FDR <0.001 was threshold
P value, and log2 fold change >2, indicating that differ-
entially expressed genes (DEGs) have significant differ-
ences. After that, DEGs were further incorporated into GO
functional categories and KEGG pathway analysis.

RT-qPCR

Relative expression levels of putative flavonoid-biosyn-
thetic genes were evaluated by RT-qPCR. First-strand
cDNA synthesis was performed using TransScript All-in-
One cDNA supermix for qPCR (TransGene Biotech, Bei-
jing) per the manufacturer’s instruction. Primers (Supple-
mentary file 1) for RT-qPCR were designed by Generay
Biotechnology Company (Shanghai). Actin gene of T. si-
nensis, an internal housekeeping gene, was used as control.
PCR was performed in an Applied Biosystems 7300 Real-
time PCR System (ABI, USA) using GoTaq® qPCR Master
Mix (Promega) with the following parameters: 95 °C for
20 min followed by 40 cycles of 95 °C for 15 s, 60 °C for
30 s, and 72 °C for 30 s. After the reactions, dissociation
curve analysis was conducted to evaluate primer speci-
ficity. All reactions were performed in triplicate per
experiment on 96-well PCR plates. Relative mRNA levels
were calculated using 272" method against the actin
gene.

Measurement of anthocyanin content
The quantification of anthocyanin was determined follow-

ing the protocol of Mehrtens et al. (2005). Anthocyanin
was extracted from 0.3 g fresh Taihe T. sinensis bud using
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1 mL extraction reagent (1% HCI in methanol), incubated
at 21 °C for 18 h with slight shaking. Extracts were then
centrifuged at 21,500g for 3 min at room temperature. To
determine anthocyanin content, 0.4 mL supernatant was
drawn and mixed with 0.6 mL extraction reagent. Extract
absorbance was assayed at 530 and 657 nm using UV-2800
double beam UV/Vis spectrophotometer (Zhejiang Scien-
tific Instruments, China). The anthocyanin concentration
was calculated following the protocol of Mano et al.
(2007).

Results

Sequencing and de novo assembly of Taihe
T. sinensis bud transcriptome

To generate complete profile of Taihe T. sinensis bud
transcriptome, two cDNA libraries from GYC-2 and BYC-
2 were, respectively, constructed and sequenced using
[llumina, generating 9.48 Gb of raw RNA-seq data.
Table 1 presents an overview of sequencing and assembly.
After the deletion of poor quality sequences (including
adaptor-polluted, redundant sequences), 36.77 and
36.16 Mb clean reads for GYC-2 and BYC-2, respectively,
were retained and assembled. The Q20 scores were 97.72
and 97.85%, and GC contents were 41.35 and 41.16%,
generated from GYC-2 and BYC-2, respectively. Trinity
tool was used to assemble independently clean sequences
from each library, which generated 87,527 and 86,870
contigs for GYC-2 and BYC-2. Their mean sizes were 885
and 926 bp with N50s of 1607 and 1649 bp for GYC-2 and
BYC-2, respectively. Contigs were then assembled into
51,723 and 55,850 transcripts for GYC-2 and BYC-2. Their
mean lengths were 1003 bp with N50 of 1677 bp and
1013 bp with N50 of 1680 bp, respectively. Finally, tran-
script sets from two libraries were further merged with

66,331 unigenes, comprising 71,420,182 bp with an aver-
age size of 1076 bp and N50 of 1756 bp. Unigene size
distribution showed the following: 58.9% (39,049) of the
unigenes were between 300 and 1000 bp in length; 36.3%
(24,064) were between 1000 and 3000 bp; and unigenes
with length more than 3000 bp accounted for only 4.9%
(3218) (Fig. 2).

Functional annotation and species distribution

Based on the public databases available and sequence
homologies, all generated unigenes were aligned using a
serial blast with cut-off E value 10~°. This process pro-
vided functional annotations for the obtained unigenes.
50,582 unigenes (accounted for 76.26% of the total uni-
genes) were annotated in this way. Of these, 47,288 and
44,861 unigenes were annotated to Nr and Nt database,
respectively, 31,555 hits via Swiss-Prot, 34,183 for KEGG;
18,044 for COG; 34,284 for Interpro; and 24,011 for GO
(Table 2).

COG analysis showed that 35,897 unigenes were
aligned to COG database for functional classification
(Fig. 3). The most frequently identified classes were the
following: category function accounted for 17.93% (6435);
transcription for 9.73% (3493); replication related for
8.48% (3043); signal transduction for 7.19% (2580);
posttranslational modification related for 7.05% (2530);
and translation related for 6.33% (2274). Moreover, car-
bohydrate transport and metabolism was occupied an
important position with 2013 unigenes (5.61% of COG-
annotated unigenes).

GO annotation assigned 132,719 unigenes to molecular
function, cellular process, and biological process categories
(Fig. 4). The two most abundant unigene sequences were
metabolic process (13,432, 10.12%) and cellular process
(12,355, 9.31%) within biological process. At the location
level of cellular process, 21,396 unigenes (47.48%) were

Table 1 Description of two
Taihe T. sinensis var.

transcriptome

GYC-2 BYC-2 All
Total raw reads (Mb) 42.46 42.46
Total clean reads (Mb) 36.77 36.16
Q20 percentage (%) 97.72 97.85
GC percentage (%) 41.35 41.16
Total number of contigs 87,527 86,870
Length of all contigs (bp) 77,492,643 80,453,929
Average length of all contigs (bp) 885 926
Contig N50 (bp) 1607 1649
Total number of unigenes 51,723 55,850 66,331
Length of all-unigenes (bp) 51,889,734 56,626,762 71,492,643
Average length of all-unigenes (bp) 1003 1013 1076
Unigene N50 (bp) 1677 1680 1756
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Table 2 Statistics results of unigenes annotated in public database

Public databases Number of unigenes Percentage of unigenes (%)

Nr 47,288 71.29
Nt 44,861 67.63
Swiss-prot 31,555 47.57
KEGG 34,183 51.53
COG 18,044 27.20
Interpro 34,284 51.69
GO 24,011 36.20
All 50,582 76.26

distributed in cell and cell parts, 7897 (17.54%) in orga-
nelle, and 5728 (12.73%) in membrane. Those unigenes
involving in molecular function modules were more widely
distributed in GO categories. For example, catalytic
activity (12,855, 45.59%) and binding (11,582, 41.08%)
proteins comprised the majority, whereas 7.89% is attrib-
uted to activity proteins, such as transporter, structural
molecule, molecular transducer, enzyme regulator, recep-
tor, antioxidant, electron carrier, and transcription factor.
To identify the metabolic pathways genes and their
biological functions in 7. sinensis bud, assembled unigenes
were assigned to various metabolic pathways in the KEGG
database based on sequence similarity. Overall, 34,183
(51.53%) T. sinensis unique sequences were mapped to 135
predicted metabolic pathways using KEGG, and among
such sequences, 6805 (19.91%) unique ones were assigned
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to metabolic pathways. A total of 3799 (11.11%) unique
sequences were classified under biosynthesis of secondary
metabolites, 1332 (3.9%) in plant—pathogen interaction,
1255 (3.67%) in RNA transport, 1185 (3.47%) in spliceo-
some, and 1140 (3.33%) in plant hormone signal trans-
duction. A total of 181 (0.53%) unigenes were assigned to
flavonoid biosynthesis (Supplementary file 2).

Species distribution results based on BLASTx searches
showed that Taihe T. sinensis bud unigenes have the
greatest homology with sequences from Citrus sinensis
(56.46%) followed by other species, including Citrus
clementina (24.03%), Theobroma cacao (4.16%), and Vitis
vinifera (1.93%). The other 13.42% of unigenes was
blasted to other species first (Fig. 5), indicating that Taihe
T. sinensis is closer to C. sinensis than other species in the
transcriptome databases.

Transcripts differentially expressed between GYC-2
and BYC-2 buds

To identify genes with different expression levels between
GYC-2 and BYC-2 buds, we used FPKM method to cal-
culate unigene expression levels (Fig. 6). A total of 9541
unigenes showed differential expression (with fold changes
larger than two, and FDR < 0.001) between the two cul-
tivars. Among the unigenes, 5408 were identified to be up-
regulated genes, whereas 4133 were down-regulated genes
(Supplementary file 3). Then, all DEGs were mapped to
each GO database term and counted within the corre-
sponding GO term categories. A total of 52 functional
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Fig. 3 COG functional classification of All-unigenes

groups, including molecular function, cellular component,
and biological process, showed remarkable enrichment in
DEGs compared with the genomic background using
hypergeometric test (Supplementary file 4). Signal trans-
duction and metabolic pathways remarkably enriched were
identified using KEGG enrichment analysis of DEGs. 133
pathways by DEGs were shown in Supplementary file 5,
and 30 metabolic pathways were significantly overrepre-
sented. The top ten enriched pathways were mainly related
to secondary metabolisms, including plant hormone signal

@ Springer

COG Function Classification
(All-Unigene.fa)

@

2274

3493

N
®
o

©
[}
N

w
(4]
o

3043

2530

w
5
o

808
899

877

————
l 12
—

2000 4000 6000 8000

Number of Genes

transduction (ko04075), phenylpropanoid biosynthesis
(ko00940), monoterpenoid biosynthesis (ko00902), and
carotenoid biosynthesis (ko00906).

Candidate genes related to flavonoid biosynthesis
and their regulation in toon buds

As shown in Fig. 7, a large number of unigenes related to
flavonoid biosynthesis were identified in our transcriptome.
Transcriptome analysis revealed 181 enzymes genes
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Fig. 4 GO functional classification of All-unigenes

related to the flavonoid biosynthesis (Supplementary file
6), including genes related to general phenylpropanoid
pathway [C3H (6), C4H (4), HCT (59), CCoAOMT (5)],
genes related to the “early” step of flavonoid biosynthesis
[CHS (8), CHI (4), F3'H (9)], and genes related to the
“late” step [F3H (3), FLS (34), DFR (8), LAR (16), LDO
(5), ANR (6)]. Almost major enzyme genes involved in

Number of Genes

flavonoid biosynthesis were annotated in this pathway. In
addition to the main enzyme genes involved in the flavo-
noid biosynthesis, many regulatory genes that encoding
transcription factors were found in the transcriptome data,
they were thought as more widely regulatory function than
enzyme genes in flavonoid biosynthesis. In particular, the
enzyme gene transcription involved in flavonoid synthesis
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Fig. 5 Distribution of
annotated species

13.42%

Volcano plot of GYC-2-VS-BYC-2.PossionDis_Method

= Up-Regulated Genes
= Down-Regulated Genes
= non-DEGs

log2(fold change)

Fig. 6 Gene transcription profile between GYC-2 and BYC-2
libraries. Red points represent up-regulated DEGs. Blue points
represent down-regulated DEGs. Black points represent non-DEGs

is regulated by bHLH, MYB, and WD40 (Jaakola 2013; Xu
et al. 2015). A number of unigenes encoding for MYB,
bHLH, and WD40 were found in T. sinensis bud tran-
scriptome. The expression level of candidate genes related
to flavonoid biosynthesis and regulation was altered in
GYC-2 and BYC-2, including FLS, DFR, C4H, LAR, LDO,
HCT, MYB, and MYC (Table 3). Molecular mechanism
complexity of flavonoid biosynthesis remained uncertain in
T. sinensis bud. Further investigation is needed to ascertain
vital candidate regulators involved in flavonoid biosyn-
thesis of 7. sinensis bud.
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Species Distribution

Species

Citrus sinensis
Citrus clementina
Theobroma cacao
Vitis vinifera

56.46% other

RT-qPCR validation of DEGs

To confirm the differences in expression of unigenes in
FPKM analysis, nine putative genes related to flavonoid
formation of toon buds were selected for RT-qPCR and
validation. Figure 8 displays the RT-qPCR expression
patterns of these transcripts. The expression profiles of the
genes assayed showed higher gene expression in BYC-2
than that in GYC-2, and confirming the RNA-seq data. The
selected unigenes related to flavonoid biosynthesis were
also validated as the most highly expressed in BYC-2 by
RT-gPCR analysis.

Accumulation of anthocyanin in toon buds

Toon bud color changes are closely related to anthocyanin
accumulation, which is an important phenotypic charac-
teristic for identification of Taihe T. sinensis cultivars. To
examine anthocyanin accumulation in GYC-2 and BYC-2
buds, bud extracts were subjected to spectrophotometer
analysis. Our results indicate that BYC-2 buds accumulate
total anthocyanin that is 6.25-fold higher than that of GYC-
2 buds (Fig. 9).

Discussion

To characterize the key genes involved in flavonoid
biosynthesis of T. sinensis bud, two commonly cultivated
Taihe T. sinensis cultivars (GYC-2 and BYC-2) were
subjected to cDNA sample sequencing to construct T.
sinensis bud transcriptome. In total, 36.77 and 36.16 Mb
non-redundant reads were obtained. By de novo assembly,
51,723 and 55,850 unigenes were generated for GYC-2 and
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Fig. 7 Simplified pathway of flavonoid biosynthesis. Numbers of putative unigenes encoding enzymes were given in parentheses

Table 3 Changes in transcript abundance of candidate genes related to flavonoid biosynthesis and regulation in GYC-2 and BYC-2

GenelD Gene length GYC-2 FPKM BYC-2 FPKM Log2 ratio Up/down Nr-annotation

(bp)
CL9131.Contigl _All 1890 16.38 61.81 1.9159 Up Flavonol synthase
CL4232.Contig2_All 1238 5.71 15.81 1.4693 Up Dihydroflavonol reductase
Unigene2826_All 1605 1.08 6.06 2.4883 Up Cinnamate-4-hydroxylase 4-monooxygenase
CL11381.Contigl_All 1411 11.81 37.32 1.6599 Up Leucoanthocyanidin reductase
Unigene3323_All 1216 1.99 6.1 1.6160 Up Leucoanthocyanidin dioxygenase
Unigene26619_All 1895 0.19 14.56 6.2599 Up Shikimate-O-hydroxycinnamoyltransferase
CL7255.Contigl _All 2046 41.12 118.55 1.5276 Up MYB
CL4723.Contig2_All 1833 11.46 37.7 1.7180 Up MYB
CL4474.Contigl _All 1326 20.73 44.05 1.0874 Up MYC

BYC-2, respectively. We obtained 66,331 all-unigenes
with mean length of 1076 bp from T. sinensis bud tran-
scriptomes of the two cultivars. This number of all-uni-
genes is more than that of another 7. sinensis variety from
Zhang’s report (54,628 unigenes) (Zhang et al. 2016).
Illumina sequencing data and Trinity assembler yielded the
same number of contigs as those from other studies (Galli
et al. 2014; Huo et al. 2016), suggesting that these data
fully matched transcriptome analysis requirements.
Among the 66,331 unigenes, 50,582 (76.26%) were
annotated by comparison with public databases. The pre-
sent study obtained more complete annotation information
compared with a previous study, which only included
25,570 (46.76%) annotated unigenes from a total of 54,682

(Zhang et al. 2016). The higher matching ratio of unigenes
to public databases in our study might be partially caused
by higher ratio of long sequences to our all-unigenes
(1076 bp mean length in our study to 764 bp mean length
in Zhang’s study) (Wang et al. 2010). The majority of
unigenes exhibited significant similarity with sweet orange
sequences, indicating that molecular functions are rela-
tively conserved between the two species. Sweet orange is
an important crop of flavonoid-rich fruit, implying that it
may have similar molecular mechanisms for flavonoid
biosynthesis with 7. sinensis (Pan et al. 2014; Assefa et al.
2016; Wang et al. 2016). Another possible reason for the
high matching rate of species is the fact that the draft of the
orange genome has been completed and more sequences
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Fig. 8 RT-qPCR for validating RNA-Seq data between GYC-2 and
BYC-2. Relative mRNA levels were normalized with respect to inner
control gene (actin), and the corresponding values were expressed
relative to GYC-2 bud (control), which was given a value of 1. Values
represent mean = SD of independent biological triplicates. Primer
sequences used for RT-qPCR were shown in Table S1. CL9131.Con-
tigl_All: flavonol synthase; CL4232.Contig2_All: dihydroflavonol
reductase; Unigene2826_All: cinnamate-4-hydroxylase;
CL11381.Contigl_All: leucoanthocyanidin reductase; Uni-
gene3323_All: leucoanthocyanidin dioxygenase; Unigene26619_All:
Shikimate-O-hydroxycinnamoyltransferase; ~ CL7255.Contigl _All:
MYB; CL4723.Contig2_All: MYB; CL4474.Contigl_All: MYC
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Fig. 9 Anthocyanin accumulation in GYC-2 and BYC-2 buds. GYC-
2: anthocyanin concentrations in GYC-2 buds; BYC-2: anthocyanin
concentrations in BYC-2 buds. Concentrations in GYC-2 and BYC-2
buds were determined by measuring absorbances at AS530 and
A657 nm using a spectrophotometer. Data are mean £ SD of three
replicates

information has been annotated (Xu et al. 2013). Similar to
T. sinensis bud, tea plant is another economically important
crop that is a rich source of flavonoid. Shi et al. (2011)

@ Springer

obtained approximately 34.5 million reads of a tea plant
variety and assembled them into 127,094 unigenes. Wu
et al. (2014) constructed a database of 146,342 unigenes
from four varieties of tea plant and aligned approximately
68,890 unigenes to public database sequences. Improve-
ment in our 7. sinensis transcriptome data set is needed
based on comparisons with volume of transcriptome data
from tea plants. More varieties, different seasons, and
different tissues from 7. sinensis should be selected for
constructing a unified 7. sinensis unigene database.
Matching percentage reflects similar degrees of molecular
genetic background between the two species (Toon sinensis
and Citrus sinensis) and represents the scope of available
sequence information in the existing 7. sinensis database.

Based on public databases and GO and COG classifi-
cation system, numerous unigenes were annotated to
known proteins in the current study, indicating that our
transcriptome data represent diverse transcripts. 18,930
(58.38%) unigenes were mapped to KEGG pathway and
mainly distributed to ten subcategories. Results indicate
that metabolic processes in Taihe 7. sinensis bud are active
and similar with sweet orange (Yu et al. 2012).

Given that 7. sinensis bud is a rich source of flavonoids,
putative genes related to flavonoid biosynthesis were
focused on mining. Flavonoids are composed of a series of
polyphenolic products with over 6000 members in plants,
many of which play diverse physiological functions. Many
reports on flavonoid biosynthesis pathway concentrated
mainly on model plant, crops, and fruit trees, such as
Arabidopsis, maize, and grape (Boss et al. 1996; McMullen
et al. 2001; Routaboul et al. 2006). However, the current
information lacks data on molecular mechanism of flavo-
noid biosynthesis and regulation in 7. sinensis. We
obtained from our annotated 7. sinensis bud transcriptome
numerous unigenes that encode for almost all known
enzymes in flavonoid biosynthesis (Fig. 7). Biosyntheses
of anthocyanins, proanthocyanins (PAs), and flavonols
share a common phenylpropanoid pathway, which is acti-
vated by phenylalanine ammonia lyase (PAL), C4H, and
4CL. Phenylalanines are converted to p-Coumaroyl-CoA
or continually converted to caffeoyl-CoA by the enzymes
HCT and C3H. Subsequently, p-Coumaroyl-CoA/caffeoyl-
CoA was converted to naringenin/eriodictyol under CHS
and CHI via “early step” of the flavonoid pathway. In “late
step,” F3H catalyzes hydroxylation of naringenin/eriodic-
tyol to form dihydrokaempferol/dihydroquercetin. Eriod-
ictyol/dihydroquercetin is synthesized from naringenin/
dihydrokaempferol under catalysis by F3’H. Dihy-
drokaempferol is continually hydroxylated into dihy-
dromyricetin by  F3'5'H. Subsequently, the
dehydrogenation reaction of dihydroquercetin and dihy-
dromyricetin to flavonol was catalyzed by FLS. In the
anthocyanin pathway, DFR catalyzes the conversion of
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dihydroquercetin or dihydromyricetin to leucocyanidin or
leucodelphinidin, which are further converted to cyanidin
or delphinidin by LDO or anthocyanidin synthase. Cyani-
din or delphinidin is further reacted by various tailoring
processes, including glycosylation and methylation modi-
fication. A branch pathway of PAs synthesis comes from
the intermediate products of anthocyanin formation via
reduction of leucocyanidin or leucodelphinidin by ANR or
of cyanidin or delphinidin by LAR.

Comparative analysis of GYC-2 and BYC-2 bud tran-
scriptome profiles showed that 9541 unigenes are differ-
entially expressed, and DEGs are significantly enriched in
secondary metabolism and plant hormone signal trans-
duction processes, such as flavonoid biosynthesis. In “early
step” of the flavonoid pathway, expression levels of
enzyme genes were slightly higher in BYC-2 than the
GYC-2 (Supplementary file 7), and level of transcript that
encode C4H was significantly higher in BYC-2 than the
GYC-2 (Fig. 8). In “late step” of the flavonoid pathway,
expression abundance of four genes that encode enzymes,
including FLS, DFR, LDO, and LAR, was markedly higher
in BYC-2 than GYC-2. Real-time PCR analysis confirmed
that expression levels of the four genes in BYC-2 bud are
significantly higher than those in GYC-2. Moreover, HCT
catalyzes the conversion of p-Coumaroyl-CoA to caffeoyl-
CoA in the phenylpropanoid pathway. Transcript level of
the enzyme gene was higher in BYC-2 than in GYC-2,
indicating that more dihydroquercetin can be synthesized
via this pathway. Result was consistent with those of pre-
vious report, indicating that dihydroquercetin content was
higher in BYC-2 than that in GYC-2 (Yang et al. 2010).
Regulatory genes encoding TFs associated with flavonoid
biosynthesis were identified in our study; these TFs include
MYBs (150), bHLHs (113), and WD40s (159) (Dixon et al.
2013; Xu et al. 2015). Of these factors, through RT-qPCR
detection, we observed greater changes in expressions of
two MYB genes and one MYC gene in BYC-2 buds com-
pared with GYC-2 buds. This result was consistent with the
significantly different anthocyanin accumulations in two 7.
sinensis cultivar buds. Specifically, BYC-2 buds accumu-
late more total anthocyanin than GYC-2 buds. Studies on
regulation of flavonol biosynthesis showed that in Ara-
bidopsis, AIMYB11, AtMYB12, and AtMYB111 regulate
AtFLS1 and other steps (Mehrtens et al. 2005). In Prunus
persica, MYB10 positively regulates promoters of DFR,
and MYBPAI trans-activates the promoters of DFR and
LAR (Ravaglia et al. 2013). Co-expression of GbMYBI1
and GbMYC1 (or bHLH transcription factor) activated
GbDFR and GbANS gene promoters, which resulted in
anthocyanin accumulation of Gynura bicolor roots (Shi-
mizu et al. 2011). In the current study, we observed that
expression-level relevance between four key structural
genes (FLS, DFR, LDO, and LAR) and regulatory genes

(MYBs and MYCs) in two T. sinensis cultivars indicates that
candidate MYBs and MYCs possibly activate key structural
gene promoters and positively regulate their gene expres-
sions, thereby leading to flavonoid/anthocyanin biosyn-
thesis in 7. sinensis bud.

However, further studies should investigate the specific
molecular events regarding candidate gene interactions and
their products to regulate flavonoid biosynthesis in T.
sinensis bud. Such information would clarify the interre-
lation between molecular mechanism of flavonoid biosyn-
thesis and color formation of 7. sinensis bud.

Conclusions

Here, we obtained a high-quality transcriptome data of
Taihe T. sinensis bud using Illumina sequencing. This is
the first reports on generation and de novo assembly of
Taihe T. sinensis bud transcriptome. The results provide a
significant number of important unigenes associated with
flavonoid biosynthesis of 7. sinensis buds. In the long term,
our data would facilitate key gene functional study of fla-
vonoid biosynthesis and elucidate the mechanism of T.
sinensis bud color formation. Moreover, our data will
improve the production of medicinal components obtained
from T. sinensis through future genetic engineering.
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