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Abstract

Background: Major secondary metabolites, including flavonoids, caffeine, and theanine, are important components

of tea products and are closely related to the taste, flavor, and health benefits of tea. Secondary metabolite

biosynthesis in Camellia sinensis is differentially regulated in different tissues during growth and development. Until

now, little was known about the expression patterns of genes involved in secondary metabolic pathways or their

regulatory mechanisms. This study aimed to generate expression profiles for C. sinensis tissues and to build a gene

regulation model of the secondary metabolic pathways.

Results: RNA sequencing was performed on 13 different tissue samples from various organs and developmental

stages of tea plants, including buds and leaves of different ages, stems, flowers, seeds, and roots. A total of 43.7

Gbp of raw sequencing data were generated, from which 347,827 unigenes were assembled and annotated. There

were 46,693, 8446, 3814, 10,206, and 4948 unigenes specifically expressed in the buds and leaves, stems, flowers,

seeds, and roots, respectively. In total, 1719 unigenes were identified as being involved in the secondary metabolic

pathways in C. sinensis, and the expression patterns of the genes involved in flavonoid, caffeine, and theanine

biosynthesis were characterized, revealing the dynamic nature of their regulation during plant growth and

development. The possible transcription factor regulation network for the biosynthesis of flavonoid, caffeine, and

theanine was built, encompassing 339 transcription factors from 35 families, namely bHLH, MYB, and NAC, among

others. Remarkably, not only did the data reveal the possible critical check points in the flavonoid, caffeine, and

theanine biosynthesis pathways, but also implicated the key transcription factors and related mechanisms in the

regulation of secondary metabolite biosynthesis.

Conclusions: Our study generated gene expression profiles for different tissues at different developmental stages

in tea plants. The gene network responsible for the regulation of the secondary metabolic pathways was analyzed.

Our work elucidated the possible cross talk in gene regulation between the secondary metabolite biosynthetic

pathways in C. sinensis. The results increase our understanding of how secondary metabolic pathways are regulated

during plant development and growth cycles, and help pave the way for genetic selection and engineering for

germplasm improvement.
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Background
The production of secondary metabolites in tea plants

(Camellia sinensis (L.) O. Kuntze) contributes to the rich

flavors, clean taste, and nutrient content of tea [1, 2],

one of the most popular beverages worldwide. These

secondary metabolites are also known to be beneficial to

human health. Animal, clinical, and epidemiological

studies suggest that tea is beneficial in the prevention

and treatment of chronic diseases, including cardiovas-

cular diseases and cancer [3–5]. The secondary metabo-

lites in tea plants include polyphenols, alkaloids, volatile

oils, and others. Among them, flavonoids, caffeine, and

theanine are the major constituents. Flavonoids are

phenylalanine-derived, physiologically active secondary

metabolites, and include flavones, flavonols, isoflavones,

flavanones, flavanols, and anthocyanidins [6]. These

compounds have a wide range of functions, such as anti-

oxidant activity, ultraviolet light protection, and defense

against phytopathogens. Caffeine is a purine alkaloid that

has been widely used as a stimulant and an ingredient in

drugs. Caffeine accumulates in seeds, buds, and young

leaves, and serves as an anti-herbivory compound to

protect soft tissues from predators [7]. Caffeine in seed

coats is released into the soil and inhibits the germin-

ation of other seeds [8]. Theanine is a unique free amino

acid and accounts for approximately 50 % of the total

free amino acids in tea. This compound gives tea a

unique taste known as “umami” [9]. Theanine was re-

ported to act as an antagonist against caffeine-induced

paralysis [10–13]. Additionally, it acts as a neurotrans-

mitter in the brain and has a relaxation-inducing effect

in humans [10].

Although the C. sinensis genome has not yet been re-

solved, its genes have been identified and annotated in

studies using expressed sequence tags (ESTs) [14–16]

and high-throughput RNA-sequencing (RNA-seq) tech-

nology [17–20]. The genes involved in many metabolic

pathways have been a key focus, and efforts have been

made previously to identify these genes in tea plants.

Using Sanger sequencing, ESTs were generated from the

tender shoots [14] and leaves of the tea plant C. sinensis

[15, 16]. RNA-seq is particularly attractive for non-

model organisms without available genomic sequences

[21, 22]. More recently, RNA-seq was used to obtain

full-scale transcriptomic information from mixed tissues

and leaves, and the majority of the essential genes in the

flavonoid, caffeine, and theanine biosynthetic pathways

were characterized [17, 19]. By analyzing the transcrip-

tome profiles from four tea plant cultivars, Wu et al.

identified the critical genes that regulate catechins bio-

synthesis [20]. Using both RNA-seq and digital gene

expression technologies, Wang et al. studied the tran-

scription profiles of mature leaves of tea plants in re-

sponse to low non-freezing temperatures and revealed

the gene expression changes during cold acclimation in

C. sinensis [18].

Secondary metabolite biosynthesis in the tea plant is

regulated in different organs/tissues at different stages of

development. Secondary metabolites play important

roles in defense, acclimation, and communication in

plants; therefore, their production is often disturbed by

environmental changes and growth cycles. Until now,

very little was known about the pattern of secondary

metabolite biosynthesis in the different organs and tis-

sues of tea plants or about how the expression of the

genes involved in their biosynthesis is regulated during

plant development and growth.

Both leaves and buds are used by the tea industry as

the raw materials for tea production because of their

abundance of secondary metabolites. However, the flavor

of tea products varies with the conditions under which

the tea plants are grown, when and how the leaves and

buds are harvested, and how they are stored and proc-

essed. The chemical composition also changes with

organ/tissue development. Previous researchers found

that there were high levels of flavan-3-ols in young and

developing leaves, low levels in stems, and extremely

low levels in roots and cotyledons [23]. The content of

(−)-epigallocatechin-3-O-gallate, which is the principal

flavan-3-ol in tea leaves, decreased with the age of the

leaf. Conversely, the content of (−)-epigallocatechin in

young leaves was very low, but increased markedly with

leaf age [24]. The amount of caffeine was higher in older

leaves than in younger leaves. Theobromine, a precursor

for caffeine biosynthesis, was only found in younger

leaves [25]. The concentration of theanine in C. sinensis

seedlings was higher in roots, lower in shoots, and de-

creased to the lowest level in cotyledons [26]. Thus, sec-

ondary metabolite biosynthesis is regulated in different

tissues during the development of tea plants. It is critical

to understand the patterns of secondary metabolite bio-

synthesis during development and how they are regu-

lated at the transcriptional level. However, few studies

are available on this important topic.

This study elucidated the global expression patterns

of genes involved in metabolism, particularly second-

ary metabolism, and characterized their regulatory

network in tea plants. We collected samples from 13

different organs and tissues at various developmental

time points, including buds and leaves at various de-

velopmental stages and tissue samples of stems,

flowers, seeds, and roots. After performing RNA-seq

on these samples, we assembled a gene set that is

more complete than previous versions and includes

genes that are expressed in organs and tissues that

have not been previously examined. Furthermore, we

identified large sets of differentially expressed genes

in each organ and tissue. In particular, the expression
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patterns of important genes involved in secondary metab-

olism were characterized, revealing the dynamic regula-

tion of secondary metabolism during organ and tissue

development. Using transcriptome data from the 13 tis-

sues, we built co-expression networks of transcription fac-

tors and genes involved in flavonoid, caffeine, and

theanine biosynthesis. Our study revealed the global gene

expression profiles during organ and tissue development,

and the possible regulatory network for genes important

in secondary metabolite biosynthesis. This work expands

the resources available for investigating the gene expres-

sion profiles of the organs and tissues of tea plant

throughout the life cycle. The results not only aid our un-

derstanding of how the expression of secondary metabol-

ite biosynthetic genes are regulated during organ and

tissue development and tea plant growth, but it also repre-

sents a valuable reference for the design, formulation, and

manufacturing of tea products in an industrial setting.

Results and discussion

Sample collection and RNA-seq of C. sinensis tissues

To analyze the organs/developmental tissues of C. sinen-

sis systematically, a total of 13 tea plant tissues were se-

lected for RNA-seq analysis in this study (Fig. 1),

including buds and leaves at various developmental

stages (apical buds, lateral buds at the early stage, lateral

buds, one leaf and one bud, two leaves and one bud, first

leaf, second leaf, mature leaf, and old leaf ) and tissue

samples from four other organs (stems, flowers, seeds,

and roots). Typically, the buds and the first two or

three leaves are harvested for tea production. The fla-

vor of tea products varies with the age of the leaves

and buds, as the chemical compositions change with

age. Buds include apical buds and lateral buds, which

are defined by their locations in the growing shoots

(Fig. 1). Apical buds are unopened leaves on the top

of actively growing shoots; their apical dominance can

inhibit the growth of lateral buds. The lateral buds,

growing between leaf axils, germinate only when the

apical buds are removed or remain stunted. Lateral

buds at the early stage are young buds of approxi-

mately 10 mm in length. The first leaf grows next to

the apical bud, and the second leaf follows the first

leaf. Green tea produced in the spring is made from

the buds (apical or lateral), one leaf and one bud

(one and a bud) or two leaves and one bud (two and

a bud). The mature leaves germinate in the spring

and are harvested in the autumn. Old leaves usually

germinated in previous years, and their physiological

functions are reduced, although they still have some

photosynthetic capacity. The old leaves provide nutri-

ents to tea plants and play important roles in the

storage of nutrients that are required for the germin-

ation and growth of new shoots. The flowers are pol-

linated in the autumn, and the mature seeds are

harvested in the autumn of the following year.

Fig. 1 Thirteen different tissues of C. sinensis collected in this study. The name of each tissue is shown in yellow. The details for each tissue are

described in the “Sample collection and RNA-seq of C. sinensis tissues” in the Results and Discussion
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RNA-seq libraries were prepared from the C. sinensis

tissues described above. Each RNA-seq library was se-

quenced using the Illumina HiSeq2000 platform, with a

paired-end read length of 100 base pairs (bp). For each

sample, sequence data ranging from 2.2 to 4.6 Gbp were

generated (Table 1). A total of 437.3 million raw reads

(approximately 43.7 Gbp) were obtained for all the har-

vested tissues from C. sinensis. The number of reads sur-

passed the total of all of the previous studies combined

and represents the global landscape of gene expression

resulting from the inclusion of numerous developmental

stages and tissues. After the low-quality, ambiguous, and

adaptor-containing sequences were removed, 375.9 mil-

lion high-quality reads (32.3 Gbp) were obtained. The

sequencing data provided us with an unprecedented op-

portunity to profile the metabolic activities in the tea

plant’s critical organs and tissues and the changes that

occur throughout the plant’s life cycle. Furthermore, the

results provide insight into the regulatory mechanisms

and the cross-talk that occur between the secondary me-

tabolite biosynthesis pathways in C. sinensis.

Unigene assembly and comparative analyses for C.

sinensis tissues

The high-quality reads from all tissues were combined,

and the unigene assembly was performed using the

program Trinity [27]. As a result, 347,827 unigenes were

generated, with a total size of 275.2 Mb. The lengths of

the unigenes ranged from 201 to 28,245 bp, with an

average size of 791.2 bp. In total, 153,000 unigenes

(43.9 %) were longer than 500 bp, and 78,870 unigenes

(22.7 %) were longer than 1 kb (Fig. 2). Previously,

127,094 unigenes were assembled from mixed tissue

samples of C. sinensis, with 17.9 % of the unigenes hav-

ing a length longer than 500 bp [17].

Reads from the 13 different tissues were mapped to

the assembled unigenes using Bowtie2 [28]. The levels of

the unigenes were measured in each sample by the

RPKM (reads per kilobase per million reads) values, with

an RPKM ≥ 0.5 being considered expressed. The number

of genes expressed and the distribution of their expres-

sion levels are shown in Fig. 3a and b. In general, a

greater number of expressed genes were detected in the

bud and leaf tissues than in the flower and root tissues

(Fig. 3a); however, a similar distribution of gene expres-

sion was observed in all of the tissues (Fig. 3b).

We next asked whether the differences in gene expres-

sion occur between different organs and tissues or be-

tween different developmental stages. We first compared

tea plant buds and leaves, stems, flowers, seeds, and

roots (Fig. 4a). For the “bud and leaf” type, we combined

the data for “one and a bud” and “two and a bud”. The

five tissue types shared 44,887 unigenes, with the num-

ber of tissue-specific unigenes ranging from 46,693 in

“bud and leaf” to 3814 in flowers. The “bud and leaf”

category appears to contain more unigenes than the

other tissues, most likely because it includes two tissues

(bud and leaf ) and multiple developmental stages, result-

ing in the expression of more genes because of the com-

plex development and differentiation processes that

occur in buds and leaves. To better understand the gene

expression changes that take place during the develop-

ment of buds and leaves, we examined the gene expres-

sion patterns in greater detail. The comparison included

five tissue groups, “all buds” (containing apical buds, lat-

eral buds at early stage and lateral buds), first leaf, sec-

ond leaf, mature leaf, and old leaf. All of these bud and

leaf tissues shared 50,499 unigenes, which likely corres-

pond to genes that provide essential functions in buds

and leaves (Fig. 4b). As expected, the buds expressed the

largest number of tissue-specific unigenes (74,454), again

most likely as a result of the merging of the bud tissues

of three developmental stages.

Functional annotation of the transcriptomes of 13 C.

sinensis tissues

All of the C. sinensis unigenes were annotated based on

sequence similarity using five public databases, including

the National Center for Biotechnology Information

(NCBI) non-redundant protein database (Nr) [29], the

Table 1 Overview of the sequencing and assembly of the C.

sinensis transcriptome

No. of reads No. of bases (bp)

Apical bud 42,265,206 4,226,520,600

Lateral bud at early stage 29,347,984 2,934,798,400

Lateral bud 45,972,870 4,597,287,000

One and a bud 22,359,002 2,235,900,200

Two and a bud 33,530,490 3,353,049,000

First leaf 31,598,182 3,159,818,200

Second leaf 41,592,108 4,159,210,800

Mature leaf 31,336,700 3,133,670,000

Old leaf 33,098,022 3,309,802,200

Stem 22,211,892 2,221,189,200

Flower 31,562,386 3,156,238,600

Seed 39,633,068 3,963,306,800

Root 32,836,054 3,283,605,400

Total raw data 437,343,964 43,734,396,400

Total high-quality data 375,912,240 32,306,754,934

Average high-quality read length (bp) 86.9

Average unigene length (bp) 791.2

Range of unigene length (bp) 201-28,245

Unigenes≥ 200 bp 347,827 275,194,286

N50 (bp) 1340
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Arabidopsis Information Resource (TAIR) [30], the

Swiss-Prot protein database (Swiss-Prot) [31], the Trans-

lated EMBL Nucleotide Sequence database (TrEMBL),

[32] and the Conserved Domain Database (CDD) [33]

(Table 2). In total, 176,356 (50.7 %) C. sinensis unigenes

were annotated, while the remaining 171,471 (49.3 %)

had no significant matches to any sequences in the pub-

lic databases. This result is in line with a previous work

in which the authors found 72,006 (56.7 %) unigenes

that had no resemblance to genes from sources other

than tea plants [17]. Our work and the work of others

have revealed numerous new genes specific to C. sinensis

with unknown functions, which will be the subject of fu-

ture studies.

Clusters of orthologous groups (COGs) consist of pro-

tein sequences encoded in 21 prokaryotic and eukaryotic

genomes, which were built based on classifications ac-

cording to phylogenetic relationships [34]. Each COG

contains protein homologs from two or more lineages,

related to conserved domains of ancient origin. In our

study, a total of 56,751 unigenes were assigned to 24

COG clusters (Fig. 5a). Some unigenes were annotated

with multiple COG functions; therefore, altogether

61,558 functional annotations were produced. The five

largest categories included: 1) general functions (18.3 %)

associated with basic physiological and metabolic func-

tions; 2) replication, recombination, and repair (11.8 %);

3) transcription (9.1 %); 4) post-translational modifica-

tion, protein turnover, and chaperones (8.8 %); and 5)

signal transduction mechanisms (7.4 %). Unigenes in-

volved in secondary metabolism (secondary metabolite

biosynthesis, transport, and catabolism) represented ap-

proximately 3.0 % (1719 unigenes) of all COG-annotated

unigenes. Among them, 262 unigenes encode SAM-

dependent methyltransferases, and 54 unigenes encode

naringenin-chalcone synthase. SAM-dependent methyl-

transferases play key roles in three methylation steps in

caffeine biosynthesis, and catalyze the initial step and

the last two steps of purine modification. Naringenin-

chalcone synthase catalyzes the initial step of flavonoid

biosynthesis.

Unigenes from C. sinensis were classified using Gene

Ontology (GO), which provides a canonical vocabulary

of functional terms for genes across all species [35]. All

unigenes in our study were assigned GO terms based on

Blastx searches against the Nr dataset. A total of 86,102

unigenes were assigned GO terms, which could be sum-

marized into three main categories (cellular component,

biological process, and molecular function) (Fig. 5b). In

the cellular component (CC) category, the cell, cell part,

organelle, organelle part, and macromolecular complex

corresponded to 33, 33, 19, 6, and 5 % of the unigenes,

respectively (Fig. 5b). The major subgroups of biological

processes (BP) included metabolic process (30 %), cellu-

lar process (29 %), response to stimulus (7 %), biological

regulation (6 %), and pigmentation (6 %) (Fig. 5b). The

best-represented groups of molecular function (MF)

were binding activity, catalytic activity, and transporter

activity, which account for 92 % of the total unigenes

mapped to MF (Fig. 5b).

GO terms for all of the unigenes and tissue-specific

unigenes in each sample were enriched according to a

Fig. 2 Length distributions of assembled unigenes
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hypergeometric test. For each tissue, the enriched cat-

egories are listed in Additional file 1: Table S1. The

cell, cell part, and cellular component were the most

dominant subcategories in the apical bud, second leaf,

stem, and flower. Cellular nitrogen compound meta-

bolic process was the predominant subcategory in the

lateral buds at the early stage, suggesting that the

chemical reactions related to nitrogenous compounds

are active in this tissue. DNA metabolic process was

the enriched category in the lateral buds at the early

stage and in old leaves, indicating that DNA metabol-

ism was an active biological process in these tissues.

To investigate the tissue functions, the tissue-specific

unigenes were enriched for the GO categories of each

tissue (Additional file 1: Table S2). Among the tissues,

the roots were distinguished from the other tissues

based on the enrichment in the GO categories of de-

tection of external stimulus, heme binding, and iron

ion binding; the other tissues commonly had GO cat-

egories of DNA metabolic process, macromolecule

metabolic process, and RNA binding. The GO cat-

egory “transferase activity, transferring phosphorus-

containing groups” was enriched in all buds, bud and

leaf, mature leaf, old leaf and seed, which indicated

that the specific unigenes in these tissues were ac-

tively involved in catalyzing the transfer of a

phosphorus-containing group. The GO category pur-

ine nucleoside binding was present in second leaves

and old leaf tissues. Purine nucleoside biosynthesis is

important in caffeine biosynthesis, and this

Fig. 3 Numbers and levels of expressed unigenes from different tissues of C. sinensis. a The number of unigenes expressed in each tissue was

determined, and the numbers are given over the bars. b Expression levels of unigenes from 13 tissues. The boxplots represent the 25–75 %

intervals of unigene expression for each tissue
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observation implied that the genes involved in the caf-

feine biosynthesis pathway were expressed in the second

leaves.

Analysis of important secondary metabolite biosynthetic

pathways in different C. sinensis tissues

Flavonoids, caffeine, and theanine are the three major

secondary metabolites in C. sinensis, and they are im-

portant contributors to the flavor of tea. We focused our

analyses on the biosynthetic pathways of these metabo-

lites and the differential expressions of the related genes

in the 13 C. sinensis tissues. Based on the KEGG data-

base, a total of 206 unigenes were annotated and found

to be associated with the biosynthetic pathways of the

three metabolites.

Flavonoid biosynthesis

Flavonoids are a group of plant polyphenol secondary

metabolites that includes flavones, flavonols, isoflavones,

flavanones, flavanols, and anthocyanidins. The flavan-3-

ols, or catechins, are the most prominent flavonoid com-

pounds in leaves [36, 37]. These compounds contribute

to many of the features that make tea a highly valuable

component of the human diet.

The central pathways for flavonoid biosynthesis are

highly conserved and well characterized [38–40]. Flavo-

noids are synthesized in the general phenylpropanoid

pathway. In the flavonoid pathway, chalcone synthase

(CHS) catalyzes the first step in the biosynthesis of

flavonoids. Flavanone 3-hydroxylase (F3H) catalyzes the

formation of dihydroflavonols from flavanones (Fig. 6a).

We found five unigenes annotated as F3H according

to the KEGG pathway. Among them, three unigenes

(c155544.0.1, c155544.0.4, and c144332.0.1) were glo-

bally expressed in all of the tissues (Fig. 6b). Of the

other two unigenes, one (c155544.0.5) was expressed

in most of the tissues, but not in old leaves, and the

other (c129241.0.1) was only expressed in second

leaves. The three F3H unigenes (c155544.0.1, c155544.0.4,

and c155544.0.5) may be transcribed from the same gene

by alternative splicing. The dihydroflavonols serve as

intermediates for the biosynthesis of flavonols, flavan-3-

ols, and anthocyanidins [38]. In tea, the flavonoid pathway

has been implicated in the biosynthesis of catechins [24].

Leucoanthocyanidins are the direct precursors of flavan-3-

Fig. 4 Venn diagram of co-expressed and uniquely expressed unigenes from different tissues of C. sinensis. a Statistics regarding the co-expressed

and uniquely expressed unigenes in all of the tissues studied. The “bud and leaf” group comprised the samples “one and a bud” and “two and a

bud”, and the other labels represent the indicated tissues. b Statistics regarding the co-expressed and uniquely expressed unigenes in the buds

and leaves. The “All buds” sample comprised the samples “apical bud”, “lateral bud at early stage”, and “lateral bud”, and the other labels represent

the indicated tissues

Table 2 Summary of unigene annotations

Database Total
unigenes

Annotated
unigenes

Percent
(%)

Non-annotated
unigenes

Percent
(%)

Nr 347,827 140,989 40.5 206,838 59.5

Swiss-
Prot

347,827 104,457 30.0 243,370 70.0

CDD 347,827 139,501 40.1 208,326 59.9

TrEMBL 347,827 155,771 44.8 192,056 55.2

TAIR 347,827 73,048 21.0 274,779 79.0

Total 347,827 176,356 50.7 171,471 49.3
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ols (e.g., catechin and gallocatechin) produced by leu-

coanthocyanidin reductase (LAR). There were six

LAR unigenes (c135574.0.1, c90849.0.1, c156416.0.2,

c85855.0.1, c127044.0.2, c55533.0.1) in our database.

One unigene (c85855.0.1) was specifically expressed

in second leaves, and another unigene (c156416.0.2)

was expressed in both first and second leaves. The

other LAR unigenes were globally expressed in all

tissues (Fig. 6b).

The formation of epi-flavan-3-ols (e.g., epicatechin, epi-

gallocatechin) can be achieved through a two-step reaction

on leucoanthocyanidin by leucoanthocyanidin oxidase

(LDOX) and anthocyanidin reductase (ANR) (Fig. 6a).

There were three LDOX and three ANR unigenes from tea

plants. Among them, one LDOX unigene (c55100.0.1) and

two ANR unigenes (c147477.0.1 and c147477.0.2) were

highly expressed in seeds and marginally expressed in

leaves and flowers (Fig. 6b), which is consistent with the

expression patterns of their homologs from Theobroma

cacao [41].

The most abundant flavan-3-ols were gallic acid esters of

epigallocatechin and epicatechin, namely, epigallocatechin-

Fig. 5 Functional classifications of unigenes from C. sinensis. a COG (cluster of orthologous groups) classifications of the unigenes. A: RNA

processing and modification; B: Chromatin structure and dynamics; C: Energy production and conversion; D: Cell cycle control, cell division,

chromosome partitioning; E: Amino acid transport and metabolism; F: Nucleotide transport and metabolism; G: Carbohydrate transport and

metabolism; H: Coenzyme transport and metabolism; I: Lipid transport and metabolism; J: Translation, ribosomal structure and biogenesis; K:

Transcription; L: Replication, recombination and repair; M: Cell wall/membrane/envelope biogenesis; N: Cell motility; O: Posttranslational

modification, protein turnover, chaperones; P: Inorganic ion transport and metabolism; Q: Secondary metabolites biosynthesis, transport and

catabolism; R: General function prediction only; S: Function unknown; T: Signal transduction mechanisms; U: Intracellular trafficking, secretion, and

vesicular transport; V: Defense mechanisms; Y: Nuclear structure; Z: Cytoskeleton; b Gene ontology (GO) classifications of unigenes in 13 tissues.

The three pie charts show the major categories of GO terms, which are Cellular Component (CC), Biological Process (BP), and Molecular Function

(MF). Each major category was further divided into many sub-categories whose proportions are shown underneath the labels

Li et al. BMC Genomics  (2015) 16:560 Page 8 of 21



Fig. 6 (See legend on next page.)

Li et al. BMC Genomics  (2015) 16:560 Page 9 of 21



3-O-gallate and epicatechin-3-O-gallate. Flavanol-3-O-gall-

ate synthase (FGS) catalyzes the conversion from epi(gallo)-

catechin to epi(gallo)catechin-3-O-gallate. However, FGS

has not yet been identified. The last common step for the

production of anthocyanins involves the glycosylation of

cyanidin and delphinidin by the enzyme UDP-glucose:

flavonoid 3-O-glucosyl transferase (UFGT) (Fig. 6a). Thirty

candidate unigenes were identified by the Swiss-Prot data-

base. However, further study is required to identify the

unigenes that participate in anthocyanin biosynthesis in C.

sinensis.

Caffeine biosynthesis

Caffeine (1,3,7-trimethylxanthine) is a purine alkaloid,

and the leaves of tea plants usually contain 2–5 % caf-

feine (dry weight) [42, 43]. In tea plants, the highest level

of caffeine biosynthesis occurs in young leaves [25, 44]

and fruits [45], and it decreases markedly with tissue

age. The caffeine biosynthetic pathway comprises purine

biosynthesis and purine modification steps. The xan-

thene skeleton of caffeine is derived from purine nucleo-

tides and is catalyzed by five enzymes: adenosine

nucleosidase (Anase), adenine phosphoribosyltransferase

(APRT), AMP deaminase (AMPD), IMP dehydrogenase

(IMPDH), and 5′-nucleotidase (5′-Nase) (Fig. 7a). There

were two Anase candidate unigenes in our database, and

one (c1491982.0.1) was specifically expressed in second

leaves, while the other (c149778.0.1) was globally expressed

in all tissues at a high level (Fig. 7b). AMPD is critical in

the purine nucleotide pathway, which coverts adenosine

5′-monophosphate (AMP) into inosine 5′-monophosphate

(IMP) and ammonia. AMPD forms a deaminase complex

that is encoded by a multi-gene family [46]. We found 40

candidate AMPD unigenes in C. sinensis, and most of them

were globally expressed in all 13 tissues. Only two AMPD

unigenes (c1603399.0.1 and c132145.0.1) were specifically

expressed in second leaves. There were five candidate

IMPDH unigenes, and four unigenes (c149536.0.1,

c119860.0.1, c119860.0.2, and c149536.0.2) were expressed

specifically in second leaves at a low level, while the other

(c157721.0.1) was expressed globally in all tissues.

The purine modification steps include three meth-

ylations and one nucleosidase reaction (Fig. 7a),

involving 7-methylxanthosine synthase (7-NMT), N-

methylnucleotidase (N-MeNase), theobromine syn-

thase (MXMT), and tea caffeine synthase (TCS). The

methylation of xanthosine is initiated by 7-NMT, and we

found three 7-NMT unigenes (c145697.0.1, c145697.0.2,

and c160426.0.1). All of these unigenes were highly hom-

ologous to MXMT, as shown by the high sequence similar-

ity between 7-NMT and MXMT. N-MeNase has not been

cloned previously and thus could not be identified in our

database. TCS, the SAM-dependent methyltransferase

involved in the last two steps of caffeine biosynthesis, was

originally purified from the young leaves of the tea plants

[47]. We found two unigenes encoding TCS in our data-

base. One (c1223900.0.1) was expressed specifically in the

second leaves, and the other (c161946.0.1) was expressed

globally in all tissues and at higher levels in buds, young

leaves, and stems (Fig. 7b). This result is consistent with a

previous study, which showed that caffeine was synthesized

at a high rate in young leaves and that its synthesis

decreased with the age of the leaves [25, 44].

Theanine biosynthesis

Theanine is an abundant non-protein-derived amino

acid in the tea plant. Many of these amino acids are in-

volved in producing the distinctive aroma and taste of

tea, and theanine has been linked with the umami flavor

of tea [9]. Theanine biosynthesis starts from glutamine

and pyruvate, and involves glutamine synthetase (GS),

glutaminase (GLS), alanine aminotransferase (ALT), ar-

ginine decarboxylase (ADC), and theanine synthetase

(TS) (Fig. 8a). Theanine biosynthesis occurs in the buds,

leaves, and roots of tea plants [26]. Six GS unigenes were

identified, five of which were globally expressed in all

tested tissues. The other one (c3234014.0.1) was specific

to the apical buds and the second leaves (Fig. 8b). ALT

converts pyruvate to alanine, and six ALT unigenes were

found, each having a unique expression profile. Two

ALT unigenes (c147474.0.1 and c147474.0.2) were highly

expressed in all 13 tissues. Three other ALT unigenes

(c110810.0.1, c110810.0.2, and c79273.0.1) were expressed

only in the second leaves, and one (c88539.0.1) was

expressed in the first and the second leaves. The substrate

ethylamine is derived from the decarboxylation of alanine

by ADC [48]. In this study, 27 putative ADC unigenes were

identified, of which 20 had the same expression profiles

(See figure on previous page.)

Fig. 6 Putative flavonoid biosynthetic pathway in C. sinensis. a The flavonoid biosynthetic pathway. The blue numbers in the brackets following each

gene name indicate the number of corresponding unigenes. PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate-CoA

ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′,5′H, flavonoid 3′,5′-hydroxylase; F3′H, flavonoid 3′-hydroxylase;

FLS, flavonol synthase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; LAR, leucocyanidin reductase; FGS,

flavan-3-ol gallate synthase; LDOX, leucoanthocyanidin oxidase; UFGT, UDP-glucose: flavonoid 3-O-glucosyl transferase. b Heat map of the expression

levels of the flavonoid biosynthetic unigenes in different tissues. The tissues are listed horizontally, and the unigenes are listed on the vertical line.

The annotations are displayed on the right side. The scale represents the logarithms of the RPKM (reads per kilobase per million reads) values of the

unigenes. The unigenes were clustered using the “Pearson correlation”, whereas the tissues were clustered using the “Maximum distance”
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among the different tissues. These unigenes may represent

products of the same gene generated through alternative

splicing. TS is unique in tea plants, and nine candidate TS

unigenes were identified in our database. In addition, two

of them (c16478.0.1 and c87293.0.1) were homologous to

GS. While three TS unigenes (c16478.0.1, c161936.0.1, and

c87293.0.1) were expressed in all the examined tissues, the

other six unigenes had distinct expression patterns. Among

them, two TS unigenes (c145576.0.1 and c145576.0.2) were

expressed in the second leaves, and one (c150552.0.1) was

found in most tissues, with the exception of one and a bud

and old leaves. The other three unigenes (c1116002.0.1,

c155564.2.1, and c141640.0.1) had specific expression pat-

terns in different tissues (Fig. 8b). Thus, we identified and

profiled a more complete set of genes that is essential in

the theanine biosynthetic pathway, including the TSs, which

were missed in previous studies [17].

To validate the unigene expression changes in different

tissues after quantification using the RPKM values, we ran-

domly selected 45 unigenes and analyzed their expression

levels in 13 different tissues by quantitative RT-PCR (qRT-

PCR). The correlation between the RNA-seq data and the

qRT-PCR results was determined by Pearson’s correlation

coefficient. As a result, high correlations (R2 > 0.9) were

found between RNA-seq and qRT-PCR (Fig. 9a), indicating

that the measured changes in gene expression detected by

RNA-seq reflected the actual transcriptome differences be-

tween the different tea plant tissues. In addition, we se-

lected 16 unigenes encoding key enzymes involved in the

flavonoid, theanine, and caffeine biosynthetic pathways

and analyzed their expression levels in different tissues by

qRT-PCR. The expression levels of most of the unigenes

were consistent with the RNA-seq results (Fig. 9b). The

minor discrepancy between RNA-seq and qRT-PCR for

some genes (e.g., c161946.0.1) could be caused by the in-

fluence of homologous genes or the different sensitivities

of RNA-seq and qRT-PCR. Finally, we selected 14 uni-

genes that were uniquely expressed in the second leaf, as

indicated by the RNA-seq results (Figs. 6b, 7b, and 8b),

and analyzed their expression levels by qRT-PCR (Fig. 9c).

All of these genes exhibited a higher expression level in

the second leaf tissue and had lower or no expression in

the first leaf and two and a bud tissues. Among these uni-

genes, eight (c130991.0.2, c1799677.0.1, c129241.0.1,

c1603399.0.1, c132145.0.1, c1223900.0.1, c79273.0.1, and

c99093.0.1) were specifically expressed in the second leaf,

which was consistent with the results of RNA-seq (Figs. 6b,

7b, and 8b). Three unigenes (c1481218.0.1, c1807907.0.1,

and c1866394.0.1) presented higher expression in the sec-

ond leaf, lower expression in two, and a bud and no ex-

pression in the first leaf. Two unigenes (c1491982.0.1 and

c664043.0.1) were expressed in all three tissues, and the

expression levels were higher in the second leaf than in

the other tissues. Only one unigene (c150131.0.3) was

more highly expressed in the second leaf, with lower ex-

pression in the first leaf and no expression in the two and

a bud. These results showed that the expression trends

detected by RNA-seq and qRT-PCR were consistent; both

methods revealed that the unigenes presented higher

expression in the second leaf than the other tissues. The

unigenes specifically expressed in the second leaf identi-

fied by RNA-seq were also shown by qRT-PCR to be

expressed in the first leaf or two and a bud tissue, which

may be because these unigenes were expressed at a low

level (their RPKM values ranged from 0.8 to 5). Some of

the unigenes were expressed at levels that were too low to

be detected by RNA-seq in the first leaf and two and a

bud tissues. These results also indicated that qRT-PCR

was more sensitive than RNA-seq.

Dynamic expression of unigenes involved in secondary

metabolite biosynthesis in different tissues and at

different developmental stages

Extensive secondary metabolite biosynthesis is known to

occur in plants. These metabolites are predominantly

synthesized within specific tissues at specific developmental

stages. However, in the current study, we observed that

important secondary metabolite biosynthesis genes were

widely expressed in mature tea plants. These genes were

highly expressed in actively growing young leaves, and

their expression levels decreased with senescence.

To define the pattern of the overall expression changes in

each secondary metabolite biosynthetic pathway, we ranked

each tissue (among the 13 tissues examined) according to

the expression of each gene in the secondary metabolic

pathways. Then, the rankings of all genes within a particu-

lar pathway were averaged for each tissue to score the

overall “strength” of the pathway in the tissue. When we

plotted the average rankings of the flavonoid, caffeine,

and theanine biosynthetic pathways, we found that they

(See figure on previous page.)

Fig. 7 Putative caffeine biosynthetic pathway in C. sinensis. a The caffeine biosynthetic pathway. The blue number in the bracket following each

gene name indicates the number of unigenes. Anase, adenosine nucleosidase; APRT, adenine phosphoribosyltransferase; AMPD, AMP deaminase;

IMPDH, IMP dehydrogenase; 5′-Nase, 5′-nucleotidase; 7-NMT, 7-methylxanthosine synthase; N-MeNase, N-methylnucleotidase; MXMT, theobromine

synthase; TCS, tea caffeine synthase. b Expression levels of candidate caffeine biosynthetic unigenes expressed in each tissue. The tissues are listed

horizontally, and the unigenes are listed vertically. The gene names corresponding to the genes that were found in public databases are listed on

the right. All of the RPKM (reads per kilobase per million reads) values of the unigenes are shown as logarithms. The “Pearson correlation” was

used when genes in rows were clustered, and the “Maximum distance” was used when tissues in columns were clustered
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generally followed the same pattern of regulation as the

gene expression (Fig. 10). These genes peaked first in

the apical bud and lateral bud stages, and remained ele-

vated in the first and second leaves. Their overall ex-

pression dropped in the mature and old leaves.

Therefore, the unigenes of these three secondary meta-

bolic pathways presented increasing expression levels

from the young bud to the actively growing leaf stages,

and the expression of these unigenes then decreased in

the mature leaf and senescence stages. With the ex-

ception of the stems, in the other organs and tissues,

i.e., the flowers, seeds, and roots, the genes of the

flavonoid, caffeine, and theanine biosynthetic path-

ways were expressed at relatively lower levels. In the

Fig. 8 Putative theanine biosynthetic pathway in C. sinensis. a The theanine biosynthetic pathway. The blue numbers in the brackets following

each gene name indicate the numbers of unigenes. GS, glutamine synthetase; GLS, glutaminase; ALT, alanine aminotransferase; ADC, arginine

decarboxylase; TS, theanine synthetase. b Expression levels of candidate theanine biosynthetic unigenes expressed in different tissues. The tissues

are listed horizontally, and the unigenes are listed vertically. The corresponding gene names from public transcript databases are listed on the

right. All of the RPKM (reads per kilobase per million reads) values of the unigenes are shown as logarithms. Pearson correlation was used when

genes in rows were clustered, and the maximum distance was used when tissues in columns were clustered
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stems, the overall levels were comparable to those of

the leaves. These results suggested that the expression of

unigenes that participate in flavonoid, caffeine, and thea-

nine biosynthesis is dynamically regulated in the tissues of

C. sinensis during development.

The large variation in the expressions of secondary me-

tabolite biosynthetic genes is believed to have a major

impact on the flavor of the varieties of tea products. Con-

sistent with our results, an early study showed that caffeine

biosynthesis was concentrated in young leaves and de-

creased with leaf growth [25]. Our data and data from

others provided a good reference point from which to de-

sign, formulate, and manufacture tea products for industrial

practice.

Caffeine accumulates in seeds and is released into the

soil, where it inhibits the germination of other seeds [8].

Our data indicated that the overall levels of caffeine, flavon-

oid, and theanine biosynthetic genes are slightly elevated in

seeds. It is likely that flavonoids and theanine accumulate

in the seeds; however, this process remains to be further

studied to understand the biological roles of these mole-

cules in tea plant germination.

A previous study reported that theanine was distributed

in young seedlings and that it was synthesized more rapidly

in the roots than in the other tissues [26]. Our results dem-

onstrated a similar phenomenon in mature tea plants,

expanding the known theanine biosynthesis activity to old

leaves and flowers. However, a high expression level was

detected in buds and actively growing leaves, and lower

levels were found in old leaves and roots. This pattern of

distribution is different from that of the seedlings. Another

study showed that in mature tea plants, the theanine

content was the highest in the shoots (buds, first leaf, and

second leaf), followed by the young stems and seeds, with

the mature leaves having the lowest levels [49]. This is con-

sistent with our results, in which mature leaves and roots

have lower expression levels compared with other tissues.

Transcription factor regulation network of flavonoid,

caffeine, and theanine biosynthesis in C. sinensis

Transcriptional control is an important mechanism for

regulating secondary metabolite production in plant

cells [50]. Some transcription factors (TFs) are known

to be involved in the regulation of secondary metabol-

ism, such as R2R3-MYB, basic helix-loop-helix (bHLH)

proteins, AP2/ERF family proteins, WRKY, NAC, DOF,

bZIP, HD-ZIP, and TFIIIA zinc finger TFs [50]. In this

study, TFs from TAIR [51] were used to search for

Fig. 10 Changes in the relative expression levels of genes in the flavonoid, caffeine, and theanine biosynthetic pathways in 13 tissues from C.

sinensis. The expression levels (in RPKM; reads per kilobase per million reads) of each unigene in the flavonoid, caffeine, and theanine biosynthetic

pathways were ranked among the 13 tissues. An average ranking of all of the unigenes for a tissue was obtained by dividing the sum of all

unigene rankings by the number of unigenes in the pathway. For a tissue, the average ranking of all of the unigenes from a biosynthetic pathway

represents the relative expression strength of that pathway

(See figure on previous page.)

Fig. 9 Verification of the relative expression levels of genes by quantitative RT-PCR (qRT-PCR). a Correlation of the expression levels of 45 randomly

selected genes measured by qRT-PCR and RNA-seq. b Expression patterns of 16 unigenes involved in the flavonoid, caffeine, and theanine biosynthetic

pathways by qRT-PCR (Red bar) and RNA-seq (Blue line). DFR, dihydroflavonol 4-reductase; LDOX, leucoanthocyanidin oxidase; TCS, tea caffeine synthase;

ANR, anthocyanidin reductase; IMPDH, IMP dehydrogenase; GS, glutamine synthetase; Anase, adenosine nucleosidase; F3H, flavanone 3-hydroxylase;

CHS, chalcone synthase; CHI, chalcone isomerase; FLS, flavonol synthase; TS, theanine synthetase; F3′H, flavonoid 3′-hydroxylase; GLS, glutaminase; ADC,

arginine decarboxylase. c Expression patterns of 14 unigenes that were specifically expressed in second leaf according to the RNA-seq results and in

first leaf, second leaf, and two and a bud according to the qRT-PCR (Red bar) and RNA-seq (Blue line) results
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candidate TFs in C. sinensis, and 5676 unigenes were

predicted (Additional file 2).

Using the expression profiles of the 13 examined tis-

sues, a TF regulation network was created for the fla-

vonoid, caffeine, and theanine biosynthetic pathways.

The genes involved in these pathways and their associ-

ated TFs are illustrated in Fig. 11. A total of 339 TFs

were identified in the network, belonging to 35 TF

families. Importantly, many critical biosynthetic genes

are associated with a number of TFs from different

families, indicating that the transcriptional control of

these biosynthetic pathways is complex.

In total, 206 TFs from 33 families were observed to

be associated with 36 unigenes involved in flavonoid

biosynthesis (Additional file 3). Among them, 95 and

76 TFs belonged to the MYB and bHLH families, re-

spectively. Previous studies on flavonoid regulation in

different plant species demonstrated the conservation

of MYB/bHLH interactions in the control of flavonoid

biosynthesis [52, 53]. MYB4 functions in the repres-

sion of C4H transcription in petunia [54]. Our work

identified 26 TFs belonging to the MYB4 family, which

were predicted to regulate the expression of PAL (c15

0940.1.1, c150940.1.3, c150940.1.10, and c150940.1.7),

F3H (c155544.1.1), F3′H (c119661.0.1), and FLS (c166

483.0.1). This result indicated that MYB4 might also

regulate other important genes in the flavonoid biosyn-

thetic pathway, in addition to C4H. In Arabidopsis, TT2

and TT8 were reported to regulate the flavonoid bio-

synthesis pathway [52, 53]. In our work, five unigenes

(c129457.0.1, c159660.0.10, c159660.0.12, c159660.0.6,

and c53663.0.1) encoding MYB TFs were homologous

to TT2, and seven unigenes (c162621.0.12, c162621.

0.13, c162621.0.4, c162621.0.7, c162621.0.9, c898672.

0.1, and c135992.0.1) encoding bHLH TFs were hom-

ologous to TT8. However, the involvement of these

genes in flavonoid biosynthesis was not confirmed in C.

sinensis. These data point to possible differences in the

mechanisms of regulation of flavonoid biosynthesis

between Arabidopsis and C. sinensis.

In total, 132 TFs from 30 families correlated with the

24 unigenes in the caffeine biosynthesis pathway (Add-

itional file 4). Most of these TFs belong to the bZIP,

bHLH, and MYB families. AMPD is critical in the purine

Fig. 11 Transcription factor (TF) regulation network of the flavonoid, caffeine, and theanine biosynthesis pathways. The purple-, orange-, and

green-colored nodes represent unigenes involved in the flavonoid, caffeine, and theanine biosynthesis pathways, respectively. Each gray node

represents a TF, and a linked line between a pair of nodes denotes that their expressions are correlated
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nucleotide pathway, and it plays an important role in the

construction of the xanthene skeleton in caffeine biosyn-

thesis. GATA and bHLH factors were reported to bind

upstream of the AMPD transcription start site [55]. In

the TF regulation network, there were 120 TFs related to

the 12 AMPD unigenes. Among them, 27 and four TFs

belonged to the bHLH and GATA families, respectively.

There were 91 TFs associated with eight theanine

biosynthetic genes (Additional file 5). These TFs were

generally members of the AP2-EREBP, bHLH, C2H2, and

WRKY families. TS/GS (c87293.0.1) was related to five

TFs (c189005.0.1, c147239.0.14, c159134.1.3, c166979.0.1,

c154617.0.2, c154617.0.1, and c124668.0.1). These TFs

belonged to the Homeobox, MADS, C2C2-Gata, and

C2H2 families. The other TS, c161936.0.8, might be

regulated by ten TF unigenes (c163413.2.14, c163611.2.10,

c163611.2.30, c57606.0.1, c152572.0.1, c159954.0.4, c147

239.0.7, c135724.0.1, c156935.0.13, and c156935.0.3) that

are members of the bZIP, C3H, MADS, REM, bHLH, and

C2H2 families. In plants, TFs from the MADS family are

closely related to seed, flower, and fruit formation [50].

We found that the MADS family of TFs might also play

roles in the regulation of theanine biosynthesis.

Remarkably, the TF regulation network revealed the

possible critical links in gene regulation between the

flavonoid, caffeine, and theanine biosynthesis pathways

(Fig. 11). A cluster of 67 TFs was associated with both

the flavonoid and caffeine biosynthesis pathways.

These TFs were linked to PAL, C4H, F3H, and FLS in

the flavonoid pathway and to APRT and AMPD in the

caffeine pathway. Conversely, a smaller group of 22

TFs was associated with both caffeine and theanine

biosynthesis, linking to the two AMPDs in the caffeine

biosynthetic pathway and to ADC and GS in the thea-

nine pathway. Cross talk between the flavonoid and

theanine biosynthetic pathways occurred through two

TFs (c113397.0.1, c131731.0.2), which were linked to

C4H in the flavonoid pathway and to ADC and GS in

the theanine pathway. Notably, one TF (c113397.0.1)

was linked to all three pathways via C4H (c136665.0.1)

of the flavonoid pathway, AMPD (c163053.0.28) of the

caffeine pathway, and the ADC (c156730.0.2) and GS

unigenes (c163063.0.68, c163063.0.7, c163063.0.4) of

the theanine pathway. This TF belonged to the NAC

transcription factor family and was homologous to sec-

ondary wall-associated NAC domain protein 1 (SND1),

which regulates secondary cell wall biosynthesis in

Arabidopsis [56]. The above results not only pin-

pointed the possible critical check points in the flavon-

oid, caffeine, and theanine biosynthesis pathways, but

also identified the candidate key transcription factors

in the regulation of secondary metabolite biosynthesis

and the possible mechanisms involved. For the first

time, this work addresses the potentially important

cross talk between the flavonoid, caffeine, and theanine

biosynthesis pathways in C. sinensis.

Conclusions
The tea plant (C. sinensis) is one of the most economic-

ally important beverage crops. To systematically study

the gene expression pattern and the regulation of its sec-

ondary metabolic pathways during development and

growth, we sampled the buds and leaves at various de-

velopmental stages, as well as the stems, flowers, seeds,

and roots. RNA-seq was performed on each tissue, and

transcriptome profiles were generated. We identified

large sets of tissue-specific expressed genes in each of

the 13 different organs/tissues. The expression patterns

of genes involved in flavonoid, caffeine, and theanine

biosynthesis were characterized, revealing the dynamic

nature of the regulation of secondary metabolism during

plant development and growth. Notably, the TF regula-

tion network generated in this study revealed the pos-

sible critical links in gene regulation between the

flavonoid, caffeine, and theanine biosynthesis pathways.

This work not only aids our understanding of how

the gene expression underlying secondary metabolic

pathways is regulated during plant development and

growth, but also provides an excellent reference for

the design, formulation, and industrial manufacturing

of tea products.

Methods

Plant materials

The tea plant [Camellia sinensis (L.) O. Kuntze cv.

‘Longjing 43’] was grown in the China National Germ-

plasm Hangzhou Tea Repository of the Tea Research

Institute, Chinese Academy of Agricultural Sciences.

Thirteen samples from different tissues of 4-year-old

tea plants were used in this study. The tissues sam-

pled were as follows: apical bud, lateral bud at early

stage, lateral bud, first leaf, second leaf, mature leaf,

old leaf, one and a bud, two and a bud, stem, flower,

seed, and root. Buds, first leaves, second leaves, and

stems were collected on April 6, 2012; mature leaves, old

leaves, and roots were collected on June 27, 2012; flowers

and seeds were collected on November 17, 2012. The

harvested samples were frozen immediately in liquid ni-

trogen and stored at − 70 °C in a freezer.

Library construction and sequencing

Total RNA was extracted using the RNeasy Plus Mini

kit (Qiagen, Valencia, CA, USA) from the 13 different

tissues of the tea plant. The RNA integrity was con-

firmed using RNA 6000 Nano LabChips with a Bioanaly-

zer 2100 (Agilent Technologies, Palo Alto, CA, USA).

The libraries for sequencing were prepared using a kit

from Illumina (San Diego, CA, USA) and followed the
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manufacturer’s recommendations. Briefly, mRNA was

purified from the total RNA (20 μg) using oligo(dT)

magnetic beads, followed by fragmentation of the

mRNA into small pieces using divalent cations under

an elevated temperature. The cleaved RNA fragments

were used for first-strand cDNA synthesis using

reverse-transcriptase and random primers, followed by

second-strand cDNA synthesis using DNA polymerase

I and RNase H. After the end repair process and

ligation of the adapters, the products were enriched by

PCR to create the final cDNA library.

The cDNA libraries were sequenced from both the 5′

and 3′ ends on the Illumina HiSeq™ 2000 platform,

according to the manufacturer’s instructions. The fluor-

escent image processing, base calling, and quality value

calculation were performed by the Illumina data pro-

cessing pipeline 1.4.

Assembly of sequencing reads and data analysis

The image data output from the sequencer was trans-

formed by base calling into sequence data, and these

data are also referred to as raw data or raw reads.

Usually, the raw reads contain some adapter sequences,

ambiguous nucleotides (N) or low-quality bases, which

will negatively affect subsequent analyses. Therefore, the

raw reads with a proportion of ambiguous nucleotides

larger than 5 % (N ≥ 5 %) or low-quality bases (more

than 20 % nucleotides with quality value ≤ 10) were

removed to obtain clean reads. De novo assembly was

performed using the Trinity program (release 20130225

[27]). Trinity first combined the reads with a certain

length of overlap to form longer fragments, which were

called contigs. The reads could then be mapped back to

contigs to obtain longer sequences using paired-end

reads as a guide. Finally, Trinity connected the contigs

and obtained the sequences that could not be extended

on either end. Such sequences were defined as unigenes.

Unigene functional annotation

All unigenes were used to search against the TAIR

[30], Swiss-Prot [31], TrEMBL [32], COG [34], and

Nr [29] databases using BLASTX algorithms with a

threshold of E-value ≤ 10−5. The Rpstblastn program

was used to search against the CDD database [33],

and the E-value threshold was set to 10−3. Transcrip-

tion factors from the TAIR database [51] were used

to annotate the unigenes of C. sinensis using the

Blastn program, with an E-value threshold of 10−5.

The pathway analysis was carried out using KAAS (KEGG

Automatic Annotation Server) [57]. Unigenes that mapped

to the KEGG database were retained for detailed pathway

analysis. GO classifications of all unigenes were collected

on the basis of the annotated information from the Nr

database, and the unigenes were annotated with three

major GO categories (Cellular Component, Molecular

Function, and Biological Process). GO terms that were

enriched significantly in each tissue were obtained by

BiNGO (v2.44) [58]. We performed enrichment analysis

on our data using a hypergeometric test, with P-values

corrected by the false discovery rate (Benjamini and

Hochberg correlation). GO terms with corrected P-values

of < 0.05 were considered to be significantly enriched.

Expression profiling of all unigenes and unigenes

involved in secondary metabolite biosynthesis

Reads were mapped against the assembled reference tran-

scriptome for each sample using Bowtie2 (version2.1.0)

[28]. The reads were permitted to map to multiple loca-

tions, but the best mapping site was used randomly in the

downstream analysis. RPKM (reads per kilobase per

million reads) was used to quantify gene expression, which

can eliminate the effect of sequence length [59]. The

RPKM value was calculated for every unigene in each

tissue, and the log RPKM values for the unigenes involved

in the flavonoid, caffeine, and theanine biosynthetic path-

ways in tea plants were obtained. The unigenes were clus-

tered hierarchically in each secondary metabolite pathway

according to their log RPKM values.

The expression level (in RPKM) of each unigene in

each secondary metabolite biosynthesis pathway was

ranked among the 13 tissues. An average ranking of all

unigenes for a tissue was obtained by dividing the sum

of all unigene rankings by the number of unigenes in the

pathway. For each tissue, the average ranking of all

unigenes from a biosynthetic pathway represented the

relative expression strength of that pathway.

Quantitative real-time PCR analysis

Total RNA was isolated from apical bud, lateral bud at

early stage, lateral bud, one and a bud, two and a bud,

first leaf, second leaf, mature leaf, old leaf, root, stem,

flower, and seed tissues using an RNeasy Plus Mini kit

(Qiagen). The RNA samples were treated with TURBO

DNase (Ambion, Austin, TX, USA) at a concentration

of 1.5 units/μg of total RNA prior to cDNA synthesis.

An aliquot of 1 μg of total RNA was converted into

first-strand cDNA via a reverse-transcription reaction

with random hexamer primers and MultiScribe Reverse

Transcriptase from a High Capacity cDNA Reverse

Transcription Kit (Applied Biosystems, Foster City, CA,

USA). The cDNA products were then diluted 10-fold

with nuclease-free deionized water before being used as

a template for real-time PCR. cDNA was amplified

using SsoFast EvaGreen Supermix (Bio-Rad, Hercules,

CA, USA) in a volume of 20 μL. The reaction mixture

contained 10 μL of SsoFast EvaGreen Supermix, 5 μM

each of the forward and reverse primers, and 2 μL of

template cDNA. The PCR amplification was performed
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at an annealing temperature of 60 °C with an ABI 7500

real-time PCR system (Applied Biosystems) according

to the manufacturer’s instructions. All of the analyzed

unigenes were tested with three biological replicates

and three technical replicates. The relative transcript

abundances were calculated by the comparative cycle

threshold method with the 18S ribosomal RNA gene as

an internal standard. The primer pairs used for RT-

PCR are listed in Additional file 6.

Generation of the TF regulation network of the flavonoid,

caffeine, and theanine biosynthesis pathways

All TF unigenes that were annotated in the TAIR data-

base and the unigenes from the flavonoid, caffeine, and

theanine biosynthesis pathways were selected for the

generation of the TF regulation network. The Pearson

coefficient was computed between any two unigenes

based on their RPKM values from the 13 different tis-

sues using R (version 2.15, function: cor). Unigene pairs

with a coefficient ≥ 0.9 were considered to have corre-

lated gene expression and were retained to build the TF

regulation network. The correlation between two genes

was denoted by a linked line in the network. The net-

work was displayed using Cytoscape [50]. All TFs that

were directly connected to a flavonoid, caffeine, or thea-

nine biosynthetic gene were considered potential TFs

underlying the regulation of biosynthesis.

Availability of supporting data

The RNA-seq data from the 13 samples have been de-

posited in the NCBI Sequencing Read Archive database

and can be accessed with the following accession num-

bers: SRR1053623, SRR1051214, SRR1054007, SRR10551

10, SRR1055182, SRR1054086, SRR1054152, SRR1055

108, SRR1055109, SRR1055932, SRR1055933, SRR105

5934, and SRR1055944.

Additional files

Additional file 1: GO terms of all of the unigenes and tissue-specific

unigenes in each sample. A DOCX document containing the GO

enrichment classifications of the unigenes in each tissue and the tissue-

specific unigenes. (DOC 1357 kb)

Additional file 2: Transcription factor unigenes predicted in C.

sinensis. An XLSX document containing a list of transcription factor (TF)

unigenes in C. sinensis. (XLSX 198 kb)

Additional file 3: Transcription factor unigenes involved in

flavonoid biosynthesis. An XLSX document containing a list of

transcription factor (TF) unigenes involved in flavonoid biosynthesis.

(XLSX 23 kb)

Additional file 4: Transcription factor unigenes involved in caffeine

biosynthesis. An XLSX document containing a list of transcription factor

(TF) unigenes involved in caffeine biosynthesis. (XLSX 15 kb)

Additional file 5: Transcription factor unigenes involved in theanine

biosynthesis. An XLSX document containing a list of transcription factor

(TF) unigenes involved in theanine biosynthesis. (XLSX 17 kb)

Additional file 6: List of primers used for RT-PCR verification. A

DOCX document containing a list of primers used for RT-PCR verification.

(XLSX 16 kb)

Abbreviations

C. sinensis: Camellia sinensis; EST: Expressed sequence tag; RNA-seq: RNA

sequencing; 1st leaf: First leaf; 2nd leaf: Second leaf; one and a bud: One leaf

and one bud; two and a bud: Two leaves and one bud; bp: Base pair;

Mbp: Megabase pairs; Gbp: Gigabase pairs; NCBI: National Center for

Biotechnology Information; Nr: NCBI non-redundant protein; TAIR: The

Arabidopsis Information Resource; TrEMBL: Translated EMBL nucleotide

sequence database; CDD: Conserved domain database; GO: Gene ontology;

COG: Cluster of orthologous groups; PA: Proanthocyanidins; KEGG: Kyoto

encyclopedia of genes and genomes; PAL: Phenylalanine ammonia-lyase;

C4H: Cinnamic acid 4-hydroxylase; 4CL: 4-coumarate-CoA ligase; CHS: Chalcone

synthase; CHI: Chalcone isomerase; F3H: Flavanone 3-hydroxylase; F3′,5′

H: Flavonoid 3′,5′-hydroxylase; F3′H: Flavonoid 3′-hydroxylase; FLS: Flavonol

synthase; DFR: Dihydroflavonol 4-reductase; ANS: Anthocyanidin synthase;

ANR: Anthocyanidin reductase; LAR: Leucocyanidin reductase; FGS: Flavan-3-ol

gallate synthase; LDOX: Leucoanthocyanidin oxidase; UFGT: UDP-glucose:

flavonoid 3-O-glucosyl transferase; Anase: Adenosine nucleosidase;

APRT: Adenine phosphoribosyltransferase; AMPD: AMP deaminase; IMPDH: IMP

dehydrogenase; 5′-Nase: 5′-nucleotidase; 7-NMT: 7-methylxanthosine synthase;

N-MeNase: N-methylnucleotidase; MXMT: Theobromine synthase; TCS: Tea

caffeine synthase; GS: Glutamine synthetase; GLS: Glutaminase; ALT: Alanine

aminotransferase; ADC: Arginine decarboxylase; TS: Theanine synthetase;

qRT-PCR: Quantitative real-time PCR; TF: Transcription factor;

AtTFDB: Arabidopsis transcription factor database.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

LC, YJY, XL, and DL conceived and designed the study. LC, XL, CFL, and YZ

drafted and revised the manuscript. YZ, YY, QYZ, and SJW performed the

data analysis. XCW and MZY collected the samples. CFL deposited the

sequencing data in the Sequencing Read Archive databases and performed

the RT-PCR experiment. All authors read and approved the final manuscript.

Acknowledgments

This work is supported by grants from the National Key Basic Research

Program in China (Nos. 2013CB127005, 2012CB316501), by the Earmarked

Fund for China Agriculture Research System (CARS-023), and by the National

Natural Science Foundation of China (Nos. 31400581, 31170624, 31100504,

31271409).

Author details
1Key Laboratory of Tea Biology and Resources Utilization, Ministry of

Agriculture, Tea Research Institute of the Chinese Academy of Agricultural

Sciences, Hangzhou 310008, China. 2Key Laboratory of Synthetic Biology,

Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological

Sciences, Chinese Academy of Sciences, Shanghai 200032, China. 3Suzhou

Genezym Biological Technology Co, Ltd, Suzhou 215011, China. 4School of

Life Sciences, Sun Yat-Sen University, Guangzhou 510275, China. 5Present

address: The University of Queensland, Queensland Brain Institute, Brisbane

St Lucia QLD 4072, Australia.

Received: 8 December 2014 Accepted: 14 July 2015

References

1. Chen D, Milacic V, Chen MS, Wan SB, Lam WH, Huo C, et al. Tea

polyphenols, their biological effects and potential molecular targets.

Histol Histopathol. 2008;23:487.

2. Yamamoto T, Juneja LR, Kim M. Chemistry and applications of green

tea. New York: CRC press; 1997.

3. Cabrera C, Artacho R, Giménez R. Beneficial effects of green tea—a

review. Am Coll Nutr. 2006;25:79–99.

4. Khan N, Mukhtar H. Tea polyphenols for health promotion. Life Sci.

2007;81:519.

Li et al. BMC Genomics  (2015) 16:560 Page 19 of 21

http://www.biomedcentral.com/content/supplementary/s12864-015-1773-0-s1.doc
http://www.biomedcentral.com/content/supplementary/s12864-015-1773-0-s2.xlsx
http://www.biomedcentral.com/content/supplementary/s12864-015-1773-0-s3.xlsx
http://www.biomedcentral.com/content/supplementary/s12864-015-1773-0-s4.xlsx
http://www.biomedcentral.com/content/supplementary/s12864-015-1773-0-s5.xlsx
http://www.biomedcentral.com/content/supplementary/s12864-015-1773-0-s6.xlsx


5. Hertog MG, Hollman PC, Katan MB, Kromhout D. Intake of potentially

anticarcinogenic flavonoids and their determinants in adults in The

Netherlands. Nutr Cancer. 1993;20:21.

6. Dixon RA, Pasinetti GM. Flavonoids and isoflavonoids: from plant biology to

agriculture and neuroscience. Plant Physiol. 2010;154:453–7.

7. Hewavitharanage P, Karunaratne S, Kumar NS. Effect of caffeine on

shot-hole borer beetle (Xyleborusfornicatus) of tea (Camellia sinensis).

Phytochemistry. 1999;51:35–41.

8. Waller G. Biochemical frontiers of allelopathy. Biol Plant. 1989;31:418–47.

9. Yamaguchi S, Ninomiya K. Umami and food palatability. J Nutr.

2000;130:921–6.

10. Kimura K, Ozeki M, Juneja LR, Ohira H. L-Theanine reduces

psychological and physiological stress responses. Biol Psychol.

2007;74:39–45.

11. Egashira N, Hayakawa K, Mishima K, Kimura H, Iwasaki K, Fujiwara M.

Neuroprotective effect of γ-glutamylethylamide (theanine) on cerebral

infarction in mice. Neurosci Lett. 2004;363:58–61.

12. Juneja LR, Chu DC, Okubo T, Nagato Y, Yokogoshi H. L-theanine—a unique

amino acid of green tea and its relaxation effect in humans. Trends Food

Sci Technol. 1999;10:199–204.

13. Kakuda T. Neuroprotective effects of the green tea components

theanine and catechins. Biol Pharm Bull. 2002;25:1513–8.

14. Chen L, Zhao L, Gao Q. Generation and analysis of expressed

sequence tags from the tender shoots cDNA library of tea plant

(Camellia sinensis). Plant Sci. 2005;168:359–63.

15. Park JS, Kim JB, Hahn BS, Kim KH, Ha SH, Kim JB, et al. EST analysis of genes

involved in secondary metabolism in Camellia sinensis (tea), using

suppression subtractive hybridization. Plant Sci. 2004;166:953–61.

16. Phukon M, Namdev R, Deka D, Modi MK, Sen P. Construction of cDNA

library and preliminary analysis of expressed sequence tags from tea plant

[Camellia sinensis (L) O. Kuntze]. Gene. 2012;506:202–6.

17. Shi CY, Yang H, Wei CL, Yu O, Zhang ZZ, Jiang CJ, et al. Deep

sequencing of the Camellia sinensis transcriptome revealed candidate

genes for major metabolic pathways of tea-specific compounds. BMC

Genomics. 2011;12:131.

18. Wang XC, Zhao QY, Ma CL, Zhang ZH, Cao HL, Kong YM, et al. Global

transcriptome profiles of Camellia sinensis during cold acclimation.

BMC Genomics. 2013;14:415.

19. Wu H, Chen D, Li J, Yu B, Qiao X, Huang H, et al. De novo

characterization of leaf transcriptome using 454 sequencing and

development of EST-SSR markers in tea (Camellia sinensis). Plant Mol

Biol Rep. 2013;31:524–38.

20. Wu ZJ, Li XH, Liu ZW, Xu ZS, Zhuang J. De novo assembly and

transcriptome characterization: novel insights into catechins

biosynthesis in Camellia sinensis. BMC Plant Biol. 2014;14:277.

21. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for

transcriptomics. Nat Rev Genet. 2009;10:57–63.

22. Tong C, Wang X, Yu J, Wu J, Li W, Huang J, et al. Comprehensive

analysis of RNA-seq data reveals the complexity of the transcriptome

in Brassica rapa. BMC Genomics. 2013;14:689.

23. Ashihara H, Deng WW, Mullen W, Crozier A. Distribution and

biosynthesis of flavan-3-ols in Camellia sinensis seedlings and

expression of genes encoding biosynthetic enzymes. Phytochemistry.

2010;71:559–66.

24. Mamati GE, Liang Y, Lu J. Expression of basic genes involved in tea

polyphenol synthesis in relation to accumulation of catechins and

total tea polyphenols. J Sci Food Agric. 2006;86:459–64.

25. Ashihara H, Kubota H. Patterns of adenine metabolism and caffeine

biosynthesis in different parts of tea seedlings. Plant Physiol.

1986;68:275–81.

26. Deng WW, Ogita S, Ashihara H. Biosynthesis of theanine

(γ-ethylamino-l-glutamic acid) in seedlings of Camellia sinensis. Phytochem

Lett. 2008;1:115–9.

27. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, et al.

Full-length transcriptome assembly from RNA-Seq data without a reference

genome. Nat Biotechnol. 2011;29:644–52.

28. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-

efficient alignment of short DNA sequences to the human genome.

Genome Biol. 2009;10:R25.

29. NCBI non-redundant protein Database. ftp://ftp.ncbi.nih.gov/blast/db/

FASTA/nr.gz. Accessed 1 Jan 2013.

30. The Arabidopsis Information Resource. ftp://ftp.arabidopsis.org/home/tair/

Sequences/blast_datasets/TAIR9_blastsets/. Accessed 20 Jun 2009.

31. Swiss-Prot Database. http://www.uniprot.org/downloads. Accessed Aug

2013.

32. Translated EMBL Nucleotide Sequence database . http://www.ebi.ac.uk/

uniprot/TrEMBLstats. Accessed 28 Sep 2013.

33. Conserved Domain Database. http://www.ncbi.nlm.nih.gov/cdd/. Accessed 4

Nov 2010.

34. Cluster of Orthologous Groups Database. ftp://ftp.ncbi.nih.gov/pub/wolf/

COGs/. Accessed 24 Jun 2011.

35. Blake JA, Dolan M, Drabkin H, Hill DP, Ni L, Sitnikov D, et al. The gene

ontology: enhancements for 2011. Nucleic Acids Res. 2011;40(Database

issue):D559–64. doi:10.1093/nar/gkr1028.

36. Lin YL, Juan IM, Chen YL, Liang YC, Lin JK. Composition of polyphenols in

fresh tea leaves and associations of their oxygen-radical-absorbing capacity

with antiproliferative actions in fibroblast cells. J Agric Food Chem.

1996;44:1387–94.

37. Singh HP, Ravindranath S, Singh C. Analysis of tea shoot catechins:

Spectrophotometric quantitation and selective visualization on two-

dimensional paper chromatograms using diazotized sulfanilamide. J

Agric Food Chem. 1999;47:1041–5.

38. Holton TA, Cornish EC. Genetics and biochemistry of anthocyanin

biosynthesis. Plant Cell. 1995;7:1071.

39. Winkel-Shirley B. Flavonoid biosynthesis. A colorful model for genetics,

biochemistry, cell biology, and biotechnology. Plant Physiol.

2001;126:485–93.

40. Petrussa E, Braidot E, Zancani M, Peresson C, Bertolini A, Patui S, et al. Plant

flavonoids—biosynthesis, transport and involvement in stress responses. Int

J Mol Sci. 2013;14:14950–73.

41. Liu Y, Shi Z, Maximova S, Payne MJ, Guiltinan MJ. Proanthocyanidin

synthesis in Theobroma cacao: genes encoding anthocyanidin synthase,

anthocyanidin reductase, and leucoanthocyanidin reductase. BMC Plant Biol.

2013;13:202.

42. Takeda Y. Differences in caffeine and tannin contents between tea

cultivars, and application to tea breeding. Jap Agric Res Quart.

1994;28:117–23.

43. Ashihara H, Shimizu H, Takeda Y, Suzuki T, Gillies F, Crozier A. Caffeine

metabolism in high and low caffeine containing cultivars of Camellia

sinensis. Z Naturforsch. 1995;50:602–7.

44. Fujimori N, Suzuki T, Ashihara H. Seasonal variations in biosynthetic capacity

for the synthesis of caffeine in tea leaves. Phytochemistry. 1991;30:2245–8.

45. Terrasaki Y, Suzuki T, Ashihara H. Purine metabolism and the biosynthesis of

purine alkaloids in tea fruits during development. Plant Physiol.

1994;13:135–42.

46. Morisaki T, Gross M, Morisaki H, Pongratz D, Zöllner N, Holmes EW.

Molecular basis of AMP deaminase deficiency in skeletal muscle. Proc Natl

Acad Sci U S A. 1992;89:6457–61.

47. Kato M, Mizuno K, Fujimura T, Iwama M, Irie M, Crozier A, et al. Purification

and characterization of caffeine synthase from tea leaves. Plant Physiol.

1999;120:579–86.

48. Takeo T. L-Alanine decarboxylase in Camellia sinensis. Phytochemistry.

1978;17:313–4.

49. Feldheim W, Yongvanit P, Cummings PH. Investigation of the presence and

significance of theanine in the tea plant. J Sci Food Agric. 1986;37:527–34.

50. Vom Endt D, Kijne JW, Memelink J. Transcription factors controlling plant

secondary metabolism: what regulates the regulators? Phytochemistry.

2002;61:107–14.

51. Yilmaz A, Mejia-Guerra MK, Kurz K, Liang X, Welch L, Grotewold E. AGRIS: the

Arabidopsis gene regulatory information server, an update. Nucleic Acids

Res. 2011;39:D1118–22.

52. Nesi N, Jond C, Debeaujon I, Caboche M, Lepiniec L. The Arabidopsis TT2

gene encodes an R2R3 MYB domain protein that acts as a key determinant

for proanthocyanidin accumulation in developing seed. Plant Cell.

2001;13:2099–114.

53. Baudry A, Caboche M, Lepiniec L. TT8 controls its own expression in a

feedback regulation involving TTG1 and homologous MYB and bHLH

factors, allowing a strong and cell‐specific accumulation of flavonoids in

Arabidopsis thaliana. Plant J. 2006;46:768–79.

54. Colquhoun TA, Kim JY, Wedde AE, Levin LA, Schmitt KC, Schuurink RC, et al.

PhMYB4 fine-tunes the floral volatile signature of Petunia × hybrida through

PhC4H. J Exp Bot. 2010;62:1133.

Li et al. BMC Genomics  (2015) 16:560 Page 20 of 21

ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nr.gz
ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nr.gz
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/TAIR9_blastsets/
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/TAIR9_blastsets/
http://www.uniprot.org/downloads
http://www.ebi.ac.uk/uniprot/TrEMBLstats
http://www.ebi.ac.uk/uniprot/TrEMBLstats
http://www.ncbi.nlm.nih.gov/cdd/
ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/
ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/
http://dx.doi.org/10.1093/nar/gkr1028


55. Shi D, Winston JH, Blackburn MR, Datta SK, Hanten G, Kellems RE. Diverse

genetic regulatory motifs required for murine adenosine deaminase gene

expression in the placenta. J Biol Chem. 1997;272:2334–41.

56. Zhong R, Lee C, Zhou J, McCarthy RL, Ye ZH. A battery of transcription

factors involved in the regulation of secondary cell wall biosynthesis in

Arabidopsis. Plant Cell. 2008;20:2763–82.

57. Kyoto Encyclopedia of Genes and Genomes Database. http://

www.genome.jp/kegg/. Accessed 4 Oct 2013.

58. Maere S, Heymans K, Kuiper M. BiNGO: a Cytoscape plugin to assess

overrepresentation of gene ontology categories in biological networks.

Bioinformatics. 2005;21:3448–9.

59. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and

quantifying mammalian transcriptomes by RNA-Seq. Nat Methods.

2008;5:621–8.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Li et al. BMC Genomics  (2015) 16:560 Page 21 of 21

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Sample collection and RNA-seq of C. sinensis tissues
	Unigene assembly and comparative analyses for C. sinensis tissues
	Functional annotation of the transcriptomes of 13 C. sinensis tissues
	Analysis of important secondary metabolite biosynthetic pathways in different C. sinensis tissues
	Flavonoid biosynthesis
	Caffeine biosynthesis
	Theanine biosynthesis
	Dynamic expression of unigenes involved in secondary metabolite biosynthesis in different tissues and at different developmental stages
	Transcription factor regulation network of flavonoid, caffeine, and theanine biosynthesis in C. sinensis

	Conclusions
	Methods
	Plant materials
	Library construction and sequencing
	Assembly of sequencing reads and data analysis
	Unigene functional annotation
	Expression profiling of all unigenes and unigenes involved in secondary metabolite biosynthesis
	Quantitative real-time PCR analysis
	Generation of the TF regulation network of the flavonoid, caffeine, and theanine biosynthesis pathways
	Availability of supporting data

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

