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Abstract

Background: Tea is the most popular nonalcoholic beverage worldwide for its pleasant characteristics and healthful

properties. Catechins, theanine and caffeine are the major natural products in tea buds and leaves that determine tea

qualities such as infusion colors, tastes and fragrances, as well as their health benefits. Shading is a traditional and

effective practice to modify natural product accumulation and to enhance the tea quality in tea plantation. However,

the mechanism underlying the shading effects is not fully understood. This study aims to explore the regulation of

flavonoid biosynthesis in Camellia sinensis under shading by using both metabolomic and transcriptional analyses.

Results: While shading enhanced chlorophyll accumulation, major catechins, including C, EC, GC and EGC, decreased

significantly in tea buds throughout the whole shading period. The reduction of catechins and flavonols were

consistent with the simultaneous down-regulation of biosynthetic genes and TFs associated with flavonoid

biosynthesis. Of 16 genes involved in the flavonoid biosynthetic pathway, F3’H and FLS significantly decreased

throughout shading while the others (PAL, CHSs, DFR, ANS, ANR and LAR, etc.) temporally decreased in early or late

shading stages. Gene co-expression cluster analysis suggested that a number of photoreceptors and potential genes

involved in UV-B signal transductions (UVR8_L, HY5, COP1 and RUP1/2) showed decreasing expression patterns

consistent with structural genes (F3’H, FLS, ANS, ANR, LAR, DFR and CHSs) and potential TFs (MYB4, MYB12, MYB14 and

MYB111) involved in flavonoid biosynthesis, when compared with genes in the UV-A/blue and red/far-red light signal

transductions. The KEGG enrichment and matrix correlation analyses also attributed the regulation of catechin

biosynthesis to the UVR8-mediated signal transduction pathway. Further UV-B treatment in the controlled environment

confirmed UV-B induction on flavonols and EGCG accumulation in tea leaves.

Conclusions: We proposed that catechin biosynthesis in C. sinensis leaves is predominantly regulated by UV through

the UVR8-mediated signal transduction pathway to MYB12/MYB4 downstream effectors, to modulate flavonoid

accumulation. Our study provides new insights into our understanding of regulatory mechanisms for shading-

enhanced tea quality.
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Background
Tea, one of the products processed from the leaves of

tea plants (Camellia sinensis (L.) O. Kuntze), is the old-

est and most popular nonalcoholic caffeine-containing

beverage in the world [1]. Besides the pleasant character-

istics, tea is famous for its numerous healthful and medi-

cinal benefits due to many of the characteristic

secondary metabolites in tea leaves [2, 3]. The medicinal

benefits of tea are primarily attributed to catechins, in-

cluding catechin (C), epicatechin (EC), gallocatechin

(GC), epigallocatechin (EGC), and their respective gall-

ate esters, epigallocatechin gallate (EGCG), epicatechin

gallate (ECG) and gallocatechin gallate (GCG) [2, 3].

Numerous studies have indicated that catechins improve

human health through their bioactive functions, such as

anti-oxidant, anti-radiation and anti-bacterial properties

[4, 5]. In addition to the medicinal properties, these

compounds contribute to the color, aroma and

mouth-feel of tea infusion, eventually determine the sen-

sation characteristics of tea products [6, 7]. Particularly

for black tea, galloylated catechins were shown to be the

major contributors to the astringent and bitter sensation

[6, 7], while flavonol 3-O-glycosides have been found to

confer velvety and mouth-drying tastes [6]. However, the

ratio of catechins to amino acids in tea buds and leaves

is one of the critical parameters evaluating the tea qual-

ity [8]. Relatively low ratio of catechins to amino acids

advances tea infusion in freshness and umami, favored

by tea consumers [8, 9]. Therefore, to achieve a good

balance between the accumulation of catechins and

amino acids in consideration of both the tea sensation

and health benefits is primarily important for tea indus-

try, which is also a practical objective for tea research.

In tea plantation, shading is one of the traditional agri-

cultural practices to improve tea characteristics through

modifying the ratio of catechins and free amino acids in

tea leaves [10–12]. Taking C. sinensis cv. Shuchazao as

an example, the accumulation of catechins reduced

under shading conditions along with the simultaneous

down-regulation of biosynthetic genes involved in

flavonoid biosynthesis [11, 13]. Compared to the

sunlight-exposed leaves, the contents of catechins and

flavonols in shaded leaves (20 ± 5% light transmitting)

decreased by more than 50% and 40%, respectively [11].

Meanwhile, the transcript levels of genes encoding key

enzymes involved in the flavonoid biosynthetic pathway,

including phenylalanine ammonialyase (PAL), flavonoid

3′-hydroxylase (F3’H), dihydroflavonol reductase (DFR),

anthocyanidin reductase (ANR), chalcone synthase

(CHS) and flavonoid 3′, 5′-hydroxylase (F3’5’H) are not-

ably reduced [11, 13]. In the majority of previous studies,

changes of secondary metabolites under shading were at-

tributed to a reduction of light intensity reached tea

plants [11–14]. However, the mechanism underlying the

shading effects on plant secondary metabolism and

photomorphogenesis can be specific and sophisticated,

in relation to responses by various photoreceptors and

light signal transductions [15–18].

When emerging underneath an established canopy or

shading condition, plants have to perceive transient and

actual light quality and quantity through a variety of

informational photoperceptions and light signals, includ-

ing reduced red: far-red (R:FR) ratio and reduced irradi-

ances of ultraviolet (UV) [17, 18]. This mechanism

involves various photoreceptors and early signaling

events in response to differential light signals [15, 19],

including phytochromes (PHYs, PHYA-PHYE) for the

red/far-red light signal transduction [20–22], and crypto-

chromes (CRYs, CRY1 and CRY2), phototropins

(PHOTs, PHOT1 and PHOT2) and zeitlupes family

(ZTL) for the blue/UV-A light signal transduction [23,

24], whereas UV RESISTANCE LOCUS8 (UVR8) for the

low fluence UV-B perception and signal transductions

[25–27]. These photoreceptors provide plants with infor-

mation about the changes of growth conditions and

modulate the expression of adaptive morphological and

physiological responses [16, 21, 28]. Once under a can-

opy or shading condition, light transmitted through or

reflected by plant leaves has a low ratio of R:FR and

reduced UV-B radiation [17, 18]. In response to these

conditions, a variety of photoreceptors participate in the

perception of actual light therefore lead to changes

in plant morphogenesis and activation of the sha-

de-avoidance syndrome [15, 18]. It has been suggested that

UVR8-mediated responses are likely to be involved in plant

morphological responses due to UV-B attenuation under

shading conditions [15–17]. However, no attention has

been paid to the UVR8-mediated signal transduction in C.

sinensis, although a previous study showed that low fluence

and short term of UV-B radiation increased EGCG accu-

mulation in tea plants [29].

In the model plant Arabidopsis thaliana, photorecep

tor-targeted bZIP transcription factor (TF) ELON-

GATED HYPOCOTYL 5 (HY5), a central modulator for

light signal transductions and shoot-to-root signal trans-

ducer [17, 19], has been shown to play a crucial role in

regulating flavonoid accumulation in response to UV-B

radiation [30, 31]. It is reported that HY5 regulates the

expression of MYB12, a specific TF for flavonol synthase

(FLS), to determine flavonoid accumulation in response

to light and UV-B radiation [30]. Another UV-inducible

TF MYB4 acts as a transcriptional repressor of cinna-

mate 4-hydroxylase (C4H), 4-coumarate-CoA ligase

(4CL), leucoanthocyanidin reductase (LAR), CHS and

ANR2, to mediate UV-B-dependent phenylpropanoid

and anthocyanin biosynthesis in A. thaliana, Brassica

rapa and C. sinensis [32–34]. Furthermore, evidences

showed three flavonol-specific regulators MYB11,
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MYB12 and MYB111 activate, in parallel, the biosyn-

thetic enzyme encoding genes CHS, FLS, F3’H and chal-

cone isomerase (CHI) for flavonol accumulation and

tissue distribution in A. thaliana [35, 36]. These MYB

TFs are suggested to bind a similar light regulatory unit

(consisting of a MYB-recognition element and an

ACGT-containing element) in the promoters of different

target genes even without a known bHLH partner for

activation [36–38]. All data raise the possibility that HY5

activates in an early step expressions of MYB TFs to

subsequently work in concert with these TFs on deliver-

ing light information from UVR8-mediated early signal

events to flavonoid biosynthesis [30, 38].

To date, there has been no study that considers light

signal transductions at the molecular level in the com-

mercially significant plant, C. sinensis. This research

aims to investigate the roles of different light signals in

determining flavonoid biosynthesis in response to shad-

ing. In light of the importance of flavonoids to tea char-

acteristics, we investigated the flavonoid accumulation in

tea buds in response to shading, the temporal regulation

of gene and TF activities involved in flavonoid biosyn-

thesis, and potential light signal transduction pathways

including the UVR8-mediated signal transduction path-

way, UV-A/blue light and red/far-red light signal trans-

duction pathways, as important signal regulators of gene

activities in tea plants. Based on the data from both the

shading treatments in tea plantation and UV-B experi-

ment in the controlled environment, we propose a regu-

latory mechanism in which UVR8-mediated UV-B

detection under shading condition down regulates HY5

accumulation in tea buds, which then inhibits the ex-

pression of MYB12 to reduce downstream responsive

gene activities in the flavonoid biosynthetic pathway,

therefore limits flavonoid accumulation in tea plants.

These results improve our understanding of secondary

mechanism regulatory in tea plants and also provide

new insights into the participation of different light sig-

nals in determining secondary metabolites in important

commercial species.

Results

Flavonoid changes in tea buds under shading conditions

To investigate the effects of shading on tea plants, both

medium and heavy shading treatments (S50–60% and

S80–90%) were carried out on tea plants in plantation

(Fig. 1a). Significant changes were observed in the ap-

pearance of tea leaves between different treatments. Tea

leaves under shading conditions presented a darker

green color and showed significant increases in chloro-

phylls, when compared with leaves in the control treat-

ments (Fig. 1b and c). The contents of chlorophyll a and

chlorophyll b increased but no significant change was

detected in the ratio of chlorophyll a: chlorophyll b. The

daily environmental factors were measured to monitor

growth conditions of tea plants among different treat-

ments in plantation (Fig. 1d). Excepting the photosyn-

thetically active radiation (PAR), shading caused no

significant change on other environmental factors, in-

cluding the temperature, humidity and CO2 content.

To examine the shading effect on flavonoid accumula-

tion, tea buds were sampled at different time points

(from 4h to 14d) throughout shading treatments and

were analysed with high-performance liquid chromato-

graphic (HPLC, Figs. 2 and 3). Metabolite profiling

showed that both shading treatments (S50–60% and

S80–90%) significantly affected flavonoid accumulation

in tea buds (Fig. 2a and b). Two flavonols, identified as

keampferol-7-O-glucoside (K7G) and kaempferol-3-O-

galactopyranoside (K3Gal), showed a reduction in pro-

portion under shading condition when compared with

controls. As the major flavonoids, catechin contents sig-

nificantly reduced in response to shading treatments.

The each component of major catechins, including C,

EC, GC, EGC, ECG, EGCG and GCG, displayed distinct

accumulation patterns over the shading treatments. Tak-

ing tea buds after 14 days of shading as an example, the

significant changes in flavonoid composition were ob-

served (Fig. 3a). After 14 days of shading, the proportion

of GC, EGC, C and EC showed significant decreases in

both S50–60% and S80–90% treatments, as compared

with controls. In contrast, the catechin-3-O-gallates, in-

cluding EGCG, ECG and GCG, showed increases to dif-

ferent extents.

In addition to the changes in flavonoid composition,

significant changes were detected in both the total and

individual catechins in tea buds throughout the whole

shading period (Fig. 3b). As shown in Fig. 3b, the total

catechins showed a significant decrease from 4h to 14d

in both S50–60% and S80–90% treatments, and the

decrease positively correlated to the levels and durations

of shading. Similar pattern was observed in the accumu-

lation of individual catechins, including C, EC, GC, and

EGC. However, the catechin gallates presented no dra-

matic decrease. ECG showed no significant change in

response to shading until at 14d, whereas GCG and

EGCG only showed a minor decrease in the heavy shad-

ing treatment.

KEGG enrichment of candidate pathways in response to

shading

To investigate the effects of shading on metabolic bio-

synthesis of flavonoids at the transcriptional levels, we

utilized RNA-Seq technology to analyse gene activities in

tea buds from both the control and S80–90% treatments.

After removing adaptor sequences, duplication se-

quences, ambiguous reads and low-quality reads, an

average of 6 Gb clean reads per sample was generated.
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The final assembly of tea samples had 82322 unigenes

(≥500 bp) with an N50 length of 1,206 bp. Functional

annotation revealed 57823, 40003, 34066, 11963 and

34972 unigenes with alignments to the NR (Non-redun-

dant protein database), Swiss-Prot (Annotated protein

sequence database), KOG (Clusters of orthologous

groups for eukaryotic complete genomes), KEGG (Kyoto

encyclopedia of genes and genomes) and GO (Gene

ontology) databases, respectively (Additional file 1). Stat-

istic analysis of the transcript abundance of all unigenes

annotated in this study showed a clear shading effect be-

tween the control and S80–90% treatment (Fig. 2c).

To study the roles of different light signal transduction

pathways in regulating flavonoid accumulation in re-

sponse to shading, we selected several candidate meta-

bolic pathways involved in favonoid biosynthesis and

light signal transductions to conduct the KEGG enrich-

ment. In total 10 metabolic pathways with 825 potential

unigenes involved in flavonoid biosynthesis, light signal

transductions and photosynthesis were calculated for

KEGG enrichment in this study (Fig. 4). Three light signal

transduction pathways presented in this study were not

registered in the KEGG database. Potential unigenes asso-

ciated with these pathways, including specific photorecep-

tors and pigmentations of light perception, signal

transduction mediators, transcription activators and re-

pressors, as well as downstream genes and TFs involved in

plants morphogenesis were collected from previous

reports and complemented by the GO database. In

addition to these light signal transduction pathways,

specific emphasis was placed on related secondary

metabolism involved in flavonoid biosynthesis, including

the phenylpropanoid biosynthetic pathway (ko00940),

flavonoid biosynthetic pathway (ko00941), and biosyn-

thetic pathways for anthocyanin (ko00942), isoflavonoid

(ko00943), and flavones and flavonol biosynthesis

(ko00944). We also considered the flavonoid biosynthesis

in the context of gene activities associated with the photo-

synthesis (Ko00195/ko00196) and chlorophyll metabolism

(Ko00860/ko00906) in response to shading in tea plants.

Fig. 1 The effects of shading on chlorophylls and daily environmental parameters in shading experiment in tea plantation. a The set up of

shading treatments in tea plantation. b The effects of shading on appearance of tea leaves after 14 days. c The effects of shading on chlorophylls

after 14 days. d The effects of shading on daily environmental parameters among different treatments in tea plantation. The treatments are: tea

plants with naturally growth (Control); tea plants with 50–60% shading treatment (S50–60%); tea plants with 80–90% shading treatment (S80–

90%). PAR, photosynthetic actively radiation; Chla, chlorophyll a; Chlb, chlorophyll b; ns, no significance. Data shown are the average mean ± SE of

three replicates (n = 3). *Significant differences comparing the Control treatment at each time point according to one-way analysis of variance

(ANOVA) test and a Fisher’s least significant difference (LSD) at the 5% significance level (*p < 0.05, **p < 0.01). Different letters (a, b, c) indicate

statistical significance among treatments using one-way ANOVA and a Fisher’s LSD test at the 5% significance level
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As shown in Fig. 4, gene activities involved in the phe-

nylpropanoid biosynthetic pathway showed more signifi-

cant changes in response to shading when compared to

other selected pathways, followed by the flavonoid biosyn-

thetic pathway. Among three light signal transduction

pathways, unigenes involved in the UVR8-mediated signal

transduction pathway significantly changed in response to

shading after 4h and 8h (samples were collected at

12:00 pm in noon for 4h and 16:00 pm in late afternoon

for 8h, respectively). No significant change in gene tran-

scripts involved in the UV-A/blue light signal transduction

pathway was observed in response to shading at noon

time and minor changes in the afternoon. Interestingly,

unigenes involved in the red/far-red light signal transduc-

tion pathway showed slight shading effects in the middle

of the day but more significant changes were observed in

late afternoon. Genes involved in plant photosynthesis

and chlorophyll metabolism showed less response to shad-

ing in this study, with similar findings among time points

throughout shading period.

Down-regulated gene expression associated with

flavonoid biosynthesis in response to shading

To explain the roles of different light signal transduction

pathways in determining flavonoid accumulation in more

details, the activities of unigenes and TFs involved in fla-

vonoid biosynthesis and light signal transductions were

analysed. We collected all annotated unigenes encoding

each candidate gene and TF from our assembled tea tran-

scriptome datasets (Additional files 2, 3, 4, 5 and 6), then

selected one unigene as representative for each gene or

TF and visualized the competitive expression

(log2FPKMS80–90%/FPKMcontrol; FPKM, Fragment Per Kilo

base of exon model per Million mapped reads) throughout

the shading treatment (Fig. 5). These representative uni-

genes were selected according to a comprehensive evalu-

ation of parameters as following order: unigenes with best

alignments to the reported sequence, the annotated uni-

genes with the highest FPKM value and unigenes differen-

tially expressed (differentially expressed genes, DEGs), etc.

In total, 61 annotated unigenes encoding 16 major en-

zymes in the flavonoid biosynthetic pathway were anno-

tated from our assembled tea transcriptome datasets

(Additional file 2, Fig. 5a). From 4h to 14d throughout

shading treatments, a group of unigenes catalyzing key

enzymes in the flavonoid biosynthetic pathway showed

significant decreases under shading condition. These

unigenes were F3’H and FLS, which significantly de-

creased in transcript levels in tea buds throughout the

whole period of shading. PAL showed a significant

Fig. 2 The OPLS-DA analysis of flavonoids and gene expression in tea buds from shading and UV-B experiments. a The OPLS-DA analysis of

flavonoids in tea buds at different time points throughout shading period between the Control and medium shading (S50–60%) treatments. b

The OPLS-DA analysis of flavonoids in tea buds at different time points throughout shading period between the Control and heavy shading

(S80–90%) treatments. c The OPLS-DA analysis of transcript abundance of all unigenes annotated in transcriptome datasets between the Control

and S80–90% treatments. d The OPLS-DA analysis of major catechins in tea buds between the Control and UV-B treatments in the controlled

environment. Treatments in the shading experiment in tea plantation are shown as above in Fig. 1. Treatments in the UV-B experiment in the

controlled environment are: tea plants exposed to pure PAR (Control); tea plants exposed to PAR + UV-B radiation (UV-B). FPKM, Fragment Per Kilo

base of exon model per Million mapped reads. Data shown are from the value of three replicates (n = 3). OPLS-DA analysis was conducted by

SIMCA 13.0 (UMETRICS, https://umetrics.com/)
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decrease immediately after 4 h of shading, but the

transcript levels increased to normal levels in later

shading period. In contrast, CHS, DFR, anthocyanidin

synthase (ANS) and LAR unigenes, which directly

produce catechins in late steps of the flavonoid bio-

synthetic pathway, presented no significant change

during earlier shading period but significantly de-

creased after 8d and 14d of shading.

TFs potentially associated with the flavonoid biosynthetic

pathway in tea plants were also examined to study the regu-

lation of flavonoid biosynthesis in response to shading (Fig.

5a). According to the previous studies on the function of

MYB-bHLH-WD40 (MBW) TF complex in regulating fla-

vonoid biosynthesis in the model plant A. thaliana [30, 33–

35], 26 annotated unigenes encoding 15 candidate TFs of

MYB, bHLH and WD40 were annotated in our assembled

tea transcriptome datasets (Additional file 3). These TFs in-

cluded MYB1, MYB4, MYB6, MYB11, MYB12, MYB111

and MYB330, etc. However, most of these unigenes showed

no significant change in response to shading treatments.

MYB12 is the only one showed significant decreases in tea

buds throughout the whole shading treatment (Fig. 5a).

Altered UV-B light signal transductions in response to

shading

To explore the roles of different light signal transduction

pathways in determining flavonoid biosynthesis in tea

plants in response to shading, we investigated the

activities of potential unigenes (including light photore-

ceptors, perception pigmentations, signal mediators and

TFs) that thought to be involved in the UVR8-mediated

low fluence UV-B responses, UV-A/blue light and red/

far-red light signal transduction pathways in our

assembled tea transcriptome datasets (Fig. 5b). These

unigenes included 13 selected unigenes (in total 22

unigenes annotated in transcriptome datasets,

Additional file 4) reported to be associated with the

UVR8-mediated low fluence UV-B signal transduction

pathway [25, 26, 39], 13 selected unigenes (23 unigenes

annotated, Additional file 5) recognized to be in-

volved in the UV-A/blue light signal transduction

pathway [23, 24], and 20 selected unigenes (32

unigenes annotated, Additional file 6) thought to be

related to the red/far-red light signal transduction

pathway [22, 40]. The central players in light

Fig. 3 The effects of shading on flavonoid accumulation in tea buds in tea plantation. a The composition of flavonoids in tea buds from the

control and shading treatments at time point of 14d. b The changes of major catechins in tea buds in different treatments throughout shading

period. C, catechin; EC, epicatechin; EGC, epigallocatechin; GC, gallocatechin; GCG, gallocatechin 3-O-gallate; EGCG, epigallocatechin 3-O-gallate;

ECG, epicatechin 3-O-gallate; K7G, keampferol-7-O-glucoside; K3Gal, kaempferol-3-O-galactopyranoside; RT, retention time; ns, no significance. Data

shown are the average mean ± SE of three replicates (n = 3). Different letters (a, b, c) indicate statistical significance among different treatments

according to one-way ANOVA and a Fisher’s LSD test at the 5% level
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signaling pathways, including CONSTITUTIVELY

PHOTOMORPHOGENIC 1 (COP1), SUPPRESSOR OF

PHYA-105 (SPA1) and HY5, act as co-partners of

photoreceptors or perception pigmentations in all three

light signal transduction pathways [19, 28]. Among these

unigenes, only HY5 showed a significant decrease in re-

sponse to shading treatment. UVR8, the specific photo-

receptor of UV-B radiation identified in high plants to

date, has been reported as constitutive expression and non

light-induced in A. thaliana [41]. In this study, consistent

results were found that the expression of UVR8 did not

change significantly in tea buds after shading. However, a

unigene annotated as UVR8 LIKE (UVR8_L, TRINI-

TY_DN27587_c4_g1_i3, 2222 bp) encoding a UVR8 like

protein (XP_018821826) was observed to be significantly

decreased at 4h and 8h of shading treatment in this study.

Also, a significant circadian regulation was detected, with

higher levels of UVR8_L transcript abundance at noon

and relatively lower expression at late afternoon in tea

buds. Other unigenes showed no significant change in re-

sponse to shading in tea buds in this study.

Cluster analysis of these unigenes and TFs involved in

flavonoid biosynthesis and different light signal trans-

duction pathways revealed that these unigenes were dif-

fer in expression pattern in response to shading (Fig. 5c).

Unigenes encoding main enzymes (FLS, F3’H, ANS,

ANR, LAR, DFR, and CHSs) involved in the flavonoid

biosynthetic pathway and TFs thought to regulate fla-

vonoid biosynthesis (MYB4, MYB12, MYB14, and

MYB111) presented consistent decreasing patterns in

transcriptome datasets. A similar decreasing pattern was

determined in potential unigenes and TFs from the

UVR8-mediated signal transduction pathway (UVR8_L,

HY5, COP1, and REPRESSOR OF UV-B PHOTO-

MORPHOGENESIS 1/2 (RUP1/2)), when compared

with those involved in the UV-A/blue light and red/

far-red light signal transduction pathways.

Highly correlated gene expression patterns between

flavonoid biosynthetic pathway and UV-B light signal

transductions

To further determine the correlation of these potential uni-

genes involved in flavonoid biosynthesis and different light

signal transduction pathways at the transcriptional level,

matrix correlation was conducted by a professional statistic

analysis (Fig. 6). Matrix correlation analysis indicated that

unigenes and TFs involved in the flavonoid biosynthetic

pathway were positively correlated to potential unigenes in-

volved in the UVR8-mediated signal transduction pathway

in response to shading. As shown in Fig. 6a, many unigenes

encoding enzymes involved in flavonol and catechin bio-

synthesis (ANS, CHSs, PAL, FLS, DFR, LAR and C4H, etc.)

were positively correlated to annotated TFs (MYB4,

MYB12, MYB14 and MYB111, etc.). Meanwhile, these uni-

genes were also positively correlated to unigenes involved

in the UVR8-mediated signal transduction pathway (HY5,

COP1, RUP1/2 and RADICAL-INDUCED CELL DEATH

1 (RCDs), etc.). CRY1, CRY2 and ZTL, genes encoding pho-

toreceptors of UV-A/blue lights showed some negative cor-

relations in expression patterns with CHSs and FLS

unigenes (Fig. 6b). However, no correlation was detected in

the potential downstream signal mediators and TFs that

Fig. 4 Functional distribution of the DEGs in candidate pathways in response to shading at time points of 4h and 8h. The enrichment score indicates

intensiveness of DEGs (fold change ≥2) in a certain pathway (Enrichment score = (m/n): (M/N); m, the number of DEGs mapped to a certain pathway;

n, the number of all DEGs annotated in transcriptome datasets; M, the number of unigenes mapped to a certain pathway; N, the number of all

unigenes annotated in transcriptome datasets). A large enrichment score denotes a high degree of intensiveness. The p value (ranging from 0~1) was

calculated using hypergeometric test through Bonferroni Correction and less p value means greater intensiveness. Gene number means number of

DEGs mapped to a certain pathway according to KEGG database. S 4h and S 8h indicate time points at 4h and 8h throughout shading period
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involved in the UV-A/blue light signal transduction path-

way. These data indicated the UV-B radiation might play a

more intimate and crucial role in regulating flavonoid bio-

synthesis in tea plants in response to shading.

Gene expression validated by quantitative real-time PCR

(qRT-PCR)

To validate and complete the data from our assembled tea

transcriptome datasets, transcript abundance of 17 se-

lected unigenes was analysed by qRT-PCR. These uni-

genes included 11 main structural genes of the flavonoid

biosynthetic pathway (PAL, C4H, CHSs, F3’H, FLS, DFR,

ANR, ANS and LAR), 2 MYB TFs involved in this pathway

(MYB4 and MYB12), and 4 components involved in the

UVR8-mediated signal transduction pathway (UVR8,

UVR8_L, HY5 and COP1). Consistent shading responses

were detected between the qRT-PCR analysis and

RNA-Seq data (Fig. 7). Consistent with the transcriptome

datasets, the expression of CHSs, F3’H, FLS, DFR, ANR,

ANS and LAR significantly decreased in tea buds

presented by qRT-PCR analysis, especially after 14 days of

shading. MYB12 showed a significant decrease in

qRT-PCR data, which was consistent with the shading re-

sponse found by RNA-Seq. Furthermore, a clear shading

response was detected in HY5, with a significant decrease

throughout the whole shading stages detected. COP1 gave

a slight but significant decrease, in particularly during

earlier stages of shading. For UV-B photoreceptor, two

unigenes were detected by qRT-PCR and the results were

consistent with the RNA-Seq data. UVR8 showed no sig-

nificant shading response, which was consistent with the

previous studies in A. thaliana that UVR8 is likely to be

constitutively expressed and non light-induced [41, 42].

The unigene annotated as UVR8_L showed both shading

responses and a circadian regulation.

UV-B radiation activates flavonoid biosynthesis in

controlled treatments

To complete the shading experiments in tea plantation

and validate the UV-B effects on flavonoid biosynthesis

Fig. 5 The shading effects on transcript abundance of potential genes and TFs involved in flavonoid biosynthesis and light signal transductions

in tea buds. a The shading effects on transcript abundance of genes and potential TFs involved in the flavonoid biosynthetic pathway. b The

shading effects on transcript abundance of potential genes and TFs involved in the UVR8-mediated UV-B, UV-A/blue light and red/far-red light

signal transduction pathways, respectively. c Cluster analysis of expression of all potential genes and TFs in response to shading treatment. The

heatmaps are constructed from the competitive expression of genes (log2 FPKMS80–90%/FPKMcontrol) from the transcriptome datasets. S 4h, S 8h, S

2d, S 8d and S 14d indicate time points at 4h, 8h, 2d, 8d and 14d throughout shading period. The triangle with colors represents potential genes

involved in the flavonoid biosynthetic pathway (functional enzymes, yellow; TFs, green) and different light transduction pathways (UV-B radiation,

purple; UV-A/blue light, blue; red/far-red light, red; genes and TFs involved in three light signal transduction, black). Data shown are the average

mean of three biological replicates (n = 3). *Significant differences comparing the Control treatment at each time point according to one-way

ANOVA and a Fisher’s LSD test at the 5% level (*p < 0.05, **p < 0.01; fold change ≥2)
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in tea plants, a UV-B experiment was carried out in con-

trolled environment using hydroponic tea plants. Tea

plants were exposed to a supplementary of UV-B radi-

ation in the controlled environment, with a similar

UV-B fluence as in tea plantation (20 μW/cm2 of artifi-

cial fluence in the controlled environment; about

25 μW/cm2 of natural UV-B fluence in the clear summer

afternoon). Both major catechins and genes involved in

flavonoid biosynthesis and the UVR8-mediated signal

transduction were measured (Fig. 2d and 9). EGCG

showed some increase in tea buds in response to UV-B

and GC gave a slight induction after 14 days of UV-B

exposure (Fig. 9a). However, the other catechins

measured in this study showed no significant responses.

For genes measured in this study, UVR8 and COP1

showed no consistent UV-B response throughout the

treatment (Fig. 9b). HY5 expression presented a signifi-

cant induction to UV-B exposure, with significant

increases at 3d to 14d. The expression of MYB12

increased significantly at 1d and 3d in response to UV-B,

but no significant change was detected at later period.

FLS gave a significant UV-B induction and the induction

presented a similarly increasing pattern through time

points as detected in CHS1. In contrast, MYB4 showed a

slightly increase after short period of UV-B exposure,

then the expression decreased at 7d and 14d. Minor

Fig. 6 The matrix correlation of transcript abundance of potential genes and TFs involved in flavonoid biosynthesis and different light signal

transduction pathways in response to shading treatment. The heatmap was conducted from the FPKM profiles of genes and TFs from

transcriptome dataset in tea buds at five time points throughout shading treatments. Correlation factor indicates the correlation of transcriptional

expression of two genes (− 1~0, expression of genes are negatively correlated; 0, expression of genes are not correlated; 0~1, expression of genes

are positively correlated). Data were conducted from three biological replicates (n = 3), analysed by the Speaman test in SPSS 13.0 software (IBM

SPSS Software, https://www.ibm.com/analytics/data-science/predictive-analytics/spss-statistical-software) and visualized by the “pheatmap”

package implemented in R (https://cran.r-project.org/web/packages/pheatmap/index.html)
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changes were detected for C4H and LAR expression but

not consistent among time points.

Discussion

There have been several studies showing the polyphenol

accumulation can be changed in tea leaves under shad-

ing conditions, along with an enhancement of green

color or pigmentation changes even in some yellow or

purple phenotypes [10, 11, 43, 44]. Although the major-

ity of previous studies have been carried out

predominantly on the shading effects on catechin bio-

synthesis in different tea cultivars [11, 13, 44], this study

is the first study to investigate the transcriptional regula-

tion of flavonoid biosynthesis in relation to the shading

responses delivered from different light signal transduc-

tions in C. sinensis.

Shading stimulates chlorophyll accumulation

The accumulation of chlorophylls in tea buds was sig-

nificantly modulated by light condition in tea plantation

Fig. 7 The shading effects on gene expression in tea buds analysed by both RNA-seq and qRT-PCR. R, relevance factor of gene expression

between RNA-Seq and qRT-PCR data by the double factor correlation test in SPSS 13.0 software. C4h, C8h, C2d and C14d indicate samples

collected at 4h, 8h, 2d and 14d in the Control treatment. S4h, S8h, S2d and S14d indicate samples collected at 4h, 8h, 2d and 14d in the shading

treatment. Data shown are the average mean ± SE of three replicates (n = 3). *Significant differences comparing the Control treatment at each

time point according to one-way ANOVA and a Fisher’s LSD test at the 5% level (*p < 0.05, **p < 0.01). Different letters indicate statistical

significance among time points for the Control (a, b, c, d) and Shading (e, f, g, h) treatments in qRT-PCR using one-way ANOVA and a Fisher’s

LSD test at the 5% significance level
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(Figs. 1, 2 and 3). Shading the tea plants by covering

nylon nets, the green color of tea leaves was enhanced

along with the simultaneous increases in chlorophyll

accumulation (Fig. 1). These findings are consistent to

the previous studies that the shaded leaf greening results

from an increase in leaf chlorophyll and carotenoid

abundance and chloroplast development [13, 44].

Besides the green tea phenotypes [11], similar

shade-induced responses on chlorophylls and flavo-

noids were detected from yellow leaf phenotypes,

such as albino cultivars C. sinensis cv. Yujinxiang [13]

and Baijiguan [44]. It is suggested that pale yellow leaves

in albino cultivars have aberrant chloroplast development,

but shading treatment is able to recover (at least partially)

normal leaf chloroplast development and leaf color [13].

However, there remains a great deal to be learnt about the

regulatory metabolism of different light conditions leading

to changes in chloroplast development and chlorophyll ac-

cumulation in tea plants.

Shading represses the flavonoid biosynthetic pathway

The biosynthesis of flavonoids has been one of the most

important areas with extensive studies in tea research

[34, 45–48]. In the present study, flavonols and major

catechins (in particular C, EC, GC and EGC) decreased

significantly in tea buds that gave a different quantitative

profile of flavonoid products throughout shading period

(Fig. 3). Furthermore, the reduction of flavonoids was

notably correlated with the period and the level of shad-

ing treatments. To explain the effects of shading on fla-

vonoid biosynthesis in more detail, we studied relevant

genes involved in the flavonoid biosynthetic pathway by

both the RNA-Seq and qRT-PCR analyses. Of 16 known

enzyme genes in the flavonoid biosynthetic pathway,

most gave a significant shading response in tea buds

(Fig. 5a and 7). F3’H and FLS significantly decreased

throughout shading, whereas the others (PAL, CHS,

DFR, ANS, ANR and LAR, etc.) temporally decreased in

early or late shading stages. This is probably due to the

different regulatory networks of individual gene activities

in tea plants. These results were consistent to the previ-

ous findings on genes involved in the flavonoid biosyn-

thetic pathway under shading conditions, particularly

the FLS and CHSs genes in requirement for light expos-

ure [13, 44]. The transcription of FLS and F3’H leading

to quercetin and kaempferol have been reported to be

decreased after shading which were positively correlated

with the reduced accumulation of quercetin and kaemp-

ferol in albino cultivar C. sinensis cv. Yujinxiang [13].

Consistently, significant shading reduction of FLS ex-

pression was detected in this study with the simultan-

eous down regulation of keampferol-7-O-glucoside and

kaempferol-3-O-galactopyranoside, but no quercetin

was detected.

It’s still a mystery why tea plants accumulate such a

high level of catechins (up to 25–30% of the dry weight

of tea leaves) when compared with other high plants. It

has been suggested that the catechins potentially serve

as antioxidants to protect tea plants from oxidative

stresses (including high light damage) and to promote

stress tolerance in tea plants [29]. Recent analyses of

transcriptome and phytochemistry data suggested that

amplification and transcriptional divergence of genes

encoding a large acyltransferase family and LARs are as-

sociated with the characteristic young leaf accumulation

of monomeric galloylated catechins in tea plants [49].

The transcriptional regulation of the flavonoid biosyn-

thetic pathway is mainly attributed to a MBW complex

conducted of DNA-binding R2R3-MYB TFs, MYC-like

basic helix-loop-helix and WD40 proteins [50–57].

However, due to the lack of genome information [49,

58], there has been no much detail on the transcription

factors in relation to flavonoid biosynthesis and shading

responses in tea plants. In this study, totally 26 unigenes

of 15 TFs were annotated to be associated with flavonoid

biosynthesis in our assembled transcriptome datasets,

including MYB4, MYB11, MYB12, MYB111 and

MYB330 (Additional file 3). TF MYB12 has been shown

by transient reporter assays and complementation of A.

thaliana mutants with flavonol-deficient phenotypes to

be a positive regulator of FLS in grapevines [59]. Se-

quence analysis of MYB12 and FLS suggested putative

light regulatory units in the promoters of both genes

[38]. In the present study, MYB12 showed significantly

lower expression in tea buds under shading condition,

which was consistent with the decreasing pattern of FLS

expression and flavonol accumulation (Fig. 3b, 5a and 7).

These findings could suggest a regulatory role for

MYB12 in flavonol biosynthesis in C. sinensis, consistent

to the previous findings from other high plants [37, 59].

In addition, a R2R3-MYB TF of tea plants named as

CsMYB4a has been isolated and identified recently [34].

Transcriptional and metabolic analyses indicated

CsMYB4a expression is negatively correlated to the ac-

cumulation of six flavan-3-ols and other phenolic acids.

Further CsMYB4a-AC element and CsMYB4a-promoter

interaction analyses suggested that the negative regula-

tion of CsMYB4a on the flavonoid pathway is via redu-

cing promoter activities of CsC4H, Cs4CL, CsCHS,

CsLAR and CsANR2 [34]. However, no significant shad-

ing effect was detected at the transcriptional level for

MYB4 or other TFs in this study, such as MYB11 and

MYB111.

UVR8-mediated signaling genes are transcriptionally

correlated with the flavonoid biosynthetic pathway

The understanding of molecular metabolism at the tran-

scriptional level in tea plants has taken a step with the
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application of RNA-Seq technology [60–62]. Through

our assembled tea transcriptome datasets, 46 representa-

tive unigenes (in total 77 annotated unigenes) thought to

be involved in the UV-B, UV-A/blue and red/far-red

light signal transductions were measured in this study

(Additional files 4, 5 and 6). Cluster analysis of gene ac-

tivities attributed the regulation of flavonoid accumula-

tion to the UVR8-mediated signal transduction pathway

(Fig. 5c). Indeed, the central signaling modulator HY5

associated with plant photomorphogenesis and crossed

over three light signal transduction pathways was signifi-

cantly decreased in response to shading (Fig. 5b and 7).

MYB12, the flavonol specific regulator, presented signifi-

cant decrease after shading and clustered tightly to HY5

and FLS expression in tea buds. Most of genes (LAR,

F3’H, ANS, ANR, DFR, CHI and CHSs, etc.) and TFs

(MYB4, MYB14, MYB111 and WDR5A) associated with

the flavonoid biosynthetic pathway showed similar re-

sponses to the signal regulators involved in the

UVR8-mediated signal transduction pathway (COP1 and

RUP1/2). According to the previous studies in A. thali-

ana, MYB11, MYB12 and MYB111 activate, in parallel,

the biosynthetic enzyme encoding genes CHS, CHI, F3H

and FLS leading to flavonol accumulation [35, 36]. These

MYB TFs were also found to control the spatial distribu-

tion of flavonoids at the transcriptional level [36, 38] and

their functions were light/UV-B inducible [33, 63]. Fur-

thermore, MYB4 has been found in tea plants to be a

transcriptional repressor of several key enzyme encoding

genes involved in flavonol and catechin biosynthesis

[34]. MYB12 has been shown to be light inducible and

positively regulating the activity of FLS in response to

light, specifically UV-B radiation in plants [30, 37]. The

involvements and characteristics of UV-induced TFs, to-

gether with their similar responses to shading implied

that the UVR8-mediated signal transduction pathway

played a more central role in modulating flavonoid bio-

synthesis in tea plants, when compared to the UV-A/

blue and red/far light signal transduction pathways.

This view was supported by KEGG enrichment and fur-

ther matrix correlation analysis (Figs. 4 and 6). KEGG en-

richment indicated that genes involved in the

UVR8-mediated signal transduction pathway were signifi-

cantly affected by shading and potentially played a more

crucial role in regulating flavonoid biosynthesis in re-

sponse to shading than other light signal pathways. In

addition to KEGG enrichment, the matrix correlation ana-

lysis showed that main genes (ANS, CHSs, PAL, FLS, DFR,

LAR and C4H, etc.) and TFs (MYB4, MYB12, MYB14 and

MYB111, etc.) associated with the flavonoid biosynthetic

pathway presented a clear and positive correlation to po-

tential genes involved in the UVR8-mediated signal trans-

duction pathway (HY5, COP1, RUP1/2 and RCDs, etc.;

Fig. 6a). Photoreceptors, including specific pigmentations

and proteins involved in UV-A/blue light perceptions,

showed some negative correlations to structural genes of

the flavonoid biosynthetic pathway (CRY1/2 and ZTL;

CHSs and FLS genes). However, no correlation was found

for the downstream genes and TFs between the flavonoid

biosynthetic pathway and UV-A/blue light transduction

pathway (Fig. 6b).

UV-B signal transduction pathway mediates the shading-

reduced flavonoid biosynthesis

Shading usually leads to changes in plant morphogenesis

and activations of the shade-avoidance syndrome [16–18].

Previous studies have indicated that the composition of

light wavelengths can be modified under shading condi-

tions, with UV-B radiation significantly attenuated when

compared with the natural sunlight [16, 18]. It has been

suggested that UVR8-mediated plant responses are likely

involved in morphological changes due to the

shading-caused UV-B strength attenuation and dosage re-

duction [16]. We observed chlorophyll increases in tea

leaves and delayed budding of young shoots under shad-

ing conditions in this study (Fig. 1b and c). Our study also

showed that the shading effects included quantitative

changes in flavonol and catechin accumulation (Fig. 3),

modifications in transcript abundance of genes and TFs

involved in flavonoid biosynthesis (Fig. 5a and 7), as well

as responses in activities of potential genes and mediators

associated with different light signal transductions in tea

buds (Fig. 5b and 7). Further, transcriptome data revealed

the co-expression of these light signaling genes with fla-

vonoid biosynthesis- and regulation-related genes and TFs

(Fig. 6a).

As modeled in Fig. 8, the photoreceptions and early

signal delivery of the UVR8-mediated low fluence UV-B

responses have been largely characterized in model plant

A. thaliana [25, 26, 39]. Under visible light (400–

750 nm), UVR8 proteins in plant cells appear as homo-

dimers. Once UV-B signal is perceived by the intrinsic

tryptophan chromophores, UVR8 homodimer dissoci-

ates into their active monomer conformation [64, 65].

The activated UVR8 monomer interacts directly with a

positive regulator COP1 leading to HY5 stabilization

and enhances binding of HY5 to the promoter regions

of UV-B responsive genes [27, 31, 66]. TF MYB12, a

UV-B inducible and specific positive regulator for FLS

[30, 37, 59], together with TF MYB4 which functions as

a transcriptional repressor of LAR and ANR2, etc. [34]

delivers the UV-B responses from early UVR8-mediated

signal events to relevant genes in the flavonoid biosyn-

thetic pathway and eventually modulates the flavonol

and catechin accumulation in plants [32–34]. Other

R2R3-type MYB TFs, including MYB11, MYB14 and

MYB111 which have been reported to control the ex-

pression of CHS, CHI, F3’H and FLS1 are likely to be
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involved in this regulatory mechanism [35, 36]. However

when emerging underneath an established canopy or

shading condition, the dissociation of UVR8 homodi-

mers becomes constrained, either through degradation

or an unknown negative regulation step due to UV-B at-

tenuation [40], thus leads to a reduction of HY5

stabilization. This response limits promotion of MYB12

and reduces activation of downstream responsive genes

in the flavonoid biosynthetic pathway (FLS, CHSs, and

F3’H, etc.), therefore cutoffs the investment in final

products, flavonols, etc. Meanwhile, the reduction of

UV-B radiation might down regulate the expression of

relevant genes leading to flavonols (C4H, 4CL and CHS,

etc.) and catechins (LAR and ANR, etc.) through the

regulation (activation) of MYB4, eventually operates the

flavonol and catechin production in response to shading

condition in tea plants.

To further validate the effects of UVR8-meditated signal

transduction pathway in regulating flavonoid biosyn-

thesis in tea plants, a controlled environment experi-

ment was conducted using hydroponic tea plants and

artificial supplement of UV-B radiation (Fig. 9). In

contrast to reduction of flavonols and catechins in tea

buds under shading condition, flavonols and catechins

showed some increases after UV-B exposure in the

controlled environment (Fig. 9a). This is particularly

interesting in respect to a previous publication sug-

gesting that low fluence and short term of UV-B

radiation stimulates the accumulation of major tea

catechins including GC, EC and EGCG, finally results

in an increase of total catechins in tea leaves [29].

Consistent results were detected in this study, with

both GC and EGCG abundance presented some in-

creases after UV-B exposure. The fluence of UV-B ra-

diation plays an important role in determining gene

expression and flavonoid biosynthesis, either through

the specific UV-B signal transduction pathway medi-

ated by UVR8 or high fluence UV-B being recognized

as a potential damaging/stress signal and lead to

many known signal transduction mechanisms includ-

ing pathogen-related proteins and reactive oxygen

species [26, 39, 51]. Furthermore, significant increases

detected in transcriptional expression of HY5, MYB12,

FLS and CHS1 suggest a central role of MYB12 in

delivering UV-B responses from early UV-B percep-

tion to downstream responsive genes in flavonoid bio-

synthesis (Fig. 9b). This is consistent with the

function of MYB12 in regulating flavonols under

UV-B radiation in other commercially important

plants, such as grapevine and apple [51, 52, 54]. In

addition, significant changes were also found in MYB4 ex-

pression under controlled condition, with slight increases

after short term of UV-B exposure (1d and 3d) and de-

creases after long term of UV-B exposure (7d and 14d,

Fig. 9b). The UV-B induced decreases in MYB4 expression

is consistent with the previous findings that MYB4 is

down regulated in response to UV-B radiation [32, 33].

Together, the UV-B responses of flavonols and catechins,

the transcriptional changes of candidate genes and TFs in-

volved in flavonoid biosynthesis and the UVR8-mediated

Fig. 8 Working model for flavonoid biosynthesis in tea plants regulated by the UVR8-mediated signal transduction pathway in response to

shading conditions. The full names of genes and TFs are shown in abbreviation
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signal transduction pathway, both suggest an essential role

of UV-B radiation in modulating flavonoid biosynthesis in

tea plants.

Conclusions

Flavonoid biosynthesis in tea plants is tightly regulated

by both internal regulatory factors and environmental

cues. Especially, light signal consisted of various wave-

lengths including UV-B radiation is the crucial regulator

for flavonoid biosynthesis in tea plantation. We here

demonstrated that the reduction of flavonols and cate-

chins in shading tea plants was mainly modulated

through the down regulation of biosynthetic genes and

TFs associated with flavonoid biosynthesis caused by re-

duced UV-B radiation. When compared with the UV-A/

blue and red/far-red light signal transductions, genes in-

volved in the UVR8-mediated signal transduction path-

way are more central to determining flavonoid

production in tea plants in response to shading. This

study provides new insights into our understanding of

shading effects on flavonoid biosynthesis in tea plants,

which has been an often used strategy to improve tea

quality. The UV-B signal transduction is identified as the

key factor to regulate flavonoid production in response

Fig. 9 The effects of UV-B on major catechins and gene expression in UV-B experiment carried out in the controlled environment. a The

concentration of major catechins in tea sample (bud with one developing leaf) from both the control and UV-B treatments in the controlled

environment analysed by HPLC. b The expression of annotated unigenes in tea buds from both the Control and UV-B treatments in the

controlled environment analysed by qRT-PCR. The full name of catechins and description of treatments in the controlled environment UV-B

experiment are shown as above in Fig. 2. C1d, C3d, C7d and C14d indicate samples collected at 1d, 3d, 7d and 14d in the Control treatment.

U1d, U3d, U7d and U14d indicate samples collected at 1d, 3d, 7d and 14d in the UV-B treatment. Data shown are the average mean ± SE of

three replicates (n = 3). ns, no significance. *Significant differences comparing the Control treatment at each time point according to one-way

ANOVA and a Fisher’s LSD test at the 5% level (*p < 0.05, **p < 0.01). Different letters indicate statistical significance among time points for the

Control (a, b, c, d) and UV-B (e, f, g, h) treatments using one-way ANOVA and a Fisher’s LSD test at the 5% significance level
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to shading in a non-model and important commercial

plant, C. sinensis.

Methods
Shading treatments in tea plantation

The shading experiment was carried out in Anhui Agri-

cultural University research tea plantation (31°. 55’

North, 117°. 12′ East; Hefei City, Anhui Province,

China). 12 rows of C. sinensis cv. Shuchazao tea plants

(50 m long and 1.4 m wide of each row, 2 m between

and 0.6 m within row spacing) were selected for the

treatments. The tea plants were 24 years old from cut-

tage propagation (1.4 m wide and 1.5 m tall from the soil

surface, 0.5 m between plants within the row). The set

up of shading treatments are shown as in Fig. 1a. The

nylon black nets with different light transmitting charac-

teristics (Nongfeng Company, Hefei, China) were placed

about 1.5 m over the tea plants for shading treatments.

Each treatment was replicated three times and the posi-

tions of treatments randomized statistically within the

rows. The shading experiment was consisted of three

treatments: tea plants with naturally growth (Control);

tea plants with 50–60% shading treatment (S50–60%,

40–50% of natural sunlight can be transmitted through

the nets); tea plants with 80–90% shading treatment

(S80–90%, 10–20% of natural sunlight can be transmit-

ted). The nets were placed over the plants on 12nd of

April in 2017 when a new round of bud burst started.

Tea buds were collected throughout shading treatments

(4h, 8h, 2d, 4d, 8d, and 14d after shading). All the mate-

rials were frozen immediately in the field using liquid ni-

trogen and stored at − 80 °C for future use.

Environmental parameters were measured among each

treatment to monitor the growth conditions of tea plants

during shading experiment, including the PAR (Light

Scout® Quantum Light Meters, Item#3415F, Spectrum

Technology® Inc. USA), temperature, humidity, and the

content of CO2 around tea leaves (TEMP/RH/CO2

hand-held meter, catalog#3440, Spectrum Technology®

Inc. USA).

UV-B treatment under the controlled condition

A controlled environment cabinet with full PAR trans-

mission was used for UV-B treatment (3 m wide and

5 m length). C. sinensis cv. Shuchazao tea plants were

grown from cuttage propagation in Anhui Agricultural

University research tea plantation for two years. Before

the UV-B treatment started, tea plants were moved into

the cabinet and grown in a hydroponic culture system

[67] for about three months until the new root and buds

began to grow. Tea plants with good growth conditions

and similar size were selected and divided into two

groups: 60 plants for the UV-B treatment (UV-B), 60

plants for the control treatment (Control). Tea plants

for UV-B treatment were exposed to PAR and supple-

mentary UV-B radiation (20 μW/cm2, 8 h/d), while the

control plants were exposed to pure PAR. Samples were

collected at 1d, 3d, 7d, and 14d from both the UV-B and

Control treatments. At each time point, 15 plants from

the Control treatment and 15 plants from the UV-B

treatment were removed from the cabinet. Tea bud with

one developing leaf were immediately collected and fro-

zen in liquid nitrogen (5 plants for each biological repli-

cate), then stored at − 80 °C for future use.

UV-B radiation was provided by UVB-313 UV fluores-

cent tubes (Q-Lab Company, Westlake, USA). UV-B

Fluence was measured by a UVB Biometer model 501

radiometer (Solar Light Company, Glenside, PA, USA).

Temperature (24 °C /18 °C, day/night) and humidity

(70–80%) were controlled in the cabinet.

Chlorophyll analysis

0.1 g fresh tea buds were cut into small pieces. Chloro-

phylls were extracted overnight using 10 mL solvent (5%

acetone in 95% ethanol, v/v) until the pieces became

completely white, then the extraction was measured

using an ultraviolet spectrophotometer (U-5100, Hitachi,

Japan) at A645 and A663. The chlorophyll contents were

calculated using the following formula: Chla = 12.70

A663–2.69 A645; Chlb = 22.9A645–4.68A663.

Flavonoid analysis

Tea flavonoids were extracted and measured according to

the methods previously described with minor modifica-

tions [62]. Frozen tea buds were grounded in liquid nitro-

gen with a mortar and pestle. 0.1 g of the sample was

extracted with 3 mL 80% methanol in an ultrasonic soni-

cator for 10 min at 4 °C. After centrifugation (13,000 rpm,

10 min), the residues were re-extracted twice as described

above. The supernatants were combined and diluted with

80% methanol to a fixed volume of 10 mL. Then the su-

pernatants were filtered through a 0.22 μm organic mem-

brane and collected for HPLC analysis.

Tea flavonoids were measured using a HPLC system

(Waters 2695) coupled to an ultraviolet-visible detector

(Waters 2489) as previously described with modifica-

tions [62]. A reverse phase C18 column (Phenomenex

250 mm × 4.6 mm, 5 μm) was used at a flow rate of

1.0 mL min− 1. The detection wavelength was set at

278 nm at a column temperature of 25 °C. The separ-

ation used solvent A (0.2% acetic acid in water, v/v) and

solvent B (100% methanol) with the following gradient:

0 min, 94% A, 6% B; 4 min, 94% A, 6% B; 16 min,

86% A, 14% B; 22 min, 85% A, 15% B; 32 min, 82% A,

18% B; 37 min, 71% A, 29% B; 45 min, 55% A, 45% B;

50 min, 55% A, 45% B; 51 min, 94% A, 6% B; 60 min,

94% A, 6% B. 10 μL of the extraction was injected for

analysis. C, EC, GC, EGC, EGCG, GCG, ECG, K3G and
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K7Gal were used as standards for sample quantification

(Sigma Chemical Company, St. Louis, MO, USA). The

total catechin contents were calculated as the sum of

seven individual catechins.

RNA-Seq analysis

The high-quality RNA extraction for the Control and

S80–90% treatments, library conduction and RNA-Seq

performed by the Illumina HiSeq2000 were carried out

professionally in Wuhan Bosaixi Biotechnology Com-

pany (Wuhan, China). Clean reads were combined and

assembled separately using the transcriptome assembler

Trinity (version r20140717) with default parameters

[68]. Unigene were functional annotated with alignments

to the NR, Swiss-Prot, KOG, KEGG and GO databases,

respectively.

The KEGG enrichment analysis was conducted ac-

cording to the DEGs in the assembled tea transcriptome

datasets and KEGG database visualized in R (https://

cran.r-project.org/web/packages/pheatmap/index.html).

The heatmaps for gene expression were conducted using

the “pheatmap” package implemented in R. The com-

petitive expression (the thresholds of log2 FPKMshading/

FPKMcontrol) was used to conduct heatmaps for gene ex-

pression. The matrix correlation of transcript abundance

(FPKM values) among genes and TFs associated with

the flavonoid biosynthesis and different light signal

transduction pathways were analysed by the Speaman

test in SPSS 13.0 software (IBM SPSS Software, https://

www.ibm.com/analytics/data-science/predictive-analy-

tics/spss-statistical-software) and visualized by the

“pheatmap” package implemented in R.

qRT-PCR analysis

To validate the accuracy of unigenes obtained from the as-

sembled tea transcriptome datasets and profiling of gene

expression via RNA-Seq, qRT-PCR was performed for the

selected unigenes. Total RNA was isolated from tea buds

using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich,

Shanghai, China). RNA samples were treated by the

TURBO DNA-free™ Kit (Sigma-Aldrich, Shanghai, China)

to remove traces of genomic DNA. Single-stranded

cDNAs used for qRT-PCR were synthesized using a

Prime-Script™ Strand cDNA Synthesis Kit (TaKaRa, Da-

lian, China). qRT-PCR was carried out using the SYBR

green method for detection of double-stranded PCR prod-

ucts (TaKaRa, Dalian, China). An IQ5 real-time PCR de-

tection system (Bio-Rad) was utilized in this study as

previously described [62]. The tea β-actin gene was used

as an internal reference gene (HQ420251.1, https://

www.ncbi.nlm.nih.gov/nuccore/HQ420251.1) [69]. The

primers for 17 selected unigene in this study were de-

signed by Primer Premier 5.0 software (PREMIER Biosoft

Company, http://www.premierbiosoft.com/index.html,

Additional file 7).

Statistic analysis

All the data presented in this study were calculated from

three independent biological replicates, including chloro-

phylls, the total and individual catechins/flavonols,

RNA-Seq and qRT-PCR analysis. Statistical analyses

were conducted using the Minitab 16.0 statistical soft-

ware package (Minitab Inc., Coventry, UK). Data were

analysed by one-way analysis of variance (ANOVA) and

a Fisher’s least significant difference (LSD) test at the 5%

level.

Additional files

Additional file 1: Primers of annotated unigenes designed for qRT-PCR

analysis in this study. (XLSX 12 kb)

Additional file 2: Statistics information from the generated

transcriptome reads. (XLSX 16 kb)

Additional file 3: Transcript abundance of main genes involved in the

flavonoid biosynthetic pathway annotated in tea transcriptome datasets.

(XLSX 12 kb)

Additional file 4: Transcript abundance of potential TFs involved in the

flavonoid biosynthetic pathway annotated in tea transcriptome datasets.

(XLSX 12 kb)

Additional file 5: Transcript abundance of potential genes involved in

the UVR8-mediated signal transduction pathway annotated in tea tran-

scriptome datasets. (XLSX 11 kb)

Additional file 6: Transcript abundance of potential genes involved in

the UV-A/blue light signal transduction pathway annotated in tea tran-

scriptome datasets. (XLSX 12 kb)

Additional file 7: Transcript abundance of potential genes involved in

the red/far-red light signal transduction pathway annotated in tea

transcriptome datasets. (XLSX 10 kb)
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