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Abstract: Purple shoots of  tea germplasm Zijuan (Camellia sinensis var.  asssamica) have high anthocyanin content 
and gradually turn green with continued growth and development. To uncover the mechanism of this colour change, 
we performed transcriptome analysis to  identify differentially expressed genes (DEGs). A  total of 18 328 DEGs were 
identified in purple tender shoots of Zijuan (ZJP) compared with mature green leaves of Zijuan (ZJG). These included 
85 DEGs associated with phenylpropanoid biosynthesis, 30 DEGs associated with flavonoid biosynthesis, and 3 DEGs 
involved in flavone and flavonol biosynthesis. We detected higher expression in ZJP than in ZJG of genes encoding the 
following key enzymes regulating anthocyanin biosynthesis and their corresponding metabolites: chalcone synthase 
(CHS), anthocyanidin synthase (ANS), anthocyanidin reductase (ANR), adenosine triphosphate (ATP)-binding casset-
te (ABC) transporters, bifunctional 3-dehydroquinate dehydratase (DHQ), chorismate mutase (CM), cinnamoyl-CoA 
reductase 1 (CCR), and cinnamyl alcohol dehydrogenase (CAD). In addition, upregulated expression of carbohydrate 
metabolism, glycolysis pathway, sucrose metabolism, and pyruvate metabolism suggested that glycolysis and upregu-
lation of  the sucrose synthase (SUS) gene may provide more intermediates as  substrates for promoting anthocyanin 
accumulation in  ZJP. Moreover, DEGs involved in  anthocyanin biosynthesis, including phenylalanine ammonialyase 
(PAL), cinnamate acid 4-hydroxylase (C4H), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonol synthase 
(FLS), ANR, ANS, CHS, and flavonoid 3',5'-hydroxylase (F3'5'H) were significantly (P < 0.01) correlated with the contents 
of anthocyanin components such as cyanidin (Cy), delphinidin (Dp), peonidin (Pn), petunidin (Pt), and malvidin (Mv). 
The above results suggested that these upregulated DEGs may contribute to anthocyanin accumulation in ZJP and may 
play important roles in the colour changes in Zijuan tea. This research provided a foundation for clarifying the mecha-
nisms underlying colour changes in Zijuan tea.
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In recent years, many researchers have studied an-
thocyanin-rich tea cultivars, such as Ziyan, Ziya, and 
Zijuan, for developing new products with abundant 
healthcare benefits for humans (Jiang et al. 2013; Joshi 
et al. 2015; Lai et al. 2016). Zijuan tea [Camellia sin-
ensis var.  asssamica (Masters) Kitamura] is  excellent 
purple tea germplasm cultivated in China for its high 
anthocyanin content in immature shoots (0.58–6.16%) 
(Jiang et al. 2013). The purple leaves at the top of the 
stems gradually become green with leaf development, 
making them a good material for studying anthocyanin 
biosynthesis.

Plant anthocyanins are natural, water-soluble pig-
ments that have been studied extensively owing 
to  their notable antioxidation, tumour-suppression, 
and liver-protecting functions (Holton and Cornish 
1995; Kang et al. 2015; Nabavi et al. 2018). Anthocya-
nins are produced by  the typical biosynthetic path-
way: phenylalanine → cinnamic acid → 4-coumaric 
acid → 4-coumaroyl-CoA → chalcone → naringenin 
→ dihydrokaempferol → leucodelphinidin → delphi-
nidin → delphinidin-3-glucoside → anthocyanins, 
and then stored in  cell vacuoles where they exhibit 
different colours in  the form of  cyanine glycosides 
after glycosylation (Zhao et  al. 2016). Ten genes re-
lated to  anthocyanin metabolism in  model plants, 
phenylalanine ammonialyase (PAL), cinnamate acid 
4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), 
chalcone synthase (CHS), chalcone isomerase (CHI), 
flavanone 3-hydroxylase (F3H), flavonoid 3',5'-hy-
droxylase (F3'5'H), flavonol synthase (FLS), dihydrofla-
vonol 4-reductase (DFR), and anthocyanidin synthase 
(ANS), have been identified by  transcriptome se-
quencing; these genes were confirmed to be essential 
for anthocyanin accumulation and play an  important 
role in flavonoid metabolism (Wang et al. 2014, 2017; 
Zhao et al. 2014). In addition, key genes in C. sinensis, 
such as R2R3-MYB, CsAN1, and CsUGT72AM1, have 
been proven to regulate the accumulation of anthocya-
nins and flavonols in purple-leaf tea (Sun et al. 2016;  
He et al. 2018).

However, the regulatory mechanism of  anthocya-
nin biosynthesis in  purple leaves of  Zijuan tea trees 
remains unclear. To explore the mechanism of purple 
shoot colouration in Zijuan, we conducted transcrip-
tome analysis of  the ZJP and ZJG. We  identified dif-
ferentially expressed genes (DEGs) in the anthocyanin 
biosynthesis and other metabolic pathways, including 
carbohydrate metabolism, shikimic acid pathway, and 
lignin biosynthesis, contributing to our understanding 
of anthocyanin biosynthesis in tea plants.

MATERIAL AND METHODS

Plant materials and high-performance liquid 
chromatography (HPLC) analysis of chemical com-
pounds. Zijuan tea (C. sinensis var. Kitamura), an an-
thocyanin-rich tea cultivar, has long been grown in the 
Yunnan province of China and was classified as a vari-
ety for protection (No.  20050031) by  the China State 
Forestry Administration in  2005 (Jiang et  al. 2013). 
Fifteen Zijuan tea trees were chosen from the tea gar-
den of the Tea Seed Multiplication Farm of Pu'er City, 
Yunnan Province, China. The trees were derived from 
a  mother Zijuan tea tree [C.  sinensis var.  assamica 
(Masters) Kitamura] for which genetic identification 
had been performed and which were cultivated in the 
Germplasm Garden of  Tea Research Institute, Yun-
nan Academy of  Agricultural Sciences in  Menghai, 
China. These 15  trees were divided into three groups 
(biological replicates) randomly, each group consist-
ing of 5 trees. Purple tender shoots (ZJP) (one leaf and 
one bud) and green mature leaves (ZJG) of Zijuan tea 
trees with similar sizes and colours, and without dis-
ease-, insect-, or  machinery-induced damage, were 
collected. A total of 35 ZJP and 35 ZJG samples from 
each group were harvested, respectively, in May 2018, 
and samples of the same type were pooled. All the sam-
ples were frozen quickly in liquid nitrogen and stored 
at –80  °C until use (89000 Series; Thermo Fisher Sci-
entific, US). Contents of  chemical compounds were 
detected by high-performance liquid chromatography 
(HPLC) analysis (1200 series; Agilent, US), as described 
previously by Zhao et al. (2015). Statistical analysis was 
performed using Prism 8 for Windows (GraphPad Soft-
ware, US). One-way analysis of variance (ANOVA) was 
used for difference analysis, and P < 0.05 was consid-
ered to be significantly different. Results are expressed 
as mean ± standard deviation (SD) (n = 3).

Ribonucleic acid (RNA) extraction, complemen-
tary deoxyribonucleic acid (cDNA) library prepara-
tion, and sequencing. Total ribonucleic acid (RNA) 
was extracted using TRIzol (Vazyme Biotech, China) 
according to the manufacturer's instructions. The qual-
ity and concentration of extracted RNA were assessed 
using Agilent  2100  Bio-analyzer (Agilent, US) and 
NanoDrop ND-1000 spectrophotometer (NanoDrop, 
US), respectively. The  construction of  two comple-
mentary deoxyribonucleic acid (cDNA) libraries and 
transcriptome sequencing were performed by Guang-
zhou Gene Denovo Biotechnology  Co.,  Ltd. (China). 
Briefly, the messenger ribonucleic acid (mRNA) was 
purified using oligo (dT)18 (Thermo Fisher Scientific, 
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US) and was fragmented using NEBNext First Strand 
Synthesis Reaction Buffer (NEB, US). First strand cDNA 
was then synthesised using random hexamer primers, 
and the second strand was synthesised using ribonucle-
ase H (RNaseH), DNA polymerase I, and deoxyribonu-
cleotide triphosphates (dNTPs). After adenylation of the 
3' end and purification of the cDNA library, polymerase 
chain reaction (PCR) was performed (QuantStudio  3; 
Thermo Fisher Scientific, US) using a high-fidelity ther-
mostable DNA polymerase. Finally, the PCR products 
were purified using the AMPure XP system (Beckman 
Coulter, US), and library quality was assessed using 
Agilent 2100 Bioanalyzer (Agilent, US).

After clustering using a  TruSeq PE Cluster Kit v3-
-cBot-HS (Illumina, US), the cDNA library generated 
was sequenced on an Illumina HiSeqTM 2000 platform 
(Biomarker Biotech, China), and paired-end reads were 
generated. Three biological replicates were sequenced 
for each sample.

Functional annotation. Raw data were filtered by re-
moving adapter sequences, low quality reads (those con-
taining > 50% reads with quality value ≤ 20) and reads 
with > 5% unknown nucleotides, and clean reads were 
produced for further analysis. To categorise gene func-
tions, all unigenes were aligned to the following public 
protein databases using Blastx (Altschul et  al. 1997): 
nonredundant (Nr) database (Deng et al. 2006), Swiss-
-Prot (Magrane and Consortium 2011), Kyoto Encyclo-
paedia of Genes and Genomes (KEGG) (Minoru et al. 
2007), and Cluster of Orthologous Groups of proteins 
(COG) (Tatusov et al. 2000). The best-aligning results 
were used to determine sequence directions. The pro-
teins showing the highest sequence similarity to  the 
given sequences identified in this study were retrieved 
and their functional annotations were determined. 
Gene ontology (GO) annotations were performed us-
ing the Blast2GO  5.0  program (Conesa et  al. 2005). 
The Web Gene Ontology Annotation Plot (WEGO 2.0) 
software (Ye et al. 2006) was implemented to  run the 
GO functional classifications for all sequences.

Differential expression analysis. Fragments per ki-
lobase of transcript per million fragments (FPKM) were 
used to  evaluate the expression of  the genes (Florea 
et  al. 2013). DEGs were screened according to  the 
sequence-based differential gene detection method 
of  Audic and Claverie (1997). Genes with expression 
levels showing |log2 (fold change)| > 1 and false discov-
ery rate (FDR) < 0.001 following Benjamini-Hochberg 
adjustment of P-value were considered as DEGs.

Quantitative reverse-transcription (qRT)-PCR ver-
ification analysis. The  quantitative reverse-transcrip-

tion (qRT)-PCR was performed to validate the reliability 
of RNA-sequencing (RNA-Seq) data. First strand cDNA 
was synthesised using a  PrimeScript RT  Reagent Kit 
with gDNA Eraser (Perfect Real Time) (Takara, Japan). 
qRT-PCR was performed in 20 μL reaction volumes con-
taining 2 μL of 100 ng cDNA, 0.8 μL each of 10 μM for-
ward and reverse primers, 0.4 μL ROX Reference Dye II, 
10  μL TB  Green Premix Ex  Taq  II (Tli RNaseH Plus) 
(Takara, Japan), and 6 μL ddH2O. Primers for qRT-PCR 
of  candidate DEGs are listed in  Table  S1 in  electronic 
supplementary material (ESM; for the ESM see the 
electronic version). PCR was conducted using a Quant-
Studio  5  Real-Time PCR instrument (Applied Bio-
systems, US) with 40  cycles of  95  °C for 30  s, 95  °C 
for 5 s, and 60  °C for 30 s. All samples were analysed 
in  three biological replicates. Chorionic somatomam-
motropin enhancer factor (CsEF) was used as a refer-
ence gene (Wu et al. 2016). Relative expression levels 
were calculated using the 2−ΔΔCT  method (Iseli et  al. 
1999; Livak and Schmittgen 2001). Statistical analysis 
was performed using Microsoft Excel 2016 and Graph-
Pad Prism 8.0 for Windows (GraphPad Software, US). 
One-way ANOVA was used for difference analysis, and 
P < 0.05 was considered to be significantly different.

RESULTS AND DISCUSSION

Chemical contents of tea leaves. Anthocyanin con-
tents [delphinidin (Dp), cyanidin (Cy), pelargonidin 
(Pg), peonidin (Pn), petunidin (Pt), malvidin (Mv)] 
in  ZJP were significantly higher than those in  ZJG. 
This indicated that more anthocyanins are biosyn-
thesised and accumulated in  young tea leaves, which 
may partly account for the colour change in  Zijuan 
shoots, consistent with previous studies (Li et al. 2017). 
There were discrepancies in the contents of catechins 
[(+)-catechin (C), (–)-epicatechin (EC), (–)-epigal-
locatechin (EGC), (–)-epicatechin-3-gallate (ECG), 
(–)-epigallocatechin-3-gallate (EGCG)], and flavonols 
[myricetin (Mc), quercetin (Qc), kaempferol (Kp)] 
(Figure  1 and Table  S2 in  ESM; for the ESM see the 
electronic version). These compounds share parts 
of  the anthocyanin biosynthesis pathway, and antho-
cyanins are substrates for the biosynthesis of  cate-
chins in many plants (Guo and Wang 2010). Previous 
work in another purple tea showed consistent results 
(Lai et  al. 2016; He  et  al. 2018). This may be  related 
to the different expression of genes in the anthocyanin 
metabolic pathway (Wang et  al. 2017). Furthermore, 
anthocyanins are considered as functional substances 
in anti-ageing, suppressing cancer tumours, reducing 

https://www.agriculturejournals.cz/publicFiles/408797.pdf
https://www.agriculturejournals.cz/publicFiles/408797.pdf
https://www.agriculturejournals.cz/publicFiles/408797.pdf
https://www.agriculturejournals.cz/publicFiles/408797.pdf
https://www.agriculturejournals.cz/publicFiles/408797.pdf


213

Original Paper	 Czech Journal of Food Sciences, 40, 2022 (3): 210–220

https://doi.org/10.17221/158/2020-CJFS

blood lipid levels, protecting the liver, and performing 
other physiological effects in humans (Kerio et al. 2013;  
Forester et  al. 2014). Thus, ZJP should be  harvested 
during tea processing, and this tea product should 
be purchased in the tea market.

DEG identification and enrichment analysis. To elu-
cidate the molecular mechanism underlying purple 
colour formation, we  performed RNA-Seq analysis us-
ing the Illumina platform. Each library for ZJP and ZJG 
produced 25 979 110 to 30 039 234 and 22 151 300 to  
25 095 360 total raw reads, respectively, following clean-
ing and quality checks. Q20 values (proportion of nucle-
otides with read quality values larger than 20) were over 
93.92%, and guanine-cytosine (GC) percentages were 
43.98% to 44.31% for ZJP and 43.27% to 44.18% for ZJG 
(Table 1). These data showed that the RNA-Seq quality 
was good and the data could be used for further analysis.

Gene expression is closely related to the concentra-
tion of  total catechins and anthocyanins at  various 
stages of leaf development (Li et al. 2017). In our tran-
scriptome, we identified 18 328 DEGs between ZJP and 
ZJG libraries based on the reads per kilo base of tran-
script per  million mapped reads (RPKM) method. 
Of  these, 12  371  were upregulated and 5  975  were 
downregulated in ZJP compared with ZJG (Figure S1 
and Table S3 in ESM; for the ESM see the electronic 
version). After matching the sequences to those avail-

able in  public protein databases, 36  621  unigenes 
were annotated, with 36  451, 24  260, 10  674, and 
9 155 matching annotated genes in the Nr, Swiss-Prot, 
COG and KEGG databases, respectively. GO analysis 
revealed that 18  328, 12  052, and 14  093  DEGs were 
enriched to categories of 31 biological processes (BP), 
14 cellular components (CC), and 24 molecular func-
tions (MF), respectively. The terms 'metabolic process', 
'cellular process', and 'single-organism process' were 
the dominant categories enriched among BP; 'cell', 'cell 
part', and 'organelle' were highly represented categories 
among CC. A large proportion of genes were enriched 
in  'metabolic process', 'catalytic activity', and 'cellular 
process' categories for MF (Table  S4 in  ESM; for the 
ESM see the electronic version).

We mapped all DEGs to  the KEGG database, and 
2 851 DEGs were enriched to 115 pathways (Table S4 
in ESM; for the ESM see the electronic version). Most 
of  these DEGs were enriched in  'phenylpropanoid 
biosynthesis' (up-/down-regulated unigenes in  ZJP 
compared with ZJG: 73/12), 'flavonoid biosynthesis' 
(28/2), 'plant hormone signal transduction' (82/38), and 
'biosynthesis of  secondary metabolites' (374/29), fol-
lowed by other pathways such as 'metabolic pathways' 
(504/256) and 'nitrogen metabolism' (27/9); 'cyanoam-
ino acid metabolism' (20/5) and 'tyrosine metabolism' 
(12/5) showed the lowest enrichment. To uncover the 
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Figure 1. Comparison of chemical compound contents between ZJP and ZJG: (A) experimental materials, (B) heatmap 
diagram showing disparity in catechin, anthocyanin, and flavonol contents

*Significant difference (P < 0.05); ZJP – purple tender shoots of Zijuan; ZJG – mature green leaves of Zijuan; Cy – cyanidin; 
EC – (–)-epicatechin; Kp – kaempferol; Qc – quercetin; EGC – (–)-epigallocatechin; ECG – (–)-epicatechin-3-gallate; 
EGCG – (–)-epigallocatechin-3-gallate; Dp – delphinidin; C – catechin; Mc – myricetin; Mv – malvidin; Pn – peonidin; 
Pg – pelargonidin; Pt – petunidin; the heatmap was constructed based on log2 (chemical compound content); data are 
presented as the mean (n = 3)
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mechanism behind the colour change, we  paid most 
attention to  the metabolic pathways, especially those 
involving flavonoid, phenylpropanoid, flavone, and fla-
vonol biosynthesis, anthocyanin transportation, and 
carbohydrate metabolism (Li  et  al. 2017). This indi-
cated that increased anthocyanin content in  ZJP was 
probably correlated with high expression levels of re-
lated genes in each pathway.

DEGs involved in  anthocyanin biosynthesis and 
transportation pathways. Anthocyanins are water-
-soluble, natural pigments existing widely in  plants 
and belong to  flavonoids. Anthocyanin biosynthesis 
is a subpathway of flavonoid biosynthesis in phenylpro-
panoid metabolism, which is a complex secondary met-
abolic network (Guo and Wang 2010). We  identified 
14 enzymes related to anthocyanin metabolism using 
KEGG function annotation and comparison with the 
SwissProt database, and these are regulated by the ex-
pression of 48 unigenes (Figure 2 and Table S5 in ESM; 
for the ESM see the electronic version). In  the  phe-
nylpropanoid biosynthesis pathway, 18  upregulated 
unigenes encoded PAL, seven upregulated unigenes 
encoded 4CL, and two upregulated unigenes encoded 
shikimate O-hydroxycinnamoyltransferase (HCT) and 
trans-cinnamate 4-monooxygenase (CYP73A), respec-
tively. Only one unigene encoded uridine diphosphate 
(UDP)-glycosyltransferase (UGT72E) (Figure  2A). 
The  catalytic activity of  these enzymes provides ad-
ditional substrates such as  4-coumaroyl-CoA for 
flavonoid biosynthesis, laying the foundation for an-
thocyanin accumulation (Li  et  al. 2017). Paralogous 
'purple colour' genes, including CHS, CHI, flavonoid 
3'-hydroxylase (F3'H), and ANS, were upregulated 
in ZJP (Tanaka et al. 2010; Clark and Verwoerd 2011) 
(Figure  2B). For  the flavonoid biosynthesis pathway, 
two upregulated unigenes encoded CYP73A, HCT, FLS 
and anthocyanidin reductase (ANR), respectively. One 
upregulated unigene encoded CHI, four upregulated 

unigenes encoded CHS, and one up- and one down-
-regulated unigene encoded F3H. In the flavone and fla-
vonol biosynthesis pathway, two upregulated unigenes 
encoded flavonoid 3'5'-hydroxylase (F3'5'H) and one 
upregulated unigene encoded flavonoid 3'-monooxyge-
nase (CYP75B1) (Figure 2C). In anthocyanin transpor-
tation, two upregulated unigenes encoded adenosine 
triphosphate (ATP)-binding cassette (ABC) (Table  S5 
in ESM; for the ESM see the electronic version). Previ-
ous studies indicate that PAL, C4H, 4CL, CHS, DFR, 
and ANS are critical enzymes for anthocyanin biosyn-
thesis (Hu  et  al. 2010; Zhao et  al. 2016). CHS cataly-
ses the first step reaction of anthocyanin biosynthesis 
(Koes et al. 1989); if CHS activity is absent, anthocyanin 
glycosides and other flavonoids will be absent, resulting 
in white flower mutants (Hoshino et al. 2009). Overex-
pression of ANS increases the accumulation of flavo-
noids and anthocyanidins in rice plants, with the seed 
coat showing a purple-red colour (Reddy et al. 2007). 
Two upregulated ABC genes in ZJP might also contrib-
ute to increased accumulation and transport of antho-
cyanins compared with ZJG (Li et al. 2017).

DEGs involved in carbohydrate metabolism, phe-
nylalanine biosynthesis, and the branched pathway 
of anthocyanin biosynthesis. Anthocyanin formation 
is stimulated greatly by carbohydrates such as glucose 
and sucrose (Kim et al. 2006). Phenylalanine is a primary 
substrate in  anthocyanin biosynthesis, and phenylala-
nine biosynthesis plays an important role in anthocya-
nin accumulation in tea plant cells (Wang et al. 2017). 
In our study, the majority of genes related to carbohy-
drate metabolism and the phenylalanine pathway were 
upregulated in ZJP. Five upregulated unigenes encoded 
sucrose synthase (SUS), two upregulated unigenes en-
coded phosphoglycerate mutase (PGmu), nine upregu-
lated unigenes encoded acetyl-coenzyme A carboxylase 
(ACCase), and two upregulated unigenes encoded choris-
mate mutase (CM), while hexokinase (HXK),  pyruvate 

Table 1. Transcriptome quality for ZJP and ZJG

Samples Total reads
Mapped reads GC contents Q20

n (%) (%) (%)
ZJP-1 27 251 108 15 209 486 55.81 44.31 94.13
ZJP-2 25 979 110 14 240 572 54.82 43.98 95.32
ZJP-3 30 039 234 16 702 336 55.60 44.26 94.56
ZJG-1 25 095 360 13 871 952 55.28 43.76 95.18
ZJG-2 22 151 300 12 373 421 55.86 44.18 94.84
ZJG-3 22 515 748 12 737 633 56.57 43.27 93.92

ZJP – purple tender shoots of Zijuan; ZJG – mature green leaves of Zijuan; GC – guanine-cytosine; Q20 – proportion 
of nucleotides with read quality values larger than 20
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kinase (PK), pyruvate dehydrogenase (PDH) and 3-de-
hydroquinate dehydratase (DHQ) were encoded by one 
upregulated unigene, respectively. We  used these find-
ings and analysis to reconstruct the molecular regulatory 
network of anthocyanin metabolism in ZJP of Zijuan tea 
(Figure 3).

Sucrose initiates signalling pathways leading to  al-
tered gene expression and physiological adaptation 
and induces expression of  MYB75/PAP1 (Teng et  al. 
2005), which activates the expression of  anthocyanin 
biosynthesis genes (Solfanelli et  al. 2006). Moreover, 
SUS also generates sucrose biosynthesis by catalysing 
the conversion of  UDP-glucose and fructose into su-

crose (Baroja-Fernandez et  al. 2012). Anthocyanidin 
3-O-glucosyltransferase (UFGT) catalyses the trans-
fer of a glucosyl moiety from UDP-glucose to Cy, in-
dicating that SUS may play a vital role in anthocyanin 
biosynthesis by  providing UDP-glucose and hexoses. 
A previous study indicates that upregulated genes re-
lated to  anthocyanin biosynthesis include PGmu and 
PK in  the glycolysis pathway, implying that glycolysis 
may provide more intermediates as substrates for pro-
moting anthocyanin accumulation (Voll et  al. 2009). 
We identified one upregulated unigene encoding HXK. 
In  the glycolysis pathway, HXK catalyses the phos-
phorylation of  hexoses to  form hexose 6-phosphates, 
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Figure 2. Heatmap diagram of expression patterns for DEGs involved in the anthocyanin biosynthesis pathway, includ-
ing (A) phenylpropanoid, (B) flavonoid, and (C) flavone and flavonol biosynthesis pathways

DEGs – differentially expressed genes; HCT – shikimate O-hydroxycinnamoyltransferase; 4CL – 4-coumarate-CoA 
ligase; PAL – phenylalanine ammonialyase; C4H – cinnamate acid 4-hydroxylase; UGT72E – uridine diphosphate (UDP)-
-glycosyltransferase; LAR – leucoanthocyanidin reductase; CHI – chalcone isomerase; F3H – flavanone 3-hydroxylase; 
FLS – flavonol synthase; ANR – anthocyanidin reductase; ANS – anthocyanidin synthase; CHS – chalcone synthase; 
DFR – dihydroflavonol 4-reductase; F3'5'H – flavonoid 3',5'-hydroxylase; CYP75B1 – flavonoid 3'-monooxygenase; RPKM 
– reads per kilo base of transcript per million mapped reads; heatmaps were constructed based on log2 [RPKM of purple 
tender shoots/mature green leaves of Zijuan (ZJP/ZJG)]; red and grey colours indicate up- and down-regulated genes 
in the ZJP library compared with the ZJG library, respectively
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which are involved in sucrose signal transduction, pro-
moting anthocyanin accumulation.

The PDH complex comprising dihydrolipoate trans-
-acetylase, PDH, and dehydroleucodine (DHL) plays 
a critical role in the utilisation of pyruvate, leading to its 
conversion to acetyl-coenzyme A (acetyl-CoA) for en-

ergy production or  biosynthetic processes (Li  et  al. 
2017). Moreover, in the plant cytosol, ACCase catalyses 
the carboxylation of  cytosolic acetyl-CoA to  malonyl-
-CoA, which can be incorporated into anthocyanin bio-
synthesis through CHS (Sasaki and Nagano 2004; Zheng 
and Tian 2006; Cui et al. 2017); ACCase is a key enzyme 

 

L-Phenylalanine

Cinnamic acid

4-Coumaric acid

4-Coumaroyl-CoA    Malonyl-CoA

PAL(18)

 C4H(2)

4CL(7)

Naringenin 

Dihydrokaempferol

Dihydromyricetin
 DFR(2)

Epigallocatechin

           Anthocyanins
             Vacuole

 L-Prephenate   Chorismate
 CM(2)

3-Dehydroshikimate

3-Dehydroquinate
DHQ(1)

DAHP

PEP E-4-P

CCR(1)

P-Coumaraldehyde

 CAD(4)

P-Coumarylalcohol

 LAC/POD

P-Hydroxyphenyl lignin

Sucrose
  SUS(5)

 UDP-glucose+Fructose

Fructose-6P

 PGmu(2)
3-PG

2-PG

Pyruvate
PK(3)

OAA
PCK(2)

PEP

 PDH(1) /DHL

Acetyl-CoA
  CS

Citrate

Oxaloacetate

  A
C

C
as

e(
9)

                    Cytosol

Mitoch-
 ondr ia

 Citrate

 HXK(1)

Fructose-6-phosphate

UDP-glucose + fructose Sucrose

3-PG

2-PG

PEPOAA

Pyruvate
/DHL

CS

Citrate Citrate

Oxaloacetate

Acetyl-CoA
Mitoch-
ondria

PDH(1)

PGmu(2)

HXK(1) SUS(5)

PK(3)

PCK(2)

L-Phenylalanine

Cinnamic acid

4-Coumaric acid

4-Coumaroyl-CoAMalonyl-CoA

PAL(18)

C4H(2)

4CL(7)

CHS(5)

CHI(1)

F3H(2)

F3'5'H(2)

ANS(3) LAR(5)

ANR(2)

ABC(2)

L-Prephenate
CM(2)

DHQ(1)

Chorismate

3-Dehydroshikimate

3-Dehydroquinate

DAHP

E-4-PPEP

CCR(1)

CAD(4)
p-Coumaraldehyde

p-Coumaryl alcohol
LAC/POD

p-Hydroxyphenyl lignin

Cytosol

Naringenin chalcone

Leucodelphinidin Gallocatechin

UDP-glucose + Delphinidin
UFGT

Delphinidin-3-glucoside
ADP + PiATP

Anthocyanins
Vacuole

Figure 3. Molecular regulatory network of anthocyanin metabolism in Zijuan tea

UDP –  uridine diphosphate; HXK –  hexokinase; SUS –  sucrose synthase; PG –  phosphoglyceric acid; PGmu 
– phosphoglycerate mutase; PCK – phosphoenolpyruvate carboxykinase; PK – pyruvate kinase; PEP – phosphoenolpyru-
vate; OAA – oxaloacetic acid; PDH – pyruvate dehydrogenase; DHL – dehydroleucodine; CS – 2-chlorobenzalmalononitrile; 
ACCase – acetyl-coenzyme A carboxylase; PAL – phenylalanine ammonialyase; C4H – cinnamate acid 4-hydroxylase; 4CL 
– 4-coumarate-CoA ligase; CCR – cinnamoyl-CoA reductase 1; CAD – cinnamyl alcohol dehydrogenase; CHS – chalcone 
synthase; CHI – chalcone synthase; F3H – flavanone 3-hydroxylase; F3'5'H – flavonoid 3',5'-hydroxylase; DFR – dihy-
droflavonol 4-reductase; ANS – anthocyanidin synthase; LAR – leucoanthocyanidin reductase; ANR – anthocyanidin 
reductase; UFGT – anthocyanidin 3-O-glucosyltransferase; ABC – adenosine triphosphate (ATP)-binding cassette; 
ADP +Pi – adenosine diphosphate after removing one of the phosphates (Pi); CM – chorismate mutase; DHQ – 3-dehy-
droquinate dehydratase; LAC – laccase; POD – peroxidase; DAHP – 3-deoxy-D-arabinoheptulosonate-7-phosphate; 
PEP – phosphoenolpyruvate; E-4-P – erythrose 4-phosphate; the network integrates 21 differentially expressed genes 
(DEGs) indicated in red (upregulated at purple leaf stage) or green (downregulated at purple leaf stage), respectively; 
numbers in brackets indicate the number of DEGs
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in  the production of  malonyl-CoA during anthocya-
nin biosynthesis (Cui et al. 2017). In the phenylalanine 
biosynthetic pathway of  tea, DHQ and CM  showed 
distinctly higher abundance in  ZJP than ZJG, provid-
ing a  sufficient phenylalanine substrate for antho-
cyanin synthesis. DHQ and CM  are key enzymes that 
catalyse the conversion of  phosphoenolpyruvate and 
erythritol 4-phosphate to  phenylalanine (Knaggs et  al. 
2003). DHQ catalyses 3-dehydroquinic to shikimic acid. 
The  conversion of  chorismic acid, a  major substrate 
in  phenylalanine biosynthesis, to  prephenate is  cata-
lysed by CM. Thus, the upregulation of genes encoding 
these enzymes could provide a  sufficient substrate for 
anthocyanin biosynthesis and promote anthocyanin ac-
cumulation in the ZJP (Wang et al. 2017).

Intermediates of the anthocyanin biosynthetic path-
way can be used for the biosynthesis of other secondary 
metabolites. For example, the conversion of 4-coumaric 
acyl-CoA to  p-coumaraldehyde is  catalysed by  cin-
namoyl-CoA reductase 1 (CCR), and cinnamyl alcohol 
dehydrogenase (CAD) can then catalyse p-coumaralde-
hyde to p-coumaryl alcohol; these are two key enzymes 
regulating the lignin biosynthesis pathway (Leple et al. 
2007). Thus, in  this study, lower abundances of  CCR 
and CAD resulted in an increased flow of  intermedi-
ates into the anthocyanin biosynthesis pathway. This 

suggested that more 4-coumaric acyl-CoA flowed into 
anthocyanin biosynthesis when lignin biosynthesis was 
suppressed in ZJP.

Validation by  qRT-PCR. We  randomly selected 
10 DEGs for qRT-PCR to validate their expression lev-
els during the maturation process of Zijuan tea trees. 
Figure 4 shows that the expression levels of these genes, 
namely, PAL, 4CL, CHS, CHI, F3H, F3'5'H, leucoantho-
cyanidin reductase (LAR), ANS, and ANR, in ZJP were 
greater than those in  ZJG. However, the expression 
levels of DFR were markedly lower than those in ZJG 
(P  <  0.05). The  results from qRT-PCR analysis were 
consistent with those from the Illumina sequencing 
data (Table S6 in ESM; for the ESM see the electronic 
version), which validated the expression profile of  the 
differentially expressed unigenes and confirmed the re-
liability of our transcriptome sequencing analysis.

Correlation network analysis. In order to reveal the 
relationship between DEGs and chemical compounds, 
we filtered DEGs with FPKM > 50 and calculated Spear-
man's correlation coefficients (ρ) between these DEGs 
and chemical compounds; |ρ| greater than 0.6 are shown 
using a  network diagram (Figure  5). As  shown in  Fig-
ure  5, all of  the DEGs were positively correlated with 
chemical compounds. In  particular, DEGs involved 
in anthocyanin biosynthesis, including PAL, C4H, CHI, 

Figure 4. Comparison of RNA-Seq data and qRT-PCR verification of DEGs

RNA-Seq – ribonucleic acid-sequencing; qRT-PCR – quantitative reverse-transcription-polymerase chain reaction; 
DEG – differentially expressed genes; ZJP – purple tender shoots of Zijuan; ZJG – mature green leaves of Zijuan; PAL 
– phenylalanine ammonialyase; 4CL – 4-coumarate-CoA ligase; CHS – chalcone synthase; CHI – chalcone synthase; 
F3H – flavanone 3-hydroxylase; F3'5'H – flavonoid 3',5'-hydroxylase; DFR – dihydroflavonol 4-reductase; LAR – leuco-
anthocyanidin reductase; ANS – anthocyanidin synthase; ANR – anthocyanidin reductase; red and green bars represent 
expression of DEGs based on RT-PCR data; blue bars represent the fold change of DEG expression levels based on RNA-
-Seq data; RT-PCR data are presented as the mean ± standard deviation (SD) (n = 3)
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F3H, FLS, ANR, ANS, CHS, and F3'5'H, were signifi-
cantly (P < 0.01) correlated with the contents of antho-
cyanin components such as  Cy, Dp, Pn, Pt, and Mv. 
Interestingly, in ZJP, these DEGs were upregulated and 
anthocyanin components were significantly higher than 
in ZJG. The above results suggested that the upregula-
tion of genes involved in anthocyanin biosynthesis may 
contribute to anthocyanin accumulation in ZJP and plays 
important roles in the colour changes in Zijuan tea trees.

CONCLUSION

We employed RNA-Seq technology to  systemati-
cally identify DEGs at the transcriptome level in leaves 
of Zijuan tea at the purple and green stages. We found 

that most genes participating in  the processes of  an-
thocyanin biosynthesis and their transportation were 
upregulated in  ZJP. Genes associated with carbohy-
drate metabolism and phenylalanine pathway were also 
upregulated, while genes participating in the branched 
pathway in anthocyanin biosynthesis were downregu-
lated in ZJP. DEGs involved in anthocyanin biosynthe-
sis and accumulation were confirmed by  qRT-PCR. 
Moreover, DEGs involved in  anthocyanin biosynthe-
sis, including PAL, C4H, CHI, F3H, FLS, ANR, ANS, 
CHS and F3'5'H, were significantly correlated with the 
contents of anthocyanin components. This is the first 
time to our knowledge that the effects of carbohydrate 
metabolism, the shikimic acid pathway, and lignin 
biosynthesis on anthocyanin biosynthesis, and the an-

Figure 5. Correlation analysis between DEGs and chemical compounds

U – unigene; PAL – phenylalanine ammonialyase; UGT72E – uridine diphosphate (UDP)-glycosyltransferase; C4H 
– cinnamate acid 4-hydroxylase; 4CL – 4-coumarate-CoA ligase; LAR – leucoanthocyanidin reductase; CHI – chalcone 
synthase; F3H – flavanone 3-hydroxylase; FLS – flavonol synthase; ANR – anthocyanidin reductase; ANS – anthocyani- 
din synthase; CHS – chalcone synthase; F3'5'H – flavonoid 3',5'-hydroxylase; CYP75B1 – flavonoid 3'-monooxygenase; 
SUS – sucrose synthase; PK – pyruvate kinase; PCK – phosphoenolpyruvate carboxykinase; Pt – petunidin; Pg – pel-
argonidin; Pn – peonidin; Mv – malvidin; EGC – (–)-epigallocatechin; C – (+)-catechin; EC – (–)-epicatechin; EGCG 
– (–)-epigallocatechin-3-gallate; ECG – (–)-epicatechin-3-gallate; Mc – myricetin; Qc – quercetin; Kp – kaempferol; 
Dp – delphinidin; Cy – cyanidin; a connection (i.e. edge) indicates a positive (grey line) correlation, with the absolute 
value of Spearman's correlation coefficient more than 0.6
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thocyanin biosynthesis regulatory network have been 
dissected in Zijuan tea. The data generated in this study 
will be a valuable source for further molecular studies 
of anthocyanin biosynthesis in purple tea.
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