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GRAPHICAL ABSTRACT

ABSTRACT

Metabolites, especially secondary metabolites, are very important in the

adaption of tea plants and the quality of tea products. Here, we focus on the

seasonal variation in metabolites of fresh tea shoots and their regulatory
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1 INTRODUCTION

The popularity of tea drinking is growing due to its unique flavor
and perceived health benefits[1]. In addition to traditional tea,
instant tea, tea beverage, tea bags, tea natural products and other
processed tea products are popular. The quality of both
traditional tea and new tea products relies strongly on the raw
materials. Various metabolites in fresh shoots of tea contribute
strongly to the quality and flavor of tea products since they are
the precursors of compounds during processing. These meta-
bolites also exhibit adaption of the tea plant to the constantly
changing climate and environment. They are regulated by
complex metabolism in the plant that is controlled by its genetic
background and ambient conditions[2,3]. The ambient condi-
tions include temperature, light, water and other climatic factors
that cause substantial changes with the seasonal transition. Some
studies have addressed the effect of surroundings on the
chemical component of tea responsible for the flavor[4]. Caffeine,
total flavonol, and ECG (epicatechin gallate) concentrations
significantly decrease during the monsoon season[5]. Flavan-3-
ols, theasinensins, procyanidins, quercetin-O-glycosides, api-
genin-C-glycosides and amino acids of green tea exhibit sharp
seasonal fluctuations[6]. Isocitric acid, theasinensin B, myricetin
3-O-galactosylrutinoside, prodelphinidin, B2 and quinic acid are
at higher concentrations in Tieguanyin tea in spring than in
autumn. Most flavonoids have an opposite seasonal alteration
pattern[7]. In most circumstances, flavonoid biosynthesis
increases with increasing temperature and light. The concentra-
tion of most flavonoids decreases greatly in light-sensitive tea
leaves when the plant is exposed to light, which further improves
tea quality[8]. Various metabolic patterns of catechin derivatives
have been observed across cultivars and harvest seasons based on
30 selected compounds[3]. Some key metabolites that contribute
to differences among tea samples over five months have been
identified[9].

The above information suggests that the tea plant responds to
climatic and planting conditions via variation in compound
biosynthesis and degradation. However, it is difficult to clarify
the role of climate in the metabolism of tea using infused tea
rather than fresh tea leaves. It is also difficult to elucidate a
comprehensive seasonal effect on its physiologic and biochem-
ical regulation under artificial cultivation conditions by control-
ling one or two specific factors. Moreover, comprehensive
information is lacking to reveal the metabolic patterns in
different seasons of the year through detection of metabolites of
only one tea cultivar. In their adaption to changing conditions,
tea plants will regulate gene expression and related metabolites.
Thus, determination of gene expression and metabolites is
helpful in understanding metabolic regulation in tea. Metabo-
lomics is a useful method capable of simultaneously detecting
hundreds of endogenous metabolites and has been widely used
in the study of chemical composition[10]. Here, we therefore take
advantage of metabolomics combined with transcriptomics to
systematically examine the effect of seasonal alternation on
intrinsically metabolic variation in fresh tea shoots before
processing.

The south bank of the Yangtze River is one of the most famous
tea growing regions in China, processing a variety of elite green
teas including West Lake Longjing (Dragon Well tea), Anji
Baicha (a high amino acid albino green tea) and Biluochun (a
hairy frizzy tender green tea). The area has four distinct seasons
as a result of its subtropical monsoon climate. Spring tea is the
major tea in most tea producing areas in China[11]. However,
fresh tea shoots are not fully used in other seasons. Spring,
summer and autumn are the tea growing seasons in the south
bank of the Yangtze River. Accordingly, we used an untargeted
UPLC-MS approach coupled with transcriptome analysis to
detect metabolite and gene transcription levels in young tea
shoots from 90 samples collected in three harvest seasons to

mechanism at the transcriptional level. The metabolic profiles of fresh tea shoots
of 10 tea accessions collected in spring, summer, and autumn were analyzed

using ultra-performance liquid chromatography coupled with quadrupole-

obitrap mass spectrometry. We focused on the metabolites and key genes in

the phenylpropanoid/flavonoid pathway integrated with transcriptome analysis.

Multivariate statistical analysis indicates that metabolites were distinctly

different with seasonal alternation. Flavonoids, amino acids, organic acids and

alkaloids were the predominant metabolites. Levels of most key genes and

downstream compounds in the flavonoid pathway were lowest in spring but the

catechin quality index was highest in spring. The regulatory pathway was

explored by constructing a metabolite correlation network and a weighted gene

co-expression network.

© The Author(s) 2021. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)
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investigate the alternating patterns in metabolites with season.
We also focused on the regulation of flavonoids as an illustration
of seasonal response. Finally, we constructed metabolite
correlation networks and weighted the gene co-expression
network to further elucidate the comprehensive regulation
mechanism underlying the highly correlated metabolic com-
pounds in tea. The results may help to improve the flavor of teas
selected in appropriate seasons. In addition, some transcription
factors discovered through the co-expression network are
helpful in further understanding the regulation of metabolites,
particularly flavonoids, at the transcriptional level in tea.

2 MATERIALS AND METHODS

2.1 Plant materials
The tea plants sampled were grown at the China National
Germplasm Hangzhou Tea Repository at the Tea Research
Institute, Chinese Academy of Agricultural Sciences, Hangzhou,
China (30°18′ N, 120°10′ E, altitude 50 m asl) and maintained
through similar horticultural practices. Healthy-looking fresh
leaves were collected from ten tea accessions, namely Camellia
sinensis (L.) O. Kuntze ‘Longjing Changye’ (01), ‘Longjing
Yuanye’ (02), ‘Tengcha’ (03), ‘Shuigucha’ (04), ‘Houyezhong’
(05), ‘Enbiao’ (06), ‘Lantian’ (07), ‘Lanshan Kucha’ (08),
‘Jianghongzhong’ (09), and ‘Jiangku 2’ (10) in spring (April
3rd), summer (July 8th) and autumn (September 30th). Before
season the plants were lightly pruned for uniform sprouting.
Three biological replicates were collected at the two leaves and
one bud stage in three harvest seasons. Each replicate was
collected from at least three individual plant. They were
immediately treated with liquid nitrogen and then stored at
-80°C. The samples were finely ground after vacuum freeze-
drying and stored at -20°C until processing.

2.2 Sample extraction
Ten mL of 70% methanol solution (v/v) were added to 0.2 g of
tea powder in a clean tube. Extraction was then conducted
ultrasonically (Bransonic, 5510E-DTH, Branson Ultrasonics,
Danbury, CT) for 30 min at 30°C. The supernatants were filtered
through a 0.22-mm porew filter for analysis after infusion at 4°C
for 2 h.

2.3 LC-MS conditions
Chromatographic separations were conducted at 40°C on a
UPLC system (Ultimate 3000, Dionex, Sunnyvale, CA) equipped

with a C18 column (1.8 mm, 2.1 mm � 100 mm, Agilent, Santa
Clara, CA) applying water with 0.1% FA (v/v) and acetonitrile
with 0.1% FA (v/v) as binary gradient A and B at a flow rate of
0.3 mL$min–1: 1 to 6 min, linear from 5% to 20% B; 6 to 10 min,
20%–95% B; 10 to 11.5 min, from 95% to 5% B; and 11.5 to
15 min, 5% B. The injection volume was 2 mL.

Standard (Table S1) and metabolite detection were made with a
Q-Obitrap-MS (Thermo Fisher Scientific, Waltham, MA). The
mass spectrometer (MS) was operated in both positive and
negative modes with electron spray ionization at capillary
voltages of 3.50 and 3.20 kV, respectively. The temperatures
of drying gas and auxiliary gas were, respectively, 320°C and
350°C. The full MS mode ranged from 70 to 1000 at a resolution
of 70,000, and the top 10 peak areas were selected. This was
followed by MS/MS scanning at a resolution of 17,500 with
normalized collision energies of 15, 30 and 60, isolation
window of 4.0 m/z (mass-to-charge ratio), loop count 10, and
dynamic exclusion 10.0 s. Quality control (QC) samples were
prepared by mixing samples of equal amounts, with every 10
samples injected with one QC to monitor instrumental
performance.

2.4 High performance liquid chromatography
(HPLC) conditions
The concentrations of catechin monomers were determined by
HPLC (Waters 2695-2489, Water Corp., Milford, MA) with a
C18 reverse phase column (Synergi, 5 µm, 4.6 mm � 250 mm,
Phenomenex, Torrance, CA). The determination conditions
were set as follows: solvent A and B were 0.1% FA in water (v/v)
and pure acetonitrile, respectively. Column temperature was
35°C and the flow rate was 1.0 mL$min–1. UV spectra were
measured at 278 nm. The injection volume was 10 mL. The
gradient elution profile was 4% B at 0 min, to 18.7% B at 42 min,
to 4% B at 43 min, and 4% B maintained from 43 to 45 min. The
absolute concentrations of catechins were calculated according
to standard curves (Fig. S1).

2.5 RNA sequencing
Total RNA was isolated using an RNAprep Pure Plant kit
(Tiangen Biotech Co., Ltd., Beijing, China) according to the
manufacturer's protocol. The degradation and purity of RNA
were examined by 1% agarose gel electrophoresis and a
NanoPhotometer spectrophotometer (Implen, Munich, Ger-
many). RNA integrity was assessed using an RNA Nano 6000
Assay Kit of the Bioanalyzer 2100 system (Agilent Technolo-
gies). High-quality RNA samples from tea plants were prepared

Chen-Kai JIANG et al. Metabolite variation in tea over three seasons 217



using an Illumina TruSeq RNA Sample Preparation Kit
(Illumina Inc., San Diego, CA) and cDNA libraries were
constructed with an UltraTM RNA Library Prep Kit for Illumina
(New England Biolabs, Ipswich, MA). The cDNAs were purified
using Beckman AMPure XP beads (Beckman Coulter, Brea, CA)
and subsequently moved to an Agilent High Sensitivity DNA Kit
(Agilent 2100) for the detection of inserted cDNA fragments.
Subsequently, cDNA libraries were quantified with a Bio-Rad
KIT iQ SYBR Green kit (Bio-Rad CFX 96, Bio-Rad Laboratories,
Hercules, CA) and cDNA libraries were subsequently sequenced
using a TruSeq SBS Kit v3 (Illumina HiSeq2500). The clean reads
were subsequently aligned to reference genomes (pcsb.ahau.edu.
cn:8080/CSS). An index of the reference genome was built using
Hisat2 v2.0.5 and paired-end clean reads were aligned to the
reference genome. A database of splice junctions was generated
using Hisat2 based on the gene model annotation for an
optimized mapping result. FPKM (expected number of frag-
ments per kilobase of transcript sequence per million base pairs)
of each gene was calculated based on the length of the gene and
read counts mapped to the corresponding gene.

2.6 Quantitative real-time PCR (qRT-PCR) analysis
Nine transcripts mapped to genes responsible for flavonoids
were randomly selected for validation of gene expression using
qRT-PCR. These genes, in the flavonoid biosynthetic pathway,
are phenylalanine ammonia-lyase (PAL), cinnamate 4-hydro-
xylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone isomer-
ase (CHI), chalcone synthase (CHS), flavonoid 3′,5′-hydroxylase
(F3′5′H), flavanone 3-hydroxylase (F3H), flavonoid 3′-mono-
oxygenase (F3′H), flavonol synthase (FLS), dihydroflavonol-4-
reductase(DFR), anthocyanidin synthase (ANS), anthocyanidin
reductase (ANR), leucoanthocyanidin reductase (LAR). Primers
are listed in Table S2. The qRT-PCR reactions were conducted
using the following parameters: 95°C for 10 min, 45 cycles at
94°C for 10 s, 58°C for 15 s. Three independent biological
replicates and three technical replicates of each reaction were
conducted using GAPDH as a reference gene. Fluorescence
intensity was measured with a LightCycler 480 (Roche, Sussex,
UK) and the relative expression values of genes were
subsequently calculated based on the 2–ΔΔCt method.

2.7 Data processing
The information on m/z, retention time (RT), characterized
fragments and peak intensity was extracted with Xcalibur
(Thermo Fisher Scientific). A local database of authentic
standards was obtained from mzVault based on the information
of raw files. Xcalibur Compound Discoverer 2.1 read the input

files, extracted the peaks, RT, and calculated the relative peak
area. The dominant parameters of database alignment were as
follows: mass tolerance 5 ppm; threshold of signal-noise ratio
1.5; precursor selection MS. RT and MS2 spectra were used for
local database alignment. The MS2 spectrum was also aligned
with the online mass databases human metabolome database,
Kyoto Encyclopedia of Genes and Genomes, and PlantCyc.
Subsequently, the original data processing was conducted by
generalized logarithmic transformation and Pareto scaling with
R 3.6.2.

Principal component analysis (PCA), partial least-squares
discriminant analysis (PLS-DA), cluster analysis, and pathway
analysis were conducted using MetaboAnalyst 4.0. The meta-
bolites of cv. Longjing Changye over three seasons in the
flavonoid pathway were compared by least significant difference
(LSD) test.

2.8 Metabolite correlation network and weighted
gene co-expression network analysis
Pearson correlation coefficient (PCC) values between metabo-
lites were calculated via R 3.6.2. The biomarkers were selected
based on p-value < 0.05 and PCC> 0.6 to construct metabolite
correlation networks. PCC values between genes were also
calculated using R. The ranks for every gene pair were obtained
based on the PCC value from high to low. The mutual ranks
(MR) were calculated using the formula: The genes were
clustered based on the dissimilarity and divided by the dynamic
method depending on PCC> 0.8 (minModuleSize = 30). Finally,
MR was converted to network edge weight using the decay
function≥ 0.01.

3 RESULTS AND DISCUSSION

3.1 Untargeted analysis of tea samples
A total of 100 metabolites of tea samples from three harvest
seasons were identified after detection through untargeted
metabolomics, which were divided into 12 categories and 56 of
the 100 metabolites were confirmed by standards. The remaining
metabolites were putatively identified by alignment to online
mass databases referring to accurate mass and fragments
(resulting information is given in Table 1). The top three
categories were flavonoids and their derivatives, amino acids and
their derivatives and organic acids. The predominant compo-
nents in tea were confirmed to be flavonoids and their
derivatives, especially catechins, in agreement with previous
studies[9,12].
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Table 1 Identification of metabolites of fresh tea shoots

No. Name Formula Accurate mass RT MS2 fragments

Alcohols and polyols

1 Xylitol* C5H12O5 152.06841 0.88 69, 57, 99, 73, 73

Alkaloids

2 Betaine* C5H11NO2 117.07897 0.92 118, 59, 58, 119, 60

3 Caffeine* C8H10N4O2 194.08034 6.28 195, 138, 196, 110, 83

4 Theophylline* C7H8N4O2 180.06476 4.84 179, 164, 122, 94, 180

5 Theobromine C7H8N4O2 180.06462 4.17 114, 181, 57, 57, 132

Amino acids and their derivatives

6 Glutathione* C10H17N3O6S 307.08375 0.98 76, 179, 84, 162, 308

7 4-Oxoproline C5H7NO3 129.04261 1.25 128, 88, 85, 129, 129

8 DL-Lysine* C6H14N2O2 146.10559 0.75 84, 130, 85, 56, 147

9 DL-tyrosine* C9H11NO3 181.07391 0.98 136, 123, 165, 91, 119

10 L-(-)-Serine* C3H7NO3 105.04257 0.86 74, 72, 104, 105, 75

11 L-Arginine* C6H14N4O2 174.11166 0.84 70, 175, 60, 116, 130

12 L-Aspartic acid* C4H7NO4 133.03747 0.86 74, 88, 116, 70, 134

13 L-Glutamic acid* C5H9NO4 147.05312 0.87 84, 102, 130, 85

14 L-Homoserine* C4H9NO3 119.05827 0.87 74, 56, 120, 102, 75

15 L-Isoleucine* C6H13NO2 131.09465 1.21 86, 69, 87, 132

16 L-Proline* C5H9NO2 115.06334 0.91 70, 116, 71, 117

17 L-Theanine* C7H14N2O3 174.10039 0.97 84, 158, 129, 130, 175

18 β-Alanine* C3H7NO2 89.04773 0.85 90, 57, 50, 54, 55

19 D-Glutamine C5H10N2O3 146.06916 0.87 89, 191, 431, 195, 165

20 Glycyl-L-leucine C8H16N2O3 188.11608 1.24 86, 84, 172, 60, 142

21 L-Glutathione oxidized C20H32N6O12S2 612.15178 1.23 231, 613, 355, 484, 177

22 L-Histidine C6H9N3O2 155.06954 0.80 92, 108, 65, 110, 68

23 Dihomomethionine C7H15NO2S 177.08229 1.26 133, 178, 57, 84, 132

24 S-Adenosyl-L-homocysteine (SAH) C14H20N6O5S 384.12194 1.44 167, 85, 219, 69, 115

25 2-Aminoadipic acid C6H11NO4 161.06878 1.24 58, 88, 160, 73, 59

26 L-Phenylalanine* C9H11NO2 165.07901 1.55 120, 103, 121, 131

27 L-Tryptophan* C11H12N2O2 204.08976 2.47 116, 203, 74, 142, 72

Benzoic acid derivatives

28 Theogallin* C14H16O10 344.07434 2.26 191, 85, 93, 192, 127

29 2,4-Dihydroxybenzoic acid C7H6O4 154.02658 4.74 109, 153, 135, 65, 111

30 3-Hydroxybenzoic acid C7H6O3 138.03166 6.56 93, 137

31 4-Hydroxybenzaldehyde C7H6O2 122.03663 8.22 123, 68, 79, 57, 59

32 4-Hydroxybenzoic acid C7H6O3 138.0316 6.85 93, 137

Carbohydrates

33 D( + )-Glucuronic Acid* C6H10O7 194.04254 0.90 59, 73, 71, 85, 113

34 D-Fructose* C6H12O6 180.02972 0.87 59, 71, 89, 85, 113

35 D-Gluconic Acid* C6H12O7 196.05823 0.87 75, 195, 59, 129, 99
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(Continued)

No. Name Formula Accurate mass RT MS2 fragments

36 D-Trehalose* C12H22O11 342.11651 0.89 59, 71, 89, 341, 101

Coumarins

37 Esculin* C15H16O9 340.07951 4.73 177, 133, 178, 105, 339

38 7-Hydroxycoumarine C9H6O3 162.03157 5.36 163, 147, 135

39 Coumarin C9H6O2 146.03676 4.61 119, 147, 91, 124, 122

Flavonoids and their derivatives

40 (–)-Epigallocatechin gallate (EGCG)* C22H18O11 458.08507 6.75 125, 169

41 ( + )Catechin (C)* C15H14O6 290.07914 4.96 109, 123, 289, 125, 97

42 ( + )Epicatechin (EC)* C15H14O6 290.07912 5.85 123, 109, 289, 125, 97

43 ( + )-Gallocatechin(GC)* C15H14O7 306.07401 3.24 125, 137, 139, 109, 305

44 Epicatechin gallate (ECG)* C22H18 O10 442.09018 8.22 125, 169, 289, 109, 123

45 Epigallocatechin (EGC)* C15H14O7 306.07397 4.42 125, 137, 139, 109, 305

46 Epigallocatechin 3-O-(3-O-methyl) gallate C23H20O11 472.10075 8.56 125, 124, 168, 161, 57

47 Epigallocatechin-(4β! 8)-epicatechin-3-O-gallate ester C37H30O17 746.14908 8.35 127, 123, 139, 287, 179

48 Epigallocatechin-3′-glucuronide C21H22O13 482.10644 3.29 151, 125, 153, 193, 175

49 Gallocatechin-(4α! 8)-epigallocatechin C30H26O14 610.13233 7.99 127, 139, 287, 305, 179

50 Ideain C21H20O11 448.10053 8.40 287, 288, 449, 450, 137

51 Phloretin* C15H14O5 274.08428 9.50 81, 123, 167, 119, 273

52 Prunin* C21H22O10 434.12156 8.67 119, 271, 151, 107, 65

53 Cynaroside* C21H20O11 448.10069 8.67 284, 285, 447, 151, 286

54 Tricetin* C15H10O7 302.04269 9.04 149, 301, 151, 107, 302

55 Theasinensin B C37H30O18 762.14357 5.58 125, 177, 423, 137, 255

56 Kaempferin* C21H20O10 432.10577 8.99 255, 227, 285, 284, 431

57 Kaempferol* C15H10O6 286.04777 9.35 133, 285, 151, 107, 286

58 (–)-Fustin C15H12O6 288.06312 5.70 125, 177, 423, 137, 255

59 Avicularin* C20H18O11 434.08505 8.63 271, 300, 255, 301, 243

60 Baimaside* C27H30O17 626.14876 7.27 271, 300, 255, 625, 243

61 Isovitexin* C21H20O10 432.10564 8.37 283, 311, 431, 117, 341

62 Naringenin* C15H12O5 272.06862 9.54 119, 151, 271, 107, 65

63 Delphinidin-3-O-rutinoside C27H30O16 610.15362 8.15 125, 169

64 Eriodictyol* C15H12O6 288.06353 9.23 135, 151, 65, 107, 136

65 Myricetin C15H10O8 318.03707 7.49 151, 137, 317, 109, 107

66 Naringenin chalcone C15H12O5 272.06822 8.22 119, 151, 271, 65, 107

67 Quercetin C15H10O7 302.04241 7.78 203, 285, 303, 241, 229

68 Quercetin-3β-D-glucoside C21H20O12 464.0957 8.37 271, 300, 255, 301, 463

69 Schaftoside C26H28O14 564.14784 5.67 547, 379, 565, 295, 325

70 Procyanidin B4* C30H26O12 578.14269 5.68 125, 109, 407, 123, 289

71 Procyanidin B3* C30H26O12 578.1426 4.74 125, 407, 123, 109, 289

Nucleotides and their derivates

72 7-Methylxanthine* C6H6N4O2 166.04908 2.61 85, 167, 124, 103, 57
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3.2 Metabolic variation overview in different
seasons
An unsupervised PCA was used to acquire an overview of the
metabolic differences among the tea fresh leaves collected over
three seasons (Fig. 1(a)). The first two principal components
explained 48.1% of the total variance with 95% confidence
regions. Figure 1(a) shows that the metabolites of tea samples
were markedly different between the three seasons. Subse-
quently, a supervised PLS-DA was used to further investigate the

relationship between seasons and metabolites. Figure 1(b)
shows the obvious metabolic diversity among different seasons.
Figure 1(c) shows that the calculated R2 and Q2 were up to 0.95
and 0.93 according to 10-fold cross-validation of the first three
components, indicating that the result of the PLS-DA approach
was reliable. In addition, the plotted scores of samples collected
in spring are more concentrated than those in the other two
seasons, implying lower variation in the spring samples. It is
likely that metabolite accumulation among tea plants is

(Continued)

No. Name Formula Accurate mass RT MS2 fragments

73 Adenine* C5H5N5 135.05454 1.24 134, 107, 92, 135, 108

74 Guanine* C5H5N5O 151.04941 1.61 133, 150, 108, 66, 126

75 Thymine* C5H6N2O2 126.04298 1.56 125

76 Xanthine* C5H4N4O2 152.03343 1.62 73, 114, 153, 91, 132

77 Guanosine monophosphate C10H14N5O8P 363.05817 1.27 79, 73, 117, 97, 133

78 Uridine monophosphate C9H13N2O9P 324.03592 0.99 79, 97, 115, 133, 71

79 3′-Adenosine monophosphate C10H14N5O7P 347.06296 1.22 79, 97, 134

80 Adenosine diphosphate C10H15N5O10P2 427.02992 0.96 79, 159, 134

Organic acids

81 p-Coumaric acid C9H8O3 164.04735 5.44 119, 163, 120, 93, 164

82 2-Hydroxy cinnamic acid* C9H8O3 164.04717 6.25 119, 120, 117, 163, 93

83 Abscisic acid* C15H20O4 264.13619 9.25 204, 219, 203, 151, 122

84 Gallic acid* C7H6O5 170.02144 1.92 125, 169, 69, 97, 126

85 Malic Acid* C4H6O5 134.02149 0.99 115, 71, 133, 73, 89

86 Citric acid* C6H8O7 192.02704 1.21 111, 87, 85, 191

87 Succinic acid* C4H6O4 118.02661 1.31 73, 117, 99, 117, 74

88 α-Ketoglutaric acid C5H6O5 146.02147 1.07 101, 102, 128, 57, 73

89 Digallic acid C14H10O9 322.0327 5.86 289, 91, 335, 113, 175

90 Malonic acid C3H4O4 104.01093 1.08 59, 103, 74, 60, 72

91 3-Hydroxy-3-methylglutaric acid C6H10O5 162.05282 1.41 101, 99, 57, 58

92 Ellagic acid C14H6O8 302.0063 5.19 303, 304, 257

93 Ethylmalonic acid C5H8O4 132.04221 1.84 87, 62, 131, 133

94 Fumaric acid C4H4O4 116.01091 1.44 71, 73, 69, 117, 115

95 Shikimic acid C7H10O5 174.05253 6.26 93, 73, 83, 137, 111

96 L-Pyroglutamic acid C5H7NO3 129.04261 0.87 84, 130

Quinates and their derivatives

97 Chlorogenic acid* C16H18O9 354.0952 5.36 191, 85, 192, 93, 127

98 Neochlorogenic acid* C16H18O9 354.09524 3.62 135, 191, 179, 85, 134

99 Quinic acid C7H12O6 192.06338 6.61 103, 191, 59, 88, 85

Pantothenic acid*

100 Pantothenic acid* C9H17NO5 219.11068 2.05 88, 71, 146, 218, 99

Note: *, metabolites were confirmed with standards.
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increasingly distinct during their annual growth cycle and this
would make an interesting topic for further research.

Cluster analysis was conducted using the peak area mean of
biological replicates based on Euclidean distance (Fig. 2) for the
purpose of discovery of key metabolites responding to seasonal
variation. All samples distinctly clustered into three groups in
line with each corresponding season in terms of the top 25
differential metabolites, revealing the marked effect of season on
the metabolites. These metabolites can be basically categorized
into amino acids, organic acids, alkaloids, flavonoids and their
derivatives. In Fig. 2, the red and blue boxes show the
metabolites at higher or lower concentrations than the mean
value, respectively, and a deeper color indicates a greater

difference. Most amino acids, namely theanine, glutamic acid,
glutamine and arginine, had higher concentrations in spring
than in the other two seasons. These amino acids were found to
be closely associated with the taste and aroma of infused tea.
Theanine with fresh flavor, a contributor to the formation of tea
volatiles, accounted for about 50% of total amino acids in tea[13],
and was more abundant in spring than in the other two seasons.
Theanine concentration markedly decreased in summer. By
comparison, the vast majority of catechines, flavonoids and their
derivatives were at their lowest concentrations in spring.
Previous investigations have found that theanine is hydrolyzed
to both glutamic acid and ethylamine in the presence of theanine
hydrolase in the leaves under sunlight[14]. Ethylamine was
transformed to acetaldehyde as a precursor of catechins induced

Fig. 1 Multivariate statistical analysis of metabolites in tea samples from three harvest seasons. (a) PCA score plot; (b) PLS-DA score plot; and

(c) 10-fold cross-validation bar of PLS-DA model with 100 permutation tests.
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by ammonia oxidase[14]. Therefore, high temperature and strong
sunlight in the summer may accelerate the hydrolysis of theanine
and the biosynthesis of catechins. In addition to catechins,
flavonoids are one of primary polyphenols in tea leaves.
Flavonoids are the upstream metabolites of catechins. Overall,
the alternation tendencies of catechins and flavonoids in the
three harvest seasons were consistent. It is likely that a low
accumulation of flavonoids inhibits the biosynthesis of cate-
chins. The great majority of organic acids and alkaloids had
lower concentrations in spring. Of these, citric acid is the
essential primary compound in the primary metabolism of
organisms. In addition, tea samples collected from spring are

more distinct than those from the other two seasons, as samples
from summer and autumn were clustered into one group at the
green dotted line shown in Fig. 2. This may be attributed to
dormancy of the plants in winter during the previous year in the
south bank region of the Yangtze River whose latitude ranges
from 28°N to 32°N. When the latitude is above about 16°, tea
goes through almost complete winter dormancy which lasts
longer with increasing latitude[15]. Phytohormones, phenols and
polyamines are correlated with this intrinsic physiologic
regulation, namely, dormancy[16]. As a consequence, the plants
have accumulated abundant compounds in winter for shooting
and growth the following spring.

Fig. 2 Heat map of the concentrations of the top 25 metabolites over the three seasons.
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3.3 Variation in flavonoids and key gene expression
in different seasons

Flavonoids were the major differential metabolites over the three
seasons as shown in Fig. 2. Flavonoids are a large group of
secondary plant metabolites. They bear a common diphenyl-
propane (C6-C3-C6) backbone in which two aromatic rings are
linked via a three-carbon chain. Flavonoids fall into six major
subclasses on the basis of differences in the heterocyclic C-ring,
namely, flavones, flavonols, flavanones, flavanols, anthocyani-
dins and isoflavones[17]. They are important quality-related
compounds in infused tea, accounting for 20% to 40% of the dry
matter in young shoots[8]. Camellia sinensis (L.) O. Kuntze
‘Longjing Changye’ is suitable for processing into one of the
highest quality green teas, West Lake Longjing, which was bred
from ‘Longjing Qunti’ through individual selection. Here,
flavonoids show changes in compounds of ‘Longjing Changye’
with season in the flavonoid related metabolic pathway based on
the relative peak areas (Fig. 3). In this pathway the concentration
of shikimic acid was significantly higher in spring than in the two
other seasons. The concentration of gallic acid was lower in
spring and summer than in autumn. In contrast, the concentra-
tion of digallic acid was highest in spring. This may show that the
increase in digallic acid was the result of decrease in gallic acid.
Previous sensory studies report that gallic acid was at the highest
concentration in autumn, which is a umami-enhancing
compound in green tea beverages that may increase the
umami intensity of sodium L-glutamate, and that digallic acid
was observed at the lowest concentration in the same season[18].
Intensities of sweet aftertaste increased with increasing con-
centration of gallic acid[19]. Also, there were relatively low
concentrations of most downstream metabolites in spring,
including naringenin, eriodictyol, schaftoside, myricetin, kaemp-
ferol, quercetin, quercetin-3β-D-glucoside, C, GC, EC, EGC,
EGC-3′-glucuronide, EGCG-3”Me and delphinidin-3-O-rutino-
side. Similar results were also observed following tea processing.

It has been reported that 70% to 75% of the bitterness and
astringency of green tea is associated with catechins[20]. The two
catechins C and EC differ in their oral astringency and
bitterness. EC imparts significantly more bitterness and
astringency than an equal concentration of C. Also, the
bitterness and astringency of gallate type catechins are reported
to be more severe than those of free catechins[21]. Their
polymers, procyanidin and glucoside, represent weaker bitter-
ness and astringency[22]. Fresh tea leaves accumulated more GC-
(4α! 8)-EGC and theasinensin B in summer and autumn than
in spring. However, procyanidin B3 and procyanidin B4
decreased markedly in the autumn (Fig. 3). Procyanidins are

homo-oligomeric (epi)catechin with two B-ring hydroxyl groups
yielded from flavan-3-ols[23]. In addition, there was no marked
difference in quinic acid or phenylalanine across seasons. In
conclusion, concentrations and composition of flavonoids in tea
depend on the ambient conditions over the seasons, suggesting
that the biosynthesis of a large proportion of flavonoids is active
under high temperatures and light intensity in summer.

Flavonoids are plant secondary metabolites derived from the
shikimate pathway, the phenylpropanoid pathway and the
flavonoid pathway. We calculated the expression levels of key
genes in the flavonoid metabolic pathway to further explore the
flavonoid regulatory mechanism in tea plants. Twenty-eight
transcripts were aligned to genes responsible for flavonoid
metabolism (Fig. 3, Table S3) involving 25 genes in the reference
genome and three novel genes. The expression levels of 19 genes
were lowest in spring and of the other 18 genes were highest in
summer. The expression of TEA032730 and TEA009266 that
aligned with DFR and ANR, respectively, were highest in spring.
This suggests that flavonoids were strongly regulated at the
transcription level, consistent with previous findings[24,25]. Also,
the majority of key genes in the flavonoid pathway were
upregulated in summer and autumn. PAL, the key enzyme of the
phenylpropanoid biosynthesis pathway, catalyzes the first step of
the phenylpropanoid biosynthesis pathway[26]. In spring,
although the expression level of PAL was lowest, the substrate
phenylalanine was not highly accumulated (Fig. 3). This
indicates that other factors also affect flavonoid metabolism in
addition to the regulation of gene expression. Enzyme activity is
one of these factors. PAL activity was significantly lower in berry
skins at high temperatures than at low temperatures[27].
Therefore, plants may tend to increase the expression of PAL
to enhance flavonoid metabolism under higher temperature
conditions. Variation in two SNPs was found to have effects on
the concentration of flavonoids[28] and gene expression level was
also important[9]. Nine genes responsible for flavonoid biosynth-
esis were randomly selected for qRT-PCR to validate the gene
expression level calculated through transcriptomic data. The
result of qRT-PCR is consistent with that of RNA sequencing
(Fig. S2). Collectively, flavonoid metabolism is a complex
process controlled by gene structure, gene expression level,
enzyme activity and other factors.

3.4 Catechin quality index in different seasons
The absolute concentrations of catechin monomers were
quantified to further uncover seasonal effects on catechin
metabolism (Table S4). Catechin quality index (CQI) � 100 is
a quality index for measuring the difference in catechin
concentrations of fresh tea shoots across growing seasons[29].
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Fig. 3 Metabolic pathway changes in flavonoids over three harvest seasons. Peak areas of metabolites in spring, summer and autumn are shown

in green, pink and blue bars, respectively; low, medium and high expression levels of genes are shown in blue, yellow and red blocks, respectively;

bars with the same lowercase letters are not significantly different by LSD test; PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase;

4CL, 4-coumarate–CoA ligase; CHI, chalcone isomerase; CHS, chalcone synthase; F3′5′H, flavonoid 3′,5′-hydroxylase; F3H, flavanone 3-hydroxylase;
F3′H, flavonoid 3′-monooxygenase; FLS, flavonol synthase; DFR, dihydroflavonol-4-reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin

reductase; and LAR, leucoanthocyanidin reductase.
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The CQI of most tea cultivars is significantly higher in spring
than in summer or autumn according to Fig. 4(a). The CQI of
fresh shoots in spring, summer and autumn successively
declined as shown in Fig. 4(b). In general, tea produced in
spring is considered premium in China. A possible reason is that
the spring tea leaves usually possess more theanine and less
catechins and have a higher CQI, thus bearing more umami and
less bitter taste. Also, high concentrations of catechins will
induce a generation of tea cream and degrade the quality of tea
beverages[30]. However, broken black tea with relative high
concentrations of catechins, particularly gallated catechins, is of
superior quality having fresh and brisk taste[31]. Accordingly, we
suggest that tea raw materials may be alternated for different
consumers with distinct demands depending on the CQI. For
instance, tea raw materials collected in summer may be less
suitable for tea beverages, as relatively high concentrations of
catechins may effectively prevent the formation of tea cream.
Fresh tea leaves collected in summer and autumn may be used to
produce polyphenol preparations for diabetics, hypertensive
patients and cancer patients.

3.5 Analysis of regulatory pathway and metabolite
correlation network
Pathway analysis was carried out to identify the pathways
influenced by season. The pairwise comparisons between
seasons show that seasonal change is important in flavonoid
biosynthesis, flavone and flavonol biosynthesis, alanine, aspar-
tate and glutamate biosynthesis, β-alanine metabolism, glu-
tathione biosynthesis, arginine and proline metabolism,
pantothenate and CoA biosynthesis, isoquinoline, alkaloid
biosynthesis, and phenylalanine metabolism (Fig. S3). Also,
differential metabolites were characterized through t-tests with
p-value < 0.01 and FDR< 0.02 (Tables S5–S7). Flavonoids, amino

acids, and nucleotides were the top three differential metabolites
between spring and summer. Greater variation was observed in
the concentrations of flavonoids, amino acids, and organic acids
in the autumn than in spring or summer. In addition, flavonoids,
amino acids and organic acids were the top three categories of
metabolites detected in fresh tea shoots as indicated above,
further highlighting the remarkable significance of these
metabolites.

A metabolite correlation network was constructed according to
PCC values to investigate the relationships among the main
metabolic compounds. There were 284 pairs of metabolites
showing high correlation with a PCC> 0.6 and a p-value < 0.05
(Tables S8–S9). The PCC values of 54 pairs were > 0.8, indicating
an extremely high correlation. These 54 pairs were classified as
flavonoids, organic acids, amino acids, alkaloids, nucleotides and
catechin polymers with molecular weights from high to low,
further confirming the importance of flavonoids and their
derivatives in the metabolism of tea (Fig. 5(a)). Although most
pairs of metabolites had negative correlations, the positively
correlated pairs had higher PCC values. Also, benzoic acids lay
in the center of the network, demonstrating their essential
intermediate role in the major metabolic pathways. Benzoic acid
derivatives are polyphenols, like the flavonoids. Benzoic acid is a
precursor of chalcone in plants and bacteria[32]. Consequently,
benzoic acid metabolism is closely related to flavonoid
metabolism.

The pathway and covariance network of flavonoids require
further investigation coupling metabolome with transcriptome
in order to identify the genes responsible for metabolism and
their interrelations. The WGCNA is a systematic biological
method used to describe the gene association modes in different
samples[33]. Accordingly, we used WGCNA to identify the hub

Fig. 4 Comparison of catechin concentrations in three harvest seasons. (a) Catechin quality indices; (b) mean value of catechin quality index.

Bars with the same lowercase letters are not significantly different by LSD test.
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Fig. 5 The metabolic correlated network and weighted gene co-expression network. (a) Metabolic correlated network among metabolites with

PCC > 0.6 (Nodes were colored based on term weight value. Positive and negative correlation are indicated with pink and blue connectors,

respectively); (b) weighted gene co-expression network in flavonoid metabolism with weighted correlation coefficient > 0.5. (Edge width reflects
weighted correlation coefficient. Node size reflects the degree value. Nodes were colored based on the group of hub-gene).
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genes and their correlations. As shown in Fig. 5(b), 12 of 28
genes mapped to the key genes responsible for flavonoid
metabolism were placed in the same module. Eight genes
interacted strongly with other genes, namely TEA023243,
TEA018665, TEA034012, TEA033429, TEA023340,
TEA023331, TEA014864 and TEA009266. These hub genes
were predicted to possess the functions of PAL, 4CL, CHS, C4H
and ANR. There were 301 genes highly interacting with hub
genes of 721 pair correlations (weight > 0.5, Table S10). A total of
136 genes were annotated to code transcription factors. Some
transcription factors regulate flavonoid biosynthesis such as
MYB, bHLH, WD40 and WRKY[34]. TEA017953 and
TEA003334 belong to the MYB family, TEA026406 and
TEA033085 to the WD40 family, and TEA000421 to the
bHLH family. In particular, TEA003334 simultaneously inter-
acted with two genes in the 4CL group (TEA034012 and
TEA033429), two genes in the CHS group (TEA023340 and
TEA023331), one gene in the PAL group (TEA023243), and one
gene in the C4H group (TEA014864) (Table S10). More notably,
TEA026406 also interacted with TEA034012, TEA023340,
TEA023331, TEA023243 and TEA014864. TEA000421 also
interacted with TEA023340, TEA023331 and TEA014864. These
results suggest that TEA003334, TEA026406 and TEA000421
may control the MYB-bHLH-WD40 transcription complex

together to regulate the expression level of genes in flavonoid
metabolism. Therefore, these five genes (TEA017953,
TEA003334, TEA026406, TEA033085 and TEA000421) merit
further investigation to uncover their regulatory relationships in
flavonoid metabolism. Both the metabolite correlation network
and weighted gene co-expression network indicate that flavo-
noid biosynthesis is the key regulatory pathway for secondary
metabolism in tea plants.

4 CONCLUSIONS

In summary, this study shows that seasonal fluctuation leads to
significant variation in metabolites, especially amino acids,
organic acids, alkaloids, flavonoids and their derivatives, in fresh
tea shoots over three harvest seasons through UPLC-Q-Obitrap-
MS. Most flavonoids in cv. Longjing Changye, having bitterness
and astringency as the predominant differential metabolites, are
at their lowest concentrations in spring. Furthermore, the
metabolomics combined with transcriptomics comprehensively
examined flavonoid change with season, and the genes
responsible for flavonoid biosynthesis. WGCNA suggests that
five genes warrant further investigation of their regulatory
function in flavonoid metabolism.
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