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Differentially expressed protein and gene
analysis revealed the effects of
temperature on changes in ascorbic acid
metabolism in harvested tea leaves
Hui Li1, Zhi-Wei Liu1, Zhi-Jun Wu1, Yong-Xin Wang1, Rui-Min Teng1 and Jing Zhuang1

Abstract
Tea is an important non-alcoholic beverage worldwide. Tea quality is determined by numerous secondary metabolites
in harvested tea leaves, including tea polyphenols, theanine, caffeine, and ascorbic acid (AsA). AsA metabolism in
harvested tea leaves is affected by storage and transportation temperature. However, the molecular mechanisms
underlying AsA metabolism in harvested tea leaves exposed to different storage and transportation temperature
conditions remain unclear. Here we performed RP-HPLC to detect dynamic changes in AsA content in tea leaves
subjected to high- (38 °C), low- (4 °C), or room-temperature (25 °C) treatments. The AsA distribution and levels in the
treated tea leaves were analyzed using cytological–anatomical characterization methods. The differentially expressed
CsAPX1 and CsDHAR2 proteins, which are involved in the AsA recycling pathway, were identified from the
corresponding proteomic data using iTRAQ. We also analyzed the expression profiles of 18 genes involved in AsA
metabolism, including CsAPX1 and CsDHAR2. AsA was mainly distributed in tea leaf mesophyll cells. High- and low-
temperature treatments upregulated the CsAPX1 and CsDHAR2 proteins and induced CsAPX and CsDHAR2 gene
expression. These results indicated that the CsAPX1 and CsDHAR2 proteins might have critical roles in AsA recycling in
tea leaves. Our results provide a foundation for the in-depth investigation of AsA metabolism in tea leaves during
storage and transportation, and they will promote better tea flavor in tea production.

Introduction
The tea plant [Camellia sinensis (L.) O. Kuntze] is an

economically important crop. Its leaves and leaf buds are
used to produce tea, one of the most important and
widely consumed non-alcoholic beverages worldwide.
Data from the Food and Agriculture Organization of the
United Nations (FAO) (http://faostat3.fao.org) website
indicated that approximately 2 240 594 ha of land in
China was used to cultivate tea plants in 2016. Com-
pounds from green tea could help prevent obesity1, car-
diovascular disease2,3, and Alzheimer’s disease4.

Ascorbic acid (AsA), known as vitamin C, is present in
plants and several animal species5,6. AsA is an organic
compound with antioxidant properties7. In higher vas-
cular plants, AsA has a vital role in physiological regula-
tion, and it could be involved in the response to ozone,
pathogen attack, and senescence8,9. Given these functions,
AsA is an important organic compound in tea plants10.
Ivanov et al.11 demonstrated that AsA from green tea
extracts could inhibit atherogenesis. In rats, AsA derived
from green tea could help protect against the toxic effects
of orally ingested arsenic and improve cellular anti-
oxidative effects12,13.
Four AsA biosynthesis pathways were identified in

plants. These pathways include the L-galactose (L-Gal), L-
gulose, D-galacturonate, and myo-inositol pathways14–17.
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L-galactose is an important precursor in the L-Gal path-
way18,19. L-gulose and L-gulono-1,4-lactone are the main
intermediates in the L-gulose pathway17,20. D-galacturonic
acid is a key intermediate in the D-galacturonate path-
way14. The D-glucuronate-mediated catalysis of myo-
inositol into myo-inositol oxygenase (MIOX) is the key
reaction of the myo-inositol pathway15,21. The L-Gal
pathway might be the most validated and well-known
AsA biosynthetic pathway in many plants22. Although the
L-Gal pathway has a vital role in AsA biosynthesis in tea
plants, other alternative pathways also participate in AsA
biosynthesis in tea plants23. The L-Gal pathway is the
dominant route of AsA biosynthesis in peach24, Arabi-
dopsis25, carrot26, and celery27.
Abiotic stresses, including adverse temperature condi-

tions, affect the distribution and levels of AsA in higher
plants28. High and low temperatures induce ascorbate
peroxidase (APX) gene expression in tea plants29. Low
temperatures induce ascorbate peroxidase 3 (APX3) gene
expression in Arabidopsis30. Furthermore, the expression
levels of the APX gene are regulated by various abiotic
stresses like salinity, intense light, and hydrogen peroxide
(H2O2)

31–33
. Transgenic tobacco carrying the APX gene

exhibit enhanced low- or high-temperature stress toler-
ance34. The AsA content of red and green transgenic
tomato fruits carrying the dehydroascorbate reductase
(DHAR) gene was increased, but the AsA content of green
transgenic tomato fruit carrying the monodehydroascorbate
reductase (MDHAR) gene was decreased35. Under chilling
temperatures, MDHAR activity in tomato fruit was sig-
nificantly correlated with AsA content36. In contrast,
monodehydroascorbate reductase 3 activity was negatively
related to AsA content in tomato leaves37. Transgenic
tobacco plants carrying the DHAR gene from Arabidopsis
showed improved Al-stress tolerance38. In addition, Ara-
bidopsis overexpressing the rice DHAR gene showed
enhanced tolerance to salt stress39.
In recent years, with the development of the tea industry

and the expansion of tea cultivation areas, traditional
artificial tea manufacturers have been replaced by
machines. Large numbers of tea leaves are needed to meet
the ever-increasing demands of the tea industry. Conse-
quently, the storage and transportation of tea leaves have
become important concerns in tea production. Transfer-
ring fresh tea leaves from the tea farm to the factory for
processing takes several hours. Tea leaves are always
stored away from heat to maintain freshness and prevent
mold growth. Tea leaves are usually stored and trans-
ported under low- (4 °C) and room-temperature (25 °C)
conditions. However, the high water content (~70%) in
fresh tea leaves sometimes causes the internal tempera-
ture of tea leaves to rapidly increase to 38 °C during sto-
rage and transportation at room temperature. AsA is one
of the important secondary metabolites in tea leaves.

Different temperatures during the process of storage and
transportation can affect the quality of fresh tea leaves, the
flavor of processed tea, and AsA metabolism. The effects
of different temperature conditions on the molecular
mechanisms underlying the secondary metabolite pro-
duction of tea leaves during storage and transportation
remain unclear. AsA metabolism in tea leaves during
storage and transportation requires study.
“Longjing 43” is a typical tea plant cultivar widely cul-

tivated for its high and stable production, and it is also
used as a model for genetic and breeding research on tea
plants40–42. This study was designed to investigate the
effects of different temperatures on AsA metabolism in
harvested tea leaves of “Longjing 43”. We performed an
integrated transcriptome analysis and used isobaric tags
for relative and absolute quantitation (iTRAQ) analysis to
reveal the effects of high- (38 °C), low- (4 °C), and room-
temperature (25 °C) treatments on the potential molecular
mechanisms of AsA metabolism in Longjing 43 tea leaves.
The differentially expressed proteins (DEPs) involved in
AsA metabolism and the expression profiles of 18 genes
related to AsA metabolism were identified. Furthermore,
we discussed the morphological and anatomical char-
acteristics and AsA distribution and level of tea leaves
subjected to different temperature conditions. An
understanding of the AsA levels and suitable storage and
transportation conditions of tea leaves may provide gui-
dance to the tea industry.

Materials and methods
Plant materials, growth conditions, and temperature
treatments
One-year-old tea plant cuttings (C. sinensis cv. “Longj-

ing 43”) were cultivated in an artificial climate chamber at
Nanjing Agricultural University, Nanjing, China (32°02′
N, 118°50′ E). The soil type used for tea plant growth
contained a mixture of peat, vermiculite, and perlite
(3:2:1, v/v). Thirty clonally propagated tea plants were
grown under an artificial climate chamber condition (25 °
C for 16 h during daytime, 18 °C for 8 h during the dark,
150 μmol/m2/s light intensity, and 75% relative humidity).
Tea leaves were collected as previously described41, laid
flat, and wilted for approximately 4 h under different
temperature treatments (4, 38, and 25 °C) on 27 Sep-
tember 2016. One bud and two leaves were collected from
each sample. The sample for each treatment was picked
from 10 tea plants, mixed, and divided into three biolo-
gical replicates. Samples wilted for 4 h under 25 °C were
used as the control. The tea leaves were used for RNA
isolation and AsA content determination.

Dynamic changes in AsA levels
The oxalic acid method was performed as previously

described for the determination of AsA levels in tea
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leaves23. Briefly, each fresh sample (200 mg) was homo-
genized in 4 mL of 1.0% (w/v) oxalic acid (24094A,
Shanghai, Adamas, China) and centrifuged at 10 000 × g
for 10 min at 4 °C. The reaction solution was used to assay
AsA content using reversed-phase high-performance
liquid chromatography (RP-HPLC). A Shimadzu LC-
20A series (Shimadzu Co., Kyoto, Japan) with a Hedera
ODS-2 C18 analytical column (250mm× 4.6 mm i.d., 5
μm nominal particle size) was used for chromatographic
separation analysis at 254 nm. Methyl alcohol (MS#1922-
801, TEDIA, Susong, China) was used as mobile phase A,
and 0.1% (w/v) oxalic acid was used as mobile phase B.
The ratio of mobile phase A to B was 5%:95%. Finally, the
AsA level was determined by injecting 20 μL of filtrate
into the RP-HPLC system and recorded as mg/100 g fresh
weight (FW).

Cytological–anatomical structure and AsA distribution
analysis
Paraffin-embedded sections of tea leaves were analyzed

using a previously described method with some mod-
ifications to investigate the cytological–anatomical struc-
tures and AsA distribution in tea leaves43. Briefly, leaves,
including major veins, were cut into sections with
dimensions of 2.5 mm × 2.5 mm. Subsequently, the
excised leaf sections were fixed in FAA solution (ethanol:
formalin:acetic acid, 90:5:5, v:v:v) (Servicebio, Wuhan,
China). After 20 min of deparaffinization with xylene
(20641F, Shanghai, Adamas, China) and 40min of dehy-
dration with ethanol (73537S, Shanghai, Adamas, China),
the sections were stained for 1–2 h with 1% safranin O
solution (59222C, Shanghai, Adamas, China) and washed
with tap water. The sections were dehydrated with 50%
ethanol solution (v/v) for 1 min, 70% ethanol solution (v/
v) for 1 min, and 80% ethanol solution (v/v) for 1 min.
Subsequently, the samples were stained with 0.5% fast
green solution (39722B, Shanghai, Adamas, China) for
30–60 s. The sections were dried at 60 °C and washed for
5 min with xylene. Finally, the sections were sealed with
neutral balsam for further analysis.
To observe the distribution of AsA in tea leaves, the

acidic–alcoholic AgNO3 method was used in accordance
with the procedure described by Chinoy44. In this method,
samples were immersed in a mixture solution composed
of distilled water:ethanol:acetic acid (29:66:10, v:v:v). Leaf
samples were vacuumized for 1 h in 5% AgNO3

(N#A4769, Shanghai, Adamas, China) (silver nitrate:
mixture solution, w/v) and stored for 24 h at 4 °C. Sub-
sequently, excess residue was washed off for 20 min with
70% ethanol solution containing 5% ammonium acetate
(72564A, Shanghai, Adamas, China). Finally, samples
were analyzed as paraffin sections without safranin O/fast
green staining.

Total RNA isolation and cDNA reverse transcription
Total RNA was extracted from three samples in

accordance with the instructions included with the Quick
RNA isolation Kit (Aidlab, Beijing, China). RNA extrac-
tion was performed with RNase-free DNaseI (TaKaRa,
Dalian, China) to eliminate genomic DNA contamination.
The extracted RNA concentration of each sample was
calculated using a Nanodrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). The first-
strand cDNA of each sample was synthesized in accor-
dance with the instructions included with the PrimeScript
RT reagent kit (TaKaRa, Dalian, China). The synthetized
cDNA of each sample was diluted 18 times and used as
template for quantitative real-time PCR (qRT-PCR)
amplification. The experiments were repeated as three
independent biological samples.

Protein extraction, labeling, liquid chromatography-
tandem mass spectrometry analysis and data analysis
Lysis solution [9M urea, 4% 3-[(3-cholamidopropyl)

dimethylammonio]-1-propane sulfonate, 1% dithio-
threitol, and 1% immobilized pH gradient buffer (GE
Healthcare)] was used to extract protein from each sam-
ple. The mixture was centrifuged at 15 000 rpm for 15 min
after 1 h of incubation at 30 °C. Dissolution buffer (AB
Sciex, Foster City, CA, USA) was used to dissolve the total
protein from each sample, and each sample was labeled
using an iTRAQ Reagent-8 plex Multiplex Kit (AB Sciex).
The labeled sample was separated by liquid chromato-
graphy (LC) with an Eksigent nanoLC-Ultra 2D system
(AB SCIEX).
LC fractions were analyzed with a Triple TOF 5600

mass spectrometer (AB SCIEX) under the following
conditions: ion spray voltage, 2.5 kV; nebulizer gas pres-
sure, 5 PSI; curtain gas pressure, 30 PSI; and interface
heater temperature, 150 °C. The information-dependent
acquisition mode was applied for 35 product ion scans (2+

to 5+) above a threshold ion count of 150 in the mass
spectrometry survey scan. The dynamic exclusion dura-
tion was 18 s. The data for iTRAQ protein were analyzed
using Protein Pilot Software Version 4.0 against the
database Uniprot_grape.

Database search for DEPs, qRT-PCR, and protein–protein
interaction analysis
The DEPs involved in the AsA recycling pathway in tea

leaves subjected to different temperature treatments were
identified using iTRAQ-based quantitative proteomics41.
The protein–protein interaction (PPI) prediction was
performed using the search tool for the retrieval of
interacting genes/proteins (STRING) (Version 10.0,
http://string-db.org/)45. Additionally, the interaction net-
works of proteins and AsA were constructed using
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STITCH (search tool for interacting chemicals; http://
stitch.embl.de/)46.

Gene expression analysis through qRT-PCR
The 18 AsA metabolism-related genes were identified

by searching the known amino-acid sequences from car-
rot against tea plant genomic or transcriptomic database
using Bioedit software26,47–49. The primers (Table 1) used
in the qRT-PCR analysis were designed using Primer
Premier 6.0 software. The CsTBP gene is a stable refer-
ence gene that has been used in the gene expression
analysis of tea plants40. Here the CsTBP gene was used as
the reference gene for normalizing the expression levels of
AsA metabolism-related genes in different samples. A
Bio-Rad iQ5 platform (Bio-Rad, Hercules, CA, USA)
system was used for the qRT-PCR analysis, which was
performed using SYBR Premix Ex Taq (Tli RNaseH Plus;
TaKaRa, Dalian, China) in accordance with the manu-
facturer’s protocol. Each reaction volume of 15 μL con-
tained 7.2 μL of deionized water, 5.5 μL of SYBR Premix
Ex Taq (Tli RNaseH Plus; TaKaRa, Dalian, China), 1.5 μL
of diluted cDNA strands, and 0.4 μL of each primer. The
thermal cycling conditions of qRT-PCR were as fol-
lows: 95 °C for 30 s; 40 cycles at 95 °C for 5 s; and 55 °C for

25 s. The transcript abundance measurements of each
reaction were repeated as three independent biological
samples.

Statistical analysis
Experiments on water loss, AsA contents, and expres-

sion levels of AsA metabolism-related genes were per-
formed with three independent samples. Data were
analyzed using the Statistical Package for Social Sciences
(SPSS) statistics version 17.0 (SPSS, Inc., Chicago, IL,
USA). Differences in the expression levels of AsA
metabolism-related genes, water levels, and AsA contents
were detected using Duncan’s multiple-range test at a P <
0.05 probability level. Data are presented as the mean ±
standard deviation.

Results
Morphological changes and weight loss exhibited by tea
leaves subjected to different temperature treatments
The morphological changes and weight losses exhibited

by tea leaves subjected to different temperature treat-
ments were investigated. The remnant percentages of tea
leaves were 90.01%, 84.67%, and 73.33% at 4, 25, and 38 °
C, respectively (Fig. 1).

Table 1 qRT-PCR primer sequences of genes related to AsA biosynthetic and recycling pathways in tea leaves

Name Forward primer (5ʹ–3ʹ) Reverse primer (5ʹ–3ʹ)

CsPMM CCACATTATTAGCTTCCTTCTCGTCAC CCAACAACACCAACTGTAACAACCTT

CsGGP ATCTTCCTTGTACCACAGTGTTATGCT TGCCTCCTCGTAGTCCTTCTTCC

CsGME AACTACGGAGCATACACCTATGAGAAC CTAGCAATGTGCGAGGCAATGAATC

CsGMP GAACTCGGTTGAGACCATTGACACTT CCACTTCACTCACTCCAATAGCCTTG

CsGPP GCTGCTGGTGCTGTGGTAGAAT CTAGAAGTGACTGCTCCACCTTATCG

CsGalLDH GGCGGCATTGTTCAGGTTGGT GTCCACAGCGAGCAAGATAGAATAGTT

CsGalDH GAGAGTGACTAGGAGCATTGATGAGAG CCAAGCGGAAGTCCTGTAATACCAA

CsPMI TCTGCGGTCAATATTCACTCAACTCAT TGTTCCTTATCTGTCAACTGCCTCAC

CsPGI1 CATTGTGAAGAGTCAGCAACCTGTGTA CGATTGCCAGAGAAGGTCTTGTGAG

CsPGI2 CGATGTCGTCAGTGGTAAGATTAAGC TTATCTTGAGAGGCGGATTATCAGGAG

CsAPX AGCAAGGTCACGAAGCCAACAAT GCAACAACTCCAGCCAACTGATAGA

CsMIOX CGTCAATCACATCAACCAA ACTCTCATCCACAACATCAT

CsGalUR GAGCAGCCTCTTGGAGAAGCAAT ATCACGATGAGCATCAGAACACCAA

CsAO CCAACACCACTCAAGCACTAACAATAC GAGGATGATACGGCGGTGATGG

CsDHAR1 ATGATGGAACCGAGCAAGCATTACT GACAAGTCCGCAGCAGATACTCTT

CsDHAR2 ACCCTCCTCTCTGCCATTCTCC TTCATCCAGTGCCTTCAACTCATCAA

CsGR ACCCTGATGGCTAATAAGAATGCTGAA TAGTATGTGCCTTGCCGAGTAGAGT

CsMDHAR AGACTCTCGTTAGTGCTGCTGGA TCTTCGCCTGAATTGCTTCTACAAGT

CsTBP GGCGGATCAAGTGTTGGAAGGGAG ACGCTTGGGATTGTATTCGGCATTA
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AsA levels of tea leaves
The AsA levels of tea leaves were measured using RP-

HPLC. The standard curve for AsA concentration was
constructed prior to sample measurement (Fig. S1). The

AsA levels of tea leaves under different temperature
treatments differed significantly (Fig. 2a). Figure 2b shows
the HPLC profiles of AsA in tea leaves subjected to dif-
ferent temperature treatments. Among the three treat-
ments, the highest AsA level (41.06 mg/100 g) was
recorded after 4 °C treatment, and the lowest level (33.09
mg/100 g) was recorded after 38 °C treatment. The AsA
level in tea leaves subjected to 25 °C treatment was 36.77
mg/100 g.

AsA distribution in tea leaves
Cytological–anatomical structure analysis was per-

formed to elucidate the effects of different temperature
treatments on the AsA level and distribution in tea leaves.
The bioactive AsA levels in tea leaves significantly chan-
ged under high- and low-temperature treatments (Fig. 3a,
b). As inferred from the distribution of black spots
throughout the leaves, the highest AsA levels were
observed in leaves subjected to 4 °C treatment. The lowest
AsA content was observed in leaves subjected to 38 °C
treatment. AsA was mainly distributed in the spongy
tissue of tea leaves that received 4 and 25 °C treatments,
and it was rarely distributed in the xylem of tea leaves that
received 38 °C treatment.

Fig. 1 Effects of temperature treatments on the water loss of tea
leaves. Error bars represent the standard deviation among three
independent replicates. Data are presented as the mean ± SD of three
independent replicates. Different lowercase letters indicate significant
differences at P < 0.05 based on three biological repetitions

Fig. 2 AsA contents and AsA RP-HPLC profiles of tea leaves under different temperature treatments. a AsA contents of tea leaves under
different temperature treatments. b AsA RP-HPLC profiles of tea leaves under different temperature treatments. Error bars represent the standard
deviation among three independent replicates. Data for AsA content are presented as the mean ± SD of three independent replicates. Different
lowercase letters indicate significant differences at P < 0.05 based on three biological repetitions
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Identification of the DEPs in the AsA recycling pathway in
tea leaves
The DEPs of tea leaves that received different tem-

perature treatments were analyzed using iTRAQ (Fig. 4;
Table 2). In this study, two AsA metabolism-related
proteins were identified in leaves subjected to 4 °C treat-

Fig. 3 Distribution of AsA in tea leaves under different
temperature treatments. a Control group. b Cool acidic–alcoholic
AgNO3 treatment group. Epidermis (Ep), spongy tissue (St), phloem
(P), and xylem (X) are marked in the figure. The scale bar represents a
length of 50 μm
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Fig. 4 Expression profiles of DEPs in the AsA recycling pathway in tea
leaves under different temperature treatments
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ment: CsAPX1 (Table S1) and CsDHAR2 (Table S2). The
CsAPX1 protein was also identified in leaves treated with
38 °C (Table S3). These AsA metabolism-related proteins
were differentially expressed in tea leaves under different
temperature treatments. Under 4 °C treatment, the
expression level of CsDHAR2 was lower than CsAPX1.

Gene expression profiles of AsA metabolism-related genes
in tea leaves
The expression levels of genes involved in AsA bio-

synthetic and recycling pathways in tea leaves under

different temperature treatments were detected to explore
the effects of temperature on the expression profiles of the
genes of interest (Fig. 5). Genes involved in the AsA
biosynthetic and recycling pathways were identified by
referring to the tea plant transcriptome database.
The expression levels of five genes (CsGalDH, CsPGI1,

CsPGI2, CsGMP, and CsGME) involved in the AsA bio-
synthetic pathway were upregulated under low-
temperature (4 °C) treatment relative to room-
temperature (25 °C) treatment. The expression levels of
10 genes (CsPMM, CsGGP, CsGalDH, CsPGI1, CsPGI2,

Fig. 5 qRT-PCR analysis of the expression levels of genes involved in AsA biosynthesis and recycling pathways in tea leaves under
different temperature treatments. a Genes involved in the AsA biosynthetic pathway. b Genes involved in the AsA recycling pathway.
Phosphomannose mutase (CsPMM), GDP-L-galactose phosphorylase (CsGGP), L-galactose dehydrogenase (CsGalDH), phosphoglucose isomerase 1
(CsPGI1), phosphoglucose isomerase 2 (CsPGI2), phosphomannose isomerase (CsPMI), L-galactono-1,4-lactone dehydrogenase (CsGalLDH), GDP-D-
mannose pyrophosphorylase (CsGMP), GDP-D-mannose-3ʹ,5ʹ-epimerase (CsGME), L-galactose-1-P phosphatase (CsGPP), D-galacturonate reductase
(CsGalUR), myo-inositol oxygenase (CsMIOX), glutathione reductase (CsGR), dehydroascorbate reductase 1 (CsDHAR1), dehydroascorbate reductase 2
(CsDHAR2), ascorbate peroxidase (CsAPX), ascorbate oxidase (CsAO), and monodehydroascorbate reductase (CsMDHAR). Error bars represent the
standard deviation among the three independent replicates. Data are presented as the mean ± SD of three independent replicates. Different
lowercase letters indicate significant differences at P < 0.05 based on three biological replicates
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CsGalLDH, CsGMP, CsGME, CsGalUR, and CsMIOX)
were downregulated under high-temperature (38 °C)
treatment compared to room-temperature treatment. In
addition, the expression levels of CsGPP and CsPMI were
significantly upregulated under high-temperature treat-
ment compared to under room-temperature treatment.
Among the genes involved in the AsA recycling pathway,
the expression levels of four genes (CsDHAR1, CsAPX,
CsAO, and CsMDHAR) were downregulated under high-
temperature treatment, and two genes (CsDHAR2 and
CsAO) were upregulated under low-temperature treat-
ment compared to room-temperature treatment. CsAPX
and CsMIOX expression levels were suppressed under
high- or low-temperature treatments.

PPI analysis
STRING was used to construct the PPI networks of AsA

metabolism DEPs in both C. sinensis (NCBI Taxonomy
ID: 542762) under different temperature treatments and
Arabidopsis (NCBI Taxonomy ID: 3702). Sequence simi-
larity analysis indicated that AsA metabolism-related
proteins in tea plants corresponded to those in Arabi-
dopsis thaliana (Table S4). STRING was applied to con-
struct a PPI network between the AsA metabolism-related
proteins of tea plants and those of Arabidopsis (Fig. 6).
The results indicated that CsAPX interacts with
CsDHAR1 and CsDHAR2. CsDHAR1 and TPI are coex-
pressed. TPI is a protein involved in gluconeogenesis. In
addition, CsDHAR2 and GR are coexpressed. Subse-
quently, STITCH was used to analyze the known and
predicted interaction networks of chemicals, proteins, and
AsA (Fig. 7). AsA interacts with some chemical

compounds, including erythorbic acid, diphosphopyridine
nucleotide, sodium ascorbate, ascorbate radical, dehy-
droascorbic acid, and hydrogen peroxide.

Discussion
Effects of temperature on the morphology and weight loss
of tea leaves
High or low temperatures have various effects on plant

morphology. For example, low temperature helps prevent
the postharvest weight loss of fruits during storage50. By
contrast, high temperature accelerates the postharvest
weight loss of sugarcane cultivars during storage51. In this
study, we found that different temperature treatments
resulted in the postharvest weight loss of tea leaves.
Postharvest weight loss often accompanies postharvest
physiological deterioration in sweet cherry52. Tempera-
ture elevations during storage might promote the phy-
siological deterioration of broccoli buds53. High
temperature could cause cellular dehydration in plants54.
The cell membrane mediates the selective transport of
ions and organic molecules from the external environ-
ment55 and receives temperature stress signals56. It also
maintains the shape of the cell by anchoring the cytos-
keleton. Cell membrane damage causes cellular dehydra-
tion, which might affect weight loss in tea leaves at high
temperatures.

Effects of temperature on AsA level and distribution in tea
leaves
External factors like sunlight, temperature, relative

humidity, oxidative stress, and pollution influence AsA
distribution and levels in plants57,58. In this study, the
effects of different temperature conditions on the AsA
level and distribution in tea leaves were detected and
analyzed. AsA levels in tea leaves under low-temperature
treatment are higher than those in tea leaves under room-
or high-temperature treatment. AsA levels in sea buck-
thorn leaves and stems decreased with increasing tem-
perature59. Temperature stress could affect the contents
of antioxidant and lipid peroxidation enzymes60. Because
AsA is an antioxidant, its levels could also be influenced
by temperature stress9. Cold stress increases the AsA
content of pepper (Capsicum annuum L.)61. A similar
finding was observed for Cistus clusii under field condi-
tions and a Mediterranean climate62.
Considerable evidence from different studies suggested

that the AsA distribution differs across plant species. For
example, AsA is mainly distributed in the mesocarp,
septum, and loculi of ripening tomato fruits63 and in the
vascular tissues and peel of apple fruits64. In plants, AsA is
negligibly distributed in vacuoles and is mainly located in
the cytoplasm65,66. However, in this study, we found that
AsA mainly localizes in the mesophyll cells in tea leaves.

Fig. 6 PPI of proteins in the AsA metabolic pathway. a Proteins
involved in the AsA biosynthetic pathway. b Proteins involved in the
AsA recycling pathway. Associations among proteins shared by tea
plants and Arabidopsis jointly contribute to a common function
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Effects of temperature on the expression levels of AsA
metabolism-related genes in tea leaves
Gene expression in most plants is affected by abiotic

stress, including high or low temperature stress67,68. In
most plants, the gene expression levels involved in AsA
metabolism are related to abiotic stress69,70. Although
AsA metabolism-related genes were detected and identi-
fied in tea plants on the basis of transcriptome data and
the expression of AsA metabolism-related genes in
response to temperature stress was analyzed23,29, the
expression patterns of AsA metabolism-related genes in
tea leaves under different temperature stresses remain
unclear.
In apple leaves, the expression levels of APX, DHAR,

and GR decreased after 4 h of continuous high-
temperature treatment71. In this study, we found that
the expression levels of the CsAPX and CsDHAR1 genes
decreased and CsGR increased under treatment with 38 °

C. Exposing tomatoes after harvest to temperatures from
12 to 3 °C for 56 h inhibits GME1 expression28. Similarly,
we found that exposing tea leaves to temperatures of 25 to
38 °C for 4 h decreased CsGME expression. In A. Actini-
dia eriantha. GGP expression was inhibited after heat
treatment (42 °C) relative to normal conditions (25 °C)72.
Here CsGGP expression was reduced after treatment at
38 °C compared to treatment at 25 °C.
In harvested tomato, GPP is the only AsA biosynthetic

gene that was affected by 4 °C treatment. Its expression
level peaked after 3 h of treatment and decreased to vir-
tually undetectable levels after 1 h of treatment at 40 °C.
High temperature induced CsGPP expression in the tea
plant, and CsGPP transcript abundance was negatively
correlated with AsA levels in tea leaves. GPP expression
was closely associated with AsA levels during tomato
ripening73. GPP is an enzyme that converts L-galactose-1-
P to L-ascorbate. Shade significantly induced GPP1

Fig. 7 Interaction network of chemicals, proteins, and AsA in Arabidopsis. The image presents a comprehensive view. Thick lines represent
strong associations. Protein–protein interactions are shown in gray. Chemical–protein interactions are shown in green. Chemical–chemical
interactions are shown in red
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expression in ripe red tomato fruits. GPP1 expression was
correlated with AsA levels in tomato leaves and fruits74.
These findings implied that CsGPP has important asso-
ciations with AsA levels in tea leaves.
AO is a crucial enzyme in AsA accumulation. Previous

studies hinted that the levels of AO expression and of AsA
are linked. For example, suppressing AO expression
increased AsA levels in harvested tomato fruits after
drought treatment75. In this study, we found that CsAO
expression is positively correlated with AsA levels in tea
leaves. Transgenic Arabidopsis plants carrying the
CuZnSOD and APX genes showed improved abiotic stress
tolerance76. In tea leaves, CsAPX expression was higher at
25 °C than at 4 °C. APX mRNA abundance in harvested
potato tubers was higher at 20 °C than at 5 °C77.

DEPs of proteins related to AsA metabolism-related
proteins in tea leaves
iTRAQ technology enhanced the precision and relia-

bility of the quantitative analysis of human, animal, and
plant proteins78–80. The proteomics approach enabled the
functional analysis of proteins related to AsA metabolism
in plants81,82. iTRAQ-based quantitative proteomics
analysis showed that drought treatment decreased the
expression levels of APX and AO proteins in the leaves of
cultivated tobacco83. iTRAQ analysis indicated that APX
activity decreased from 0 to 12 h but increased from 12 to
96 h during postharvest physiological deterioration84. In
addition, metabolic proteome analysis showed that the
protein abundance of APX1 decreased in the embryo-
surrounding tissues of wheat in response to high salt
stress85. The protein abundance of SlGalLDH in the
young leaves and harvested fruit of four transgenic tomato
lines was lower than in the young leaves and harvested
fruit of control plants86. Protein gel blot analysis illu-
strated that the positive protein signals of LetAPX in four
transgenic tomato lines were stronger than in wild-type
lines87. Proteomic analysis has revealed that APX1 plays a
major role in response to drought and heat stress in
Arabidopsis88. The VTC2 protein appears to exhibit a
dual function in green tomato tissues73. The VTC2 pro-
tein shares high similarity with the CsGGP protein. These
findings suggest that the function of CsGGP protein
might be like the VTC2 protein. iTRAQ-based analysis
identified that APX3 and DHAR proteins were expressed
during the early or late postharvest physiological dete-
rioration of M. esculenta at 27 °C84.
In this study, iTRAQ-based analysis indicated that

CsAPX1 and CsDHAR2 proteins were expressed in tea
leaves after 4 h of 4 °C treatment and that the CsAPX1
protein was expressed in tea leaves after 4 h of treatment
at 38 °C. Treatment at 38 and 4 °C upregulated CsAPX1
and CsDHAR2 protein expression. Our findings implied

that CsAPX1 and CsDHAR2 proteins were involved in
AsA recycling pathways in tea leaves. Previous studies also
showed that the DHAR1 protein localizes to plant per-
oxisomes and chloroplasts89,90. The APX protein localizes
to the cytosol, chloroplast, and peroxisomes91. AsA con-
tent and distribution are closely associated with chlor-
oplasts92,93. In the AsA-GSH cycle of chloroplasts, APX
can scavenge H2O2, DHAR, and MDHAR, and it can
catalyze the regeneration of AsA94,95. Consequently, these
results indicated that CsAPX1 and CsDHAR2 proteins
could be involved in the AsA recycling pathway in tea
leaves subjected to different temperature treatments.

Conclusions
Numerous studies on the regulatory mechanisms

underlying the postharvest quality of various crops were
conducted. This study investigated the effects of different
temperature treatments on AsA metabolism in tea leaves
(Fig. 8). AsA content and distribution in tea leaves
subjected to different temperature treatments were
investigated. qRT-PCR and iTRAQ were utilized to
analyze the expression patterns of proteins and genes
related to the AsA metabolic pathway. The results indi-
cated that AsA is mainly distributed in mesophyll cells in
tea leaves. High or low temperatures modulate the
expression levels of the CsAPX and CsDHAR2 genes.
iTRAQ revealed that high and low temperatures upre-
gulated CsAPX1 and CsDHAR2 protein expression.
Therefore, CsAPX1 and CsDHAR2 proteins might play
important roles in AsA recycling in tea leaves. The data
provided by this study will help provide additional insight
on the investigation of AsA levels in tea leaves and pro-
vide a foundation for strategies to enhance tea product
quality and flavor.

Fig. 8 Flow chart of the effects of different temperature treatments on
AsA in tea leaves
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