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Introduction

Heavy metals in the atmosphere, land, and water cause 
severe damage to all organisms. Tea, one of the most 
important beverage crops, thrives well in acidic soils and, 
therefore, is vulnerable to exposure to stress associated 
with heavy metals, such as copper, cadmium, zinc, and 

lead (Fung and Wong 2002). The vulnerability is attributed 
to easy absorption of heavy metals from acid soils with 
low adsorption capacity (Elliott et al. 1986, Subba et al. 
2014). Cadmium is a non-essential element that adversely 
affects plant growth and development (Printz et al. 2016). 
Due to acidification, the concentration of Cd in the soils 
of tea plantations is generally above the permissible 
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Abstract

Ascorbic acid (AsA) and glutathione (GSH) contribute to defense responses under abiotic stresses. The present  
study explored the ascorbate-glutathione cycle and ascorbate regeneration under high concentration (30 mM) of 
cadmium in the tea plant (Camellia sinensis L.). The tea leaves showed speckles and necrosis from the third day of 
Cd treatment. The content of superoxide anion (O2

.-) and hydrogen peroxide (H2O2) in the leaves were significantly 
higher until the seventh day after Cd treatment. The content of O2

.- and H2O2 were the highest on the fifth day (212.7 
and 153.6 % of the control, respectively). The AsA content increased (86.9 %) on the first day after Cd treatment and 
decreased significantly in the subsequent days, while GSH showed a reverse trend. The enzymatic activity assays 
showed that dehydroascorbate reductase (DHAR) and glutathione reductase (GR) involved in AsA regeneration were 
downregulated considerably after Cd foliar application. In contrast, the activities of ascorbate peroxidase (APX) 
and monodehydroascorbate reductase (MDHAR) increased on the first day and then declined. Reverse-transcription 
quantitative PCR showed upregulation of glutathione synthetase (CsGSHS), γ-glutamylcysteine synthetase (Csγ-ECS), 
and CsMDHAR of the AsA regeneration pathway and downregulation of CsDHAR and CsGR. The expressions 
of GDP-L-galactose phosphorylase (CsGGP), L-galactose-1-phosphate phosphatase (CsGPP), and L-galactono- 
1,4-lactone dehydrogenase (CsGaILDH) of the L-galactose pathway were also downregulated. The results indicated 
that AsA, which can respond to Cd stress of plants by increasing antioxidant ability, was consumed to scavenge ROS; 
moreover, Cd stress inhibited AsA synthesis and regeneration, which made that tea plants suffering severe damage.
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limit (Nejatolahi et al. 2014). Moreover, high content of 
Cd in irrigation water significantly reduce plant biomass 
(Murtaza et al. 2017). Excessive Cd reduces the yield 
and quality of tea. Content of selected metals (Cu, Mn, 
Zn, Cd) in tea leaves were investigated, and Cd content 
exceeded local regulations (Podwika et al. 2018). Growing 
tea plants under excessive Cd in soil has a direct impact  
on the safety of tea drinking. And it will affect the taste 
of tea, reduce its nutrition and quality, and ultimately 
influence people's health.

Stress associated with increased content of reactive 
oxygen species (ROS) and an imbalance in the antioxidant 
system leads to cell death (Ahmad et al. 2019, Kohli  
et al. 2019). Stress due to heavy metals, such as Cd, also 
leads to changes in gene expression, antioxidant capacity, 
redox balance, and leaf anatomy (Dobrikova et al. 2022). 
Meanwhile, cadmium stress resulted in membrane 
damage, e.g., in rice and Sedum alfredii (Tian et al. 2011, 
Thounaojam et al. 2012). Cadmium at high concentrations 
in the soil is toxic to plants; this has been indicated 
by changes in chlorophyll content and gas exchange 
parameters (Adamczyk-Szabela et al. 2019). Plants respond 
to cadmium by reducing its absorption and transport, and 
maintaining redox homeostasis. O2

·− and H2O2 production 
is increased and a situation is further complicated by  
the production of nitric oxide (NO·). Arabidopsis thaliana 
plants overexpressing tomato metallocarboxypeptidase 
inhibitor (TCMP-1) displayed a lower amount of Cd 
accumulation in shoots and an increased expression 
of heavy metal-associated isoprenylated plant protein 
(AtHIPP26) in comparison with wild-type plants (Manara 
et al. 2020). Few researchers indicated that different 
transcription factors, including C2H2, MYB, WRKY, 
and bZIP family members, respond to Cd stress (He et al. 
2021). Moreover, two basic helix-loop-helix (bHLH) 
transcription factors (bHLH29 and bHLH38) were 
different between two wheat genotypes with contrasting 
Cd accumulation (Sabella et al. 2021). 

The ascorbate-glutathione (AsA-GSH) cycle, an 
important and efficient ROS-scavenging pathway, plays  
an essential role in the antioxidant defense system in  
plants (Sarker and Oba 2018a, Zhang et al. 2021, Hossain 
et al. 2022). The cycle comprises two non-enzymatic 
antioxidants, ascorbate (AsA) and glutathione (GSH). 
Meanwhile, APX (ascorbate peroxidase), MDHAR 
(monodehydroascorbate reductase), DHAR (dehydro
ascorbate reductase), and GR (glutathione reductase) 
are the main enzymatic antioxidant components of the 
AsA-GSH cycle. Studies have proven that plants regulate 
the activities of these enzymes and provide adequate 
protection against oxidative stress caused by Cd stress 
(Hasanuzzaman et al. 2017). AsA-GSH cycle is essential 
in defending oxidative damage and balancing the redox 
status of AsA and GSH under abiotic stresses (Sarker and 
Oba 2018b, 2020). Researchers have found that the high 
efficiency in AsA-GSH cycle and antioxidant enzyme 
activities provide increased tolerance to heavy metals in 
wheat (Shan et al. 2018). However, the limiting factors 
of alleviating tea plant oxidative damage under cadmium 
stress are not completely clear. Therefore, we employed 

physiological and molecular techniques to reveal the 
limiting factors of alleviating tea plant oxidative damage 
in resisting heavy metal stress in the AsA-GSH system.  
The findings will provide a useful reference for homeostatic 
changes in tea plants under cadmium stress.

Materials and methods

Plants, growth conditions, and treatments: One-
year-old tea plants [Camellia sinensis (L.) O. Kuntze 
cv. Baiye 1] cultured in plastic containers containing  
2 dm3 of Hoagland's nutrient solution (pH 5.0) were pre-
incubated in a growth chamber under a 14-h photoperiod, 
an irradiance of 200 μmol m-2 s-1, a temperature of  
25 ℃, and a relative humidity of 80 % for one week before 
treatment. The nutrient solution was continuously aerated 
every day and changed every 3 d to maintain the pH level 
and regular supply of plant nutrients. The experimental 
plants were divided into two groups: control treatment 
(CK) and Cd treatment (Cd); with 10 tea plants per group, 
and replicated three times. Depending on the treatment 
type, 30 mM Cd2+ solutions were sprayed twice a day 
(10 am and 6 pm) lasting 7 d. The CK was sprayed with 
ultrapure water. The first and second tender leaves were 
harvested at 1, 3, 5, and 7 d after the last application of 
treatment. All samples were washed with ultrapure water 
and immediately frozen in liquid nitrogen, and then stored 
at - 80 ℃ for further analyses. 

Determination of ROS: Hydrogen peroxide and 
superoxide anion  were extracted using a reagent kit 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) according to the manufacturer’s instructions: 0.1-g 
leaf sample was homogenized to fine particles in 1 cm3 
phosphate buffer (50 mM, pH 7.0) using a mixer mill  
(MM 400, Retsch, Germany). To ensure sufficient 
extraction, the solution was mixed thoroughly on a vortex 
mixer for 30 s and centrifuged at 10  000 g for 20 min  
at 4℃. The reaction mixture was measured by spectro
photometer (Thermo Scientific, Wilmington, DE, USA) at 
410 nm for H2O2 and at 530 nm for O2

.-.

Lipid peroxidation: The extent of lipid peroxidation in 
the tea seedlings was determined from the measurement 
of malondialdehyde (MDA) content resulting from the 
thiobarbituric acid (TBA) reaction. Leaf sample (0.1 g) was 
homogenized in 1.0 cm3 of 50 mM precooled phosphate 
buffer (pH 7.2). The solution was mixed thoroughly in  
a vortex mixer for 30 s and centrifuged at 10 000 g for 
2 min at 4 ℃. The supernatant was separated and used 
for lipid peroxidase determination (Chen et al. 2015).  
The MDA content was calculated based on absorption 
at 532 and 600 nm, with a coefficient of absorption of  
155 mM-1 cm-1, and expressed as µmol g-1(F.M.).

Ascorbate (AsA) content was determined by high-
performance liquid chromatography (HPLC). Leaf 
samples (0.1 g) were homogenized in oxalic acid (1 %; 
m/v) in a 2-cm3 centrifuge tube using a mixer mill. Sample 
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analysis by HPLC was performed using the Shimadzu 
LC-20A series (Shimadzu, Kyoto, Japan) with a Hedera 
ODS-2 C18 analytical column (250 mm × 4.6 mm i.d., 5 μm 
nominal particle size) at 254 nm. 10 mm3 of extract was 
injected in HPLC for AsA determination. The AsA content 
was then quantified by external calibration, and results 
were recorded as μg g-1(F.M.) (Noctor and Foyer 1998).

Glutathione and GSSG were determined using a reagent 
kit (Solarbio Science and Technology Co., Beijing, 
China) according to the manufacturer’s instructions. 
Glutathione was oxidized by 5,5-dithiobis-2-nitrobenzoic 
acid (DTNB) and reduced by NADPH in the presence of 
glutathione reductase. The GSSG content was determined 
after removing GSH by 2-vinylpyridine derivatization. 
Absorbance readings were recorded at 412 nm. A standard 
curve was generated to calculate the content of GSH.

Gene expression analysis: Reverse-transcription (RT) 
quantitative PCR was performed using genes involved 
in AsA biosynthesis and recycling. Total RNA was 
extracted from plant samples from each treatment group 
and controlled using TRIzol (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. First-
strand cDNA was synthesized using the RevertAid first 
strand cDNA synthesis kit (Thermo Scientific). To ensure 
the efficiency of optimal polymerization, the amplification 
length for each gene was restricted to 100 - 200 bp.  
The reaction program of RT-qPCR was performed in  
20 mm3 of reaction solution containing 1.5 mm3 of diluted 
cDNA strand, 7.7 mm3 of deionized water, 10 mm3 of 
SYBR Premix Ex Taq (TaKaRa, Dalian, China), 0.4 mm3 
of each of forward and reverse primers, using CsGAPDH 
as a reference gene. The PCR amplification was conducted 
on Bio-Rad (Hercules, CA, USA) real-time thermal cycler 
CFX96 at 95 ℃ for 30 s, followed by 40 cycles at 95 ℃ for 
5 s, and 60 ℃ for the 30 s. All experiments were replicated 
three times with two biological replicates. 

Antioxidant enzymes: Fresh leaves (0.1 g) were ground 
in 1.0 cm3 of 50 mM precooled phosphate buffer (pH 7.2) 
containing 0.1 mM ethylene diamine tetraacetic acid 
(EDTA), 2 mM AsA, and 5.0 % (m/v) polyvinylpyrrolidone 
(PVPP). The homogenate was centrifuged at 12  000 g 
and 4 ℃ for 15 min. The supernatant was used for the 
determination of APX, MDHAR, DHAR, and GR. Each 
measurement was replicated three times. Activity of APX 
was determined by measuring the oxidation rate of AsA 
at 290 nm, and CAT activity was determined at 25 ℃ by 
the decrease in absorbance of H2O2 at 240 nm (Li et al. 
2018). The activities of GR and DHAR were assayed 
by measuring the decline in the absorbance of NADPH  
at 340 nm and the increase rate of AsA at 265 nm, 
respectively (Chen et al. 2015). The MDHAR activity 
was determined at 340 nm. The reaction mixture consisted 
of 50 mM Tris-HCl buffer (pH 7.5), 0.2 mM NADPH, 
2.5 mM AsA, and 0.5 unit ascorbic acid oxidase (AO) 
(Hossain et al. 1984).

Statistical analysis: The data were subjected to one-
way analysis of variance (ANOVA) and post hoc multiple 

comparisons using SPSS version 13.0 (Chicago, IL, USA). 
Differences were significant at P < 0.05. All values are 
presented as means ± SEs (n = 3).

Results

Compared with CK, tea leaves treated with Cd showed 
many speckles and necrosis; the leaves were completely 
withered on the seventh day (Fig. 1A). Examination of  
the individual leaves showed necrosis and speckles already 
on the third day of Cd treatment, which subsequently 
became severe (Fig. 1B).

Compared with CK, Cd treatment induced a significant 
accumulation of O2

.- in the leaves from the first to the fifth 
day after treatment, which subsequently declined to initial 
and control levels by the seventh day (Fig. 2A). The content 
of O2

.- and H2O2 in the Cd-stressed tea plants on the fifth 
day after treatment were 312.7 and 253.6 % higher than 
in the non-stressed control plants (Fig. 2A,B). Meanwhile, 
the MDA content in Cd-stressed plants was higher than in 
the CK in the first and third day after treatment; however, 
no significant difference was observed between the two in 
the fifth and seventh day (Fig. 2C).

Compared with the CK, foliar application of Cd 
significantly decreased the GSH content on the first 
day; however, the content increased significantly in the 
subsequent days and maintained higher than that in CK; 
GSH content was 106.4 % higher than CK on the third day 
after treatment (Fig. 3A). Meanwhile, the GSSG content 
in the Cd-stressed plants was significantly higher than 
CK from the first to the fifth day, while the content was 
considerably lower on the seventh day (Fig. 3B). Total 
glutathione (GSH+GSSG) content in the leaves decreased 
on the first day and then increased subsequently under Cd 
stress, reaching a maximum (390.8 µg g-1) on the third day 
after treatment (Fig. 3C).

The AsA and total AsA content in the tea seedlings were 
86.9 and 14.1 % higher on the first day after Cd treatment, 
respectively, which decreased from the third to the seventh 
day (Fig. 4A,C). Unlike AsA, the DHA content in the  

Fig. 1. Phenotypic responses of tea cultivar Baiye 1 during 
cadmium stress (30 mM) for 1 to 7 d. A - whole plants; B - single 
leaves.
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Cd-treated leaves did not display a regular pattern.  
The Cd-treated plants, DHA gradually increased and 
peaked (670 μg g-1) on the third day and decreased later 
(Fig. 4B). 

We analyzed the expressions of 12 genes involved 
in the L-Gal pathway, GSH biosynthesis, and AsA-GSH 
cycle in the leaves of tea seedlings under Cd stress by 
RT-qPCR (Fig. 5). The gene sequences and the primer 
sequences used in this study are listed in Table 1 and 
Table 1 Suppl., respectively. The expression of CsGMP 
involved in the Gal-pathway increased from the first to 
the seventh day under Cd stress, while the expressions 
of CsGME, CsGGP, CsGPP, and CsGaILDH decreased. 
The tea plants showed high CsGalDH expression under 
Cd stress. Analysis of the GSH pathway and the AsA-
GSH cycle components showed high expression of 
CsGSHS and Csγ-ECS in tea leaves under Cd treatment. 
In contrast, the expressions of CsDHAR and CsGR were 
remarkably inhibited. Expression of CsMDHAR increased 
steadily from the first to the seventh day after treatment, 
while expression of CsAPX increased from the first day to  
the third day and subsequently decreased. 

Cd treatment resulted in a significant increase (81.2 
and 17.2 %) in APX and MDHAR activities on the first 
and the third day after treatment and then decreased 
suddenly, compared with CK (Fig. 6A,C). Meanwhile, Cd 
stress markedly suppressed the activities of GR throughout 
the study period. DHAR activity slightly increased on 

the third day and then decreased under Cd treatment; the 
DHAR activity was remarkably inhibited on the fifth and 
seventh day of Cd stress (46.0 and 59.0 %, respectively, 
compared with CK) (Fig. 6B,D).

Discussion

Cadmium stress mainly causes ROS accumulation, leading 
to lipid peroxidation, enzyme inactivation, and DNA and 
membrane damage (Genchi et al. 2020). Cd amplifies 
free Fe2+ by displacing it from the active sites, enhancing 
Fenton reaction and ROS production (Pető et al. 2013). 
Tea plants under Cd stress produce large amounts of 
ROS, which increases lipid peroxidation, resulting in 
severe damage (Morkunas et al. 2018). The effects of 
Cd on the AsA-GSH system are not completely clear in  
the tea plant. We explored the ascorbate-glutathione cycle 
and ascorbate regeneration under high concentrations of 
Cd.

Cd-induced ROS accumulation is mediated and 
indirectly regulated by NADPH oxidase localized on the 
plasma membrane; it produces O2

.- from O2 when exposed 
to excess of Cd (Jakubowska et al. 2015). In the present 

Fig. 2. Effects of Cd treatment on the O2
.- (A), H2O2 (B), and 

MDA (C) content in the leaves of tea seedlings. Means ± SDs of 
three replicates. Different lowercase letters indicate significant 
differences (P < 0.05; Duncan’s multiple range test).

Fig. 3. Change in GSH (A), GSSG (B), and total glutathione 
(GSH+GSSG) (C) content during Cd treatment. Means ± SDs of 
three replicates. Different lowercase letters indicate significant 
differences (P < 0.05; Duncan’s multiple range test).
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study, tea plants under Cd stress initially produced more 
O2

.- and H2O2, consequently increasing MDA content, 
consistent with observations in Phaseolus vulgaris, Lemna 
minor, and Cucurbita pepo (Zengin and Munzuroglu 2005, 
Hou et al. 2007, Al-Harthi et al. 2021). Though the MDA 
content under Cd stress after the fifth day was significantly 
lower than on the third day, tea plants were severely 

damaged at both stages. An increase in ROS content and 
a redox imbalance can lead to cell death, as reported in 
Echinodorus grisebachii and Microsorum pteropus (Yan 
et al. 2018). 

Glutathione (GSH), as a ROS scavenger, plays a key 
role in plant survival under salt stress (Wingate et al. 1988, 
Noctor and Foyer 1998). Meanwhile, Cd tolerance of the 
pepper plants improved with silicon application due to 
the enhanced antioxidant defense system, plant growth, 
and the NO, proline, and H2S content (Kaya et al. 2020). 
Interestingly, NO increases the metal tolerance of plants via 
various key mechanisms, such as increasing antioxidant 
activity and limiting root-to-shoot metal translocation 
(Emamverdian et al. 2021). Studies have detected an 
acceptable content of reduced glutathione in plants for 
normal cell functioning under varying heavy metal stress 
conditions. In this study, the content of GSH increased 
from the third day to the seventh day under Cd stress. 
The transcriptions of glutathione biosynthetic genes, such 
as γ-ECS and GSHS, were upregulated under Cd stress. 
These results are consistent with earlier reports (Hartmann 
et al. 2003) and the changes in GSH content under high 
temperature (Li et al. 2016). GSH decreased significantly 
on the first day, while GSSG content increased. Several 
studies have shown that heavy metal stress, including Cd 
stress, increases GSSG content (Gajewska et al. 2013, Qin 
et al. 2018). Glutathione reductase significantly regulates 
oxidative stress by converting GSSG to reduced glutathione 
(GSH). However, the GR activity was remarkably 
inhibited under heavy metal stress, which may be related 
to higher GSSG content. The results in this study indicate 
that the synthesis of GSH may have a hysteresis effect on 
the reaction of copper or cadmium stress in tea plants.  
A lower GSH content may stimulate the expression of 
GSH synthetic genes, which in turn regulates GSH content 
and activates various GSH-mediated defense mechanisms.

Ascorbic acid (AsA) plays a pivotal role in different 
physiological processes in plants; it acts as a cofactor 
in the xanthophyll cycle, peptidyl-prolyl and -lysyl 
hydroxylases, and ethylene production (Eskling et al. 

Fig. 4. Changes in content of AsA, DHA, and total AsA in tea 
seedlings under cadmium stress. Means ± SDs of three replicates. 
Different lowercase letters indicate significant differences  
(P < 0.05; Duncan’s multiple range test).

Table 1. Primers sequences of the related genes and reference gene used for RT-qPCR.

Name Forward primer (5'–3') Reverse primer (5'-3')

CsGGP TCCAGAAGTGTTGCCTTCCAG CCTCCTGGAATTACCTTGGT
CsGME AACTACGGAGCATACACCTATGAGAAC CTAGCAATGTGCGAGGCAATGAATC
CsGMP CTTAGTGTCCCAAAGCCTC TACCAAGTGGCTCAGTCTC
CsGPP GCTGCTGGTGCTGTGGTAGAAT CTAGAAGTGACTGCTCCACCTTATCG
CsGalLDH GGCGGCATTGTTCAGGTTGGT GTCCACAGCGAGCAAGATAGAATAG
CsGalDH AAACTAAAGGAAGCAGGGAA CCATTGAAAGAGGAGAAGCA
CsAPX AGCAAGGTCACGAAGCCAACAAT GCAACAACTCCAGCCAACTGATAGA
CsMDHAR ATTTGCAAGCACAGAAGGGA CCTTCCCGTCTTTGATCCAG
CsDHAR ATGATGGAACCGAGCAAGCATTACT GACAAGTCCGCAGCAGATACTCTT
CsGR ACCCTGATGGCTAATAAGAATGCTGAA TAGTATGTGCCTTGCCGAGTAGAGT
Csr ECS ACATAGGGAGCGGTTTCGAG TGACAATTGCCCGGTGTCTT
CsGSHS GAGTTCGCTTCATGGGCTTG TGTCTCCATTGCCTTTCGGG
CsGAPDH TTGGCATCGTTGAGGGTCT CAGTGGGAACACGGAAAGC
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Fig. 5. Biosynthetic pathways and expressions of genes involved in the AsA-GSH system under Cd stress. Different dot size and colors 
indicate transcription degree.

Fig. 6. Effects of Cd treatments on the activities of APX (A), GR (B), DHAR (C), and MDHAR (D) involved in the AsA-GSH cycle. 
Means ± SDs (n = 3). Different lowercase letters indicate significant differences (P < 0.05; Duncan’s multiple range test).
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1997). In addition, AsA acts as a potent water-soluble 
ROS scavenger that converts H2O2 to H2O by the activity 
of APX, which participates in antioxidation under heavy 
metal stress (Hasanuzzaman et al. 2017, Sarker and Oba 
2020). Reduced AsA in tea plants significantly increased 
on the first day under Cd stress. However, the AsA content 
was substantially lower than in the control group after three 
days of treatment. The decrease in AsA content caused 
damage to tea plants. Meanwhile, the content of DHA 
increased from day one to day five and then decreased on 
the seventh day. 

The L-Gal pathway is essential for AsA biosynthesis in 
higher plants (Li et al. 2017). The L-Gal-pathway-related 
genes showed different expression patterns under Cd 
stress. GDP-D-mannose 3’,5’-epimerase (GME) is crucial 
to ascorbate accumulation and cell wall biosynthesis (Tao  
et al. 2018). Plant GME releases two epimerization products 
from GDP-D-mannose, namely GDP-L-galactose via the 
L-galactose pathway and GDP-L-gulose via an alternative 
path of L-gulose. Though the expression of the GME gene 
slightly increased on day one of Cd stress, the transcription 
of the GGP gene decreased. The transcriptions of GPP 
and GaILDH genes were also significantly inhibited after 
three days. The results indicated that the L-Gal pathway 
was inhibited considerably under Cd stress. Meanwhile, 
MDHAR and DHAR participate in AsA regeneration, 
using NADPH and GSH, respectively (Noctor and Foyer 
1998). The MDHAR gene limits the formation of MDHA 
free radicals via enzymatic disproportionation, thereby 
producing oxidized ascorbic acid (DHA), which is 
harmful to plant cells. However, GSH-dependent DHAR 
catalyzed AsA regeneration from DHA. Contrary to 
DHAR inhibition, the enzyme activities and transcriptions 
of MDHAR and APX significantly increased on the first 
day. SlRING1 overexpression increased the transcriptions 
of CAT, DHAR, and MDHAR, which contribute to the 
antioxidant and detoxification system (Ahammed et al. 
2021). Moreover, applications of low indole-3-acetic 
acid (10 µM) showed enhanced tolerance against  
Cd-induced oxidative stress by up-regulation of the 
ascorbate glutathione cycle (Bashri and Prasad 2016). 
In tea plants under Cd stress, the activities of APX and 
MDHAR and transcriptions of APX and MDHAR on  
the first day of heavy metal treatment may be related to 
the higher content of AsA, which enhanced the ability of 
cells to scavenge ROS in tea plants. Thus, AsA, which can 
scavenge H2O2, was significantly inhibited at the synthesis 
pathway, and AsA regeneration from DHA was interrupted 
due to the suppressed DHAR-mediated AsA-GSH cycle 
under Cd stress. These finally led to cause irreversible 
damage to tea plants.

Conclusions

Cadmium stress (30 mM) induced excessive accumulation 
of ROS and in consequence MDA in tea plants which 
caused irreversible damage to tea plants. Generally, plants 
synthesize free AsA and GSH to reduce ROS. However, 
the present study found that inhibition of the L-galactose 

pathway and DHAR-mediated AsA-GSH cycle were  
the limiting factors of alleviating tea plant oxidative 
damage and compromised the antioxidant capacity of 
tea plants under continuous Cd treatment. AsA may play 
a crucial role under Cd stress. The findings of this study 
provide a theoretical basis for further research on the role 
of AsA in Cd stress and help breed heavy metal-resistant 
tea cultivars with high AsA and GSH content. Moreover, 
the effect of Cd stress on the proteome of Camellia sinensis 
could be analyzed in the future to have a clear view of  
the effect of Cd on the gene and protein levels.
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