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Abstract 
 
A pot experiment was carried out to evaluate the response of leaf antioxidant enzyme systems to 

inoculation with arbuscular mycorrhizal fungus (AMF) Clariodeoglomus etunicatum in tea (Camellia sinensis 
cv. ‘Fuding Dabaicha’) seedlings under drought stress (DS). Root AMF colonization was significantly decreased 
after an eight-week soil drought treatment. Plant growth performance (plant height, stem diameter, leaf 
number and root biomass), leaf relative water content, and leaf water potential were notably decreased under 
DS conditions, whereas these variables exhibited significantly higher responses in mycorrhizal seedlings than 
in non-mycorrhizal seedlings. The DS treatment markedly increased leaf superoxide anion concentration but 
did not affect malondialdehyde content, whereas both were reasonably decreased by AMF colonization 
regardless of water status. The seedlings colonized by AMF showed substantially higher antioxidant enzyme 
activities including superoxide dismutase (SOD), catalase (CAT), guaiacol peroxidase, and ascorbate 
peroxidase than the non-AMF colonized seedlings under both well-watered and DS conditions. DS markedly 
upregulated the relative expression of CsSOD in both AMF and non-AMF seedlings and the relative expression 
of CsCAT in AMF seedlings. Meanwhile, AMF-colonized seedlings represent markedly higher relative 
expressions of CsSOD and CsCAT than non-AMF seedlings, irrespective of water status. It concludes that 
mycorrhizal tea plants had higher antioxidant enzyme activity and corresponding gene expression under DS, 
indicating a stronger ability to alleviate the oxidative damage of drought. 

 
Keywords: antioxidant enzyme; drought; mycorrhiza; tea 
 
 
Introduction 
 
Tea (Camellia sinensis (L.) O. Kuntze) is one of the oldest and most popular caffeinated nonalcoholic 

beverages in the world, consumed by more than 3 billion people in 160 countries (Ding et al., 2017). Tea plants 
are rain-fed, evergreen perennial crops, mainly grown in tropical and subtropical regions of Asia (Wang et al., 
2017). Excessive soil moisture and water deficiency both can cause water stress (Gupta et al., 2012). The most 
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common water stress encountered is moisture deficit, known as drought stress (DS), an adverse factor that 
severely impairs tea plant growth and development, and limits its distribution, performance, yield, and quality 
(Sharma et al., 2005; Liu et al., 2016). Recently, the frequently and intensity of seasonal DS has been increasing, 
with water deficit becoming an acute problem worldwide, especially in arid and semi-arid areas, seriously 
restricting the development of the tea industry (Gupta et al., 2013). 

DS conditions affect the root systems, photosynthesis and respiration, relative water content, membrane 
integrity, osmotic potential, antioxidant metabolism, nutrition content, and phytohormones in plants as well 
as the transcription levels of both regulatory and functional genes (Qian et al., 2018). Generally, the most 
harmful effect of DS bring to plants is the massive accumulation of reactive oxygen species (ROS), which causes 
cell membrane damage (He et al., 2020). Meanwhile, the antioxidant defense system is activated to remove 
excessive ROS effectively for reducing the damage of cell membrane caused by membrane lipid peroxidation 
under DS (Zhang et al., 2020). Antioxidant enzymes, including superoxide dismutases (SODs), peroxidases 
(PODs), catalase (CAT), ascorbate peroxidase (APX), etc., are widely found in plant organelles, such as 
chloroplasts, mitochondria, peroxisomes, etc. (Liu et al., 2014). SODs are a metal enzyme, that can break down 
the superoxide anion free radicals (O2

.-) produced in plant tissues into oxygen (O2) and hydrogen peroxide 
(H2O2), and which is then disproportionated to water and O2 in reactions catalyzed by CAT, POD, and APX, 
thereby maintaining a dynamic balance of the ROS in plants (Kapoor et al., 2017). Furthermore, DS can 
stimulate the production of some non-enzymatic system substances such as vitamin A, vitamin E, and 
glutathione, etc. (Bellani et al., 2012), in addition to inducing the expression of stress response genes coding for 
antioxidant enzymes and aquaporins to improve drought resistance of plants (He et al., 2019; Zhang et al., 
2020).  

Arbuscular mycorrhizal fungi (AMF) are a kind of beneficial soil microorganisms that enter into 
symbiosis structure with more than 80% of terrestrial plants (Xu et al., 2016). The ability of AMF to improve 
plant nutrition, promote growth and enhance host plant resistance has remarkable effects, in tea plant as well 
as in others (Shao et al., 2018). Under natural and cultivated conditions, a highly diverse array of AMF is 
ubiquitous in root systems of tea bushes (Nepolean et al., 2012; Shao et al., 2018; Wu et al., 2019; Singh et al., 
2010). The mainly AMF species forming symbiosis with tea roots are Acaulospora, Claroideoglomus, 
Gigaspora, Glomus and Scutellospora (Singh et al., 2008; Wu et al., 2019). The symbiotic of AMF improved 
the productivity of tea plants and tea quality, and enhanced the ability of plants to adapt to adversity (Singh et 
al., 2010; Liu et al., 2013). Under salt stress, inoculation with Glomus versiformis promoted mineral nutrient 
absorption and plant growth performance, and enhanced the plants’ tolerance to salt stress, improving their 
yield and quality (Liu et al., 2013). In acidic soil, the tea quality traits, namely sugar, amino, protein, total 
polyphenol and caffeine content, were all notably improved by AMF inoculation (Singh et al., 2010). Many 
previous studies have proved that AMF improved the resistance of host plants such as citrus (He et al., 2019), 
bioenergy grass (Mirshad and Puthur, 2016), and wheat (Mustafa et al., 2017), by increasing the activity of 
antioxidant enzymes. The information regarding the antioxidant enzyme activities of tea plants under 
mycorrhizal infection and DS is very scarce, and the underlying physiological mechanism of AMF in improving 
tea resistance needs to be further explored. 

We hypothesized that mycorrhizal symbiosis plays a role in enhancing the drought tolerance of tea 
plants, which is related to the enhancement in antioxidant enzyme protected system. To test this hypothesis, 
we inoculated AMF into the rhizosphere of a drought sensitive plant, C. sinensis cv. ‘Fuding Dabaicha’, and 
analyzed the plant growth, leaf water potential, photosynthesis, oxidative metabolite content and antioxidant 
system activities, to evaluate the effects of AMF on the leaf antioxidant enzyme defense systems in tea seedlings 
exposed to well-watered (WW) and DS conditions. 
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Materials and Methods 
 
Experimental materials 
The seeds of C. sinensis cv. ‘Fuding Dabaicha’ were provided by the Tea Research Institute of Guizhou 

Academy of Agricultural Sciences. Tea seeds were surface-sterilized with 70% ethanol, and placed in river sand, 
which had been previously sterilized in autoclave (< 4 mm, 0.11 MPa, 121 ºC, 2h), and germinated in dark at 
28 ºC and 80% relative humidity for 30 days. Then, 3-leaf-old tea seedlings in uniform size were transplanted 
into a plastic pot (15 cm upper diameter × 10 cm bottom diameter × 13 cm height) filled with 1.5 kg sterilized 
(0.11 MPa, 121 ºC, 2h) mixture substance (soil: sand = 1:1, v/v). 

 The tested arbuscular mycorrhizal (AM) fungus was Clariodeoglomus etunicatum (Nicol. & Gerd.) 
Schüßler & Walker [BGC GZ03C], and the strain selection was based on the results of Shao et al. (2019) on 
tea seedlings. The AM fungus was provided by the Bank of Glomeromycota in China (BGC) and propagated 
with white clover for three months. The AMF treatment was inoculated with 80 g inoculum including spores 
(~ 1500 spores), the colonized root segments of white clover, and growth substance per pot at the time of 
seedlings transplanting. And the inoculum of C. etunicatum were placed around tea root below 5 cm of the soil 
surface. For non-AMF treatment, the same amount of sterilized inoculum was added and plus 2 mL of 
inoculated filtrate (25 μm filter) to minimize the differences in microbial populations expected for C. 
etunicatum. The AMF and non-AMF treated seedlings were exposed to conditions of 900 μmol m−2 s-1 photon 
flux density, 28/20 ℃ day/night temperature, and 68% relative humidity under greenhouse conditions at 
Yangtze University (Jingzhou, China). 

 
Experimental design 
The experiment consisted of four treatments including inoculation with or without C. etunicatum and 

soil water regimes with well-watered (WW) (corresponding to 75% of field maximum water capacity) and DS 
(corresponding to 55% of maximum water field capacity). Each treatment replicated six times, producing a 
total of 24 pots, and arranged in a complete randomized block design.  

The soil water level of each experimental pot was maintained at WW level until the drought treatment 
began 4 weeks after seedlings transplanting (4 weeks after AMF inoculation). Half of the AMF and non-AMF 
seedlings were subjected to DS conditions until they were harvested, and the other half of the seedlings were 
also remained at WW level. In order to control the level of drought stress, the soil water content in each pot 
was measured daily, and the amount of water lost was resupplied to maintain the target soil water content. 
Eight weeks after drought stress treatment, all the seedlings were harvested to determine their growth and 
biochemical parameters. 

  
Variables measurement 
Before harvest, plant height, stem diameter and leaf numbers were recorded in all seedlings. Shoot and 

root fresh weights were measured immediately at harvesting. Sixty-one-cm-long fresh root segments (ten 
taproots, twenty 1st-order lateral roots, twenty 2nd-order lateral roots and ten 3rd-order lateral roots) per 

treatment were selected randomly. The root segments were cleared with 10% (w/v) KOH and stained with 
0.05% (w/v) trypan blue in lactophenol for mycorrhizal status evaluation (Phillips and Hayman, 1970).  
Mycorrhizal colonization was calculated as the percentage of AM root length/total observed root length. 

The fourth fully expanded top leaf of each seedling was sampled to determine the leaf relative water 
content (LRWC) and leaf water potential. The LRWC was assayed as described by the formula (Zou et al., 
2015): LRWC (%) = (FW-DW)/(SW-DW) ×100, where FW indicates fresh weight, DW dry weight (oven-
dried at 70 °C for 48 h), and SW saturated weight (immersed in distilled water for 24 h). Leaf water potential 
was measured using a PSΨPRO water potential system with a leaf hygrometer (L-51A-SF, WESCOR Inc.).  



Liu C-Y et al. (2020). Not Bot Horti Agrobo 48(4):1993-2005 

 

1996 
 

 

 

 

 

 

Leaf samples (0.2 g) were homogenized in 5 mL of 5% (w/v) trichloroacetic acid and centrifuged at 3000 
× g for 10 min. The extracts were used for malondialdehyde (MDA) assay according to the thiobarbituric acid 
reaction as described by Sudhakar et al. (2001).  

Another 0.2 g fresh leaf sample was homogenized in 5 mL of 0.1 M phosphate buffer (pH 7.8) and 
centrifuged at 4,000 × g for 10 min at 4 ºC. And the supernatant was used to assay the concentration of O2

.- 

and the activities of SOD, POD, and CAT. The O2
.- concentration was performed as described by Wang and 

Luo (1990) with minor modifications. Briefly, 1 mL supernatant was mixed with 0.1 mL 10 mM 
hydroxylamine chloride and 0.9 mL 65 mM phosphate buffer (pH 7.8) for 20 min at 25 °C in room 
temperature. Subsequently, 1 mL of the above mixture was mixed with 1 mL 17 mM sulfanilic acid and 1 mL 
7 mM α-naphthylamine for 20 min at 25 °C, followed by determination of absorbance at 530 nm. SOD activity 
was determined by measuring inhibition of photochemical reduction of nitroblue tetrazolium (NBT) at 560 
nm according to Giannopolitis and Ries (1977). CAT activity was determined according to the method 
described by Goldblith and Proctor (1950). POD activity was measured by following the change in absorption 
at 470 nm due to guaiacol oxidation (Polle et al., 1994). 

APX was extracted with 5 mL of ice-cold 100 mM phosphate buffer (pH 7.0) containing 1 mM ascorbic 
acid and 1 mM EDTA and centrifuged at 15,000 × g at 4 °C for 15 min. APX activity was measured using the 
method described by Amako et al. (1994). Briefly, 1 mL reaction volume containing 50 mM K-phosphate 
buffer (pH 7.0), 0.1 mM H2O2, and 0.5 mM ascorbate. The H2O2 reaction was initiated, and the decrease in 
absorbance at 290 nm was recorded for 1 min to determine the oxidation rate of ascorbate. 

The relative expression of CsCAT and CsSOD was detected by real-time quantitative PCR (qRT-PCR) 
and calculated by the 2-∆∆Ct method, according to Livak and Schmittgen (2001), with a housekeeping gene 
(GADPH) acting as control. The housekeeping gene selection was referred to the result of Shao et al. (2019) 
on tea .The specific primers for the antioxidant enzyme gene for qRT-PCR analysis were designed using Primer 
Premier 5 based on the Genbank (http://www.ncbi.nlm.nih.gov/gen bank/) and are shown in Table 1. Leaf 
total RNA was extracted in 0.1 g fresh sample using a TaKaRa MiniBEST Plant RNA Extraction Kit (9769, 
Takara Bio. Inc, Japan), and reverse transcription was done with PrimeScriptTM RT reagent kit with gDNA 
eraser (PK02006, Takara Bio. Inc, Japan) according to the manufacturer’s instructions. The qRT-PCR system 
was as follows: 7.2 μL ddH2O, 2 μL cDNA, 10 μL AceQ qPCR SYBR Green Master Mix, 0.4 μL forward 
primer, and 0.4 μL reverse primer. qRT-PCR was run on a CFX96 Real Time PCR Detection System (BIO-
RAD, USA) under the following conditions: 95°C for 5 min, 40 cycles of 95°C for 10 s, 60°C for 30 s, and 72 
°C for 30s. For each gene, reactions were conducted with three independent biological samples, and each sample 
comprised of three technical replicates. 

 
Table 1. The specific primers of relevant genes designed for real time quantitative PCR amplification 

Gene 
name 

Accession Sequence (5'-3')-forward Sequence (5'-3')-reverse 

GADPH XM_002263109 TTGGCATCGTTGAGGGTCT CAGTGGGAACACGGAAAGC 
CsCAT KR819178.1 TTTGATCTGGTGGGAAACAA TCCAATTCTCCTGGATGTGA 
CsSOD AY694187.1 CATTTCAATCCTGCTGGCAAAGA GCATGGACAACAACGGCCCTACC 

 
Statistical analysis  
Data were analyzed by the SAS 8.1 software, and one-factor analysis of variance (ANOVA) was used to 

compare the significance of differences among treatments with the LSD test at the level of 0.05, and the CORR 
process was used to analyze the correlation coefficients between variables.  
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Results 
 
Changes in plant growth performance  
Roots of tea seedlings were colonized by C. etunicatum (Figure 1), whereas DS significantly restrained 

the mycorrhizal colonization by 41.95% (Table 2). Plant growth performance, including plant height, stem 
diameter, leaf number, and root biomass of 12 week-tea seedlings was markedly greater under WW than under 
DS conditions. Compared with non-AMF treatment, AMF inoculation substantially increased plant height, 
stem diameter, leaf number, and root biomass by 15.08%, 21.48%, 31.03% and 49.91% under WW and by 
32.60%, 34.17%, 26.92%, and 13.77% under DS, respectively. Meanwhile, AMF seedlings also showed a 
significantly higher leaf biomass than non-AM seedlings under DS (Table 2). 

 

 
Figure 1. Root colonization of tea (Camellia sinensis ‘Fuding Dabaicha) seedlings by Clariodeoglomus 
etunicatum. (left) intraradical hyphae and arbuscules; (right) external hyphae 
 
Table 2. Effects of Clariodeoglomus etunicatum on the plant growth (per plant) and root AMF 
colonization of tea (Camellia sinensis ‘Fuding Dabaicha’) seedlings well-watered (WW) and drought stress 
(DS) 

Treatments  
Root AMF 

colonization 
(%) 

Plant height 
(cm) 

Stem diameter 
(mm) 

Leaf number 
Biomass (g/FW) 

Leaf Root 

WW+AMF 24.67±2.53a 17.70±0.50a 0.328±0.014a 15±1a 1.18±0.08a 1.66±0.06a 
WW-AMF 0±0c 16.92±1.71ab 0.322±0.028a 13±10b 1.10±0.06a 1.16±0.07b 
DS+AMF 14.32±1.18b 15.38±1.44b 0.270±0.025b 12±2bc 1.12±0.03a 1.11±0.07b 
DS-AMF 0±0c 12.76±0.59c 0.240±0.021b 10±1c 0.79±0.03b 1.02±0.07c 

Significance       
DS ** ** ** ** ** ** 

AMF ** ** ** ** ** ** 
DS×AMF ** NS NS * * NS 

Note: Means ± SD (n = 6) followed by different letters meant significant difference within the same 
column at 0.05 level by LSD. * P <0.05; ** P <0.01; NS: no significant difference.  
 
Changes in leaf moisture status 
Compared with WW, DS significantly reduced the LRWC and leaf water potential, while markedly 

increased water saturation deficit in tea seedlings with or without AMF inoculation (Table 3). Mycorrhizal 
colonized seedlings presented a reasonably increased leaf relative water content and leaf water potential 
compared with those of non-AMF colonized seedlings under WW and DS: 3.2% and 2.9% higher in relative 
water content, and 12% and 22% in leaf water potential, respectively. Meanwhile, AMF inoculation 
dramatically decreased the water saturation deficit by 21.2% and 14.1% under WW and DS, respectively. 
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Changes in MDA and O2
•－ contents  

DS dramatically increased the leaf O2
•－ concentration but did not alter the leaf MDA content regardless 

of AMF inoculation (Figure 2). Compared with non-AMF seedlings, the leaf MDA and O2
•－ concentrations 

of AMF seedlings were significantly lower by 29.29% and 31.81%, respectively, under WW, and by 37.62% and 
31.13%, separately, under DS conditions.  

 
Table 3. Effects of Clariodeoglomus etunicatum on the leaf water status of tea (Camellia sinensis ‘Fuding 
Dabaicha’) seedlings under WW and DS  

Treatment Leaf relative water content (%) Water saturation deficit (%) Leaf water potential (MPa) 
WW+AMF 87.32±1.20a 12.68±1.19c -0.36±0.02a 
WW-AMF 84.63±1.61b 15.37±1.60b -0.41±0.03b 
DS+AMF 83.45±1.84b 16.55±0.84b -0.43±0.02b 
DS-AMF 81.12±1.90c 18.88±1.80a -0.55±0.03c 

Significance   
DS ** ** ** 

AMF ** ** ** 
DS×AMF NS NS ** 

Note: Means ± SD (n =6) followed by different letters meant significant difference within the same column at 0.05 
level by LSD. ** P <0.01; NS: no significant difference.  

 

 
Figure 2. Effects of Clariodeoglomus etunicatum on the malondialdehyde and superoxide anion content 
of tea (Camellia sinensis ‘Fuding Dabaicha’) seedlings under well-watered (WW) and drought stress (DS) 
conditions 
Data (means ± SD, n = 6) followed by different letters above the bars indicate significant differences (P < 0.05) 
between treatments. 

 
Changes in antioxidant enzyme activities  
Compared to WW treatment, DS significantly decreased the leaf CAT and SOD activities but markedly 

increased the leaf APX in AMF- and non-AMF-inoculated plants, whereas the POD activity was also decreased 
in non-AMF-inoculated plants (Figure 3). AMF treatment brought a notably increase in leaf antioxidant 
enzyme activities than non-AMF treatment. In detail, AMF inoculation triggered a significantly higher leaf 
CAT, SOD, POD, and APX activity by 41.40%, 12.05%, 25.28%, and 43.10% under WW and by 51.29%, 
34.67%, 132.57%, and 11.70% under DS, respectively.  
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Changes in leaf CsSOD and CsCAT expression levels 
DS markedly upregulated the relative expression levels of CsSOD by 1.39 and 2.39 times in AMF and 

non-AMF seedlings and CsCAT by 3.18 times in AMF seedlings, respectively (Figure 4). In addition, the 
expression levels of CsSOD and CsCAT were upregulated by 3.82 and 1.81 times under WW and by 2.22 and 
5.71 times under DS after AMF inoculation, respectively. 

 
Correlation analysis  
Root AMF colonization and leaf water potential were markedly positively correlated with leaf relative 

water content but significantly negatively correlated with water saturation deficit (Table 4). MDA and O2
•－

were negatively correlated, and CAT, POD, and SOD activities were positively correlated with root AMF 
colonization, leaf relative water content, and leaf water potential. However, APX activity was markedly 
negatively correlated with leaf relative water content and leaf water potential. 

 
Table 4. Pearson correlation coefficients between root AMF colonization and root antioxidant enzyme 
activities, leaf water status factor in tea (Camellia sinensis ‘Fuding Dabaicha’) seedlings under WW and 
DS conditions 

Variables Root AMF colonization Leaf relative water content Leaf water potential 
Leaf relative water content 0.64** 1.00 0.76** 

Water saturation deficit -0.64** -1.00 -0.76** 
Leaf water potential 0.66** 0.76** 1.00 

MDA -0.78** -0.36 -0.50* 

O2
•－ -0.73** -0.87** -0.94** 

CAT 0.89** 0.78** 0.80** 
POD  0.62** 0.57* 0.77** 
SOD 0.58** 0.81** 0.92** 
APX 0.02 -0.58* -0.55* 

Note: *, P < 0.05; **, P < 0.01. 
 

 
Figure 3. Effects of Clariodeoglomus etunicatum on the antioxidant enzyme activities of tea (Camellia 
sinensis ‘Fuding Dabaicha’) seedlings under well-watered (WW) and drought stress (DS) conditions  
Data (means ± SD, n = 6) followed by different letters above the bars indicate significant differences (P < 0.05) 
between treatments. 

 
 



Liu C-Y et al. (2020). Not Bot Horti Agrobo 48(4):1993-2005 

 

2000 
 

 

 

 

 

 

 
Figure 4. Effects of Clariodeoglomus etunicatum on the expression levels of CsSOD and CsCAT in tea 
(Camellia sinensis ‘Fuding Dabaicha’) seedlings under well-watered (WW) and drought stress (DS) 
conditions 
Data (means ± SD, n = 6) followed by different letters above the bars indicate significant differences (P < 0.05) 
between treatments 

 
 
Discussion 
 
The present study showed a dramatic reduction in root AMF colonization of tea plants under DS 

conditions as compared with tea plants under WW conditions, which is consistent with the results by Amiri 
et al. (2015), Tuo et al. (2017), and Zhang et al. (2020), who observed a significant decrease of mycorrhizal 
colonization in citrus, geranium, and white clover under water deficit conditions. Probably, water deficit 
inhibited the germination rate of spores, restricting the extension and colonization ability of AMF hyphae 
(Huang et al., 2017).  

DS is an important limiting factor for plant growth and development, crop yields, and quality (Liu et 
al., 2016). The inhibitory effect of DS on the growth of tea plants was observed in the present study. 
Interestingly, inoculation with AMF dramatically promoted plant growth and total biomass of tea plants 
regardless of soil water regimes. This result is in accordance with previous studies on tea plants (Shao et al., 
2018, 2019; Quiroga et al., 2020). Although DS treatment inhibited the development of the mycorrhizal 
association, the plant growth performance of tea plants was still improved by mycorrhization, indicating a 
positive role of AMF colonization in host plant. This positive effect is contributed to tenacious vitality of the 
mycorrhizal extraradical hyphae and the mycorrhizal network, which expanded the root absorption area 
underground (Zhang et al., 2020). 

LRWC reflects the degree of plant water deficit and the metabolic activity in plants exposed to DS 
conditions (Anjum et al., 2011). The present study showed that DS markedly decreased the LRWC and leaf 
water potential, but significantly increased water saturation deficit in AMF and non-AMF seedlings, which was 
consistent with previous studies (Cheruiyot et al., 2008; Upadhyaya and Panda, 2013; Liu et al., 2015). 
Interestingly, the LRWC and leaf water potential were dramatically raised while the water saturation deficit 
was notably reduced in AMF seedlings under both WW and DS conditions. This result is in accordance with 
earlier studies on citrus (Wu et al., 2017; He et al., 2019) and snapdragon (Asrar et al., 2012). Better leaf water 
status in the AMF seedlings was due to elevated water uptake imparted by the extraradical mycelium, who 
directly absorbs water in the hyphal tips from the soil matrix and then transfers it through the fungal cytoplasm 
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or inner wall layers into the root cortical cells, without any obstructions from the membrane (Allen, 2007; Zou 
et al., 2015). Moreover, the efficiency of water absorption and transportation of external hyphae under soil 
water deficit was twice than under saturated soils (Zhang et al., 2018). In addition, root AM colonization was 
significantly positively correlated with LRWC and leaf water potential, further confirming the role of 
mycorrhizal hyphae in water acquisition by their hosts.  

ROS is one of the earliest biochemical responses in eukaryotic cells under biotic and abiotic stresses 
(Anjum et al., 2011). DS induces ROS production and destroys the balance between ROS generation and 
quenching, resulting in the accumulation of MDA, which is a suitable marker for reflecting the degree of 
membrane lipid peroxidation (Qian et al., 2018). In this work, DS promoted the accumulation of both O2

•－

and MDA accompanied with weakness of antioxidant enzymes system, such as CAT, SOD and POD, 
regardless of AMF inoculation, which then induced oxidative damage, resulting in different physiological and 
biochemical processes (Zhou et al., 2014; Liu et al., 2015; Wang et al., 2016). Nevertheless, the present study 
showed that AMF inoculation stimulated leaf antioxidant enzyme activities, including those of CAT, SOD, 
POD, and APX for reducing ROS content, as compared with non-AMF treatment under WW and DS 
conditions. Similarly, studies by Zhu et al. (2011) on Zea mays and He et al. (2020) and Huang et al. (2014) 
on trifoliate orange showed a notably higher SOD and CAT activities in AMF-inoculated plants than in non-
AMF-inoculated plants, indicating that AMF maintain a dynamic balance between ROS production and 
elimination, thus reducing the damage from membrane lipid peroxidation. Furthermore, there was a significant 
positive correlation between root AM colonization and the activities of CAT, SOD, and POD, but a 
dramatically negative correlation with the concentration of O2

•－and MDA. Probably, mycorrhizas 
preferentially stimulated the overexpression of antioxidant enzymes in host plants under DS, potentially 
leading to a low accumulation of ROS in the host plant (He et al., 2020). 

 
 
Conclusions 
 
Mycorrhizal fungi could respond to drought and salt stress by regulating various antioxidant enzyme 

genes in host plants (Saxena et al., 2017; Zou et al., 2020). The RNA-sequence analysis further confirmed that 
AMF coped with oxidative stress via the induction of multiple metabolic processes, including antioxidant 
enzyme genes (Venice et al., 2016). In the present study, DS sustainably up-regulated the expressions of CsSOD 
and CsCAT in mycorrhizal plants. Moreover, only the expression of CsSOD was markedly up-regulated by DS 
in non-mycorrhizal plants. The results of this study also showed that AMF treatment markedly up-regulated 
the expressions of CsSOD and CsCAT in leaves under both WW and DS conditions. These results are in agree 
with those reported by He et al. (2020) and Zhang et al. (2020) in citrus plants, indicating that AMF could 
induce the overexpression of SOD isoenzyme and CAT genes, thereby reducing oxidative stress and membrane 
lipid peroxidation damage. These results further confirmed that higher expression levels of genes related to 
antioxidant enzymes in AMF-inoculated plants could increase their capacity to eliminate ROS under DS 
conditions (He et al., 2020; Zhang et al., 2020). In addition to the role of antioxidant enzymes in ROS 
scavenging, fungal SOD is also a part of mycorrhizal establishment and plant defense response in AMF plant 
dialogue (González-Guerrero et al., 2010). In Gigaspora margarita, the CuZnSOD gene was highly expressed 
in root cells containing mycorrhizas, followed by the inductions of H2O2 accumulation in the intracellular 
fungal structures, such as arbuscules (Lanfranco et al., 2005), and a subsequent degradation during their life 
cycle (Fester and Hause, 2005). The AM fungus Glomus intraradices, a model arbuscular mycorrhizal 
organism, was observed to up-regulate the expression of GintSOD, thereby indicating that GintSOD1 encodes 
SOD to maintain its function in ROS scavenging (González-Guerrero et al., 2010). In tea plants, whether 
fungal antioxidant enzyme genes have similar functions to alleviate oxidative stress needs to be further studied, 
as the dialogue network between a plant and the AM fungal in alleviating ROS burst under drought stress is 
continuously complex.  
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