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This study investigated the effect of cerium (Ce) on the ascorbate-glutathione (AsA-
GSH) cycle in the roots of maize seedlings under salt stress. The results showed that salt
stress significantly increased the activities of ascorbate peroxidase (APX) and monodehy-
droascorbate reductase (MDHAR), malondialdehyde (MDA) content and electrolyte leakage
(EL) in the roots of maize seedlings, compared to the control. However, salt stress signifi-
cantly decreased plant height, dry weight of root and shoot, the activities of glutathione
reductase (GR) and dehydroascorbate reductase (DHAR), and the ratios of AsA/DHA and
GSH/GSSG in the roots of maize seedlings, compared to the control. Pretreatment with
cerium nitrate (Ce(NO,),) significantly increased plant height, dry weight of root and shoot,
the activities of above four enzymes, and the ratios of AsSA/DHA and GSH/GSSG under salt
stress, compared to salt stress alone. Pretreatment with Ce(NO,); significantly decreased
MDA content and EL induced by salt stress, compared to salt stress alone. Meanwhile, appli-
cation of Ce(NOs;); to the control also significantly increased plant height, dry weight of root
and shoot, the activities of above four enzymes and the ratios of AsSA/DHA and GSH/GSSG,
and decreased MDA content and EL, compared with control. Our results suggested that
Ce(NO,); alleviated salt stress-induced oxidative damage by improving AsA-GSH cycle in
maize roots.
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Abbreviations: APX — ascorbate peroxidase; GR — glutathione reductase; DHAR —
dehydroascorbate reductase; MDHAR — monodehydroascorbate reductase; GSH — reduced
glutathione; AsA — reduced ascorbic acid; MDA — malondialdehyde; EL — electrolyte leak-
age

Introduction

Salt stress has adverse effects on plant growth, productivity and survival (Muchate et al.
2016). Salt stress often results in a substantial accumulation of reactive oxygen species
(ROS), which exceeds the capacity of ROS-scavenging system and results in oxidative
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damage to plants (Hu et al. 2012; Liu et al. 2012; Yousuf et al. 2017). Plants have an in-
tricate antioxidant defense system to protect against the harmful effects of oxidative dam-
age. Ascorbate-glutathione (AsA-GSH) cycle is an important component of antioxidant
defense system in plants (Shan et al. 2015). In this cycle, there are four enzymes, includ-
ing ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR) and glutathione reductase (GR). APX can clear away
H,0, by using reduced ascorbate (AsA) as electron donor. MDHAR and DHAR can re-
duce monodehydroascorbate and dehydroascorbate to AsA, respectively. GR can reduce
oxidized glutathione (GSSG) to reduced glutathione (GSH). Therefore, AsA-GSH cycle
has an important roles in regulating the redox states of antioxidants ascorbate and glu-
tathione and clearing away H,0O,, which results in the defense against oxidative damage.

Rare earth elements have many important roles in regulating plant growth and the re-
sponses of plants to stresses (Shan and Zhao 2014; Dai et al. 2016). It has been docu-
mented that cerium (Ce) is an important rare earth element, which can protects plants
against a variety of environmental stresses, including copper stress, cadmium stress,
UV-B stress and salt stress (Mao et al. 2012; Wu et al. 2014; Liu et al. 2016; Rossi et al.
2016). Increasing evidences showed that Ce had important roles in fighting against oxida-
tive damage induced by various stresses (Wu et al. 2014; Liu et al. 2016). It has been
documented that Ce could enhance AsA-GSH cycle under copper stress (Liu et al. 2016).
As we all known, salinity in soil affects the roots of plants first (Jouyban 2012). However,
little is known about AsA-GSH cycle in the roots of plants to Ce under salt stress. Thus,
it is very interesting to elucidate whether and how Ce regulates AsA-GSH cycle in the
roots of plants under salt stress.

In this study, we investigated the effects of cerium nitrate (Ce(NOs);) on the activities
of enzymes involved in AsA-GSH cycle, the ratios of AsA/DHA and GSH/GSSG, and
malondialdehyde (MDA) content and electrolyte leakage (EL) of maize roots exposed to
salt stress. The aim of the study was to elucidate whether and how Ce(NO;), regulates
AsA-GSH cycle in maize roots under salt stress, and provide new knowledge to the role
of Ce(NO,), in promoting salt tolerance of maize crop.

Materials and Methods
Plant material, growth conditions and treatments

Maize (Zea mays L., Xindan29) seeds were germinated in Petri dishes with filter paper
moistened with distilled water and grown in artificial climate chamber under a day/night
temperature of 25/15 °C, 500 pmol m=2 s! photosynthetic active radiation and a 12-h
photoperiod. When the first leaf was fully expanded, the seedlings were transferred into
plastic boxes filled with full-strength Hoagland’s solution and kept their roots in dark.
The Hoagland’s solution was exchanged every 3 days. When the third leaf was fully ex-
panded, the seedlings with similar height and growth conditions were selected for our
experiments. To study the effect of salt stress, the roots were placed in beakers containing
100 ml 100 mM NacCl solution and wrapped with aluminium foil under above conditions.

Cereal Research Communications 46, 2018



Hu and SHAN: Cerium and Salt Stress 33

To study the effect of Ce(NO;)s, a group of plants were pretreated with 30 uM Ce(NO»)4
(a suitable concentration selected from 10, 30, 50 and 70 uM Ce(NO,);) for 12 h and then
exposed to salt stress. The control plants were treated with Hoagland’s solution alone.
After treatment of 48 h, the roots of maize seedlings were collected and frozen in liquid
nitrogen, and then kept at —80 °C until analyses. After treatment of 168 h, the dry weight
of maize seedling was measured.

Analysis of ascorbate peroxidase, glutathione reductase, dehydroascorbate reductase,
and monodehydroascorbate reductase

Enzymes were extracted according to Grace and Logan (1996) with some modifications.
Each frozen sample (0.5 g) was ground into a fine powder in liquid N, with a mortar and
pestle. Fine powder was homogenized in 6 ml 50 mM KH,PO, (pH 7.5) containing 0.1
mM ethylenediaminetetraacetic acid, 0.3% (v/v) Triton X-100, and 1% (w/v) soluble
polyvinylpolypyrrolidone, with the addition of 1 mM AsA in the case of the APX assay.
The extract was immediately centrifuged at 13,000 x g for 15 min at 2 °C. The superna-
tant was then used immediately for measuring the following enzymes. Ascorbate peroxi-
dase (APX, EC 1.11.1.11) activity was measured by monitoring the decrease in absorb-
ance at 290 nm (Nakano and Asada 1981). One unit of enzyme was defined as the amount
of APX catalyzing the oxidation of 1 umol ascorbate per minute. Glutathione reductase
(GR, EC 1.6.4.2) activity was monitored at 340 nm (Grace and Logan 1996). One unit of
GR activity was defined as the reduction of 1 umol NADPH per minute. Monodehy-
droascorbate reductase (MDHAR, EC 1.6.5.4) activity was assayed at 340 nm (Miyake
and Asada 1992). One unit of MDHAR activity was defined as the amount of enzyme that
oxidizes 1 pmol NADH per minute. Dehydroascorbate reductase (DHAR, EC 1.8.5.1)
activity was measured at 265 nm (Dalton et al. 1986). One unit of DHAR activity was
defined as the amount of enzyme that produces 1 umol AsA per minute. The specific ac-
tivities of above enzymes (APX, GR, DHAR and MDHAR) were expressed as units mg™!
protein. Protein concentration was measured by using bovine serum albumin (BSA) as
the standard according to Bradford (1976).

Analysis of AsA/DHA and GSH/GSSG

AsA and DHA were measured according to Hodges et al. (1996). The ratio between the
content of AsA and the content of DHA was expressed as AsA/DHA. The contents of
GSSG and GSH were measured according to Griffith (1980). The ratio between the con-
tent of GSH and the content of GSSG was expressed as GSH/GSSG.

Measurement of MDA content and EL

MDA content was measured by thiobarbituric acid (TBA) reaction according to Hodges
etal. (1999). EL was determined according to Zhao et al. (2004). EL was expressed as the
relative ion leakage, a percentage of the total conductivity after boiling.
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Analysis of plant height, root dry weight and aboveground dry weight

After 168 h of treatment, the plant height was measured by a ruler. Root dry weight and
aboveground dry weight were measured by oven drying method.

Statistical analysis

The whole experiment repeated 3 times with 6 seedlings per treatment each time. The
results presented were the mean values of 3 replications. Means were compared by one-
way analysis of variance and Duncan’s multiple range test at the 5% level of significance.
The correlation analysis of parameters was done by SPSS 19.0 (Chicago, USA).

Results
The selection of suitable Ce(NO;); treatment concentration

In order to select a suitable Ce(NOs;); treatment concentration, we investigated the effects
of different concentrations of Ce(NOs); on the ratios of ASA/DHA and GSH/GSSG under
salt stress. The Ce(NOs;); concentrations are 10, 30, 50 and 70 uM, respectively. The re-
sults showed that salt stress alone significantly decreased the ratios of AsA/DHA and
GSH/GSSG, compared to the control (Table 1). Compared to salt stress alone, application
of 10, 30, 50 and 70 pM Ce(NO3); to NaCl-treated seedlings increased the ratio of AsA/
DHA by 10.8%, 27.3%, 21.6% and 14.2%, respectively. Compared to salt stress alone,
application of 10, 30, 50 and 70 uM Ce(NO;), to NaCl-treated seedlings increased the
ratio of GSH/GSSG by 11.7%, 22.2%, 17.2% and 10.5%, respectively. Application of 30
UM Ce(NOs); significantly increased the ratios of ASA/DHA and GSH/GSSG under salt
stress, compared to other concentrations of Ce(NOs);. These results suggested that 30 uM
Ce(NO3); was a suitable concentration to study the effect of Ce(NO;); on AsA-GSH cycle
in maize seedlings roots under salt stress.

Table 1. Effects of different concentrations of Ce(NO;); on the ratios of AsA/DHA and GSH/GSSG
in the roots of maize seedlings under salt stress

10 uM Ce+ 30 uM Ce+ 50 uM Ce+ 70 uM Ce+

Parameters Control NaCl NaCl NaCl NaCl NaCl
AsA/DHA | 23.3+2.75a | 16.6+1.73d 18.5+1.84c¢ 21.4+2.66b 20.442.47bc 19.14£2.35¢
GSH/GSSG | 24.1+3.11a | 18.0+2.08d 20.1+2.39¢ 22.0+2.80b 21.1+2.11bc 19.942.14¢

Note: The plants were treated as follows: Control, full-strength Hoagland’s solution; NaCl, 100 mM NaCl; 10 uM
Ce+NaCl, 10 uM Ce(NO,);+ 100 mM NaCl; 30 uM Ce+NaCl, 30 pM Ce(NO;);+100 mM NaCl; 50 uM Ce+NaCl, 50 uM
Ce(NO;);+100 mM NaCl; 70 uM Ce+NaCl, 70 uM Ce(NOs);+ 100 mM NaCl. The plants were pretreated with Ce(NO;); for
12 h, and then exposed to 100 mM NaCl for 48 h. Values represent meanstandard deviations (SD) of five replicates for each
treatment, different letters indicate statistical difference at P<0.05 in the same row.
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Effects of Ce(NO;); on the activities of enzymes in AsA-GSH cycle in the roots
of maize seedlings under salt stress.

As shown in Table 2, compared with control, salt stress increased the activities of APX
and MDHAR by 50% and 72.8%, and decreased the activities of GR and DHAR by
35.4% and 34.8%, respectively. Compared with salt stress alone, application of Ce(NO;)4
to NaCl-treated seedlings increased the activities of APX, GR, DHAR and MDHAR by
20%, 160%, 133.3% and 31.4% after 48 h of treatment, respectively. Meanwhile, pre-
treatment with Ce(NO;), alone also significantly increased the activities of above en-
zymes, compared with control. These results suggested that Ce(NO;); could up-regulate
AsA-GSH cycle through APX, GR, DHAR and MDHAR in the roots of maize seedlings
under salt stress.

Effects of Ce(NO;); on the redox states of ascorbate and glutathione
in the roots of maize seedlings under salt stress

Compared with control, salt stress decreased the ratios of AsA/DHA and GSH/GSSG by
20.4% and 23.4%, respectively (Table 2). Pre-treatment with Ce(NO;); significantly in-
creased the ratios of AsSA/DHA and GSH/GSSG under salt stress, compared to salt stress
alone. After 48 h of treatment, application of Ce(NOs;); to NaCl-treated seedlings in-
creased the ratios of AsA/DHA and GSH/GSSG by 12.8% and 18.6%, respectively.
Meanwhile, pretreatment with Ce(NO;); alone also significantly increased the ratios of
AsA/DHA and GSH/GSSG, compared with control. Above results suggested that pre-

Table 2. Effect of 30 uM Ce(NO,), on the activities of AsA-GSH cycle enzymes and the ratios
of AsA/DHA and GSH/GSSG in the roots of maize seedlings under salt stress

Treatments APX . GR . DHAR .
[Umg"' (protein)] [U mg! (protein)] [U mg' (protein)]

Control 1.50+0.18d 0.93+0.13¢ 1.38+0.15¢
Ce 1.83+0.20c 1.26+0.13b 1.79+0.17b
NaCl 2.25+0.22b 0.60+0.07d 0.90+0.10d
30 uM Ce + NaCl 2.70+0.31a 1.56+0.20a 2.10+0.21a

Treatments [U ml\;,lj?lé)/r\(ﬁein)] AsA/DHA GSH/GSSG
Control 0.81+0.09d 22.6+2.47b 23.1+2.33b
Ce 1.10£0.12¢ 24.9£2.83a 25.243.02a
NaCl 1.40+0.13b 18.0+2.06d 17.7+£1.90d
30 uM Ce + NaCl 1.84+0.20a 20.3£2.71c 21.0£2.84¢

Note: The plants were treated as follows: Control, full-strength Hoagland’s solution; NaCl, 100 mM
NaCl; 30 uM Ce+ NaCl, 30 pM Ce(NO;); + 100 mM NaCl. The plants were pretreated with 30 uM
Ce(NO,); for 12 h, and then exposed to 100 mM NaCl for 48 h. Values represent mean+standard deviations
(SD) of five replicates for each treatment, different letters indicate statistical difference at P<0.05 in the same
column.
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treatment with Ce(NOs;); could regulate the redox state of ascorbate and glutathione in the
roots of maize seedlings under salt stress.

Effects of Ce(NO;); on MDA content and EL in the roots of maize seedlings
under salt stress

Compared with control, salt stress increased MDA content and EL by 130% and 162.8%,
respectively (Table 3). Compared to salt stress alone, application of Ce(NO;); to NaCl-
treated seedlings decreased MDA content and EL by 34.8% and 36.6% after 48 h of treat-
ment, respectively. Meanwhile, pretreatment with Ce(NOs;); alone also significantly de-
creased MDA content and EL, compared to control. These results suggested that pre-
treatment with Ce(NOs); has important role for acquisition of salt tolerance in the roots of
maize seedlings.

Effects of Ce(NO;); on plant height, root dry weight and aboveground dry weight
under salt stress

Compared with control, salt stress decreased plant height, root dry weight and above-
ground dry weight by 27.5%, 40.7% and 36.9%, respectively (Table 4). Compared to salt

Table 3. Effect of 30 uM Ce(NO,); on MDA content and EL in the roots
of maize seedlings under salt stress

Treatments MDA [nmol g! (fm.)] EL [%]
Control 3.0+0.42¢ 7.8+0.90c
Ce 2.2+0.29d 5.0+0.55d
NaCl 6.9+0.87a 20.5+2.15a
30 uM Ce + NaCl 4.5+0.54b 13.0+1.60b

Note: The plants were treated as Table 2. The plants were pretreated with 30 pM Ce(NO;); for
12 h, and then exposed to 100 mM NaCl for 48 h. Values represent mean+standard deviations (SD)
of five replicates for each treatment, different letters indicate statistical difference at P<0.05 in the

same column.

Table 4. Eftect of 30 pM Ce(NO;); on plant height, root dry weight and shoot dry weight of maize seedlings

under salt stress

Treatments Plant height [cm] o E;epilg:;tgg . o VE‘: ipglz;glsmm
Control 19.34+2.36b 0.27+0.04b 1.11+0.14b
Ce 21.5+3.15a 0.33+0.04a 1.27£0.19a
NacCl 14.0+1.52d 0.16+0.03d 0.70+0.09d
30 uM Ce + NaCl 17.2£1.77¢ 0.2240.04¢ 0.92+0.11¢

Note: The plants were treated as Table 2. The plants were pretreated with 30 uM Ce(NO,); for 12 h, and then exposed to
100 mM NaCl for 168 h. Values represent mean+standard deviations (SD) of five replicates for each treatment, different letters

indicate statistical difference at P<0.05 in the same column.
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Table 5. The correlation between growth parameters and enzymes, MDA and EL under the treatment
of Ce plus salt stress

APX GR DHAR MDHAR MDA EL
Plant height 0.9524 0.9376 0.9826 0.9643 -0.9942 —0.9586
Dry weight of root 0.9663 0.9257 0.9746 0.9555 —0.9882 —0.9811
Dry weight of shoot 0.9317 0.9266 0.9633 0.9541 -0.9636 -0.9779

Note: The data in this table are the correlation coefficients between corresponding parameters.

stress alone, application of Ce(NO;); to NaCl-treated seedlings increased plant height,
root dry weight and aboveground dry weight by 22.9%, 37.5% and 31.4% after 48 h of
treatment, respectively. Meanwhile, pretreatment with Ce(NO;), alone also significantly
increased plant height, root dry weight and aboveground dry weight, compared to control.
These results suggested that pretreatment with Ce(NO,); has important role for acquisi-
tion of salt tolerance in the roots of maize seedlings.

The correlation between growth parameters and enzymes, MDA and EL under
the treatment of Ce(NO;); plus salt stress

There was positive correlation between plant height, dry weights of root and shoot and
enzymes in AsA-GSH cycle under the treatment of Ce plus salt stress (Table 5). However,
there was negative correlation between plant height, dry weights of root and shoot and
MDA, EL under the treatment of Ce(NO;), plus salt stress. Above correlation analysis
further indicated that Ce(NO;); could improve the growth and salt tolerance of maize
seedlings by enhancing the activity of AsA-GSH cycle in the roots.

Discussion

Several studies showed that Ce could make an influence on redox mechanisms by regulat-
ing the antioxidant defense system in plants under stresses, which mainly focused on
antioxidant enzymes, including SOD, POD and CAT (Wu et al. 2014; Rossi et al. 2016).
However, the influence of Ce on the antioxidant enzymes in AsA-GSH cycle and non-
enzymatic antioxidants ascorbate and glutathione in the roots of maize under salt stress is
still unclear.

Ascorbate is an important redox compound in plants, which can regulate the redox
status of plant cells and fight against oxidative damage induced by stresses. The cellular
ratio of AsA/DHA can be determined by AsA-GSH cycle through APX, DHAR and MD-
HAR. It has been documented that salt stress could regulate the ratio of AsA/DHA through
APX, DHAR and MDHAR in many plants, such as tomato, mung bean and maize (Diao
et al. 2014; Shan and Zhao 2014; Shan et al. 2014). In our previous study, the results
showed that salt stress made a significant decrease in the ratio of ASA/DHA and signifi-
cant increases in the activities of APX, DHAR and MDHAR in the leaves of maize (Shan
et al. 2014). However, the effect of salt stress on the ratio of AsA/DHA and the activities
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of APX, DHAR and MDHAR in the roots of maize is still unknown. In the present study,
our results showed that salt stress also made a significant decrease in the ratio of AsA/
DHA and significant increases in the activities of APX and MDHAR in the roots of maize,
which was consistent with our previous results in maize leaves (Shan et al. 2014). How-
ever, our present study showed that salt stress made a significant decrease in the activity
of DHAR in maize roots, which was not consistent with our previous results in maize
leaves (Shan et al. 2014). The difference in the effect of salt stress on the activity of
DHAR between roots and leaves of maize seedlings may be due to organ specificity. It
has also been documented that Ce could protect Brassica napus and maize crop against
salt stress (Qu et al. 2013; Rossi et al. 2016). However, up to now, there is no report for
the effect of Ce on the ratio of AsA/DHA and the activities of APX, DHAR and MDHAR
in the roots of maize. In the present study, our results showed that Ce significantly in-
creased the ratio of ASA/DHA in the roots of maize under salt stress by up-regulating the
activities of APX, DHAR and MDHAR, which indicated that Ce could up-regulate the
redox state of ascorbate through ascorbate-related enzymes in AsA-GSH cycle.

Glutathione is another important redox compound in plants, which can regulate the
redox status of plant cells and fight against oxidative damage induced by stresses. The
cellular ratio of GSH/GSSG can be determined by AsA-GSH cycle through GR. It has
been documented that salt stress could regulate the ratio of GSH/GSSG through GR in
many plants, such as tomato, mung bean and maize (Diao et al. 2014; Shan and Zhao
2014; Shan et al. 2014). In our previous study, the results showed that salt stress made a
significant decrease in the ratio of GSH/GSSG and increase in the activity of GR in the
leaves of maize (Shan et al. 2014). However, the effect of salt stress on the ratio of GSH/
GSSG and the activity of GR in the roots of maize is still unknown. In the present study,
our results showed that salt stress also made a significant decrease in the ratio of GSH/
GSSG and increase in the activity of GR in the roots of maize, which was consistent with
our previous results in maize leaves (Shan et al. 2014). It has been documented that Ce
could protect Brassica napus and maize crop against salt stress (Qu et al. 2013; Rossi et
al. 2016). However, up to now, there is no report for the effect of Ce on the ratio of GSH/
GSSG and the activity of GR in the roots of maize. In the present study, our results
showed that Ce significantly increased the ratio of GSH/GSSG in the roots of maize under
salt stress by up-regulating the activity of GR, which indicated that Ce could up-regulate
the redox state of glutathione through GR in AsA-GSH cycle.

Many studies indicated that salt stress induced oxidative damage to plants, indicated
by MDA content and EL (Liu et al. 2012; Hu et al. 2012; Yousuf et al. 2017). In the pre-
sent study, our results also indicated that salt stress induced oxidative damage to the roots
of maize by markedly increasing MDA content and EL, which was consistent with previ-
ous studies (Liu et al. 2012; Hu et al. 2012; Yousuf et al. 2017). It has been documented
that Ce could protect plants against salt stress by improving the efficiency of the photo-
synthetic apparatus (Qu et al. 2013; Rossi et al. 2016). Several studies also showed that
Ce could protect plants against copper stress and cadmium stress by alleviating oxidative
damage (Liu et al. 2016; Wu et al. 2014). However, knowledge on how Ce affect the oxi-
dative damage induced by salt stress is almost empty. In the present study, our results
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suggested that Ce alleviate the oxidative damage induced by salt stress in the roots of
maize seedlings, which was consistent with previous results under copper stress and cad-
mium stress (Wu et al. 2014; Liu et al. 2016). Combining above results related the effect
of Ce on AsA-GSH cycle and the ratios of AsSA/DHA and GSH/GSSG, our present study
indicated that Ce could alleviate the salt stress-induced oxidative damage to the roots of
maize seedlings by increasing the ratios of AsA/DHA and GSH/GSSG through AsA-GSH
cycle. Besides, our results also showed that Ce markedly improved the plant height and
dry weight of root and aboveground, which further proved that Ce could protect maize
seedlings against salt stress by alleviating salt stress-induced oxidative damage through
AsA-GSH cycle. Therefore, our findings provide theory evidence for the application of
Ce in the production of maize crop grown on saline soil.

In conclusion, our results clearly suggest that Ce regulates the redox states of ascor-
bate and glutathione by increasing the activities of APX, GR, DHAR and MDHAR in the
roots of maize seedlings, which, in turn, enhances the antioxidant ability and protects
maize seedlings against salt stress-induced oxidative stress These results provide new
knowledge to the antioxidant metabolism in maize crop regulated by Ce under salt stress.
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