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Abstract As a major antioxidant in plants, ascorbic acid
(AsA) plays a very important role in the response to alu-
minum (Al) stress. However, the effect of AsA on the
mitigation of Al toxicity and the mechanism of nitrate
nitrogen (NO3 -N) uptake by plants under Al stress are
unclear. In this study, a hydroponic experiment was con-
ducted using peak 1 A rice (sterile line, Indica) with
weaker resistance to Al and peak 1 superior 5 rice (F1
hybrid, Indica) with stronger resistance to Al to study the
effects of exogenous AsA on the physiological and bio-
chemical responses to NO; —N uptake by rice roots
exposed to 50 pumol L™" Al Al stress induced increases in
the concentrations of H,O, and malondialdehyde (MDA)
and in the activities of antioxidant enzymes [such as
superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), and ascorbate peroxidase (APX)]. Plasma mem-
brane (PM) H"-ATPase and H'-pump activities, endoge-
nous AsA content and NO; -N uptake in rice roots
decreased under Al stress. After treatment with
2 mmol L™! exogenous AsA combined with Al, concen-
trations of HO, and MDA in roots notably decreased, and
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endogenous AsA content and activities of SOD, POD,
CAT, and APX in rice roots increased significantly; fur-
thermore, the interaction of PM H-ATPase and the 14-3-3
protein was also enhanced significantly compared with that
in control plants without AsA treatment, which clearly
increased NO3; —N uptake. Based on all of these data, the
application of AsA significantly reduced the accumulation
of H,0, and MDA and increased the activities of PM H*-
ATPase and the H"-pump by increasing the endogenous
AsA content, the antioxidant enzyme activities, and the
interaction of PM H*-ATPase and the 14-3-3 protein in the
roots of the two rice cultivars under Al stress, thereby
improving the uptake of NO3; —N in rice.

Keywords Al - Antioxidant enzyme - AsA - Plasma
membrane HT-ATPase - Rice - 14-3-3 Protein

Introduction

Approximately 50 % of the arable land in the world con-
sists of acidic soils, and approximately 13 % of rice crops
are distributed on acidic soils. In recent years, with the
increase in acid rain and the use of chemical fertilizers,
cultivated soils are being acidified, which is becoming a
serious problem (Guo and others 2010). Soil acidification
can lead to the release of active Al3+, which is toxic to
plants (Liu and others 2014). Rice is not only a major
global food crop but also China’s primary food crop.
Aluminum (Al) has become one of the main factors
restricting the growth and yield of rice in acidic upland and
acid sulfate paddy fields (Vasconcelos and Rossiello 2002).

Al increases reactive oxygen species (ROS) production
and enhances lipid peroxidation (Jones and others 2006;
Sharma and Dubey 2007), especially in Al-sensitive
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genotypes (Giannakoula and others 2010; Ma and others
2012), which damages membrane lipids, cellular structures,
proteins, and DNA. However, the in vivo antioxidant
enzyme systems of plants respond to these changes to
maintain metabolic balance. Excess ROS production can be
prevented and ROS can be eliminated by antioxidant
enzymes [such as superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT), and ascorbate peroxidase (APX)].
Al has been reported to decrease CAT activity in Oryza
sativa (Sharma and Dubey 2007). In Allium cepa, Al was
reported to inhibit CAT activity and significantly enhance
the activities of SOD, POD, and APX (Achary and others
2008).

In plant cells, the plasma membrane (PM) is the first line
of defense against outside stress. Therefore, the PM and
proteins embedded in the PM can react first to stress fac-
tors. The PM H'-ATPase is known as the “dominant
enzyme” in the activities of higher plants (Serrano 1989); it
regulates many important physiological processes and
plays important roles in maintaining the cytoplasmic pH
and the steady-state levels of metabolites when plants must
adapt to adverse environments. The PM H-ATPase gen-
erates the electrochemical proton gradient across the
membrane by hydrolyzing ATP and excluding H* outside
the cell membrane to provide a driving force for the uptake
of nutrients and secondary transport in plants (Palmgren
2001; Zhang and others 2011). The 14-3-3 protein is a
highly conserved regulatory protein in eukaryotic cells that
can regulate PM H'-ATPase activity by interacting with
phosphorylated PM H'-ATPase (Alterfjord and others
2004). Related studies have indicated that binding of the
14-3-3 protein to the C-terminal end of the PM H*-ATPase
in Arabidopsis thaliana (AHA2) occurs via the last two
phosphorylated threonine (Thr) residues, promoting the
interaction of the 14-3-3 protein with PM H*-ATPase. This
interaction enhances the activity of PM H*-ATPase and
activates the proton pump (Fuglsang and others 1999).
Therefore, the activity of PM H'-ATPase relates to its
level of phosphorylation, which is regulated by many
environmental factors (Heidi and others 2010).

Two major N sources (NH, " -N and NO; -N) are taken
up by plant roots (Chapman and Miller 2011). Nitrification
is greatly restricted in flooded conditions. Consequently,
the content of NH, 1 greatly increases, and NH,+ becomes
the main storage form of nitrogen in paddy fields. Rice
absorbs much more NH,;T-N than NO; -N (Zhu and
others 2011). Therefore, previous studies on the N nutrition
of rice have primarily focused on NH4"-N nutrition and
neglected NO; —N nutrition. Notably, rice roots can
secrete oxygen (O,), which can be used to convert NH, —
N to NO3; -N by nitrifying microorganisms. NO; —N on
the surface of roots is instantly absorbed by rice. In fact,
rice is in a mixed nutrient solution of NH,*-N and NO; —
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N, even in completely flooded conditions (Luo and others
2013). An increasing number of studies have demonstrated
that rice can take up and utilize two forms of nitrogen
(Helali and others 2010). Under conditions of increased
NO; -N content, some research has shown that rice roots,
particularly lateral roots, have better growth and develop-
ment than those exposed to NH4*-N alone (Wang and
others 2002). Therefore, the absorption and utilization of
NO; -N in rice is significant in rice nitrogen nutrition.

Ascorbic acid (AsA) is the most crucial and important
non-enzyme antioxidant in plants, playing an important
role in mediating certain biotic and abiotic stress-induced
oxidative stresses. AsA can improve a plant’s growth and
enhance its ability to resist stress. Exogenous AsA sig-
nificantly relieved the effects of Al toxicity in tomatoes
(Ma and others 2015), ginger (Huang and others 2008),
and Hydrilla verticillata (Xu and others 2006), and it
reduced Al accumulation in root tips and the absorption
capacity of Al in cell walls, indicating that AsA could be
involved in the regulation of plant resistance to Al toxi-
city. AsA is the first line of plant defense against oxida-
tive stress through the removal of a variety of free
radicals, such as O, -, HO-, and H,O,. The ascorbic acid-
glutathione (AsA-GSH) cycle indirectly clears APX sub-
strates of H,O, in an AsA-GSH loop (Munne-Bosch and
Alegte 2002). The synthesis of AsA in vivo (endogenous
AsA) is directly involved in the removal of the ROS, and
the addition of exogenous AsA can inhibit lipid peroxi-
dation and decrease the content of malondialdehyde
(MDA) in plant tissues, thereby improving the antioxidant
capacity of plants (Zheng and others 2006). However, few
studies have reported the physiological and biochemical
response mechanism of AsA to promote the uptake of
NO; -N in rice under Al stress. Our previous study
(Zhou and others 2015) showed that 2 mmol L™' AsA
could significantly alleviate the inhibitory effect of Al
stress on two types of rice seedlings; therefore,
2 mmol L™" AsA was considered a suitable concentration
to study the physiological changes in rice in this study. In
the present study, both peak 1 A (PA1) rice (with weaker
resistance to Al) and peak 1 superior 5 (PS5) rice (with
stronger resistance to Al) cultivars were used as experi-
mental materials. The concentrations of H,O, and MDA,
the activities of certain antioxidant enzymes, the activity
of PM H"-ATPase and its interaction with the 14-3-3
protein, and the uptake of NO3 —-N were determined in
the presence of Al or Al in combination with exogenous
AsA to analyze the effect of exogenous AsA on physio-
logical and biochemical parameters and on the uptake of
NO; -N by both types of rice. The results demonstrate
that the application of exogenous AsA can alleviate Al
toxicity and enhance NO; -N uptake in two rice
cultivars.
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Materials and Methods
Plant Materials and Growth Conditions

The rice [Oryza sativa L.; PA1 (sterile line, Indica) and PS5 (F1
hybrid rice, Indica)] seeds were sterilized in 10 % H,0, for
5 min and then washed in deionized water for 5 min. The seeds
were fully imbibed with deionized water for 24 h. Then, the
seeds were germinated at 25 °C in the dark. When seedlings
with roots reached a height of approximately 1 cm, they were
sown in floating mesh in a polypropylene pot with 5 L of a
0.5 mM CaCl, solution at pH 4.5, which was renewed daily.
Seedlings at the 1-leaf stage and rice seedlings of a similar size
were selected and transferred into Y4-strength normal rice
nutrient solution (IRRI, pH 4.5) for 1 week. Then, the seedlings
were transferred into normal rice nutrient solution containing
the following macronutrients in mmol L NH4NO;, 2.86;
KH,PO,, 0.3; K,SO,, 0.35; CaCl,, 1.0; MgSO,-7H,0, 1.0;
MnClL,-4H,0, 9.0 x 1073 H;BO;, 2.0 x 107% (NHy)s
Mo,0,,-4H,0, 0.39 x 107% CuSO,-5H,0, 3.2 x 107%
Na,SiO3-9H,0, 5.0 x 10~% ZnS0,-7H,0, 7.7 x 10~* and
Na,EDTA-Fe(Il),2.0 x 1072 The solution was adjusted to pH
4.5 with 1 mol L™" HCI and renewed every 2 days. All
experiments were conducted under greenhouse conditions at
day/night temperatures of 28 °C/20 °C with 12 h of light
(1000 umol m~2 s™"). Seedlings at the 4-leaf stage that were
similar in size were selected and exposed to 50 pmol L™
AICl; alone or 50 umol L™' AICl; in combination with
2 mmol L™! AsA in the rice nutrient solution (pH 4.5) for
different periods of time. Each treatment was repeated three
times. After treatment, the root tips (0—20 mm) of each treat-
ment were harvested, immediately frozen in liquid nitrogen and
stored at —80 °C for measurement of their physiological and
biochemical indices and antioxidant enzyme activities.

Determination of Root Activity and NO;~
Absorption

Root activity was analyzed by the TTC method (Zhang and
Wei 2003). Roots (0.2 g) were dipped in a mixture of 5 mL
of 0.4 % TTC and 5 mL of phosphate buffer and incubated
in the dark for 1 h at 37 °C; then, 2 mL of 1 mol L!
H,SO, was added to terminate the reaction (at the same
time, 2 mL of 1 mol L™! H,SO, was added to the root
samples as a blank). The roots were sampled, ground with
3-4 mL of ethyl acetate, and diluted to 10 mL. With the
blank serving as the control, the absorbance of the super-
natant was determined at 485 nm using a spectropho-
tometer. The NO3; —N concentration in the solution was
determined by ultraviolet spectrophotometry, referring to
the standard of the People’s Republic of China environ-
mental protection industry (HJ/T346-2007) with slight

modifications. NO3 —N and dissolved organic matter both
absorb at a wavelength of 220 nm; however, dissolved
organic matter also absorbs at 275 nm, whereas NO; —N
does not. Therefore, with deionized water as the control,
the absorbance was determined at 220 nm (OD,,o) and
275 nm (OD,75) and subsequently corrected according to
the following formula: OD=0D,,; — 20D;75. The NO3; —N
content was calculated according to a standard curve. The
same volume of the rice nutrient solution (pH 4.5) con-
taining different amounts of AI>" and AsA was renewed
daily. The reduction in the NO3; -N content represented
the quantity of NO; —N in the liquid that was taken up by
the rice every day.

Determination of MDA, H,0,, and AsA Contents

The MDA content was determined by the 2-thiobarbituric acid
(TBA) method described by Zhang and Wei (2003). The H,O,
content was determined using the methyl orange method
described by Gay and Gebicki (2003), and AsA was deter-
mined according to the method of Law and others (1983).

Measurement of the Proline Content and Activities
of SOD, POD, CAT, and APX

The proline content was determined by the acidic ninhy-
drin method (Demiral and Tiirkan 2005). The SOD activity
was determined by the nitroblue tetrazolium (NBT) light
reduction method described by Giannopolitis and Ries
(1977), with slight modifications. The reaction mixture
consisted of 50 mmol L™ Tris—-HCI (pH 17.0),
3.0 umol L™! EDTA, 145 mmol L™! methionine,
2.25 mmol L~! NBT, and 60 pmol L' riboflavin. An
appropriate quantity of enzyme extract was added to the
reaction mixture. The reaction was initiated by placing the
tubes below two 15-W fluorescent lamps for 15 min. The
reaction was terminated by keeping the tubes in the dark
for 10 min, and the absorbance was read at 560 nm. One
unit of SOD activity was defined as the quantity of SOD
enzyme required to cause 50 % inhibition of NBT reduc-
tion under the experimental conditions. The POD activity
was measured according to the method described by
Chance and Mehley (1955), with slight modifications. The
mixture contained 50 mmol L™! Tris—=HCl (pH 7.0),
10 mmol L™} guaiacol and 5 mmol Lt H,0,. Then,
50 pL of the enzyme extract was added into the reaction
mixture. The increase in the absorbance at 470 nm was
measured at 0.5 min intervals up to 2 min. The POD
activity was defined as the change in the ODy4;( per minute
per milligram of protein. The CAT activity was assayed by
monitoring the consumption of H,O, at 240 nm for 2 min
according to the method described by Aebi (1984). The
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APX activity was determined as described by Nakano and
Asada (1981).

Assay of PM H*-ATPase Activity and PM H*-
Pump Activity

PM H"-ATPase was extracted and determined as described
by Shen and others (2005). The protein concentration was
quantified according to the method of Bradford. The PM
protein purity, PM H"-ATPase activity, and PM H*-pump
activity were determined as described by Guo and others
(2013).

Co-immunoprecipitation and Western Blot Analysis

To detect the interaction between the 14-3-3 protein and
PM H'-ATPase via co-immunoprecipitation (Co-IP), a
total of 500 pg of PM protein plus 2 pg of a specific
phosphorylation antibody targeted against VHA2 were
incubated at 4 °C for 6 h with occasional shaking
(40 rpm). Then, 20 pL of protein A/G plus-agarose (Santa
Cruz Biotech, Santa Cruz, CA) was added to the protein
solution, which was then incubated at 4 °C for 12 h. The
protein samples were centrifuged to precipitate the pro-
teins. The protein pellets were then washed several times,
resuspended, and separated by 10 % SDS-PAGE for
Western blot analysis. The separated proteins were trans-
ferred to PVDF membranes using a semi-dry transfer sys-
tem. The membranes were first treated with the specific
phosphorylation antibody targeted against VHA2 or the
Malus domestica 14-3-3 protein antibody and subsequently
treated with a goat anti-rabbit IgG conjugated with per-
oxidase. The Western signal bands on the membrane were
quantified using a densitometer (Bio-Rad, Hercules, CA)
and expressed as a percentage of the samples without Al
treatment (referred to as Al treatment at O h and set as 1.0).

Statistical Analysis

We utilized a randomized complete design. All experi-
ments were replicated 3-5 times. All data were analyzed
with Excel and SAS software (SAS Institute 1998).
ANOVA was performed for each variable with a compar-
ison of means by Duncan’s multiple range test with a
significance level of 0.05.

Results

Assay of Rice Root Activity

As shown in Table 1, in the early period of single Al
stress, the root activity of the two rice types was
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similar. The reduction capacity of the root systems of
the two types of rice gradually declined with prolonged
stress. When the stress was applied for 96 h, the root
reduction activity of PAl and PS5 was only 38 and
54 % that of the control, respectively, and the results
indicate that the plant roots were damaged at that point.
However, after treatment with exogenous AsA, the
reduction activity of the roots recovered. The reduction
activity of PA1 and PS5 was elevated to 53 and 72 %
of the control, respectively, and the reduction activity in
the plant roots was higher than that of non-AsA at the
same time point.

The Effect of AsA on the Proline Content in the Root
Tips of Rice Plants Under Al Stress

Crops contain little free proline under normal conditions.
An increase in the free proline content is a physiological
and biochemical response of plants to adverse stress.
Simultaneously, the accumulation of proline is related to
the production of ROS and plays an important role in
removing endogenous ROS in plants. As shown in
Table 2, the free proline content gradually increased with
the extension of the time of exposure to Al stress to a
maximum at 48 h for PAl1 and 72 h for PS5 and then
decreased slowly. However, after treatment with exoge-
nous AsA, the free proline content of the root tip
increased at each time point, except for the decrease in
free proline in PA1 at 96 h compared with the single Al
stress plants. PA1 increased by 0.3- to 0.5-fold during the
period of 12-48 h, and PS5 increased by 0.2- to 0.4-fold
during the period of 6-72 h.

Effect of AsA on NO;~ Uptake Under Al Stress

As shown in Fig. 1, compared with the control, the uptake
capacity of NO3 -N in the two rice cultivars notably
decreased with Al stress or the extension of the Al stress
period. After treatment with exogenous AsA, the uptake
capacity of NO3; —N increased in both cultivars; however,
the amount of the increase decreased with Al stress and the
extension of the stress period, and the uptake capacity of
NO; -N in the absence of Al stress was higher than that
under Al stress. At different time points, the NO; —-N
absorption ability of the two cultivars presented obvious
differences from that of the control. Comparing AsA-
treated with non-AsA-treated plants at the same time point,
the NO3 -N absorption capacity of PAl (Fig. 1a) was
significantly different from that of PS5 during the entire
period. However, PS5 (Fig. 1b) was significantly different
at 24 h and was not obviously different during the period of
48-96 h.
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Table 1 Effects of exogenous
AsA on the root reduction

Root reduction activity/pg h~! g_1

activity in PA 1 and PS 5 roots Varieties PA 1
under Al stress for different
periods of time Treatment (h) —AsA +AsA

PS5

—AsA

+AsA

290.19 + 8.03"
310.32 £ 5.07*
289.61 + 4.54*

295.15 £ 7.21*
297.88 + 9.15%
276.27 £+ 5.87*

12 261.32 + 8.72° 287.23 + 2.94%
24 246.09 + 4.55° 287.13 £ 7.02*
48 197.74 + 5.45° 231.38 + 4.05"
72 155.28 + 3.49¢ 182.25 + 7.27°
9 112.56 + 6.63° 155.69 + 5.21¢

277.34 £ 6.25%
269.93 + 7.54°
258.76 + 9.26°
244.42 + 8.22°
228.56 + 4.36°
193.89 & 7.51¢
175.25 + 5.31¢
149.84 + 3.43¢

283.28 + 7.21*
276.36 + 9.25°
274.42 + 8.68"
276.14 + 6.37°
267.63 + 4.36"
238.06 + 3.19°
22529 + 1.32°
188.53 =+ 2.84¢

The values represent the mean + SD (n = 3). Different letters in the same column or cultivar indicate that
the values are significantly different at the 0.05 level, according to Duncan’s multiple range test

Table 2 Effects of exogenous

. —1
AsA on the free proline Free proline content/ug-g

concentration in PA 1 and PS 5 Varieties PA 1 PS5
roots under Al stress for
different periods of time Treatment (h) —AsA +AsA —AsA +AsA
23.27 £ 0.67¢ 21.33 £ 0.95¢ 40.21 + 2.46¢ 41.2 + 5.53¢
22.18 + 1.37¢ 24.5 + 1.36¢ 43.06 + 5.21¢ 47.85 + 4.52¢
32.33 £ 1.71¢ 37.27 £ 0.77° 47.10 £ 3.33¢ 57.22 + 1.36°
12 40.86 + 2.31° 56.69 & 1.16° 50.92 + 2.15¢ 63.31 £ 6.34°
24 58.83 + 0.97° 75.88 + 4.12° 59.79 + 1.52° 79.24 + 3.15%
48 67.17 & 2.53° 84.38 + 1.82° 67.73 + 4.23° 73.71 + 0.79*
72 63.13 + 2.34° 67.06 + 2.13° 67.83 + 3.11° 75.58 4+ 1.53%
9 64.35 + 3.13° 56.31 &+ 1.36° 62.69 £ 1.40° 65.63 + 1.68°

The values represent the mean &+ SD (n = 3). Different letters in the same column or cultivar indicate that
the values are significantly different at the 0.05 level, according to Duncan’s multiple range test

Fig. 1 Effects of exogenous a 12 b 12
AsA on NO3™ absorption in § AIO-ASA
PA1 (a) and PS5 (b) roots under 1f a AlO+ASA 1

OAIS0-AsA

Al stress for different periods of
W AIS0+AsA

time. The values represent the
mean £ SD (n = 3). Different
letters in the same column or
cultivar indicate that the values
are significantly different at the
0.05 level, according to
Duncan’s multiple range test
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Effect of AsA on the Contents of MDA and H,0,
Under Al Stress

24h 48h
Treatmenttime/h

AIQ-AsA
AlIO+ASA
OAIS0-AsA
W AIS0+ASA

72h 96h

and MDA in the two cultivars tended to increase with the
extension of the period of Al stress. When exposed to Al

stress for 96 h, the MDA and H,O, contents of PA1 were

The data in Table 3 show that the patterns of change in the
MDA contents of the roots of the two rice cultivars were
similar to those of the H,O, contents. The contents of H,O,

approximately 3.8-fold and 4-fold greater than those of the
control, respectively, whereas the MDA and H,O, contents
in PS5 were approximately 4-fold and 1.9-fold higher than
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Table 3 Effects of exogenous AsA on the MDA and H,O, concent in PA 1 and PS 5 roots under Al stress for different periods of time

MDA concent/pmol g~! H,O, concent/pmol g~

Varieties PA 1 PS5 PA 1 PS5

Treatment (h) —AsA +AsA —AsA +AsA —AsA +AsA —AsA +AsA

0 0.59 &+ 0.21° 051 & 0.03° 047 = 0.06° 048 £ 0.07° 3.46 £0.07° 344 + 025 4.67 + 046° 4.97 + 0.53¢
3 0.63 £ 0.15¢ 0.65 £ 0.04° 0.59 £ 0.05° 0.51 £ 0.04° 427 + 037 4.02 £ 0.06° 517 021 5.15 + 0.52¢
6 0.32 £ 0324 0.60 £ 0.04° 0.66 = 0.03° 0.55 + 0.04° 5.16 + 0.119  4.68 £ 027 552 +0.33% 4.75 + 0.30¢
12 09 £0.72%  0.67 +0.04° 076 £ 0.02° 057 £0.04° 652 +031° 502=+0.16" 6.15+0.15 5.11 % 0.33¢
24 1.05 £ 0.55° 0.68 £ 0.02° 0.88 £ 0.03% 0.69 £ 0.06° 806+ 007° 543 +0.12° 696+ 0.37° 5.01 & 0.15¢
48 1.32 £ 0.45° 0.89 £ 0.05% 1.33 £0.04> 1.04 £0.07° 997 4+ 0.53° 695 +£0.52° 7.41 +023* 527 4+ 0.39¢
72 1.63 £ 0.49° 1.15 £ 027° 1.68 £0.05° 146 £0.11°> 11.17 £ 031> 8.16 £0.73° 793 £ 0.11* 627 + 0.53°
9% 224 £ 0.63* 124 £021° 1.89 £0.06° 1.34 +£0.06° 14.05 &+ 043" 10.31 + 0.36° 9.05 + 0.40° 7.79 & 0.63°

The values represent the mean + SD (n = 3). Different letters in the same column or cultivar indicate that the values are significantly different at

the 0.05 level, according to Duncan’s multiple range test

those of the control, respectively. After treatment with
exogenous AsA, the MDA and H,O, in the roots both
declined compared with those of the single Al stress plants.
The MDA and H,0O, in the roots of the two cultivars were
significantly reduced with a treatment time of 12 h or
more. When the AsA treatment time was 96 h, the MDA
and H,O, contents were approximately 2.4-fold and 3.0-
fold higher in PAI than in the control, respectively, and
approximately 2.8-fold and 1.6-fold higher in PS5 than in
the control, respectively. The obvious decrease in the MDA
content indicates that the degree of membrane lipid per-
oxidation induced by Al significantly decreased, and the
damage due to Al stress in the plants was effectively
alleviated.

Effect of AsA on the Activities of SOD, POD, CAT,
and APX Under Al Stress

SOD is a key enzyme in the antioxidant system, scavenging
free radicals. Its activity is an indicator of plant resistance
to stress. As shown in Fig. 2a, b, with an increase in the Al
treatment time, the SOD activity in PA1 increased initially
and then essentially stabilized, and the SOD activity in PS5
gradually increased over the period of Al stress. The SOD
activity in PA1 (Fig. 2a) was 2.8-fold higher than that of
the control at 48 h, and the SOD activity in PS5 (Fig. 2b)
was 2.6-fold higher than that of the control. Furthermore,
the SOD activities in the roots of the two cultivars
increased with the extension of the Al stress period.
However, after treatment with an exogenous AsA, com-
pared to a lack of AsA treatment, the SOD activity in PA1
(Fig. 2a) was 3.6-fold higher than that of the control at
48 h, whereas that of PS5 (Fig. 2b) was higher than that of
the control by 3.3-fold.

@ Springer

As an adaptive enzyme in the antioxidant system, POD
plays an important role in protecting the membrane lipids
from peroxidation and reducing the cell damage caused by
oxidative stress in plants. As shown in Fig. 2¢, d, the POD
activities in the roots of the two cultivars increased initially
and then decreased during the period of Al stress. How-
ever, the POD activity did not change significantly from 0
to 3 h after Al treatment. Subsequently, the POD activity
increased to its maximal level at 24 h. The POD activity in
the PA1 roots was twice that in the control roots (Fig. 2c),
and this activity in the PS5 roots (Fig. 2d) was 2.4-fold
greater than that in the control roots at 24 h after Al stress.
After treatment with exogenous AsA, the POD activities in
the roots of the two cultivars increased with the extension
of the Al stress period. The POD activity in PA1 (Fig. 2¢)
was 2.5-fold higher than that of the control, whereas that in
PS5 (Fig. 2d) was 2.9-fold higher than that of the control at
24 h. The POD activities in the two cultivars increased
with AsA treatment; the activity of both PA1 and PS5 was
significantly higher than that without AsA treatment after
6 h and 12 h, respectively. The POD activity increased
under Al stress. However, the addition of AsA could fur-
ther enhance the POD activity. Thus, POD might play an
important role in the response of AsA to Al stress.

CAT is an important protective enzyme that plays an
essential role in plants’ resistance to adverse environments.
The CAT activities in the roots of both cultivars increased
initially and subsequently declined with extension of the Al
stress period (Fig. 2e, f). The CAT activity in PAl
increased to its highest level at 24 h after Al treatment,
reaching an activity level that was 2.3-fold greater than that
of the control (Fig. 2e), whereas PS5 reached its maximum
at 48 h (approximately 2.6-fold higher than that of the
control) (Fig. 2f). However, the CAT activity in plants with
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Fig. 2 Effects of exogenous

AsA on the activities of
antioxidant enzymes in PA1 and
PS5 roots under Al stress for
different periods of time. The
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PA1 (e) and PS5 (f) roots, and c 250
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AsA treatment was higher than that in plants without AsA
treatment. After 12 h of treatment, the CAT activity of PA1
(Fig. 2e) was significantly higher than that of plants that
had not been treated with AsA, whereas the CAT activity
of PS5 (Fig. 2f) treated with AsA from 6 to 48 h was
significantly higher than that of untreated plants. After 24 h
of AsA treatment, the CAT activities of PA1 and PS5 were
1.3-fold and 1.2-fold higher than the CAT activity of
untreated plants, respectively. These results suggest that
the antioxidant enzyme activity in both cultivars was
stronger than that in the control roots under Al stress and
the exogenous AsA treatment further enhanced the CAT
activity in the roots of both cultivars.

APX is a type of peroxidase that uses AsA as an electron
donor and is the main enzyme scavenged by hydrogen
peroxide. As shown in Fig. 2g, h, under Al stress condi-
tions, the APX activity in PA1 roots increased initially and
subsequently decreased slowly with the increase in the
stress period. The APX activity in PA1 increased to its
highest level at 48 h after Al treatment, which was 2.8-fold
higher than that of the control (Fig. 2g), whereas the APX
activity in PS5 increased over the entire Al treatment
period and was 2.4-fold higher than that of the control at
72 h (Fig. 2h). The APX activity in the roots of both
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cultivars increased with AsA treatment compared to with-
out AsA treatment. The APX activity in PA1 (Fig. 2g) was
notably higher than that in plants without AsA after 12 h of
treatment, whereas the APX activity in PS5 (Fig. 2h) was
notably higher than that in plants without AsA after 6 h of
treatment. The APX activity of PA1 and PS5 was elevated
to 3.4-fold and 2.9-fold that of the control at 48 h after AsA
treatment, respectively. The increased APX activity in both
cultivars suggests that the crops could further remove
superoxide.

The Effect of AsA on the Activity of PM H"-ATPase
and the H"-Pump Under Al Stress

As shown in Fig. 3a, b, the PM H*-ATPase activity in the
roots of both rice cultivars was significantly lower than that
of the control at 24 h under Al stress. However, after
treatment with AsA, the PM H'-ATPase activity in the
roots was significantly higher than that in plants without
AsA treatment. To further investigate whether AsA
improved the PM H*-pump activity, this study analyzed
the change in the PM H™-pump activity in rice roots. The
results in Fig. 3¢, d show that the changes in the PM H*-
pump activity in PA1 and PS5 root tips were consistent
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with the changes in the HT-ATPase activity in the PM,
accounting for the fact that AsA treatment also signifi-
cantly increased the HT-ATPase activity and H'-pump
activity in the root PM of rice.

AsA-Enhanced Expression and Interaction of PM
H*-ATPase and the 14-3-3 Protein in Rice Roots
Under Al Stress

The interaction of PM H'-ATPase and the 14-3-3 pro-
tein can activate PM H'-ATPase activity. To further
investigate whether the AsA-enhanced NO; —N absorp-
tion is associated with an enhanced interaction between
PM H™-ATPase and 14-3-3 proteins under Al stress, we
extracted PM proteins from PA1 and PS5 root tips that
underwent different treatments for 24 h and analyzed the
co-immunoprecipitation (Co-IP; Fig. 4). The change in
the phosphorylation level of PM H"-ATPase agreed with
the change in the interaction with the 14-3-3 protein in
PA1 (Fig. 4a, b) and PS5 (Fig. 4c, d) roots. Moreover,
the relative expression of the PM H'-ATPase protein
and the 14-3-3 protein was analyzed in silico. The data
in Fig. 4 demonstrate that the relative expression of the
PM H*t-ATPase-bound 14-3-3 protein in the roots of
PA1 and PS5 (Fig. 4e) was 0.88-fold and 0.91-fold
higher than that of the control at 24 h under Al stress,
respectively. When PA1 and PSS roots were treated with
Al combined with AsA, the relative expression of the
PM H*t-ATPase-bound 14-3-3 protein was elevated to
1.21-fold and 1.3-fold that of the control, respectively.
At the same time, as shown in Fig. 4, the relative

@ Springer

expression of the 14-3-3 protein-bound PM H*-ATPase
in the PA1 and PS5 (Fig. 4f) roots was 0.52-fold and
0.61-fold higher than that of the control at 24 h under Al
stress, respectively. The phosphorylation level of PM
H"-ATPase and the interaction with the 14-3-3 proteins
were significantly increased by treatment with both Al
and AsA. The relative expression of the 14-3-3 protein-
bound PM H'-ATPase in the PA1 and PS5 roots was
elevated to 1.2-fold and 1.5-fold that of the control,
respectively. These results demonstrate that the AsA-
enhanced interaction of PM H'-ATPase with the 14-3-3
protein was higher in the PS5 roots than that in the PA1
roots.

The Effect of Exogenous AsA on the Endogenous
AsA Content

As shown in Fig. 5, under Al stress, the endogenous AsA
content in the roots of both cultivars decreased with the
increase in the stress period. After 96 h of Al stress, the
AsA content in PA1 was 35 % of the control content
(Fig. 5a), and the AsA content in PS5 was 46 % of the
control content (Fig. 5b); the AsA content remained con-
stant in the control roots. The endogenous AsA content in
the roots of both cultivars increased with AsA treatment
compared to without AsA treatment. The AsA content in
PA1 was 161 % of that in untreated plants (Fig. 5a),
whereas it was 147 % of that of untreated plants in PS5 at
96 h after combined AsA and Al treatment (Fig. 5b). In
rice roots, the increased endogenous AsA was positively
related to the exogenous AsA treatment.
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Discussion

Root reduction activity is an important index of physio-
logical characteristics and is correlated with respiration in
plant roots. The root activity of the two rice cultivars
decreased with prolonged Al stress. As shown in Table 1,
the root activity in PA1 was 38 % of the control activity at
96 h after Al stress, whereas the activity in PS5 was 54 %
of the control activity. The root activity in PS5 was less
affected by Al stress than that in PA1; the root reduction
activity recovered to the level of the control 24 h after
treatment with exogenous AsA combined with Al. How-
ever, after 24 h of treatment with exogenous AsA com-
bined with Al, the root reduction activity of both cultivars
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column or cultivar indicate that the values are significantly different at
the 0.05 level, according to Duncan’s multiple range test

was below that of the control but higher than that of non-
AsA-treated plants, indicating that exogenous ASA can
improve the root reduction activity under Al stress. Greater
root reduction activity indicates greater respiration inten-
sity, which provides more energy for root activity and
enhances the ability to provide nutrients and moisture to
aboveground plant parts to ensure normal plant growth in a
stressful environment.

AsA is a highly abundant, small antioxidant molecule in
plant tissues that can remove ROS both directly (by
reacting with and simultaneously reducing ROS) and
indirectly (by functioning as an enzymatic substrate in
ROS scavenging) (Du and others 2001). AsA is an
important component of the antioxidant defense system in
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plants and serves as a reductant for the peroxidative
removal of H,O, (Noctor and Foyer 1998). In the present
study, the endogenous AsA content in the roots of both
cultivars initially decreased with the increase in Al stress
duration, and the exogenous AsA treatment increased the
endogenous AsA content (Fig.5) and significantly
decreased the active oxygen content compared with the
treatment of rice roots with Al alone, which is consistent
with the findings of Wang and Kao (2007). In addition, we
observed a higher AsA content in PS5 (Al-tolerant) than in
PA1 (Al-sensitive) under Al stress. This increased AsA
could react with additional ROS to significantly reduce the
ROS content and prevent oxidative damage. We suggest
that the effect of exogenous AsA on Al tolerance could be
related to the increased level of endogenous AsA and direct
removal of ROS.

Under normal growth conditions, ROS are present at
modest levels, and plant cells experience only mild
oxidative stress; however, many stressors enhance ROS
production. ROS have a positive effect on the resistance to
cell invasion by pathogens and the expression of genes
related to disease resistance. However, plants can experi-
ence oxidative damage if they produce an amount of ROS
that exceeds the removal ability of the antioxidant system.
The Al stress-related damage to rice plants was proposed to
be related to oxidative injury. Lipid peroxidation is the
most typical symptom of biological oxidative stress. MDA
is one of the products of lipid peroxidation, and its content
can reflect the degree of oxidative stress in plants. Our
investigation revealed that MDA and H,0, increased sig-
nificantly in rice roots after Al stress. The contents of MDA
and H,O, were higher in PA1 than in PS5 under Al stress
(Table 3). At 96 h after Al treatment, the H>,O, content in
PA1 and PS5 roots was 4-fold and 1.9-fold higher than that
in the control, respectively. However, after adding AsA,
the H,O, content was only 3-fold and 1.6-fold higher than
that of the control, and the MDA content was 3.8-fold and
4-fold higher than that of the control, respectively. Nev-
ertheless, after adding AsA, the MDA content was 2.4-fold
and 2.8-fold higher that of the control in PA1 and PS5
roots, respectively. This conclusion is consistent with the
increased MDA content in rice plants under Al stress
observed by Kuo and Kao (2003) and Tewari and others
(2004). Therefore, exogenous AsA can markedly reduce
the accumulation of H,O, and MDA caused by Al stress.
Reducing the damage caused by oxidative stress improved
the Al tolerance of rice. This result is also consistent with
that of Wang and Kao (2007) and could imply that AsA
plays a crucial role in scavenging ROS by increasing the
endogenous AsA level.

When exposed to environmental stress, to alleviate
oxidative stress, many plants have evolved mechanisms to
scavenge ROS via the upregulation of antioxidant
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enzymes, such as SOD, POD, CAT, and APX, and the
enhancement of their activities. These antioxidant enzymes
function synergistically to scavenge active oxygen free
radicals to protect plants from oxidative stress and to
alleviate the membrane lipid peroxidation that leads to cell
membrane damage. Many studies have indicated that Al
not only induces oxidative stress but also induces the
expression of antioxidant enzymes, leading to an increase
in their activity. As the enzyme activity increases, the
ability to remove ROS increases, as does the plant’s
resistance. As shown in Fig. 2, the activities of SOD, POD,
CAT, and APX initially increased and subsequently
declined in rice seedling root tips under Al stress. The
levels of SOD, POD, CAT, and APX in PA1 were 2.8-fold,
2-fold, 2.3-fold, and 2.8-fold higher than those in the
control, respectively, and those in PS5 were 2.6-fold, 2.4-
fold, 2.6-fold, and 2.4-fold higher than those in the control,
respectively. After AsA treatment, the activity of SOD,
POD, CAT, and APX increased in the roots of both rice
cultivars. The levels of SOD, POD, CAT, and APX in PA1
were elevated to 3.6-fold, 2.5-fold, 2.8-fold, and 3.4-fold
those of the control, respectively, and those in PS5 were
3.3-fold, 2.9-fold, 3.2-fold, and 2.9-fold higher than those
in the control, respectively. The increase in antioxidant
enzymes effectively decreased the accumulation of H,O,
induced by Al stress in rice roots, which reduced the
oxidative damage caused by ROS stress and the membrane
lipid peroxidation. These results demonstrate that AsA
might be involved in an important response mechanism to
Al stress by regulating the activity of antioxidant enzymes
in rice plants.

The enhanced production of ROS under Al stress can
pose a threat to cells, but it is also thought that ROS serve
as signaling molecules to activate the stress response and
defense pathways (Wang and others 2004). Al enhanced
the activities of several antioxidant enzymes, including
SOD, POD, CAT, and APX, associated with increased
ROS generation. Meanwhile, the level of endogenous AsA
and antioxidant enzyme activity increased after treatment
with exogenous AsA and Al. The increased levels of
endogenous AsA and antioxidant enzyme activity indicate
that Al-induced stress tolerance in rice may be caused by
increased endogenous AsA and antioxidant activity, which,
in turn, synergistically reduces the level of H,O, and
oxidative injury to membranes. This alleviation of oxida-
tive injury was attributed to the protection of rice against
growth inhibition due to Al stress and to increased NO3; —N
uptake.

The uptake of NO3; —N in root cells is an important step
in nitrogen metabolism in plants. At the absorption stage,
the co-transport of NO; /2H" energized by the H'-
ATPase of the cell membrane is currently recognized as the
NO;™ transmembrane transport mode (Mcclure and others
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1990). The membrane transport of substances in the reverse
concentration gradient is an energy-consuming process, but
plant cells cannot directly make use of the energy from
ATP hydrolysis to promote the transmembrane transport of
the material. The PM H"-ATPase activated H'-pump
activity and generated an electrochemical gradient across
the membrane by hydrolyzing ATP and excluding H*
outside the cell membrane to provide a driving force for the
uptake of nutrients and secondary transport in plants. The
results of this study showed that exogenous AsA can
enhance PM ATPase activity, H -pump activity, and the
interaction of 14-3-3 proteins and PM H-ATPase in the
roots of both rice cultivars (Fig. 4), which can significantly
increase the uptake of nitrate nitrogen.

Conclusions

Al treatment caused oxidative stress in the roots of two rice
varieties with different tolerances to Al, and PS5 had
stronger resistance to Al than PA1. During the induction of
oxidative stress due to Al stress, the expression of antiox-
idant enzymes was also induced, which increased the
antioxidant enzyme activity and the ability to scavenge
ROS, enhancing the plants’ resistance to Al. Exogenous
AsA plays an important role in scavenging ROS by
enhancing the endogenous AsA content and further
improving the activities of SOD, POD, CAT, and APX in
the two types of rice roots, which more effectively removes
accumulated H,O, and reduces the level of peroxidation of
membrane lipids and the plant damage due to Al stress.
Meanwhile, AsA increases the activity of PM H'-ATPase
and the ability to pump H' by enhancing the interaction of
PM H'-ATPase and the 14-3-3 protein in rice roots, which
provides a large amount of H' and energy for the
absorption of NO3; —N, improving the NO3; -N uptake
ability in rice.
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