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Abstract The recognition of adverse environmental

impact of acid rain is a prerequisite for finding feasible

approaches to alleviate such damage to plants. We studied

the regulation of nitrogen and phosphorus absorption by

plasma membrane H?-ATPase and its expression at tran-

scriptional levels in rice roots exposed to acid rain under

hydroponic conditions. At pH 5.0 and 3.5, acid rain

increased activity of plasma membrane H?-ATPase by

increasing transcriptional levels of OSA1, 4, 5, 6, 7, 8, 9,

and 10 and promoted ammonium absorption. However,

nitrates and phosphorus contents in roots were decreased

by acid rain (pH 3.5) due to a decrease in the H? gradient.

At pH 2.5, acid rain decreased nitrogen and phosphorus

content in roots by decreasing plasma membrane H?-

ATPase activity and its expression at transcriptional levels

(OSA1–OSA10) as well as synthesis of ATP and inhibited

the growth. After a 5-day recovery (without acid rain), all

the parameters in roots treated with acid rain (pH 5.0 or

3.5) were greater than the data measured during the

exposure period. However, all the parameters in roots

treated with acid rain (pH 2.5) could not be recovered

because heavy acid rain caused irreversible inhibition on

plasma membrane H?-ATPase activity. Hence, we con-

cluded that plasma membrane H?-ATPase plays a role in

adaptation of rice seedlings to acid rain by regulating the

absorption of nitrogen and phosphorus.

Keywords Acid rain � Nutrient absorption � Rice root �
Plasma membrane H?-ATPase � Transcriptional level

Introduction

Acid rain is one of the major global environmental pollu-

tants and severely affects agricultural and forest production

(Menz and Seip 2004; Andonova 2007; Sanchez et al.

2010). Previous studies show that acid rain not only has

direct negative effects on plants by inhibiting plant growth,

reducing photosynthetic rate, damaging cell membrane

intercity, and destroying ultrastructure of chloroplast, but

also indirectly influences soil properties and microbial

composition (Ling et al. 2010; Wen et al. 2011; Sun et al.

2014; Zhang et al. 2014). When soil pH is lowered to 4,

most of nutritional elements such as magnesium, calcium,

phosphorus, and soluble nitrogen in plant roots are

decreased, resulting in nutrient deficiency and abnormal

growth of plants (Sun et al. 2013; Du et al. 2014). In

addition, acid rain increases extracellular concentration of

H? and can be a threat to membrane structure by

exchanging with positive ions (which is the most important

in calcium) in membrane, resulting in membrane perme-

ability and hence increased intracellular leakage. There-

fore, loss of mineral elements in the leaves by acid rain

precedes change in appearance (DeHayes et al. 1999;

Tarhanen et al. 1999). Remarkably, the loss of nutritional

elements in plants affects inevitably growth and
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physiological metabolisms in plants. Theoretically, nutri-

tional elements in plants depend on absorption by roots

from soil (Hodge et al. 2009; Farid et al. 2015; Pereira et al.

2015). Hence, it should be informative to know effects of

acid rain on the nutrient absorption of plants for clarifying

the mechanism of plant tolerance to acid rain. The infor-

mation will be helpful to find ways to alleviate such

damage caused by acid rain.

Plasma membrane H?-ATPase constitutes a family of

proton pumps driven by hydrolysis of ATP and is found

exclusively in the plasma membrane of plants. The primary

role of plasma membrane H?-ATPase is to provide an

energy source for nutrient transport into the cell and

extrusion of positive charges (H?), thus forming membrane

potential (Palmgren 2001). Zhu et al. (2009) found a high

regulation of various plasma membrane H?-ATPases in

rice roots is adapted to rhizosphere acidification caused by

ammonium absorption. Zeng et al. (2012) also found an

involvement of plasma membrane H?-ATPase in the

stimulated uptake of phosphorus by rice roots supple-

mented with ammonium. Thus, we presume that the reg-

ulation of plasma membrane H?-ATPase on absorption of

nutrient could be important to clarify the tolerance of

plants to acid rain stress. In our previous study (Liang et al.

2015), we found that plasma membrane H?-ATPase plays

a role in adaptation of plants to acid rain by regulating

intracellular pH for avoiding the damage to intensity of

plasma membrane. However, there is limited literature on

the regulation mechanism of plasma membrane H?-

ATPase on absorption of nitrogen (ammonium and nitrates)

and phosphors in plant roots exposed to acid rain stress.

Hence, it would be interesting to reveal the adaptation of

plants to acid rain from a new perspective of plasma

membrane H?-ATPase regulation during nutrient absorp-

tion in plants stressed by acid rain. The exposure of plants

to acid rain is a discontinuous process where plants are first

exposed to acid rain followed by a restoration period.

Therefore, it is essential to clarify the adaptation of plants

during exposure and recovery periods being closed to the

real situation when acid rain happened. Based on the

findings, necessary measures to eliminate the negative

effects of acid rain will be possible.

This study aimed at (1) clarifying response of plasma

membrane H?-ATPase activity and its expression at

transcriptional levels, intracellular H?, and ATP content

in rice roots to different pHs during exposure and

recovery periods; (2) revealing response of the ammo-

nium, nitrates, and phosphorus content in rice roots to

acid rain at different pHs during exposure and recovery

periods; the relationship between plasma membrane H?-

ATPase activity and nutrient absorption during exposure

and recovery periods; and (3) studying response of the

biomass and root cap ratio of rice seedlings to acid rain at

different pHs during exposure and recovery periods.

These results will help us understand the adaptation of

plant to acid rain stress and can provide a new direction

for finding effective ways to alleviate the damage to

plants caused by acid rain.

Materials and methods

Plant material and culture conditions

Seeds of rice ‘‘Huaidao 8’’ (Oryza sativa) (Wuxi Seed CO.,

Ltd., China) were surface-sterilized with HgCl2 solution

(0.1 %, w/v) for 5 min and washed with distilled water

several times. After soaking in distilled water for 12 h, the

seeds were placed in a dish (90 mm) under-laid with three

layers of filter paper and germinated in an incubator at

25 ± 1 �C. After 2 days, the seedlings were transferred to

a plastic container with vermiculite. When the first two

leaves appeared, rice seedlings were cultivated in routine

nutrition solution [150 mM (NH4)2SO4, 24 mM KH2PO4,

42 mM K2SO4, 120 mM CaCl2�H2O, 120 mM MgSO4-

7H2O, 60 mM Na2SiO3�9H2O, 1.08 mM MnCl2�4H2O,

2.4 mM H3BO3, 2.40 mM Fe(III)-EDTA, 46.82 lM Na2-
MoO4�2H2O, 92.39 lM ZnSO4�7H2O, and 38.40 lM
CuSO4�5H2O, pH 5.5] prepared by the method provided by

the International Rice Research Institute (Zhu et al. 2009)

in a growth chamber with a light intensity of

300 mol�m-2�s-1 photosynthetically active radiation, tem-

perature of 25 �C/20 �C (14 h/10 h), relative humidity of

70 %/80 % (day/night), and the nutrient solution was

renewed every 5 d to stabilize pH. After 30 days, rice

seedlings were used to do experiments.

SAR treatment

Acid rain is formed from SO2 and nitrous oxides (NOx)

emitted to the atmosphere. Simulated acid rain (SAR) was

prepared by mixing concentrated H2SO4 and HNO3 in a

ratio of 3:1 (v/v), similar to the ratio of SO4
2-: NO3

- in

ambient rain in South China (Zhang et al. 1996; Liang

and Wang 2013). The solution was diluted with deionized

water to pH 5.0, 3.5, and 2.5. SAR (pH 5.0, 3.5, and 2.5)

was sprayed at 24-h intervals on the leaves of rice

seedlings till drops began to fall. At the same time, the

pH of nutrient solution was adjusted to 5.0, 3.5, and 2.5.

As the control, same amount of deionized water (pH 7.0)

was applied to rice leaves. All treatments were done in

triplicate. After a 5-day SAR treatment, half of the rice

seedlings were collected for analysis. The rest of rice

seedlings were cultured for another 5 days without SAR,

same with the control conditions, and then were collected

for analysis.
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Determination of ATP content

ATP was extracted from rice roots according to the method

described by Liu et al. (2006). Rice roots (2 g) was rapidly

frozen in liquid nitrogen and homogenized into powder.

Adenosine phosphates were extracted from the powder

with perchloric acid (0.6 mol L-1, 10 mL) in the ice bath

for 1 min by the method described by Yang et al. (2002).

The mixture was centrifuged at 60009g for 10 min at 4 �C.
Supernatant (6 mL) was quickly neutralized to pH 6.5–6.8

with KOH (1 mol�L-1) and kept on an ice bath for 30 min.

The filtrate solution was filtered again through a 0.45-mm

filter. The final filtrate solution was made up to 8 mL and

then stored at -30 �C prior to the analysis. ATP content

was measured by high-performance liquid chromatogra-

phy. High-performance liquid chromatography separation

was achieved using continuous gradient elution. The elu-

tion programs were as follows: 0 min 100 % A, 0 % B;

2 min 95 % A, 5 % B; 4 min 80 % A, 20 % B; 5.3 min

75 % A, 25 % B and 6 min 100 % A, 0 % B. Mobile phase

A consisted of dipotassium hydrogen phosphate

(0.06 mol�L-1) and potassium dihydrogen phosphate

(0.04 mol�L-1), whereas mobile phase B consisted of

100 % acetonitrile. Finally, the program took a further

1 min to return to the initial conditions and stabilize. Flow

rate of the mobile phase was 1.2 mL�min-1, while the

injection volume was 20 mL. The total retention time was

about 5 min, and the gradient was run for 6 min to ensure

full separation.

Hydrolytic activity of plasma membrane

H1-ATPase measurement

Rice roots were ground in ice-cold homogenization buffer

with a mortar and pestle. The homogenization buffer

contained 250 mM sucrose, 250 mM KI, 2 mM EGTA,

10 % (v/v) glycerol, 0.5 % (w/v) bovine serum albumin,

2 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,

5 mM 2-mercaptoethanol, and 50 mM bis–tris propane-2-

(N-morpholino) ethanesulfonic acid (pH 7.8). The homo-

genate (adjusted to a grinding medium–tissue ratio of

4 mL g-1 fresh weight) was filtered through two layers of

Miracloth (Calbiochem-Novabiochem Corporation, San

Diego, CA) and centrifuged in a swinging bucket rotor at

11,5009g (Optima TM L-80 XP Ultracentrifuge, Beckman

Coulter Inc. Fullerton, CA) at 0 �C for 10 min. The

supernatants were centrifuged at 87,000 9 g for 35 min.

The microsomal pellets were resuspended in phosphate

buffer that contained 250 mM sucrose, 3 mM KCl, and

5 mM KH2PO4 (pH 7.8). The microsomal membrane

preparation was fractionated by two-phase partitioning in

aqueous dextran T500 (Sigma, St. Louis, MO) and poly-

ethylene glycol (Sigma) according to the method provided

by Larsson et al. (1987) and Klobus and Buczek (1995).

Phase separations were carried out in a series of 32-g phase

systems that contained 6.1 % (w/w) dextran T500, 6.1 %

(w/w) polyethylene glycol 3350, 250 mM sorbitol, 3 mM

KCl, and 5 mM bis–tris propane-2-(N-morpholino)

ethanesulfonic acid (pH 7.8). The plasma membrane

obtained by this procedure was used to determine the

hydrolytic activity of plasma membrane H?-ATPase. Pro-

tein was measured according to the method described by

Bradford (1976).

Hydrolytic activity of plasma membrane H?-ATPase

was determined by measuring the Pi amount after 30-min

hydrolysis. The reaction reagents (0.5 mL) contained

30 mM bis–tris propane-2-(N-morpholino) ethanesulfonic

acid (pH 6.5), 5 mM MgSO4, 50 mM KCl, 50 mM KNO3,

1 mM Na2MoO4, 1 mM NaN3, 0.02 % (w/v) Brij58, 5 mM

ATP-Na2, and 30 mL protein (plasma membrane) in the

presence and absence of inhibitors: 50 mM KNO3 (for

tonoplast H?-ATPases), 1 mM Na2MoO4 (for nonspecific

phosphatases), 1 mM NaN3 (for mitochondrial membrane

H?-ATPases), or 0.3 mM Na3VO4 (for plasma membrane

H?-ATPases). The reaction was performed at 30 �C for

30 min and stopped by adding 1 mL stopping reagent [2 %

(v/v) concentrated H2SO4, 5 % (w/v) sodium dodecyl

sulfate, and 0.7 % (w/v) (NH4)2MoO4] followed immedi-

ately by adding 50 mL 10 % (w/v) ascorbic acid. After

10 min, 1.45 mL arsenite-citrate reagent [2 % (w/v)

sodium citrate, 2 % (w/v) sodium m-arsenite, and 2 %

(w/v) glacial acetic acid] was added to prevent phosphate

from releasing because of H?-ATPase activity from ATP

hydrolysis under acidic conditions (Baginski et al. 1967).

After 30 min, the absorbance was measured by spec-

trophotometer at 820 nm. Plasma membrane H?-ATPase

activity was calculated as phosphate liberated in excess of

boiled-membrane control. By analyzing ATPase hydrolytic

activity of the membrane fraction in the presence and

absence of inhibitors as described by Wakeel et al. (2010),

there were no differences in purity for membranes from the

control and SAR-treated plants (Table S1 and Table S2).

RNA extraction and real-time RT-PCR

To evaluate the expression of 10 genes [OSA1 (GenBank

accession: AJ439999.1), OSA2 (GenBank accession:

AJ440000.1), OSA3 (GenBank accession: AJ440001.1),

OSA4 (GenBank accession: AJ440002.1), OSA5 (GenBank

accession: AJ440216.1), OSA6 (GenBank accession:

AJ440217.1), OSA7 (GenBank accession: AJ440218.1),

OSA8 (GenBank accession: AJ440219.1), OSA9 (GenBank

accession: AJ440220.1), OSA10 (GenBank accession:

AJ440221.1)] encoding plasma membrane H?-ATPase,

real-time PCR analysis with specific primers for each gene

was performed. For the normalization of expression of each
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OSA gene, the actin gene (GenBank accession no:

NM197297) was used as the internal standard. All primers

were designed on the basis of the sequences published in

GenBank by Beacon Designer 7.0 (Premier Biosoft, Palo

Alto, CA) (Liang et al. 2014), being the same as used in

previous study (Liang et al. 2015). Total RNA from roots

of rice seedlings was isolated using Tri-Reagent (Sigma-

Aldrich, St. Louis) according to the manufacturer’s

instructions. Total RNA yield was determined using

NanoDrop Spectrophotometer ND-1000 (Thermo Scien-

tific, Wilmington, DE), and the 260/280 nm ratio showed

expected values between 1.9 and 2.0. To avoid any DNA

contamination, RNA samples were treated with RNase-free

DNase I (Thermo Scientific, Wilmington, DE) and then

reverse-transcribed into first-strand cDNA with a High-

Capacity cDNA Reverse Transcription Kit (Applied

Biosystems, Inc., Foster City, CA) according to the man-

ufacturer’s instructions. The cDNA was then used as the

template for PCR amplification with SYBRGreen PCR

Master Mix kit (Applied Biosystems Inc., Foster City, CA).

PCR cycling was performed with Real-Time PCR System

(Bio-Rad, Hercules, CA). After an initial denaturation at

95 �C for 2 min, 40 cycles were performed (melting at

94 �C for 10 s and annealing and extension at 60 �C for

40 s). Agarose gel electrophoresis was done to identify the

product of PCR. Relative expression abundance was

quantified using comparative quantization analysis settings

(Optical System software, version 1.0).

Protoplasts isolation and intracellular H1

measurement

Fresh rice roots were cut into pieces (0.5 mm length) and

put into a test tube. The enzyme solution containing 2 %

cellulase (lyophilized, 10.0 U mg-1), 0.5 % macerase

(lyophilized, 0.5 U mg-1), 0.1 % (w/v) pectolyase (Y-23),

5 mmol L-1 MES, and 0.45 mmol L-1 mannitol was

added into tubes with pieces of roots. Tubes were shaken at

40 rpm at 30 �C in the dark for 3 h. Then, the reaction

mixture was filtered with plug (400 meshes). The filtrate

was centrifuged at 1000 9 g for 5 min. The supernatant

was removed by pipette, and the precipitate was washed

twice with the solution containing 3 % sucrose (w/v) and

0.4 mol L-1 mannitol. Protoplasts floating on the surface

of washing solution were collected and passed through

50-lm-pore-size nylon mesh filter. Microscope and

hemocytometer were used to adjust the concentration of

protoplasts to 5 9 106 mL-1 for detecting intracellular

H?.

Protoplasts isolated from rice roots were incubated with

the pH-sensitive fluorescent dye [20, 70-bis (carboxyethyl)-
5(6)-carboxy] (BCECF) at 37 �C for 60 min under an

atmosphere of 21 % O2–5 % CO2. Protoplasts were then

washed with HEPES-buffered salt solution (pH 7.4) at

37 �C for 15 min to remove extracellular dye and retain

complete desertification of cytosolic dye. Radiometric

measurement of BCECF fluorescence was taken by a

workstation (Intracellular Imaging Inc, Cincinnati, OH)

consisting of a Nikon TSE 100 Ellipse inverted microscope

with epifluorescence attachments. Wavelength of excited

light was 500 nm, and wavelength of emitted light was

530 nm. The fluorescence signal was adjusted to zero

background for cells without dying (Undem et al. 2012).

The change of intracellular H? in rice roots treated with

acid rain at different pHs was evaluated on the basis of the

BCECF fluorescence compared to the control.

Ammonium and nitrates concentration

measurement

Fresh rice roots (1 g) was harvested and then cut into

pieces. After being grounded in deionized water with a

mortar and pestle, roots were transferred to Erlenmeyer

flask with 20 mL deionized, and then oscillated for 3 min.

After centrifugation (40009g, 5 min), a 2 mL of super-

natant was transferred to test tubes. The method of

Berthelot (Scheiner 1976) was used to determine ammo-

nium; the absorbance was measured at 550 nm by spec-

trophotometer (JINGHRI, Shanghai, China).

Nitrates content was measured according to the method

described by Miranda et al. (2001), and fresh roots (0.5 g)

were put into graduated test tube with 20 mL deionized

water. Test tubes blocked with plugs were put into boiling

water for 30 min and then cooled with flowing water.

Extraction was filtered and diluted to 25 mL with deion-

ized water. A 0.1 mL of extracting solution was transferred

to test tubes with 0.4 mL 5 % (w/v) salicylic acid–H2SO4

solution. The mixture was shaken for 20 min at ambient

temperature. After adding 9.5 mL 8 % NaOH, the mixture

was shaken, cooling to room temperature. The absorbance

was measured at 410 nm by a spectrophotometer

(JINGHRI, Shanghai, China).

Total phosphorus concentration determination

Dried roots of each treatment were ground finely enough to

pass a 1.0-mm screen. A total of 0.1 g powder was digested

with 5 mL H2SO4 (98 %, v/v) and 3 mL hydrogen perox-

ide (30 %, v/v). After cooling, the digested sample was

diluted to 100 ml with distilled water. The phosphorus

concentration in the solution was measured according to

the molybdate blue method (Chang et al. 2009). The

absorbance was measured at 700 nm by a spectropho-

tometer (JINGHRI, Shanghai, China).
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Growth determination

After harvesting, each rice seedling was weighed to

determine the total biomass and roots fresh weight. Then,

roots were dried separately in a forced-air oven at 70 �C for

about 48 h for determination of dry weight. Root cap ratio

is the ratio of the dry weight of root to the dry weight of

shoot.

Statistical analysis

Data were presented as mean ± standard deviation. The

difference significance between different treatments was

analyzed by the one-way analysis of variance (ANOVA)

using SPSS 11.5 (P\ 0.05).

Result and discussion

Effect of SAR on ATP content, plasma membrane

H1-ATPase activity, and intracellular H1 in rice

roots

The plasma membrane H?-ATPase is a universal electro-

genic H? pump that provides the primary electrical gra-

dient and proton motive force for absorbing nitrogen and

phosphorus by hydrolysis of ATP as energy source to pump

H? across plasma membranes into the apoplast (Crawford

and Glass 1998; Forde and Clarkson 1999; Arango et al.

2003; Santi et al. 2003; Vansuyt et al. 2003). We studied

the effects of SAR (pH 5.0, 3.5, and 2.5) on ATP content

(Fig. 1), plasma membrane H?-ATPase activity (Fig. 2),

and intracellular H? (Fig. 3) in rice roots. After a 5-day

exposure, the ATP content in rice roots treated with SAR

(pH 5.0, 3.5, and 2.5) was decreased by 15.7, 5.5, and

22.4 %, respectively, compared with that of the control

(P\ 0.05) (Fig. 1). As shown in Fig. 2, at pH 5.0 and 3.5,

SAR increased the hydrolytic activity of plasma membrane

H?-ATPase in rice roots by 89.9 and 17.6 % compared

with that of the control, whereas SAR (pH 2.5) decreased

the hydrolytic activity of plasma membrane H?-ATPase.

The effects of SAR on intracellular H? in rice roots are

shown in Fig. 3. At pH 5.0 and 3.5, SAR increased intra-

cellular H? in rice roots by 45.2 % and 30.1 % compared

with that of the control after a 5-day exposure. However, at

pH 2.5, SAR decreased intracellular H ? compared with

that of the control. The increase in intracellular H? caused

by SAR (pH 5.0 or 3.5) was because of excessive

Fig. 1 Effect of simulated acid rain on ATP content in rice roots.

Significant difference at p\ 0.05 during stress period is shown with

different lowercase letters and, during recovery period, is shown with

uppercase letters

Fig. 2 Effect of simulated acid rain on hydrolytic activity of plasma

membrane H?-ATPase. Significant difference at p\ 0.05 during

stress period is shown with different lowercase letters and, during

recovery period, is shown with uppercase letters

Fig. 3 Effect of simulated acid rain on intracellular H? in rice roots.

The intracellular H? in rice root was expressed by relative BCECF

fluorescence intensity which was measured by adjusting the fluores-

cence signal in cells without dying to zero. Significant difference at

p\ 0.05 during stress period is shown with different lowercase letters

and, during recovery period, is shown with uppercase letters

Int. J. Environ. Sci. Technol. (2017) 14:101–112 105

123



accumulation of extracellular H? (Ramos et al. 1976).

Thus, the increase in intracellular H? caused an increase in

activity of plasma membrane H?-ATPase. Meanwhile, the

decrease in ATP content in rice roots treated with SAR (pH

5.0 or 3.5) could have resulted from the hydrolysis of ATP

catalyzed by plasma membrane H?-ATPase. Holyoak et al.

(1996) also confirmed that the reductions in cellular ATP

resulted from consumption of more ATP in Saccharomyces

cerevisiae during growth period under acid between pH 5.7

and 3.8. When rice seedlings were exposed to SAR (pH

2.5), the activity of plasma membrane H?-ATPase was

inhibited (Fig. 2). In addition, ATP content and intracel-

lular H? in rice roots were all decreased under SAR (pH

2.5). That is maybe the ATP synthesis was inhibited and

cellular homeostasis was ruined in rice roots under SAR

(pH 2.5). In the previous study (Liang et al. 2015), we

found that high acidity of SAR (pH 2.5) decreased intra-

cellular H? in rice leaves because of the increase in leakage

of plasma membrane under acid rain stress. The decrease in

ATP content mainly resulted from the inhibition on the

synthesis of ATP caused by high acidity of SAR.

After a 5-day recovery, ATP content (Fig. 1) and

intracellular H? (Fig. 3) in rice roots treated with SAR (pH

5.0) were at almost similar level with control, showing that

the increase in intracellular H? and the decrease in ATP

content caused by SAR (pH 5.0) during the exposure per-

iod can be restored after a 5-day recovery. However,

plasma membrane H?-ATPase activity (Fig. 2) was still

higher than that of the control. Being different from that

treated with SAR (pH 5.0), the intracellular H? in rice

roots treated with SAR (pH 3.5) was still higher than that of

the control. That mainly resulted from more H? entry into

cells (the acidity of SAR was increased) and less pump-out

(plasma membrane H?-ATPase activity was lower than

that of pH 5.0 treatment group). However, the intracellular

H? in rice roots treated with SAR (pH 3.5) was lower than

that measured during the exposure period, indicating that

the intracellular H? in rice roots under SAR (pH 3.5) can

be decreased by the increase in plasma membrane H?-

ATPase. For the group treated with SAR (pH 2.5), plasma

membrane H?-ATPase activity in rice seedlings was still

lower than that of the control after a 5-day recovery,

indicating that SAR (pH 2.5) caused irrecoverable inhibi-

tion on the activity of plasma membrane H?-ATPase. The

intracellular H? in rice root treated with SAR (pH 2.5) was

still lower than that of the control, but higher than that of

the exposure period (Fig. 3). The changes in the intracel-

lular H? were related to osmotic adjustment and membrane

permeability (Guo et al. 2009; Liang et al. 2015). In

addition, ATP content in rice roots treated with SAR (pH

2.5) was still lower than that of the control, and lower than

that measured during the exposure period, indicating that

the ATP synthesis was inhibited by high acidity (pH 2.5),

and the inhibition exceeded the self-regulating capacity of

rice seedlings.

Effect of SAR on expression of plasma membrane

H1-ATPase at transcriptional levels in rice roots

The relative transcriptional levels of genes (OSA1–OSA10)

of plasma membrane H?-ATPase in rice roots treated with

SAR during exposure and recovery periods are shown in

Figs. 4, 5. After a 5-day exposure, at pH 5.0, SAR

increased transcriptional levels of genes OSA1, OSA3,

OSA4, OSA5, OSA6, OSA7, OSA8, OSA9, and OSA10, but

the transcriptional level of OSA2 in roots was not signifi-

cantly changed. At pH 3.5, SAR increased the transcrip-

tional levels of genes OSA1, OSA4, OSA5, OSA6, OSA8,

OSA9, and OSA10, and the transcriptional levels of OSA2,

OSA3, and OSA7 in roots were not significantly changed.

Under normal circumstances, genes such as subfamilies I

(OSA1, 2, 3) and II (OSA5, 7) are expressed at higher level,

whereas genes such as subfamilies III (OSA9), IV (OSA4,

6, 10), and V (OSA8) display their expression at lower or

undetectable levels (Sperandio et al. 2011). Our results

showed that transcriptional levels of genes of III, IV, and V

subfamilies were higher under SAR (pH 5.0 or 3.5), to

increase plasma membrane H?-ATPase activity. The

increase in the transcriptional level of genes I (OSA1, 3), II

(OSA5, 7), III (OSA9), IV (OSA4, 6, 10), and V (OSA8) in

rice roots treated with SAR (pH 5.0) was higher than those

Fig. 4 a Agarose gel electrophoresis of the RT-PCR product for

OSA1 and Actin during the stress period. The results of agarose gel

electrophoresis [OSA1 (one of 10 genes of plasma membrane H?-

ATPase) and Actin] were to verify the product of RT-PCR. b Relative

expression of plasma membrane H?-ATPase at transcriptional level

during stress period
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in rice roots treated with SAR (pH 3.5), in line with the

increased degree of the activity of plasma membrane H?-

ATPase, indicating that SAR (pH 5.0 or 3.5) induced the

transcriptional levels of all genes (except OSA2) in rice

roots increased, and then increased the activity of plasma

membrane H?-ATPase. The transcriptional level of OSA2

did not change under SAR (pH 5.0 or 3.5), so we inferred

that OSA2 belongs to housekeeping gene. As Nicot et al.

(2005) reported, housekeeping genes should not fluctuate

during stress treatments. When rice roots were exposed to

SAR (pH 2.5), transcriptional levels of 10 genes (OSA1–

OSA10) were all lower than those of the control (Fig. 4b),

and the activity of plasma membrane H?-ATPase was

inhibited, indicating that SAR (pH 2.5) inhibited the

activity of plasma membrane H?-ATPase by decreasing

transcriptional levels of OSA1–OSA10.

After a 5-day recovery (Fig. 5b), the transcriptional levels

of genes OSA1, OSA4, OSA5, OSA6, OSA7, OSA8, OSA9,

andOSA10 in rice roots treated with SAR (pH 5.0) were still

higher than those of the control, whereas transcriptional

levels of OSA2 and OSA3 were at almost similar level with

control. The up-regulated transcriptional levels of genes

continued to increase the activity of plasma membrane H?-

ATPase, contributing to the adaptation of rice roots to acid

rain stress. For the group treated with SAR (pH 3.5), tran-

scriptional levels of genesOSA1,OSA4,OSA5,OSA6,OSA8,

OSA9, andOSA10 in rice roots were still higher than those of

the control, whereas transcriptional levels of OSA2, OSA3,

and OSA7 were at almost similar with control (Fig. 5b).

When rice seedlings were treated with SAR (pH 2.5), tran-

scriptional levels of 10 genes in rice roots were all still lower

than those of the control, indicating that the inhibition of

transcriptional levels of genes caused by strong acid rain (pH

2.5) cannot be recovered.

Effects of SAR on ammonium, nitrates,

and phosphorus absorption in rice roots

Nitrogen and phosphorus are essential nutrients for plant

growth and development (Tischer et al. 2015). Ammonium

and nitrates are the two major nitrogen sources taken up by

plant roots (Forde and Clarkson 1999). The transmembrane

transport of ammonium is an active transport process,

depending on ammonium transporter (Amtmann and Blatt

2009) on the cell membrane and proton motive force pro-

vided by plasma membrane H?-ATPase (Zhu et al. 2012).

Our results showed that at pH 5.0 or 3.5 SAR promoted the

absorption of ammonium in rice roots (Fig. 6). That mainly

resulted from the increase in H? gradient under SAR (pH

5.0 or 3.5). In addition, the absorption of ammonium can

lead to rhizosphere acidification (Alvarez-Pizarro et al.

2011), and external acidification can promote the absorp-

tion of ammonium. However, for the group treated with

SAR (pH 5.0), ammonium content in rice roots was

decreased by 33.5 % compared with that of the control

(Fig. 6), implying that the decrease in the activity of

plasma membrane H?-ATPase and ATP content (Figs. 1,

2) decreased the absorption of ammonium. And it could

also be because SAR (pH 2.5) caused the damage to

integrity of plasma membrane, and led to the outflow of

substances (ammonium) inside (Liang et al. 2015). The

absorption of both nitrates and phosphorus is active

Fig. 5 a Agarose gel electrophoresis of the RT-PCR product for

OSA1 and Actin during the recovery period. The results of agarose gel

electrophoresis [OSA1 (one of 10 genes of plasma membrane

H?-ATPase) and Actin] were to verify the product of RT-PCR.

b Relative expression of plasma membrane H?-ATPase at transcrip-

tional level during recovery period

Fig. 6 Effect of simulated acid rain on ammonium content in rice

roots. Significant difference at p\ 0.05 during stress period is shown

with different lowercase letters and, during recovery period, is shown

with uppercase letters
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absorption against electrochemical potential by plasma

membrane H?-ATPase providing proton motive force

(Miller and Smith 1996). The absorption of nitrates is via 2

H?:1 NO3
- symports, and the absorption of phosphorus is

via an anion/H? co-transport process (Glass et al. 2002;

Zeng et al. 2012). In our experiments, at pH 5.0, SAR had

no obvious effect on the absorption of nitrates and phos-

phorus in rice roots (Figs. 7, 8). At the same treatment, the

activity of plasma membrane H?-ATPase and the tran-

scriptional levels of all genes (except OSA2) were

increased (Figs. 2, 4b), being beneficial for the hydrolysis

of ATP to provide energy to maintain the absorption of

nitrates and phosphorus. However, at pH 3.5, SAR

decreased the concentration of nitrates and phosphorus by

26.3 % and 32.0 % compared with those of the control

(Figs. 7, 8). That could have resulted from the decrease in

proton gradient by the increase in the intracellular H?

(Fig. 3). The low external pH influences the electrical

potential difference between the plasma membrane and the

surrounding environment (Reid and Hayes 2003). The

absorption of nitrates and phosphorus under SAR (pH 5.0

or 3.5) was different from ammonium because the

absorption of nitrates and phosphorus needs to consume

H?, whereas the absorption of ammonium produces H?

(Zhu et al. 2009). At pH 2.5, SAR decreased the concen-

tration of nitrates and phosphorus in rice roots by 46.2 %

and 63.0 % compared with those of the control (Figs. 7, 8),

and that was due to the decrease in H?-ATPase activity

(Fig. 2) and the decrease in ATP content (Fig. 1). In

addition, at pH 2.5, SAR caused damage to the integrity of

plasma membrane and led to the outflow of substances

(nitrates and phosphorus) inside.

After a 5-day recovery, the ammonium concentration in

rice roots treated with SAR (5.0 or 3.5) was still higher

than that of the control (Fig. 6). At the same treatment, the

intracellular H? (Fig. 3) and ATP content (Fig. 1) were at

almost similar level with control. We inferred that the

excess ammonium stored in rice root during the exposure

period could not be transported. The ammonium content in

rice roots treated with SAR (pH 2.5) was lower than that of

the control, and even worse than that measured during the

exposure period (Fig. 6), resulting from the decrease in

ATP content (Fig. 1), H?-ATPase activity (Fig. 2), and the

increase in leakage of plasma membrane. The nitrates and

phosphorus contents in rice roots treated with SAR (pH

5.0) had no obvious difference from that of the control

(Figs. 7, 8). At the same treatment, the ATP content and

intracellular H? in rice roots were at almost similar level

with control, and the activity of plasma membrane H?-

ATPase in rice roots was increased. The phenomena

showed that the increase in the activity of plasma mem-

brane H?-ATPase was beneficial to maintaining the normal

absorption of nitrates and phosphorus in rice roots under

such SAR stress (pH 5.0). However, the content of nitrates

and phosphorus in rice root treated with SAR (pH 3.5) was

still lower than those of the control, but higher than those

measured during the exposure period (Figs. 7, 8). Com-

bined with the increase in plasma membrane H?-ATPase

activity and the decrease in ATP content in rice root treated

with pH 3.5 SAR, we found that the increase in the activity

of plasma membrane H?-ATPase accelerated the hydrol-

ysis of ATP during the recovery period. The nitrates and

phosphorus contents in rice roots treated with SAR (pH

2.5) were still lower than that of the control, and also lower

than that measured during the exposure period (Figs. 7, 8),

indicating that the inhibition induced by SAR (pH 2.5) on

nitrates and phosphorus absorption is unrecoverable. That

could have resulted from the decrease in ATP content

Fig. 7 Effect of simulated acid rain on nitrate content in rice roots.

Significant difference at p\ 0.05 during stress period is shown with

different lowercase letters and, during recovery period, is shown with

uppercase letters

Fig. 8 Effect of simulated acid rain on phosphorus content in rice

roots. Significant difference at p\ 0.05 during stress period is shown

with different lowercase letters and, during recovery period, is shown

with uppercase letters
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(Fig. 1) and plasma membrane H?-ATPase activity

(Fig. 2) and an increase in the leakage of plasma mem-

brane (Liang et al. 2015).

Effects of SAR on plant root cap ratio and biomass

of rice seedlings

Growth can be used as an indicator to reflect indirectly if

nutrient absorption in plants is limited under stress condi-

tions. In our experiments, at pH 5.0, SAR did not signifi-

cantly affect the root cap ratio and total biomass in rice

seedlings after a 5-day exposure (Table 1). At the same

treatment, an increase in the activity of plasma membrane

H?-ATPase can maintain normal absorption of nitrates and

phosphorus (Figs. 7, 8) and increased ammonium content

(Fig. 6) in rice roots to ensure the normal growth of rice

seedlings. Usually, sole ammonium nutrition at high con-

centration is toxic for many plants, inhibiting growth of

plants (Guo et al. 2002; Wang and Li 2003). However, rice

has a high tolerance to ammonium because excessive

ammonium can be degraded or diffused in cell (Britto et al.

2001). However, at pH 3.5, SAR caused an increase in root

cap ratio by 15.3 % and a decreased in the biomass of roots

by 32.2 %, compared with those of the control (Table 1).

The increase in root cap ratio indicated that the inhibition

on rice leaves caused by SAR (pH 3.5) was heavier than

that on rice roots. The decreased biomass was resulted from

the decreased nitrates and phosphorus absorption in rice

roots (Figs. 7, 8). In addition, at pH 2.5 SAR caused the

reduction in the ratio of root to shoot and biomass of rice

seedlings (Table 1). That was because low external pH

(2.5) caused the absorption of ammonium, nitrates, and

phosphorus decreased (Figs. 6, 7, 8) and the outflow of

nutrient substances.

After a 5-day recovery, the root cap ratio and biomass in

rice roots treated with SAR (pH 5.0) had no significant

difference from those of the control (P\ 0.05). Treated

with SAR (pH 3.5), the root cap ratio was higher than that

of the control, and the biomass of rice seedlings was

restored at a certain degree (Table 1). This meant the

biomass of rice leaves was better than that of roots. The

root cap ratio and biomass of rice seedlings treated with

SAR (pH 2.5) were still lower than those of the control, and

those measured during the exposure period (Table 1). This

meant the inhibition caused by SAR (pH 2.5) to plant

growth cannot be restored because deficiency in nitrogen

and phosphors nutrient was heavier by the decrease in

plasma membrane H?-ATPase activity, indicating that the

damage caused by SAR (pH 2.5) to growth exceeded the

regulating capacity of plasma membrane H?-ATPase

activity on absorption of nitrogen and phosphorus in rice

roots.

Table 1 Effects of simulated

acid rain on plant root cap ratio

and biomass of rice seedlings

Acid rain (pH) Root cap ratio Biomass

Exposure Recovery Exposure Recovery

5.5 (control) 0.567 ± 0.02b 0.543 ± 0.01B 10.837 ± 1.23a 11.123 ± 2.12A

5.0 0.551 ± 0.02b 0.537 ± 0.01B 10.324 ± 1.45a 11.432 ± 1.98A

3.5 0.654 ± 0.01a 0.663 ± 0.01A 7.345 ± 1.03b 8.657 ± 1.35B

2.5 0.458 ± 0.01c 0.435 ± 0.02C 6.524 ± 1.01c 6.753 ± 1.54C

Data are expressed as mean values ± SE from triple. In the same column, values with different letters are

significantly different at P\ 0.05)

Table 2 Relationships between nutrient absorption and H?-ATPase activity, intracellular H? and ATP content in rice seedling roots treated with

simulated acid rain

Treatments Parameters Ammonium content Nitration content Phosphorus content Biomass Root cap ratio

Exposure H?-ATPase activity 0.802* 0.737* 0.778* 0.637 0.433

Intracellular H? 0.574 0.662 0.674 0.273 0.877*

ATP content 0.616 0.422 0.733 0.512 0.728*

Recovery H?-ATPase activity 0.982** 0.744* 0.732* 0.644 0.770*

Intracellular H? 0.729 0.511 0.549 0.297 0.994**

ATP content 0.876* 0.994** 0.986** 0.971** 0.502

** Correlation is significant at the 0.01 level

* Correlation is significant at the 0.05 level
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Correlation analysis between nutritional content,

growth, and H-ATPase activity with SAR

The correlation coefficients are shown in Table 2. During

the exposure period, the positive correlation was signifi-

cant between ammonium content, nitrates content, phos-

phorus content, and H?-ATPase activity (p\ 0.05). And

we also found that the correlation between intracellular

H?, ATP content, and root cap ratio was significantly

positive (p\ 0.05). During the recovery period, the cor-

relation was significantly positive between ammonium

content, nitrates content, phosphorus content, root cap

ratio, and H?-ATPase activity. In addition, we also found

positive correlation between ammonium content, nitrates

content, phosphorus content, biomass, and ATP content

(p\ 0.05).

Conclusion

Our study confirmed that: (1) at pH 5.0 or 3.5, SAR

increased in the activity of plasma membrane H?-ATPase

by inducing the high transcriptional levels of OSA1, 4, 5, 6,

7, 8, 9, and 10 in rice roots and also increased intracellular

H? and decreased ATP content in rice roots. However,

significantly different change in range of plasma membrane

H?-ATPase, intracellular H?, and the decrease in ATP

content resulted in different H? gradient and nutritional

content in rice roots under SAR (pH 5.0 or 3.5). At pH 5.0,

SAR was beneficial to providing energy to absorb ammo-

nium and maintain normal absorption of nitrates and

phosphorus. In addition, SAR (pH 3.5) decreased H? gra-

dient and limit the absorption of nitrates and phosphorus,

being harmful to the growth of rice. (2) High acidity of

SAR (pH 2.5) inhibited plasma membrane H?-ATPase

activity by decreasing the expression of plasma membrane

H?-ATPase at transcriptional levels (OSA1–OSA10),

inhibited the absorption of nitrates and phosphorus, and

limited the growth of rice seedlings. (3) During the

recovery period, the increase in the activity of plasma

membrane H?-ATPase and its increased expression at

transcriptional levels (OSA1, 4, 5, 6, 8, 9, and 10) in rice

roots treated with SAR (pH 3.5) was beneficial for the

adaptation of rice seedlings to acid rain stress by alleviating

the inhibition on nitrogen and phosphorus absorption.

However, regulating effects on nitrogen and phosphorus

absorption by plasma membrane H?-ATPase in rice seed-

lings depended on the acidity of SAR. These results will

help us recognize the adverse environmental impact of acid

rain; understand the adaptation of plant to acid rain stress

from changes in genetic expression, biochemical, and

growth; and develop measures to alleviate or eliminate this

damage.
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