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Abstract
Main conclusion Application of proper ABA can improve acid tolerance of rice roots by balancing endogenous hor-
mones and promoting nutrient uptake.

Abstract Abscisic acid (ABA) has an important signaling role in enhancing plant tolerance to environmental stress. To alle-
viate the inhibition on plant growth and productivity caused by acid rain, it is crucial to clarify the regulating mechanism of 
ABA on adaptation of plants to acid rain. Here, we studied the effects of exogenously applied ABA on nutrients uptake of rice 
roots under simulated acid rain (SAR) stress from physiological, biochemical and molecular aspects. Compared to the single 
SAR treatment (pH 4.5 or 3.5), exogenous 10 μM ABA alleviated the SAR-induced inhibition of root growth by balancing 
endogenous hormones (abscisic acid, indole-3-acetic acid, gibberellic acid and zeatin), promoting nutrient uptake (nitrate, P, 
K and Mg) in rice roots, and increasing the activity of the plasma membrane  H+-ATPase by up-regulating expression levels 
of genes (OSA2, OSA4, OSA9 and OSA10). However, exogenous 100 μM ABA exacerbated the SAR-caused inhibition of root 
growth by disrupting the balance of endogenous hormones, and inhibiting nutrient uptake (nitrate, P, K, Ca and Mg) through 
decreasing the activity of the plasma membrane  H+-ATPase. These results indicate that proper concentration of exogenous 
ABA could enhance tolerance of rice roots to SAR stress by promoting nutrients uptake and balancing endogenous hormones.
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Abbreviations
GA  Gibberellic acid
IAA  Indole-3-acetic acid
SAR  Simulated acid rain
ZT  Zeatin

Introduction

Acid rain pollution is one of the serious environmental chal-
lenges in current world (Reis et al. 2012). The rapid devel-
opment of urbanization and industrialization has increased 
the use of fossil fuels and consequently increased the emis-
sion of  SO2 and NOx, resulting in the globalization of acid 
rain pollution (Mohan and Kumar 1998; Bo et al. 2000). 
Europe, North America and Asia are the three large acid 
rain regions in the world (Abbasi et al. 2013). Acid rain not 
only causes massive economic losses, but also has adverse 
effects on terrestrial ecosystem and agricultural production 
activities that rely on natural climatic conditions (Likens 
et al. 1996; Zhang et al. 2017b). Acid rain has severe nega-
tive effects on plant growth, shape formation, yield and qual-
ity, and even causes plants death. The damage mechanism 
of acid rain on plants involves destroying the ultrastructure 
of chloroplasts, inhibiting photosynthetic capacity, inducing 
membrane lipid peroxidation, and causing loss of nutrient 
levels in plants (Kumaravelu and Ramanujam 1998; Wen 
et al. 2011; Wu and Liang 2017). Acid rain also indirectly 
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causes serious damage to plant roots by causing soil acidifi-
cation and releasing base ions. As the main part of the land-
ecosystem, plants can be considered as the biggest victim of 
acid rain pollution (Imran et al. 2014; Ramlall et al. 2015). 
Finding possible ways to alleviate the damage on plants 
caused by acid rain is worthy of consideration.

Abscisic acid (ABA) as trace signal molecule plays a vital 
role in regulating seed embryo development, seed dormancy, 
fruit ripening and stress tolerance improvement (Matilla 
et al. 2015; Ju et al. 2017). ABA enhance plant tolerance to 
abiotic stress as an endogenous hormone or by exogenous 
application (Li et al. 2003; Wang et al. 2007, 2011). Pre-
vious studies proved that exogenous ABA improved cold 
stress tolerance in Cynodon dactylon and Elymus nutans 
by increasing the antioxidant enzyme activity (Cheng et al. 
2016; Fu et al. 2017), improved the adaption of Oryza sativa 
under alkaline stress by reducing membrane damage (Wei 
et al. 2015), and improved acid tolerance in Oryza sativa 
by enhancing the photosynthetic rate (Wu and Liang 2017). 
The regulating mechanisms of ABA on plants under the 
adversity of stress involve an enhanced selective absorption 
of ions to keep the ions in the cell in balance, suppresses 
stomatal opening by inhibiting  K+ outflow channel, up-
regulates expression of genes coding antioxidant enzymes, 
alters osmoregulation by increasing the content of proline, 
soluble sugar, soluble protein (Ruiz-Lozano et al. 2009; 
Sripinyowanich et al. 2013; Wei et al. 2015; Guajardo et al. 
2016; Fu et al. 2017).

Nutrient elements are essential to maintain physiological 
metabolisms for plant growth and development. Negative 
effects of environmental stresses on morphology and growth 
of plant roots can be one of the main reasons for disturbing 
water metabolism, nutrient exchange and hormone synthe-
sis, and inhibiting plant growth, biomass accumulation and 
final yield (Russell 1979; Ericsson 1995; Zhang et al. 2016). 
The plasma membrane  H+-ATPase is the dominant enzyme 
that provides energy for nutrient transport into the cell by 
generating electrochemical gradients (Palmgren 2001). In 
our previous study (Zhang et al. 2017a), we found that the 
plasma membrane  H+-ATPase plays a role in the adaptabil-
ity of rice under acid rain stress by regulating the absorp-
tion of nitrogen and phosphorus. The regulation of nutrients 
uptake is important to clarify the tolerance of plants to acid 
rain stress. However, there is little information on the effect 
of exogenous ABA on nutrients uptake of plants under acid 
rain stress although it would be important to reveal these 
mechanisms. Hence, it is interesting to clarify the regulat-
ing mechanisms of exogenous ABA on plant tolerance to 
acid rain stress from a new perspective of plasma mem-
brane  H+-ATPase on nutrients uptake of plant roots. Based 
on the findings, developing new strategies to cope with acid 
rain stress and to guarantee world food security might be 
possible.

To understand the regulatory mechanisms of exogenous 
ABA on nutrient uptake in rice roots under simulated acid 
rain (SAR) stress, we focused on (1) the adaptation of root 
morphology and growth; (2) the response of endogenous 
hormones (ABA, indole-3-acetic acid, gibberellic acid and 
zeatin), and (3) the regulation mechanism of plasma mem-
brane  H+-ATPase on nutrient uptake. These data will help 
us to further understand the regulating effect of ABA on 
enhancing tolerance of plants under acid rain, and provide 
the theoretical basis to find ways for reducing the damage 
induced by acid rain.

Materials and methods

Plant materials and treatments

Sterilized seeds of rice (‘Huaidao 8’; Xishan Seed Company, 
Wuxi, China) were germinated at 25 ± 1 °C after soaking for 
12 h. Then sprouted seeds were cultured in vermiculite for 
25 days. Seedlings were cultured in conventional nutrition 
solution (pH 5.5) according to Zhu et al. (2009). Rice seed-
lings were grown in a chamber at 20–25 °C with 13 h/11 h 
(day/night) photoperiod and 70–80% humidity. The nutrient 
solution was renewed every 3 days. Four-leaf age of rice 
seedlings were used for experiment.

Rice seedlings were treated as shown in Table 1 accord-
ing to Wu and Liang (2017). For SAR treatment, the rice 
nutrient solution was adjusted to pH 4.5 or 3.5, and the 
leaves were sprayed with SAR (pH 4.5 or 3.5). Pre-exper-
iments (data shown in electronic supplementary material) 
on the effects of ABA (0, 0.1, 1, 10 and 100 μM) on chlo-
rophyll content, root growth and biomass of rice seedlings 
for 5 days showed that 10 μM ABA promoted chlorophyll 
content, root activity and biomass, while 100 μM ABA had 
a significant negative effect. ABA at 0.1 and 1 μM did not 
significantly affect the three indices mentioned above in rice 
seedlings. To explore the composite effect of ABA and acid 
rain on growth and physiology of rice roots, we chose the 
promotion and inhibitory effect of ABA concentration at 
10 and 100 μM, respectively. Rice seedlings were sprayed 
with ABA (10 and 100 μM) in the afternoon. After 5 days, 
some rice seedlings were collected for determination. The 
remaining seedlings grew under control conditions (without 
SAR and exogenous ABA) for further 5 days, and were then 

Table 1  Experiment groups with SAR and ABA

ABA concentration pH 7.0 pH 4.5 pH 3.5

0 Control pH 4.5 pH 3.5
10 μM 10 μM pH 4.5 + 10 μM pH 3.5 + 10 μM
100 μM 100 μM pH 4.5 + 100 μM pH 3.5 + 100 μM
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collected for determinations. All treatments were done in 
triplicate.

Determination of root biomass

Fresh rice roots were washed with distilled water until no 
dirt was observed, and were cleaned by filter paper for deter-
mining the fresh weight (FW). The dry weight (DW) of the 
roots was determined after drying at 80 °C for 12 h in an 
oven (Sedmak and Grossberg 1977).

Scanning and determination of root morphology

A root automatic scanner (Epson Perfection V700 Photo, 
Long Beach, CA) with software WinRHIZO 2009 (Regent 
Instruments, Quebec, Canada) was used to check root mor-
phological characteristics (including root total length, sur-
face area, and volume) determination.

Determination of endogenous hormone content

Root samples were prepared for endogenous hormone con-
tent determination according to Hou et al. (2008). Rice 
roots (3 g) were homogenized in 10 mL methanol for 12 h 
at 4 °C. After being centrifuged (20,000g) for 20 min at 
4 °C, supernatants collected and the remaining residue was 
repeatedly extracted three times as described above. Super-
natants were purified in a rotary evaporator (RE-100, Bibby 
Sterlin LTD, Stone Staffordshire, UK) at 40 °C. About 0.2 g 
of polyvinylpyrrolidone was added to concentrate to remove 
impurities. The supernatant after centrifugation was dried 
with a vacuum freeze dryer. Dried samples were dissolved 
in 10 mL methanol and analyzed by high-performance liquid 
chromatography according to Wu and Liang (2017).

Determination of nutrient element content

Dried roots (0.1 g) were digested in 8 mL oxidizing solution 
(15 M  HNO3 and 9 M  H2O2, v/v) for 30 min at 2600 kPa 
(80 psi) in a MDS-2000 microwave oven (CEM Corp., Mat-
thews, NC, USA). Samples were diluted with 25 mL deion-
ized water. Contents of elements (K, Ca and Mg) in samples 
were measured by atomic absorption spectroscopy (Hermans 
et al. 2010). The nitrate content was determined by the sali-
cylic acid method according to Miranda et al. (2001). The 
ammonium content was measured according to Scheiner 
(1976). The phosphorus content was measured according 
to Sumner (1944).

Hydrolytic activity of plasma membrane  H+‑ATPase

The plasma membrane was obtained by two-phase partition-
ing method according to Klobus and Buczek (1995). The 

protein concentration was measured according to Brad-
ford (1976). The  H+-ATPase activity of the membrane was 
divided in the presence and absence of inhibitors  (Na3VO4) 
according to Wakeel et al. (2010). After 30 min of hydrol-
ysis, the amount of Pi was measured to characterize the 
hydrolytic activity of plasma membrane  H+-ATPase.

RNA isolation and quantitative real‑time PCR 
(qRT‑PCR)

To assess the expression level of 10 genes (OSA1, OSA2, 
OSA3, OSA4, OSA5, OSA6, OSA7, OSA8, OSA9 and OSA10) 
encoding plasma membrane  H+-ATPase, specific primers 
for each gene were analyzed by real-time PCR. The primer 
sequence of each gene was the same as that reported by 
Zhang et al. (2017a). Total RNA was isolated and yield 
determined using NanoDrop Spectrophotometer ND-1000 
(Thermo Scientific, Wilmington, DE, USA). The amplifi-
cation program was as follows: 95 °C for 2 min, followed 
by 40 cycles of 95 °C for 15 s, and 60 °C for 40 s. The 
PCR product was identified by agarose gel electrophoresis. 
Relative expression levels of genes were determined using 
the method according to Livak and Schmittgen (2001). In 
the present study, we selected four representative treatments 
(control, pH 3.5 SAR, 10 μM ABA, pH 3.5 SAR + 10 μM 
ABA) for qRT-PCR.

Statistical analysis

All data are presented as means ± SD (standard deviation). 
One-way analysis of variance (ANOVA) with LSD test was 
used to analyze the differences between different treatments. 
Data were statistically analyzed using SPSS16.0 at a signifi-
cance level of P < 0.05 (Ke et al. 2003).

Results

Effects of exogenous ABA on morphology 
and growth of rice roots exposed to SAR

The morphology and growth indices (FW, DW, surface area, 
volume and total length) of rice roots exposed to SAR and 
ABA are shown in Fig. 1 and Table 2. After 5 days of expo-
sure, SAR at pH 4.5 or 3.5 resulted in sparse and slender 
rice roots, and decreased FW, DW, surface area, volume and 
total length of roots compared to the control. Exogenous 
10 μM ABA increased the density, number of adventitious 
roots under pH 4.5 SAR (Fig. 1a1, a5), and caused a higher 
FW, DW, surface area, volume and total length of rice roots 
compared to plants exposed to pH 4.5 SAR, even the val-
ues were not obviously different from the control (Table 2). 
Similarly, exogenous 10 μM ABA increased the density and 
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number of adventitious roots under pH 3.5 SAR (Fig. 1a2, 
a6), and growth indices (FW, DW, surface area, volume and 
total length) of the roots treated with the combination of 
pH 3.5 SAR and exogenous 10 μM ABA were significantly 
higher than those exposed to pH 3.5 SAR although they 
were lower than those of the control (Table 2). The morphol-
ogy and growth indices of rice roots observed in combined 
treatment of pH 4.5 SAR and 10 μM ABA were better than 

those in combined treatment with pH 3.5 SAR and 10 μM 
ABA. On the contrary, exogenous 100 μM ABA decreased 
the number of adventitious roots under SAR (pH 4.5 or 3.5) 
(Fig. 1a1, a2, a7, a8), and aggravated the decrease in growth 
indices (FW, DW, surface area, volume and total length) of 
roots exposed to SAR (pH 4.5 or 3.5) (Table 2). After 5 days 
of recovery, the growth indices of rice roots in the single 
SAR treatment (pH 4.5 or 3.5) were higher than those of 

Fig. 1  The morphology of rice 
roots under different treatments 
during the exposure period (a) 
and during the recovery period 
(b). Control (a), pH 4.5 SAR 
(a1), pH 3.5 SAR (a2), 10 μM 
ABA (a3), 100 μM ABA (a4), 
pH 4.5 + 10 μM ABA (a5), 
pH 3.5 + 10 μM ABA (a6), 
pH 4.5 + 100 μM ABA (a7), 
pH 3.5 + 100 μM ABA (a8). 
Control (b), pH 4.5 SAR (b1), 
pH 3.5 SAR (b2), 10 μM ABA 
(b3), 100 μM ABA (b4), pH 
4.5 + 10 μM ABA (b5), pH 
3.5 + 10 μM ABA (b6), pH 
4.5 + 100 μM ABA (b7), pH 
3.5 + 100 μM ABA (b8). Pho-
tographs were taken on the fifth 
day of treatment and the fifth 
day of recovery (without SAR 
and exogenous ABA). Three 
roots were scanned repeatedly 
for each treatment
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the exposure period, but still lower than those of the control 
(Table 2). The density and number of adventitious roots and 
the growth indices (FW, DW, surface area, volume and total 
length) of rice roots treated with pH 4.5 SAR and exog-
enous 10 μM ABA were still at the control level (Fig. 1b, b5; 
Table 2), and treated with pH 3.5 SAR and exogenous 10 μM 
ABA were still lower than the control, but they were higher 
than those of the exposure period (Fig. 1a6, b, b6; Table 2). 
However, the density and number of adventitious roots and 
the growth indices (FW, DW, surface area, volume and total 
length) of rice roots treated with SAR (pH 4.5 or 3.5) and 
exogenous 100 μM ABA were even lower than those of the 
exposure period (Fig. 1a7, a8, b7, b8; Table 2).

Effects of exogenous ABA on endogenous hormone 
levels in rice roots exposed to SAR

Table 3 shows the changes of endogenous hormone (ABA, 
IAA,  GA3 and ZT) contents in rice roots exposed to SAR 
and exogenous ABA. After 5 days of exposure, the levels of 
endogenous hormones (ABA, IAA,  GA3 and ZT) in the roots 
were decreased under SAR (pH 4.5 or 3.5) compared to the 
control. The amount of endogenous hormones (ABA, IAA, 
 GA3 and ZT) of the roots treated with pH 4.5 SAR and exog-
enous 10 μM ABA was higher than in controls, and treated 

with pH 3.5 SAR and exogenous 10 μM ABA the levels were 
lower than in controls. However, the hormone level provided 
by the combined treatment was higher than that exposed to 
single SAR (pH 4.5 or 3.5) treatment, respectively. Exog-
enous 100 μM ABA increased the endogenous ABA content 
in rice roots under SAR (pH 4.5 or 3.5), but aggravated the 
decrease in contents of endogenous hormone (IAA,  GA3 
and ZT). After 5 days of recovery, levels of endogenous hor-
mones (ABA, IAA,  GA3 and ZT) in rice roots treated with 
SAR (pH 4.5 or 3.5) and exogenous 10 μM ABA were higher 
than those of the exposure period. However, the contents of 
endogenous hormones (ABA, IAA,  GA3 and ZT) treated 
with SAR (pH 4.5 or 3.5) and exogenous 100 μM ABA were 
even lower than those of the exposure period.

Effects of exogenous ABA on nutrient elements 
contents in rice roots exposed to SAR

The changes of the amount of nutrients (nitrate, ammonium, 
P, K, Ca and Mg) in rice roots exposed to SAR and exogenous 
ABA are presented in Table 4. After 5 days of exposure, con-
tents of nitrate, P, K and Mg in the roots decreased under 
SAR (pH 4.5 or 3.5), whereas contents of ammonium and Ca 
increased compared to the controls. Exogenous 10 μM ABA 
increased the contents of nutrient elements (nitrate, P, K and 

Table 2  Effects of exogenous ABA on growth of rice roots under SAR

Values are means ± SD, n = 3. Significant differences at P < 0.05 are shown with different letters in the same column. Values in parentheses are 
the percentage of treatment in control

Treatment FW (g  stock−1) DW (g  stock−1) Root length (cm  stock−1) Root surface  (cm2 
 stock−1)

Root volume  (cm3 
 stock−1)

Exposure period
 Control 0.105 ± 0.001b (100.0) 0.016 ± 0.001b (100.0) 104.905 ± 1.490b (100.0) 11.999 ± 0.132a (100.0) 0.106 ± 0.002a (100.0)
 4.5 0.083 ± 0.002c (79.1) 0.013 ± 0.001c (81.3) 79.202 ± 0.117c (75.5) 7.619 ± 0.101c (63.5) 0.069 ± 0.001b (65.1)
 3.5 0.071 ± 0.001d (67.6) 0.012 ± 0.002d (75.0) 68.037 ± 0.071d (64.9) 5.548 ± 0.047d (46.2) 0.044 ± 0.001c (41.5)
 10 0.116 ± 0.001a (110.5) 0.017 ± 0.001a (106.3) 115.886 ± 0.914a (110.5) 11.683 ± 0.119a (97.4) 0.100 ± 0.002a (94.3)
 100 0.068 ± 0.002d (64.8) 0.011 ± 0.001e (68.8) 64.017 ± 0.728d (61.0) 5.391 ± 0.177d (44.9) 0.045 ± 0.001c (42.5)
 pH 4.5 + 10 0.104 ± 0.001a (99.1) 0.015 ± 0.001b (93.8) 108.783 ± 0.977b (103.7) 10.835 ± 0.053a (90.3) 0.099 ± 0.001a (93.4)
 pH 3.5 + 10 0.080 ± 0.004c (76.2) 0.014 ± 0.001c (87.5) 77.721 ± 0.207c (74.1) 8.588 ± 0.015b (71.5) 0.075 ± 0.001b (70.8)
 pH 4.5 + 100 0.061 ± 0.001e (58.1) 0.009 ± 0.003e (56.3) 52.803 ± 1.102e (50.3) 5.001 ± 0.002d (41.2) 0.035 ± 0.001d (33.0)
 pH 3.5 + 100 0.050 ± 0.002f (47.6) 0.007 ± 0.000f (43.8) 42.703 ± 0.286f (40.7) 4.305 ± 0.028e (35.9) 0.023 ± 0.001e (21.7)

Recovery period
 Control 0.152 ± 0.002a (100.0) 0.022 ± 0.001a (100.0) 153.583 ± 1.491a (100.0) 15.209 ± 0.229a (100.0) 0.115 ± 0.001ab (100.0)
 4.5 0.138 ± 0.002b (90.8) 0.020 ± 0.001b (90.9) 128.053 ± 0.128b (83.7) 12.304 ± 0.126b (80.9) 0.091 ± 0.001d (79.1)
 3.5 0.118 ± 0.002d (77.6) 0.017 ± 0.001c (77.3) 112.872 ± 0.187c (73.5) 9.602 ± 0.403d (63.1) 0.074 ± 0.001e (64.4)
 10 0.149 ± 0.001a (98.0) 0.022 ± 0.001a (100.0) 150.309 ± 0.769a (97.9) 14.908 ± 0.172a (98.0) 0.106 ± 0.002b (92.2)
 100 0.106 ± 0.002e (69.7) 0.016 ± 0.003c (72.7) 100.520 ± 0.741d (65.4) 11.313 ± 0.054c (74.4) 0.084 ± 0.001d (73.0)
 pH 4.5 + 10 0.157 ± 0.002a (103.3) 0.023 ± 0.001a (104.5) 148.546 ± 0.313a (96.7) 14.809 ± 0.018a (97.4) 0.122 ± 0.002a (106.1)
 pH 3.5 + 10 0.128 ± 0.001c (84.2) 0.019 ± 0.002b (86.4) 124.872 ± 0.334b (81.3) 12.293 ± 0.297b (80.8) 0.097 ± 0.001c (84.3)
 pH 4.5 + 100 0.088 ± 0.001f (57.9) 0.012 ± 0.001d (54.5) 70.065 ± 0.065e (45.6) 6.248 ± 0.186e (41.1) 0.037 ± 0.004f (32.2)
 pH 3.5 + 100 0.069 ± 0.002 g (45.3) 0.010 ± 0.001e (45.5) 56.353 ± 0.316f (36.7) 5.229 ± 0.046f (34.1) 0.024 ± 0.001 g (20.9)
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Mg) in rice roots under pH 4.5 SAR by 34.9, 30.8, 20.3 and 
29.4%, respectively, and increased the contents of nutrient 
elements (nitrate, P, K and Mg) in the roots exposed to pH 
3.5 SAR by 14.6, 20.9, 26.7 and 19.6%. Whereas exogenous 
100 μM ABA decreased the level of nutrients (nitrate, P, K, 
Ca and Mg) in rice roots under SAR (pH 4.5 or 3.5), it aggra-
vated the accumulation of ammonium in the roots caused by 
SAR. After 5 days of recovery, contents of nutrient elements 
(nitrate, P, K and Mg) in rice roots treated with SAR (pH 4.5 
or 3.5) and 10 μM ABA were still higher than those treated 
with the single SAR, while the ammonium and Ca content 
were just the opposite. However, contents of nutrients (nitrate, 
P, K, Ca and Mg) in rice roots treated with SAR (pH 4.5 or 
3.5) and exogenous 100 μM ABA were still lower than those 
of the single SAR treatment, but the ammonium content was 
still significantly higher than that of the single SAR exposure.

Effects of exogenous ABA on plasma membrane 
 H+‑ATPase activity and gene expression levels in rice 
roots exposed to SAR

Figures  2 and 3 show changes in plasma membrane 
 H+-ATPase activity and the expression levels of genes 
(OSA1–OSA10) coding plasma membrane  H+-ATPase 
in rice roots exposed to SAR and exogenous ABA. After 
5 days of exposure, compared to control, the activity of the 
plasma membrane  H+-ATPase in the roots under SAR (pH 

4.5 or 3.5) significantly increased (Fig. 2a), and the expres-
sion level of genes (OSA1, OSA3, OSA4, OSA5, OSA6, 
OSA7, OSA8, OSA9 and OSA10) in the roots exposed to 
pH 3.5 SAR increased (Fig. 3a). Exogenous 10 μM ABA 
significantly increased the activity of the plasma membrane 
 H+-ATPase in rice roots compared to the control. The activ-
ity of the plasma membrane  H+-ATPase treated with SAR 
(pH 4.5 or 3.5) and 10 μM ABA was higher than that of 
the control and the single SAR (pH 4.5 or 3.5) (Fig. 2a). 
Exogenous 10 μM ABA increased the expression levels of 
genes (OSA2, OSA4, OSA9 and OSA10) in rice roots under 
pH 3.5 SAR (Fig. 3a). However, the activity of the plasma 
membrane  H+-ATPase treated with SAR (pH 4.5 or 3.5) 
and 100 μM ABA was lower than that of the control and 
the single SAR (pH 4.5 or 3.5) (Fig. 2a). After 5 days of 
recovery, the activity of the plasma membrane  H+-ATPase 
in the roots under SAR (pH 4.5 or 3.5) was lower than that 
of the exposure period (Fig. 2b). The expression levels of 
genes (OSA1, OSA2, OSA3, OSA5, OSA6, OSA8 and OSA9) 
in the roots under SAR at pH 3.5 were lower than those of 
the exposure period as well (Fig. 3b). The activity of the 
plasma membrane  H+-ATPase in rice roots treated with the 
combination of SAR (pH 4.5 or 3.5) and 10 μM ABA was 
still significantly higher than that of the control and those 
of the single SAR (pH 4.5 or 3.5) exposure (Fig. 2b). The 
expression levels of genes (except OSA1) in rice roots treated 
with pH 3.5 and 10 μM ABA were still higher than those 

Table 3  Effects of exogenous 
ABA on endogenous hormone 
contents in rice roots under 
SAR

Values are means ± SD, n = 3. Significant differences at P < 0.05 are shown with different letters in the 
same column. Values in parentheses are the percentage of treatment in control

Treatment ABA (μg g−1FW) IAA (μg g−1 FW) GA3 (μg g−1 FW) ZT (μg g−1 FW)

Exposure period
 Control 0.13 ± 0.04e (100.0) 0.95 ± 0.04a (100.0) 7.33 ± 0.31b (100.0) 18.80 ± 0.35b (100.0)
 4.5 0.07 ± 0.03 g (57.8) 0.80 ± 0.03b (84.2) 5.30 ± 0.28c (72.3) 16.73 ± 0.28c (83.6)
 3.5 0.06 ± 0.02 g (50.0) 0.60 ± 0.01c (62.9) 4.06 ± 0.21d (55.4) 12.64 ± 0.21d (67.2)
 10 0.16 ± 0.05d (123.4) 0.91 ± 0.02a (95.8) 7.14 ± 0.28b (94.7) 18.01 ± 0.44b (95.8)
 100 0.23 ± 0.09a (129.8) 0.63 ± 0.01c (67.0) 4.31 ± 0.18d (58.8) 11.06 ± 0.12e (58.8)
 pH 4.5 + 10 0.13 ± 0.02e (107.1) 1.13 ± 0.07a (118.9) 8.54 ± 0.23a (116.5) 21.59 ± 0.25a (114.8)
 pH 3.5 + 10 0.11 ± 0.05f (85.2) 0.81 ± 0.03b (85.9) 5.64 ± 0.13c (76.9) 15.86 ± 0.18c (84.4)
 pH 4.5 + 100 0.17 ± 0.10c (135.2) 0.54 ± 0.03d (56.8) 3.81 ± 0.20d (52.0) 10.37 ± 0.13e (55.1)
 pH 3.5 + 100 0.21 ± 0.12b (166.4) 0.43 ± 0.02e (45.0) 3.15 ± 0.14e (43.0) 7.21 ± 0.10f (38.4)

Recovery period
 Control 0.16 ± 0.03b (100.0) 1.22 ± 0.06b (100.0) 8.47 ± 0.41b (100.0) 18.62 ± 0.37b (100.0)
 4.5 0.13 ± 0.02c (81.3) 1.07 ± 0.05c (87.4) 6.34 ± 0.23c (74.8) 16.33 ± 0.25c (87.7)
 3.5 0.09 ± 0.01e (56.3) 0.96 ± 0.04d (78.7) 5.13 ± 0.16d (60.6) 14.50 ± 0.21d (77.9)
 10 0.17 ± 0.01b (106.2) 1.20 ± 0.07b (98.1) 8.10 ± 0.37b (95.6) 18.20 ± 0.32b (97.7)
 100 0.24 ± 0.10a (150.0) 0.74 ± 0.02e (60.6) 4.69 ± 0.13de (55.3) 12.48 ± 0.19d (67.0)
 pH 4.5 + 10 0.17 ± 0.02b (106.2) 1.39 ± 0.13a (113.9) 9.18 ± 0.33a (108.3) 22.08 ± 0.31a (118.6)
 pH 3.5 + 10 0.12 ± 0.06c (75.0) 1.10 ± 0.07c (90.2) 6.04 ± 0.22c (71.3) 16.77 ± 0.25c (90.0)
 pH 4.5 + 100 0.07 ± 0.02e (41.9) 0.49 ± 0.03f (40.5) 4.31 ± 0.13e (50.9) 9.97 ± 0.13e (53.5)
 pH 3.5 + 100 0.05 ± 0.01f (30.6) 0.36 ± 0.01 g (29.2) 3.37 ± 0.10f (39.8) 6.60 ± 0.11f (35.4)
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exposed to pH 3.5 SAR (Fig. 3b). However, the activity of 
the plasma membrane  H+-ATPase in the roots treated with 
the combination of SAR (pH 4.5 or 3.5) and 100 μM ABA 
was significantly lower than that of a single SAR (pH 4.5 
or 3.5) exposure and that of the exposure period (Fig. 2b). 

Discussion

Effects of exogenous ABA on morphology 
and growth of rice roots exposed to SAR

Plant roots as the primary organ to perceive stress sig-
nals response to environmental stress by altering their 

morphology (density and number of adventitious roots, total 
length, surface area and volume) and biomass (FW and DW) 
(Fageria and Moreira 2011; Forino et al. 2012). During the 
exposure period, the density and number of adventitious 
roots, total length, surface area, volume and biomass of rice 
treated with SAR (pH 4.5 or 3.5) and exogenous 10 μM 
ABA were higher than those just treated with SAR (Fig. 1a1, 
a2, a5, a6; Table 2), indicating that exogenous 10 μM ABA 
alleviated the negative effect of SAR on root growth. The 
increase in density and number of adventitious roots, total 
length, volume and surface area of rice root regulated by 
exogenous 10 μM ABA will contribute to the accumulation 
of biomass because root morphology and root biomass accu-
mulation are positively correlated (Imada et al. 2010). The 

Table 4  Effects of exogenous ABA on nutrient element contents in rice roots under SAR

Values are mean ± SD, n = 3. Significant differences at P < 0.05 are shown with different letters in the same column. Values in parentheses are 
the percentage of treatment in control

Treatment Nitrate (μg g−1FW) Ammonium 
(μg g−1FW)

P (mg g−1 DW) K (mg g−1 FW) Ca (mg g−1 DW) Mg (mg g−1 DW)

Exposure period
 Control 5.84 ± 0.18ab (100.0) 28.39 ± 1.42ef 

(100.0)
0.33 ± 0.02ab (100.0) 46.85 ± 1.41a 

(100.0)
12.70 ± 0.38c 
(100.0)

3.53 ± 0.11a (100.0)

 4.5 4.58 ± 0.12c (78.4) 34.50 ± 1.72d 
(121.5)

0.26 ± 0.01d (79.1) 36.75 ± 1.10b (78.4) 14.25 ± 0.35b 
(112.2)

2.82 ± 0.14b (79.9)

 3.5 3.88 ± 0.15d (66.4) 43.79 ± 2.19b 
(154.2)

0.23 ± 0.01d (69.7) 24.85 ± 0.75c (53.0) 15.53 ± 0.33a 
(122.2)

2.32 ± 0.15c (65.7)

 10 5.50 ± 0.17b (94.2) 27.69 ± 2.23f (97.5) 0.31 ± 0.02bc (93.9) 43.48 ± 0.94a (92.8) 11.73 ± 0.35 cd 
(92.3)

3.45 ± 0.10a (98.2)

 100 3.81 ± 0.14d (65.2) 40.02 ± 2.60c (140.9) 0.26 ± 0.01d (79.1) 34.70 ± 1.04b (74.1) 10.73 ± 0.32d (84.4) 2.42 ± 0.09c (68.6)
 pH 4.5 + 10 6.18 ± 0.19a (105.8) 30.04 ± 1.50e (105.8) 0.34 ± 0.02a (104.2) 44.21 ± 0.76a (94.4) 13.33 ± 0.31c 

(104.9)
3.65 ± 0.13a (103.7)

 pH 3.5 + 10 4.73 ± 0.16c (81.0) 33.79 ± 1.69d 
(118.9)

0.30 ± 0.02c (90.6) 37.35 ± 1.02b (79.7) 14.20 ± 0.37b 
(111.8)

3.01 ± 1.13b (85.3)

 pH 4.5 + 100 3.41 ± 0.13e (58.4) 43.66 ± 2.18b 
(153.8)

0.22 ± 0.01e (66.6) 27.13 ± 1.10c (57.9) 10.15 ± 0.30e (79.9) 2.05 ± 0.12d (58.1)

 pH 3.5 + 100 2.55 ± 0.13f (43.7) 49.58 ± 2.48a (174.6) 0.18 ± 0.01f (54.5) 18.03 ± 0.62d (38.5) 8.20 ± 0.31f (64.6) 1.66 ± 0.11e (47.0)
Recovery period
 Control 5.92 ± 0.18a (100.0) 30.04 ± 1.50d 

(100.0)
0.33 ± 0.01a (100.0) 52.83 ± 1.58ab 

(100.0)
12.53 ± 0.37c 
(100.0)

3.53 ± 0.11a (100.0)

 4.5 5.03 ± 0.15b (84.9) 34.48 ± 1.62c (114.8) 0.31 ± 0.02b (92.4) 48.08 ± 1.44b (90.9) 13.88 ± 0.41b 
(110.7)

3.00 ± 0.10b (84.9)

 3.5 4.24 ± 0.06c (71.6) 37.37 ± 1.87b 
(124.4)

0.27 ± 0.01c (82.1) 43.88 ± 1.32c (83.0) 14.95 ± 0.39a 
(119.3)

2.44 ± 0.12c (69.1)

 10 5.85 ± 0.15a (98.8) 31.26 ± 1.56d 
(104.1)

0.33 ± 0.02a (100.0) 48.78 ± 1.16b (92.3) 12.07 ± 0.33c (96.4) 3.55 ± 0.12a (100.8)

 100 4.49 ± 0.16c (75.8) 35.48 ± 1.62c (118.1) 0.30 ± 0.01b (89.4) 41.9 ± 1.26c (79.4) 11.38 ± 0.34d (90.7) 2.50 ± 0.09c (70.8)
 pH 4.5 + 10 6.04 ± 0.18a (102.0) 30.04 ± 1.23d 

(100.0)
0.34 ± 0.02a (103.0) 55.50 ± 0.96a 

(105.0)
12.67 ± 0.36c 
(101.1)

3.65 ± 0.11a (103.7)

 pH 3.5 + 10 5.29 ± 0.16b (89.4) 34.93 ± 1.75c (116.3) 0.30 ± 0.02b (90.9) 47.90 ± 1.44b (90.7) 13.91 ± 0.33b 
(111.0)

3.12 ± 0.10b (88.4)

 pH 4.5 + 100 3.72 ± 0.16d (62.8) 37.86 ± 1.89b 
(126.0)

0.20 ± 0.01d (60.6) 29.28 ± 1.39d (55.4) 8.63 ± 0.29e (68.8) 1.95 ± 0.12d (55.2)

 pH 3.5 + 100 2.48 ± 0.15e (41.9) 44.70 ± 2.23a (148.8) 0.17 ± 0.01e (51.5) 24.75 ± 1.37e (46.8) 6.63 ± 0.29f (52.9) 1.49 ± 0.12e (42.2)
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alleviation effect of exogenous ABA on the growth of rice 
roots was also found in alkaline stress conditions by reducing 
cell membrane damage and  Na+/K+ ratio (Wei et al. 2015). 
In contrast, the growth indices of rice roots treated with SAR 
(pH 4.5 or 3.5) and 100 μM ABA were lower than those 
treated with the single SAR (Fig. 1a1, a2, a7, a8; Table 2), 
showing that exogenous 100 μM ABA aggravated the inhibi-
tion of the growth of the roots by SAR. This means that the 
alleviation effect of exogenous ABA on the inhibition of root 
growth caused by acid rain depended on the concentration of 
ABA. During the recovery period, the growth indices (den-
sity and number of adventitious roots, total length, surface 
area, volume and biomass) of rice roots treated with SAR 
(pH 4.5 or 3.5) and 10 μM ABA were better than those of 
the single SAR and the exposure period (Fig. 1; Table 2). 
However, the growth indices of rice roots treated with SAR 

(pH 4.5 or 3.5) and 100 μM ABA were even lower than 
those of the single SAR and the exposure period (Fig. 1; 
Table 2). This might occur because exogenous ABA still 
exerts the alleviation or aggravation effect after removal of 
the stress, and the change of root morphology treated with 
high concentration of ABA and SAR (pH 4.5 or 3.5) cannot 
be recovered after a 5-day recovery (Fig. 1). Combined with 
previous results (Wu and Liang 2017), indicating that the 
application of 10 μM ABA stimulated the self-recovery of 
rice, and the inhibition of rice recovery during the recovery 
period after application of 100 μM ABA, the damage may 
be beyond the own tolerance range of rice. The regulating 
effect of exogenous ABA on tolerance of plants under stress 

Fig. 2  Effects of exogenous ABA on the plasma membrane 
 H+-ATPase activity in rice roots under SAR during exposure period 
(a) and recovery period (b). Values are means ± SD, n = 3. Significant 
differences between different treatments at P < 0.05 are shown by dif-
ferent letters

Fig. 3  Effects of exogenous ABA on the agarose gel electrophoresis 
of the RT-PCR product and plasma membrane  H+-ATPase relative 
gene expression in rice roots during exposure period (a) and recovery 
period (b). Values are means ± SD, n = 3



655Planta (2018) 248:647–659 

1 3

will also vary with different crops, varieties, growth stages 
and culture conditions (Achuo et al. 2006; Sripinyowanich 
et al. 2013; Palma et al. 2014). Sripinyowanich et al. (2013) 
found that 50 μM ABA maximal increased the survival rate 
of salt-sensitive rice under salt stress and 100 μM ABA had 
no effect on the survival rate, while 100 μM ABA increased 
the survival rate of salt-tolerant rice to the greatest extent.

Effects of exogenous ABA on endogenous hormone 
contents in rice roots exposed to SAR

Plant hormones (ABA, IAA,  GA3 and ZT) are key players 
in regulating plant growth, development and morphogenesis 
process, and play an important role in plant stress tolerance 
and stress signal transduction (López et al. 2008; Zhao et al. 
2012). ABA is a growth-inhibiting hormone, and IAA,  GA3 
and ZT are growth-promoting hormones (Yan and Chen 
2017). In our experiments, exogenous 10 μM ABA increased 
contents of endogenous hormones (ABA, IAA,  GA3 and ZT) 
in rice roots under SAR (Table 3). Possibly, the exogenous 
10 μM ABA could activate the hormone signaling pathway 
to increase the growth-promoting hormones (IAA,  GA3 and 
ZT) levels (Busov et al. 2008). The increase of endogenous 
ABA in rice roots could result from the accumulation of 
ABA in leaves which were transported from roots through 
the phloem according to our previous study (Wu and Liang 
2017).

The increase of endogenous ABA content by the appli-
cation of 10 μM ABA in rice roots (Table 3) contributed 
to improve rice tolerance under acid rain stress because 
there is a significant positive correlation between the accu-
mulation of ABA and the enhancement of plant tolerance 
(Gomez-Cadenas et al. 1999; Luo et al. 2011). The increase 
of growth-promoting hormones (IAA,  GA3 and ZT) by the 
application of exogenous 10 μM ABA (Table 3) could cause 
the number and volume of cells to increase by promoting cell 
division, elongation and differentiation (López et al. 2008). 
This might be one of reasons why exogenous 10 μM ABA 
alleviated SAR-induced inhibition on root growth (Fig. 1; 
Table 2). However, exogenous 100 μM ABA decreased the 
contents of endogenous hormones (IAA,  GA3 and ZT) in 
rice roots under SAR (pH 4.5 or 3.5) (Table 3), indicating 
that high concentration of exogenous ABA may accelerate 
the degradation of endogenous hormones (IAA,  GA3 and 
ZT) by increasing the activity of some enzymes such as 
peroxidase (POD) and IAA oxidase, and up-regulating the 
transcription level of its catabolic genes (Jansen et al. 2001; 
Seo et al. 2006; Oh et al. 2007; Zentella et al. 2007). The 
decrease in IAA,  GA3 and ZT and an increase in endogenous 
ABA in rice roots treated with 100 μM exogenous ABA and 
SAR (pH 4.5 or 3.5) (Table 3) indicated that the application 
of 100 μM exogenous ABA disrupted the balance of endog-
enous hormones in the roots, exacerbated the SAR-induced 

negative effects on endogenous ABA hormones accumula-
tion, and then aggravated the SAR-induced inhibition on root 
growth (Fig. 1; Table 2). During the recovery period, the 
levels of endogenous hormones (ABA, IAA,  GA3 and ZT) in 
rice roots treated with SAR (pH 4.5 or 3.5) and 10 μM ABA 
were not only higher than those of the single SAR exposure 
(pH 4.5 or 3.5), but also higher than those measured during 
the exposure period (Table 3). This phenomenon suggests 
that exogenous 10 μM ABA promoted the restoration of root 
morphology and growth under SAR stress by increasing the 
contents of endogenous hormones (ABA, IAA,  GA3 and 
ZT) thus promoting the division and elongation of root cells 
(Fig. 1; Table 2). On the contrary, contents of endogenous 
hormones (ABA, IAA,  GA3 and ZT) of rice roots treated 
with SAR (pH 4.5 or 3.5) and 100 μM ABA were signifi-
cantly lower than those of the single SAR application, and 
even lower than those of the exposure period (Table 3). Ana-
lyzing the morphology and growth in rice roots measured 
during the recovery period (Fig. 1; Table 2), we inferred 
that the decrease in growth-promoting hormones contents 
(IAA,  GA3 and ZT) was one of the main causes for inhibit-
ing restoration of the roots.

Effects of exogenous ABA on nutrient element 
contents in rice roots exposed to SAR

Nutrient elements play a vital role in improving quality, 
yield and enhancing plant stress tolerance (Maathuis et al. 
2009; Khoshgoftarmanesh et al. 2010). Exogenous 10 μM 
ABA alleviated the decrease in nutrients such as nitrate, P, 
K and Mg in rice roots under acid rain (Table 4), benefi-
cial for stimulating the growth of root hairs and adventi-
tious roots (Fig. 1), which optimized the root morphology 
and biomass accumulation (Table 2). The alleviation of the 
decrease in root surface area by the application of exog-
enous 10 μM ABA (Table 2) favored to enhance the nutrients 
(nitrate, P, K and Mg) uptake (Table 3), which is conducive 
to maintain the nutrient supply in leaves for photosynthesis 
(Machado et al. 2017; Wu and Liang 2017), to maintain 
osmotic regulation and normal carbohydrate metabolism 
(Koricheva et al. 1997; Marcinska et al. 2013; Zhang et al. 
2016). Exogenous 10 μM ABA also alleviated an excessive 
accumulation of Ca and ammonium under acid rain stress 
(Table 4) by promoting the excessive  Ca2+ transfer from 
roots to leaves (Wu and Liang 2017). A reduced rhizospheric 
acidification resulted from excessive ammonium-induced 
secretion of large amounts of  H+ (Britto and Kronzucker 
2002; Alvarez-Pizarro et al. 2011; Coskun et al. 2013). Thus, 
the inhibition of growth of rice roots under SAR was allevi-
ated by the application of exogenous 10 μM ABA (Fig. 1; 
Table 2). On the contrary, exogenous 100 μM ABA aggra-
vated the decrease in nitrate, P, K, Ca and Mg in rice roots 
under SAR (Table 4), and root growth (density and number 
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of adventitious roots, length, volume, surface area) and bio-
mass accumulation were worse (Fig. 1; Table 2). Exogenous 
100 μM ABA exacerbated ammonium accumulation under 
SAR. It might be one of the reasons for the decrease of zea-
tin in rice roots (Table 3), because high concentration of 
ammonium can inhibit the synthesis of cytokinin (Walch-
Liu et al. 2000). During the recovery period, contents of 
nitrate, P, K and Mg in rice roots treated with SAR (pH 4.5 
or 3.5) and 10 μM ABA were still higher than those treated 
with the single SAR; whereas, contents of ammonium and 
Ca were still lower than those treated with the single SAR 
(Table 4). These changes were beneficial to maintaining the 
physiological metabolic activity of rice roots in the recovery 
period. Thus, the application of 10 μM ABA facilitated the 
recovery of rice roots growth (Fig. 1; Table 2). However, 
levels of nutrients (nitrate, P, K, Ca and Mg) in rice roots 
treated with SAR (pH 4.5 or 3.5) and 100 μM ABA were still 
lower than those of the single SAR exposure, whereas the 
ammonium content was still higher than that of the single 
SAR (Table 4) exposure. This could be one of the important 
reasons why the damage caused by the combination of SAR 
(pH 4.5 or 3.5) and 100 μM ABA to growth of rice roots was 
irreversible (Fig. 1; Table 2).

Effects of exogenous ABA on plasma membrane 
 H+‑ATPase activity in rice roots exposed to SAR

The plasma membrane  H+-ATPase is the dominant enzyme 
that provides the driving force for absorbtion of nutrients 
and ion transport (Arango et al. 2003; Santi et al. 2003). 
The plasma membrane  H+-ATPase in rice is encoded by 
10 isozyme genes (OSA1-10) divided into five subfami-
lies I (OSA1, 2, 3), II (OSA5, 7), III (OSA9), IV (OSA4, 
6, 10) and V (OSA8) (Michelet and Boutry 1995). The 
activity of the  H+-ATPase is related with transcription 
regulation, post-translational modulation of the plasma 
membrane  H+-ATPase and substrate (ATP) content (Oufat-
tole et al. 2000; Zhang et al. 2017a). After 5 days of expo-
sure, exogenous 10 μM ABA significantly increased the 
activity of the plasma membrane  H+-ATPase in rice roots 
under SAR (pH 4.5 or 3.5) (Fig. 2a), and increased the 
expression levels of the plasma membrane  H+-ATPase 
genes (OSA2, OSA4, OSA9 and OSA10) under pH 3.5 
SAR (Fig. 3a). These results show that the increase of 
the plasma membrane  H+-ATPase activity by the appli-
cation of 10 μM ABA under SAR may result from up-
regulation of subfamilies I (OSA2), III (OSA9) and IV 
(OSA4, OSA10) because the activity of the  H+-ATPase is 
related to the expression of genes coding  H+-ATPase at 
the transcription level (Janicka-Russak and Klobus 2007; 
Liang et al. 2015). Combined with the increase in IAA 
content in the same treatment (Table 4), it can be inferred 
that the increase in IAA can also contribute to activate 

the plasma membrane  H+-ATPase as an allosteric agent. 
Shen et al. (2006) found that IAA activates the plasma 
membrane  H+-ATPase of soybean for signal transduc-
tion under phosphorus deficiency stress. The increase in 
the plasma membrane  H+-ATPase activity by applying 
exogenous 10 μM ABA (Fig. 2a) was beneficial in sup-
plying sufficient energy for the transport of ions (Palmgren 
2001; Zhang et al. 2017a), and maintaining the contents of 
nitrates, P, K and Mg in rice roots (Table 4). On the con-
trary, exogenous 100 μM ABA significantly decreased the 
activity of the plasma membrane  H+-ATPase in rice roots 
under SAR (pH 4.5 or 3.5) (Fig. 2a). It was unfavorable 
for pumping excessive intracellular  H+ to the outside of 
cells (Janicka-Russak et al. 2013), and transporting ions of 
nutrient (nitrate, P, K, Ca and Mg) in rice roots (Table 4). 
The significant decrease in the activity of the plasma mem-
brane  H+-ATPase in rice roots treated with exogenous 
100 μM ABA and SAR (pH 4.5 or 3.5) could result from 
the damage of the  H+-ATPase conformation, and the func-
tion caused by exogenous 100 μM ABA might aggravate 
SAR-induced lipid peroxidation (Gong et al. 2003; Liang 
et al. 2015). During the recovery period, the activity of the 
plasma membrane  H+-ATPase in rice roots treated with 
SAR (pH 4.5 or 3.5) and 10 μM ABA was still significantly 
higher than that of the single SAR exposure (Fig. 2b). 
The expression levels of genes (except OSA1) coding the 
plasma membrane  H+-ATPase in rice roots treated with 
pH 3.5 SAR and 10 μM ABA were still higher than those 
of the single pH 3.5 SAR treatment (Fig. 3b). This means 
that the up-regulation of gene transcription levels still 
contributed to increase the activity of the plasma mem-
brane  H+-ATPase. This could be one of main reasons for 
alleviating the loss of nutrients (nitrate, P, K and Mg) in 
rice roots during the recovery period (Table 4). On the 
contrary, the activity of the plasma membrane  H+-ATPase 
in rice roots treated with SAR (pH 4.5 or 3.5) and 100 μM 
ABA was significantly lower than that of the control, and 
even lower than that measured during the exposure period. 
It shows that the trans-membrane transport of ions was 
still blocked because of the decrease in the activity of the 
plasma membrane  H+-ATPase, resulting in the inhibition 
of uptake of nutrients (nitrate, P, K, Ca and Mg) in the 
roots during the recovery period (Table 4). This might be 
one of the main reasons why combination of SAR (pH 4.5 
or 3.5) and 100 μM ABA caused the irreversible damage 
of morphology and growth of rice roots (Fig. 1; Table 2).

Conclusion

In this study, we demonstrate that low concentration of 
exogenous ABA (10 μM) alleviated the negative effects of 
acid rain on rice growth and morphology by increasing the 
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contents of endogenous hormones (ABA, IAA,  GA3 and 
ZT), promoting uptake of nitrate, P, K and Mg and decreas-
ing the contents of ammonium and Ca. The increase in the 
activity of the plasma membrane  H+-ATPase by apply-
ing exogenous 10 μM ABA contributed to maintain the 
uptake of nutrients in rice roots under SAR. However, high 
concentration of exogenous ABA (100 μM) aggravated 
the negative effect of SAR on morphology, growth, and 
nutrient uptake in rice roots. These results will help us to 
further understand that the application of exogenous ABA 
at proper concentration can relieve the damage on plants 
by acid rain through regulating endogenous hormones and 
nutrients uptake, and provide a possible way to alleviate 
or eliminate the negative effects of acid rain on plants. 
The regulating effect of exogenous ABA on the tolerance 
of plants to acid rain needs to be determined in different 
crops, varieties, growth stages and culture conditions in 
field experiments before it will be applied for agriculture. 
In addition, more treatments (intermediate treatments of 
ABA between 10 and 100 μM) could also be informative 
to identify the effective concentration range of ABA for 
enhancing plant tolerance to SAR.
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