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Abstract Acid rain can directly or indirectly affect plant phys-
iological functions, especially photosynthesis. The enzyme
ATP synthase is the key in photosynthetic energy conversion,
and thus, it affects plant photosynthesis. To clarify the mecha-
nism by which acid rain affects photosynthesis, we studied the
effects of acid rain on plant growth, photosynthesis, chloroplast
ATP synthase activity and gene expression, chloroplast ultra-
structure, intracellular H+ level, and water content of rice seed-
lings. Acid rain at pH 4.5 remained the chloroplast structure
unchanged but increased the expression of six chloroplast
ATP synthase subunits, promoted chloroplast ATP synthase
activity, and increased photosynthesis and plant growth. Acid
rain at pH 4.0 or less decreased leaf water content, destroyed
chloroplast structure, inhibited the expression of six chloroplast
ATP synthase subunits, decreased chloroplast ATP synthase
activity, and reduced photosynthesis and plant growth. In con-
clusion, acid rain affected the chloroplast ultrastructure, chloro-
plast ATPase transcription and activity, and Pn by changing the
acidity in the cells, and thus influencing the plant growth and
development. Finally, the effects of simulated acid rain on the
test indices were found to be dose-dependent.

Keywords Acid rain . Rice leaves . Chloroplast . ATP
synthase . Gene expression

Introduction

Acid rain is a major environmental problem that endangers
Earth’s ecosystems and threatens human survival and has thus
received extensive attention worldwide (Abbasi et al. 2013).
In particular, acid rain is a major problem in Europe, North
America, and China (Abbasi et al. 2013). The total area that
suffers from acid rain in Europe and North America is esti-
mated to be about 1000 km2 (Lajtha and Jones 2013). Based
on nearly 20 years of continuous monitoring, the acidity of
European rainwater has increased by 10 %; currently, the pH
value of acid rain in Sweden, Denmark, Poland, Germany,
Canada, and other European countries is usually between
4.2 and 4.5 (Lajtha and Jones 2013; Menz and Seip 2004).
In 15 states of the USA, the pH value of acid rain is currently
lower than 4.8 (Lajtha and Jones 2013; Menz and Seip 2004).
In China, the area impacted by acid rain has reached two
million square kilometers and is gradually increasing (Liu
et al. 2011). An estimated 208 cities in China were polluted
with acid rain in 2014, accounting for 44.3 % of the total cities
in which rainfall was monitored in this year (Department
EoCE 2015). Moreover, the cities in which the frequency of
acid rain exceeded 25 or 75 % of total rainfall events
accounted for 26.6 and 9.1 % of the total monitored cities,
respectively (Department EoCE 2015). Moreover, the average
pH value of rainfall in 44 of these cities was less than 5.6, and
the pH of rainfall in these areas was approximately between
3.8 and 4.5 (Department EoCE 2015). Serious acid rain has
had many effects in China (Department EoCE 2015), for ex-
ample, the continuous acid rain pollution in the south of the
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Yangtze River has caused lake acidification, a reduction in fish
numbers, and forest degradation (Zhao and Hou 2010).

In recent years, there have been many studies into the ef-
fects of acid rain on plants, which have shown that acid rain
can cause direct or indirect harm to plant leaves (Imran et al.
2014; Macaulay and Enahoro 2015; Ramlall et al. 2015). A
study showed that when the pH of acid rain is below 3.0, acid
rain harms the plant cuticle, causing blade chlorosis
(Macaulay and Enahoro 2015). When the pH of acid rain is
below 1.0, acid rain causes necrotic spots on plant tissues,
premature defoliation or premature aging, and other visible
symptoms (Macaulay and Enahoro 2015). Moreover, many
studies have shown that low-acidity acid rain improves seed
germination, increases biomass accumulation, and promotes
aboveground tissue growth of plants (Imran et al. 2014;
Ramlall et al. 2015).With increasing acid rain acidity, the seed
germination rate, plant survival rate, and plant biomass are
reduced (Ramlall et al. 2015). In particular, highly acidic acid
rain significantly inhibits plant growth and development
(Ramlall et al. 2015).

It is well known that photosynthesis is the key meta-
bolic basis for plant growth, development, and yield
(Bernacchi et al. 2013). Photoreaction is an important
component of photosynthesis, associated with light ab-
sorption, electron transfer, light phosphorylation, and oth-
er processes (Bernacchi et al. 2013). Numerous studies
have shown that acid rain can affect plant photosynthesis
(Hu et al. 2014; Wang et al. 2014; Wyrwicka and
Skłodowska 2006). Wyrwicka and Skłodowska found that
acid rain at pH 3.0 and pH 1.8 decreased the chlorophyll
content of cucumber (Cucumis sativus) leaves by 25 and
46 %, respectively (Wyrwicka and Skłodowska 2006).
Cao et al. showed that acid rain at pH 2.5 caused de-
creases in the chlorophyll content (30.71 %), net photo-
synthetic rate (Pn, 12.52 %), and transpiration rate
(26.89 %) in rape leaves (Cao et al. 2010). Acid rain at
pH 4.5 caused 2.17 and 2.41 % increases in the Pn and
Hill reaction rate, respectively, in rice leaves; however,
acid rain at less than pH 4.5 decreased the Pn and Hill
reaction rate in the leaves (Hu et al. 2014; Wang et al.
2014). In particular, acid rain at pH 2.5 decreased the Pn

and Hill reaction rate by 26.02 and 24.31 %, respectively
(Hu et al. 2014; Wang et al. 2014). Moreover, acid rain at
pH 2.5 also changes the chlorophyll fluorescence and
damages the PSII reaction center, leading to electron
transfer limitation, thereby inhibiting the absorption of
light energy by plants (Liu et al. 2015). Furthermore, acid
rain can reduce the integrity of chloroplast structures or
destroy them entirely, and thus affect some chloroplast
functions and photosynthesis (Wen et al. 2011). The
aforementioned studies show that effects of acid rain on
plant photosynthesis result from the changes in chloro-
plast composition and structure, and influence various

physiological processes, including light reactions and dark
reactions.

Chloroplasts are important sites for plant photosynthesis
(Bernacchi et al. 2013). The chloroplast coupling factor, aden-
osine triphosphate (ATP) synthase (CF1–CF0), is the key en-
zyme of photophosphorylation and an important factor in pho-
tosynthetic energy conversion, and thus, it is important for
plant photosynthesis (Kartashov et al. 2015). Studies have
shown that acid rain can affect the activity and transcription
level of plasma membrane H+-ATPase in rice (Liang et al.
2015; Zhang et al. 2015); however, the effects of acid rain
on chloroplast ATPase have not been reported. In particular,
when acid rain causes increased acidity of the cellular internal
environment, the relationship between the integrity of chloro-
plast structures and the changes of chloroplast ATPase activity
is currently unclear. Rice, as an important commercial crop in
the agricultural planting structure, provides food for nearly
three billion people around the world (Zhang et al. 2013). In
China, the rice-growing area overlaps considerably with acid
rain-affected areas (Gravois 1998). Therefore, in the present
work, effects of simulated acid rain on the growth, Pn, activity
and gene expression of chloroplast ATP synthase, chloroplast
ultrastructure and intracellular H+ level in rice were investi-
gated. On this basis, the possible mechanisms behind the ef-
fects of acid rain on rice photosynthesis were analyzed using
correlation analysis methods.

Materials and methods

Preparation of rice nutrient solution and simulated acid
rain

Modified rice nutrient solution was prepared according to the
ionic composition released by the International Rice Research
Institute (IRRI) (Zhu et al. 2009). The full-strength modified
nutrient solution had the following composition: 1.43 mM
NH4NO3, 0.51 mM K2SO4, 1.00 mM CaCl2, 1.64 mM
MgSO4, 9.47 μM MnCl2, 0.075 μM (NH4)6Mo7O24,
19.00 μM H3BO4, 0.15 μM ZnSO4, 0.16 μM CuSO4, and
36.00 μM FeCl3. Meanwhile, SiO2 was supplied as
1.67 mM with NaSiO3⋅9H2O in nutrient solution. Then,
0.07 mM C2H4N4 was added as nitrification inhibitor to keep
the concentration of NH4

+-N. The nutrient solution pH was
adjusted to 5.5 by using a pH meter (PHS-29 A, Shanghai
Anting Scientific Instrument Factory, China).

Based on the ionic composition of rainwater sampled in the
southeast of China (Xie et al. 2009), the control rain (pH 7.0)
containing 0.83 μM Ca2+, 1.32 μM Na+, 0.15 μM K+,
5.34 μM Mg2+, 0.36 μM SO4

2−, 0.64 μM NO3
−, and

0.47 μMCl−was prepared by adding the appropriate amounts
of these ions to deionized water. The ionic composition and
content of the control rain was nearly the same as rainwater
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samples taken in the southeast of China. Simulated acid rain
solutions at pH 4.5, 4.0, 3.5, 3.0, and 2.5 were prepared by
adjusting the pH value of control rain with the mixture of
concentrated H2SO4 and HNO3 (1.1:1, v:v), and the pH value
was measured using a pH meter (PHS-29A, Shanghai Anting
Scientific Instrument Factory, China) (Kong et al. 2012).

Plant culture and treatments

Rice seeds were surface sterilized in HgCl2 (0.1 %) solution
for 10 min and rinsed with deionized water several times. The
sterilized seeds were placed in dishes under-laid with three
layers of moistened gauze and germinated in the incubator
for 2 days. Germinated seeds were sown in a sterilized sand
bed. At the two leaf stage, healthy rice plants with similar
growth status were transplanted into pots containing rice nu-
trient solution. Pots were placed in a greenhouse at 25 ± 3 °C,
with a light intensity of 1000 μmol m−2 s−1, a day/night cycle
of 16/8 h, and a relative humidity of 70–80 %. Modified rice
nutrient solutionwas used to irrigate the plants and tomaintain
the water content of the substrate at approximately 60 %.
When rice seedlings reached the three leaf stage, healthy rice
plants with similar growth status were selected to be sprayed
with 300 mL simulated acid rain per pot and the control plants
were sprayed with control rain every 3 days. The spray
amount of simulated acid rain and control rain was calculated
based on the precipitation and evaporation in the southeast of
China (Kong et al. 2012). Moreover, the modified nutrient
solution was supplied every 3 days. All treatments were per-
formed in six replicates, and 1 mMKH2PO4 was sprayed onto
the foliage every other day to apply the required inorganic
phosphate to the plants. At the tillering stage (35 days after
the spraying of acid rain), the fresh leaves from the acid rain
and control treatments were sampled for analyses.

Determination of rice growth and Pn

Growth indices include leaf area, dry weight of leaves, dry
weight of aboveground organs (stems and leaves), and relative
growth rate. Leaf area was measured using a handheld laser
leaf area meter (CI-203, CID Bio-science, USA). Dry weights
of leaves and aboveground organs for each plant were deter-
mined using a special-type electronic balance (EL303, Mettler
Toledo, Switzerland, accuracy: 0.0001 g) after drying of the
material at 80 °C in an oven for 12 h. The relative growth rate
(RGR) was calculated based on the dry weight of leaves and
stems with the following formula: RGR = (lnW2-lnW1)/35,
where W1 (g) and W2(g) represent the dry weight of leaves
and stems before and after the acid rain and control treatment,
respectively (Kingsbury et al. 1984).

The Pn was measured by using a portable photosynthetic
system (CIRAS-1, PP Systems International Ltd., UK) at
25 ± 5 °C, 320 μL L−1 CO2, and 80 % relative humidity.

The photon flux density was 1000 μmol m−2 s−1, which was
provided by the tungsten-halogen lamp on the leaf chamber of
CIRAS-1 photosynthesis system.

Determination of Mg2+-ATPase and Ca2+-ATPase
activities

Chloroplasts were exacted and isolated, and the Mg2+-ATPase
activity was measured based on the previous method (Sun
et al. 2012). The chloroplast suspension (0.1 mL) was incu-
bated for 5 min at 20 °C in 0.8 mL reaction solution containing
62.5 mM Tris-HCl (pH 8.0), 25 mM NaCl, 6.25 mM MgCl2,
55 μM PMS, and 2.5 mM C4H10O2S2 under white light
(5000 μmol m−2 s−1) and was activated for 5 min under white
light (5000 μmol m−2 s−1). Subsequently, 0.1 mL 5 mM ATP
was added and incubated for 5 min at 37 °C, and then 0.2 mL
20 % trichloroacetic acid was added to terminate the reaction.
The reaction mixture was centrifuged at 2000×g for 10 min.
Sulfuric acid molybdate-ferrous sulfate solution (2.5 mL) was
added to 0.5 mL of supernatant. After shaking, the OD values
at 660 nm of the mixture were measured using a UV/Vis
spectrophotometer (S24–752, Shanghai Jinghua Scientific
Instrument Factory, China). The Mg2+-ATPase activity was
calculated based on the standard curve of inorganic
phosphorus.

The Ca2+-ATPase activity was measured as described in
the previous method (Sun et al. 2012). Chloroplasts suspen-
sion (0.1 mL) was incubated for 10 min at 20 °C in 0.8 mL
reaction solution containing 0.25 M Tris-HCl (pH 8.0),
20 mM EDTA, 10 mM ATP, and 2 mg mL−1 trypsin.
Subsequently, 0.1 mL of 5 mMATP was added and incubated
for 5 min at 37 °C, and finally, 0.1 mL 10 mg mL−1 bovine
serum albumin was added to terminate the reaction. The de-
termination and calculation methods for Ca2+-ATPase activity
was the same as Mg2+-ATPase activity.

Transmission electron microscopy observation
of chloroplast ultrastructure

Transmission electron microscopy (TEM) observation of
chloroplast ultrastructure in rice leaves was performed based
on previous method (Helliot et al. 2003). Fresh leaves were
sliced into 1.5 × 2 mm sections. After fixation with 3.5 %
glutaraldehyde for 24 h, leaf cells were post-fixed with 1 %
osmic acid at 4 °C for 4 h and then were dehydrated with
ethanol. Next, the samples were embedded in freshly prepared
100 % Epon-812 and polymerized at 80 °C for 24 h. For
ultrastructural observations, the samples obtained were cut
into ultrathin sections (∼60 nm) on a LKB ultramicrotome.
The ultrathin sections were placed upon 250-mesh grids and
were post-stained with uranyl acetate and lead citrate. Finally,
the TEM images were obtained with a TEM (H-600-A-2,
Hitachi Ltd., Japan).
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Preparation of total RNA and real-time PCR

Real-time PCR analysis with specific primers for each gene
was performed to evaluate the expression of three genes (
subunit, β subunit, and ε subunit) encoding the CF1 of chlo-
roplast ATP synthase and other three genes (I subunit, III
subunit, and IV subunit) encoding the CFo of chloroplast
ATP synthase. For the normalization of expression of each
gene, the actin gene was used as the internal standard. All
primers were designed on the basis of sequences published
in GenBank by Primer Premier 5.0. Primer sequences of target
gene and housekeeping genes are shown in Table 1.

Total RNA of rice leaves were isolated using a column
extraction purification kit (SK8661 sangon) according toman-
ufacturer’s instructions and then reverse-transcribed into first-
strand cDNAwith a high-capacity cDNA reverse transcription
kit (AMV first strand cDNA synthesis kit, Shanghai
Biological Engineering Ltd., China) according to manufac-
turer’s instructions. The cDNAwas then used as the template
for PCR amplification. Each 25 μL reaction system contained
0.5 μL template cDNA, 0.5 μL primer F (10 μM), 0.5 μL
primer R (10 μM), 0.5 μL dNTP (10 mM), 2.5 μLTaq Buffer
(10×), 2 μL MgCl2 (25 mM), 0.2 μl Taq enzyme (5 U μL−1),
and 18.3 μL H2O. The PCR product was observed using 2 %
agarose gel electrophoresis. After connection at 4 °C over-
night, the PCR products were transformed with the step rapid
competent cell preparation kit (SK9307), and then the plasmid
DNA were extracted using plasmid extraction kit (SK8191).
The OD value of the constructed plasmids was determined
using a UV spectrophotometer (TU-1901, Beijing Purkinje
General Instrument Ltd., China) at 260 nm and then converted
into a copy number.

Water content measurement

Leaf water content was calculated according to the following
formula: leaf water content (%) = (W1 − W2)/W1 × 100 %,
where W1 is the fresh weight of leaves and W2 is the dry
weight of leaves determined after drying at 80 °C for 12 h.

Protoplasts isolation and intracellular H+ level
measurement

Rice leaves were cut into 2-mm filaments and put into a test
tube to which enzyme solution containing 2 % cellulase,
0.5 % macerase, 0.1 % (w/v) pectolyase (Y-23), 5 mmol L−1

MES, and 0.45 mmol L−1 mannitol was added. Tubes were
shaken at 40 rpm and 30 °C in the dark for 3 h. Then, the
reaction mixture was filtered through a 400 mesh plug. The
filtrate was centrifuged at 1000×g for 5 min. The supernatant
was removed by pipette and the precipitate was washed twice
with a solution containing 3 % sucrose (w/v) and 0.4 M man-
nitol. Protoplasts were passed through a 50-μm pore-size

nylon mesh filter and then suspended in the sucrose and man-
nitol solution to maintain 5 × 106 protoplasts ml−1.

Isolated protoplasts were incubated with the pH-sensitive
fluorescent dye [2′, 7′-bis (carboxyethyl)-5(6)-carboxy,
BCECF] at 37 °C for 60 min. Protoplasts were then washed
with HEPES-buffered salt solution (pH 7.4) at 37 °C for
15 min to remove extracellular dye and attain complete de-
esterification of the cytosolic dye. Radiometric measurement
of BCECF fluorescence was conducted using a workstation
(Intracellular Imaging Inc., Cincinnati, OH) consisting of a
Nikon TSE 100 Ellipse inverted microscope with
epifluorescence attachments. The wavelength of excited light
was 500 nm, and the wavelength of emitted light was 530 nm.
The fluorescence signal was adjusted to zero background for
cells without dying, and then the intracellular H+ level was
expressed by the relative BCECF fluorescence (Undem et al.
2012).

Statistical analysis

The data were analyzed by SPSS 17.0 and Origin 8. Student’s
t tests were used to determine the significance between differ-
ent treatments (p < 0.05).

Results

Effects of simulated acid rain on rice growth and Pn in rice
leaves

Table 2 shows the effects of simulated acid rain on the growth
and photosynthesis in rice seedlings. After treatment with sim-
ulated acid rain at pH 4.5, the dry weights of leaves, dry
weights of aboveground organs, leaf areas, relative growth
rates, and Pn were higher than those in the control (pH 7.0).

Table 1 Primers used in real-time PCR and the size of amplified
products. F and R represent the forward and reverse PCR primers

Gene name Sequences of primers (5′-3′) Product size (bp)

Actin F: TTATGGTTGGGATGGGACA
R: AGCACGGCTTGAATAGCG

292

Atp-A F: GAGGCTTACTTGGGTCGTGTT
R: TGCTGTTTTGCCGGTTTG

231

Atp-B F: TCTTTCGTTTTGTTCAAGCAGG
R:

AATGTTGTAGCAGGAGCAGGGT

205

Atp-H F: CCGTAGGTCTTGCTTCTATTGG
R: TTCTGCTTCTGGCTGTCTCG

92

Atp-I F: TCCCTGGGTTCCCTTTATTG
R: ATATGCCGCTGACGTGAGTAA

169

Atp-F F: GCGGATGAGTATCGAATGAATG
R: AAAACCCGTTGTCGGACCT

161

Atp-E F: TTCTGTGGAGCGGTTTTGC
R: CGGCTATTTCAAGTGCCTGTT

117
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The above indices in other treatment groups decreased, and
the magnitude of this decrease increased with decreasing pH
of the simulated acid rain.

Effects of simulated acid rain on the activity
and transcription level of chloroplast ATPase in rice leaves

Figure 1 shows that the chloroplast Mg2+-ATPase activity in
rice seedlings treated with simulated acid rain at pH 4.5 and
pH 4.0 did not differ from that of the control. After rice seed-
lings were treated with simulated acid rain at pH 3.5, pH 3.0,
or pH 2.5, the chloroplast Mg2+-ATPase activity was lower
than that of the control, and greater decreases were observed
with the pH of the simulated acid rain decreased. In addition,
the chloroplast Ca2+-ATPase activity in all treatment groups
treated with simulated acid rain decreased relative to the con-
trol. In addition, the inhibition effect became clearer as the pH
of the simulated acid rain decreased (Fig. 2). Compared with
the Mg2+-ATPase activity, the chloroplast Ca2+-ATPase activ-
ity was more sensitive to simulated acid rain (Fig. 2).

Table 3 shows that, compared with the control, the expres-
sion level of all subunits of chloroplast ATPase initially in-
creased and then decreased as the pH of simulated acid rain
decreased. The expression level of each subunit of chloroplast
ATPase in plants treated with simulated acid rain decreased in
the following order: pH 4.5: β subunit (atp-B) > IV subunit
(atp-I) > ε subunit (atp-E) > α subunit (atp-A) > III subunit
(atp-H) > I subunit (atp-F). pH 4.0: IV subunit (atp-I) > I
subunit (atp-F) > α subunit (atp-A) > III subunit (atp-H) > ε
subunit (atp-E) > β subunit (atp-B). pH 3.5: β subunit (atp-
B) > ε subunit (atp-E) > IV subunit (atp-I) > I subunit (atp-
F) > α subunit (atp-A) > III subunit (atp-H). pH 3.0: ε subunit
(atp-E) > III subunit (atp-H) > β subunit (atp-B) > I subunit
(atp-F) > α subunit (atp-A) > IV subunit (atp-I). pH 2.5: IV
subunit (atp-I) > III subunit (atp-H) > I subunit (atp-F) > ε
subunit (atp-E) > α subunit (atp-A) > β subunit (atp-B).

Effects of simulated acid rain on chloroplast
ultrastructure in rice leaves

Figure 3 shows that chloroplasts in the control were elliptical
and arranged around the plasma membrane. The granum and

Table 2 Effects of simulated acid rain on the net photosynthetic rate (Pn) and some growth indices in rice seedlings

pH Dry weights of leaves
(g)

Dry weights of leaves and stems
(g)

Leaf area
(cm2)

Relative growth rate
(RGR)

Net photosynthetic rate
(Pn)

7.0 0.159 ± 0.003b (100.00) 0.310 ± 0.009b (100.00) 23.219 ± 0.697b (100.00) 0.092 ± 0.002a (100.00) 13.37 ± 0.76ab (100.00)

4.5 0.171 ± 0.003a (107.55) 0.346 ± 0.121a (111.61) 26.015 ± 1.041a (112.04) 0.094 ± 0.002a (102.17) 14.03 ± 0.83a (104.99)

4.0 0.137 ± 0.003c (86.16) 0.268 ± 0.005c (86.45) 22.822 ± 0.685bc (98.29) 0.081 ± 0.002b (88.04) 12.83 ± 0.32b (96.01)

3.5 0.126 ± 0.003d (79.25) 0.241 ± 0.005d (77.74) 22.451 ± 0.263bc (96.69) 0.069 ± 0.001c (75.00) 12.47 ± 0.35b (93.27)

3.0 0.106 ± 0.002e (66.67) 0.203 ± 0.004e (65.48) 22.025 ± 0.551c (94.86) 0.057 ± 0.001d (61.96) 11.17 ± 0.35c (83.54)

2.5 0.102 ± 0.002e (64.15) 0.183 ± 0.003f (59.03) 17.704 ± 0.407d (76.25) 0.055 ± 0.001d (59.78) 10.23 ± 0.35c (76.56)

Values are means ± standard deviation errors, n = 6

Significant differences at p < 0.05 were showed with different letters in each column
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Fig. 1 Effects of simulated acid rain on chloroplast Mg2+-ATPase
activity in rice seedlings. Significant differences at p < 0.05 are shown
with different letters, n = 6
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Fig. 2 Effects of simulated acid rain on chloroplast Ca2+-ATPase activity
in rice seedlings. Significant differences at p < 0.05 are shown with
different letters, n = 6
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stroma thylakoids were in an orderly arrangement and the
chloroplast membrane was clear and intact. In simulated acid
rain at pH 4.5 treatment group, the chloroplast structure
remained unchanged. When the pH value of simulated acid
rain decreased to 3.5, the thylakoids appeared slightly loose
but were arranged in an orderly fashion, and the grana were
clearly visible. Some thylakoids disintegrated when the rice
was treated with simulated acid rain at pH 2.5.

Effects of simulated acid rain on the intracellular H+ level
and water content in rice leaves

The intracellular H+ fluorescence value was lower, which sug-
gests that the intracellular concentration of H+ was higher
(Liang et al. 2015; Zhang et al. 2015). Figure 4 shows the
water contents of rice leaves treated with simulated acid rain
at different pH value. After treatment with simulated acid rain
at pH 4.5, pH 4.0, pH 3.5, and pH 3.0, the leaf water content
did not change relative to the control. When the pH value of
simulated acid rain decreased to 2.5, the leaf water content
was significantly lower than the control.

Figure 5 shows the effect of simulated acid rain on the
intercellular H+ level of rice leaves. The intracellular H+ fluo-
rescence value in all treatment groups treated with simulated
acid rain decreased relative to the control, and the effect be-
came more clear as the pH decreased.

Correlation analysis

Correlation analyses were performed among the different
measured growth indices, Pn, Mg2+-ATPase activity, Ca2+-
ATPase activity, intracellular H+ level, and water content, to
determine how simulated acid rain affects the Pn and how the
change in the Pn affects rice seedling growth. Table 4 shows
that the growth indices were positively correlated with the Pn

in rice seedlings. In addition, the Pn was positively correlated
with chloroplast Mg2+-ATPase activity and Ca2+-ATPase. The
chloroplast Mg2+-ATPase and Ca2+-ATPase activities were
positively correlated with water content and intracellular H+

level in rice seedlings.

Discussion

Effects of simulated acid rain on rice growth and Pn in rice
leaves

Acid rain can affect plant physiological functions directly or
indirectly and has a particularly strong impact on photosyn-
thesis (Liu et al. 2015). Under the stress of simulated acid rain,
the biomass and the relative growth rate of rice first increased
and then decreased as the pH value decreased (Table 2), and
this finding was consistent with previous studies (Hu et al.
2014; Wang et al. 2014). The correlation results show that
the effects of simulated acid rain on rice growth indices were
closely associated with the changes in Pn (Table 2, Table 4).
Low-acidity simulated acid rain improved the Pn of leaves and
increased the accumulation of assimilation products, laying
the material foundations for rice growth (Table 2, Table 4)
(Meng et al. 2011). High-acidity simulated acid rain decreased
the Pn of leaves and reduced the accumulation of assimilation
products, impeding rice growth (Table 2, Table 4). In addition,
since plant growth is affected by photosynthesis and respira-
tion, we speculate that the effects of weak acid rain on rice
growth also occur for respiration processes, and their internal
connections will be further investigated (Zhao 2014).

Table 3 Effects of simulated acid rain on the expression level of chloroplast ATP synthase subunits in rice seedlings

pH atp-A atp-B atp-E atp-F atp-I atp-H

7.0 1.00 ± 0.00b
(100.00)

1.00 ± 0.00cd
(100.00)

1.00 ± 0.00bc
(100.00)

1.00 ± 0.00cd
(100.00)

1.00 ± 0.00cd
(100.00)

1.00 ± 0.00c
(100.00)

4.5 4.20 ± 1.74a
(420.00)

6.84 ± 0.82a
(684.00)

4.24 ± 1.13a
(424.00)

2.98 ± 0.75a
(298.00)

4.63 ± 0.45a
(463.00)

3.60 ± 0.82a
(360.00)

4.0 1.81 ± 0.44b
(181.00)

1.45 ± 0.49c
(145.00)

1.52 ± 0.61bc
(152.00)

1.96 ± 0.44b
(196.00)

2.01 ± 0.72b
(201.00)

1.81 ± 0.59b
(181.00)

3.5 1.28 ± 0.34b
(128.00)

2.50 ± 0.37b
(250.00)

1.89 ± 0.35b
(189.00)

1.28 ± 0.34bc
(128.00)

1.35 ± 0.32bc
(135.00)

1.19 ± 0.24bc
(119.00)

3.0 0.61 ± 0.17b
(61.00)

0.68 ± 0.08d
(68.00)

1.22 ± 0.27bc
(122.00)

0.63 ± 0.10cd
(63.00)

0.59 ± 0.11d
(59.00)

0.71 ± 0.10c
(71.00)

2.5 0.51 ± 0.21b
(51.00)

0.50 ± 0.18d
(50.00)

0.52 ± 0.23c
(52.00)

0.54 ± 0.27d
(54.00)

0.57 ± 0.25d
(57.00)

0.56 ± 0.28c
(56.00)

Values are means ± standard deviation errors, n = 6

Significant differences at p < 0.05 were showed with different letters in each column

�Fig. 3 TEM images of chloroplast ultrastructure in rice seedlings treated
with different pH values of acid rain. Th thylakoid, OS osmiophilic
particles, G grana, SG starch grains, CW cell wall, V vacuole, M
mitochondria, N nucleus, Chl chloroplast
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Control rain (pH 7.0)

Simulated acid rain at pH 4.5

Simulated acid rain at pH 3.5

Simulated acid rain at pH 2.5
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Previous research shows that acid rain can influence the chlo-
rophyll content, chlorophyll fluorescence, and Hill reaction
activity of plants, which in turn affects the absorption of light
by leaves, leading to a change of the Pn (Hu et al. 2014; Liu
et al. 2015; Wang et al. 2014). In addition to the above factors,
the change of the Pn might be related to the activity of chlo-
roplast ATPase which determines the formation of photosyn-
thesis assimilation (ATP).

Effects of simulated acid rain on the activity
and transcription level of chloroplast ATPase in rice leaves

Chloroplast ATP synthase (CF1–CF0) binds to the surface of
thylakoid membranes in chloroplasts. It can combine with
Mg2+ or Ca2+ to form Mg2+-ATPase and Ca2+-ATPase, cata-
lyzing the ATP synthesis reaction (Kartashov et al. 2015;
Kong et al. 2013; Konno et al. 2012; Walker 2013). The ε
subunit is an inhibitor of chloroplast ATP synthase and was
dissociated from ATP synthase and product the activity to
hydrolysis ATP, leading to a drop in plant endogenous ATP
content (del Riego et al. 2006; Feniouk et al. 2006; Schmidt
et al. 2007; Shirakihara et al. 2015). Low-acidity-simulated
acid rain increased the expression levels of each subunit of
chloroplast ATPase; in particular, the increase of β subunit
expression level was clearer than that of the ε subunit
(Table 3). This effect increased Mg2+-ATPase activity,
ATP content, and RuBPase supply, promoting photosyn-
thesis and increasing the Pn (Tezara et al. 1999). With
the increase in the acidity of simulated acid rain, the
increase in the expression level of the ε subunit was
clearer than that of the β subunit, and the inhibition of
ε subunit caused the observed decrease in the ATP syn-
thase activity (Table 3, Figs. 1 and 2) (Feniouk et al.
2006; Shirakihara et al. 2015). High-acidity simulated
acid rain decreased the expression levels and activity of

chloroplast ATPase (Table 3). This may have two main
causes: first, the inhibition of ε subunit (Feniouk et al.
2006; Shirakihara et al. 2015); and second, the expres-
sion levels of the I and IV subunits decreased, and these
subunits play key assembly roles in chloroplast ATPase,
leading to abnormal assembly of chloroplast ATPase in
plants. This abnormal assembly caused the decrease in
the synthesis amount of chloroplast ATPase, ATP con-
tent, and RuBPase supply, inhibiting photosynthesis and
decreasing the Pn (Table 2) (Ghulam et al. 2012; Tezara
et al. 1999). In addition, the change in acidity of the
intracellular environment induced by acid rain stress also
causes a change in chloroplast ATPase activity.

Effects of simulated acid rain on chloroplast
ultrastructure in rice leaves

The integrity and ordering of grana lamellae and stroma la-
mellae represent the structural foundation for normal photo-
synthesis in chloroplast (Zhang et al. 2014). After treatment
with low-acidity simulated acid rain, chloroplast lamellae
were densely arranged and there were no obvious changes to
chloroplast structure (Fig. 3). However, chloroplast ATPase
activity and expression levels and Pn increased to different
degrees (Tables 2 and 3, Figs. 1 and 2). Results indicated that
low-acidity simulated acid rain did not change the chloroplast
structure but did affect photosynthesis function (Dias et al.
2010; Zhang et al. 2014). High-acidity-simulated acid rain
damaged the chloroplast ultrastructure, decreased the quanti-
ties of grana and thylakoids (Fig. 3), disorganized grana la-
mellae, restricted chloroplast ATPase assembly, and reduced
the synthesis of chloroplast ATPase. It is also possible that
acid rain caused the excessive accumulation of reactive
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Fig. 4 Effects of simulated acid rain on leaf water content in rice
seedlings. Significant differences at p < 0.05 are shown with different
letters, n = 6
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Fig. 5 Effects of simulated acid rain on intracellular H+ level labeled by
BCECF fluorescence in rice seedlings. Significant differences at p < 0.05
are shown with different letters, n = 6
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oxygen species (ROS) and induced the peroxidation of chlo-
roplast membrane lipids, leading to the damage to chloroplast
ultrastructure (Sena and Chandel 2012; Wen et al. 2011).

Effects of simulated acid rain on the intracellular H+ level
and water content in rice leaves

We next consider how simulated acid rain led to the ROS
accumulation in mesophyll cells. We found that low-acidity
simulated acid rain caused a small number of H+ ions to enter
cells, causing slight acidification of the intracellular environ-
ment but without significant change in water content (Figs. 4
and 5). Results indicated that low-acidity-simulated acid rain
did not affect the metabolic balance of the ROS and did not
damage the plasma membrane or chloroplast structure (Chen
et al. 2013). A small quantity of H+ entered mesophyll cells,
which could increase the expression of the III subunit gene of
chloroplast ATPase, which has the ability to transfer H+

(Table 3), and increase the H+ transfer function of chloroplast
ATP synthase thus improving chloroplast Mg2+-ATPase activ-
ity and Pn (Kish Trier et al. 2008). Interestingly, low-acidity-
simulated acid rain decreased chloroplast Ca2+-ATPase activ-
ity (Fig. 2). We speculate that the increase in intracellular H+

level caused the increase in intracellular Ca2+, and the in-
creased Ca2+ significantly inhibits Ca2+-ATPase activity
(Zhu et al. 2013). High-acidity simulated acid rain caused a
large number of H+ to enter the cells, leading to serious acid-
ification and loss of intracellular water (Figs. 4 and 5). These
effects disrupted metabolism of ROS and increased the ROS
accumulation in cell, leading to the observed change in plasma
membrane permeability and the damage to chloroplast struc-
ture (Fig. 3) (Sena and Chandel 2012; Wen et al. 2011). The

gene expressions of all chloroplast ATP synthase subunits
were significantly decreased (Table 3), indicating that when
considerable H+ entered the cell, there was substantial inhibi-
tion of the activities of Ca2+-ATPase and Mg2+-ATPase and a
decrease in the Pn (Table 4).

Conclusion

Low-acidity-simulated acid rain slightly increased the
acidity within the plant leaf cells but did not affect chlo-
roplast ultrastructure, increased the contents of β subunit
that play a catalytic role, and increased chloroplast Mg2+-
ATPase activity. High-acidity simulated acid rain signifi-
cantly increased the acidity in the cells, destroyed chloro-
plast ultrastructure, and increased the inhibition effect of
the ε subunit, causing the abnormal assembly of chloro-
plast ATPase and decreasing Mg2+-ATPase activity.
Moreover, unlike chloroplast Mg2+-ATPase activity, acid
rain significantly inhibited chloroplast Ca+-ATPase activ-
ity. In addition, acid rain affected the chloroplast ultra-
structure, chloroplast ATPase transcription and activity,
and Pn by changing the acidity in the cells and thus
influencing the plant growth and development. Finally,
the effects of simulated acid rain on the test indices were
found to be dose-dependent.
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Table 4 Relationships between growth indices, Pn, Mg2+-ATPase activity, Ca2+ ATPase activity, leaf water content, and intracellular H+ level in rice
leaves

x y Linear regression equation Correlation coefficient (r)

Pn Dry weights of leaves y = 0.0161x − 0.0654 0.861**
Dry weights of leaves and stems y = 0.037x − 0.1981 0.880**
Leaf area y = 1.1454x + 4.4136 0.790**
RGR y = 0.0101x + 0.0499 0.882**

Ca2+-ATPase activity Dry weights of leaves y = 0.0013x + 0.0833 0.892**
Dry weights of leaves and stems y = 0.0028x + 0.1462 0.888**
Leaf area y = 0.1019x + 18.338 0.728**
RGR y = 0.0008x + 0.0421 0.944**
Pn y = 0.0621x + 9.8926 0.817**

Mg2+-ATPase activity Dry weights of leaves y = 0.0014x + 0.0271 0.846**
Dry weights of leaves and stems y = 0.0033x + 0.0052 0.897**
Leaf area y = 0.1479x + 11.188 0.903**
RGR y = 0.0009x + 0.0051 0.905**
Pn y = 0.076x + 6.6037 0.855**

Intracellular H+ level Mg2+-ATPase activity y = 0.2768x + 57.224 0.704**
Ca2+-ATPase activity y = 0.4273x + 11.173 0.929**

Leaf water content Mg2+-ATPase activity y = 140.64x − 13.708 0.892**
Ca2+-ATPase activity y = 135.16x − 46.278 0.733**

**Significance at p < 0.01
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