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Abstract Global food security is threatened by damage to
crop production by acid rain. To alleviate acid rain damage,
we studied the effects of lanthanum (La**) (0.06 and 0.12
mmol L~!) on plasma membrane H*-ATPase in rice seed-
lings under acid rain stress (pH 3.5 and 2.5). Relative growth
rate, intracellular H*, ATP content, the activity, and gene
expression of plasma membrane H-ATPase were measured
to validate the association of La>* and plasma membrane
H*-ATPase. We found that 0.06 mmol L~! La** increased
the plasma membrane H*-ATPase activity in rice treated
with acid rain (pH 3.5) by increasing transcript levels of
OSA 1,08A 5, and OSA 7 genes, and thus, beneficial to pump
excess H* out of cells by supplying ATP energy. Thus, the
decrease in relative growth rate was alleviated because of the
application of 0.06 mmol L~! La>*, showing an antagonistic
interaction of acid rain and La** (0.06 mmol L™"). Contra-
rily, the application of 0.12 mmol L~! La** aggravated the
decrease in relative growth rate of rice under acid rain by
decreasing the activity and expression of plasma membrane
H*-ATPase, showing a synergistic interaction of acid rain
and La** (0.12 mmol L™"). These results indicate that La**
at the proper concentration can enhance the tolerance of
rice seedlings to acid rain stress by increasing the activity
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of plasma membrane H*-ATPase, whereas La®* at a higher
concentration can aggravate the damage caused by acid rain.

Keywords Lanthanum - Acid rain - Plasma membrane
H*-ATPase - Growth - Intracellular H* - Rice seedlings

Introduction

Acid rain is a global environmental problem constraining
agricultural and forest productivity (Shukla and others 2013;
Singh and Agrawal 2008). Since the 1970s, acid rain has
devastated several regions of North America and Western
Europe, and now it has become a threat to the developing
countries, especially India and China (Abbasi and others
2013). Acid rain inhibits plant growth by damaging foliage,
destroying membrane integrity, disordering intracellular
homeostasis, and inducing oxidative stress (Chen and oth-
ers 2013; Ramlall and others 2015; Wen and others 2011;
Yi and others 2014). For example, acid rain has caused an
estimated annual economic and ecological loss worth RMB
45.9 billion (about 7.1 billion US dollars) in China (Zhao
and Hou 2010), and the extreme acidity of rainfall was at
a pH of 2.54 in China in 2012 (Wang and others 2014b).
Therefore, it is crucial to reduce losses to agricultural pro-
ductivity caused by acid rain, while measures should be
taken to control air pollution.

Lanthanum (La**), one of the rare earth elements, is of
particular importance as it has been applied as a fertilizer
in agriculture and forestry since the 1970s to promote plant
growth and productivity (Hu and others 2004; Tyler 2004).
Application of La** can improve the tolerance of plants to
abiotic stresses such as low temperature, UV-B radiation,
heavy metal toxicity, and acid rain (Liang and others 2006;
Sun and others 2013; Wang and others 2012; Zhang and
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others 2006). The mechanisms on La** enhancing plant tol-
erance to abiotic stresses involve maintaining the integrity
of the plasma membrane, regulating endogenous hormone
contents, promoting photosynthetic capacity, and increas-
ing expression of proteins including antioxidant enzymes,
phytochelatin synthase, and metallothionein to regulate the
network of reactions in response to abiotic stress (He and
others 2005; Shen and Yan 2002; Wang and others 2014a;
Yang and others 2014).

Plasma membrane H*-ATPase, a tightly bound and inte-
gral transmembrane protein, plays a role in adaptation of
plants to abiotic stresses including salinity, drought, heavy
metals, and low temperature (Janicka-Russak 2011; Zhou
and others 2016). Our previous study proved that plasma
membrane H*-ATPase also plays an important role in
adaptation of rice to acid rain because the higher activity
of plasma membrane H"-ATPase pumps excess H* out of
cells to maintain substance stability in cells (Liang and oth-
ers 2015; Zhang and others 2017). Zhu and others (2009)
reported that the up-regulation of genes encoding plasma
membrane H*-ATPase is responsible for the adaptation of
rice to low pH. Thus, we presume that the regulation of
La®* on the activity of plasma membrane H"-ATPase could
be important to clarify the mechanism of La®* to enhance
the tolerance in plants to acid rain. So far, few studies have
considered the change in plasma membrane H*-ATPase
activity in response to La** and acid rain (Li and others
2003). Regulation of La** on the activity of plasma mem-
brane H*-ATPase in plants under acid rain stress in unclear.
Therefore, we tried to clarify the regulation of La®* on
the activity of plasma membrane H*-ATPase and its gene
expression at the transcriptional level, validated by analyz-
ing other plant-growth related parameters. The parameters
include relative growth rate, the activity of plasma mem-
brane H"-ATPase, intracellular H*, ATP content, and gene
expression of plasma membrane H*-ATPase at the transcript
level in rice seedlings treated with acid rain at different pH
and La>" at different concentrations.

Based on these findings, the application of La®* for elimi-
nating the negative effects of acid rain will be possible.

Materials and Methods
Plant Material and Culture Conditions

Seeds of rice (Oryza sativa) “Huaidao 8” (Wuxi Seed CO.,
Ltd., China) were surface-sterilized with HgCl, (0.1%,
w/v) solution for 5 min and rinsed with distilled water
several times. After being soaked in distilled water for
12 h, the seeds were placed in a dish under-laid with three
layers of filter paper and germinated in an incubator at
25 °C. When the radicle length was approximately 2 cm,

germinating seeds were transplanted into plastic boxes of
6.88 L filled with vermiculite. After the second true leaf
had developed, the seedlings were cultivated in 1/2 routine
nutrition solution at a greenhouse with a light/dark regime
of 14/10 h and a light intensity of 300 mol m~2 s~! pho-
tosynthetically active radiation, temperature of 25/20 °C,
and relative humidity of 70/80% (day/night). Distilled
water was added every day to maintain the solution vol-
ume, the nutrient solution was renewed every 3 days to
stabilize pH, electronic air pumps were used to provide
fresh oxygen. When the third true leaf of rice appeared,
seedlings were treated with La** and simulated acid rain
(SAR).

Treatment of La>* Solution and SAR

In a pre-experiment (results not shown here), we used LaCl,
solution at different concentrations of 0 (control), 0.04, 0.06,
0.08, and 0.12 mmol L~! to treat rice seedling leaves for
24 h, and then measured relative growth rate, chlorophyll
content, and membrane permeability in rice seedling leaves.
La®* at 0.06 mmol L' caused an obvious increase in rela-
tive growth rate and chlorophyll content and a significant
decrease in membrane permeability, whereas La®* at 0.12
mmol L~! caused an obvious decrease in relative growth rate
and chlorophyll content and a significant increase in mem-
brane permeability, compared to the control (p <0.05). La>*
at 0.04 and 0.08 mmol L~! did not affect significantly the
three indices mentioned above in rice seedlings. Hence, we
chose La** at 0.06 and 0.12 mmol L™! for our further experi-
ments. La**solution (0.06 and 0.12 mmol L") was prepared
as described by Averbuch-Pouchot and Durif (1996). A stock
solution of SAR at pH 1.0 was prepared with H,SO, and
HNOs in a ratio of 3:1 (v/v), according to the general anion
composition of rainfall in South China (Chen and others
2010). Then the stock solution was diluted to pH 3.5 and
2.5 as the spraying solution of SAR. Table 1 gives an over-
view of all treatments. The SAR solution (pH 3.5 and 2.5)
was sprayed at 24 h intervals on the leaves of rice seedlings
until drops began to fall. As the control, the same amount
of distilled water (pH 7.0) was applied to rice leaves. Rice
seedlings were sprayed with the solution of La3* (La 1/0.06
mmol L™ or La 2/0.12 mmol L™") on leaves of rice until

Table 1 Overview of all experimental design with SAR and La**

La** (mmol L™ SAR

pH 7.0 pH 3.5 pH 2.5
0 Control SAR 1 SAR 2
0.06 (La 1) Lal SAR I1+Lal SAR2+Lal
0.12 (La 2) La2 SAR 1+La?2 SAR2+La?2
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drops began to fall. All treatments were performed in triple.
Half of rice seedlings were collected for detecting after a
5-day exposure, and the remaining seedlings were cultured
under the control conditions for another 5 days and then col-
lected for detecting.

Relative Growth Rate Measurement

Relative growth rate was calculated through the formula as
follows (Poorter and Remkes 1990):

InW, —1InW,
h—1f

RGR =

t; The day before exposure (recovery) treatment
t, The fifth day of exposure (recovery) period
W, The dry mass measured at

W, The dry mass measured at 7,

Plasma membrane isolation and hydrolytic activity of
plasma membrane H"-ATPase.

Plasma membrane vesicles were isolated from rice leaves
by two-phase partitioning according to Larsson and oth-
ers (1987). Protein obtained by this method was measured
according to the method described by Bradford (1976). The
hydrolytic activity of plasma membrane H*-ATPase was
measured by determining the Pi amount after 30 min of
hydrolysis according to the method described by Liang and
others (2015). A standard curve of phosphate in the reaction
mixture was induced for each assay. The hydrolytic activity

of the plasma membrane was expressed in pmol mg~! min~".

Intracellular H* Measurement

Protoplasts were isolated from rice leaves according to the
method of Liang and others (2015). Rice leaves (0.1 g)
were cut into pieces and then put into test tubes containing
enzyme solution [2% cellulose, 5% macerase, 0.1% pectol-
yase, 5 mmol L™! 2-(4-morpholino) ethane sulfonic acid,
and 0.45 mmol L' mannitol]. The reaction mixture was
shaken at 40 rpm at 30 °C in the dark for 3 h before being
filtered with plugs (400 meshes). The filtrate was centrifuged
at 1000 xg for 5 min, and then the precipitate was washed
twice with solution (3% sucrose and 0.4 mol L™' manni-
tol). The washing solution was collected and passed through
50 pm-pore-size nylon mesh filter to collect protoplasts. The
concentration of protoplasts obtained by this procedure was
adjusted to 5x 10® mL~! with a microscope and hemocytom-
eter for detecting intracellular H™.
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Intracellular H* was measured by a flow cytometry instru-
ment according to Undem and others (2012). Protoplasts iso-
lated from rice leaves were incubated with the pH-sensitive
fluorescent dye [2', 7'-bis (carboxyethyl)-5(6)-carboxy] at
37 °C for 60 min under an atmosphere of 21% 0,—5% CO,.
The concentration of intracellular H* was expressed by relative
fluorescence of fluorescent dye.

ATP Extraction and Measurement

ATP was extracted from rice leaves according to the method of
Yang and others (2002). Rice leaves (2 g) were homogenized
to powder in liquid nitrogen. Then the powder was dissolved
with perchloric acid (0.6 mol LY in an ice bath for 1 min,
before being centrifuged at 6000xg for 10 min at 4 °C. The
supernatant (6 mL) was taken and quickly neutralized to pH 6.5
with KOH solution (1 mol L™). The neutralized supernatant
was stored for 30 min in an ice bath to precipitate most of the
potassium perchlorate. The filtrate solution was filtered through
a0.45 pm filter. The final filtrate solution was made up to 8 mL
for detecting ATP content. ATP content was measured by high
performance liquid chromatography according to the method
described by Zhang and others (2016a).

Preparation of Total RNA and Real-Time PCR

Total RNA was extracted with Trizol reagent. A NanoDrop
Spectrophotometer ND-1000 (Thermo Scientific, Wilmington,
DE) was used to determine total RNA yield and purity. To
avoid any DNA contamination, the RNA samples were treated
with RNase-free DNase I (Fermentas) and then reverse-tran-
scribed into first-strand cDNA with the High-Capacity cDNA
Reverse Transcription Kit (Sangon Biotech, Inc, Shanghai,
China) according to the manufacturer’s instructions. The
cDNA was then used as the template for PCR amplification
with the 2x SG Fast qPCR Master Mix (Sangon Biotech, Inc,
Shanghai, China). Gene specific primers used for PCR and the
amplifications conditions were synthesized according to Liang
and others (2015).

Data Analysis
Evaluations on the Combined Effects of SAR and La3+

The evaluations on the combined effects of SAR and La>*
were done according to the Abott’s formula (Gisi 1996; Zhang
and others 2016a). In this formula, the excepted efficacy of a
mixture, expressed as percent control (C,,), can be predicted
as:

AB

Cexp =A+B— (m),
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where A and B are the degree of inhibition of the single fac- (a) ool
tor A and B. The synergy factor (SF) for combination of A T 0.224 L2 0.06 mmolL"
and B can be calculated as follows: ;, g-fg 1 B 2 012 mmol L
Eo.
€ 0.16
SF = CObS, :§ 0.14
Cexp ; 0.12] h oo
8 010
where C,, is the experimentally observed efficacy of the '<I_< 0.08 4 i
components. The biological interaction between SAR and 2 0.061
La** can be evaluated by the SF value. If SF> 1.5, there is f% 0.047
synergism; if 0.5 < SF < 1.5, there is additivity; if SF<0.5, E g:gz 1
there is antagonism. & pH2.5
Statistical Analysis (b) G ommal
i 0.18+ La 0.06 mmol.L"
The measurements mentioned before were all done in tripli- £ 0.16 2 p MELaO12mmoll]

cate. Data are shown as mean =+ standard deviation. The one-
way analysis of variance was used to analyze the significant
differences between treatments by using SPSS 11.5.

Results

Effects of SAR and La** on the Hydrolytic Activity
of Plasma Membrane H"-ATPase

The single SAR 1 (pH 3.5) or the single La 1 (0.06 mmol
L™!) increased the hydrolytic activity of plasma membrane
H*-ATPase, whereas the single SAR 2 (pH 2.5) or the sin-
gle La 2 (0.12 mmol L™!) decreased the hydrolytic activ-
ity of plasma membrane H"-ATPase compared with that of
the control (Fig. 1a). In the rice seedlings treated with the
combination of SAR 1 (pH 3.5) and La 1 (0.06 mmol L7h,
the hydrolytic activity of plasma membrane H*-ATPase was
higher than that of the control, and also higher than that
treated with the single SAR (1) Although the hydrolytic
activity of plasma membrane in rice leaves treated with the
combination of SAR 2 (pH 2.5) and La 1 (0.06 mmol L)
was lower than that of the control, it was higher than that
treated with the single SAR (2). However, the hydrolytic
activity of plasma membrane H"-ATPase in rice treated
with the combination of SAR 1 (pH 3.5) and La 2 (0.12
mmol L) or the combination of SAR2 (pH 2.5) and La 2
(0.12 mmol L") was decreased, and the decreased degree
was even larger than that treated with the single SAR or the
single La 2. After a 5-day recovery, the hydrolytic activ-
ity of plasma membrane H"-ATPase in rice leaves treated
with the single SAR 1 (pH 3.5) was still higher than that
of the control, but the hydrolytic activity of plasma mem-
brane H*-ATPase in rice leaves treated with the single La
1 (0.06 mmol L™') or the combination of SAR 1 (pH 3.5)
and La 1 (0.06 mmol L™!) was not different from the con-
trol (p <0.05) (Fig. 1b). However, the hydrolytic activity of
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Fig. 1 Effects of La** and SAR on the hydrolytic activity of plasma
membrane H*-ATPase in rice leaves during exposure (a) and recov-
ery (b) periods. Significant difference at p <0.05 is shown with dif-
ferent letters

plasma membrane H*-ATPase treated with the single La 2
(0.12 mmol L"), the combination of SAR 2 (pH 2.5) and
La 1 (0.06 mmol L") as well as the combination of SAR
(pH 3.5 or 2.5) and La 2 (0.12 mmol L") was all still lower
than that of the control. In addition, the decreased degree in
hydrolytic activity of plasma membrane H-ATPase treated
with the combination of SAR (pH 3.5 or 2.5) and La 2 (0.12
mmol L~') was even lower than that treated with the single
SAR (pH 3.5 or 2.5).

Effects of SAR and La>* on the ATP Content in Rice
Seedlings

As shown in Fig. 2a, the ATP content was decreased in rice
seedlings treated with the single SAR (pH 3.5 or 2.5), single
La (0.06 or 0.12 mmol L) as well as the combination of
SAR (pH 3.5 or 2.5) and La (0.06 or 0.12 mmol L™!) com-
pared to the control, respectively. In addition, the decreased
degree in ATP content in rice treated with the combination
of SAR and La®* was larger than that treated with the single
SAR. After a 5-day recovery, ATP content in rice seedlings

@ Springer
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Fig. 2 Effects of La** and SAR on ATP content in rice leaves dur-
ing exposure (a) and recovery (b) periods. Significant difference at
p <0.05 is shown with different letters

treated with the single SAR 1 (pH 3.5) or the single SAR 2
(pH 2.5) was still lower than that of the control. However,
ATP content in the rice seedlings treated with the combina-
tion of SAR 1 (pH 3.5) and La 1 (0.06 mmol LY recovered
to the control levels. Although ATP content in rice seedlings
treated with the single La 1 (0.06 mmol L") or the single La
2 (0.12 mmol L") was recovered to the level of the control,
ATP content in rice seedlings treated with a combination
of SAR 2 and La (0.06 mmol L™! or 0.12 mmol L") was
still lower than that of the control, and even lower than that
treated with the single SAR.

Effects of SAR and La’* on the Intracellular H* in Rice
Seedlings

The single SAR 1 (pH 3.5) increased intracellular H* in

rice seedlings, whereas the single SAR 2 (pH 2.5) decreased
intracellular H™ compared with that of the control during

@ Springer
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Fig. 3 Effects of La®* and SAR on intracellular H* in rice leaves
during exposure (a) and recovery (b) periods. Significant difference
at p<0.05 is shown with different letters

the exposure period (Fig. 3a). The intracellular H* in rice
seedlings treated with the combination of SAR (pH 3.5 or
2.5) and La 1 (0.06 mmol L™!) was higher than that of the
control. In addition, the increased degree of intracellular
H" in rice seedlings treated with the combination of SAR
1 (pH 3.5) and La 1 (0.06 mmol L™") was lower than that
of the single SAR 1. The single La®* increased intracellular
H" in rice seedlings compared with that of the control. The
combination of SAR 1 (pH 3.5) and La 2 (0.12 mmol L)
increased the intracellular H*, whereas the combination of
SAR 2 (pH 2.5) and La 2 (0.12 mmol L) decreased the
intracellular H*. In addition, the degree of change in the
intracellular H* in rice seedlings treated with the combina-
tion of SAR and La>" was higher than that treated with the
single SAR. After a 5-day recovery, the intracellular H' in
rice seedlings treated with the single SAR 1 (pH 3.5), the
single La 1 (0.06 mmol L") as well as the combination of
SAR 1 (pH 3.5), and La 1 (0.06 mmol L") recovered to
the level of the control (Fig. 3b). However, the intracellular
H* in rice seedlings treated with the combination of SAR 2
(pH 2.5) and La 1 (0.06 mmol L™!) was still higher than that
of the control. On the contrary, the intracellular H" in rice
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seedlings treated with the single SAR 2 (pH 2.5) as well as
the combination of SAR (pH 2.5) and La 2 (0.12 mmol L")
were still lower than that of the control. In addition, the
decreased degree of the intracellular H* in rice seedlings
treated with the combination of SAR (pH 2.5) and La 2 (0.12
mmol L™!) was larger than that treated with the single SAR
2 (pH 2.5).

Effects of SAR and La** on Gene Expression of Plasma
Membrane H*-ATPase

A total of 10 genes encoding plasma membrane H*-ATPase
were all expressed after a 5-day exposure (Fig. 4a). The sin-
gle La 1 (0.06 mmol L") increased the transcript level of
all genes by 37-97% except OSA 3 and OSA 6, whereas the
single La 2 (0.12 mmol L") decreased the transcript level of
all genes by 9-290% except OSA 2, OSA 3, and OSA 10. The
combination of SAR 1 (pH 3.5) and La 1 (0.06 mmol LY
increased the transcript level of all genes by 11-390%, and
the up-regulation on the transcript level of genes OSA I,
OSA 5, OSA 7, OSA 8, and OSA 9 was higher than that
treated with the single SAR (1). Although the combination

(a) 0.20 [ JLa 0 mmolL" ;
La 0.06 mmol-L
0-181 % B L2 0.12 mmolL”
0.16
Q
€ 0.14 ? R bc
£ %
5 0.12 q
3 0.10 .
2 e
£ 0.08- f
[)
¥ 0.06
0.04 o
0.02
0.00 , / :
pH7.0 pH3.5 pH2.5
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[ JLa0mmolL’
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(b) 0161 B L2 0.12 mmol-L”
0.14
Q
S 0.121
ES
E 0.104
o 0.08
=
©
S 0.6
o
0.04 1
0.024
0.00

Fig. 4 Effects of La** and SAR on the relative growth rate in rice
seedlings during exposure (a) and recovery (b) periods. Significant
difference at p <0.05 is shown with different letters

of SAR 2 (pH 2.5) and La 1 (0.06 mmol L") decreased the
transcript level of all genes by 42-318% except OSA 2 and
OSA 3, the down-regulation on the transcript level of OSA
1, OSA 5, and OSA 7 was lower than that treated with the
single SAR (2). The combination of SAR 1 (pH 3.5) and La
2 (0.12 mmol L) decreased the transcript level of genes
OSA 1, OSA 3, OSA 4, OSA 5, OSA 6, OSA 7, and OSA 10 by
79-169%, and the down-regulation on the transcript levels of
OSA 1, OSA 4, OSA 5, OSA 7, and OSA 10 was larger than
that treated with the single SAR 1. In addition, the combina-
tion of SAR 2 (pH 2.5) and La 2 (0.12 mmol L™!) decreased
the transcript level of all genes by 17-306% except OSA 2
and OSA 3, and the down-regulation of OSA I, OSA 5, OSA
6, OSA 7, and OSA 9 was larger than that treated with the
single SAR 2.

After a 5-day recovery (Fig. 2b), the transcript level of
OSA 1 in the rice seedlings treated with the single La 1
(0.06 mmol L) recovered to the level of the control. The
up-regulation of OSA 4 was lower than that measured dur-
ing the exposure period, whereas the rest of the genes were
lower than the control. For the rice seedlings treated with
the single La 2 (0.12 mmol L), the transcript level of all
genes except OSA 1, OSA 2, and OSA 7 was lower than the
control, and the decreased degree of OSA 5, OSA 6, and OSA
9 was even lower than those detected during the exposure
period. The transcript levels of genes OSA I, OSA 3, OSA
7, and OSA 8 in the rice seedlings treated with the combi-
nation of SAR 1 (pH 3.5) and La 1 (0.06 mmol L~!) were
still higher than the control, whereas the rest of the genes
were lower than the control. The transcript levels of all genes
except OSA 7 in the rice seedlings treated with the combi-
nation of SAR 2 (pH 2.5) and La 1 (0.06 mmol L) were
still lower than those of the control. The down-regulation
on the transcript level of genes OSA I, OSA 3, OSA 5 was
even lower than those treated with the single SAR 2. The
transcript levels of all genes in rice seedlings treated with the
combination of SAR 1 (pH 3.5) and La 2 (0.12 mmol L)
or the combination of SAR 2 (pH 2.5) and La 2 (0.12 mmol
L~!) were still lower than those of the control. In addition,
the down-regulation on the transcript level of genes OSA 1
and OSA 6 in rice seedlings treated with the combination of
SAR 1 (pH 3.5) and La 2 (0.12 mmol L™!) was even larger
than that treated with the single SAR 1. Similarly, the down-
regulation on the transcript level of genes OSA 1, OSA 4,
OSA 5, OSA 7, and OSA 9 in rice seedlings treated with the
combination of SAR 2 (pH 2.5) and La 2 (0.12 mmol LY
was even larger than those treated with the single SAR 2.

Effects of SAR and La’* on Relative Growth Rate
of Rice Seedlings

After a 5-day exposure, the single SAR at pH 3.5 or
2.5 decreased the relative growth rate of rice seedlings
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compared with that of the control (Fig. 5a). The single La 1
(0.06 mmol L") increased the relative growth rate, and the
relative growth rate of rice seedlings treated with the com-
bination of SAR 1 (pH 3.5) and La 1 (0.06 mmol L1 was
higher than that treated with the single SAR, showing no dif-
ference from that of control (p < 0.05). When rice seedlings
were treated with the combination of SAR 2 (pH 2.5) and La
1 (0.06 mmol L), the relative growth rate of rice seedlings
was lower than that of control, but was not different from
that treated with the single SAR 2 (p <0.05). The single
La2 (0.12 mmol L_') decreased the relative growth rate of
rice seedlings, and the relative growth rate of rice seedlings
treated with the combination of SAR (pH 3.5 or 2.5) and
La 2 (0.12 mmol L") was lower than that of the control,
and even lower than that treated with the single SAR. After
a 5-day recovery, the relative growth rate of rice seedlings
treated with the combination of SAR 1 (pH 3.5) and La 1
(0.06 mmol L) was still not different from that of controls,
but higher than that treated with the single SAR (1). In the
rice seedlings treated with the combination of SAR 2 (pH
2.5)and La 1 (0.06 mmol L), the relative growth rate was
still lower than that of the control, but the decreased degree
was smaller than that treated with the single SAR (2). How-
ever, the relative growth rate of rice seedlings treated with
the combination of SAR (pH 3.5 or 2.5) and La 2 (0.12
mmol L‘l) was still lower than that of the control, and even
lower than that treated with the single SAR (pH 3.5 or 2.5).

Evaluation on Biological Interaction Between SAR
and La**

The biological interaction between SAR and La’* was
evaluated according to the synergy factor (SF) value as
shown in Table 2. The combination of SAR 1 (pH 3.5)
and La 1 (0.06 mmol.L™!) had an antagonistic effect on
relative growth and intracellular H* because the SF val-
ues were <0.5, and had synergistic effects on membrane
plasma H-ATPase and ATP content because SF values were
>1.5. For the combination of SAR (pH 3.5 or 2.5) and La
2 (0.12 mmol L_l), all SF values were >1.5, indicating that
the interaction between SAR and the high concentration of
La was synergistic.

Discussion

Effect of La>* on Adaptation of Plasma Membrane
H*-ATPase in Rice Seedlings to SAR

The plasma membrane H*-ATPase directly couples ATP
hydrolysis to transport excess H* out of the cell, creating pH
and electrical potential differences across the plasma mem-
brane and providing the proton-motive force for transporting

@ Springer

many solutes (ions, metabolites, and so on) into and out
of the cell, thus play an important role in regulating plant
growth (Briskin and Hanson 1992). Making a comparison
between the SAR 1 and the combination of SAR 1 and La
1, we found that the application of La 1 (0.06 mmol L)
increased the activity of plasma membrane H*-ATPase, and
decreased the intracellular H* and ATP content in rice seed-
lings under SAR 1 stress (Figs. 1a, 2a, and 3a). The plasma
membrane H*-ATPase activated by La 1 can be beneficial
to pumping excessive H' out of cells and maintaining the
proton-motive force for transporting many solutes (ions,
metabolites, etc) into and out of the cell (Zhang and others
2016b), thus alleviated the inhibition on rice growth caused
by acid rain (pH 3.5) (Fig. 4a). On the other hand, it may be
also because the application of La >* can alleviate the inhi-
bition on photosynthetic capacity, nutrition absorption, and
the antioxidant system in plants caused by acid rain (Liang
and others 2011; Rui and others 2007; Sun and others 2013).
Making a comparison between the combination of La 1 and
SAR 1 and the combination of La 1 and SAR 2, we found
that the alleviating effect of La 1 on the activity of plasma
membrane H*-ATPase and growth in rice seedlings under
SAR 1 stress was better than that on rice seedlings under
SAR 2 stress. It indicates that the regulation of La 1 on the
growth of rice under acid rain stress depended on the inten-
sity of acid rain. On the contrary, the application of La 2
(0.12 mmol L™!) decreased the activity of plasma membrane
H*-ATPase and ATP content compared with that treated
with the SAR (Figs. 1a, 2a). It means that proton transport
on the membrane could be hindered, uptake of nutrients
properly affected, and then, the inhibition on growth of rice
seedlings was aggravated. Moreover, the intracellular H*
was increased in rice seedlings treated with the combination
of SAR 1 and La 2, whereas it was decreased in rice seed-
lings treated with the combination of SAR 2 and La 2 com-
pared with that treated with the SAR (Fig. 3a). The change
in intracellular H" may result from two aspects. One could
be that the high concentration La®* (La 2) aggravated the
inhibition on activity of plasma membrane H*-ATPase and
destabilized intracellular H* in cells. The other could be that
the high concentration La** (La 2) aggravated membrane
damage and led to more H* outflow. Our previous studies
also found that a low concentration of La** (0.06 mmol L™")
did not affect the activity of antioxidant enzymes (catalase
and peroxidase) in soybean seedlings, whereas a high con-
centration of La** (0.18 mmol L™") did. The joint stress of
La** (0.18 mmol L™') and acid rain (pH 4.5 and 3.0) more
severely affected the activity of catalase and peroxidase
(Liang and Wang 2013). The combination of La>" at high
concentration (0.4 and 1.2 mmol L™!) and acid rain (pH 3.5
and 4.5) can obviously destroy the chloroplast ultrastructure
of the cell and aggravate the harmful effect of the single
La** and acid rain on photosynthetic capacity and growth
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Table 2 Eyaluatign on La’* (mmol  SAR (pH) SF (plasma membrane SF (intracel- SF (ATP SF (relative
biological 1n3tfract10n between LY H*-ATPase activity) lular H*) content) growth rate)
SAR and La’" on plasma
membrane HT-ATPase activity, 0.06 45 1.75 021 1.60 ~5.00
intracellular H", ATP content,
and relative growth rate 25 114 —042 1.30 119

0.12 4.5 0.50 1.52 2.11 1.86

2.5 1.51 2.47 1.63 1.51

The biological interaction between SAR and La** was evaluated by the synergy factor (SF) value calcu-
lated by Abott’s formula. If SF> 1.5, there is synergism; if 0.5 <SF< 1.5, there is additivity; if SF<0.5,

there is antagonism

in soybean seedlings (Wen and others 2011). The degree
of decrease in growth of soybean depends on the increases
in the concentration of La®* and acid rain (H") when they
are treated with acid rain (pH 3.0, 3.5, 4. 5) and La** (0.24,
0.40, and 1.2 mmol L") (Liang and others 2010). Besides
considering the concentration of La>* and the acidity of acid
rain, the response degree of plants to La** and acid rain also
depended on the species of plant, the growth stage of the
plant, and the La treatment method (Hu and others 2016;
Zhang and others 2016c). According to the synergy factor
(SF) between SAR and La** (Table 2), we found that the
combination of SAR 1 (pH 3.5) and La 1 (0.06 mmol.L™1)
had antagonistic effects on relative growth and intracellu-
lar H" and had a synergistic increase on membrane plasma
H*-ATPase and ATP content. However, the combination of
SAR (pH 3.5 or 2.5) and La 2 (0.12 mmol.L™!) had a syn-
ergistic inhibition on all parameters. That also proved that
La®* at the proper concentration can enhance the tolerance
of rice seedlings to acid rain stress by increasing the activity
of plasma membrane H*-ATPase, whereas La’*tata higher
concentration can aggravate the damage caused by acid rain.

After a 5-day recovery, the activity of plasma membrane
H'-ATPase, ATP content, and intracellular H' in rice seed-
lings treated with the combination of SAR 1 (pH 3.5) and La
1 (0.06 mmol L") all recovered to the level of control, but
the ATP content in rice seedlings treated with SAR 1 (pH
3.5) was still lower than that of the control. Although three
indices in rice seedlings treated with the combination of
SAR 2 (pH 2.5) and La 1 (0.06 mmol L~") were still worse
than those of the control, but better than those treated with
the single SAR 2. These results indicate that the applica-
tion of low concentration La** can promote the recovery
of rice seedlings following the withdrawal of the SAR, and
the degree of recovery was related to the pH of acid rain.
However, the activity of plasma membrane H*-ATPase,
intracellular H*, and ATP content in rice seedlings treated
with SAR (pH 3.5 or 2.5) and La 2 (0.12 mmol L™!) were
not recovered, and even worse than that measured during the
stress period. This indicates that the application of high con-
centration La®* prolongs the recovery time of rice seedlings
treated with acid rain.
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Effect of La** on Gene Expression of Plasma
Membrane H*-ATPase in Rice Seedlings Under SAR

Rice genome sequencing reveals the existence of ten
plasma membrane H*-ATPase isoforms divided into five
subfamilies: I (OSA 1, 2, 3), I1 (OSA 5, 7), III (OSA 9),
IV (OSA 4, 6, 10), and V (OSA 8) (Loss Sperandio and
others 2011; Michelet and Boutry 1995). In this study,
La** (Lal/La2) can up-/down- regulate expression of OSA
1, OSA 4, OSA 5, OSA 7, OSA 8, and OSA 9 (Fig. 5a)
to mediate mainly the activity of plasma membrane
H*-ATPase (Fig. 1a). Among the isoforms that are medi-
ated by La’*, the expression of OSA 1, OSA 5, and OSA
7 in rice leaves treated with SAR (pH 3.5 or 2.5) and La
1 (0.06 mmol L") was higher than that treated with the
single SAR, in line with the increase in the activity of
plasma membrane H*-ATPase. Moreover, the transcript
level of OSA 3 decreased in rice leaves treated with the
single La 1, whereas it increased in rice leaves treated with
the combination of SAR (pH 3.5 or 2.5) and La 1. This
phenomenon shows that La 1 activated the plasma mem-
brane H*-ATPase in leaves under SAR stress by increasing
the OSA I, OSA 3, OSA 5, and OSA 7. These four isoforms
belong to subfamilies I and II, which are usually expressed
highly and widely in plants (Arango and others 2003). The
distinct response of transcript level among individual iso-
forms may result in a shift in the enzyme composition of
individual H*-ATPase in the plasma membrane (Zhu and
others 2009). As it has been proven that different isoforms
of H*-ATPase have different enzyme kinetics (Palmgren
and Christensen 1994), we speculated that OSA 1, OSA 3,
OSA 5, and OSA 7 may express the isoenzymes of plasma
membrane H-ATPase which have a high affinity for the
substrate. When rice was exposed to the combination of
SAR (pH 3.5 or 2.5) and La 2 (0.12 mmol L™, the down-
regulation on the transcript level of OSA I, OSA 5, and
OSA 7 was higher than that treated with the single SAR.
It may be one of the reasons resulting in the decrease
of plasma membrane H*-ATPase activity in rice leaves
treated with SAR (pH 3.5 or 2.5) and La 2 compared to
that in leaves treated with the single SAR.
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After a 5-day recovery, expression of all genes in the
rice seedlings treated with SAR 1 (pH 3.5) and La 1 (0.06
mmol L~!) was lower than in those measured during the
exposure period, resulting in the recovery of plasma mem-
brane H*-ATPase activity. In the rice seedlings treated with
the combination of SAR 2 (pH 2.5) and La 1, the degree in
down-regulation of OSA 1, OSA 3, and OSA 5 was smaller
than in those treated with the single SAR 2. Analyzing the
recovery of the plasma membrane H*-ATPase activity in
rice seedlings treated with the combination of SAR 2 and
La 1 (Fig. 1b), we inferred that the low concentration of
La** (La 1) can increase expression of OSA I, OSA 3, and
OSA 5 at the transcription level to promote the recovery of
plasma membrane H*-ATPase activity, which could be ben-
eficial to maintain the normal intracellular pH and uptake of
nutrients. The expression of 10 genes at the transcriptional
level in rice leaves treated with SAR (pH 3.5 or 2.5) and La
2 (0.12 mmol L") was still lower those of the controls, and
the decreased degree in expression of OSA 1, OSA 4, OSA 5,
OSA 7 was larger than in those treated with the single SAR
or measured during the stress period. This may be responsi-
ble for the unrecovered plasma membrane H*-ATPase activ-
ity in rice seedlings under such combined stresses.

Conclusion

Our study confirms that a low concentration of La** (0.06
mmol L) can alleviate the inhibition caused by acid rain
on the growth in rice seedlings by increasing the activity
of plasma membrane H"-ATPase to pump excess H* out
of the cells. However, a high concentration of La’t 0.12
mmol L™!) aggravated the inhibition caused by acid rain
on the growth of rice seedlings due to decreased activity
of plasma membrane H"-ATPase and destabilization of
intracellular H'. These results will help us understand that
the application of La*" at the proper concentration could
be one way to eliminate the damage caused by acid rain
to plants through regulating the activity of plasma mem-
brane HT-ATPase. On the other hand, caution should be
used because application of La** at high concentrations
could have harmful effects on plants, and such negative
effects could be even worse because of the occurrence of
acid rain.
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