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ABSTRACT

The plasma membrane NADPH Oxidase-derived ROS as signaling molecules play crucial roles in salt stress
response. As the motor organelle of cells, mitochondria are also important for salt tolerance. However, the
possible interaction between NADPH Oxidase-derived ROS and mitochondria is not well studied. Here,
a transgenic Arabidopsis expressing mitochondrial matrix-targeted pH-sensitive indicator cpYFP was used
to monitor the pH dynamics in root cells under salt stress. A significant alkalization in mitochondria was
observed when the root was exposed to NaCl or KCl, but not osmotic stress such as isotonic mannitol.
Interestingly, when pretreated with the NADPH Oxidase inhibitor DPI, the mitochondrial alkalization in
root cells was largely abolished. Genetic evidence further showed that salt-induced mitochondrial
alkalization was significantly reduced in the loss of function mutant atrbohF. Pretreatment with endocy-
tosis-related inhibitor PAO or TyrA23, which inhibited the ROS accumulation under salt treatment, almost
abolished this effect. Furthermore, [Ca“]cyt increase might also play important roles by affecting ROS
generation to mediate salt-induced mitochondrial alkalization as indicated by treatment with plasma
membrane Ca®* channel inhibitor LaCl; and mitochondrial Ca®* uniporter inhibitor Ruthenium Red.
Together, these results suggest that the plasma membrane NADPH Oxidase-derived ROS promote the
mitochondrial alkalization under salt treatment, providing a possible link between different cellular
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compartments under salt stress.

Introduction

Soil salinity is a major environmental stress affecting crop
production and food security worldwide and salt stress mainly
causes ion toxicity, osmotic stress and oxidative damage to
plants.' It has been well documented that reactive oxygen
species (ROS) induced by salt stress, acting as signaling mole-
cules, play important roles on adaptive responses, although
they are toxic at higher concentration.”

There are five potential sources for ROS generation under
various stresses, the plasma membrane, chloroplasts, mito-
chondria, peroxisomes and apoplasts.”® As a major source of
ROS, the plasma membrane NADPH Oxidase plays important
roles in salt responses in Arabidopsis.”® ROS derived from
AtRbohD and AtRbohF function as signaling molecules to
increase proline synthesis,9 K*/Na* ratio”® and antioxidative
activities'® under salt stress in Arabidopsis, thus contributing to
salt stress tolerance. Interestingly, salt treatment could also
induce the endocytosis of NADPH Oxidase from the plasma
membrane;'’ it is suggested that the internalization of NADPH
Oxidase might contribute to salt response.'> When the endo-
cytosis pathway was inhibited, salt-induced ROS accumulation
in roots was abolished."

Salt stress also induces increases in cytosolic-free Ca®* con-
centration ([Ca”]cyt), which is mainly caused by Ca** influx
through the plasma membrane Ca** channels. A recently iden-
tified plant cell-surface glycosyl inositol phosphorylceramide
(GIPC) sphingolipids could sense Na* to trigger Ca®" influx,"*

which acted as an important salt-sensing mechanism. Both as
important second messengers, Ca’* and ROS cross-talk is
suggested in many processes including salt stress response.'”

As selective uptake of essential ions such as K* and selective
exclusion or efflux of Na™ are all ATP-consuming processes.
Plant mitochondria, the primary function of which is ATP
generation via oxidative phosphorylation, are considered to
play important roles in salinity stress response.'®'” In rice
roots, high respiration rates can enhance salinity tolerance by
facilitating ion exclusion.'® However, the underlying regulation
mechanism for ATP generation is largely unknown.

The alkaline pH level in mitochondria (pH,,) plays a central
role in the formation of a proton gradient and electrochemical
potential that drives the ATP synthesis. It has been shown that
pH,, is finely tuned and can be influenced by several bioactive
species and environmental parameters.'®*® At present, the
pH,, is detected mostly by pH-sensitive fluorescent probes
and green fluorescent protein-based pH indicators. In plants,
due to their convenience for targeting specific parts of the cell,
genetic-encoded pH-sensitive GFP derivatives were preferred.
Different kinds of GFP-based pH sensors such as pHluorin
have been constructed in plants.*’ cpYFP (circular permuted
yellow fluorescent protein), originally considered as
a superoxide indicator, was recently identified as a high-
sensitivity, high-pKa pH sensor.*>*

In the present study, the possible relationship and commu-
nication between the plasma membrane NADPH Oxidase-
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derived ROS and mitochondria under salt stress was studied
and it is found that ROS derived from the NADPH Oxidase
promoted mitochondrial alkalization under salt stress in
Arabidopsis root cells, which might further contribute to the
ATP generation.

Materials and methods
Plant materials and growth conditions

The mitochondrial-targeted cpYFP transgenic Arabidopsis seeds
were kindly provided by Dr. Qu Lijia (Peking University).>* The
rbohF mutant line (SALK_034674) was kindly provided by
Dr. Hao Fushun (Henan University) which was originally
obtained from the Arabidopsis Biological Resource Center
(ABRC).®

Seeds were surface sterilized with 0.1% HgCl, for about 5
min and rinsed with deionized water for at least four times, and
then the seeds were sown on solid 1/2 Murashige and Skoog
medium containing 1% (w/v) agar and 1% sucrose (pH was
adjusted to about 5.9 with KOH), and incubated for 2 d at 4°C
and then petri dishes were placed vertically in a plant growth
chamber under 120 pmol photons m > s ™" with a 16 h/8 h (day/
night) photoperiod at 22 + 1°C and a relative humidity at 60%.
Five-day-old Arabidopsis seedlings were used for imaging in
this study.

Identification of homozygous mutants with the
mito-cpYFP indicator

The rbohF was crossed to the mito-cpYFP in the wild type
(ecotype Columbia (Col-0)); then, the homozygous mutants
with mito-cpYFP indicator were identified by confocal micro-
scope and PCR analysis as indicated by Ma et al.®

Salt treatment and pharmacological assays

Five-day-old seedlings were put on the dish and then exposed
to solutions of 140 mM NaCl, 300 mM mannitol or mock for
time-course imaging. For pharmacological assays, the seedlings
were incubated in DPI, PAO, TyrA23, LaCl; and Ruthenium
Red at indicated concentrations for 1 h before salt treatment.

Imaging of mito-cpYFP with Laser confocal scanning
microscopy (LCSM)

All microscopic observations were performed using a Laser
confocal scanning microscopy (Zeiss, LSM710, Germany).
The cpYFP signal was visualized with excitation at 488 nm
and emission at 525 nm.

H>0, levels detection in roots under different treatments

The H,O, levels in roots under different treatments were
detected according to He et al. (2012) with some
modification.** Briefly, roots of five-day-old seedlings were
incubated in 50 uM H,DCFDA for 15 minutes in darkness,
after washed for three times with the buffer, the roots were
exposed to salt stimuli or pretreated with inhibitors such as

LaCl;. The imaging was carried out at the same condition of
mito-cpYFP.

Quantitative analysis

Microscope images were analyzed with Image] for calculating
the average fluorescent intensity. More than three independent
experiments were analyzed. The results were expressed as
means * standard divisions of biological replicates.

Results

Exogenous NaCl treatment induced mitochondrial
alkalization in Arabidopsis root cells

To directly monitor the dynamic changes of pH in mitochondria
under salt stimuli, mitochondrial-targeted cpYFP, a genetic-
encoded pH-sensitive indicator, transgenic plants were used.”
When the Arabidopsis root was exposed to 140 mM NaCl
(140 mM was chosen as this concentration of salt was previously
shown to substantially inhibit root growth but does not cause
seedling death®), the fluorescence increased rapidly (Figure 1).
After treatment for about 30 minutes, more than two-fold
increase of fluorescence was observed, indicating the rapid alka-
lization in root cell mitochondria under salt stimuli.

Consistent with previous studies, the alterations in mito-
chondrial morphology under salt treatment were also
observed. After 10 minutes of NaCl treatment, mitochondria
began to show an aggregated distribution, by about 30-40 min,
mitochondria showed a significant clustered morphology
within the cytoplasm, which was similar to that under phyto-
hormone SA treatment.”® Furthermore, when treated with
isotonic mannitol or even higher osmotic potential such as
300 mM, no significant fluorescence increase or mitochondrial
morphology change was observed in 60 min treatment, indi-
cating that salt-induced mitochondrial alkalization and mor-
phology changes in mitochondria were mainly caused by ionic
stress but not osmotic stress.

Pretreatment with NADPH Oxidase inhibitor DPI or
impairment in AtRbohF reduced NaCl-induced
mitochondrial alkalization

Previous study showed that salt but not mannitol treatment
could induce the accumulation of ROS in Arabidopsis roots,"*
we hypothesized that salt treatment activated the NADPH
Oxidase activity and led to increases in cytosolic ROS,
which further affected the mitochondria behavior. As a first
try, pharmacological assays were taken. As shown in Figure 2,
when pretreated with 15 uM NADPH Oxidase inhibitor DPI
(diphenyleneiodonium chloride), at which concentration salt-
induced ROS accumulation in root cells was significantly
reduced (FigureSl1), salt-induced mito-cpYFP fluorescence
increase was significantly reduced compared with that in the
wild type. When treated with higher concentration of DPI at
30 uM, the basal fluorescence was reduced to a lower level
and almost no fluorescence increase was observed under
NaCl treatment in 40 min observation. These results indi-
cated that inhibition of the NADPH oxidase activity with DPI
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Figure 1. Salt treatment-induced mitochondrial alkalization in Arabidopsis root tip cells. (a) LCSM images of mito-cpYFP in Arabidopsis root tip cells, which were treated
with 140 mM NaCl, 140 mM KCl, 300 mM mannitol or mock (1/2 MS). The figure showed a representative layer of a 1T um optical section along the z-axis. Figures at
different time points were chosen at almost the same position according to the transmitted images. Scale bars= 50 um. (b) The kinetics of the relative fluorescent
intensity of root tip cells under different treatments. Data represent means + standard divisions from at least three independent experiments (n>5).
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Figure 2. Pretreatment with NADPH Oxidase inhibitor DPI blocked salt-induced mitochondrial alkalization. (a) LCSM images of mito-cpYFP in root tip cells under NaCl or
mock (1/2 MS) treatment when pretreated with 15 pM and 30 uM DPI in wild type or in rbohF mutant. Scale bars= 50 pm. (b) The kinetics of the fluorescence intensities
of root tip cells under different treatments. Data represent means + standard divisions from at least three independent experiments (n>5).

could significantly reduce salt-induced mitochondrial
alkalization.

Considering the relative higher transcription level of
AtrbohF in root tips in the control and salt stress
condition,””*® to further study the genetic basis of ROS-
induced mitochondrial alkalization, homozygous atrbohF
with the mito-cpYFP was constructed. Under NaCl treatment,
the mito-cpYFP fluorescence in atrbohF mutant was signifi-
cantly weakened when compared with that in the wild type
(Figure 2), suggesting that AtRbohF might act as an important
source of ROS to mediate salt-induced mitochondrial alkaliza-

tion at least in root tip cells.

The endocytosis of NADPH Oxidase facilitated
salt-induced mitochondrial alkalization

Previous studies showed that salt stress could stimulate the
endocytosis of NADPH Oxidase from the plasma membrane,
which might contribute to the maintaining of the activities of
plasma membrane localized NADPH Oxidase.'” To test the
role of internalization of NADPH Oxidase on salt-induced

mitochondrial alkalization, we analyzed the effects of PAO
and TyrA23, two inhibitors of clathrin-mediated endocytosis
(CME) pathway.?*' TyrA23 was previously considered as
a tyrosine kinase inhibitor to block CME; however, a recent
study suggested that it might inhibit CME pathway largely
through cytosolic acidification.”® As is shown in Figure 3,
pretreatment with both inhibitors strongly suppressed salt-
induced mito-cpYFP fluorescence increase. Consistent with
previous studies,"> PAO or TyrA23 pretreatment significantly
reduced NaCl-induced ROS accumulation in root cells as indi-
cated by the fluorescent probe H,DCFDA (Figure S2). These
results indicated that the CME pathway facilitated the NADPH
Oxidase-derived ROS generation, which further contributed to
ROS-induced mitochondrial alkalization under salt treatment.

Role of [ Caz+]cy, increase in NADPH Oxidase-derived
ROS-mediated mitochondrial alkalization under salt stress

Considering the importance of Ca®" in ROS signaling and salt
tolerance for plants,”> we further tested whether the salt-stimu
lated increase of [Ca®"]. played a role in regulating salt-induced
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Figure 3. Pretreatment with endocytosis inhibitor PAO reduced salt-induced mitochondrial alkalization. (a) LCSM images of mito-cpYFP in root tip cells under NaCl or
mock (1/2 MS) treatment when pretreated with 10 uM PAO or 50 uM TyrA23. Scale bars= 50 um. (b) Changes in the relative fluorescent intensity of root tip cells under
different treatments at indicated time points. Data represent means + standard divisions from at least three independent experiments (n>5).

mitochondrial alkalization by pharmacological assays. The plasma
membrane Ca>* channel inhibitor LaCls, which could significantly
reduce the salt-induced increase of [CazJ’]Cyt (Figure S3), was used.
When pretreated with 50 uM LaCl; before salt exposure, to some
extent the salt-induced mitochondrial alkalization was abolished
(Figure 4), indicating an important role for Ca*" influx mediated
by plasma membrane Ca®* channels in this process. At the same
time, LaCl; treatment significantly reduced salt-induced ROS
accumulation in root cells (Figure S4), indicating that [Cazd']Cyt
increase might regulate salt-induced mitochondrial alkalization
through affecting salt-induced ROS accumulation in root cells.
On the other hand, considering the reciprocal regulation between
ROS and Ca*" under salt stress, it is possible that salt-induced
accumulation of ROS especially through the plasma membrane
NADPH Oxidase might further induce the increase of [Ca?*] oyt
However, whether [Ca2+]cyt increase regulates ROS-induced mito-
chondrial alkalization is still obscure and further study is needed.
Interestingly, mitochondrial Ca** uniporter inhibitor Ruthenium
Red (RR) treatment had no significant effects on the salt-induced
mitochondrial alkalization (Figure 4), which further indicated the
important roles of [Ca“]Cyt increase in salt-induced and NADPH
Oxidase-derived ROS-mediated mitochondrial alkalization.
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Discussion

As a semi-autonomous organelle, mitochondrion plays impor-
tant roles in plant development and stress responses.’” Signaling
or communication between mitochondria and other organelles
or cytoplasm is essential for proper cellular function. The alka-
line pH level in mitochondria is closely related with many
biological processes, but how it is regulated and the dynamic
changes under different stimuli is not precisely understood.”
In this study, we demonstrated that the NADPH Oxidase-
derived ROS promoted mitochondrial alkalization under salt
stress, based mainly on the following results. Firstly, salt stress
could induce mitochondrial alkalization in root cells as indi-
cated by the pH-sensitive indicator cpYFP (Figure 1).**
Secondly, pretreatment with the NADPH Oxidase inhibitor
DPI significantly reduced this effect (Figure 2). Thirdly, in
the NADPH Oxidase F loss of function mutant rbohF, salt-
induced mitochondrial alkalization was impaired (Figure 2),
indicating that the NADPH Oxidase F contributed to this
process at least in the root tip cells. Fourthly, when the ROS
generation-related endocytosis pathway was inhibited by PAO
or TyrA23, this effect was also abolished (Figure 3). These
results strongly indicated a role for NADPH Oxidase-derived

B

I~
i

4 @ LaCl;NaCl 4@ LaCl3 Mock

= RRNaCl % RR Mock

[
=)
1

Relative Fluorescent Intensity
(Arbitrary units)
B b

wm
1

0 10 20 30 40
Time (min)

Figure 4. Effects of interfering with salt-induced plasma membrane Ca®* influx on salt-induced mitochondrial alkalization. (a) LCSM images of mito-cpYFP in root tip
cells under NaCl or mock (1/2 MS) treatment when pretreated with 50 uM LaCl3 or 10 uM RR. Scale bars= 50 pm. (b) Changes in the relative fluorescent intensity of root
tip cells under different treatments at indicated time points. Data represent means + standard divisions from three independent experiments (n>5).



ROS in promoting the mitochondrial alkalization under salt
stress and presented a possible link between different cellular
compartments under salt stress condition. Interestingly,
a similar mechanism seemed to exist also in animal cells. For
example, mitochondrial alkalization was observed under exo-
genous H,O, stimuli in animal cell lines indicated by
a mitochondrial pH-sensitive fluorescent indicator Mito-pH
-1.” In diabetic nephropathy, advanced glycation end-
products (AGEs) induced cytosolic ROS generation mainly
through the NADPH Oxidase, cytosolic ROS further facilitated
the production of mitochondrial superoxide and promoted
diabetic kidney disease.”® These results indicated a possible
conserved function for ROS to mediate the communication
between the plasma membrane and mitochondria.

Several studies have demonstrated that pH,,, controls the rate
of oxidative phosphorylation, so salt-induced mitochondrial
alkalization can ensure the uptake of essential substances for
oxidative metabolisms and elevate ATP synthetic rates, which
is important for salt tolerance in plants.'"® On the other hand,
pH., is associated directly or indirectly with several important
biological processes occurring in mitochondria, such as the ROS
generation, Ca”" homeostasis and programmed cell death, salt-
induced pH,, elevation might also affect these processes as an
early response to salt stress. Further studies are expected to
monitor the pH,,, dynamics under long-term salt exposure and
respiration dynamics in both roots and shoots to explore the role
of pH,, alternation and ATP synthesis in salt tolerance. The
mechanism by which NADPH Oxidase-derived ROS induce
the alkalization in mitochondria is still obscure, and further
research is needed to uncover the detailed underlying mechan-
ism including whether Ca** signaling mediates this process.

In response to cellular and environmental stresses, mito-
chondria undergo morphology transitions regulated by
dynamic processes of membrane fusion and fission and
mitochondrial dynamics are important for cellular activity
regulation.35 Besides salt stress, similar results for mito-
chondrial morphology changes were observed in many
other conditions such as phytohormone salicylic acid-
treated leaf tissues.”*>> It has been shown that mitochon-
drial ROS (mtROS) were closely related to this mitochon-
drial morphology transition.”® It is possible to speculate
that pH,, might be involved in this process. In fact, pre-
vious study showed that the pH,, is involved in the regula-
tion of the ROS generation in mitochondria.’® Tt will be
interesting to explore whether mitochondrial alkalization
induce mitochondrial morphology transition by promoting
mtROS generation under salt stress.
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