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NaCl-stimulated ATP synthesis in mitochondria of a halophyte
Mesembryanthemum crystallinum L.
Dan Q. Trana,b,c, Ayako Konishib, Masahiro Morokumab, Masanori Toyotab and Sakae Agarieb

aThe United Graduate School of Agriculture Science, Ehime University, Matsuyama, Japan; bFaculty of Agriculture, Kagawa University, Miki,
Japan; cUniversity of Education and Science, The University of Da Nang, Da Nang, Vietnam

ABSTRACT
Salinity adaptive responses in halophytes include energy-requiring processes, but the mechanism
supplying ATP to meet the increased ATP demand remains unclear. In the present study, we
examined the effects of NaCl on ATP synthesis in mitochondria isolated from a halophyte, the
common ice plant (Mesembryanthemum crystallinum L.). The ATP synthesis rate was maintained or
enhanced with increasing osmotic pressures ranged from 0.2 to 2.0 MPa in the assay mixtures
containing NaCl, whereas it was decreased in the mixtures with the equivalent osmotic pressures
generated by sorbitol only. Also, the ATP synthesis rate was enhanced with increasing NaCl
concentrations ranged from 50 to 350 mM in the assay mixtures with fixed (2.0 MPa) osmotic
pressure. These results suggested a mechanism of enhanced ATP synthesis in the mitochondria by
the ionic effects of NaCl, which might play an important role in the adaptation of the ice plant
under salinity.
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Introduction

Salinity, which is caused by the presence of NaCl in soils, is
one of the major abiotic stresses limiting plant growth
and agricultural production (Flowers & Colmer, 2008).
Enhancement of salt tolerance in crops and application
of salt-tolerant plants as alternative crops are useful

solutions to maintain agricultural production (Glenn,
Brown & Blumwald, 1999; Panta et al., 2014; Shabala,
2013).

Halophytes are defined as salt-tolerant plants that
capable of completing their life cycle under high sali-
nity at which almost all crops die (Flowers & Colmer,
2008). Growing under saline conditions, halophytes
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may operate evolved mechanisms for salt tolerance
(Flowers & Colmer, 2008; Shabala & Mackay, 2011). In
the salt-tolerant plant species, Na+ and Cl− are seque-
strated into vacuole for preventing toxic effects of the
ions on metabolisms in the cytoplasm. The sequestra-
tion of Na+ and Cl− is mediated through tonoplast
transporters, such as H+/Na+ and H+/Cl− antiporters
that are driven by proton gradient generated via ATP
hydrolysis of tonoplast H+-pyrophosphatases (V-PPases)
and/or H+-ATPases (V-ATPases) (Flowers & Colmer,
2008; Flowers, Troke & Yeo, 1977). Halophytes also
have the ability to maintain active uptake for macro-
nutrient ions and enhance the synthesis of compatible
solutes under salt stress conditions for controlling inter-
cellular ion homeostasis and osmotic adjustment
(Flowers & Colmer, 2008). These processes to increase
salt tolerance need much energy to operate; thus, ATP
demand in response to salinity of halophytes would
considerably increase (Kumari, Das, Parida & Agarwal,
2015; Yeo, 1983).

In addition to salt tolerance, some halophytes also
need salt at some extent for maximum growth (Flowers
& Colmer, 2008). The enhancement of growth by NaCl
that referred to as halophilism is an important trait for
the adaptation to salinity, but there have still been few
studies on the physiological mechanisms of halophilism
(Himabindu et al., 2016; Kaburagi, Morikawa, Yamada &
Fujiyama, 2014; Shabala, 2013; Tran et al., 2019; Yamada,
Kuroda & Fujiyama, 2016). In our previous report, NaCl
enhanced the growth of suspension-cultured cells of
a halophyte, the common ice plant,
Mesembryanthemum crystallinum L., and the growth
enhancement was attributed to the increase of cell divi-
sion and cell elongation (Tran et al., 2019). ATP is needed
in the processes of growth, and thus, ATP synthesis
would also be increased for the growth enhancement
stimulated by NaCl. Several previous studies have
observed variances in mitochondrial respiration rate in
some halophyte species under salt stress conditions
(Atreya & Bhargava, 2008; Jacoby, Taylor & Millar, 2011).
For example, recent proteomics-based studies have pro-
posed an increase of mitochondrial ATP synthesis in
several halophytes under salinity, such as Thellungiella
halophila (Wang et al., 2013), Kandelia candel (Wang
et al., 2014), and Puccinellia tenuiflora (Yu et al., 2011),
through the observation of increased abundances of
proteins involved in tricarboxylic acid (TCA) cycle, elec-
tron transport chain (ETC) complexes, and ATP
synthases. However, there have been no data obtained
by direct measurement to demonstrate that NaCl
enhances ATP synthesis in halophytes.

The ice plant is known as a facultative halophyte
native to South and Eastern Africa and can survive

under saline conditions with NaCl concentration
equivalent to that of seawater (Adams et al., 1998;
Bohnert et al., 1988). The growth of the ice plant is
enhanced in salinized soils contained some amounts
of NaCl up to 200 mM (Adams et al., 1998; Flowers
et al., 1977). This halophyte has been cultivated as
a vegetable in some countries (Agarie et al., 2009) and
also used as a useful model halophyte for studies on
salt tolerance (Bohnert & Cushman, 2000; Vera-Estrella,
Barkla, Bohnert & Pantoja, 1999). Many of the salt-
tolerant responses specific to halophytes have been
found in the ice plant (Bohnert & Cushman, 2000; Oh
et al., 2015). To understand the effect of NaCl on ATP
synthesis in halophyte for adaptation to salinity, in the
present study, we examined the ATP synthesis rate in
mitochondria at different levels of NaCl, which were
isolated from leaves of the ice plants grown under
different NaCl conditions.

Materials and methods

Plant culture and NaCl treatment

Seeds of M. crystallinum L. were surface sterilized and
sowed on a germination medium as described by Agarie
et al. (2007). Two-week-old seedlings were transferred to
pots in 18 cm diameter and grown in a greenhouse at
Kagawa University according to the descriptions by
Agarie et al. (2009). NaCl treatments were applied to
the 6-week-old plants by irrigating the mixed nutrient
solutions of Otsuka House No. 1 and No. 2 (Otsuka
AgriTechno Co. Ltd., Japan) contained 100 and 400 mM
NaCl, while the untreated plants were irrigated with the
nutrient solution without NaCl. The fresh and dry weight
of shoots were determined at 6 weeks after the onset of
the treatments.

Mitochondrial isolation

Mitochondria were isolated from leaves of plants grown
without and with 100 and 400 mM NaCl for 8 weeks after
the onset of treatment. The mitochondrial isolation was
adopted from the method of Hong, Phuong, Thuy,
Wheatley and Cushman (2019) with a small modification
that the mitochondria were purified by isopycnic density
centrifugation with an 18%–23%–40% Percoll step gra-
dient at 25,000 × g for 45 min using an ultracentrifuge
(Model CP70MX, Hitachi, Japan). Mitochondrial protein
content was determined using a Quick Start Bradford kit
(Cat. 500-0205, Bio-Rad) and BSA as a standard. The
isolated mitochondria with 80–90% intactness were vali-
dated using cytochrome c oxidase assay as described by
Keech, Dizengremel and Gardeström (2005).
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ATP synthesis of isolated mitochondria in the assay
mixtures containing sorbitol and NaCl

The isolated mitochondria were suspended in the buffer
solution as described by Panda, Yamamoto, Kondo and
Matsumoto (2008), which contained 100, 200, 300, 400,
600, 800, and 1000 mM sorbitol to generate 0.2, 0.5, 0.7,
1.0, 1.5, 2.0, and 2.5 MPa osmotic pressures in assay
mixtures as calculated by the van’t Hoff equation,
respectively. Similarly, the isolated mitochondria were
also suspended in the buffer solution contained
100 mM sorbitol combined with 0, 50, 100, 150, 250,
350, and 450 mM NaCl, in which the osmotic pressures
of assay mixtures were equivalent to that of the sorbitol
treatments. On the other hand, the isolated mitochon-
dria were added into the assay mixtures containing 50,
100, 150, 250 and 350 mM NaCl, in which osmotic pres-
sures of these assay mixtures were fixed at 2.0 MPa using
different amounts of sorbitol. The assay mixtures were
set at 25°C for 10 min. The ATP synthesis was terminated
by adding inhibitors as described by Soccio, Laus, Trono
and Pastore (2013).

Measurement of ATP content

The ATP content in the assay mixtures was measured on
the basis of NADPH fluorescence intensity (ʎex = 360 nm,
ʎem = 460 nm) generated via hexokinase (HK)/glucose-
6-phosphate dehydrogenase (G6PDH) coupled reac-
tions, according to the procedure described by Soccio
et al. (2013). The ATP detection solution was mixed with
the assay mixture in a 96-well plate (CellStar, Greiner Bio-
one, Germany). Fluorescent intensity measurement was
carried out at 25°C with a fluorescence microplate reader
(Cyto Fluor 4000, Applied Biosystems). The ATP synthesis
rate (nmol ATP min−1 mg−1 protein) was calculated on
the basis of the reaction time and mitochondrial protein
content (Soccio et al., 2013).

Results

Effects of sorbitol and NaCl on ATP synthesis in
isolated mitochondria

The growth of the plants grown with NaCl was enhanced
approximately twice with 100 mM and maintained with
400 mM NaCl compared to that of the plants grown
without NaCl (Figure 1). The mitochondria were isolated
from the leaves of the plants grown without and with
NaCl. The ATP synthesis rate was measured on the iso-
lated mitochondria in the assay mixtures with different
osmotic pressures ranged from 0.2 to 2.5 MPa, which
was generated by sorbitol and NaCl separately. The
concentrations of NaCl which was added to the assay

mixtures containing NaCl ranged from 0 to 450 mM. The
osmotic levels and NaCl concentrations have also been
used to study plant mitochondrial responses to salinity
in previous reports (Flowers & Hanson, 1969; Jacoby,
Che-Othman, Millar & Taylor, 2016; Lorimer & Miller,
1969). Under the osmotic pressures tested, the ATP
synthesis rate tended to be decreased in the assay mix-
tures containing sorbitol only with increasing osmotic
pressure ranged from 1.5 to 2.5 MPa (Figure 2). However,
the ATP synthesis rate was maintained (Figure 2(a)) and
enhanced (Figure 2(b,c)) in the assay mixtures contain-
ing NaCl with osmotic pressures ranged from 1.0 to 2.0
MPa compared with that at 0.2 MPa. Also, the ATP synth-
esis rate in the assay mixtures containing NaCl tended to
be increased compared with that containing sorbitol
only, and the statistical significances were observed at
2.0, 1.5, and 1.0 MPa of the osmotic pressures in the
mitochondria isolated from the plants grown without
and with 100 and 400 mM NaCl, respectively (Figure 2).
However, the ATP synthesis rate was decreased in the
assay mixtures containing NaCl at 2.5 MPa compared
with that in the assay mixtures containing sorbitol only.

Effects of NaCl on ATP synthesis in isolated
mitochondria

To further examine the effects of NaCl on the ATP synth-
esis, the ATP synthesis rate was measured on the iso-
lated mitochondria in the assay mixtures containing
50–350 mM NaCl. The osmotic pressures of these assay
mixtures were fixed at 2.0 MPa, at which the highest ATP
synthesis was observed in the mitochondria isolated
from the plants grown without NaCl (Figure 2(a)).
Under this osmotic pressure, the ATP synthesis rate in
the isolated mitochondria tended to increase with the
increasing NaCl levels in the assay mixtures (Figure 3),
although there was no statistical significance between
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Figure 1. Effects of NaCl on the growth of shoots of the ice plant.
The fresh weight (a) and dry weight (b) of shoots were observed
at 6 weeks after the onset of treatments. Data are mean values ±
standard deviations (n = 10). Different letters indicate statisti-
cally significant differences among NaCl treatments by Turkey–
Kramer test (p < 0.05).
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the ATP synthesis rates in the mitochondria isolated
from the plants grown without NaCl (Figure 3(a)). The
ATP synthesis rate in mitochondria isolated from the
plants grown with 100 and 400 mM NaCl had tendency
to gradually increase with the increasing NaCl levels
more than 150 and 50 mM, respectively (Figure 3(b,c)).
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The ATP synthesis rate in the plants grown without and
with 100 and 400 mM NaCl reached the highest values at
NaCl concentration of 350 mM, which was about 31%,
34%, and 58% higher than that in the assay mixtures
without NaCl, respectively (Figure 3). The ATP synthesis
rate of the mitochondria isolated from the plants grown
with 100mMNaCl (Figure 3(b)) was nearly twice as much
as those from the plants grown with 0 and 400 mM NaCl
(Figure 3(a,c)), irrespective of the NaCl concentrations of
the assay mixtures.

Discussion

The ice plant has evolved sophisticated mechanisms to
adapt to high salinity, such as salt sequestration into the
vacuole (Adams, Thomas, Vernon, Bohnert & Jensen,
1992; Barkla, Zingarelli, Blumwald & Smith, 1995),
enhanced synthesis of compatible solutes (Adams
et al., 1992; Bohnert & Cushman, 2000), and salt-
inducible switching photosynthesis from C3 to CAM
(Niewiadomska, Karpinska, Romanowska, Slesak &
Karpinski, 2004; Winter & von Willert, 1972). These
responses require ATP; thus, the ATP synthesis in the
mitochondria should be increased to meet the increased
energy demand in the ice plants under salinity condi-
tions. As expected, in the present study, we found that
the ATP synthesis in themitochondria isolated from both
the plants grown without and with NaCl was enhanced
by 50–350 mM NaCl in the assay mixtures (Figures 2 and
3). Although the ATP synthesis enhancement in halo-
phytes has been suggested in some previous reports
(Kumari et al., 2015; Shabala, 2013; Yeo, 1983), the pre-
sent study is the first report of the direct measurement of
ATP synthesis that was enhanced by NaCl.

The effects of salinity on the physiological processes
in plant cells can be divided mainly into osmotic and
ionic effects (Flowers & Colmer, 2008). In the present
study, the ATP synthesis rate was significantly higher in
the assay mixtures containing NaCl than that contain-
ing sorbitol only (Figure 2). These results suggest that
the enhancement of the ATP synthesis was caused by
the ionic effect, not by the osmotic effect of NaCl. The
ATP synthesis rate was also increased with increasing
NaCl levels (50–350 mM) under fixed osmotic pressures
(2.0 MPa). The maximum ATP synthesis rate in the
mitochondria of the plants grown without and with
100 and 400 mM NaCl was obtained with 350 mM
NaCl in the assay mixtures, which increased about
31%, 34%, and 58% compared with that in the assay
mixtures without NaCl, respectively (Figure 3). Also, the
ATP synthesis rate increased with the highest values at
NaCl concentrations of 150 and 250 mM NaCl, but it
decreased with 450 mM NaCl compared with that in

the assay mixtures without NaCl (Figure 2). These
results suggest that the NaCl concentration ranging
from 150 to 350 mM might be optimal for the ATP
synthesis enhancement. Jacoby et al. (2016) have
observed that the ATP synthesis was enhanced by
NaCl in the isolated mitochondria of a glycophyte
(wheat) in an assay mixture contained NaCl less than
50 mM, and it decreased with the increase of NaCl
concentration. The results of the present study indicate
that the ATP synthesis in mitochondria of halophyte
could be enhanced by higher salinity level than that
in glycophyte, which would contribute to the adapta-
tion to salinity of halophyte (Flowers, Munns & Colmer,
2014; Kumari et al., 2015).

The response of mitochondria to NaCl differs
depending on the growth NaCl conditions. The
enhancement of ATP synthesis rate of mitochondria
isolated from the plants grown with 0, 100, and
400 mM NaCl, of which the difference in the ATP
synthesis between NaCl and sorbitol was statistically
significant, was obtained with 350, 250, and 150 mM
NaCl, respectively (Figure 2). These results suggest that
an adaptation mechanism which increases the ATP
synthesis was induced in response to NaCl in the halo-
phyte. In addition, the ATP synthesis of the mitochon-
dria isolated from the plants grown with 100 mM NaCl
(Figure 3(b)) was significantly higher than that from the
plants grown with 0 and 400 mM NaCl (Figure 3(a,c)).
The growth was also enhanced with 100 mM NaCl
(Figure 1), suggesting that the ATP synthesis enhance-
ment is an important factor which required for ATP
demand of the halophilism in the ice plant (Tran
et al., 2019). The enhancement of the ATP synthesis
would be due to an increase in activity of components
related to mitochondrial ATP synthesis, such as ATP
synthase, ETC, and TCA cycle (Kumari et al., 2015). In
some marine bacteria, Na+ motive force instead of H+ is
used for ATP synthesis through ATP synthases
(Gemperli, Dimroth & Steuber, 2003; Mulkidjanian,
Dibrov & Galperin, 2008), although it has not yet
been discovered in higher plants. It would be intri-
guing to elucidate the components related to the
enhancement of ATP synthesis, including the motive
force of Na+ in response to salinity.
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