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ABSTRACT

There are accumulating reports that polyamines are involved in abiotic stress response.
However, the role played by the polyamines is not fully elucidated. In the present studies,
we assessed whether spermine among the polyamines plays a certain role against high
salt and drought stresses using an Arabidopsis (acl5/spms) mutant plant that does not
produce spermine, and found that it was hypersensitive to those stresses. In each case
the hypersensitive phenotype was mitigated by application of exogenous spermine.
The spermine-deficient mutant plants also showed a phenotype resembling Ca?*-deficiency.
The NaClhypersensitivity and Ca?*-deficiency of acl5/spms doubleknockout mutant
resembled the phenotypes displayed by the AtGIuR2- and CAXI-overexpressing trans-
genic plants. The two latter genes encode a glutamate receptor-type, Ca2*-ion influx
channel at cytoplasmic membrane and a vacuolar Ca?*/H* antiporter, respectively. The
data suggest that regulated expression of the CaZ*-pathway members is critical to adapt
to those stresses, and that spermine plays a certain role to control the stress-induced Ca?*
dynamics. Incorporating the current information from the literature, especially regarding
action of polyamines on various ion channels, we present models describing a defensive
role of spermine in high salt and drought stresses in Arabidopsis.

Salinity and water availability in soils are limiting factors for plant growth and produc-
tivity. Once plants encounter those stresses, they respond adaptively at transcriptional and
translational levels.! In both cases, one countermeasure employed by plants is to modulate
polyamine biosynthesis, however, its significance has not been elucidated well.? In our
studies, a spermine-deficient mutant® was used to assess the role of spermine during high
salt and drought stresses.

The spermine-deficient mutant showed hypersensitivity to high salt and this phenotype
was mitigated by exogenously applied spermine, but not by spermidine and putrescine.
NaCl hypersensitivity of the mutant was also attenuated by treatment with Ca?* channel
blockers. More interestingly, the mutant displayed a phenotype resembling that of Ca?*
deficiency. Both, the NaCl-hypersensitivity and Ca?*-deficiency resembled the phenotypes
displayed by the AtGluR2- and CAXI-overexpressing transgenic plants.*> The former
a%*-ion channel located in plasma membrane
and the latter encodes a vacuolar Ca?*/H* antiporter. The data indicate that coordinated

gene encodes a glutamate receptor-type, C

expression of the Ca?*-pathway members is essential to adapt to high salt stress, and that
spermine plays a certain role to control the stress-induced Ca?* dynamics.

It is known that the balance of Ca?* and Na* ions is critical to adapt to high salt stress
in plants.® Ca®* acts not only as a second messenger but also inhibits Na* entry into
cells.” In Arabidopsis, initial entry of Na* ions triggers a rapid but transient increase
of cytosolic Ca?* and this change is sensed by SOS3, a Ca?* binding protein with
sequence similarity to the regulatory subunit of calcineurin (Fig. 1). The conformational
change of SOS3 induced by Ca?* leads to interaction with SOS2, a protein kinase of
the SNF1-related kinase family. This physical interaction activates SOS2 phosphoryla-
tion of SOSI, a plasma membrane Na*/H* antiporter, resulting in efflux of excess Na*
ions. This series of responses is designated ‘SOS-signaling pathway’.!® Furthermore, the
SOS2/SOS3 complex inhibits the activity of HKT1, a low affinity Na* transporter, to
prevent Na* entry to cytoplasm. SOS2 has a multiple function. In addition to partici-
pation in the SOS-signaling pathway it is an activator of NHX, encoding a vacuolar
Na*/H* exchanger, to sequestrate excess Na* ions to vacuoles. SOS2 interacts with and
activates CAX1,8 which shows a strong link between Ca?* and Na* homeostatis in plants.
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Figure 1. A hypothetical model of the defensive role of spermine in high
NaCl-stressed Arabidopsis.

In addition, overexpression of the CAXI gene causes salt sensitivity,
suggesting the importance of the coordinated regulation of Na* and
Ca?* transporters during high salt stress.

Briiggemann et al.!! showed that cytoplasmic polyamines block
a fast-activating vacuolar channel (FV) from barley. Among poly-
amines, spermine was the most potent blocker. Similarly, FV and
slow-activating vacuolar (SV) channels from red beet taproots were
inhibited by polyamines.!>!3 Again, the potency of this action was of
the same order: spermine > spermidine > putrescine. The sensitivity
of the FV to spermine and spermidine was much higher compared
to the one of SV. The FV is a cation channel for monovalent ions,
preferentially K*.4 The SV is a cation channel for monovalent- and
divalent ions with lower specificity.!>10

Collectively we integrate a role of spermine against high salt stress
(Fig. 1). Firstly, spermine blocks the Na* leakage from monovalent
cation-permeable FV channels.!? It can not be ruled out that spermine
also blocks SV channels. However, the minimal dose of spermine for
action on FV is a few UM whereas for SV it is a few hundred uM
in red beet vacuoles. Secondly, spermine may control Ca?* alloca-
tion through regulating Ca?*-permeable channels including CAXs.
In NaCl-treated spermine-deficient mutant plants, the expression
of CAXI and CAX3 genes was upregulated to ca. 1.9- and 5.5-fold,
respectively. A single mutant of CAXI and CAX3 displayed no
obvious phenotype, while the double mutant (cax/cax3) exhibited
a severe reduction of growth and abnormal ion profiles.!” Lastly,
change of Ca?* compartmentation induced by spermine is a strong
possibility to prevent Na* entry through HKT1-type channels and
enhance SOS1 activity.

The spermine-deficient mutant plant was also hypersensitive to
drought. This phenotype was recovered by the pretreatment with
spermine. When exposed to drought condition, the mutant plant
lost more water than the wild type plant because the mutant plant
did not close stomata quickly enough. This phenomenon may again
be explained by the impairment in Ca?* homeostasis. Changes of
free Ca?* in the cytoplasm of guard cells are involved in stomatal
movement.'$19 Spermine produced by drought stress may modulate
Ca?*-permeable channels, resulting in the increase of cytoplasmic
Ca®* concentration to trigger stomatal closure.?’ Reported that
polyamines also induce closure of stomata through inhibiting K*

channel.?!
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Our studies demonstrated an impact of spermine action during
high salt and drought stresses. To gain a deeper understanding of
spermine’s role during abiotic stresses, we have to study the action of
polyamines, especially spermine on ion channels.
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