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A salinity-tolerant japonica cultivar has Na* exclusion
mechanism at leaf sheaths through the function of a Na*
transporter OsHKT1;4 under salinity stress
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1 | INTRODUCTION

Rice (Oryza sativa L) Is one of the most important cereals in the
tropics and subtropics, but Is sensitive to salinity (Flowers, Garcia,

Abstract

This study was designed to investigate differences In pattemns of physiologiml,
responses to salinity stress among five japonica rice cultivars in comparison with
FL478 as a salinity tolerance check. Five japonica cultivars were: screened for:salin-.
ity. tolerance at seedling stage based on visual sympmms of salt injury index and
physiological parameters Including dry matter productlon. eiectroiybe ieakage ratio
and fon concentration. The results Indicated that cuitivars ‘Ouukan383.and FL478
were relatively more salinity tolerant than other cultivars and that Kanniho was’ the
most salinity-sensitive cultivar. Ouukan383 showed higher. leaf water,content; and
lower electrolyte leakage ratio under salinity stress. Notably, under salinity stress,
Na* concentration in the leaf blades was much lower In Ouukan383 than in FL478,
but was much higher in Kanniho. To understand the basis for these dlfferences. we
studied transcript levels of the genes encoding Na* transport proteins in different
tissues. In response to sallnity stress, Ouukan383-had highiy Induced ,e;;pression, of
the OsHKT1;4 gene in the leaf sheaths, corresponding to- Hhigher Na* accumulation
in. the leaf sheaths and lower Na* accumulation. in the leaf blades. On the other
hand, the sensitive cultivar, Kanniho, had highly induced expression of the 0sSOS1
and OsNHX1 genes in the leaf blades, whose gene products are responsibie for Na*
efflux -outside cells and Na* compartmentaiization into vacuoles. Thus, the salinity-
tolerant and salinity-sensitive cultivars differed in their responses to, Na fluxes in
plant cells using different transport systems in-each tissue type.: The salinity-toierant .
japonica cultivar, Ouukan383, has an effective. Na* exdusion mechanism at the leaf
sheaths to prevent Na* accumulation in the leaf blades. Such a mechanism, in com- ,'
bination with other genetic traits (e.8. Na* exclusion at the roots' mediated by
OsHKT1;5), offers the potential to improve saiinity tolerance In rice.

KEYWORDS
Na* exclusion, OsHKT1;4, OsHKT1;5, OsNHX1, OsSOS1, salinity tolerance

Koyama, & Yeo, 1997). Salinity stress is caused by excessive uptake
of toxic ions from soils, which decreases plant growth and yleld
(Boyer, 1982). Grain yield of rice plants is reduced by 70% to 100%
of its maximum yield performance due to salinity (Heenan, Lewin, &

274 | © 2018 Blackwell Verlag GmbH
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McCatery, 1988). Chailenges to increasing food production could be
overcome by reducing the effects of salt stress on rice plants. There-
fore, it is essential to understand the mechanisms that could make
rice plants more salinity tolerant.

Under salinity stress, plants must cope with two major stresses,
osmotic and ionic stresses. The former stress Is immediately induced
with a rise in salt concentrations outside the roots, which leads to
inhibition of water uptake, cell expansion and lateral bud develop-
ment (Munns & Tester, 2008). The latter stress develops later when
toxic lons, such as Na*, accumulate in plants over the threshold par-
ticularly In leaves, which leads to an increase in leaf mortality due to
chlorosls and necrosis and a decrease in the activity of essentlal cel-
lular metabolisms including photosynthesis (Glenn, Brown, & Blum-
wald, 1999; Ueda, Kanechi, Uno, & Inagaki, 2003; Yeo & Flowers,
1986). Recent physiological and molecular genetic studies have shed
more light on the protection mechanisms that rice plants use to cope
with detrimental effects of salinity stress (Blumwald, 2000; Horie,
Hauser, & Schroeder, 2009; Pardo, Cubero, Leidl, & Quintero, 2006;
Zhu, 2002).

The transmembrane movement of Na* and K* in plants is medi-
ated by several types of transporters and/or channels (Yao et al,
2010), and many transporters have been implicated in leaf Na*
exclusion. These include members of the high-affinity K* trans-
porters (HKTs), including Arabidopsis thaliana HKT (AtHKT1;1) and its
ortholog in rice {OsHKT1;5), which retrieve Na* from the xylem to
the surrounding parenchyma cells (Horie et al, 2009; Ren et al.,
2005). However, other HKTs such as OsHKT2;1 (OsHKT1) and
OsHKT2;4 are expressed In the outer part of the root and in the root
hairs and may provide entry points for Na* into plant roots from the
soil (Lan et al,, 2010; Schachtman & Schroeder, 1994). Plasma mem-
brane protein 3 (PMP3) is a small hydrophobic peptide that plays a
role in shoot Na* exclusion by preventing excess Na* entry into the
plant roots (inada, Ueda, Shi, & Takabe, 2005; Nylander et al., 2001).
In addition, the SOS1 antiporter has been shown to be localized at
the plasma membrane of Arabldopsis, where it catalyses Na*/H*
exchange (Shi, Quintero, Pardo, & Zhu, 2002). The preferential
expression of SOS1 in cells surrounding the vasculature throughout
the plant, as demonstrated by the GUS reporter gene, suggests that
this transporter plays a role in long-distance Na* transport in plants,
as Na* is transported from the root to the shoot via the xylem. In
addition, the O. sativa SOS1 {OsSOS1) has been shown to comple-
ment the function of SOS51 in the sos1 mutant of Arabidapsis, indi-
cating the conservation of the salt-sensitive pathway in rice
{Martinez-Atienza et al, 2007). In addition to Na* exclusion, plants
may avold toxic Na* accumulation in the cytosol by sequestering
excess Na* Into vacuoles, which is a process mediated by the Na*/
H* antiporter (NHX1) localized in vacuolar membranes (Venema,
Quintero, Pardo, & Donalre, 2002). However, these transporters only
function to counteract the activities of other transporters that are
known to induce Na* influx into roots. This may occur through cyclic
nucleotide-gated channels (CNGCs), which are considered the domi-
nant pathways of Na® influx In many plants (Roberts & Tester,
1997). Potential relevance of the aquaporin for Na* entry into roots
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is also discussed (Byrt et al., 2017). A mode! of synergistic modula-
tion of Na* homoeostasis through Na* transporters was proposed in
a halophytic grass (Zhang et al,, 2017). Besides these transporters,
transcription factors also participate in regulation of Na* accumula-
tion through transcriptional activation (Almeida, Gregorio, Oliveira, &
Saibo, 2017). .

Although rice, one of the major food crops mainly in Asia, is
highly sensitive to salinity stress, there are marked differences in
salinity tolerance among rice cultivars (Lee, Choli, Ko, Kim, & Grego-
rio, 2003; Munns & Termaat, 1986; Yeo & Flowers, 1986). Compar-
ison of varietal differences in rice plants will be helpful to identify
the mechanisms of salinity tolerance. Such varietal differences
include differences in parameters such as plant growth rate in length
and weight, plant survival and plant physiclogical features (Mekawy
et al,, 2015; Ueda et al., 2013; Yeo, Yeo, Flowers, & Flowers, 1990)
in addition to lon excluslon capacity (Nobfe & Rogers, 1992). How-
ever, salinity-tolerant cultivars were found in the indica subspecies
including the aromatic and aus alleles (Platten, Egdane, & Ismail,
2013), and these have similar salinity tolerance mechanisms with
Na* exclusion from shoots. On the other hand, safinity-tolerant culti-
vars have been rarely identified in the japonica subspecies. In this
study, we screened japonica cultivars and investigated the mecha-
nisms of salinity tolerance, A highly salinity-tolerant japonica cultivar
was identified. This cultivar was found to have effective Na* exclu-
sion mechanisms at the leaf sheaths. Such a mechanism may be
essential for maintenance of lower Na® concentrations in the leaf
blades.

2 | MATERIALS AND METHODS

2.1 | Plant materials and growth conditions.

Five japonica rice cultivars (Fukuizumi, Midorimai, Ouukan383, Shi-
tan and Kanniho) and one indica salinity-tolerant cultivar (FL478)
were used In this study (Walia et al, 2005). FL478 Is cne of the
recombinant inbred lines created using the salinity-tolerant landrace
Pokkall and has salinity tolerance comparable to Pokkali (Walia et al.
2005). After incubation in tap water at 60°C for 10 mins, seeds of
each cuitivar were surface-sterilized with 5% (v/v) sodium hypachio-
rite solution for 30 mins and then imbibed at 30°C for 24 hrs. The
seeds were transferred onto a nylon mesh floating in 2 L {two liters)
plastic pots containing tap water in a growth chamber at 28°C for
2 days. Uniformly germinated seeds were grown in half-strength
Kimura B solution. Seedlings were grown in a growth chamber at
28/25°C (16 hrs light perlod/8 hrs dark period) under a photosyn-
thetic photon flux density of 400/0 pmol m~2 s~1 (day/night) at rel-
ative humidity of 70%. At day 16, the nutrient solution was replaced
with salinized nutrient solution Initially at 25 mM. Thereafter, the
concentration of salinity was increased to 50, 75 and 100 mM over
3 days, respectively. Nutrient solution without NaCl addition (0 mM
NaCl) was used as a control for comparisons. The pH of nutrient
solutions was maintained between 5.0 and 5.5 with 2 N HClor 2 N
NaOH throughout the growth period. The nutrient solution was
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renewed every 3 days, and water lost by evapotranspiration was
compensated for by dally addition of tap water. Salt stress symp-
toms were evaluated according to the standard evaluation system
(SES) used at the Intemnational Rice Research Institute (IRRI) with
some modifications (Gregorio, Senathira, & Mendaza, 1997). For
visual damages, seediings were scored as follows: 1 (highly tolerant),
3 (tolerant), 5 (moderate), 7 {sensitive} and 9 (highly sensitive). The
experiment was amanged in a completely randomized design (CRD)
with four replications.

22 | Physlological parameters

After 12 days of salinity treatment, the fresh weight (FW) cf 28-
day-old seedlings was measured following the separation of leaves,
sheaths and roots. For dry welght {(DW) determination, leaves,
sheaths and roots were dried at 70°C for 3 days pricr to being
welghed, The water content in the leaf blades was calculated using
the equaticn (FW-DW)/FW.

To determine electrolyte leakage ratio (ELR), the second leaves
from the top of the plants were cut Into 5 mm length and placed in
test tubes containing 30 ml of delonized water. The tubes were cov-
ered with plastic caps. The initial electrical conductivity of the med-
fum (EC1) was measured using an electrical conductivity meter (CM-
31P, Kyoto Electronlcs, Kyoto, Japan). The samples were autoclaved
afterwards at 121°C for 20 mins to completely deactivate the tis-
sues and release all electrolytes. Samples were then cooled to 25°C,
and the final electrical conductivity (EC2) was measured. The ELR
was caleulated as the ratio of the conductivity before autoclaving to
the conductivity after autoclaving using the following formula: ELR
(%) = {EC1/EC2) x 100.

Proline concentration was determined according to the method
of Bates et al. (1973). Fresh leaves (200 mg) were ground in a mor-
tar with liquid nitrogen. The homogenated powder was mixed with
5 ml of 3% sulfosalicylic acid (w/v). After 10 mins of centrifugation
at 10,000 g at 4°C, 2 ml of supematant was transferred to a mix-
ture containing 2 m! acetic acid and 2 ml ninhydrin reagent (1.25 g
ninhydrin in 30 ml of acetic acld and 10 m! 12 M phosphoric acid)
and Incubated at 100°C for 1 hr. The reaction was terminated by
placing the contalner of the mixture In an lce bath. The reaction
mixture was vigorously mixed with 4 ml toluene. After warming at
25°C, the chromophore was determined at 520 nm in a UV-spec-
trophctometer (UV-1850, Hitachi, Japan). L-proline was used as a
standard,

'I'AB LE 1. aners used for quantltative real~time RT-PCR

GT CGAAGTI' GTCAGT! GCATATGG

05HKT 1:4

OsHKT1:5 _ TGCATTCATCACTGAGAGGAG

055051 ATACTGAGTGGGGTTGTTATTGC

OsNHX1 AATGATCACCAGCACCATCA
AAGGCCGMGAGGAGAAAGGT
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TGAGCCT! CCCAAAGAACATCAC

2.3 | Determination of Na* and K* concentrations

The concentrations of Na* and K* were determined by extracting
10 mg dry matter in 10 ml of 1 N HCl with shaking for 1 day. The
extracts of the third leaves from the top of the plants, sheaths and
roots were determined by a flame spectrophotometer (ANA-135;
Tokys Photoelectric, Tokyo, Sapan). fon concentrations in each sam-
ple were estimated using the Na* and K* standard curves. Na* distri-
bution was calculated as the ratio of Na* accumulated In each tissue
to that in a whole seedling.

24 | Expression analysis of the genes encoding Na*
transport proteins

Total RNA was extracted from the leaves, leaf sheaths and roots of
the contro) and the salinity stressed Ouukan383 and Kanniho culti-
vars using a TRIzol reagent. After digestion with DNasel, total RNA
(1 pg) was reverse-transcribed to ¢DNA using a ReverTra Ace gPCR
RT kit, according to the manufacturers protccol (Toyobo, Osaka,
Japan). Quantitative polymerase chain reaction was performed using
a THUNDERBIRD SYBR qPCR Mix and an ABI StepOne System
(Applied Biosystems, CA) as previously described (Ueda et al., 2013).
The reaction mixture contalned 10 pl of THUNDERBIRD SYBR
qPCR Mix, 0.4 yl of 50 x ROX reference dye, 2 pl of forward pri-
mer, 2 pl of reverse primer, 1 pl of cDNA and 4.6 pl of sterile water.
Quantitative RT-PCR was performed using the following profile: an
inftial incubation at 95°C for 1 min, followed by 40 cycles of denatu-
ration at 95°C for 15 s and extension at 60°C for 60 s. Relative
expression level of the gene transcripts was calculated with the com-
parative 2788CT method (Livak & Schmittgen, 2001) using the
0s255RNA gene as an Internal control (Jain, Nijhawan, Tyagi, &
Khurana, 2006). Data showed the average of two technical replicates
using RNA extracted from the tissues pooled using four seedlings.
The sequences of the primers used are listed in Table 1.

3 | RESULTS

3.1 | Screening for salinity tolerance at seedling
stage

In this study, we screened salinity-tolerant rice cultivars using the
different screening Index such as growth performance, fon accumula-
tion, water content, electrolyte leakage ratio and proline

Suzuld et al. (2016)

GGTGCAGTTTCTGCAACCTC Ueda et al. (2013)
AAAGGTAAATTTCAAAAGGTACATGG Mekawy et al. (2015)
AAGGCTCAGAGGTGACAGGA Mekawy et al, (2015)
CGTCCCTTAGGATCGGCTTAC Jain et al. (2006)

R bt et
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TABLE 2 Salinity tolerance rating of six rice cultivars based on
the modified standard evaluation score (SES) of visual salt injury at
seedling stage after 12 days of salinity stress

i A B b

FuMMI Sensitive

Midorlmal 575 £ 048 Moderately tolerant
OCuukan383 3.50 £ 0.29 Tolerant

Shitan . . 675 £ 048 Sensitive

Kanniho 7.50 + 0.29 Highly sensltive
FL478 350029 '

. Tolerant
Values are the mean of four replicates + standard error.
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accumulation. The standard evaluating system (SES) for rating the
visual symptoms of salt toxicity established at IRRI (Gregorio et al.,
1997) was used with modifications to discriminate the sensitive cul-
tivars from the tolerant and moderately tolerant cultivars. To evalu-
ate the degree of salinity tolerance In five Japonica cultivars, the
indica cultivar FL478 was used as a salinity-tolerant check. Saliniza-
tion started when seedlings were 16 days old and had three to four
true leaves. After 3 days In salinized solution {25 mM NaCl), initial
signs of salt stress damage were observed in the cldest leaves,
which started to desiccate and roll Inwards, especially in the highly
sensitive cultivar Kanniho. When salinity concentratien was
increased to 100 mM, signs of sait stress damage also appeared in
the sensitive and moderately tolerant cultivars such as Fukuizuml,
Shitan and Midorimai. At day three after 100 mM NaCl treatment,
most leaves of Kanniho and most other cultivars had died, with only
the youngest leaves of some plants remaining green. Scoring was
performed on day three after salinization at 100 mM and a total of
12 days of salinization, when four categories of tolerance could be
visually distinguished (Table 2). The tolerant check, FL478, showed
the lowest SES score (3.50) because these seediings looked nearly
normal. Out of the five japonica cultivars, Ouukan383 showed the
lowest score similar to FL478 under salinity stress (Table 2). In both
OGuukan383 and FL478, only the oldest leaves were wilted and rolled
and younger leaves remained green and healthy under sailinity stress.
On the other hand, most plants of Kanniho had dled, with only the

Wit - WiLE Y-

youngest leaves of some plants remaining green. These, therefore,
were scored 7.50 (highly sensitive). Midorimai exhibited growth
retardation and most of its lower leaves rolled, some oldest leaves
dried, and only the two youngest leaves remained green and elon-
gated, and was thus scored 5.75 (moderately tolerant). For Fukui-
zumi and Shitan, most leaves also dried, most plants stopped
growing, and some plants were dying. These were scored 6.75 (sen-
sitive). The difference between the sensitive cultivars, Fukulzumi and
Shitan, and the moderately tolerant cultivar, Midorimal, was clearly
observed on day 12 after salinization as sensitive cultivars showed
severe damages on leaf blades. According to visual symptoms under
salinity stress, Ouukan383 and Kanniho were chasen as salinity-tel-
erant and salinity-sensitive cultivars, respectively.

3.2 | Effects of salinity stress on biomass
production

The effects of salinity stress on biomass production of seediings of
six rice cultivars are shown in Figure 1. Salt treatment resulted in
severe decreases of shoot and root {engths in Fukuizumi, Midorimai,
Shitan and Kanniho, but a slight decrease in FL478 {Figure 1a), There
were no significant decreases in shoot and root lengths In Ouu-
kan383 under salinity stress. Compared with the centrol plants,
decreases of dry welght in Mldorimal, Fukuizum, Shitan and Kanniho
were more severe than Ouukan383 and FL478 under salinity stress
{Figure 1b). Kanniho, in particular, exhibited reduced shoot and root
dry welghts by 23% and 44%, respectively (Figure 1b). Two tolerant
cultivars, Ouukan383 and FL478, showed slight decreases in dry
weights of shoots and roots. These observations suggested that
Ouukan383 and FL478 are highly salinity tolerant relative to the
other four cultivars.

3.3 | Effect of salinity stress on physiological
parameters

Rice loses water In the tissues due to osmotic imbalance under high
salinity. Therefore, measurement of leaf water content can be one of

- [l Sall
@ o0 O Control ISalln:: ® o5 O Control’ W nsu: .
sol oots 0.2 00!
40!
~ ~ 0.15
§ 9 z o1
< 20 £
£ 10 (] 0.05 |
§ of > 0
10} 0 0.05
20} 0.1}
FIGURE 1 Effects of salinity stress on 30l—— Roots 0.15 —— o““:
the growth of six rice cultivars. (a) Length £ g § E g 2 E 8 g § £ N
and (b) dry weight of shoots and roots 8 E 8 = E § & E: ® £ E E
were measured under control and 12 days FEE- I T | $ 8 8“3
of salinity conditlons. Values are means of g = ] g £ 8
four replicates + standard efror (=] (=]
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the indlcators for the screening of salinity-tolerant cultivars, As
shown in Figure 2a, salinity stress significantly reduced water con-
tent in the leaf blades of the salinity-sensitive cultlvars, Kanniho, Shi-
tan, Fukvizum! and Midorimai, but not in the salinity-tolerant
cultivars, Cuukan383 and FL478. Membrane integrity was monitored
by electrolyte leakage ratio (ELR). Under the centrol condition, ELR
of the leaf tissues of different cultivars ranged from 1.7% to 3.5%
{Figure 2b). With salinity treatment, cell membranes In leaves of the
most cultivars lost integrity resulting in Increase in ELR. The relation-
ship between ELR and salinity tolerance was clearer when comparing
ELR of the tissues treated with salinity at 100 mM. Membrane of
the sensitive cultivar Fukuizumi tended to be most severely affected
by the salinity treatment at 100 mM as shown by the 4.6-fold
increase In ELR relative to control seedlings, followed by Shitan and
Kanniho showing 3.6- and 3.1-fold Increases, respectively. ELR of
moderately tolerant and tolerant cultivars was three times lower
than that of control seedlings (Figure 2b). Leaves of the tolerant cul-
tivars under non-stressed conditions accumulated relatively lower
concentration of free proline (Figure 2c). In response to NaCl treat-
ment, rice leaves accumulated higher concentrations of proline. The
cultivar Kanniho accumulated the highest concentration of proline,
with Cuukan383 accumulating the lowest. The increase In proline
accumulation in Midorimai and FL47B was intermediate, but Ouu-
kan383 showed a slight tncrease. Overall, higher concentrations of
proline were observed in the sensitive cultivars, suggesting that
these cuitivars suffered from negative impacts of salinity stress.

34 | Effects of salinity stress on Na* and K*
accumulation in different tissues

In six cultivars, salinity treatment led to Increased Na* asccumulation
in all tissues examined. In the salinized roots, Na* concentration was
Increased in all cultivars (Figure 3a). The tolerant and moderately

tolerant cultivars, such as Midorimai, Ouukan383 and FL478. accu-
mulated much more Na* in roots than sensitive aultivars. In the leaf
sheaths, the highest Na* increase was observed in Ouukan383.
However, Na* concentration in FL478 was the lowest (Figure 3b).
Remarkable differences in the Na* concentrations of the leaf blades
were cbserved between the tolerant and sensitive cultivars. Ouu-
kan383 and FL478 accumulated Na* in the leaf blades reaching 7.0
and 26.2 mg/g DW, respectively. However, four of the sensitive cul-
tivars accumulated Na* at the range from 37.7 to 41.9 mg/g OW
{Figure 3¢c). These findings suggest that the Japonica cultivar Quu-
kan383 has a very effective mechanism for Na* exclusion from the
leaf blades than FL478, which is a well-known Na* excluder from
the leaf blades.

Salinity stress significantly decreased the K* concentration In the
roots of the six cultivars (Figure 4a), K* concentration was increased
in the leaf sheaths of all cultivars (Figure 4b). Notably, Quukan383
showed higher K* concentration In the leaf blades and it was not
affected by sallnity stress (Figure 4¢). As observed In the leaf blades
of the sensitive cultivars, the increase in Na® accumulation and
decrease in K* accumulation resulted In the increase in Na*/K" ratio
in response to NaCl and the ratio was negatively related to the
degree of salt tolerance (Table 3). Salinity-tolerant cultivars showed
lower Na*/K* ratio (0.29 In Cuukan383 and 1.93 In FL478) In the
leaf blades under salinity stress, and thus, maintenance of lower
Na*/K* ratio is likely one of the key traits for salinity tolerance in
rice,

Na distribution in each tissue was estimated by cakulating the
ratio of Na* accumulation in each tissue to that of a whole seedling
(Figure S). The salinity-tolerant Quukan383 accumulated Na* in the
sheaths and roots, but restricted Na* entry in the leaf blades as only
28% of Na* absorbed was accumulated In the leaf blades. On the
other hand, the salinity-sensitive Kannlho accumulated 70% of Na*
absorbed In the leaf blades, Indicating that this cultivar does not
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FIGURE 2 Effects of salinlty stress on the physlological parameters of six rice cultivars. (a) Water content. {b) electrelyte leakage ratio and
{¢) proline concentration in the leaf blades were measured under control and 14 days of salinity conditions. Values are means of four replicates

% standard error



 WANGSAWANG Ev AL

YR

W simimiore - WiLEY-L 2

(a) ()

o ] Contro! B8 Satlnity !-.) 0O control 8 Sallnity o O Control M Salinity

S 10 S 15 2 50

) Roots | @ teaf sheaths | @ Leaf blades

2 gl 2 2

=) o o 40

E E 10} E

e 6} c e 30

1] é o

= = F -]

5 4} E g 20}

g g °f g

§ 2 £ € 10}

S 8

’fzu 0 ‘g 0 :% o
EE R F & 8 ET 8 § 2 8 E T3 8 28
8 © E E & 8 £t T E E 3 8 £ 8  E h
5 8 § W 3 6§ § & 1 S 8§ § c
2 8 S 2 s £ 3 3
2 £ 3 2 £ 3 2 £ 3

o (o] o

FIGURE 3 Na* concentrations in the {a) roots, (b) leaf sheaths and (c) leaf blades under contro! and salinity conditions. Values are means of

four replicates + standard error

have an effective mechanism of Na* exclusion from the leaf blades
(Figure 5).

3.5 | Differential expression of the genes encoding
Na* transport proteins in response to salinity stress

To determine the mechanisms underlying differential Na* accumula-
tion In the salinity-tolerant Ouukan383 and the highly sallnity-sensi-
tive Kanniho, expresslon profiles of the genes encoding Na*
transport proteins were analysed. A Na* transporter, OsHKT1:5, par-
ticlpates In the mechanisms of Na® exclusion from shoots through
retrieving Na* from xylem to xylem parenchyma cells in roots (Ren
et al, 2005). Therefore, OsHKT1:5 is one of the key regulators
vestricting Na* accumulation in shoots (Assaha, Mekawy, Ueda, &
Saneoka, 2015). In this study, quantitative RT-PCR analyses showed

TABLE 3 Na'/K" ratio in the roots, leaf sheaths and leaf blades
under salinity stress

Fukuizumi 105£005 110007 287 £027
Midorimal 172009  077£013 324022
Ouukan383 1584010  106£007 029006
Stitan 1734040 1174005 378035
Kanniho 153£009  090£005  320+023
FL478 202+005 114020 1933012

Values are the mean of four replicates + standard error.

that salinity stress induced expression of the OsHKT1;5 gene by 2.0-
fold in the roots of Ouukan383 (Figure 6a), which may cause
reduced Na* accumulation in the leaf blades under salinity stress
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FIGURE 4 K' concentrations in the (a) roots, {b) leaf sheaths and (c) leaf blades under control and salinity conditions. Values are means of

four replicates + standard error
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{Figure 3¢). However, expression of the OsHKT1;5 gene was not
Induced [n Kanniho under sallnity stress (Figure 5a). Another Na*
transporter, OsHKT1:4, is an altemative candidate for Na* exclusion,
which is effective in the leaf sheaths, thereby reducing Na* accumu-
lation in the leaf blades. Salinity treatment induced expression of the
OsHKT1;4 gene by 4.7-fold in Ouukan383, but it was repressed by
0.1-fold In Kanniho. Thus, Na* exclusion mechanisms through the
functions of OsHKT1;4 and OsHKT1;5 are active in the salinity-tol-
erant Ouukan383, but not in the salinity-sensitive Kanniho,

The Na*/H* antiporter (SOS1), localized in the plasma membrane,
is considered a general regulator of Na* export from cytosol (Shi
et al, 2002). Our resuits indicated that there was a higher level of
induced expression of the 0sSOS1 gene in the Kanniho roots (2.8-
told) (Figure 6a), which might be responsible for relatively low Na*
accumulation In its voots under salt stress. However, the OsSO51
expression In the Ouukan383 roots was not induced (1.5-fold).
Expression of the 0s5051 gene in the leaf sheaths was induced in
Ouukan383 (3.2-fold), but not In Kanniho (0.9-fold) under salinity
stress (Figure éb). In the leaf blades, Induced expression of the
OsSOS1 gene was observed in the Kanniho leaves (5.8-fold) under
salinity stress conditions (Figure 6c), which suggests that OsSOS1
mediated Na* extrusion from the cytosol may not be active In
Cuukan383.

The Na*/H* antiporter plays an important role in tolerance to
salt stress by exchanging Na* and H* across the plasma or vacuoclar
membranes. The tonoplast Na*/H* antiporter, which was found in
several plant species transports Na® from the cytoplasm into vac-
uoles, thereby increasing the cyteplasmic K*/Na* ratio and protect-
ing cells from sodium toxicity (Ballesteros, Blumwald, Donaire, &
Belver, 1997; Barkla, Charuk, Cragoe, & Blumwald, 1990; Fukuda,
Nakamura, & Tanaka, 1999; Gaxlola et al., 1999). While the high-
salinity-induced expression of the OsNHX1 gene In the leaves of
Kanntho (70.5-fold) (Figure éc) might be responsible for Increased
Na* accumulation in the leaf vacuoles under salt stress (Figure 3a),

B Leaf blades [ Leaf sheaths [B Roots
100

8

20}

Na* distribution (%)

Kannlho

Ouukan383

FIGURE 5 Distribution of Na* accumulation in the roots, leaf
sheaths and leaf biades of the salinity-tolerant Guukan383 and the
salinity-sensitive Kanniho under control and salinity conditions. Na*
distribution was evaluated by the ratlo of the amount of Na* in each
tissue to that in the whole seedling

the gene expression was not induced In the Ouukan383 feaves (0.7
fold). This difference in the OsNHX1 induction might be due to
higher Na* accumulation In the leaves of Kanniho (Figure 3a). Under
sallnity stress, expression of the OsNHX1 gene was induced highly In
the leaf sheaths of Kanniho (5.4-fold) and slightly in those of Quu-
kan383 (2.0-fold) (Figure 6b). In the roots, the OsNHX1 expression
was slightly changed in response to sallnity stress In Kanniho (1.4-
fold), but it was Induced in Ouukan383 (5.1-fold) (Figure 6a).

4 | DISCUSSION

tn comparison with a salinity-tolerant cultivar FL478, five Japonica
rice cultivars (Fukuizumi, Midorimai, Ouukan383, Shitan and Kan-
niho) were used In this study to elucldate thelr mode of adaptations
to salinity stress through physiological and transcriptional analysis.
The screening index used in this study would be useful to Identify
sallnity-tolerant varieties by investigating differences in physiological
characteristics in rice. The six cultivars showed differential responses
to salinity, and Ouukan383 and FL478 appeared to be more tolerant
than the other cultivars. These two cultivars exhibited lower Na*
concentrations in the leaf blades, higher leaf water content and
lower electrolyte leakage ratio under salinity stress. Notably, Quu-
kan383 accumulated much less amount of Na* [n the leaf blades
than FL478, although Na*® concentration Iin the leaf sheaths was
much higher in Ouukan383 than in FL478. These tolerant cultivars
showed to have different mechanisms of Na* exclusion from the leaf
blades.

Among salinity-tolerant traits in glycophytes, the most significant
plant adaptation to sallnity Is the ability to restrict the transport and
accumulation of Na*® in the leaf blades (Assaha, Mekawy, et al,
2017; Munns & Tester, 2008; Ueda et al,, 2013). Thus, rice cultivars
such as Ouukan383 and FL478 that exhibited tower Na* concentra-
tion In the leaf blades would be better adapted to salinity stress (Fig
ure 3c). This restricted transpert of Na* to the leaf blades is often
accompanied by a reduced Na*/K* ratio, which is relevant for the
sustalnabllity of normal metabolic functions (Tester & Davenport,
2003). To understand the mechanisms underlying limited Na* trans-
port to the leaf blades in Cuukan383, we analysed the expressicn of
the OsHKT genes (Figure 6a). One of the well-characterized HKTs is
OsHKT1;5, a Na* transporter, which functions in Na* retrieval from
xylem to xylem parenchyma cells. Thus, active contribution of Na*
retrieval by OsHKT1;5 in roots results in reduced Na® accumulation
In the aerial parts of rice seedlings (Ren et al., 2005). FL478, a salln-
ity-tolerant rice cultivar, is known to operate Na® exclusion mecha-
nisms govemned by OsHKT1:5 in the roots, which is pivotal to
reduced Na' concentration in the feaf blades than other sensitive
cultivars (Figure 3c). To assess whether the salinity-tolerant Ouu-
kan383 has the same mechanism, quantitative RT-PCR analysis was
conducted to study differences In the expression of the OsHKT1,5
gene. Under salinity stress conditions, the expression of the
OsHKT1;S gene was Induced In the roots of Ouukan383, but was
repressed in the roots of Kanniho. This finding Indicates that
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FIGURE 6 Relative expression of the genes encoding Na* transport proteins under control and salinity conditions. Expression of the
OsHKT1;5, OsHKT1;4, OsSOS1 and OsNHX1 genes was examined using a quantitative RT-PCR in the (a) roots, (b) leaf sheaths and {(c} leaf
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Ouukan383 may have better ability to restrict Na* accumulation by
OsHKT1:5 In the leaf sheaths and roots than Kanniho, Although
Ouukan383 showed the highest degree of salinity tolerance and the
lowest Na* concentration in the leaf blades among the cultivars
tested, this cultivar accumulated higher concentration of Na* in the
leaf sheaths (Figure 3b). Relevance of the altemative mechanism in
the restriction of Na* transport in the leaf blades was also assessed
In both Cuukan383 and Kannlho by studying the expression of the
OsHKT1;4 gene, whose gene product participates in Na® retrieval
from xylem in the leaf sheaths (Cotsaftis, Plett, Shirley, Tester, &
Hrmova, 2012). The results demonstrated that expressicn of the
OsHKT1:4 gene was markedly induced by salinity stress in the leaf
sheaths of Ouukan383, but it was repressed in those of Kanniho
(Figure éb). Thus, genetlc variations underlying japonica cultivars
may affect expression of the OsHKT1;4 gene, Salinity-tolerant Cuu-
kan383 has much effective mechanisms to retrieve Na* in the teaf
sheaths through the functicn of OsHKT1;4, which results in higher
Na* accumulation in the leaf sheaths, but lower Na* accumulation in
the leaf blades.

Differential expressions of the OsNHX1 and OsSOS1 genes were
observed In Quukan383 and Kanniho under salinity stress (Figure 6).
Proton-coupled Na* transport system plays key roles in salinity toler-
ance of higher plants (Assaha, Ueda, Saneoka, Al-Yahyal, & Yaish,
2017). SOS-type Na*/H* antiporters, localized in the plasma mem-
branes, facilitate Na* export to the outside of cells, and NHX-type
Na*/H* antiporters, localized in the tonoplasts, compartmentalize
Na* into vacuoles (Fukuda et al., 2004; Shi et al., 2002). Ouukan383
induced expression of the OsNHX1 gene in the roots and leaf
sheaths in response to salinity stress. This cultivar accumulated rela-
tively higher concentration of Na* in the roots and leaf sheaths.
Probably, safinity-tolerant behavicurs In Ouukan383 have been
achleved through the function of OsNHX1, which s responsible for
compartmentalization of Na* into vacuoles (Fukuda et al,, 2004). The
bifuncticnal roles of SOS-type Na*/H* antiporters in the roots are

proposed as the Na* excluder from cytosol to apoplast and gate of
Na* loading into xylem (Assaha, Ueda, et al.. 2017). These functions
likely work in reducing Na* concentration in the roots and increasing
Na* concentration In the shoots as Kannho accumulated lesser
amount of Na* in the roots, but greater amount of Na* in the leaf
blades. Because Kanniho does not have Na® retrieval mechanisms
through OsHKT1;5 and OsHKT1;4 In the roots and leaf sheaths, too
much Na* absorbed in the roots under salinity conditions was trans-
ported to the leaf blades. Induced expression of the OsSOS1 gene
was also found in the leaf sheaths of Ouukan383 under safinity
stress (Figure 6b). Because Na* concentration was not very high in
the leaf blades of Cuukan383, OsSOS1 may work in Na* exclusion
from the cells in the leaf sheaths rather than Na* loading into xylem.
It appeared reasonable that Kanniho induced high expression of both
the OsSOS1 and OsNHX1 genes In the leaf blades to export Na* cut-
side of the cells and compartmentalize Na* into vacuoles because
Na* concentration in Kanniho reached more than 40 mg/gDW,
which Is 5.8 times higher than that in Ouukan383. Functions of
0sSOS1 and OsNHX1 proteins are recognized as key determinants
of sallnity tolerance in higher plants (Assaha, Ueda, et al., 2017).
Nevertheless, growth of Kanniho was retarded under salinity stress
(Flgure 1). One possible explanation is that the ability of Na* com-
partmentalization Into vacuoles is restricted by the storage capacity
of vacuoles. Therefore, transcriptional activation of the OsNHX1
gene does not effectively contribute to aveid cellular Na* toxicity
once excess Na* is accumulated in the cells of leaf blades of Kan-
nfho. These Implied that Na* exclusion mechanisms from the leaf
blades governed by OsHKT1;4 and/or OsHKT1:5 are superior to
mechanisms of Na* extrusion by OsSOS1 and Na* compartmental-
ization into vacuoles by OsNHX1 In salinity tolerance of rice.

The other favourable trait of salinity tolerance chserved in Cuu-
kan383 was the maintenance of higher K* concentration in the leaf
blades under both control and salinity conditions. Maintenance of
higher K* concentrations, and thus lower Na*/K* ratio in the tissues,
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is detrimental in salinity tolerance of glycophytes because accumula-
tion of Na* in the cytosol disrupts K*-dependent blochemical reac-
tions that are essential for plant growth. The mechanlsms of
malntenance of higher K* concentrations have not yet been clearly
established, although this may be the other factor for the salinity
tolerance of Ouukan383, Salinity-tolerant cultivars showed better
physiological status under sallnlty stress (Mekawy et al., 2015; Ueda
et al,, 2013). Previously, Lutts, Kinet, and Bouharmont (1996} found
that electrolyte leakage ratio increased with Increasing NaCl concen-
trations in the medium, and this ratio was higher in the salinity-sen-
sitive cultivars. Because alteration In membrane permeazbility Is one
of the first symptoms of safinity-Induced senescence, this assay is
useful for screening of sallnity-tolerant rice cultivars {Theerakulpisut,
Bunnag, & Kong-ngem, 2005). Our results also showed that the
sensitive cultivar Kanniho had the highest ratio of electrolyte leak-
age, suggesting that this cultivar suffered from increased membrane
damages under salinity stress. Proline has been widely consldered to
be a compatible solute that accumulates in plants in response to a
wide varlety of environmental stresses and confers stress tolerance
by contributing to osmoregulation and protecting proteins and mem-
branes In conditions of low water potential (Ueda, Shi, Shimada,
Miyake, & Takabe, 2008; Ueda, Yamamoto-Yamane, & Takabe,
2007). For example, overproduction of proline with the P5CS (A-pyr-
roline-S-carboxylate synthetase) gene enhanced root biomass and
flower development under salinity stress in tobacco (Kishor, Hong,
Miao, Hu, & Verma, 1995) and rice (Zhu et al., 1998). In our study,
the sensitive cultivars accumulated much higher concentrations of
proline than the tolerant cultivars under sallnity stress, Thus, the
negative relationshlp between proline and salinity tolerance was
observed among the six rice cultivars (R? = .92 for preline concen-
tration vs SES scores). On the other hand, proline accumulation and
Na* concentration in the leaf blades showed positive correlation
under safinity stress (R? = 0.80 for proline concentration vs Na*
concentration In the leaf blades). Because salinity-tolerant cultivars
accumulated lower concentrations of Na* in the leaf blades through
Na* exclusion mechanisms by CsHKTs, they did not accumulate
proline at higher concentrations. This implies that proline accumula-
tion in rice may be stimulated by Na* accumulation, but not by
osmotic stress under salinity stress. These findings indicate that pro-
line accumulation may not be suitable for screening of salinity-toler-
ant cultivars that have Na* exclusion mechanisms from the leaf
blades,

5 | CONCLUSION

In the present study, we demonstrated for the first time that the
japonica cultivar Ouukand83 is a salinity-tolerant cultivar comparable
to the tolerant indica cultivar FL478. Some of salinity-tclerant indica
cultivar including Ft.478 use OsHKT1;S to restrict Na* accumulation
in shoots (Platten et al., 2013). On the other hand, Cuukan383 accu-
mulated lesser amount of Na* in the leaf blades than FL478, sug-
gesting that this cultivar may have different mechanisms of Na*

exclusion from the leaf blades. Further investigation on Na* exclu-
sion mechanisms through the functicn of OsHKT1;4 would be help-
ful for pyramiding the genetic traits to Improve salinity tolerance in
rice,

ACKNOWLEDGEMENT

This research was supported by the grant from the Capaclty Building
of Kasetsart University Students en Intemationalization Program and
Faculty of Agriculture, Kasetsart University, Thailand, and JSPS
KAKENHI Grant Numbers JP15KK0283 and JP16K07643.

ORCID

A. Ueda © http://orcid.org/0000-0002-9059-4927

REFERENCES

Almeida, D. M., Gregorio, G. B., Ollvelra, M. M,, & Salbo, N. J. (2017).
Five novel transcription factors as potential regulators of OsNHX1
gene expression In a salt tolerant rice genotype. Plant Molecular Bicl-
ogy, 93, 61-77. https://dol.org/10.1007/511103-016-0547-7

Assaha, D. V. M., Mekawy, A. M. M,, Ly, L, Noori, M. S,, Kokulan, K. S.,
Ueda, A, ... Saneoka, H. (2017). Na* retention in the root Is a key
adaptive mechanism to low and high salinity in the glycophyte, Tal-
inum paniculatum Jacq) Gaertn, (Portulacaceae). Journal of Agronomy
and Crop Science, 203, 56-67. https://dol.org/10.1111/jac.12184

Assaha, D. V., Mekawy, A. M,, Ueda, A, & Saneoka, H. (2015). Salinity-
induced expression of HKT may be crucial for Na® exclusion In the
leaf blade of hucklebesry (Soforum scabrum MIIL), but not of eggplant
(Solanum melongena L). Blochemical and Blophysical Research Commu-
nications, 460, 416-421. https://doi.org/10.1016/j.bbre.2015.03.048

Assaha, D. V.. Ueda, A, Sanecka, H., Al-Yahyal, R, & Yaish, M. W.
{2017). The rcle of Na* and K* transporters in salt stress adaptation
in glycophytes. Frontles in Physiclogy, 8, 1-19.

Ballesteros, E., Blumwald, E., Donaire, J. P., & Belver, A (1997). Na*/H*
antiport activity on tonoplast vesicles isolated from sunflower
induced by NaCl stress. Physiologia Plantarum, 99, 328-334. https://d
ol.org/10.1111/].1399-3054.1997.t605420.x

Barkla, B. J., Charuk, J. H., Cragoe, E. J,, & Blumwald, E. {1990). Phatola-
beling of tonoplast from sugar beet cell suspenslons by [PH]S-(N-
methyl-N-Isobutyl)}-amiloride, an inhibitor of the vacuolar Na*/H*
antiport. Plant Physlolagy, 93, 924~930. https://dol.crg/10.1104/pp.
93.3.924

Bates, L. S., Waldren, R. P., & Teare, I D. {1973). Rapld determination of
free proline for water-stress studles. Plant and Soil, 39, 205-207.

Blumwald, E. (2000). Sodlum transport and salt tolerance in plants. Cur-
rent Opinlon in Cell Blology, 12, 431-434, https://doi.ore/10.1016/
50955-0674(00}00112-5

Boyer, J. 5. (1982). Plant productivity and environment. Sclence, 218,
443-448. https://dol.org/10.1126/sclence.218.4571.443

Byrt, C. S.. Zhao, M., Kourghi, M., Bose, J., Henderson, S. W., Qlu, J., ...
Tyerman, S. (2017). Non-selective cation channel activity of aqua-
porin AtPIP2:1 regulated by Ca2* and pH. Plant, Cell and Environment,
40, 802-815. https://dol.org/10.1111/pce. 12832

Cotsaftls, O., Plett, D., Shirley, N., Tester, M., & Hrmova, M. (2012}. A
two-staged model of Na* exclusion in rice explained by 3D modeling
of HKT transporters and altemative splicing. PLoS ONE, 7, €39865.
https://dol.org/10.1371/journal.pone.0039865

Flowers, T. J.. Garcla, A, Koyama, M., & Yeo, A. R. (1997). Breeding for
salt tolerance In crop plants. The role of molecular blology. Acta



* WANGSAWANG ev AL

73

Physiclogiae Plantarum, 19, 427-433. https://doi.org/10.1007/
511738-997-0039-0

Fukuda, A, Nakamura, A., Taglri, A, Tanaka, H., Miyao, A., Hirochika, H.,
& Tanaka, Y. (2004). Function, intracellular localization and the impor-
tance In salt tolerance of a vacuolar Na*/H* antiporter from rice.
Plant and Cell Physiclogy, 45, 146-159, https://doi.org/10.1093/pcp/
pch014

Fukuda, A, Nakamura, A, & Tanaka, Y. {1999). Mclecular cloning and
expression of the Na*/H* exchanger gene in Oryza sativa. Biochimica
et Blophysica Acta, 1446, 149-155. hitps://doi.org/10.1016/50167-
4781(99)00065-2

Gaxiola, R. A, Rao, R, Sherman, A, Grisafl, P, Alper, S. L, & Fink, G. R.
(1999). The Arabidopsis thaflana proton transporters, AtNhx1 and
Avpl, can function in cation detoxification in yeast. Proceedings of
the Natlonal Academy of Sclences, 96, 1480-1485, https://doi.org/10.
1073/pnas.96.4.1480

Glenn, E. P, Brown, J. J,, & Blumwald, E. (1999). Salt tolerance and crop
potential of halophytes. Critical Reviews In Plant Sciences, 18, 227-
255. https://doi.org/10.1016/50735-2689(99)003886-3

Gregorio, G. B, Senathira, D., & Mendaza, R. D. {1997). Screening rice for
salinity tolerance, [RRI Discussion Paper Series 22.

Heenan, D. P., Lewin, L. G., & McCatery, D. W. (1988). Salinity tolerance
In rice varietles at different growth stage. Australlan Journal of Experi-
mental Agriculture, 28, 343-349. https://doi.crg/10.1071/EA9880343

Horie, T., Hauser, F., & Schroeder, J. 1. (2009). HKT transporter-mediated
sallnity resistance mechanisms In Arabidopsis and monocot crop
plants. Trends in Plant Sclence, 14, 660668, https://dol.org/10.1016/
jtplants.2009.08.009

Inada, M., Ueda, A, Shl, W,, & Takabe, T. {2005), A stress-Inducible
plasma membrane protein 3 (AcPMP3) In a monocotyledonous halo-
phyte, Aneurolepldium chinense, regulates ceflular Na* and K* accumu-
lation under salt stress. Planta, 220, 395-402, https://dol.org/10.
1007/500425-004-1358-7

Jain, M., Nijhawan, A, Tyagi, A. K., & Khurana, J. P. {2006). Validation of
housekeeping genes as Internal control for studying gene expression
In rice by quantitative real-time PCR. Blochemlcal and Biophysical
Research Communications, 345, 646-651. htips://dol.org/10.1016/
jbbrc.2006,04.140

Kishor, P., Hong, Z,, Miao, G. H., Huy, C,, & Verma, D. (1995). Overexpres-
sion of A-pymoline-5-carboxylate synthetase increases proline
production and confers osmotolerance In transgenic plants.
Plant Physiology, 108, 1387-1394. https://doi.org/10.1104/pp.108.4.
1387

Lan, W. Z, Wang, W,, Wang, S. M,, L}, L, G,, Buchanan, B. B., Lin, H. X,
... Luan, S. (2010). A rice high-affinity potassium transporter (HKT)
conceals a caldum-permeable cation channel. Proceedings of the
National Academy of Sciences, 107, 7089-7094. https://doi.org/10.
1073/pnas.1000698107

Lee, K. S, Choi, W. Y., Ko, J. C, Kim, T. S, & Gregorio, G. B. (2003).
Sallnity tolerance of japonica and Indlca rice (Oryza sativa L) at the
seedling stage. Planta, 216, 1043-1046. https://dol.org/10.1007/
500425-002-0958-3

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 27247 method.
Methods, 25, 402-408. https://dol.org/10.1006/meth.2001.1262

Lutts, S, Kinet, J. M., & Bouharmont, J. (1996). NaCl-induced senescence
in teaves of rice (Oryza sativa L.} cuitivars differing in salinity resis-
tance, Annafs of Botany, 78, 389-398. https://doi.crg/10.1006/anbo.
1996.0134

Martinez-Atienza, J., Jiang, X., Garcladeblas, B., Mendoza, |, Zhy, J. K,,
Pardo, J. M., & Quintero, F. J. (2007). Conservation of the salt overly
sensitive pathway In rice. Plant Physlology, 143, 1001-1012,

Mekawy, A. M., Assaha, D. V., Yahagi, H,, Tada, Y. Ueda, A., & Sanecka,
H. (2015). Growth, physiological adaptation, and gene expression
analysis of two Egyptian rice cultivars under salt stress. Plant

(Bt - WILEY -2

Physiolagy and Blochemistry, 87, 17-25. https://doi.org/10.1016/j.pla
phy.2014.12.007

Munns, R, & Termaat, A, (1986). Whole plant responses to salinity. Aus-
trallan Journal of Plant Physiology, 13, 143-160. htips://dol.org/10.
1071/PP9860143

Munns, R, & Tester, M. (2008). Mechanisms of salinity tolerance. Annual
Review of Plant Blology, 59, 651-681. https://doi.org/10.1146/annure
v.arplant.59.032607.092911

Noble, C. L, & Rogers, M. E (1992). Arguments for the use of physiclogi-
cal criterla for improving the salt tolerance In crops. Plant and Soil,
146, 99-107. https://doi.org/10.1007/BF00012001

Nylander, M., Heino, P., Helenlus, E., Palva, E. T., Roane, H., & Weiin, B.
V. {2001). The low-temperature- and salt-induced RCI2A gene cf Ara-
bidopsis complements the sodium sensitivity caused by a deletion of
the homologous yeast gene SNAYL. Plant Molecular Blofogy, 45, 341-
352. https://dol.org/10.1023/A:1006451914231

Pardo, J. M., Cubero, B., Leldl, E. 0., & Quintero, F. J. (2006). Alkall
cation exchangers: Roles in cellular homeostasis and stress talerance.
Journal of Experimental Botany, 57, 1181-1199. https://dol.org/10.
1093/jxb/erj114

Platten, J. D., Egdane, J. A, & Ismail, A. M, (2013). Salinity tolerance, Na*
exclusion and allele mining of HKT1;5 in Oryza sativa and O. glaber-
rima: Many sources, many genes, one mechanism? 8MC Plant Blslogy,
13, 32. https://doi.org/10.1186/1471-2229-13-32

Ren, Z. H., Gao, J. P, Li, L. G, Cal, X, L, Huang, W, Chao, D. Y., ... Lin,
H. X. (2005). A rice quantitative trait locus for salt tolerance encodes
a sodlum transporter. Nature Genetics, 37, 1141-1146. https://dol,
org/10.1038/ng1643

Roberts, S. K., & Tester, M. (1997). A patch clamp study of Na* transport
In maize roots. Joumal of Experimental Botany, 48, 431-440,

Schachtman, D. P., & Schroeder, J. I. (1994). Structure and transport
mechanism of a high-affinity potassium uptake transporter from
higher plants. Neture, 370, 655-658. https://dol.org/10.1038/
37065520

Shi, H., Quintero, F. J, Pardo, J. M., & Zhy, J. K {2002), The putative
plasma membrane Na*/H* antiporter SOS1 controls long-distance
Na* transport In plants, Plant Cell, 14, 465-477. htips://dol.org/10.
1105/tpc.010371

Suzuki, K., Yamajl, N., Costa, A, Okuma, E. Kobayashi, N. I, Kashiwagi,
T. ... Horie, T. (2016). OsHKT1:4-mediated Na* transport in stems
contributes to Na* exclusion from leaf blades of rice at the reproduc-
tive growth stage upon salt stress. BMC Plant Biology, 16, 22
hitps://dol.org/10.1186/512870-016-0709-4

Tester, M., & Davenport, R. {2003). Na* talerance and Na* transport In
higher plants. Annals of Botany, 91, 503-527. https://dol.org/10.
1093/a0b/mcg058

Theerakulpisut, P., Bunnag, S., & Kong-ngem, K. (2005). Genetic diversity,
salinity tolerance and physiological responses to NaCl of six rice
{Oryza sativa L)) cultivars, Asian Joumal of Plant Sclence, 4, 562-573.

Ueda, A, Kanechi, M., Uno, Y., & Inagaki, N. (20083). Photosynthetic fimi-
tations of a halophyte sea aster (Aster tripofium L} under water stress
and NaCl stress. Joumal! of Plant Research, 116, 65-70.

Ueda, A, Shi, W., Shimada, T., Miyake, H., & Takabe, T. (2008). Altered
expression of barley proline transporter causes different growth
responses in Arabldopsis. Planta, 227, 277-286.

Ueda, A, Yahagi, H., Fulikawa, Y., Nagaoka, T., Esaka, M., Calcaiio, M,, ...
Saneoka, H. (2013). Comparative phystological analysis of salinity tol-
erance in rice. Solf Sclence and Plant Nutrition, 59, 896-903. hitps://d
ol.org/10.1080/00380768.2013.842883

Ueda, A, Yamamoto-Yamane, Y., & Takabe, T. (2007). Sait stress
enhances proline utilization in the apical region of barley roots, Bio-
chemical and Blophysical Research Communications, 355, 61-66.
https://doi.org/10.1016/j.bbrc.2007,01.098

Venema, K., Quintero, F. J., Pardo, J. M., & Donaire, J. P. (2002). The ara-
bidopsis Na*/H* exchanger AINHX1 catalyzes low affinity Na* and



[

K* transport In reccnstituted llposomes, Journal of Biokogical Chem-
Istry, 277, 2413-2418. https://dol,org/10.1074/]bc.M105043200
Walla, H., Wiison, C., Condamine, P., Liu, X, Ismail, A. M,, Zeng, L, ...
Close, T. J. (2005). Comparative transcriptional profiling of two con-
trasting rice genotypes under salinity stress during the vegetative
growth stage. Plant Physlology, 139, 822-835. https://dci.org/10.
1104/pp.105.065961

Yao, X, Horle, T., Xue, S., Leung, H. Y., Katsuhara, M., Brodsky, D. E,, ...
Schroeder, J. L. (2010). Differential sodium and potassium transport
selectivities of the rice OsHKT2:1 and OsHKT2:2 transporters in
plant cells. Plant Physiology, 152, 341-355. https://dol.org/10.1104/
pp.109.145722

Yeo, A R, & Flowers, T. J. (1986). Salinity resistance In rice {Oryza sativa
L) and a pyramiding approach to breeding varletles for saline solls,
Australion Joumal of Plant Physlology, 13, 161-173. https://dol.org/
10,1071/PP98460161

Yeo, A R, Yeo, M. E,, Flowers, S. A, & Flowers, T. J. (1990). Screening
of rice {Oryza sativa L) genotypes for physiological characters con-
tributing to salinity resistance, and their relationship to overall perfor-
mance, Theoretical and Applied Genetics,, 79, 377-384. https://dol.
©rg/10.1007/B8F01185082

Zhang, W. D., Wang, P,, Bao, Z., Ma, Q., Duan, L. J,, Bao, A. K., ... Wang,
S. M, (2017). SOS1, HKT1;5, and NHX1 synergistically modulate Na*

WANGSAWANG et aL
4

homeostasis In the halophytic grass Puccineliia tenuifiora. Frontiers in
Plant Sclence, 8, 576.

Zhy, J. K (2002). Salt and drought stress signal transduction in plants.
Annual Review of Plant Biology, 53, 247-273. https://dol.org/10.
1146/annurev.arplant.53.091401.143329

Zhy, B, Sy, J, Chang. M. C, Verma, D. P. S., Fan, Y. L, & Wy, R
(1998). Overexpression of a pyrroline-5-carboxylate synthetase gene
and analysis of tolerance to water and salt stress In transgenic rice,
Plant Sclence, 139, 41-48. https://dol.org/10.1016/50168-9452{98)
00175-7

How to cite this article: Wangsawang T, Chuamnakthong S,
Kohnishi E, Sripichitt P, Sreewongchai T, Ueda A. A salinity-
tolerant japonica cultivar has Na* exclusicn mechanism at leaf
sheaths through the function of a Na* transporter OsHKT1;4
under sallnity stress. J Agro Crop Sci. 2018;204:274-284.

https://dol.crg/10.1111/jac.12264




