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IN VITRO RICE (Oryza sativa L. subsp.indica) RESPONSES TO
SALT STRESS UNDER ISO-OSMOTIC CONDITION

INTRODUCTION

Rice (Oryza sativa L. subsp.indica) is an important crop which is a
carbohydrate source for three billions of the wastapulation, particularly in Asia.
Thailand is a number one of rice exporter in theldvonarket, peculiarly aromatic
rice. However, the rice growth and productivity dimited by environmental
problem, especially salinity which obstacles thepcproductivity. In Thailand, the
rice cultivation area in northeastern and nearlagisere is affected by salinity. Many
researches demonstrated that the increasing otsa#is induced osmotic and ionic
effects. Osmotic effect lowered soil water potdntihich decreases water availability
that affects plant water uptake. In addition, thiei¢ effect is generated by excess salt
ion accumulations such as sodium ion Nand chloride ion (C). The ionic effect
induces nutrient deficiencies and ion imbalance (aratio) which results in the
electrolyte leakage induction of the plasma memdr&towever, most research works
explained the ionic effect on plant physiologicalsponses without the osmotic

control.

Generally, plants adapt to the negative effectsailf stress by operating salt
defensive mechanisms including; ion homeostasis aodhpartmentalization,
osmoregulation, antioxidant system and hormonalletigpn. Under non-osmotic
control, the physiological responses to salt stoessd not indicate the salt defensive
mechanism which functions in salt-stressed ricallgags. The ion homeostasis and
osmoregulation are major salt defensive mechanifogssium (K) is an important
inorganic cation which plays a role on ion homesistaMany researches showed the
lowering N&:K" ratio increasing salt tolerance ability duringt satess. Recently, the
improvement of the salt tolerance ability by pouassfertilizer applications shows
the reduction of Naaccumulation while Kis increased. It leads to maintain the

lowering N&:K™ ratio and reduces plant damage.



In addition, the osmoregulation plays key role saventing and detoxifying
from salinity. Soluble sugars are the major carlbioate that plays a role on plant
tolerance to abiotic stress such as water defotitlling and salinity. The soluble
sugars perform the osmotic adjustment by reducsmgatic potential which results in
turgor pressure maintenance and continuing watkrximto the cells under salinity.
Moreover, the soluble sugars play an important e the reserve energy and
membrane stabilization by retaining the integrity membranes during stress
conditions. Previous researches show that the saggarmulation in many species is

regulated by salt stress.

Therefore, this study was to elucidate influencéfNaCl on physiological
responses i.e. ion contents, osmotic potentialctrelgte leakage, photosynthetic
pigment concentrations, chlorophydl fluorescence parameters, growth and sugar
content, in the salt-tolerant and salt-sensitivee riseedlings under iso-osmotic
condition. The research clarifies the improvemenhsalt tolerance ability in salt-

sensitive rice variety by exogenous potassiumlitegtiand sugar applications.



OBJECTIVES

Aim of this research was to understand roles of INa@ physiological
responses for increasing salt tolerance capahilityice grown under salt stress.

Current research was performed as three speciimaphes as following;

1. To study the physiological responses of sa#ftoit and salt-sensitive rice

varieties to different NaCl concentrations and eatiosure times

2. To study the physiological responses of sa#rtoit and salt-sensitive rice

varieties to salt stress under iso-osmotic condlitio

3. To study the salt tolerance ability improvembgitexogenous potassium

nitrate (KNQ) and sucrose application



LITERATURE REVIEW

1. Rice

1.1. Botanical characteristics

Rice, a monocotyledon plant, belongs to fan@amineae (Poaceae). It
is an annual cereal crop which produces infloresedpanicle) composing spikelets
and flowers that produce seed or grain (FigureRige was domesticated in India
around 3000 B.C. and distributed to China, Indamesmid Japan. The cultivated
species are diploid (2n = 24) such @syza sativa L. (Asian rice) andOryza
glaberrima Steud. (West Africa rice) while wild species maytbtraploid. The most
cultivated species i©ryza sativa L. which is categorized into three subspecies:
indica, japonica andjavanica. An indica rice is grown in the tropical climate. It is a
popular subspecies since this species has highlt nigh productivity) and better
adaptation to various growing conditions than othi@lospecies. Seed characteristics
of indica rice include medium to long grain, higher amylasatent which results in

dry and fluffy cooked rice.

Mostly, indica rice is cultivated in the Asia and Americas coetits
(Christou, 1994). Rice is a carbohydrate sourcetlfernecessary daily consumption
for more than a half of the world’s population @mational Rice Research Institute,
1990; Dawe, 1999; Khush, 2005). Rice is an expgrtiop in many countries such as
Thailand, China, India and Vietnam. In the presdrg,demand of rice grain depends
on the increasing of the world population. The ripensumption of the world
population is expected to reach 780 million tons2bR0 (Shabbiret al., 2001).
However, growth and productivity of rice were desed by environmental stress
conditions such as drought, extreme temperaturigjent deficiencies and salinity
(Lutts et al., 1995; Toenniessen, 1995; Shanrebral., 1998; Zeng and Shannon,
2000; Zenget al., 2001; Yokoiet al., 2002; Zenget al., 2003).
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1.2. Variation of salt tolerance ability in rice

In the salt-affected soil, the growth and yieldiog are reduced since rice
is a salt-sensitive crop (Shanneral., 1998). Survival rate, seedling growth and yield
component of M-202 rice cultivar subjected to satess (EC = 11.5 mS chwere
reduced more than 50% in comparing to the conf@ € 0.9 mS cm) (Zeng and
Shannon, 2000).

Salt tolerance ability in twelve rice genotypes @ipg to salt stress (EC
= 4.5-8.3 mS cM) was identified by physiological characters; ioptakes, ion
selectivity and leaf area index. The 'Nand Cl in salt-sensitive M-103 rice were
higher than those in salt-tolerant IR63731-1-1-2-3ice. This resulted in the
reduction of the leaf area index and grain yieldMAl03 rice more than that in
IR63731-1-1-4-3-2 rice (Zeng al., 2003).

In addition, the reproductive growth (seed yielged weight per panicle,
spikelet number per panicle and tiller number gant) in twelve rice genotypes were
reduced by the increasing of salt stress (EC ##6%n). However, the reduction of
the reproductive growth in salt-tolerant genotypl#¥3731-1-1-4-3-2, Agami and
GZ1368-5-4) was lower than that in salt-sensitieaa@ypes (M-103 and IR71657-
5R-B-12PB) (Zengt al., 2002).

Classical salt-tolerant rice cultivar included AgantCherveruppu,
Daeyabyeo, Nona Bokra, Kalarata, Pokkali and SRZ&&t-sensitive rice cultivar
compromised IR28, IR29 and Sakhal01l (Quijano-GuarthKirk, 2002; Zengt al.,
2004; Zeng, 2005). Leet al. (2003) demonstrated that the salt tolerance wbilit
(growth reduction percentage and ion accumulationndica subspecies (Pokkali,
IR45427-2B-2-2B-1-1 and TCCP 266) was lower thaat tin japonica subspecies
(Agami M1 and Namyang 7).



Salt tolerancece ability in rice was developed byg breeding program
that produced breeding lines such as IR63731-13124GZ25291-7-1-2, IR50184-3B-
18-2B-1 and AC26. These rice lines expressed higivtth and grain yield under high
salinity (EC = 8.3 dS ) (Zenget al., 2002). Senadhiret al. (2002) developed salt-
tolerant rice line (IR51500-AC11-1 as PSBRc50) franther culture which the rice
line showed high salt tolerance ability and higakging ability.

1.3. Salt tolerance classification in Thai rice

Thai aromatic rice is an economic crop which iscaigd to the world
market. However, salinity is a seriously problenththe reduction of growth and rice
yield. Previously, salt tolerance ability in Tharomatic rice is classified by
physiological and biochemical responses (Wanichamanal., 2003; Cha-unet al.,
2009c). Salt stress induced proline accumulatiorti aromatic rice lines. The
highest proline content was found in Leuang Tangride while the lowest content of
proline was found in Khao Dawk Mali1l9669 (KDML19668nd other KDML rice
lines. In addition, the proline content in Khao Dawlalil05 (KDML105) and
Pathumthanil (PT1) were classified in the middld &ow level, respectively. The
chlorophyll index (CI) in Hawm Naipon, Hawm Duriarlawm Paepalo, Hawm
Phrae, Hawm Thong, Hawm Tang, Hawm Jampa, Hawm Namgp, Hawm Sadung,
Hawm and Hawm Maejan was higher than that in KDM1then exposed to 513
mM NaCl for 8 days. This result demonstrated tha thlorophyll index (CI)

indicated the salt tolerance ability in Thai aroimaice (Wanichananag al., 2003).

Cha-umet al. (2009c) showed that salt stress increased soduniNa)
and N&:K" ratio which led to the enhancement of the relaéiletrolyte leakage in
Khao Dawk Malil05 (KDML105) more than that in Hawlan (HJ). Photosynthetic
pigments, photosynthetic performances and water efSeiency in HJ rice were
higher than those in KDML105 and resulted in highpewth performance during salt
stress. In addition, an increase in salt stresstgg5mM NaCl) induced Nacontent
while K decreased in Pathumthanil (PT1), Khao Dawk MaliiBML105) and

Hawm Jan (HJ). Moreover, the increase in osmolani&g positively related to the



photosynthetic pigment degradations which resultedhe growth inhibition. The
photosynthetic pigment degradations indicated that HJ was salt-tolerant rice
variety whereas PT1 and KDML105 were salt-sensitige varieties (Cha-uret al.,
2007Db).

Recently, there were many researches which comgargsiological and
biochemical characteristics between Thai aromate; classical salt-tolerant and salt-
sensitive rice varieties. Pongprayoenal. (2008) compared the proline content in
eleven Thai aromatic rice cultivars including; Haviraepalo (HPL), Hawm Sadung
(HSD), Hawm Jan (HJ), Hawm Nang Nuan (HNN), Hawmd&aHT), Hawm
Maejan (HMJ), Hawm Phrae (HP), Hawm Thong (HT), iHadampa (HJP), Hawm
(Hom), Hawm Durian (HDR) to the classical salt-talet rice (Pokkali; Pok) and
classical salt-sensitive rice (IR29). According ttwe proline content, Thai rice
cultivars were classified into three classes, higiH, HPL and HJP), moderate
(HMJ, HNN, HT, Pok, HJ and HSD) and low (HDR, IR29P and Hom) when
exposed to 513 mM NaCl for 4 days. Moreover, thiglg found that the green leaf

area was reduced when NaCl concentration and probintent were increased.

Cha-umet al. (2009a) indicated that the photosynthetic pigmeartd
photosynthetic performances in term of chloroplayfluorescence in Thai aromatic
(Hawm Jan; HJ) rice variety were higher than thoselassical salt-tolerant rice
variety (Pokkali), classical salt-sensitive riceigty (IR29) and Pathumthanil (PT1)
when exposed to salt stress (342 mM NaCl) for 4sdayhese physiological
characteristics can be used to identify the sdtamce ability in Thai rice. Cha-ueh
al., (2010a) reported that the Kumuangluang (KML), &h®awk Malil05
(KDML105), Pokkali (POK), Homjan (HJ), Dokpayom (BF Chewmaejanl
(CMJ1), Chewmaejan2 (CMJ2), upland ricel (UR1)anglrice2 (UR2) and Chowho
(CH) were classified into the salt-tolerant ricerigty. In addition, the R258,
Pathumthanil (PT1), IR29 and upland rice2 (UR2)evgait-sensitive rice varieties.



From the previous mentions, the salt toleranceitgbih term of
physiological and biochemical expressions in Havam (HJ) rice variety was closely
related to the classical salt-tolerant rice vari@®pkkali) during salt stress. The HJ
rice variety is a local rice variety (salt-toleramte) that grows well in the salt-
affected paddy fields nearby coastal area in thehgon region of Thailand. It is a
short-day photoperiod sensitivity rice, low tilleg, short grain and environmental
stress tolerant. Pathumthanil (PT1) rice variesinglar to the classical salt-sensitive
rice variety (IR29). The PT1 rice variety is origted from conventional breeding of
BKNAG6-18-3-2 x PTT85061-86-3-2-1 and is identifieats a salt-sensitive rice,
photoperiod insensitivity, high tillering, high atoge content and high grain yield
(Cha-umet al., 2007b). The salt-tolerant HJ and salt-sensivé rice varieties were

selected for this research.
2. Saline soil

Saline soil is a serious environmental problem Wwhis initiated by
accumulation of water soluble salts in the soilt thdluences on the agricultural
production, environmental health and economic welf@Rengasamyt al., 2006).
The salinity induces osmotic and ionic effects whiead to the the water uptake
limitation and plant nutrient deficiencies. Thesaige the reduction of plant growth
and development. The saline soil is typically doméad by sodium ion (N}
magnesium ion (Mg), chloride ion (C) and sulfate ion (S£) (Lauchli and Liittge,

2002), especially Nawhich can be used to classify the type of saloike s
2.1. Classification of saline soil

Abrol et al. (1988) classified the saline soil and effect oopcplants into
five groups by following the differences of the al&cal conductivity (EC); non-
saline, slightly saline, moderately saline, strgngdline and very strongly saline soils
(Table 1). The saline soil generally appeared imenthan one hundred countries in
the world (Szabolcs, 1989) (Table 2). It is a ma@biotic stress in agricultural land in
worldwide. It degrades the soil structure whichutesin the reduction of the soil
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productivity. About 900 million ha of agriculturldnd was saline soil and it tended to
the dispersing in the cultivated area (Flowers ¥#ed, 1995; Ghassenat al., 1995;
Szabolcs, 1999). The salinity disturbed plant mgliains that affected the decreasing
of plant growth and development such as germinaseedling growth, maturation,
flowering and grain yield (Shabbet al., 2001; Khan and Abdullah, 2003; Zafer
al., 2004).

Table 1 Classification of saline soil and crop growth.

Soil salinity class ~ EC (mS chy Effect on Crop Plants
Non saline 0-2 Salinity effects negligible
Slightly saline 2-4 Yields of sensitive crops mag restricted
Moderately saline 4-8 Yields of many crops adrieted
Strongly saline 8-16 Only tolerant crops yieltigactorily
Very strongly saline > 16 Only a few very tolerantps yield

satisfactorily

EC = electrical conductivity of extract of satuhtil paste

Source: Abrol et al. (1988)

2.2. Origin of saline soll

Origin of saline soil includes natural and anthmp@aic or human-
induced. The salinity is generated by salt in théural area such as rainfall, wind
transportation and seawater intrusion in the laapsc The saline soil is induced by
human practice on the environment, especially poggation management which
leads to the salt accumulation in irrigated sollbrpl, 1986; Szabolcs, 1999; Lauchli
and Luttge, 2002).
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Rengasamyt al. (2006) defined the type of salinity by followingilsand
ground water associations. Firstly, GAS, in disgeaareas of the landscape, the water
exits from groundwater and brings the dissolvedsst the soil surface. High salt
accumulation was found when the water table was fean 1.5 m below the soil
surface. However, this threshold depth may varyeddmg on soil hydraulic

properties and climatic conditions.

Secondly, NAS, the water table was depth and dgainaas poor in
landscapes. The salts, introduced by rain, weateend aeolian depositions, were
stored within the soil. In dry climatic zones, sats were usually found in the deeper
soil layers. However, poor hydraulic properties stfallow soil layers led to the
accumulation of salts in the topsoil and subsojikta that affected the agricultural

productivity.

Finally, IAS, the salts were introduced and stomedhe root zone by
irrigation because of insufficient leaching. Theopagjuality of irrigation water, low
hydraulic conductivity of soil layers (heavy clagils and sodic soils) and high
evaporative conditions induced salinity. Highlyisal effluent water and improper
drainage, and soil management increased the ris&liwiity in irrigated soils. In many
irrigation regions, rising saline groundwater iaigting with the soils in the root zone

can induce the salinity problem (Figure 2).



Table 2 Global distribution of saline soil.

Continent Saline soil (million hectares)
North America 6.2
Central America 2.0
South America 69.4
Africa 53.5
South Asia 83.3
North and Central Asia 91.6
Southeast Asia 20.0
Europe 7.8
Australasia 17.4
Total 351.5

Source: Szabolcs (1989)

SALINE LAND

v v A\ 4
Groundwater Non-groundwater Irrigation
Associated Salinity Associated Salinity Associated Salinity
(GAS) (NAS) (1AS)

Primary Secondary Shallow NAS Deep NAS Topsoil Subsoil

GAS GAS (Solum layers) (Below Solum) IAS IAS
Topsoil Subsoil
NAS NAS

Figure 2 Major types of salinity in world soils based onis&iation processes.

Source: Rengasamgt al. (2006)
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3. Physiological characteristic responses in plants salinity stress

Salinity stress generated the excess salts, efigesigium ion (N&) which
induced osmotic (water deficit) and ionic (ion indorece and ion toxicity) effects.
Change of osmotic and ionic effects led to the céda of plant metabolisms which
resulted in the decreasing of plant growth and lkbgwveent (Flowers and Hajibagheri,
2001; Munns, 2002; Yokat al., 2002; Tester and Davenport, 2003; Parida and Das,
2005).The physiological responses of plants to salinitgss were divided into four

types;

Firstly, the salt accumulations reduced the osmptitential that caused the
water deficit condition, leading to the reductioh the plant water absorption
(Allakhverdiev et al., 2000; Aziz and Khan, 2001; Munns, 2002; Paridd Bas,
2005; Diedhiou and Golldack, 2006; Yasaral., 2006; Huet al., 2007). Many
researches reported that tomato (Romero-Araeidal., 2001), maize (Cicek and
Cakirlar, 2002), sorghum (Netonda al., 2004) and rice (Cha-urat al., 2007b)
adjusted the osmotic potential for maintaining thegor pressure and water uptake
ability. Moreover, the decreasing of water absorptieduced the plant water relation
such as stomatal conductance, transpiration ratephatosynthetic rate that affected
the survival rate and growth inhibition in many sige such as pea (Hernandtal.,
1995), tomato (Mohammaset al., 1998), cotton (Melonkt al., 2001), wild rice
(Nakamuraet al., 2002), sorghum (de Lacerda al., 2005), barley (Chemt al.,
2007), Eucalyptus (Nasimet al., 2008) and cactus pear (Silva-Ortegjaal., 2008).
The root cap tissues proliferation and basal pathe root tip were observed in salt-
tolerant rice (Pokkali and Nona Bokra) and saltsg@re rice (IR24 and Nipponbare)
after exposed to the salinity. The root cap lengthsalt-sensitive IR24 and
Nipponbare rice was reduced by 50 mM NaCl due telipg off (Ferdosest al.,
2009).

Secondly, salt stress increased sodium ion "Y\Naccumulation while
potassium ion (K) was decreased. This resulted in the” Mxicity and nutrient
uptake disturbances (McKersie and Leshem, 19947 aad Khan, 2001) in sorghum
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(de Lacerdat al., 2005), rice (Cha-uret al., 2007b), tomato (Khelit al., 2007) and
wheat (El-Hendawyet al., 2009; Mahmood, 2009). In addition, an increaSéNa
was positively related to induction of NK* ratio in cotton (Meloniet al., 2001),
olive (Ben Ahmedet al., 2008) and rice (Singlet al., 2007). Luoet al. (2005)
suggested that Naand N&:K" ratio in salt-sensitive soybean (N23232 and Zhbngz
huangdou-yi) seedlings were higher than those it@arant soybean (BB52 and
Nannong 1138-2) seedlings after exposed to 150 nal@INor 6 days. In rice plant,
the salt-sensitive | Kong Pao seedlings showeddmigie and Na:K™ ratio than
those the salt-tolerant Pokkali seedlings (Leféstral., 2001). The NaK™ can be
used to identify the salt tolerance ability in whdAhmad and Jabeen, 2005),
sorghum (de Lacerdet al., 2005) and rice (Singht al., 2007). The excess of Na
resulted in the decreasing of Kiptake by the expression of Kiptake channel
(AKT1) in roots and shoots (Fucksal., 2005) while the expression of high-affinity
K* uptake HAK5) in Arabidopsis roots was induced by Kstarvation (Rodriguez-
Navarro and Rubio, 2006). Moreover, the increaseafreduced C& content which

resulted in the initiation of membrane injury (et al., 2004).

Thirdly, the lipids were an effective source ofrafge energy and structural
constituents of the cellular membranes (Siaghl., 2002). The stress conditions such
as salinity, drought, waterlogging, temperaturegeaes and high light intensity, etc.
induced reactive oxygen species (ROSs) productioch sas superoxide (O,
hydrogen peroxide (#D,), hydroxyl radical (OF) and singlet oxygen'@.) (Ashraf,
1994; Mittovaet al., 2000; Mittler, 2002; Munns, 2002). The electroansportation
in mitochondria and chloroplasts were disturbed R®Ss which caused protein
degradation and DNA mutation (Smirnoff, 1993; Alsclet al., 1997; McCord,
2000). In rice plant, the lipid peroxidation in tssénsitivejaponica Hitomebore and
salt-sensitiveindica (IR28) was higher than that in salt-tolerantica (Pokkali)
(Dionisio-Sese and Tobita, 1998). The lipid peration can be used to indicate the
salt tolerance ability in rice (Dionisio-Sese andbifa, 1998), wheat (Sairam and
Srivastava, 2002), marigold (Chaparzadelal., 2004), corn (Hajlaouét al., 2009)
and alfalfa (Wangt al., 2009).
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Finally, the salinity reduced the photosynthesigem of water oxidation and
gas exchange (Shennahal., 1987; Tyreeet al., 1994; Hwang and Chen, 1995;
Delfine et al., 1998; Parideaet al., 2004; Choatet al., 2005; Hackeet al., 2006;
Cavwoglu et al., 2007; Cavgoglu et al., 2008). The light-dependent reactions occur
in the thylakoid membranes of the chloroplast asel light energy to synthesize ATP
and NADPH (Figure 3). The light-dependent reactioten be evaluated by
measurement thehlorophyll a fluorescence. In light-dependent reactions, tgatli
energy is absorbed by chlorophyll molecules in & End undergoes one of three
fates: it can be used to drive photosynthesis (ai@mistry), excess energy can be

dissipated as heat or it can be re-emitted as-tigldrophyll fluorescence.

The chlorophylla fluorescence informs the changes of the efficienty
photochemistry and heat dissipation can be gaimid. chlorophylla fluorescence

parameters compose of;

1) Maximum quantum yield of PSIl (FA,). The R/F, estimates PSII
maximum efficiency in the dark-adapted state. Fealtny plant, the JfF, value is
closely to 0.8. In contrast, lower/F, indicates that the PSII reaction centers are

damaged by stress conditions.

i) Quantum efficiency of PSlldps)). The ®ps; measures the efficiency of
photosystem IIThe ®ps; demonstrates the proportion of light absorbed 811 Bnd
can give a measure of the electron transport. High, value indicates high

efficiency of the PSII.

iii) Photochemical quenching (gP). The yield of ariaiphyll a fluorescence
from PSIl can be decreased (quenched) by photostmi(photochemical
guenching) or by one or more processes that ardiretitly linked to photochemistry
(non-photochemical quenching). There is an invemse;linear relationship between
the fraction of PSII centres in the open state #mel yield of chlorophylla

fluorescence.
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iv) Non-photochemical quenching (NPQ). The NPQ shgwotective roles on
non-photochemical mechanisms which quench singletexl chlorophylls (Chl) and
dissipate excess excitation energy as heat relatingnergization of the thylakoid
membrane due to lumen acidification. The NPQ helpsregulate and protect
photosynthesis in stress environments in whicht lgergy absorption exceeds the

capacity for light utilization (Maxwell and Johnsd000).

Moreover, salinity increased an epidermal and miegbphickness, palisade
cell length, palisade and spongy cells diametdeanes of bean, cotton, aidriplex
(Longstreth and Nobel, 1979). The leaf area andhatal density in tomato were
reduced by salinity (Romero-Aranda al., 2001). In general, the photosynthetic
pigments such as chlorophyll and carotenoid costarg reduced by salt stress. The
contents of total chlorophyll, chlorophy#, chlorophyllb and carotene in tomato
leaves were also decreased by salt stress (Khisegad and Mostofi, 1998).
Reduction of photosynthetic pigments was direalated to photosynthetic apparatus
particularly chloroplasts which became disorgammraby exposing with salt stress
(Hernandezt al., 1995). The result led to the decreasing of theewekidation in
PSII. Disturbance in water oxidation in photosystémesulted in the reduction of
photosynthesis and plant growth. Cha-um and Kirdrea(2008) showed that the
reduction of water oxidation in PSIl iBucalyptus, Rain tree and Thai neem was
gradually reduced with the increasing of salinitigieh resulted in the photosynthetic

rate and plant growth reductions.
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4. Salt defensive mechanisms

The defensive mechanisms to salinity are the cawmplganization and
compose of many processes such as ion regulatioh campartmentalization,
osmoregulation, antioxidative system and hormoegulation system (Parida and
Das, 2005). Each kind of defensive mechanism wssudsed as follows:

4.1. lon regulation and compartmentalization

The ion homeostasis restricted to the excess teaits, especially Na
which disturbed ion homeostasis when"Maoved into the cell. The Nanteracted
with other cations, especially'KAziz and Khan, 2001; Het al., 2007). Since Na
competed with K for intracellular influx which increased the N&™ selectivity
(Parida and Das, 2005). The size of Niaolecular weight = 23.0; electron shell = 2,
8, 1) is smaller than K (molecular weight = 39.1; electron shell = 2, 8,13
(Masterton and Hurley, 2009). In general, size & molecule plays a role on the
movement into the cell. Small molecule can pass the cell better than the large

molecule.
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Cha-umet al. (2009c) showed that the ion selectivity in salisgve
KDML105 rice was lower than that in salt-toleranbrHjan rice. However, the
increasing of N&aK” ratio and electrolyte leakage in salt-tolerant Rdikkice were
less than those in salt-sensitive IR29 rice, resylin maintaining survival rate
(Theerakulpisukt al., 2005). Plants cannot tolerate to large amountilafin the
cytoplasm. Therefore, the restriction of Nay compartmentalization in vacuole was
necessary to plant survival under salinity (Reddyal., 1992; Maathuis and
Amtmann, 1999; Zhu, 2003).

Removing of N& between cytoplasm and vacuole depended on ion
transporters (N#2H" antiporter;NHX1), ion channel (non-selective channégC) and
electrogenic A pumps (plasma membrane-ATPase; PM-ATPase, vacuolar type
H*-ATPase; V-ATPase and vacuolar pyrophosphataseP&s€) (Zhwet al., 1993).
Kader et al. (2006) demonstrated that the expressionOsHKT2 (K'-Na' co-
transporter) anddsVHA (energizer for tonoplast Ndd™ antiporter) were induced
immediately by salinity in the salt-tolerant Pokkate while their expressions were
delayed and lowered in the salt-sensitive BRRI [@8amice. Activity of ion
transporters and electrogeni¢ Humps might confer salt defensive response in rice
by maintaining a low cytosolic Ndevel and a correct ratio of cytosolic Xi&*. The
OsCLC1 (voltage-dependent CTlchannel) and vacuolar "FATPase QsVHA-B)
transcript were up-regulated in salt-tolerant Pdikkize while they were down-
regulated in salt-sensitive IR29 rice (Diédhiou &wlldack, 2006).

Other salt regulation mechanisms included i) sa&tretion occured
through development of unique cellular structurated salt glands that functioned to
secrete salt (especially NaCl) from leaves to na@ntinternal ion concentration
(Hogarth, 1999), ii) Salt exclusion occured througbts to regulate the salt content
of their leaves in many halophytes (Levitt, 1988pd iii) ion or solute selective
accumulations adjusted osmotic pressure which texbuh the increasing of water

retention and sodium exclusion.
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4.2. Osmoregulation

Osmoregulationis a plant defensive mechanism which accumulates
compatible solutes that are low-molecular-mass @amg@s and do not interfere with
normal biochemical reactions (Yancetyal., 1982; Ford, 1984; Ashihaehal., 1997;
Hasegawaet al., 2000; Zhifang and Loescher, 2003). Compatibleutssl control
osmotic potential and water potential adjustmentplant cells for continuing water
influx (or reduced efflux). The osmotic adjustméatilitates water retention in the
cytoplasm. The compatible solutes (sugars, sugaohals, complex sugars,
guaternary nitrogen compounds, protein and amimd @erivatives) play important

role on the osmoregulation system (Hasegeivedh., 2000).

The compatible solutes prevented cellular strustung interacting with
the membranes, protein complexes or enzymes. Theatible solutes protected
macromolecules from the adverse effects of theemming ionic strength in the
surrounding media (Crowet al., 1992). Glycinebetaine content was induced by salt
stress in a number of plants (Saneokld al., 1999; Khan et al., 2000;
Muthukumarasamyet al., 2000; Wang and Nil, 2000). The increasing of ragfi
induced compatible solute accumulations such adinprosoluble sugars and
polyamine inindica rice (Lin and Kao, 1995; Lefévret al., 2001; Ahmadet al.,
2007). Cha-unet al. (2007a) showed that the glycinebetaine accumulatiosalt-
tolerant rice line (GS No. 4371) was greater tHaat in salt-sensitive rice line (GS
No. 7032) under salinity. Accumulation of glycinédiee helped pigment
stabilizations. The glycinebetaine content incrdaseshoots, but was not significant

in roots ofHaloxylon recurvum under salt stress (Khahal., 2000).

Many plants accumulated proline as a non-toxic jarudective osmolyte
under salinity (Lee and Liu, 1999; Khatkar and Kaha000; Muthukumarasangt
al., 2000; Singhet al., 2000; Jainet al., 2001; Cha-unet al., 2010b). The proline
accumulation in  Thai aromatic rice maintained pBgtohetic pigments.
Accumulation of proline conserved the photosynthetficiency which resulted in the
increasing of survival percentage under salinity aff¢hanananet al., 2003;
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Pongprayoonet al., 2008). In mulberry, free amino acids were incrdaaé low
salinity, but decreased at high salinity, in aduhifi the glycinebetaine was
accumulated more than the proline (Agaseaal., 2000). Carbohydrates, especially
sugar and starch accumulations, were major osmegiroh, osmotic adjustment,
carbon storage and radical scavenging under sal{Riasegaweet al., 2000; Zhu,
2001; Parideet al., 2002; Borsangt al., 2003; Minorsky, 2003; Ashraf and Harris,
2004; Bartels and Sunkar, 2005; Ashraf and Fodagay).

Salinity increased reducing sugars (glucose, feejto sucrose and
fructans in a number of plants while starch conteats decreased (Kerepesi and
Galiba, 2000; Khatkar and Kuhad, 2000; Sirghal., 2000; Parideet al., 2002).
Under salinity, sugar content was unchanged in sgem®types of rice while it was
decreased in some genotypes. Starch content imaods was declined, but remained
constant in shoots (Alamgir and Ali, 1999). Udonloktizorn et al. (2009) suggested
that sucrose accumulation and sucrose/starch matieaves were increased while
starch was decreased in salt-sensitive LPT123amuk salt-tolerant LPT123-TC171
rice seedlings when exposed to 85 mM NaCl for 9sdayloreover, sucrose
accumulation was remarkably increased in the s#tdnt LPT123-TC171 rice
cultivar. Silva-Ortegaet al. (2008) demonstrated that ti@sp5Scs (A'-pyrroline-5-
carboxylate synthetase) was gradually up-regulatiél the increasing of salinity in

cactus peatr.
4.3. Antioxidative systems

Antioxidative enzyme activities, lipid peroxidaticemd salt responsive
gene expressions responded to salinity (Hasegavwa., 2000). Reactive oxygen
species (ROSs) composed of GOH', H,0, and'O, which were induced by salinity.
The ROSs induced oxidative damage to lipids, pnogeid nucleic acids (Fridovich,
1986; Wise and Naylor, 1987; Imlay and Linn, 198Bjonisio-Sese and Tobita
(1998) reported that the Naccumulation, lipid peroxidation and electrolytakage
in salt-sensitive IR28 rice were rapidly increagaedre than those in salt-tolerant
Pokkali rice under extreme salinity (EC = 12 mS¥nirhe ROSs production and
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activity of antioxidative enzymes scavenging camubed to indicate the plant survival
ability under salinity (Spychalla and DesborougB89Q). Plants responded to the
ROSs by the increasing of antioxidative enzymes sisccatalase (CAT), peroxidase
(POD), glutathione reductase (GR) and superoxidendiase (SOD) resulted in the
increasing of the scavenging reactive oxygen speffarida and Das, 2005). The
activity of SOD, CAT, POD, APX and GR increased @endalt stress in plants and a
correlation between these enzyme levels and datatae exists (Gossettal., 1994;
Hernandezet al., 1995; Sehmert al., 1995; Kennedy and de Fillippis, 1999;
Benavidest al., 2000; Hernandeet al., 2000; Sreenivasula al., 2000; Leest al.,
2001; Mittovaet al., 2002). Hernandeet al. (2000) reported that the activities of
antioxidative enzymes such as APX, GR, monodehgtarbate reductase
(MDHAR), dehydroascorbate reductase (DHAR), and S@P increased while
Cu/Zn-SOD remained constant and total ascorbateghrdthione content decreased

in wheat under salinity.

Under salinity, the activity of APX, CAT and GR wedecreased, the
SOD and reduced glutathione were increased, andnaii@ldehyde and total protein
remained constant in root nodules of soybean (Coenlah., 1998). In rice plant,
Vaidyanatharet al. (2003) reported that the activity of CAT, APX, @Rsalt-tolerant
Pokkali was higher than those in salt-sensitiveaPBasmatil rice, resulting in
lowering membrane damage. Activity of CAT indicatbéeé efficiency to scavenging
of ROSs which might identify salt defensive resmomsrice by lowering of hydrogen
peroxide. The activities of APX, MDHAR, DHAR, andRGncreased in the shoots
and decreased in the roots (Meneguezal., 1999). Excess ROSs generated lipid
peroxidation which produced highly reactive spetieg modified proteins and DNA
(Singhet al., 2002). Wuet al. (1998) reported that the salinity reduced steenld
phospholipids in root plasma membrane of salt mgrals §oartina patens). In rice
plant, the lipid peroxidation in salt-sensitive lRAce and salt-tolerant Pokkali rice
were enhanced by the increasing of salinity (Diorese and Tobita, 1998). Under
salinity, the superoxide dismutase (SOD), cata{&#T) and glutathione reductase
(GR) activities decreased in both salt-tolerant ishree and salt-sensitive

Begunbitchi rice while peroxidase (POXMjas increased. In addition, ascorbate and
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glutathione contents increased in salt-tolerant ithnmee rice whereas they were
decreased in salt-sensitive Begunbitchi rice (Klzmid Panda, 2008). Menezes-
Benaventest al. (2004) reported that the expressionA#tx, CatB, GR, SodCcl and
SodCc2 genes in eleven-day-old seedlingsimdica rice (EMBRAPA-7 Taim) were
up-regulated while€CatA, CatC, andGPx were unchanged when exposed to 250 mM
NacCl.

4.4. Plant hormones

Abscisic acid (ABA) plays an important role on stdterance ability.
GOmez-Cadenaat al. (1998) suggested that ABA, aminocyclopropane-baeaylic
acid and ethylene production were enhanced by isaliMoreover, the ABA
promoted stomatal closure by changing ion fluxesgirard cells and led to the
alleviation of the inhibitory effect of NaCl on ptosynthesis, growth and
translocation of assimilates (Popaoataal., 1995). Moreover, high salinity triggered an
increase in levels of cytokinins (Thometsal., 1992; Aldesuquy, 1998; Vaidyanathan
et al., 1999). ABA was responsible for the alterationsaft stress-induced genes (de
Bruxelleset al., 1996). Protein phosphorylation, modification gtasolic calcium
levels and pH acted as intermediate by ABA sigraigduction (Leung and Giraudat,
1998). The ABA also promoted a switching of photdbgsis from gto crassulacean
acid metabolism (CAM) itMesembryanthemum crystallinum under salinity (Thomas
et al., 1992). Rising of the ABA enhanced ‘Cauptake which contributed to
membrane integrity maintenance (Cletral., 2001). Chen and Plant (1999) showed
that the ABA level in root oAilsa Craig (AC) and ABA-deficient mutantflc) were
enhanced by salinity. Guptet al. (1998) showed that the ABA-inducible genes

played an important role on the salt tolerance raeigm in rice.
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5. Role of potassium and sugars in plants respond salinity stress

5.1. Potassium ion (K

Potassium is an abundant inorganic cation in theptgsm of organisms.
It plays an important role on osmoregulation, turg@intenance and cell expansion
(Mengel and Kirkby, 1982). The potassium ion"YKransportation is inhibited by
sodium ion (N&). Under salt stress, detoxification of by Neompartmentalization
into the vacuole reduced biochemical machinery dgama the cytosol (Tester and
Davenport, 2003; Apse and Blumwald, 2007). Saksamht species maintained a high
cytosolic K:Na" homeostasis during salt stress (Flowers and Hgtjidsa, 2001;
Cardenet al., 2003; Cuinet al., 2003; Golldacket al., 2003; Pengt al., 2004). K
uptake into the roots depended oftd€lective channels characterized on the plasma
membrane such aKT1 (Hirschet al., 1998; Kimet al., 1998; Broadlet al., 2001;
Gierth et al., 2005). Spaldinget al. (1999) reported that low “Kconcentration
disruptedAKT1 and finally resulted in growth inhibition.

In addition, HAKS5 gene transporter contributed the high-affinity
potassium uptake inArabidopsis roots (Gierth et al., 2005). Moreover, K
transportation at long distance was regulatedSK@R (Gaymardet al., 1998) and
AKT2 (Lacombeet al., 2000). In addition, Nawas regulated by N&H" antiporter
(NHX1) which mediated Naand K coupling transport in vacuoles (Zhang and
Blumwald, 2001) and its over-expression improveahplsalt tolerance (Apss al.,
1999; Zhang and Blumwald, 2001; Zhadgal., 2001). Another N@H" antiporter
(NHX5) had been identified in salt tolerance by conimglithe accumulation of Na
and K in shoots. Recently, application of potassiumilfeers such as potassium
phosphate (KKPO;) (Kaya et al., 2003), potassium nitrate (KNP (Akinci and
Simsek, 2004) and potassium sulfate§Ry) (Akram et al., 2009) enhanced salt
tolerance ability. Satti and Lopez (1994) demonsttahat the addition of 4-8 mM
KNOs to saline solution containing 50 mM NaCl improvgewth and fruit set in

tomato.
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5.2. Sugars

Sugars (simple sugars and complex sugars) are ditmepsolutes which
play an important role on osmoregulation. The cdibf@solutes can accumulate to
high level without disturbing intracellular biochestny. Higher level of sugar
accumulation leads to the movement of water inemiplresulting in turgor pressure
maintenance (Bohnert and Jensen, 1996; MahajanTameja, 2005). Moreover,
sugars preserved the activity of enzymes and sgadethe ROSs under salinity
(Cushman, 2001; Yokadt al., 2002). Ashraf and Tufail (1995) showed that thgasu
contents in sunflower were increased under salimtgreover, the soluble sugar
contents in salt-tolerant line were generally higi@n those in the salt-sensitive line.
Garciaet al. (1997) showed that the increasing of osmoprotéstaspecially sucrose,

glucose and fructose in rice roots and leaves generally regulated by salinity.

Moreover, sucrose accumulation inhibited fusion alehkage in
liposomes from phospholipids in membrane (Craval., 1987; Koster and Leopold,
1988; Hoekstraet al., 1991). Khelilet al. (2007) found that the sucrose content in
tomato was rapidly increased when exposed to 160280 mM NacCl in young and
old leaves, but slightly increased at 100 mM Na®@Gkew compared to the control. In
the parallel way, the hexose content in tomato goamd old leaves at 200 mM NaCl
was enhanced in comparing to the control. Moreothes, accumulation of sucrose
depended on the sucrose synthesis (SuSy) actilitg. SuSy activity in old and
young tomato leaves was increased when expose@ltonM NaCl. The sucrose was
cleavaged into glucose and fructose by acid ingergativity in old and young leaves.
This result showed the decreasing during earlystedss period while it increased at
late salt stress period. An increase in SuSy awdriase activity correlated with the

increasing of the sucrose and hexose contents.

In rice plant, the total soluble sugar and sucrasmtents were
accumulated in salt-sensitive KDML105 rice but thegre not increased in salt-
tolerant Luang Anan and Pokkali rice. Starch contersalt-tolerant Pokkali rice was

increased whereas it was decreased in salt-tolénagartg Anan and salt-sensitive
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KDML105 rice during salt stress. The activity oktkucrose phosphate synthase in
salt-sensitive KDML105 rice was reduced while itswnaduced in salt-tolerant Luang
Anan and Pokkali rice when exposed to 50-150 mM IN&Re acid invertase activity
in salt-tolerant Luang Anan and Pokkali rice tendedncrease while decreased in
KDML105 rice (Pattanagul and Thitisaksakul, 2008).

The activity of enzymes and gene expressions imglwith sugar
biosynthesis that induced the sugar accumulati@ha-umet al. (2009b) showed that
the activity and gene expression of fructose-1phosphatase (FBP; EC 3.1.3.11)
and fructokinase (FK; EC 2.7.1.4) involved with gbdmeogenesis and sucrose
synthesis in salt-tolerant HJ rice. The enzymetities and gene expressions in salt-
tolerant HJ rice were gradually better than thossalt-sensitive PT1 rice. This result

showed the high sucrose, glucose and fructose adations in salt-tolerant HJ rice.

The complex sugars include stachyose and raffimdseh are members
of raffinose family oligosaccharides. These sugams a-galactosyl derivatives of
sucrose which are carbohydrate reserves and pialg & stress tolerance (Minorsky,
2003). Bentsinket al. (2000) suggested that the oligosaccharides mayegiro
membranes, proteins, and nucleic acids againstaneage which occurred during
and upon the withdrawal of water. This protectioterof oligosaccharides has been
explained mainly by their capacity to retain theegrity of membranes through their
interaction with the phospholipid headgroups, thteplacing water during
dehydration. Numerous reports demonstrated théihoae and stachyose functioned
as a stabilization of membranes under chillingsstrend salt stress (Lineberger and
Steponkus 1980; Castonguetyal., 1995; Bohnert and Jensen, 1996; Bentsinid.,
2000; Zutheet al., 2004; Morsyet al., 2007).

However, the oligosaccharides content dependedatectinol synthase
(GolS), raffinose synthaseRFS) and stachyose synthas8T$ which involved in
raffinose family oligosaccharides biosynthesis (fgg4). Pukacka and Wojkiewicz
(2002) reported that an increase in the activityGolS enhanced raffinose and

stachyose contents in Norway maple and Sycamous se®ler desiccation condition.
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The galactinol and raffinose contents were enhatgedverexpression déolS and
RFS in transgenic potato plants (Hannethal., 2006). Tajiet al. (2002) showed that
the ATGolS1L andATGolS2 were induced by drought and salinity whi&Gol S3 was
induced by cold stress. In addition, the overexgogs of ATGolS2 in transgenic
Arabidopsis induced galactinol and raffinose contents and cedutranspiration.
Furthermore, alteration of raffinose and stachymeas closely related to the change of
disaccharide (sucrose) and monosaccharide (gluaoddructose) under drought and
salt stress conditions (Santarius and Milde, 1afwoodet al., 2003; Heldt, 2005;
Morsy et al., 2007).
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MATERIALS AND METHODS

Experiment 1. Physiological responses of salt-tolant and salt-sensitive rice

varieties to different NaCl concentrations and salexposure times
1.1. Plant material and growth condition

Seeds of salt-tolerant Homjan (HJ) and salt-semsRiathumthanil (PT1)
rice Oryza sativa L. subsp.indica) were obtained from Pathumthani Rice Research
Center, Rice Research Institute, Department of Adpire, Ministry of Agriculture
and Cooperative, Pathumthani, Thailafitie seeds were dehusked and rinsed with
70% (v/v) ethanol for 1 min, disinfected once in §¥%v) Clorox® (5.25% (w/v)
sodium hypochlorite solution, Clorox Co. Ltd., Caktl, CA, USA) with 0.1% (v/v)
Tween-2§ (Merck, Germany) for 12 h, once in 25% (v/v) Cbotdfor 30 min, and
then rinsed with sterile distilled water. Surfaterdized seeds were then germinated
on MS semi-solid medium (Murashige and Skoog, 198&)plemented with 3%
(w/v) sucrose and adjusted to pH 5.7 (Appendix FaglLA). Cultures of HJ and PT1
seeds were incubated under-2%C air temperature, 6%% relative humidity (RH),
60+5 umol m? s* photosynthetic photon flux (PPF) provided by flemzent lamps
(TLD 36 W/84 Cool-White 3350 Im, Philips, Thailanfty 16 h & photoperiod for
14 days.

1.2. Salt stress treatments

Fourteen-day-old HJ and PT1 seedlings were asépticansferred to 60
mL MS sugar-free liquid medium by using vermiculée supporting material for 7
days (Appendix Figure 1B). Air-exchange rate in fiass vessels was adjusted to
2.32umol CO, h* by punching a hole in the plastic cap ( cm) and covering the
hole with a gas-permeable microporous polypropyféne(0.22 um pore size, Nihon
Millipore Ltd., Tokyo, Japan). Consequently, thdtere medium was adjusted to O,
171 and 342 mM NaCl. After 2, 4 and 8 days of safitments, osmotic potential of
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roots and leaves, photosynthetic pigment conceotist chlorophylla fluorescence

parameters and growth were measured.

Experiment 2. Physiological responses of salt-tolant and salt-sensitive rice

varieties to salt stress under iso-osmotic conditio

2.1. Iso-osmotic condition adjustment

To investigate the ionic effect of NaCl on physgital responses, the
culture medium was adjusted to salt stress undeossnotic condition (Table 1). An
osmotic potential of the culture medium was adgist@proximately -1.75 + 0.20
MPa. Physiological responses and sugar contentdJirand PT1 seedlings to salt

stress under iso-osmotic condition were measured.

2.2. Salt stress treatments under iso-osmotic tondi

The HJ and PT1 seedlings were prepared as desdribked. Fourteen-
day-old HJ and PT1 HJ and PT1 seedlings were asdlgtiransferred to MS sugar-
free liquid medium as described in 1.2. Consequettie culture medium of HJ and
PT1 seedlings was adjusted to salt stress undeosisotic. After 4 days of salt
treatments, ion contents, Ni™ ratio, electrolyte leakage of roots, osmotic ptiggn
of roots and leaves, photosynthetic pigment comagohs, Chla fluorescence

parameters, growth and sugar contents were detedmin



Table 3 Osmotic potential in the MS medium was reduceadbging NaCl and

mannitol.
Medium NaCl (mM) Mannitol (mM) Osmotic potential

MS 0.0 0.0 -0.45
109.8 -0.65

219.6 -0.76

329.4 -1.25

439.2 -1.49

548.9 -1.75

85.5 0.0 -0.69
109.8 -1.33

219.6 -1.44

329.4 -1.93

439.2 -2.17

548.9 -2.43

171.0 0.0 -1.01
109.8 -1.65

219.6 -1.76

329.4 -2.24

439.2 -2.48

548.9 -2.75

256.5 0.0 -1.28
109.8 -1.92

219.6 -2.03

329.4 -2.51

439.2 -2.75

548.9 -3.01

342.0 0.0 -1.73
109.8 -2.34

219.6 -2.48

329.4 -2.96

439.2 -3.20

548.9 -3.46
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Experiment 3. Salt tolerance ability improvement by exogenous potassium

nitrate (KNO 3) and sucrose application

3.1. Effect of exogenous potassium nitrate (KNGn salt tolerance ability in

salt-sensitive rice variety

The HJ and PT1 seedlings were prepared as desaribkd. Fourteen-
day-old HJ and PT1 seedlings were aseptically tearet to 60 mL MS liquid
medium supplemented with 0.0, 9.4, 11.8 and 14.1 KN\D; by using vermiculite as
supporting material for 14 days. The HJ and PTdlsegs were cultured as described
in 1.2. Consequently, the culture medium of HJ Biid seedlings was adjusted to O
and 342 mM NaCl. After 4 days of salt treatmentsnotic potential of roots and
leaves, photosynthetic pigment concentrations, &Hfluorescence parameters and

growth were evaluated.

3.2. Improvement of salt tolerance ability in sséasitive rice variety by

exogenous sucrose application

The HJ and PT1 seedlings were prepared as desdribkd. Fourteen-
day-old HJ and PT1 seedlings were aseptically tearet to 60 mL MS liquid
medium supplemented with 0.0, 29.2, 58.4 and 1188 sucrose by using
vermiculite as supporting material for 14 days. THé& and PT1 seedlings were
cultured as described in 1.2. Consequently, théulmedium of HJ and PT1
seedlings was adjusted to 0 and 342 mM NaCl. Aftdays of salt treatments, sugar
contents, osmotic potential of roots and leaves,otgdynthetic pigment

concentrations, CH fluorescence parameters and growth were evaluated.
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4. Physiological response measurements
4.1. Osmotic potential

Root and leaf osmolalities were measured accordingnfermeijeret al.
(1991) by using a vapor pressure osmometer (552007aWescor, Inc., USA). The
osmolality was converted to the osmotic potent@oading to Kozaiet al. (1986)

equation;

Osmotic potential (bar) = 4.6153 x (273.16) * o, % In (55.509/(55.509 #))

where,t was temperaturéQ)
pw was density of water &fC (g cn®)

a was osmolality (mol k§

Osmotic potential (bar)
10

Osmotic potential (MPa) =

4.2. Sodium (N§ and potassium (K

One hundred milligrams of root and leaf fresh wisgivere ground in
liquid-nitrogen and extracted by acidic method (fiio-Sese and Tobita, 1998). Na
and K contents were analyzed by atomic absorption spelcttometer (Model M6
Thermo Elemental, MA, USA). The K™ ratio was calculated by following Lest
al. (2003).

4.3. Electrolyte leakage

Electrolyte leakagein roots (Elos) was determined by following
Dionisio-Sese and Tobita (1998). The rice rootsewart into 5.0 + 0.2 mm in length
and placed in the glass vessels (Optifle&iIMBLE, Vineland, New Jersey, USA)

containing 10 mL deionized water. The glass vessgse cap and maintained at
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room temperature (25°C) for 2 h. The initial ele@t conductivity (EG) was

measured by using an electrical conductivity mékéodel ID1010, INDEX, Kuala
Lumpur, Malaysia). Then, rice roots were boiledl@0°C in the water bath for 30
min, cooled down at 25°C after that the electrmahductivity (EG) was measured.

The ElLoot Was calculated by using the following formular

EC x 100
EG

E LI’OOt =

where, EG was the initial electrical conductivity of the sples before boiling

EC, was the electrical conductivity of the samplegralftoiling
4.4. Photosynthetic pigment concentrations

Chlorophylla (Chl @), chlorophyllb (Chl b), total chlorophyll (TC) and
total carotenoids (€&c) concentrations were determined by following Sheale al.
(1998) and Lichtenthaler (1987). One hundred nmidiigs of leaf tissues were placed
in the glass vessel (Opticl&aKIMBLE, Vineland, New Jersey, USA), 10 mL 95.5%
(v/v) acetone was added prior to blending with anbgenizer (T25 Basic ULTRA-
TURRAX®; IKA, Kuala Lumpur, Malaysia). To prevent evapdivat the glass
vessels were sealed with parafilm and then store®@ for 48 h. The CH, Chlb,
TC and G+ concentrations were measured by using an UV-éspkctrophotometer
(DR/4000; HACH, Loveland, Colorado, USA) at 66246dnd 470 nm. An acetone
solution was used as a blank. The @hiChl b, TC and G.. concentrations in the

leaves were calculated according to the followiqgations;

Chla =  9.784Qs— 0.990u.
Chib =  21.42Qu—4.65D¢
TC = Chla+ Chlb
(1000D70— 1.90Chla — 63.14Chb)
Crve = 214

where, Dwas an optical density at the wavelength i
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4.5. Chla fluorescence parameters

Chl a fluorescence emission of adaxial leaf surface masitored by
Fluorescence Monitoring System (FMS 2; Hansatestruments Ltd., Norfolk, UK)
in the pulse amplitude modulation mode, as preWodsscribed by Logginét al.
(1999). The maximum quantum yield of PSIL/fz), quantum efficiency of PSII
(Dpsy), photochemical quenching (qP) and non-photochangaenching (NPQ) in
the leaf tissues were evaluated by FMS software Windows (Fluorescence
Monitoring System Software; Hansatech Instrumerits, LNorfolk, UK), and were

calculated as described by Maxwell and JohnsonQ)R00

4.6. Growth

To compare growth of seedlings among the contrditae NaCl-treated
samples, fresh weight (FW) and dry weight (DW) wereasured. The FW of roots
and shoots were immediately weighted after thelsggsdwere exposed to salt stress
at 2, 4 and 8 days. For DW measurement, the roatshoots were dried at I’IDin
a hot-air oven (Memmert, Model 500, Germany) fortdBrior to cooling down in a

desiccator and measuring the DW.

4.7. Sugar contents

4.7.1. Sugar extraction

Glucose, fructose, sucrose, raffinose and stachyobk) and PT1
roots and leaves were extracted according to nestifiarkacieret al. (2003) method.
Fifty milligrams of fresh weights were ground tosfle in liquid-nitrogen with the
pre-cooled eppendorf tube. The sample was mixeth @itmL nanopure water,
sonicated for 15 min, and then centrifuged at 12 @®n for 15 min. Supernatant was
filtrated through 0.4um membrane filter (VertiCleanTM; NYLON Syringe, \ieal
Chromatography Co., Ltd., Thailand) and store@@t°C prior to sugar analysis.
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4.7.2. Sugar analysis

Glucose, fructose and sucrose contents in HJ aridrBdts and
leaves were analyzed by High Performance Liquido@atography (HPLC Water,
Milford, MA, USA) equipped with 4214 differentiaéfractive index (RI) detector and
a Waters 600 gradient controller pump (Water, MdfoMA, USA). Metacarb 87C
column (7.8x300 mm) (Varian, USA) were used forcglse, fructose and sucrose
separations. Nanopure water was used as mobile phbs injection volume was 40

uL and the flow rate was 0.4 mL miin

Raffinose and stachyose were separated by VertFep-NH
(4.6x250 mm) (LIGAND SCIENTIFIC Co., Ltd.). Acetdnie: nanopure water
(75:25; vIv) was used as mobile phase. The autheaffinose and stachyose was
added as internal standard. The injection volums #4@uL with 1.0 mL min* flow

rate.

Quantification of sugars was performed by compating peak
areas with those of the standard solutions. Theogk, fructose, sucrose, raffinose
and stachyose (Sigma, Germany) were used as sthadar sugar contents were
calculated using a standard curve equation (AppeRdjure 2). The total soluble

sugar is the sum of detected sugars.
5. Experimental design and statistical analysis

The experiment 1 and 2 was designed a8x3 and x5 factorials in a
Completely Randomized Design (CRD), respectiveljne Texperiment 3 was
conducted in CRD. Four replicates (n = 4) and ®eedlings per replication were
used. Significant level was determined by one-waglysis of varianceANOVA) by
using the SPSS software (SPSS for Windows, SPSSWSA). Mean values were
compared by the Duncan’s Multiple Range Test (DMRT)
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6. Place and duration

The experiments were conducted at the Plant PHBisichemistry
Laboratory, National Center for Genetic Engineeramgl Biotechnology (BIOTEC),
National Science and Technology Development Agefid$TDA), Klong Luang,
Pathumthani from June 2006 to August 2010.
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RESULTS

Experiment 1. Physiological responses of salt-tolant and salt-sensitive rice

varieties to different NaCl concentrations and salexposure times

Physiological responses in term of the osmotic mae photosynthetic
pigment concentrations, chlfluorescence parameters and growth in salt-toteran
and salt-sensitive PT1 seedlings exposed to 0 ahdl1342 mM NacCl for 2, 4 and 8
days were observed. In HJ and PT1 salt-stressetlirsg® the osmotic potential in
roots was reduced when NaCl concentration was asexe Two days after salt
treatments, the root osmotic potential in HJ and Fde under 342 mM NaCl was
decreased by 1.8 and 2.2 times respectively whempared to the control. There was
slightly changed during 4 and 8 days after saittnents (Figure 5A and 5B) whereas
root osmotic potential in both HJ and PT1 rice esqubto 171 mM NaCl was not

significant from the control at all salt exposureds (Figure 5A and 5B).

The leaf osmotic potential in HJ and PT1 rice wagsdly decreased with the
increasing of NaCl concentration (171 and 342 mhY salt exposure time (2, 4 and
8 days) (Figure 5C and 5D). The highest reductibthe leaf osmotic potential was
found in the HJ and PT1 rice exposed to 342 mM NaCP days that reduced by 4.4
and 4.3 times, respectively when compared to tieralb(Figure 5C and 5D).
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In current study, chlorophyé (Chl a), chlorophyllb (Chl b), total chlorophyl
(TC) and total carotenoids {() were decreased after exposed to salt stressptexce
Chlaand TC in HJ at 171 mM NacCl (Figure 6A and Figdrg. The Chla and Chlb
in HJ and PT1 salt-stressed seedlings were noffisemt difference when compared
to the control after two days of salt treatmentseré were significant reduction of
Chlaand Chlbin HJ and PT1 rice when exposed to 171 and 342Nwakll for 4 and
8 days. The Cha and Chlb in PT1 salt-stressed seedlings exposed to 17134Ad
mM NaCl were reduced more than those in HJ sadtsstd seedlings (Figure 6).

The TC in HJ and PT1 salt-stressed seedlings wasredg reduced in
comparing to the control at all salt exposure tintgght days after salt treatments, the
reduction of TC in HJ and PT1 rice exposed to 342 MaCl was severely reduced
by 5.0 and 22.2 times respectively when comparedhéo non-stressed seedlings
(Figure 7A and 7B).

After 4 and 8 days of salt stress induction, the. @ HJ and PT1 seedlings
was decreased (Figure 7C and 7D). However, theedsing of G.cin both varieties
was different. At 171 mM NacCl, the reduction gf.&gn PT1 was more than in HJ. By
comparing NaCl concentration, the.£in the both seedlings under higher NaCl
concentration decreased more than that under Ib\a@i concentration. The was
slightly changed at the early salt exposure timedg®s) while it changed quickly

when the NaCl concentration was increased.
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Chl a fluorescence parameters i.e. maximum quantum yielESIl (R/Fy),
quantum efficiency of PSIl &pgy)), photochemical quenching (gP) and non-
photochemical quenching (NPQ) are used to indichie water oxidation in

photosystemll (PSlI).

The R/Fy in HJ and PT1 seedlings exposed to 342 mM NaC8fdays was
approximately reduced 2.5 and 2.2 times respegtiwlen compared to the control
(Figure 8A and 8B). There was no difference of thé, in both salt-stressed
seedlings exposed to 171 mM NacCl at all salt exfgosmes (Figure 8A and 8B).

The ®pg; iIn HJ and PT1 salt-stressed seedlings was notfisgmt during 2
and 4 days after salt treatments. However, af@®\& of salt treatments, tkdgg) in
PT1 seedlings was severely reduced wibi}g) in HJ salt-stressed seedlings was not
different between 171 and 342 mM NaCl (Figure 8@ aD).

The gP in HJ and PT1 salt-stressed seedlings wakasito the reduction of
the ®pg). In early salt exposure time (2 and 4 days), thevas not affected by NaCl
concentration. At 342 mM NaCl, the gP in HJ and PSEkdlings was critically
reduced after 8 days of salt treatments (Figure8é 9B).

The NPQ represented protective role of the antilative system. The
increasing of NaCl concentration decreased NP(l aak exposure times, especially
at 342 mM NacCl. Significant difference of the NP€duction was found in the HJ
and PT1 seedlings which subjected to 171 and 342 Mal@| for 2 days after salt
treatments (Figure 9C and 9D). The protective aflehe anti-oxidative system in
PT1 salt-stressed seedlings were significantly cedumore than those in HJ salt-
stressed seedlings.

Reduction of the photosynthetic pigment concerdrati and Chl a
fluorescence parameters caused the reduction afjrtheth in term of fresh weight
(FW) and dry weight (DW) in HJ and PT1 salt-strelsseedlings particularly shoot
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growth when NaCl concentration and salt exposune tivere increased (Table 4 and
Table 5). The root and shoot growths in HJ and Bdlistressed seedlings was not
significantly different from the non-stressed se®gif while shoot growth among the
two varieties was affected by rice varieties, Na@hcentration, salt exposure time

and combination of the factors (Table 4 and Table 5

The increase of salt concentration and salt exgosore reduced growth of
both rice varieties. The reduction of growth resdlfrom the reduction of the leaf
osmotic potential, photosynthetic pigment concéimng and Chla fluorescence
parameters. The table 6-11 showed the positivelyetaied coefficients between
growth and physiological responses in HJ and PTilsgassed seedlings at all salt

exposure times.
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seedlings when exposed to 0, 171 and 342 mM NaQ,fé and 8 days.
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Table 4 Fresh weight (FW) and dry weight (DW) in HJ and Rdats after cultured
in liquid MS medium for 7 days and subsequentlyoseqal to 0, 171 and 342
mM NacCl for 2, 4 and 8 days.

Rice NaCl Salt exposure time Roots
(mM) (days) FW (mg) DW (mg)
HJ 0 2 53.5 6.5
4 67.2 4.6
8 56.9 4.2
171 2 47.5 5.5
4 54.5 3.7
8 41.5 2.6
342 2 37.9 4.7
4 34.2 3.1
8 34.1 2.4
PT1 0 2 56.3 6.6
4 44.2 24
8 52.9 4.1
171 2 44.8 5.8
4 40.5 2.3
8 41.6 3.3
342 2 41.5 5.0
4 39.7 2.0
8 41.0 2.7
Significant level
Rice ns *
NaCl *%* *%k
Salt exposure time ns **
Rice x NaCl * ns
Rice x Salt exposure time * *
NaCl x Salt exposure time ns ns
Rice x NaCl x Salt exposure time ns ns

Means with the different letters in each columnveglsggnificant difference gt<0.01
(**), p<0.05 (*) and non-significant (ns) by Duncan’s New Mplg Range Test
(DMRY).
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Table 5 Fresh weight (FW) and dry weight (DW) in HJ and Bhbots after cultured
in liquid MS medium for 7 days and subsequentlyoseqal to 0, 171 and 342

mM NacCl for 2, 4 and 8 days.

Rice NacCl Salt exposure time Shoots
(mM) (days) FW (mg) DW (mg)
HJ 0 2 194.7 ab 35.6 bcd
4 216.6 a 43.1b
8 149.9 cd 61.9a
171 2 178.7 abc 31.5 bed
4 2059 a 34.6 bcd
8 141.3 cde 27.0 cde
342 2 178.0 abc 28.1 cde
4 98.2 fg 24.9 de
8 92.31g 25.8 cde
PT1 0 2 196.8 ab 38.2 bc
4 101.1 fg 18.1e
8 129.4 def 32.8 bed
171 2 189.7 ab 32.4 bed
4 82.5¢ 179e
8 129.2 def 31.9 bed
342 2 163.9 bcd 29.2 cde
4 82.3¢ 17.2 e
8 106.7 efg 28.6 cde
Significant level
RICG *% *%
NaCl *%* *%*
Salt exposure time *x *x
Rice x NaCl b **
Rice x Salt exposure time o o
NaCl x Salt exposure time ns ns

Rice x NaCl x Salt exposure time

*%

Means with the different letters in each columnveglsggnificant difference gt<0.01
(**), p<0.05 (*) and non-significant (ns) by Duncan’s New Mpla Range Test

(DMRT).
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Table 6 Correlation coefficients of the physiologicalpesses in HJ salt-stressed

seedlings exposed to salt stress for 2 days.

LOP Chla Chlb TC Gu.. FR/Fn ®psi qP  NPQ SFW SDW
LOP 1 - - - - - - - - - -
Chla 0.760° 1 - - - - - - - - -
Chlb 0.839° 0.816 1 - - : - - - - -
TC 0868 0.751 0.969° 1 - - - - - - -
Ce:c 0.649 0.552°0.676 0.566° 1 - - 2 - - -
F/Fm 0.938 0.652 0.743 0.757° 0.590 1 - - - - -
Ops;  0.744" 0.548°0.750° 0.734" 0.599 0.825" 1 . s - -
qP  0.948" 0.705 0.818" 0.823" 0.640 0.978 0.833" 1 - - -
NPQ 0.600 0.714 0.657 0.572°0.548° 0.478°0.287°0.573° 1 - -
SFW 0.691 0.886 0.790° 0.734" 0.644 0.467°0.422°0.569° 0.711 1 -
SDW 0.958" 0.869 0.859 0.856 0.674 0.836 0.674 0.875 0.679 0.857° 1

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by

Pearson’s correlation coefficients.
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Table 7 Correlation coefficients of the physiologicalpesses in PT1 salt-stressed

seedlings exposed to salt stress for 2 days.

LOP Chla Chlb TC GCu FR/Fn ®psi 9P NPQ SFWSDW
LOP 1 - - - - - - - - - -
Chla 0.502ns 1 - - - - - -
Chlb 0.851° 0.763° 1 - - - - - - - -
TC 0.899 0642 0911 1 - - - - - - -
Cwc 0.726 0.430° 0.643 0683 1 - - 4 - - -
F/Fn 0.861° 0.408° 0.708" 0.646 0.671 1 - . : - -
®ps; 0.851° 0.741° 0.836° 0.799° 0.609 0.878° 1 - - - -
qP  0.841" 0.408° 0.709° 0.626 0.629 0.995 0.879° 1 - 3 -
NPQ 0.797 0.531° 0.718" 0.800° 0.876° 0.658 0.715 0.640 1 - -
SFW 0.578° 0.563° 0.536° 0.446° 0.808° 0.639 0.631 0.626 0.787° 1 -
SDW 0.693 0.647 0.659* 0.646 0.885 0.612 0.662 0.574°0.852°0.929 1

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by

Pearson’s correlation coefficients.
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Table 8 Correlation coefficients of the physiologicalpesses in HJ salt-stressed

seedlings exposed to salt stress for 4 days.

LOP Chla Chlb TC G FR/Fn ®psy qP  NPQ SFW SDW
LOP 1 - - - - - - - - - -
Chla 0.940° 1 - - - - - - - - -
Chlb 0.915° 0995 1 - - - - - - - -
TC 0.984" 0.940 0.913 1 - - L L - - -
C..c 0.887° 0.722°0.668 0910 1 - - £ - - -
F/Fn 0.957" 0.887° 0.848 0.983  0.939° 1 - - - - -
®ps; 0.565° 0.678 0.705 0.595 0.360° 0.553° 1 g - - -
gP  0.697 0.799° 0.817° 0.713" 0.494° 0.640 0.378° 1 - - -
NPQ 0.747" 0.769" 0.802" 0.731" 0.553° 0.652 0.513°0.844" 1 - -
SFW 0.750° 0.611 0.580 0.757° 0.796 0.781" 0.206°0.564° 0.683 1 -

SDW 0.721° 0.651 0.651 0.701 0.627 0.686 0.313°0.624 0.782° 0.923"

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by

Pearson’s correlation coefficients.
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Table 9 Correlation coefficients of the physiologicalpesses in PT1 salt-stressed

seedlings exposed to salt stress for 4 days.

LOP Chla Chlb TC GC.. FR/Fm ®psiy gP NPQ SFW SDW
LoP 1 - - - - - - - - - -
Chla 0.975 1 - i - - - -
Chlb 0.972° 0.995" 1 - - - - - i - -
TC 0.967 0.987° 0973 1 " 3 L - - - -
C..c 0.929° 0.910° 0.889" 0.923° 1 - - - - 2 -
F/Fm 0.724" 0.684 0.661 0.728" 0.887 1 . - : - -
Dpg; 0.771° 0.794" 0.783° 0.784" 0.794" 0.688 1 - - : A
qP  0.945 0.937° 0.937" 0.921" 0.874" 0.642 0.808" 1 - - -
NPQ 0.752° 0.668 0.650 0.687 0.752" 0.610 0.421°0.808" 1 1 -
SFW 0.454°0.387° 0.347" 0.436° 0.432°0.215°0.117° 0.516° 0.785 1 .
SDW 0.139° 0.081° 0.050" 0.119° 0.182" 0.095°-0.146°0.228"° 0.627 0.877 1

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by

Pearson’s correlation coefficients.
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Table 10 Correlation coefficients of the physiologicalpesses in HJ salt-stressed

seedlings exposed to salt stress for 8 days.

LOP Chla Chlb TC GCu.. R/Fm ®psi qP NPQ SFW SDW
LoP 1 - - - - - - - - - -
Chla 0.794" 1 - - - - - - -
Chlb 0.796" 0.999° 1 - - - - - - - -
TC 0.816 0.997° 0.995 1 - - - - - - -
C.c 0.894 0.916° 0.912" 0.941° 1 - - - - - -
F/Fn 0.908 0.876 0.874° 0.907° 0.982" 1 - - - - -
Dps;  0.697 0.985° 0.984" 0.972" 0.855 0.805 1 A - 3 -
qP 0.780 0.996" 0.995° 0.993" 0.919° 0.885 0.988" 1 - - -
NPQ 0.547"° 0.412" 0.428"° 0.385" 0.374°0.315° 0.383°0.384" 1 - -
SFW 0.970" 0.770° 0.770° 0.800" 0.927° 0.934" 0.671 0.765 0.518° 1 -
SDW 0.736 0.803" 0.804" 0.779" 0.650 0.594 0.791 0.776 0.532° 0.609 1

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by

Pearson’s correlation coefficients.
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Table 11 Correlation coefficients of the physiologicalpesses in PT1 salt-stressed

seedlings exposed to salt stress for 8 days.

LOP Chla Chlb TC Cu FRJ/Fm ®psy P NPQ SFW SDW
LOP 1 - - - - - - -
Chla 0.813° 1 - - - - - - -
Chlb 0.803" 0.998" 1 - - i - - - -
TC 0.831 0.991° 0.985° 1 - - : - - - -
C.c 0.951° 0.860° 0.850° 0.876° 1 -
F/Fm 0.959" 0.777° 0.765 0.794" 0.963° 1
Dpg; 0.962° 0.886° 0.876° 0.900° 0.989" 0.977° 1 A S
qP 0.774 0.986° 0.979" 0.992° 0.820° 0.731" 0.849° 1 - -
NPQ 0.419° 0.287° 0.295° 0.266° 0.323° 0.219° 0.284° 0.237° 1 f -
SFW 0.834" 0.513° 0.50%°0.539° 0.762" 0.814" 0.759" 0.478° 0.374° 1 -
SDW 0.716" 0.567° 0.599 0.563°0.681 0.691 0.683 0.497° 0.426° 0.622 1

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by

Pearson’s correlation coefficients.

Experiment 2. Physiological responses of salt-tolant and salt-sensitive rice

varieties to salt stress under iso-osmotic conditio

Under iso-osmotic condition, higher NaCl concembrat(85.5-342.0 mM
NaCl) in the culture medium significantly increassmtium ion (N8, Na":K" ratio
and root electrolyte leakage (g4) in HJ and PT1 seedlings. The Na salt-tolerant
HJ and salt-sensitive PT1 seedlings exposed to 2 NaCl were highly
accumulated in roots and leaves when comparedetadhtrol (Table 12 and 13). In
the meantime, the Kin HJ salt-stressed seedlings was increased Whila PT1 salt-

stressed seedlings was unchanged (Table 12 arkgl@e 10 and 11).

The increase of Naand K in HJ salt-stressed seedlings could maintain the
Na'":K" ratio in roots (Figure 12) but not in leaves (Figd3), therefore the Elg in
HJ rice was lower than that in the PT1 rice (Figi4¢. The osmotic potential in HJ
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and PT1 salt-stressed seedlings was reduced itidsaks (Figure 15) while osmotic

potential was not affected in roots (Figure 16).

Table 12 Na', K*, Na": K" ratio and electrolyte leakage (&d) in HJ and PT1
roots after cultured in liquid MS medium for 7 daysd subsequently
exposed to 0.0, 85.5, 171.0, 256.5 and 342.0 mMI Na@er iso-osmotic
condition (osmotic potential = -1.75 + 0.20 MPa) 4odays.

ridk NaCl Mannitol Na' K* Na': K* EL oot
(mMM)  (mM)  (ugg'FW) (ugg'FW)  ratio (%)

HJ 0.0 548.9 9.1¢ 425b 0.217 de 31.3e
85.5 329.4 16.6 d 178.5a 0.093 e 39.0 de
171.0 219.6 18.9c 186.3 a 0.104 e 47.9 cd
256.5 109.8 28.3b 247.4 a 0.116 e 49.3 c
342.0 0.0 31.0a 262.8 a 0.130 e 51.0c

PT1 0.0 548.9 0.71 13.8b 0.058 e 45.1 cd
85.5 329.4 3.5h 10.0b 0.473 cd 45.2 cd
171.0 219.6 11.3f 15.1b 0.749 bc 66.3 b
256.5 109.8 144 e 140b 1.043 ab 71.5 ab
342.0 0.0 134 e 11.8 b 1.138 a 79.2 a

Significant level

Rice Kk *ok Kk *ok
NaCl *k * Kk *k
Rice x NaCl * * * *

Means with the different letters in each columnvgisaynificant difference gi<0.01
(**) and p<0.05 (*) by Duncan’s New Multiple Range Test (DMRT).
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Table 13 Na&', K" and N&: K" ratio in HJ and PT1 leaves after cultured in ihmS
medium for 7 days and subsequently exposed t®86.6, 171.0, 256.5 and

342.0 mM NacCl under iso-osmotic condition (osmg@itential = -1.75 +

0.20 MPa) for 4 days.

Rice NaCl  Mannitol Na K* Na': K*
(mM)  (mM) (bgg'FW)  (ng g’ Fw) ratio
HJ 0.0 548.9 0.3f 22.8 e 0.013
85.5 329.4 6.9 de 64.1 bc 0.109
171.0 219.6 204 c 62.0 bc 0.328
256.5 109.8 26.5c¢c 74.7b 0.355
342.0 0.0 440 a 99.3a 0.456
PT1 0.0 548.9 1.2 ef 43.0d 0.027
85.5 329.4 7.6d 39.3 de 0.193
171.0 219.6 24.7 ¢ 48.4 cd 0.511
256.5 109.8 22.8¢c 37.4 de 0.630
342.0 0.0 33.0b 48.0 cd 0.696
Significant level
Rice ns prx *x
NaCl *%* *%* *%
Rice x NaCl A *A ns

Means with the different letters in each columnveglsggnificant difference gt<0.01

(**), p<0.05 (*) and non-significant (ns) by Duncan’s New Mpla Range Test

(DMRT).
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Under iso-osmotic condition, photosynthetic pignser@hla, Chlb, TC and
Cx+c In HJ and PT1 salt-stressed seedlings were sgvesduced when the NacCl
concentration was increased. Half reduction of ihetosynthetic pigments in PT1
salt-stressed seedlings was found at 342 mM Na€bimparing to the control (Table
14). This result clearly demonstrated that the éase of Naunder iso-osmotic
condition reduced the photosynthetic pigments ithb&J and PT1 seedlings (Figure
17 and 18).

In parallel way, Chh fluorescence parameters i.@/Hz, ®psy, gP and NPQ in
HJ and PT1 salt-stressed seedlings were significdatreased when compared to the
control (Table 15). This result indicated that thereasing of N&ainhibited the water
oxidation in the PSIl in HJ and PT1 seedlings (Fegd9 and 20). Moreover,
increasing of the Chd and TC were closely related to the increasing ffF(Figure
21) anddpg (Figure 22), respectively. The increase f.Qvas positively related to
the increment of NPQ (Figure 23) in both HJ and R&&dlings. Furthermore, the
relationship between CHd fluorescence parameters i.e. increasing #f-finduced

®pg; Which resulted in the increase of the photosymsh@sgure 24).
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The increase of NaCl concentration reduced photbsgis i.e. photosynthetic
pigment concentrations and Chlfluorescence parameters which caused the growth
reduction (FW and DW) in HJ and PT1 salt-stresseeldéngs under iso-osmotic
condition. Growth of seedlings was significantlyfffeient among the HJ and PT1
varieties and NaCl concentration (Table 16). Moe¥pwhe growth of PT1 salt-
stressed seedlings was more severely reduced haamft HJ salt-stressed seedlings
(Table 16).
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Table 14 Photosynthetic pigment concentrations in HJ andl §8edlings after

cultured in liquid MS medium for 7 days and subssly exposed to 0.0,
85.5, 171.0, 256.5 and 342.0 mM NaCl under iso-dagncondition
-1.75 + 0.20 MPa) for 4 days.

(osmotic potential

. NaCl Mannitol Pigment concentrationgg g* Fw)

Rice
(mM) (mM) Chla Chib TC Cerc

HJ 0.0 548.9 319.5b 661.0 b 9049b 40.1a
85.5 329.4 259.7 d 529.2 c 802.3c 36.4b
171.0 219.6 2389e 4509 e 702.3d 29.7d
256.5 109.8 231.7 e 440.4ef 7029d 29.2d
342.0 0.0 213.2f 4129 f 632.4e 265e

PT1 0.0 548.9 375.3a 697.9 a 966.6a 37.2Db
85.5 329.4 288.6 c 4925d 779.3c 31l4c
171.0 219.6 19209 466.7 de  629.3e 23.2f
256.5 109.8 178.4 ¢ 411.9f 558.2f 21.6¢
342.0 0.0 154.4 h 169.6 g 42549 2149

Significant level
Rice

NaCl

Rice x NaCl

**

**

**

** ** *%

** ** **

** ** *%

Means with the different letters in each columnvgisaynificant difference gi<0.01

(**) by Duncan’s New Multiple Range Test (DMRT).
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Figure 17 Correlation between Nand Chla and Chlb in HJ (A and C) and PT1 (B
and D) seedlings when exposed to salt stress usal@smotic condition

(osmotic potential = -1.75 + 0.20 MPa) for 4 days.
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Figure 18 Correlation between Nand TC and G in HJ (A and C) and PT1 (B
and D) seedlings when exposed to salt stress usal@smotic condition

(osmotic potential = -1.75 + 0.20 MPa) for 4 days.
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Table 15 R/Fn, ®psiy, P and NPQ in HJ and PT1 rice seedlings aftéui@d in
liquid MS medium for 7 days and subsequently exgdse.0, 85.5, 171.0,

256.5 and 342.0 mM NaCl under iso-osmotic condi{msmotic potential

=-1.75 £ 0.20 MPa) for 4 days.

Rice NacCl Mannitol Fo/Fm Dpg) gP NPQ
(mM) (mM)

HJ 0.0 548.9 0.824 a 0.618a 0.817a 0.072a
85.5 329.4 0.771 b 0.526b 0.678b 0.051Db
171.0 219.6 0.729cd 0.466d 0.622d 0.037d
256.5 109.8 0.620 e 0.414f 0.581f 0.026e
342.0 0.0 0.514 f 0.297g 0.527g 0.017f

PT1 0.0 548.9 0.737 ¢ 0.507c 0.659c 0.044c
85.5 329.4 0.728cd 0.497c 0.594e 0.037d
171.0 219.6 0.709d 0.446e 0.528g 0.011g
256.5 109.8 0.627 e 0.411f 0.516h 0.010¢g
342.0 0.0 0.620 e 0.403f 0.508h 0.010g9

Significant level
Rice

NacCl

Rice x NaCl

**

**

**

**

**

**

**

**

**

*%

**

**

Means with the different letters in each columnvgisaynificant difference gi<0.01

(**) by Duncan’s New Multiple Range Test (DMRT).
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Figure 19 Correlation between Nand F/F,, and®pg; in HJ (A and C) and PT1 (B

and D) seedlings when exposed to salt stress ism@smotic condition

(osmotic potential

-1.75 £ 0.20 MPa) for 4 days.
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Figure 20 Correlation between Nand gP and NPQ in HJ (A and C) and PT1 (B
and D) seedlings when exposed to salt stress usal@smotic condition

(osmotic potential = -1.75 + 0.20 MPa) for 4 days.
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Table 16 Fresh weight (FW) and dry weight (DW) in HJ andlR®ots and shoots
after cultured in liquid MS medium for 7 days andbsequently exposed to

0.0, 85.5, 171.0, 256.5 and 342.0 mM NaCl undeomootic condition

(osmotic potential

-1.75 + 0.20 MPa) for 4 days.

, Roots Shoots
. NaCl Mannitol
Rice FW DW FW DW
(mM) (mM)
(mg) (mg) (mg) (mg)
HJ 0.0 548.9 35.0a 7.3a 145.2 a 47.0a
85.5 329.4 28.6 b 43Db 132.1b 33.7b
171.0 219.6 28.3 b 4.0 bc 116.4c 25.4 cd
256.5 109.8 20.5cd 3.2 bed 112.4 cd 23.9 cde
342.0 0.0 18.4d 3.0 bed 110.4 cd 20.4 def
PT1 0.0 548.9 26.7b 3.3 bcd 108.8d 28.4
85.5 329.4 219c 3.3 bcd 77.1¢€ £9.6
171.0 219.6 125¢e 2.3cd 72.7 ef 17.4f
256.5 109.8 11.2e 2.2d 69.3 f 16.3 f
342.0 0.0 11.0e 1.8d 68.6 f 16.0f
Significant level
RICG *%* *% *%* *%*
NaCl *%* *% *% *%
Rice x NaCl o ns p o

Means with the different letters in each columnveglsggnificant difference gt<0.01

(**) and non-significant (ns) by Duncan’s New Myt Range Test (DMRT).
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Under iso-osmotic condition, both HJ and PT1 riteveed the different
responses of glucose, sucrose, raffinose and siaehy roots. These sugars in PT1
salt-stressed roots were increased with the incrgas NaCl concentration while the
sugars in HJ roots were slightly changed. Notalbig,fructose was not found in both
HJ and PT1 seedlings (Table 17). Furthermore, ribeease of total soluble sugar in
roots was not related to the change of root osnpatential in HJ (= 0.08) (Figure
25A) and PT1r( = 0.63) (Figure 25B). In leaves, the sugars irrield were decreased
whereas sugars in PT1 rice were increased (TableM@&reover, the total soluble
sugar in HJ salt-stressed leaves was not relatéelafoosmotic potentialr (= 0.77)
(Figure 26A) whereas the increasing of total sa@uhlgar in PT1 salt-stressed leaves

reduced the leaf osmotic potentiaH0.95) (Figure 26B).
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Table 17 Glucose, fructose, sucrose, raffinose and stachiyoldd and PT1 root
after cultured in liquid MS medium for 7 days andbsequently exposed to
0.0, 85.5, 171.0, 256.5 and 342.0 mM NaCl undeomsootic condition
(osmotic potential = -1.75 + 0.20 MPa) for 4 days.

Rice NaCl Mannitol Sugar contentsumol g* FW)
(mM)  (mM) Glucose Fructose Sucrose Raffinose Stachyose

HJ 0.0 548.9 90.4 h NA 35.7h 10.9de 55f
85.5 329.4 76.9 | NA 31.4] 28¢e¢ .3l8e
171.0 219.6 935f NA 37.3f 19.3 ¢ 128
256.5 109.8 83.61i NA 33.3i 8.6de 17.5d
342.0 0.0 92.5¢ NA 36.8¢ 7.7de .01®

PT1 0.0 548.9 94.1e NA 37.8¢ 6.0e 7.8ef
85.5 329.4 98.1d NA 39.2d 145cd .51
171.0 219.6 119.3 a NA 48.4 a 42.7 a 8 46.
256.5 109.8 110.0b NA 43.4 b 28.0b 739.
342.0 0.0 109.0c NA 43.1c 33.1b 38.9

Significant level

RICG *% ND ** *%* **

NaCl *% ND ** *% **

Rice x NaCl 3 ND i 5 by

Means with the different letters in each columnvgisaynificant difference gi<0.01
(**) by Duncan’s New Multiple Range Test (DMRT).
NA = non-appearance

ND = non-detection
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Table 18 Glucose, fructose, sucrose, raffinose and stachiyodd and PT1 leaves

after cultured in liquid MS medium for 7 days andbsequently exposed to
0.0, 85.5, 171.0, 256.5 and 342.0 mM NaCl undeosootic condition

(osmotic potential = -1.75 + 0.20 MPa) for 4 days.

Rice NaCl Mannitol Sugar contentsufmol g* FW)
(mM) (mM)  Glucose Fructose Sucrose Raffinos8tachyose

HJ 0.0 548.9 236.1c 42.3d 65.8¢c 90.2c 103.2d
85.5 329.4 155.8 h 25.7 f 43.3 g 74.0e€ 85.7 e
171.0 219.6 16059 34.1e 41.8 h 89.4c 99.2d
256.5 109.8 151.8i 41.8d 36.7 | 38.0h 404
342.0 0.0 189.3f 74.2a 40.11 51.5¢ 67.9f

PT1 0.0 548.9 206.3e 33.3e 59.6 e 80.9d 98.0d
85.5 329.4 215.7d 30.8ef 615d 104.4b nt8.
171.0 219.6 218.3d 54.3c 58.6 f 62.7 f 5%2.
256.5 109.8 257.1b 624D 77.8b 109.9b 1B86.8
342.0 0.0 266.4a 60.6b 138.1a 251.6 a 280.2 a

Significant level

RICG *% *%k *%

NaCl *%* *% *%

Rice x NaCl g 2% v ]

Means with the different letters in each columnvgisaynificant difference gi<0.01
(**) by Duncan’s New Multiple Range Test (DMRT).
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Experiment 3. Salt tolerance ability improvement by exogenous potassium

nitrate (KNO 3) and sucrose applications

3.1. Effect of exogenous potassium nitrate (KN@n salt tolerance ability in

salt-sensitive rice variety

From the experiment Il, the increase of Kccumulation played an
important role on the salt tolerance ability in BRlt-stressed seedlings. Therefore,
this study was to evaluate the role of exogenousagsaum application on

physiological responses in salt-sensitive rice.

The study showed that the root osmotic potentid bt salt-stressed rice
cultured in the medium without KNOwas reduced by 1.8 times. There was no
difference in HJ salt-stressed rice when compavetig control. Under salt stress, the
leaf osmotic potential was severely decreased ithane the root osmotic potential in
both HJ and PT1 seedlings (Table 19). An incredd€N©D3 in the culture medium
decreased the root and leaf osmotic potentialsTih galt-stressed seedlings at 11.8
and 14.1 mM KNQ (Table 19). Moreover, an increase of KN€ncentration in the
culture medium reduced the osmotic potential in Ba&lt-stressed roots and leaves
(Figure 27).

Chla, Chlband TC in HJ and PT1 salt-stressed seedlings lees than
those in the control (Table 20). However, the phptthetic pigments in PT1 salt-
stressed seedlings were increased by Kid@plication in the culture medium, these
pigment contents were also higher than those isdltdstressed seedlings (Table 20).
In addition, G:c in both HJ and PT1 salt-stressed seedlings wassigaificantly
different from the control. However, higher congation of KNQ; application
resulted in enhancing the g in the PT1 salt-stressed seedlings. The redudtidhe
leaf osmotic potential in PT1 salt-stressed segdlimas not related to the Chland
TC (Figure 28).
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Table 19 Osmotic potential in PT1 seedlings after culturetiquid MS medium
supplemented with KN@concentration for 14 days and subsequently

exposed to 342 mM NacCl for 4 days.

Rice KNO3 NacCl Osmotic potential (MPa)
(mM) (mM) Root Leaf
HJ 0.0 0 -0.35a -1.16 a
HJ 0.0 342 -0.38 a -5.75¢
PT1 0.0 0 -0.33 a -2.92b
PT1 0.0 342 -0.61 b -6.42d
PT1 9.4 342 -0.65 b -7.07 e
PT1 11.8 342 -0.83d -9.13 f
PT1 141 342 -0.76 c -10.77 g
Significant level ¥ *

Means with the different letters in each columnvglsggnificant difference gt1<0.01
(**) by Duncan’s New Multiple Range Test (DMRT).

Root Leaf
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Figure 27 Correlation between KN§oncentration and osmotic potential in PT1
roots (A) and leaves (B) after applied with 0.G4,9.1.8 and 14.1 mM
KNOj3 for 14 days and subsequently exposed to 342 mM a@ days.
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Table 20 Photosynthetic pigment concentrations in PT1 segsllafter cultured in
liquid MS medium supplemented with 0.0, 9.4, 11nfl 44.1 mM KNQ
for 14 days and subsequently exposed to 342 mM Kadl days.

Rice KNO; NaCl Pigment concentrationg§ g* FW)
(mM)  (mM) Chla Chlb TC Cerc
HJ 0.0 0 1845a 59.7 a 2439 a 60.5b
HJ 0.0 342 106.9 de 34.4d 140.7 de 58.8 b
PT1 0.0 0 144.1 bc 42.5¢ 186.7 bc 450 c
PT1 0.0 342 99.2 e 32.1d 1315e 46.3 c
PT1 9.4 342 112.1d 38.8 ¢ 151.5d 48.7 c
PT1 11.8 342 147.0b 47.0b 194.3 b 72.1a
PT1 141 342 134.0c 41.8c 176.8 c 67.9 a
Significant level e ¥ % **

Means with the different letters in each columnvglsggnificant difference gt1<0.01
(**) by Duncan’s New Multiple Range Test (DMRT).
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Figure 28 Correlation between leaf osmotic potential antl&(®\) and TC (B) in
PT1 seedlings after applied with 0.0, 9.4, 11.8 &hd mM KNQ for 14
days and subsequently exposed to 342 mM NaCl fay4.
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Chl a fluorescence parameters/fs, ®ps; and gP in both HJ and PT1
seedlings were reduced when exposed to 342 mM Nael@reas the KN®
application in the culture medium showed that the &fluorescence parameters in
PT1 salt-stressed seedlings were increased (TdhleAR increase of Chh in PT1
salt-stressed seedlings was positively relatechéoincreasing of J#, (Figure 29)

whereas the increasing of th@hz, was not affected th@ps (Figure 30).

Growth in term of FW and DW of roots and shootsHd and PT1
seedlings were significantly reduced when subjetbesialt stress. The increasing of
KNOj3 concentration in the culture medium increasedst@ot growth in PT1 salt-
stressed seedlings (Table 22), however the FW alldrDroots were fluctuated.

Increasing of KN@ concentration in the culture medium increased
growth of PT1 salt-stressed seedlings. This regulfeom the increase of
photosynthetic pigment concentrations and &ffluorescence parameters. The table
23 showed the positively correlated coefficientéwleen growth and physiological

responses in PT1 salt-stressed seedlings.
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Table 21 R/F,, ®psiand qP in PT1 seedlings after cultured in liqui8 Medium
supplemented with 0.0, 9.4, 11.8 and 14.1 mM KN 14 days and
subsequently exposed to 342 mM NacCl for 4 days.

. KNO3 NaCl FV/Fm Opg) qP
Rice
(mM) (mM)
HJ 0.0 0 0.881 a 0.506 a 0.574 a
HJ 0.0 342 0.728 d 0.321 e 0.414 e
PT1 0.0 0 0.887 a 0.477 b 0.537 bc
PT1 0.0 342 0.731d 0.368 d 0.502d
PT1 9.4 342 0.746 d 0.399c 0.558 ab
PT1 11.8 342 0.849 b 0.413c 0.519 cd
PT1 14.1 342 0.793 c 0.408 c 0.527 bcd
Significant level -4 kY *x

Means with the different letters in each columnvgisaynificant difference gi<0.01
(**) by Duncan’s New Multiple Range Test (DMRT).

1.0
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w y = 0.001x + 0.55
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0.0
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Figure 29 Correlation between Chland K/Fy, in PT1 seedlings after applied with

0.0, 9.4, 11.8 and 14.1 mM KNG@or 14 days and subsequently exposed
to 342 mM NacCl for 4 days.
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Figure 30 Correlation between A, and®pg; in PT1 seedlings after applied with

0.0, 9.4, 11.8 and 14.1 mM KNQ@or 14 days and subsequently exposed
to 342 mM NacCl for 4 days.

Table 22 Fresh weight (FW) and dry weight (DW) in PT1 roatsl shoots after
cultured in liquid MS medium supplemented with ®@4, 11.8 and 14.1
mM KNOs for 14 days and subsequently exposed to 342 mM ka@

days.
Roots Shoots
. KNO3 NaCl
Rice FW DW FW DW
(mM)  (mM)
(mg) (mg) (mg) (mg)
HJ 0.0 0 36.6 a 4.1b 192.0b 29.2 cd
HJ 0.0 342 329bc 3.8c 165.2 c 31.7 ab
PT1 0.0 0 35.0ab 4.7a 2179 a 33.6a
PT1 0.0 342 32.1bc 3.4de 141.5d 928
PT1 9.4 342 30.3c 3.6cd 138.5d 31.2 bc
PT1 11.8 342 36.9a 3.3e 156.3 c 31.2 bc
PT1 14.1 342 30.8¢ 3.2e 158.8 ¢ 33.6a
Significant level * ** * *

Means with the different letters in each columnvglsggnificant difference gi1<0.01

(**) by Duncan’s New Multiple Range Test (DMRT).
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Table 23 Correlation coefficients of the physiologicalpesses in PT1 salt-stressed
seedlings after applied with 0.0, 9.4, 11.8 and 1AM KNO; for 14 days
and subsequently exposed to 342 mM NacCl for 4 days.

LOP Chla Chlb TC GCu FR/Fn ®psy qP NPQ SFW SDW
LOP 1 - g - - - 2 . - - -
Chla -0.725° 1 - - : - . -

Chlb -0.600" 0.948" 1 - - - - - - - -
TC -0.719 0.987° 0947 1 - . - 4 -

Cue -0.8217 0.963" 0.877° 0.961° 1 b - - L - -
F./Fm -0.667" 0.791° 0.722° 0.795 0.820° 1 - - . - -
®ps; -0.524 0.565 0.539 0.558 0.502 0.660° 1 : - - -
qP  0.02%° -0.008"° 0.088° 0.008°-0.128°-0.014°0.664" 1

NPQ 0.308"° -0.037°-0.018"° -0.047°-0.1415-0.477°-0.157° 0.051° 1

SFW -0.911" 0.820° 0.657" 0.797" 0.921" 0.784" 0.494°-0.176°-0.249° 1

SDW -0.771" 0.486° 0.463° 0.487° 0.540 0.48%"° 0.613 0.394°-0.393° 0.623" 1

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by
Pearson’s correlation coefficients.

3.2. Improvement salt tolerance ability in saltsiéwe rice variety by

exogenous sucrose application

The glucose and fructose in both HJ and PT1 seghiwere reduced
when exposed to 342 mM NaCl (Table 24). Howeveogexrous sucrose application
increased the glucose and fructose in PT1 sakss#ceroots. In this study, the sucrose
was not detected (Table 24). In contrast to thetstothe salt stress remarkably
induced the glucose, fructose and sucrose accuongan HJ and PT1 leaves (Table
25). The exogenous sucrose concentration incrgglaedse and fructose in PT1 salt-
stressed leaves, but not sucrose (Table 25). Fartre, the total soluble sugar in
PT1 salt-stressed seedlings cultured in the cuthedium supplemented with sucrose

reduced the root osmotic potential while leaf osmpbtential was increased (Figure
31).
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Table 24 Sucrose, glucose and fructose in PT1 roots atfténred in liquid MS
medium supplemented with 0.0, 29.2, 58.4 and ld®Bsucrose for 14
days and subsequently exposed to 342 mM NacCl ttay4.

Rice Sucrose  NaCl Sugar contentsufmol g* FW)
(mM) (mM) Sucrose Glucose Fructose
HJ 0.0 0 NA 53.7 ¢ 50.0c
HJ 0.0 342 NA 48.8 e 49.7 c
PT1 0.0 0 NA 47.8 f 48.4d
PT1 0.0 342 NA 3749 39.6 e
PT1 29.2 342 NA 51.5d 40.7 e
PT1 58.4 342 NA 92.2b 84.1b
PT1 116.8 342 NA 242.0 a 237.0a
Significant level ND Vi *3

Means with the different letters in each columnvglsggnificant difference gt1<0.01
(**) by Duncan’s New Multiple Range Test (DMRT).
NA = non-appearance

ND = non-detection
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Table 25 Sucrose, glucose and fructose in PT1 leaves@aitarred in liquid MS
medium supplemented with 0.0, 29.2, 58.4 and 1d®Bsucrose for 14
days and subsequently exposed to 342 mM NacCl ttay4.

Rice Sucrose NacCl Sugar contentsufmol g* FW)
(mM) (mM) Sucrose Glucose Fructose
HJ 0.0 0 NA 155.9¢ 133.5f
HJ 0.0 342 195.9 369.0 e 397.0d
PT1 0.0 0 NA 1945f 1939e
PT1 0.0 342 386.6 411.0d 430.2 c
PT1 29.2 342 183.5 481.7 c 446.1 c
PT1 58.4 342 714.0 989.5b 995.7 a
PT1 116.8 342 3.6 1084.8 a 619.4 b
Significant level ND * o

Means with the different letters in each columnwgtsignificant difference aP <
0.01 (**) by Duncan’s New Multiple Range Test.

NA = non-appearance

ND = non-detection
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Figure 31 Correlation between total soluble sugar and osnpatiential in roots (A)
and leaves (B) in PT1 seedlings after applied @ith 29.2, 58.4 and
116.8 mM sucrose for 14 days and subsequently exjpms342 mM NacCl
for 4 days.

Osmotic potential of root and leaf tissues in HH &'l rice was
decreased by salt stress, however the osmotic frdten PT1 salt-stressed seedlings
was reduced more than that in the HJ salt-stressedlings, especially osmotic
potential in leaf (Table 26). Interestingly, thecrieasing of sucrose concentration in
the culture medium reduced the osmotic potenti®Td salt-stressed roots more than
that in PT1 salt-stressed roots without sucrosetimiosmotic potential was inversely
increased in leaves (Table 26).
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Table 26 Osmotic potential in PT1 seedlings after culturetiquid MS medium
supplemented with 0.0, 29.2, 58.4 and 116.8 mMasecfor 14 days and
subsequently exposed to 342 mM NaCl for 4 days.

Rice Sucrose NacCl Osmotic potential (MPa)
(mM) (mM) Root Leaf
HJ 0.0 0 -0.58 a -1.54 a
HJ 0.0 342 -0.88 bc -3.82b
PT1 0.0 0 -0.68 a -1.65a
PT1 0.0 342 -0.93 c -5.79d
PT1 29.2 342 -0.81b -5.63d
PT1 58.4 342 -0.97c -4.43 c
PT1 116.8 342 -1.13d -4.75 ¢
Significant level ¥ *

Means with the different letters in each columnwgtsignificant difference aP <
0.01 (**) by Duncan’s New Multiple Range Test.

The Chla, Chlb and TC in PT1 salt-stressed seedlings were sgverel
reduced more than those in the HJ salt-stressedlisg® EXxogenous sucrose
application increased Clal Chlb and TC in PT1 salt-stressed seedlings (Table 27).
Additionally, the G, in HJ and PT1 salt-stressed seedlings was indcmegbaring to
the control, however application of sucrose to Balt-stressed rice resulted in the
reduction of G.. (Table 27). Furthermore, an increase of leaf osnmttential was
positively related to TC (Figure 32).



84

Table 27 Photosynthetic pigments (Cal Chlb, TC and G.c) in PT1 seedlings after
cultured in liquid MS medium supplemented with 29,2, 58.4 and 116.8

mM sucrose for 14 days and subsequently exposadzenM NaCl for 4

days.

Sucrose NaCl

Rice

Pigment concentrationg§ g* FW)

(mM)  (mM) Chla Chlb TC Cere
HJ 0.0 0 155.0a 62.8 ab 2185a 24.1 ¢
HJ 0.0 342 1359b 50.4 d 186.6 d 28.2b
PT1 0.0 0 156.5 a 66.3 a 223.0a 24.1 ¢
PT1 0.0 342 125.3 ¢ 29.4 e 154.3 e 34.2a
PT1 29.2 342 1385b 51.7d 190.2cd 27.8b
PT1 58.4 342 137.0b 62.1b 199.3 b 25.0c
PT1 116.8 342 139.2 b 55.7c 194.0c 27.1b
Significant level o o '4 o

Means with the different letters in each columnvgrsgnificant difference aP <

0.01 (**) by Duncan’s New Multiple Range Test.

y =20.70x + 291.10
r=0.73
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Figure 32 Correlation between osmotic potential and TC in EEVes after applied

with 0.0, 29.2, 58.4 and 116.8 mM sucrose for lysagand subsequently
exposed to 342 mM NacCl for 4 days.
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Chl a fluorescence parameters i.e/Hq, ®ps;y and gP in HJ and PT1
seedlings exposed to salt stress for 4 days wgrdfisantly reduced when compared
to the control. In PT1 salt-stressed seedlingsucedt in the culture medium

supplemented with sucrose, the¢/Hz, was increased whereds; and qP were
reduced (Table 28).

Table 28 F./Fy, ®ps;and gP in PT1 seedlings after cultured in liqui8 Medium

supplemented with 0.0, 29.2, 58.4 and 116.8 mMas&cfor 14 days and
subsequently exposed to 342 mM NacCl for 4 days.

Rice Sucrose NaCl F/Fm Dps)) gP
(mM) (mM)

HJ 0.0 0 0.901 a 0.585b 0.651Db
HJ 0.0 342 0.803 c 0.503 c 0.611c
PT1 0.0 0 0914 a 0.622 a 0.682 a
PT1 0.0 342 0.795 c 0.497 c 0.624 c
PT1 29.2 342 0.804 c 0.444 e 0.561 d
PT1 58.4 342 0.856 b 0.494 c 0.540d
PT1 116.8 342 0.857 Db 0.460d 0.542 d

Significant level = o *x

Means with the different letters in each columnvgrsignificant difference aP <
0.01 (**) by Duncan’s New Multiple Range Test.

Salt stress caused a significant reduction in Mednd DW in HJ and

PT1 seedlings, however exogenous sucrose apphcatareased the growth in PT1
salt-stressed seedlings (Table 29).

Increasing of sucrose concentration in the cultomedium increased
growth of PT1 salt-stressed seedlings. This wadltesk from the increase in osmotic
potential and photosynthetic pigment concentrationse table 30 showed the

positively correlated coefficients between growtid ghysiological responses in PT1
salt-stressed seedlings.
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Table 29 Fresh weight (FW) and dry weight (DW) in PT1 roatsl shoots after
cultured in liquid MS medium supplemented with 29,2, 58.4 and
116.8 mM sucrose for 14 days and subsequently exitos342 mM NaCl

for 4 days.

Roots Shoots
. Sucrose NaCl
Rice FW DW FW DW
(mM)  (mM)
(mg) (mg) (mg) (mg)
HJ 0.0 0 48.3 a 45¢c 2575 a 386b
HJ 0.0 342 240c 3.1de 2125b 7.4%
PT1 0.0 0 49.1 a 4.0 cd 201.4b 33.1b
PT1 0.0 342 15.7d 1.8e 154.0 c 781.
PT1 29.2 342 404 b 51c 159.2 ¢ 854
PT1 58.4 342 41.3b 9.2 a 219.2ab 8A80.
PT1 116.8 342 40.6 b 6.4b 231.6 ab 86.5

Significant level

**

*%

**

Means with the different letters in each columnvglsgnificant difference aP <

0.01 (**) by Duncan’s New Multiple Range Test.
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Table 30 Correlation coefficients of the physiologicalpesses in PT1 salt-stressed
seedlings after applied with 0.0, 29.2, 58.4 an6l8 InM sucrose for 14
days and subsequently exposed to 342 mM NacCl ttay4.

LOP Chla Chlb TC Gu F/Fn ®psi QP NPQ SFW SDW
LOP 1 - s - - - - . - - -
Chla 0597 1 - - : - . - - - -
Chlb 0.783 0.828" 1 - - - - p - - -
TC 0.728 0.844" 0976 1 - . - - - - -
Cue -0.654"-0.653 -0.934" -0.945° 1 b - - g Y -
F/Fm 0.791° 0.467° 0.676 0.657 -0.663" 1 - - 3 - -
®pg;  0.084° -0.535 -0.309" -0.426° 0.308° 0.089° 1 ‘ - . -
qgP  -0.70%1 -0.734" -0.893" -0.925 0.873" -0.539 0.402° 1 - < 2
NPQ 0.469° 0.362° 0.583 0.613 -0.651" 0.310° 0.023° -0.622" 1 - -
SFW 0.854" 0.614 0.685 0.662" -0.560 0.711" 0.029° -0.703" 0.428° 1 -
SDW 0.870" 0.634" 0.743" 0.735 -0.653" 0.787" -0.083° -0.779" 0.367° 0.958" 1

Significant level ap<0.01 (**), p<0.05 (*) and non-significant (ns) using by

Pearson’s correlation coefficients.
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DISCUSSIONS

1. Physiological responses of salt-tolerant and $alensitive rice varieties to

different NaCl concentrations and salt exposure tiras

Reduction of the osmotic potential in the saltsdezl plants depended mainly
on varieties (de Azevedo Net al., 2004), organ (Cha-unat al., 2007b), salt
concentration (Nakamuret al., 2002) and salt exposure time (de Herradtlal.,
1998). From the result in figure 5 the osmotic patd in roots and leaves of the
control treatment was reduced at 4 and 8 days. iBhisecause the seedlings were
cultured in the closed system (glass vessels) wittahanging or refilling the
medium. Seedlings may accumulate more ions andheswater from the seedlings

via transpiration.

Increasing of the NaCl concentration reduced thmabs potential in the
culture medium which led to water deficit conditithhmadet al., 2007; Cha-unet
al., 2010b). In order to uptake water from the meditime, seedlings have to adjust
themselves by lowering osmotic potential (Taiz awiger, 2002; Musacchat al.,
2006). This result confirmed the reduction of tlsenotic potential in salt-tolerant HJ
and salt-sensitive PT1 rice under salt stress,cspe leaf tissues (Figure 5C and
5D). This fact was supported by Cha-etal. (2007b) and Giavenet al. (2007) who
reported that the osmotic potential in salt-strddsaves was lower than that in the
roots.

In this study, the leaf osmotic potential in satsitive PT1 seedlings was
severely decreased more than those in salt-tolétargeedlings (Figure 5C and 5D).
It was possible that the reduction of osmotic ptéérwas directly related to the
increasing of N& accumulation in leaves which concurred to the repd rice
(Dionisio-Sese and Tobita, 1998; Lefevee al., 2001; Cha-umet al., 2009a).
Moreover, relationship between NaCl concentratinod asmotic potential reduction
was found in the other plants such as barley (Ghah, 2007),Rumex (Chenet al.,
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2004), red raspberry (Neocleous and Vasilakaki®,7p@nd safflower (Siddigi and
Ashraf, 2008).

Beside the reduction of osmotic potential, toxi@fyNa and Cl was reported
(Chenet al., 2004; Cheret al., 2007; Neocleous and Vasilakakis, 2007; Siddigl an
Ashraf, 2008). This ionic effect disturbed planttaimlism, especially photosynthesis
which affected plant growth and development (Taid deiger, 2002). In this study,
the increase of NaCl concentration to 342 mM reduplotosynthetic pigment
concentrations i.e. chlorophyl(Chl a), chlorophyllb (Chl b), total chlorophyll (TC)
and total carotenoids (&) in salt-tolerant HJ and salt-sensitive PT1 segdli
However, the photosynthetic pigment concentrationsalt-tolerant HJ seedlings
were higher than those in salt-sensitive PT1 segslli(Figure 6 and Figure 7).
Boriboonkaset (2007) reported that the chloroplétsastructure in salt-sensitive IR29
and PT1 rice was severely disordered more thaninhsalt-tolerant Pokkali and HJ

rice after exposing to 342 mM NacCl.

At 171 mM NacCl, the increase of Cal(Figure 6A and 6B) and TC (Figure
7A and 7B) in salt-tolerant HJ rice might relatethe higher salt tolerance ability of
salt-tolerant HJ rice than salt-sensitive PT1 ri€amilar result was reported by
Wanichananaet al. (2003) who demonstrated that the chlorophyll \n{el) in salt-
sensitive KDML105 rice was declined by 4 times mdnan that in salt-tolerant
Hawm Naipon rice when subjected to 513 mM NaCl 8odays. There are many
researches showed that the increasing of salt otnat@n reduced the photosynthetic
pigments in plants such &sgyranthemum coronopifolium (de Herraldest al., 1998),
canola (Kauseret al., 2006) and rice (Cha-unet al., 2007b). Moreover, the
degradation of photosynthetic pigments dependedpah protein ratio of pigment-
protein complexes alteration and increasing of rgbyllase activity (lyengar and
Reddy, 1996; Taffouet al., 2010).

Notably, the photosynthetic pigments in the contreatment increased in the
first four days because the growth of seedlings weseased, however the pigment
contents were sharply decreased after eight dagmspiration increased the loss of
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water of seedlings and nutrient concentration efdblture medium which led to the
reduction of the osmotic potential of the nutriemtd resulted in the reduction of

photosynthetic pigments and growth.

NaCl reduced the (& in salt-tolerant HJ and salt-sensitive PT1 seedlin
however the reduction of, in salt-tolerant HJ seedlings at 171 mM NaCl wess|
than that in salt-sensitive PT1 seedlings (FiguZeand 7D). It was reported that the
salt stress generated reactive oxygen species wdaaoked lipid peroxidation and
photo-oxidation of chlorophyll (Dionisio-Sese andblta, 1998; Santos, 2004). The
higher G.. in salt-tolerant HJ seedlings prevented chloroptiggradation (Figure 6
and Figure 7) and resulted in the increasing dfte&drance in salt-tolerant HJ more
than in salt-sensitive PT1 seedlings. This res@as wimilar to Cha-unet al. (2004)
who reported that the & in KDML105 rice which is a salt-sensitive varietyas
reduced by 12 times compared to the control whéiested to 342 mM NacCl for 8
days.

Reduction of the photosynthetic pigments affectbd tight reaction of
photosynthesis. The water oxidation in the lighacteon and overall photosynthesis
are monitored by CHhd fluorescence parameters (Maxwell and Johnson,;208l@to
et al., 2003). The water oxidation in the light reactiwas used as a tool to indicate
the sensitivity to stress conditions such as cigl{Greaves and Wilson, 1987), heat
(Liu and Huang, 2000; Wang and Huang, 2004), drog¢grang and Huang, 2004),
light intensity (Drozak and Romanowska, 2006), selgance (Pandet al., 2008)
and salt (Cha-um and Kirdmanee, 2008; Cha- emal., 2009a; Cha-um and
Kirdmanee, 2009; Mehtet al., 2010).

In salt-tolerant HJ and salt-sensitive PT1 seedlitbe 171 mM NaCl was
slightly changed {#Fn,, ®ps; and gP. However, the M, was severely affected by
342 mM NaCl (Figure 8 and 9). At 342 mM NaCl, th¢Hs in salt-tolerant HJ rice
was higher than that in salt-sensitive PT1 ricgFé 8A and 8B). This might play a
role on higher salt tolerance of salt-tolerant idé& than salt-sensitive PT1 rice. The

increase of salt ions diminished the water oxidaiio photosystemll (PSIl). These
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ions disturbed oxygen-evolving complex activitytthesulted in free radical oxygen
induction. The free radical oxygen damaged the gdwithetic pigments
(chlorophyll), lipid and protein that compromisefitioe light harvesting center in the
light reaction. As a result, photosynthesis wasuced (Havaux, 1993; West al.,
2005; Murateet al., 2007).

This result agreed with the report of Cha-anal. (2007a) who demonstrated
that the stabilization of photosynthetic pigmenéspecially chlorophyll in salt-
tolerant GS No. 4371 and salt-sensitive GS No. 70&2 lines enhanced the water
oxidation in the light reaction when exposed to &l NaCl for 8 days. As well as,
the water oxidation in the light reaction in rosar(inezet al., 1997), sorghum (de
Lacerdaet al., 2003), olive (Loretcet al., 2003), sunflower (Santos, 2004), canola
(Kauseret al., 2006), sweet almond (Ranjbarfordeeal., 2006), cucumber (§bien
and Klobus, 2006),Ramonda serbica (Degllnnocenti et al., 2008), barley
(Degl'Innocentiet al., 2009) and rice (Cha- uet al., 2009a) were severely reduced
by salt stress.

NPQ is a non-photochemical quenching which playsrgortant role on anti-
oxidative system. After salt treatment, the NP(att-tolerant HJ and salt-sensitive
PT1 seedlings was decreased, but the decreasithgg MPQ in salt-tolerant HJ rice
was less than in salt-sensitive PT1 rice (Figurea®@ 9D). This higher NPQ is
correlated with the better salt tolerance abilitysalt-tolerant HJ rice. This result was
similar to Cha-unet al. (2007a) who reported that the NPQ in salt-seresi®5 No.
7032 and salt-tolerant GS No. 4371 rice lines weduced more than 50% in
comparing to the control when subjected to 342 mACNor 8 days.

In this study, the shoot growth in salt-tolerant Bidd salt-sensitive PT1
seedlings were severely reduced when NaCl condmmtravas increased. However,
the shoot growth in salt-tolerant HJ seedlings Wwigher than that in salt-sensitive
PT1 seedlings whereas salt did not affect the gsowth (Table 4 and Table 5).
Similarly, the report of Cha-urat al. (2010a) demonstrated that the photosynthetic
pigment concentrations and Calfluorescence parameters in salt-tolerant (KML,
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KDML, POK, HJ, DPY, CMJ1, CMJ2, UR1 and CH) seedinwere higher than
those in salt sensitive (R258, PT1, IR29 and UR2dEngs, resulted in maintaining
the shoot growth ability when subjected to 200 misiONfor 14 days. Furthermore,
an increase of salt concentration was progressitedyced shoot growth of sweet
sorghum (Almodarest al., 2008b), tomato (Chookhampaeggal., 2008), cotton
(Ashraf and Ahmad, 2000) and quinoa (Pratial., 2000).

NaCl reduced shoot growth in both salt-tolerantadd salt-sensitive PT1 rice.
Leaf osmotic potential, photosynthetic pigment aoniations and CH fluorescence
parameters played important roles on shoot growtteusalt stress (Table 6-11). Salt
ion accumulation reduced leaf osmotic potential,anvéhile the ions damaged
photosynthetic pigment apparatus.

2. Physiological responses of salt-tolerant and $alensitive rice varieties to salt

stress under iso-osmotic condition

From the experiment |, growth of salt-tolerant HJd asalt-sensitive PT1
seedlings was reduced by salt stress. Howeverpt&éous experiment could not
clearly separate the ionic effect from osmotic e@ffen the physiological responses. In
this study, an experiment about ionic effect of Na@s carried out under iso-osmotic

condition.

Under iso-osmotic condition, this research showed the increasing of Na
in salt-tolerant HJ and salt-sensitive PT1 rootd aves was similar to the result of
the salt stress treatment without osmotic controlmany species such as rice
(Dionisio-Sese and Tobita, 1998; Lefeetal., 2001; Nakamurat al., 2002; Cha-um
et al.,, 2007b), wheat (Zhengt al., 2008b; El-Hendawyet al., 2009; Mahmood,
2009), maize (de Azevedo Netbal., 2004) and sorghum (de Lacemdal., 2005).

This result indicated that the osmotic control e tculture medium has no
different effect on the Nauptake (Table 12 and 13). Nand K have equal electric
charge, however molecular weight (size) of Maless than that of K Thus, N& can
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diffuse through the cell membrane faster than lén transport through channels is
always passive and the ion transport specificitpedels on pore size and electric
charge more than on selective binding. Therefdre, dhannel transport is limited
mainly to ions or water (Taiz and Zeiger, 2002).

Furthermore, Nauptake involved with the type of channel, espegialbn-
selective cation channels (NSCCs). Kader and Lirglb@005) found that the
function of NSCCs in salt-tolerant Pokkali and sahsitive BRRI Dhan29 rice
varieties were inhibited by applying with the iniilb of NSCCs (C&, zr?* and

La*"). This inhibition resulted in the reduction of tNa" uptake.

This result showed that the increasing of thé Masalt-tolerant HJ roots and
leaves was higher than that in salt-sensitive R@d. Not only the increasing of Na
but also K was increased in salt-tolerant HJ roots and lgawbde the K in salt-
sensitive PT1 roots and leaves was unchanged (T&bded 13). The salt-tolerant HJ
rice may have higher efficiency of the’ Ielectivity than that the salt-sensitive PT1
rice. This result was contrast to the result of nle@-osmotic control which showed
the increase of NaCl concentration induced Waile K" was decreased (Hernandez
et al., 1995; Levigneroret al., 1995; Hasegawet al., 2000; Aziz and Khan, 2001,
Romero-Arandeaet al., 2001; Bayuelo-Jimenea al., 2003; Paridat al., 2004; Cha-
umet al., 2007b; Huet al., 2007; Maggicet al., 2007; Sabir and Ashraf, 2007; Perica
et al., 2008; Ziaet al., 2008). In rice plant, an increase in‘Neduced K in many rice
varieties such as Hitomebore and IR28 (DionisioeSe®d Tobita, 1998; Nakamuet
al.,, 2002), | Kong Pao (IKP) (Lefevret al., 2001), PT1 and HJ (Cha-ue al.,
2007b) and IR20 (Krishnamurttey al., 2009).

Under salt stress, inward rectifying potassium dedsare highly selective for
K™ uptake (Maathius and Amtmann, 1999), moreoveradgpi” uptake depended on
salt stress level and ion transporters such as HIT,, HAK, KUP, KT and CPA
(Horie et al., 2001; Golldacket al., 2002; Garciadeblédgt al., 2003; Fuchst al.,
2005; Kadeteet al., 2006; Gierth and Maser, 2007; Takahalal., 2007; Szczerbet
al., 2009) which played important role to select onteol ion transportation in the
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plants. In this study, the 'Kin salt-tolerant HJ seedlings was increased wihileas
unchanged in salt-sensitive PT1 seedlings undepssaotic condition. Kader and
Lindberg (2005) demonstrated that th&-g€lective channels in salt-sensitive BRRI
Dhan29 seedlings was inhibited by applying inhibfty K*-selective channels (TEA,
CS' and B&") while salt-tolerant Pokkali seedlings was noeeféd. This indicated
that the differences of the Kselective channels capabilities of rice varietigsre

important on the ion selectivity and uptake.

The increase of NaCl concentration in the culturedimm increased Na
uptake which correlated to the increasing ofogl(Figure 14). This result was similar
to the salt stress without osmotic control (DiomiSiese and Tobita, 1998; Yasr
al., 2006; da Silveet al., 2008; Zhenget al., 2008b). The Elo in salt-tolerant HJ
roots was lower than that in salt-sensitive PTligd®@able 12). It was possible that
the increasing of the Kwas higher than the NaThis increasing led to the reduction
of the damage of the composition and structure emiirane such as phospholipids
and protein (Zhao and Qin, 2005; Faroog and Az&ifG2Periceet al., 2008). This
result was similar to the report of Dionisio-Segse dobita (1998) which showed that
the electrolyte leakage in salt-sensitive IR28 Begsl enhanced by 8.5 times and
higher than that in the salt-tolerant Pokkali sewd when exposed to 120 mM NaCl
for 7 days.

This result showed that the increasing of thé Mareased NaK" ratio in
salt-tolerant HJ and salt-sensitive PT1 seedliBgdt tolerance of the salt-tolerant HJ
rice correlated to the lower R&™ ratio (Table 12 and 13). Similarly, the resultloé
salt stress without osmotic control showed that ithereasing of Naled to the
enhancement of N&K" ratio which resulted in ion imbalance (Dionisios8eand
Tobita, 1998; Yasaet al., 2006; da Silvat al., 2008; Zhengt al., 2008b). Moreover,
the Nd:K"™ ratio had been utilized to identify the salt talece ability in rice
(Dionisio-Sese and Tobita, 1998; Nakamatal., 2002; Zeng, 2005), maize (Cicek
and Cakirlar, 2002), sorghum (Netonelaal., 2004), green bean (Yasairal., 2006),
Arbutus unedo (Navarro et al., 2007), sunflowerQuintero et al., 2007), jojoba
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(Roussost al., 2007), umbu plant (da Silw al., 2008) and wheat (Zhergj al.,
2008a).

An increase in Nacontent in salt-tolerant HJ and salt-sensitive B&ddlings
was inversely related to the osmotic potentialeeslly leaf water potential (Figure
15). Salt accumulation reduced the osmotic potkmtiathe soil solution, culture
medium and plants. This reduction resulted in tlagewinflux into the plants (Munns,
2002; Yokoiet al., 2002; Ranathunget al., 2003). Reduction of osmotic potential in
many species such as maize (Cicek and Cakirlar2)20arley (Garthwaitet al.,
2005) and rice (Ahmast al., 2007) was stimulated by salt stress. Furthermie
reduction of osmotic potential depended on riceletims and salt concentrations
(Lefévreet al., 2001; Uedeet al., 2006). In this study, the osmotic potential @its
sensitive PT1 leaves was more severely reduced ttersalt-tolerant HJ leaves
(Figure 15). It might be possible that the incragsof Nd in the cytosol of salt-
sensitive PT1 leaves may accumulate more thanltiioderant HJ leaves. The Nin
salt-tolerant HJ leaves may be transported intai@kecwhich accumulated the higher
concentration of Na without interferring the cell osmotic potential.aéler and
Lindberg (2005) showed that the Neontent in the cytosol of the salt-sensitive BRRI
Dhan29 leaves was accumulated by 1.5 times mone that in the salt-tolerant
Pokkali leaves when subjected to 200 mM NacCl.

Under salt stress with iso-osmotic condition, theréasing of Nain salt-
tolerant HJ and salt-sensitive PT1 seedlings indueactive oxygen species (ROSSs)
generation (Vaidyanathaa al., 2003) that disrupted the ultrastructure and dgtast
functions and degraded the photosynthetic pigmg@tesnandezt al., 1995; Demiral
and Turkan, 2005). In this study, the reductiontleé photosynthetic pigment
concentrations in salt-tolerant HJ and salt-seresi?T1 leaves was similar to the
result of the salt stress treatment without osmaittrol in many species such as rice
(Lefévreet al., 2001; Cha-unet al., 2007b), wheat (Zheng al., 2008b) and maize
(de Azevedo Netcet al., 2004). Photosynthetic pigments are related to lidjiet
harvesting complexes and water oxidation in phatesy 1l (PSIl) which can be
evaluated by chlorophyé fluorescence parameters. This parameter measutésngn
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simple, rapid and sensitive procedure in the ptagponses to abiotic stresses (Gray
et al., 1997; Sudhiret al., 2005; Cha-umet al., 2009a). The chlorophyla
fluorescence reductions in salt-tolerant HJ anttsaisitive PT1 leaves were related
to the decreasing of photosynthetic pigment comatinhs when Nawas increased
(Figure 17-20).

The chlorophylla fluorescence parameters in salt-stressed beamdHee zet
al., 1995; Parida and Das, 2005), tomato (Khavari-tllejad Mostofi, 1998), winter
wheat (Sairam and Srivastava, 2002; Zheh@l., 2008b), cotton (Melongt al.,
2003), sunflower (Santos, 2004), rice (Cha-einal., 2007b; Cha-ungt al., 2009b)
and castor bean (Pinheisb al., 2008), red raspberry (Neocleous and Vasilakakis,
2007) and citrus (Lopez-Climeset al., 2008) were decreased under salt stress. The
photosynthetic pigment degradations were the mairse of the efficiency reduction

of the photochemistry in photosystemll (PSII).

The photosynthetic pigment, especially chlorophyiiich is a major pigment
that plays an important role on the light absomptmd electron transportation from
photosystemll (PSIl) to photosysteml (PSI). Cha-etnal. (2009c) showed that the
total chlorophyll concentration in salt-tolerant lddd salt-sensitive KDML105 rice
was degraded by 29% and 35%, respectively wheresignj to 342 mM NacCl for 7
days. Furthermore, the reduction of photosynthgéidormances in light reaction of
PSII indicated that the photosynthetic apparatush sas thylakoid membrane was
damaged by toxic ion such as Nahich inhibited the electron transport site and
reduced the energy transfer from light harvestimgiana to PSIl (Sudhet al., 2005).

Boriboonkaset (2007) demonstrated that chloropldstastructure in salt-
sensitive IR29 and PT1 rice was severely damagegk rti@an that in salt-tolerant
Pokkali and HJ rice when exposed to 342 mM NaCl4odays. The chloroplast
ultrastructure of salt-stressed seedlings was dadhafrough the swelling of
thylakoid and granum. In addition, the reductiortlad chlorophylla fluorescence in
salt-tolerant HJ leaves was more than those inssalsitive PT1 leaves under iso-
osmotic condition (Table 15). Furthermore, an iasgein Na caused the reduction of
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the carbon assimilation which increased internal €@hcentration and reduced the
stomatal conductance (Maxwell and Johnson, 2000) Pphotosynthetic rate,

stomatal conductance and transpiration rate in dhiéetolerant IR651 rice were

maintained by 50%, 100% and 50%, respectively wdgrosed to salt stress (EC = 6
mS cm?) for 35 days and these activities were higher thase in salt-sensitive IR29

rice (Moradi and Ismail, 2007). Alternatively, theduction of stomatal conductance
and transpiration rate may help the reduction of Nptake which occurred by

passive transportation through the transpiratiozast (Yeo and Flowers, 1986).

Reduction of the photosynthetic pigment concerdratiand chlorophyla
fluorescence parameters indicated the loss of glyntbetic performances in gaining
the energy from light in the light reaction of pbsynthesis, resulting in growth
reduction in many species such as pea (Hernaedalz, 1995), rice (Dionisio-Sese
and Tobita, 1998; Nguyed al., 2005; Cha-uret al., 2007a; Morsyet al., 2007),
guava (Ali-Dinaret al., 1999),Rumex (Chenet al., 2004), sunflower (Santos, 2004),
red raspberry (Neocleous and Vasilakakis, 2007flogeer (Siddiqgi et al., 2007),
cotton (Chachaet al., 2008) and citrus (Lopez-Climesat al., 2008). The increasing
of Na' competed with the essential nutrient uptake, eéafped” which played an
important role on cell turgor and cell expansiod asulted in plant growth reduction
(Taffouoet al., 2010).

In this study, the accumulation of sugars in salkkrint HJ and salt-sensitive
PT1 roots and leaves under iso-osmotic conditios mareased comparing to the
control (0 mM NaCl + 548.9 mM mannitol). Howeveretsugar accumulation in salt-
sensitive PT1 roots and leaves was higher thannhsatlt-tolerant HJ roots and leaves
(Table 17 and 18). The result was similar to thedgtwithout osmotic control in
many species such as barley (Ahmeidal., 2006), tomato (Khelilet al., 2007,
Chookhampaenet al., 2008), sorghum (Almodares al., 2008a; Almodarest al.,
2008b), rice (Cha-uret al., 2009b) and eggplant (Abbetsal., 2010).
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Sugar acted as osmotic adjustment, membrane gtimh and reactive
oxygen species scavengers when exposed to abtodigses such as drought, salt,
extreme temperature and light intensity (Bohned d&nsen, 1996). Under salt stress,
the N& accumulation reduced the osmotic potential. Plaatige to adapt themselves
by sugar accumulation to maintain water balances 3&lt-sensitive PT1 roots and
leaves accumulated glucose and fructose higher tthersalt-tolerant HJ roots and
leaves. Although, the Naand K accumulation in salt-tolerant HJ rice were higher
than that in salt-sensitive PT1 rice, it was fouitiht the glucose and fructose
accumulation in salt-tolerant HJ rice was lowernttihat in salt-sensitive PT1 rice
(Table 17 and 18). It was possible that the s#dtrémt HJ rice utilized Kfor osmotic
adjustment. In the same time, the salt-sensitivé #de required sugar to adjust the

osmotic pressure.

This result was similar to the report of Pattanagudl Thitisaksakul (2008)
which showed that one fold of the total solubleasug salt-sensitive KDML105 rice
was induced comparing to the salt-tolerant Poklkald Luang Anan rice when
subjected to 150 mM NaCl without osmotic contral. dontrast, the total soluble
sugar contents in salt-tolerant HJ roots and leawes® accumulated by 0.5 and 4.6
folds, respectively and higher than that in satisgé&ve PT1lroots and leaves when
exposed to 342 mM NaCl under non-osmotic contrblal@met al., 2009b).

Furthermore, there was other compatible solute raotations such as
glycinebetaine (Melongt al., 2004), proline and carbohydrate (Joweteal., 2004;
Tataret al., 2010) which involved in the osmotic control undatt stress. Makelet
al. (2000) and Cha-unet al. (2007a) reported that the photosynthetic pigment
degradation was alleviated by glycinebetaine whfahctioned to protect the

photosynthetic machinery by stabilizing the ultrasture of the chloroplast.
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3. Salt tolerance ability improvement by exogenoupotassium nitrate (KNOg)

and sucrose applications

3.1. Effect of exogenous potassium nitrate (KN&pplication on salt

tolerance ability in salt-sensitive rice

The result in the previous experiment showed thatiicreasing of NaCl
concentration induced RNaaccumulation whereas the accumulation of Was
decreased in PT1 salt-sensitive rice. In this dérpamt, the exogenous 'K(KNOs)

application enhanced salt tolerance ability ofghk-sensitive PT1 rice.

The increasing of the NaCl concentration in theéw®el medium reduced
the osmotic potential in salt-tolerant HJ and saltsitive PT1 seedlings (Table 19).
Similar results to this study were found in manga@ps such as tomato (Romero-
Arandaet al., 2001), maize (Cicek and Cakirlar, 2002), sorghiNetondoet al.,
2004), safflower (Siddiget al., 2007), rice (Nakamurat al., 2002; Cha-unet al.,
2009b), winter wheat (Zheng al., 2008a) and barley (Degl’'Innocerdi al., 2008).
Cha-umet al. (2007b) reported that the osmotic potential in-gdérant HJ and salt-
sensitive PT1 rice exposed to 427 mM NacCl for 5sdesere reduced by 91% and
98% (roots) and 177% and 203% (leaves), respegtwién compared to the control.
However, the Nais a toxic ion which disturbs ion homeostasis amdres plant
organs (Hasegawet al., 2000; Tester and Davenport, 2003; Ashraf, 2004elKlet
al., 2007). The K which competes to Naould reduce damage caused by.Na

In this experiment, the result showed that the dEmmotential in salt-
sensitive PT1 seedlings cultured on the culture iimedsupplemented with KN
application and subsequently exposed to 342 mM Na&té reduced (Table 19). The
K* uptake and accumulation were enhanced by exoggmmassium application in
the culture medium (Chartzoulake al., 2006; Khayyatet al., 2009) and nutrient
solution (Kaya and Higgs, 2003; Kagaal., 2003; Akinci and Simsek, 2004; Umar,
2006; Kayaet al., 2007; Collinset al., 2008; Tabatabaei and Fakhrzad, 2008; Zheng
et al., 2008a; Akramet al., 2009; Khayyatet al., 2009). An increase in Kin salt-
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sensitive PT1 seedlings led to the adjustment wfobe potential and preserved water
balance under salt stress. Moreover, the watereobrmm salt-sensitive winter wheat
(JN17) was maintained by application of 11, 16 ahdnM potassium nitrate (KN{p
(Zhenget al., 2008a).

Photosynthetic pigment concentrations and chlortbpayfluorescence
parameters in salt-tolerant HJ and salt-sensitiVé $eedlings were reduced by salt
stress (Table 20). This result was similar to thesult in many salt-stressed species
such as rice (Nakamurt al., 2002; Cha-umet al., 2004; Cha-umet al., 2007b),
pepper and cucumber (Kaghal., 2003),Eucalyptus, Rain tree and Thai neem (Cha-
um and Kirdmanee, 2008), olive (Ben Ahmetdal., 2008) and sunflower (Noreen
and Ashraf, 2008). This result was similar to tleeutt of the salt-stressed species
such askumex (Chenet al., 2004), sunflower (Santos, 2004), citrus (LOpez¥@intet
al., 2008) and rice (Cha-uset al., 2009a). An increase in salinity enhanced toxision
particularly Nd and led to the disorganization and damaging of @&hder and
Lindberg, 2005). In this study, the photosynthgligment degradations in salt-
sensitive PT1 seedlings were alleviated by appiih@@ and 14.1 mM KN©in the

culture medium (Table 20).

The exogenous KN$© application resulted in maintaining the
photosynthetic efficiencies (f,, ®ps; and qP) (Table 21) and improved growth
(cell turgor pressure and cell enlargement) (T&#e The application of potassium
nitrate (KNQ) 11.8 and 14.1 mM KN@protected the photosynthetic pigments from
toxic ion (N&) and enhanced Kin the guard cells for maintaining stomatal
conductance and GOassimilation in the dark reaction of photosynteesihe
application of potassium nitrate (KNP alleviated the photosynthetic pigment
degradations in many species such as bell peppaya(kt al., 2003), cucumber
(Akinci and Simsek, 2004),agenaria siceraria (Ahmad and Jabeen, 2005), winter
wheat (Zhengt al., 2008a) and strawberry (Khayyital., 2009).

Alternatively, the exogenous application of variquassium fertilizers

such as potassium phosphate (RB;) (Kaya et al., 2003), potassium sulfate
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(K2SOy) (Chartzoulakiset al., 2006; Akramet al., 2009; Khayyatet al., 2009) and
potassium hydroxide (KOH) (Akramt al., 2007) maintained photosynthetic pigment
concentrations which affected the growth promotidhenget al. (2008a) reported
that the high K accumulation in salt-tolerant wheat (DK961) anli-sansitive wheat
(JN17) varieties maintained photosynthetic abgitiand resulted in maintaining

growths under salt stress.

3.2. Improvement of salt tolerance ability in ssdtasitive rice variety by

exogenous sucrose application

From the experiment 2, the result showed that tleeeasing of NacCl
concentration in the culture medium induced sugaumulation, especially in salt-
sensitive PT1 seedlings. In this experiment, tHe od exogenous sugar application
on salt tolerance ability of salt-sensitive seegiinvas evaluated. This result showed
that the sugar contents in salt-sensitive PT1 segsdtultured on the culture medium
supplemented with different sucrose concentratiovexe enhanced, especially
glucose and fructose (Table 24 and 25). An incr@asegar contents involves in salt
defensive mechanism (Kerepesi and Galiba, 200@jdR#aal., 2000; Khelilet al.,
2007; Yinet al., 2010).

An increase in sugar contents in this experimerd gilar to the result
of the increasing of the soluble sugars in cyantdvaon (Microcoleus vaginatus
Gom.) (Cheret al., 2003), barley (Tabaei-Aghdatial., 2003) and wheat (Javed and
lkram, 2008) when they were cultured on the cultomedium supplemented with
exogenous sucrose. However, an increase in sucargent in salt-sensitive PT1
seedlings was less than the glucose and fructasegdsalt stress (Table 24 and 25).
The sucrose concentration in the culture mediurchenged to the monosaccharide
(glucose and fructose) by heat and pressure frenptbcedure to prepare the culture
medium. Ball (1953) compared the sugar contentsthie culture medium
supplemented with 3% (w/v) sucrose which was stedl by autoclaving or filtration.
The sucrose was found in filtration sterilizatiovhile sucrose and smaller proportion
of glucose and levulose were found in autoclaviegl&ation.
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In this experiment, the enhancement of total selubligars in salt-
sensitive PT1 seedlings cultured on the cultureiomdsupplemented with different
sucrose concentrations was related to the redudafothe root osmotic potential
(Figure 31A). It is possible that the root is timstforgan which is primarily affected
by salt stress, thus the root tissue may adapaftosgess by adjustment the water
influx ability (Liu et al., 2004; Ben Ahmeet al., 2008; Hajlaougt al., 2010).

In contrast to root, the leaf osmotic potential salt-sensitive PT1
seedlings cultured on the culture medium suppleetentith different sucrose
concentrations was maintained (Figure 31B). Glu@skfructose have less effect on
the alteration of osmotic potential than sucrodeusl the increasing of glucose and
fructose did not affect the changing of leaf osmpbtential (Table Figure). Kerepesi
and Galiba, (2000) suggested that sugars playedmgportant role on water
replacement to the maintaining phospholipids inligpgid-crystalline phase structural
changes in soluble proteins, especially chloropdéstcture. Beside the role of sugar
on osmotic control, Boriboonkaset (2007) found ttied chloroplast structure was
damaged by the increasing of salt stress withowdgemous sugar application.
Moreover, other possible roles of sugars may ba esadily available energy source
(Ben Dkhil and Denden, 2010).

The exogenouse sucrose application enhanced thegyhthetic pigment
concentrations and water oxidation in photosystgf8ll), especially the maximum
gquantum vyield of PSIl (f,) (Table 27 and 28). In this study, the sugar
accumulation in salt-sensitive PT1 seedlings impdowater use ability which led to
the maintaining water uptake capability, photosgtithpigment stabilizations, water

oxidation in PSII, electron transportation capaeity growth promotion (Table 29).

The quantum efficiency of PSlibes;) and photochemical quenching (gP)
decreased in the salt-sensitive PT1 seedlings redliton the culture medium with
sucrose application (Table 28). The increasingugfas contents in leaf tissues may
cause a feed-back inhibition on carbon metabolighis result was similar to the

report of Mosaleeyanogt al. (2004) who reported that the photosynthetic efficies
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of rain tree was reduced when cultured on the mltoedium supplemented with 29,
58 and 88 mM sucrose. Alternatively, the sugarsatse the precursors of antioxidant
compounds for protecting against the oxidative sstrevhich causes damage of
photosynthetic performances. This resulted in nasmtg the PSIlI and

photosynthetic pigment concentrations Afabidopsis seedlings applied sucrose

during exposing to atrazine (Sulmetral., 2004).

In conclusion there was no difference between ‘Naffect on
physiological responses of salt-tolerant and saisiive rice grown under osmotic
control and without osmotic control. Under osmatntrol, the salt-tolerant rice
accumulated high Naand K', while the salt-sensitive rice accumulated high hiad
low K. The reduction of Kin salt-sensitive rice was also reported by Ledétral.
(2001), Nakamurat al. (2002), Cha-unet al. (2007b). The increasing of 'Ked to
the increasing of salt tolerance ability in saletant rice. In salt-sensitive rice, the
exogenous KN@application increased ‘Kuptake and accumulation (Chartzouladtis
al., 2006; Khayyatt al., 2009). The increasing of 'Kn salt-sensitive seedlings led to

the adjustment of osmotic potential and preservatémbalance under salt stress.

Sugar acted as osmotic adjustment, membrane gttiolh and reactive
oxygen species scavengers when exposed to abto#sses such as drought, salt,
extreme temperature and light intensity (Bohned dansen, 1996). Raffinose and
stachyose which are members of the raffinose famligosaccharide (RFOSs)
accumulated in plant exposed to cold or dessicasivess (Morsyet al., 2007).
However, in this study the raffinose and stachyosetents were unchanged when
subjected to salt stress. Alternatively, the glegcdauctose and sucrose were clearly
increased in salt-sensitive rice. Pattanagul antis@ksakul (2008) showed that one
fold of the total soluble sugar in salt-sensitivBML105 rice was induced comparing
to the salt-tolerant Pokkali and Luang Anan rice #alt concentration increased,
sucrose decreased (Table 17 and 18) while glucoddractose increased. It seems
that sucrose was cleaved into two monosaccharigelso{eset al., 1996). Glucose

and fructose are easily utilized by plant.
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CONCLUSIONS

With and without iso-osmotic control, the physidta) responses i.e. osmotic
potential, photosynthetic pigment concentrationsl £fluorescence parameters and
growth in salt-tolerant (HJ) and salt-sensitive 1P Beedlings were significantly
reduced with the increasing of NaCl concentratiansl salt exposure times. This
indicated the ionic effect of NaCl. Moreover, thhypiological responses in PT1

seedlings were severely reduced more than thatdreeedlings.

The increasing of the Kaccumulation in HJ salt-stressed seedlings played
important role on the reduction of NK* ratio and root electrolyte leakage while
photosynthetic pigments and Ghfluorescence parameters were reduced. In contrast,
the exogenous KN© application increased photosynthetic pigments &id a
fluorescence parameters which resulted in the asong of fresh and dry weights.

Under iso-osmotic condition, the glucose, fructosecrose, raffinose and
stachyose in PT1 seedlings were significantly aadated when NaCl concentration
was increased. The sugar accumulation in PT1 saksed seedlings played a crucial
role on the reduction of leaf osmotic potential vd@es the exogenous sucrose
application significantly increased leaf osmotictgrdial, glucose and fructose

contents and fresh and dry weights.

These results could be concluded that there wasdifference of the
physiological responses in salt-stressed seedbegseen with and without osmotic
controls. Moreover, the exogenous KN&hd sucrose applications could improve salt

tolerance ability of rice.
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Appendix Figure 1 Rice seedlings were cultured on MS s-solid mediurr
(Murashige and Skoog, 1962) supplemented with 3%e)(
sucrose(A) and fourteen-dapld rice seedlings were aseptice
transferred to 60 mL MS su¢-free liquid medium by usin
vermiculite as supporting matel (B) under 242 °C air
temperature, €+5% relative humidity (RH), &5 umol m?s?
photosynthetic photon flux (PPF) provided by flisment lamp:
for 16 h ¢* photoperiod.
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Appendix Figure 2 Sugar content was calculated according to equatitime
standard curve of glucose (A), fructose (B), suern@3),

raffinose (D) and stachyose (E), respectively.
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