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Abstract
Salinity intrusion into agricultural lands in rice-producing countries around the

world has become a serious threat to food security. Currently, more than 960 million hectares
of productive land is adversely affected by salinity and is expected to grow in the future. This
problem is exacerbated by the projected increase in world population from the current 7.2 to
9.6 billion by 2050. The cultivated rice (Oryza sativa) tolerates <4 dSm™* NaCl, which makes
this important crop the most salt sensitive cereal compared to wheat and barley. Despite many
attempts, scientists have been unable to produce a rice variety that can tolerate >10 dSm™. This
study used morpho-physiological methods including gas exchange measurement,
microelectrode ion flux estimation (MIFE) and agronomic measurements to screen salinity
tolerance levels of two Japonica (Koshihikari and Reiziq) rice genotypes and one Indica
(Doongara) genotype. In addition, this is the first time that four basic ion fluxes were measured
using MIFE in both glasshouse and field conditions to screen rice for salinity tolerance. The
effects of salinity stress on photosynthetic activities, ion fluxes and growth parameters of the
three rice genotypes under glasshouse conditions and in the field were also examined.
Variations in the response of the three cultivars to salinity stress were found, thus providing
evidence that morpho-physiological basis of salinity stress tolerance can be applied to improve
the salinity stress tolerance of this important crop. This may allow the exploitation of salt

affected marginal lands and could positively contribute to global food security.

Xi



1. Introduction
Salinity intrusion into prime agricultural lands in rice-producing countries around

the world has become a serious threat to food security (Ahuja et al. 2010, Food and Agriculture
Organization [FAQO] 2010, Ruan et al. 2010, Tester and Langridge 2010, Mainuddin et al. 2011,
Negrao et al. 2011, Bansal et al. 2014). Salinity occurs in all regions of the world however, it
is more prevalent in arid and semi-arid regions in Africa, Asia and Australia, due to decreased
lixiviation of salt from soil resulting in increased salt accumulation (Prakash and Chandra 1983,
Schofield and Ruprecht 1989, Richter and Kreitler 1993, Ghassami et al. 1995, Mashali 1999,
Funakawa et al. 2000, Marie and Vengosh 2001). Currently, more than 960 million hectares
(Figure 1.1) of productive land is adversely affected by salinity (Szabolcs 1989, Martinez-
Beltran and Manzur 2005, Rengasamy, 2006, Rengasamy, 2010, Ruan et al. 2010, Hoang et al.
2016) resulting in reduced yield (Eynard et al. 2005), and economical losses of up to US$ 27
billion per year (Qadir et al. 2014). Moreover, major rice-producing fertile deltaic regions in
Asia are constantly shrinking as a result of seawater inundations caused by the rising sea levels,
climate change and human activities (Eckardt 2009, Ahuja et al. 2010, FAO, 2010, Mainuddin

et al. 2010).



m Africa = Asia, the Pacific, and Australia = Europe Latin America = Mear East = North America

Figure 1.1: Global distribution of salinised soils (million ha) (Hoang et al. 2016)

On aglobal scale, the cost of salinity to agriculture is estimated to be approximately
US$ 27 billion per year which is expected to increase (Qadir et al. 2014). This problem is
exacerbated by the projected increase in world population from the current 7.2 billion to 9.6
billion by the year 2050 (FAO 2010, United Nations Fund Population Activities [UNFPA]
2014). Reports from India reveal a 45 % reduction in rice crop yield in the salt-affected Indo-
Gangetic Basin (Tripathi 2009, Qadir et al. 2014). The cost of salinity to the Australian
economy was reported to be AU$305 million per year in the Murray-Darling River Basin alone
(Wilson 2003, Qadir et al 2014). In Bangladesh, more than 30 % of the net arable land lies in
the coastal regions of Bay of Bengal, of which 53 % is already damaged by salinity (Petersen
and Shireen 2001, Haque 2006). Therefore, to meet the demand of the growing population, rice
production must also commensurate, by producing an additional 114 million tonnes (Figure
1.2) of rice by 2035 to cover the deficit (Purevdorj and Kubo 2000, Tester and Langridge 2010,

Awika et al. 2011, Seck et al. 2012), International Rice Research Institute [IRRI] 2015).
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Figure 1.2: Global rice production increases needed to meet demand by 2035 (IRRI 2015)

Rice is the world’s second largest crop after wheat, providing more than 20 %
(Figure 1.3) of daily calorie requirements to more than half of the world’s population (Khush
2005, Sweeny and McCouch 2007, IRRI 2015). Rice is also the staple food for approximately
50 % of the current world population and is cultivated in an area of 165 million hectares (Figure

1.4) in 100 countries around the world (Hossein and Fischer 1995, Khush 2005, FAO 2017).
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In the period between 2013 and 2014 farmers around globe harvested more than 780 million
(Figure 1.4) tonnes of rice (Khush 2005, FAO 2017). Although, Asia produces almost 90% of
the world’s combined output, the popularity of rice in many countries has been on the rise
(Khush 2005). Since 1990, rice consumption per capita has increased by as much as 40 % in
Africa and 46 % in South Americas respectively (Khush 2005). Furthermore, rice imports by
region has almost doubled in Africa and the Far East Asia, while steadily increasing in Latin

America and the Near East Asia (Figure 1.5) (FAO 2017).

Rice imports by region
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Figure 1.5: Rice import by region from 2008 — 2017(Source: FAO 2017).



1.1 Soil salinity and its origins
The underlying origins of soil salinization is a multifaceted and complex process

that comes from many sources including natural and anthropogenic activities. Soil salinization
may result from deforestation for agricultural purposes and dry-land irrigation, which may draw
water tables close to the surface (Katerji et al. 2003, Rengasamy 2006, Munns and Tester 2008,
Rengasamy 2010). Although natural processes such as rock weathering, rainfall, high tides,
wind and storms are the dominant sources of salinity formation, dry land irrigation also
contribute to soil salinization (Rengasamy 2006). Based on soil type and ground water
processes, Rengasamy (2006) identified three major salinity types: (i) “Ground water
associated salinity (GAS)”, (ii) “Non-groundwater-associated salinity (NAS)”, and (iii)

“Irrigation associated salinity (IAS)”.

GAS occurs when ground water table rises bringing dissolved salts to the surface.
In general, salt accumulation is more prevalent in areas where ground water table is closer to
the soil surface (>1.5 meters) (Talsma 1963). However, this depth may differ according to the

prevailing climatic conditions and soil hydraulic properties (Rengasamy 2006).

NAS is more prevalent in drier climates where sodic soils are a common feature of
the landscape. Although water tables in these areas are much deeper, their hydraulic properties
are poor, hence allowing the accumulation of salts in surface soil and hampering agricultural

activities (Rengasamy 2006).

IAS results from agricultural practices such as using poor quality or brackish water
for irrigation purposes. This condition is commonly observed in areas with heavy clay and
sodic soils with low hydraulic conductivity. Consequently, salt molecules in the irrigation water
accumulates in the root zone because of inadequate leaching. This problem is exacerbated when

the rising water table overlaps with soils in the root zone (Rengasamy 2006).



1.2 Soil salinity in Australia
The environmental, social and economic impacts of soil salinization on the

Australian landscape have received a considerable attention from Government agencies,
scientific communities and the public at large. In Australia, soil salinization has been dubbed
as the “white death” referring to the barren white coloured salt affected areas in the greater
wheat-belt and the Murray Darling Basin (Beresford 2004). In harmony with the landscape, the
Australian native plants have evolved to develop deeper roots, thus preventing the rise of water
table reaching both the topsoil and subsoil. Unlike deciduous shrubs and trees in temperate
climates, Australian native plants tend to grow all year round, thus effectively controlling water

table levels in all cyclical seasons (Beresford 2004).

However, with the advent of European settlements in Australia, extensive land
clearing for agricultural and pastoral purposes saw the emergence of a novel problem unseen
in magnitude (Kurlansky 2002). This equilibrium has changed, when the deep-rooted
vegetation was replaced with shallow rooted exotic crops, thus causing water movement to the
surface rendering large swathes of land unfit for farming and pastoral forage (Hatton et al.
2003). In a review, Rengasamy (2000) detailed the problem of dry-land salinity with focus on
sodic soils in the Australian terrain. For millions of years, leaching of salts caused by natural
processes have been sequestered in shallow waters or deep regolith. Although, the electrical
conductivity (EC) of this saline groundwater ranged between 15—150 dS m™, most native
plants were not affected because water levels were usually about 4 meters below the surface
while more tolerant species thrived well in valley floors with shallower water levels
(Rengasamy 2006). According to the National Land and Water Resources Audit [NLWRA]
(2001), more than 5.7 x 10*km? agropastoral areas have the potential of becoming permanently

salinised and projected to reach 17 x10* km? by the year 2050, (which will be equivalent to



71% of the total land area of the United Kingdom). In addition, another 2.5 x 10% km? could be
affected by transient salinity compounded by acidity, alkalinity, and other toxic elements
including aluminium, boron and carbonates (NLWRA 2001). This is a major threat to food
security here in Australia and overseas, given that Australia’s total agricultural area is 7.6 x 10°
km? approximately (NLWRA 2001). The cost of salinity to the Australian economy has been

estimated to be more than AU$1.3 billion annually (Rengasamy 2002).

Rengasamy (2006) reported that groundwater samples taken from different
geographical locations in Australia have similar composition as seawater. Nonetheless, results
from Isotope tracing studies show that the isotopic composition of Australian saline
groundwater is mostly of rainfall origin (Herczeg et al. 2001). Recent geophysical studies using
airborne electromagnetics revealed occurrences of salt bulges scattered deep in the soil layers
of the Australian terrain (Lawrie 2005). Moreover, the use of recycled effluent for irrigation
(with salt and high pH properties) purposes have also contributed to the long-term soil

salinization and sodification in the Australian landscape (Radcliff 2006).

1.3 Effects of salinity stress on plants
Salinity stress in plants can be broadly categorized into three areas namely,

osmotic stress, oxidative stress and ionic toxicity (Munns 1995, Munns and Tester 2008,
Shabala 2008, Horie et al. 2012). Osmotic stress in plants occurs when osmotic pressure in the
soil is higher than that of plants, inhibiting the plant’s ability to absorb water and other essential
nutrients (Munns et al. 2006). In highly salinized environments, soil solution may reach a
hyper-osmotic stage where plant roots lose more water than they absorb. This condition is
described as chemical drought (Zhang et al. 2001, Apse and Blumwald 2002, Munns et al.

2005, Munns and Tester 2008) and causes cell expansion (Zhang et al. 2001).

Oxidative stress in plants occurs when excessive salinity induces, ion imbalance,



ion toxicity and reduced water potential leading to diminished CO- assimilation and ultimately
oxidative stress (Zhang et al. 2001). Salinity increases the generation of reactive oxygen species
(ROS) including Hydrogen peroxide (H20>), superoxide radicle (O2), hydroxyl radical (OH")
and singlet oxygen (*O2) (Zhang et al. 2001). The increased ROS triggers phytotoxic reactions
such as protein degradation, lipid peroxidation, deactivation of enzymes and denaturing DNA

molecules (Zhang et al. 2001, Jiang and Zhang 2001, Bor et al. 2003).

On the other hand, ionic toxicity occurs when the sodium ions (Na*) in the cytosol
reach toxic levels, displacing potassium (K*) (Maathuis and Amtmann 1999, Maser and Gierth
2002, Cuin et al. 2003) and calcium (Ca*) (Zhu 2003, Shabala, 2005, Chen et al. 2007a).
Moreover, ionic toxicity in plants leads to leaf senescence, photosynthesis restrictions,
chlorosis, necrosis and death (Yeo and Flowers 1983, Zhu 2003, Munns 2005, Chen et al.

2007a, Shabala 2009).

1.4 Mechanisms of salinity tolerance in plants
Salinity has varying effects on different plants, depending on their biological,

physiological, and molecular adaptations to saline soils. Thus, the mechanisms of salinity
tolerance in plants can be classified into three inter-related main categories viz. osmotic
tolerance, ion exclusion and tissue tolerance (Figure 1.6) (Flowers et al. 1977, Tuteja 2007,

Munns and Tester 2008, Horie et al. 2012, Deinlein et al. 2014, Roy et al. 2014a, Munns et al.
2016). Osmotic tolerance is the first adaptive response of plants when salt concentration around
the root reaches a threshold of 40 mM NaCl for most plant species (Munns et al. 2008).
Although, the mechanism of osmotic tolerance remains obscure, it is believed to be regulated
by rapid, long-distance signalling such as ROS, Ca?* signalling, and long-distance electrical

signalling (Maischak et al. 2010, Mittler et al. 2011, Hasegawa 2013, Munns et al. 2016).



Tonic toxicity Osmotic stress
(K " efluxy/Na © influx)
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Signal
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Figure 1.6: Schematic representation of effects of ionic, osmotic stress and adaptive
mechanisms employed by plants. Orange coloured arrows and boxes show plant adaptive
mechanisms. Bold blue arrows and boxes represent deleterious effects of salinity stress on
plants (modified from Horie et al. 2012).

These root signalling processes then rapidly alter shoot function before Na* accumulation
reaches the shoot (Munns et al. 2016). Studies from (Knight et al. 1997, Tracey et al. 2008)

have shown that plants sense and respond specifically to salinity addition within seconds.

Unlike osmotic tolerance, the mechanism of ion exclusion is well understood as
the traits controlling Na* and CI- transport are relatively easy to phenotype (Munns et al. 2016).
Plants achieve ion exclusion by restricting the accumulation of Na* and CI" in their leaves via
compartmentation of ions in vacuoles, recovering Na* from the xylem before effluxion of ions
back to soil (Munns and Tester 2008, Zhang and Shi 2013, Deinlein et al. 2014). However, if
the ion exclusion system fails and the concentration of Na*and CI- reaches toxic levels in the
leaves, plants can exert tissue tolerance mechanism by compartmentation of Na™ and CI- excess

ions at both cellular and intracellular level (usually in vacuoles). This strategy requires precise
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control over the coordination of biochemical processes and their transport, which mainly
involve synthesis of compatible solutes, ion transporters and proton pumping (Tuteja 2007,
Munns and Tester 2008, Petronia Carrilo 2011, Horie et al. 2012, Ahmad et al. 2013, Roy et
al. 2014b, Munns et al. 2016). In plant cells, several Na* -permeable transporters have been
suggested to mediate Na* uptake (Tester and Davenport 2003). In non-saline conditions, HKT
ion transporters have been reported to mediate Na™ uptake in plant cells (Horie et al. 2007, Ji
et al. 2013). Phylogenetic analysis and biophysical studies have grouped HKT into two
subgroups, based on their preference for class A (Na* uniport) or class B (Na* -K* symport)
(Horie et al. 2007, Horie et al. 2009, Jabnoune et al. 2009, Yoa et al. 2010, Ali et al. 2012).
When excessive salt concentrations are present in the surrounding area, Na* ions are thought
to penetrate the symplast via plasma-membrane non-selective cation channels (NSCC), whose
activities are yet to be defined, or Na* may enter through the root endodermis (Davenport and
Tester 2000, Hasegawa et al. 2000, Demidchik and Tester 2002, Munns and Tester 2008).
Jeschke (1987) reported that Na* exclusion mechanisms in cereals is thought to depend on
several key transporters including N*/H* antiporter, H"-pump ATPases and high-affinity K*

ion uptake.

At the cellular and organelle level, the main mechanism of salt tolerance involves
the compartmentation of ions in the vacuole to protect the cytoplasm. Despite the higher
concentration of Na* influx, halophytes and to lesser extend glycophytes can maintain basic
plant functions by sequestering excess cytosolic Na" and ClI-in their vacuoles. This process not
only prevents the toxic effects of Na* in the cytosol but also enables the plant to use NaCl as
an osmoticum — the ability to maintain osmotic pressure which drives water into plant cells
(Blumwald 2000). Munns et al. (1983) found that the leaves of certain plant species were

functioning normally at concentrations exceeding 200 mM of sodium chloride even though
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most enzyme activities were known to be suppressed at 100 mM NaCl. Moreover, salt tolerant
plants were found to sequester toxic ions in their vacuoles, while simultaneously accumulating
organic solutes such as sugar alcohols, polyamines, betaine, proteins and proline (Figure A.1)
in the cytoplasm to maintain osmotic pressure (Munns and tester 2008, Hasegawa et al. 2000,
Blumwald et al. 2000). The production of these compatible organic solutes (osmoprotectants)
has been found to be the most common plant response to salinity stress (Ashraf and Foolad
2007). However, most of the cultivated crops do not have the capability to produce
osmoprotectants. Consequently, many studies have focused on identifying the genes
responsible for the over-expression of osmoprotectants in plants to develop salt-tolerant crops
(Bhatnagar-Mathur et al. 2008). For instance, genes involved in the biosynthesis of choline
oxidase COX or BetA or CodA for glycine betaine have been introgressed into rice, tobacco,
cabbage and Arabidopsis to confer salinity tolerance traits (Hayashi et al. 1997, Hayashi et al.
1998, Sakamoto et al. 1998, Holmstrom et al. 2000, Huang et al. 2000, Bhattacharya et al. 2004,
Khan etal. 2015). Similarly, genes responsible for proline biosynthesis such as AtProDH cDNA
encoding proline dehydrogenase (ProDH) and Al-pyrolline-5-carboxylate reductase
(TaP5CR), Al-pyrroline-5-carboxylatesynthetase (P5CS) (P5CS129A), DREB (dehydration-
responsive element binding protein) have been introgressed into rice, wheat and tobacco to
generate salt-stress tolerance (Nanjo et al. 1999, Sawahel and Hassan 2002, Su and Wu 2004,
Cong et al. 2008, Ma et al. 2008). Likewise, genes such as Myo-inositol O-methyltransferase
(Imtl), L-ectoine synthase (ectC), glucitol-6-phosphate (GutD), Mannitol 1-phosphate
dehydrogenase (mtID), trehalose-6-phosphate synthase (TPS1), L-myo-inositol synthase, L2,4-
diaminobutyric acid acetyltransferase (ectA) and L-2,4-diaminobutyric acid transaminase
(ectB) were incorporated into a number of transgenic plants producing slightly salt tolerant
plant varieties (Thomas et al. 1995, Sheveleva et al. 1997, Nakayama et al. 2000, Abebe et al.

2003, Majee et al. 2004, Cortina and Culianez-Macia 2005, Tang et al. 2005, Khan et al. 2015).
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Despite these advancements, there has been little success in the development of salt-tolerant
crop varieties that can produce the optimum protective levels of these osmolytes. However, the
mechanisms that enables plants control their osmolyte levels are essential in conferring salinity
tolerance, but little is known about the exact metabolic rearrangements and the regulatory

pathways controlling these osmoprotectants (Ashraf and Foolad 2007, Deinlein et al. 2014).

At the molecular level, ion transporters have been shown to play an important role
in the regulation of ion homeostasis (Munns 2002). Sodium ions penetrate plant cells by
competing with other cations, particularly K* via high affinity K* carriers or through other low
affinity non-selective cation channels influenced by Ca?* (Amtmann and Sanders 1999, Munns
2002, Hasegawa 2013, Deinlein 2014). Sodium ions can compete with potassium as both
elements have similar characteristics. For example, they both have similar cation radii in their
non-hydrated and hydrated forms as well as possessing the same electric charge, 1.6*107°
coulombs, which makes difficult for transport proteins to discriminate between the two ions
(Nightingale 1959, Collins 1997, Blumwald et al. 2000, Mahler and Persson 2012). Therefore,
interactions between sodium and potassium ions with pockets of binding proteins, selectivity
filters of proteinaceous ions, active centres of proteins and amino acid are similar in action with
few differences (Volkov 2014, Volkov and Beilby 2017). Some plant species evolved to
exclude Na* from their cytoplasm by compartmentalising into the vacuole via N*/H" antiporters
which in turn is regulated by pH gradient across the plasmalemma and tonoplast, respectively
(Blumwald 2000). However, the transporters responsible for ion homeostasis in the
mitochondria and chloroplast have not been yet established (Blumwald 2000, Hasegawa 2013,

Adams and Shin 2014, Maathuis 2014).

At whole plant level, the mechanism of salt tolerance involves both the cellular and
molecular levels, this process starts with the selective uptake of NaCl by the roots through the

epidermis and endodermis layer, followed by xylem loading and unloading, and loading of the
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phloem to the final stage of excreting excess salts via specialised bladders and salt glands. This
complex process of controlling the uptake, transport and excretion of salt is some of desired
agronomic traits in halophytic plant species. Unlike halophytes, glycophytes lack the well-
developed anatomical and physiological tolerance mechanisms, however, studies show that
these plants employ all three mechanisms but to a lesser degree (Pitman 1984, Garcia et al.

1997, Munns et al. 2002, Flowers and Colmer 2008).

1.5 lon homeostasis in plants
Maintaining an ionic homeostasis is one of the coping mechanisms employed by

plants to survive and thrive under salt stress (Hasegawa et al. 2000, Pardo et al. 2006, Maurel
et al. 2008, Ward et al. 2009, Horie et al. 2012). Homeostasis is therefore an important trait as
it allows plants to maintain low sodium concentration (1-10 mM), while simultaneously
maintaining optimum levels of potassium (100-200 mM) in their cytosol (Binzel et al. 1988,
Blumwald 2000, Maser et al. 2001, Zhu 2001, Maser and Gierth 2002, Very and Sentenac 2003,
Munns and Tester 2008). In saline environments, ion homeostasis depends on transmembrane
transport proteins that regulates ion fluxes such as Ca?* -ATPases, H* translocating ATPases
and pyrophosphates, channels and secondary active transporters (Figure 1.7) (Niu et al. 1996,
Sze et al. 1999, Binzel and Ratajczak 2000, Blumwald et al. 2000,

Hasegawa et al. 2000). Although many of the transport proteins involved in the regulation of
Na*, CI*, Ca?* and K* have been identified in yeast mutants, it is now evident that similar
proteins are also active in plants (Dreyer et al. 1999). Many studies have reported that H*
electrochemical potentials gradients generated by H* pumps are involved in driving
electrophoretic fluxes across the plasma membrane as well as the tonoplast and secondary
active transport (Zhen et al. 1997, Luttge and Ratajczak 1997, Palmgren and Harper 1999,

Hasegawa et al. 2000).
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Figure 1.7: Schematic representation of cellular homeostasis and adaptation after salinity
exposure. Protein transporters involved in Na" and CI homeostasis, ROS scavenging
osmolytes, water channels, tonoplast, compartmentation spaces and organelles including
mitochondria (mitmt), chloroplast (chlcp) and peroxisomes (perox) are also shown (modified

from Hasegawa et al. 2000)

To understand how plant cells maintain ionic homeostasis scientists have used
direct and indirect methods to study ion fluxes of plants exposed to salinity stress and under
control conditions. These techniques include the use of electrophysiological methods, kinetic
measurements of ion concentrations, ion-selective fluorescent dyes, non-fluorescent indicators,
Nuclear magnetic resonance (NMR) spectroscopy and microelectrode ion flux estimation
methods (MIFE). Most of these methods except MIFE are said to be technically challenging,
require longer training and are costly to operate (Flowers and Hajibaghari 2001). However,
MIFE technique has been touted as an alternative, given that it is non-invasive, quicker and yet
simpler method to measure net fluxes of some the basic ions such as Na*, CI', K* and H* for
both salt-sensitive and salt-tolerant cultivars (Chen et al. 2005, Chen et al. 2007a, Chen et al.
2007b, Chen et al. 2007c, Cuin et al. 2008, Cuin et al. 2012).
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Moreover, MIFE methods provide reliable temporal resolution of seconds and spatial resolution
(within tens of a micron) which influences ion fluxes moving in and out of the target cells
(Newman et al. 1987, Newman 2001, Kunkel et al. 2006, Shabala 2006, Sun et al. 2009,
Shabala and Bose 2013). Similar studies have also used MIFE to study specific ion channels
(Shabala et al. 2005, Demidchik et al. 2010), physiologically active molecules (Cuin and
Shabala 2007, Shabala et al. 2009, Pandolfi et al. 2010, Demidchik et al. 2011, Ordonez et al.
2014), ions along the root zone of many crops (Garnett et al. 2001, Chen et al. 2005, Pang et
al. 2006), ROS generation from salinity stress (Cuin and Shabala 2007, Demidchik 2010) and
ion movement in cell biology (Lew et al. 2006, Valencia-Cruz et al. 2009, Demidchik et al.
2010). Based on this enormous literature about the kinetics and physiological profiles of ion
fluxes, MIFE measurements are fast, and reliable method that can be used for screening of salt
tolerance in many plant species. However, the ion-selective electrodes used in MIFE
measurements are not totally fool proof and can be affected by physiologically active
compounds and other interfering ions (Knowles and Shabala 2004, Chen et al. 2005) therefore,

some controls are needed to offset these limitations.

1.6 lon transport and salinity tolerance in plant cells.
Physio-physical forces such as the differences ion concentrations, and differences

in electrical potential are the driving force linked to ion transport in living cells (Volkov 2014).
lons move from high electrochemical potential to low down a concentration gradient, therefore,
when their total electrochemical potential gradients are measured, then their net fluxes (mol m?
s 1) can be obtained by applying Nernest equation described in Newman (2000). In plant cells,
movement of most ions including K* and Na* occurs through two pathways viz. ion selective
proteinaceous pores of ion channels (“gated”). The other pathway has slower transport rate and
goes through the proteinaceous transporters. Since ions carry electrical charges, ions passing

through ion channels are therefore electrogenic.
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1.7 The role of ion fluxes in plant salt tolerance
1.7.1 Na" fluxes

Salinity tolerance is a cumulative process that requires several physiological

characteristics such as maintaining low Na*and high K™ ratio in root and shoot, extrusion of

Na* from shoot, vacuolar sequestration, ion homeostasis and Na* exclusion (Munns and Tester
2008, Ward et al. 2009, Horie at al. 2012). Therefore, the uptake, transport and
compartmentation of Na* are vital for plants to survive and thrive under saline conditions.
Besides the exclusion of Na* influx, there are two basic ways to mitigate Na* toxicity in the
cytosol; enhancing vacuolar compartmentation through tonoplast Na*/H* antiporters and
increasing the Na*/H™ antiporters in the plasma membrane (Horie et al. 2012). High affinity K*
transporters (HKTs) were suggested to play an essential part in the regulation of Na* in certain
plant species (Uozumi et al. 2000, Horie et al. 2001, Golldack et al. 2002, Maser and Gierth

2002, Platten et al. 2006, Byrt et al. 2007, Davenport et al. 2007, Hauser and 2010, Ali et al.

2012, Horie et al. 2012). Garciadeblas et al. (2003) described nine HKT homologues (OsHKT
I— OsHKT 9) genes involved in the regulation of ion homeostasis and Na* transport in rice
plants. Furthermore, according to their sequence and transport analysis, there are two distinct
HKT subgroups class | and |1 that act as Na* -selective transporter and as Na*/K* cotransporter,
respectively (Sunarpi et al. 2005, Horie et al. 2007, Munns and Tester 2008, Horie et al. 2009,

Deinlein et al. 2014).

1.7.2 CI fluxes
CI toxicity has been found to be more deleterious than Na* toxicity in certain

woody plant species such as Vitis and Citrus (Munns and Tester 2008). CI" is also the most
dominant anion in most saline soils (Teakle and Tyerman 2010). Despite that, the responses of
CI" fluxes under salinity stress and their transport mechanisms are less well understood in
comparison to other cation transport systems. Although, CI"is considered to be toxic to most

plants at high concentrations, it is also an essential micronutrient that plays a role in the
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regulation of enzymes in the cytoplasm, turgor and pH regulation, a vital co-factor in

photosynthesis, and stabilises membrane potential by acting as counter anion (Tyerman 1992,

Teodoro and Lado 1998, Xu et al. 2000, White and Broadley, 2001, Teakle and Tyerman 2010,
Marschner 2012). Considering that both Na* and CI- are metabolically toxic to plants, it is
interesting to note that for some species such as rice and wheat, Na* concentrations in the shoot
and not CI" have shown to be negatively correlated with salinity tolerance (Kinraide 1999, Lin
and Kao 2001, Husain and Munns 2004, Plett and Moller 2009). In contrast, leaf CI
concentration in soybean was found to be negatively correlated with salinity tolerance (Luo et
al. 2005), whereas the exclusion of both Na*and CI- were negatively correlated with salinity
tolerance in Medicago truncatula (Aydi and Abdelly 2008) and Hordeum marinum (Islam et

al. 2007).

Salinity stress induced CI" effluxes were observed to be genotypic dependent, for
example salt tolerant Populus euphratica exhibited significant CI” efflux under salinity stress,
whereas salt-sensitive relative Populus popularis displayed no CI™ efflux (Sun et al. 2009).
Similarly, Huang and Van Steveninck (1989) found that salt-tolerant barley cultivar were more
effective in excluding CI- from their mesophyll cells when compared to more sensitive barley
cultivars. Moreover, other studies have also detected Cl™ efflux in salt stressed transgenic
Arabidopsis (Lorenzen et al. 2004) and in bean mesophyll cells (Shabala 2000). As mentioned
earlier, the mechanisms of CI" transport associated with salinity stress tolerance are less well
understood, however several candidate genes thought to be involved in CI™ transport have been
identified (Teakle and Tyerman 2010). In the last decade, several possible candidates involved
in CI" homeostasis in plants exposed to salinity stress have been revealed using transcriptome,
functional and mutant analysis (Teakle and Tyerman 2010). These include voltage dependent

anion channels (VDAC) (Brumos et al. 2009, Lee et al. 2009, Yan et al. 2009),
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mechanosensitive channels of small conductance (MscS) like MSL (Haswell 2007, Haswell et
al. 2008) chloride channels (CLC) (Jentsch et al. 2002, Miller et al. 2006, Nakamura et al. 2006,
De Angeli et al. 2007, De Angeli et al. 2009), aluminium activated malate channels (ALMT)
(Motoda et al. 2007, Pineros et al. 2008, Rudrappa et al. 2008), cation-chloride cotransporter
(CCC) (Lorenzen et al. 2004, Colmenero-Flores et al. 2007, Munns and Tester 2008, Brumos
et al. 2009), ATP binding cassette (ABC) (Davies and Coleman 2000, Rea 2007, Lee et al.
2008), nitrogen transporter (NRT) (Segonzac et al. 2007, Tsay et al. 2007, Brumos et al. 2009),
and slow ion channel associated protein (SLAC1) (Negi et al. 2008, Vahisalu et al. 2008). This
highlights the need for further studies (using MIFE and other techniques) focusing in
deciphering CI" transport mechanism in plants under salinity stress. However, measurements
of CI" in MIFE could be negatively affected by the low signal-to-noise ratio for liquid ion
exchanger (L1X) when used in high concentration.
1.7.3 K* fluxes

Potassium is an important micronutrient required by plants for growth and
development (Ahmad and Maathuis 2014). It plays an important role in various cellular and
physiological processes including cation-anion balance, stomata and osmotic regulation
(Marschner 2012). Excessive cytoplasmic Na* reduces K™ concentrations resulting changes of
osmotic pressure, turgor pressure, membrane potential, ROS and calcium signalling
(Marschner 2012). K* homeostasis plays a vital role in conferring salinity tolerance in plants
cells (Shabala and Cuin 2008, Shabala and Potossin 2014). Under salinity stress, salt-tolerant
plants usually maintain higher K* in their cellular and tissue levels (Zhu, 2001, Carden et al.
2003, Chen et al. 2005). Studies using MIFE technique have established a very strong
correlation of >0.80 between K* and the level of salinity stress tolerance in different barley

cultivars (Chen et al. 2005, Chen et al. 2007a). The stark differences of salinity-stress induced
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K™ efflux exhibited by both sensitive and tolerant varieties were remarkable, given that salt
sensitive cultivars displayed higher K* efflux, in comparison to tolerant cultivars (Chen et al.

2005). Similar studies on ion fluxes in halophytic Thellungiella halophila and the glycophytic
Arabidopsis thaliana showed lower Na* and higher K*/Na* in their roots under salt treatment
(Volkov and Amtmann 2006, Amtmann 2009). Comparable results were also reported for
barley (Wu et al. 2015), wheat (Cuin et al. 2008, Cuin et al. 2012), and Brassica species
(Chakraborty et al. 2016). This vast literature underlines the importance of K" uptake
measurement as a fast and simple test for screening plants for salinity tolerance (Chen et al.
2005). It also gives credence to MIFE as a non-invasive tool for screening plant root and leaf
mesophyll for K* fluxes and comparing variations in their response to salinity-stress induced

K™ efflux (Chen et al. 2005).

1.7.4 H* fluxes
Despite the presence of several types of secondary transport mechanisms located at

the plasma membrane, such as Na*/H* antiporters, H*/K* symporters, and H*/CI- symporters,
H* flux measurements offer a direct evidence of ion exchange coupling with H* inside and
along the electrochemical gradient (Tuteja 2007). Hence, H* selective microelectrode is a
quicker and more convenient approach when dealing with NA*/H" antiporters driven by H*
ATPases (Qiu et al. 2002). Moreover, it has been suggested that salinity stress triggers H*
ATPases to move Na* from the cytoplasm into the apoplast to maintain low Na* concentrations
in the cytosol, thereby creating favourable pH and electric potential gradient across the vacuole
which in turn triggers secondary transporters required for metabolite and ion uptake (Serrano
1989, Sussman 1994, Michelet and Boutry 1995, Palmgren 1998, Shabala 2006, Baisakh et al.
2012). An increase in net H* efflux has been reported in salt-stressed mesophyll tissues of salt
sensitive broad beans (Vacia faba), however H* efflux in salt-shocked plants have shown to be

species-specific (Shabala 2000). For example, a significant H* effluxes were reported in the
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root apex in both mutant (SOS1) and wild (SOS2, SOS3) Arabidopsis exposed to salinity

treatment (Shabala 2005).

1.7.5 Ca**fluxes
Ca?" plays a critical role in various cellular functions involved in signalling and other

adaptive mechanisms against biotic and abiotic stresses (Sanders et al. 2002, Gao et al. 2004,

Henriksson and Henriksson 2005, Chen et al. 2010, Wang et al. 2016). Previous studies on
Arabidopsis have shown that higher NaCl concentrations significantly reduced Ca?* levels in
root cells (Cramer and Jones 1996, Halperin et al. 2003). Similar effects were also reported on
corn (Lynch and Lauchli 1988). Furthermore, many studies have reported that an increase in
Na* concentration around the roots triggers a flux of Ca?* into the cytosol via the plasma
membrane and into the tonoplast (Kiegle et al. 1997, Knight et al. 1997, Moore et al. 2002,
Tracey et al. 2008). Although, changes in the Ca®* are regulated by various cellular events, Na*
have been reported to elicit transient changes in Ca?* levels (Tracey et al. 2008). Zhu et al.
(2002) referred to the increase in Ca?* as the “best- characterized signalling pathway to salinity
stress”. However, other studies have reported that the increased Ca?* induced by salinity
exposure depends on plant species and cell type (Cramer and Jones 1996). Moreover, the
changes in Ca?* fluxes caused by salinity stress creates an imbalance between Ca?* and pH
homeostasis thus overwhelming cells with the increased monovalent ions such as H" (Gao et
al. 2008). Furthermore, Chen et al. (2010) reported that Cytosolic free concentration of Ca®*
([Ca?*]i) responds to abscisic acid (ABA) which in turn induces an increase in [Ca?*]iin guard
cells, which precedes stomatal closure. In addition, the elevation of [Ca?*]; interfere with the
membrane transport resulting in net ion flux and decreased turgor leading to reduction in

stomata aperture (Chen et al. 2010).
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1.8 Effects of salinity on rice morphology and physiology.
Salinity tolerance in rice is a complex process controlled by various genetic and

environmental factors. Mechanisms found to be influencing salinity tolerance in rice such as
Na* uptake restriction and exclusion from shoot have been reported in many studies (Munns
and Tester 2008, Platten et al. 2013, Ismail and Horie 2017). Similarly, a considerable amount
of literature has been published on genes conferring salinity tolerance via regulating growth
accelerators, osmoprotectants and ion movement (Munns and Tester 2008, Horie et al. 2012,
Ismail and Horie 2017). Based on the results of these studies, salinity tolerance genes

(SALTOL) and suitable donors for these agronomically desirable traits have been identified
(Garg et al. 2002, Islam et al. 2008). However, understanding the role of these mechanisms and
their precise functions at the cellular, molecular and at the whole plant level under controlled
condition and in the field, conditions are yet to be determined. Therefore, exploring the
physiological response of cultivated and wild rice genotypes at different levels within the plant
may contribute in speeding the efforts for developing high-yielding salt-tolerant rice varieties
(Horie et al. 2012). Physiological responses at the whole plant scale involve adjustments of
water status, stomatal conductance, reduction in photosynthesis (Figure 1.8) and ion and
nutrient imbalance (Horie et al. 2012). Munns et al. (1995) classified these physiological
responses as short-term implying the initial water deficit effect and ion toxicity as the long-
term response. Such responses minimise or sequester toxic NaCl ions to shield newly formed
shoots and the reproductive parts, thus protecting the photosynthesis apparatus and other vital

physiological mechanisms required for growth and development (Radanielson et al. 2018).
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Figure 1.8: Effects of osmotic stress and ionic toxicity induced by salinity stress on rice plants.
Blue boxes represent the morpho-physiological, and biochemical responses as well as effects

on yield (modified from Hasanuzzaman et al. 2012)

Furthermore, salinity interferes with the process of cell expansion and division causing
significant decrease in leaf area index and ultimately hampering photosynthetic processes
(Netondo et al. 2004). However, Moradi and Ismail (2007) pointed out that variations in
photosynthetic activities and the concentration of Na* accumulation in rice plants are genotypic

dependent.

In addition, several studies have reported that rice genotypes exhibiting salinity
tolerance during vegetative and reproductive phase are shown to have higher yield in
comparison with the more salt-sensitive genotypes (Moradi et al. 2003, Singh and Flowers
2010). Inrice, salinity limits sink size and grain filling as typically reflected by stunted panicles
and sterile spikelets. Moreover, the senescence and death of older leaves further decrease

assimilates allocated for grain filling (Flowers et al. 1985, Zeng and Shannon 2000,
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Radanielson et al. 2018). At high concentrations both Na* and CI" induce osmotic and ionic
effects in rice plants, however, it is difficult to categorise the effects of their ions separately.
Although, many studies have focused on the effects of Na* on plants, in some species including
barley, Citrus and grape, ClI" is more potent by inducing toxicity when compared to Na* (Moya
et al. 2003). The dominance of Na* transport and uptake studies rather than CI- could be
explained by the fact that the mitigation of Na* induced stress is more complex and costs more
energy to transport than CI” (Moya et al. 2003). Due to the negative electrical potential of cells,
CI plays a role in stabilising the depolarisation of membranes resulted from NaCl presence.
Therefore, restricting Na*™ uptake and transport is a not only a costly manoeuvre in terms of
energy but also creates other problems relating to ion selectivity. For example, Na* can displace
K™ and therefore, more damaging to species that are unable to restrict Na* movement, given
that K™ also regulates many enzymes in the cytoplasm and plays a major role in osmotic

regulation activities (Moya et al. 2003).

1.9 Responsive mechanisms of rice under salinity stress
As mentioned earlier the mechanisms of salinity stress tolerance in rice is a complex

trait which is controlled by many factors. Therefore, studying rice response to salinity stress
provides a vital insight in understanding the underlying morpho-physiological mechanisms
related to the activation of defence mechanisms during salinity stress. Responses of rice under
salinity stress can be divided into three categories; morpho-physiological response, response at

the biochemical level, and response at the molecular level.

1.9.1 Morpho-physiological response of rice to salinity stress
In rice, the effects of salinity stress start with the osmotic stress characterised by

decreased osmotic potential and followed by ionic effects resulting in ionic toxicity (Gosh et
al.2016). Physiological studies in rice plants subjected salinity stress have shown that
chloroplast and mitochondria are the most vulnerable organs compared to other organs

(Rahman et al. 2000). Damage to these two organs will affect the chlorophyll content,
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chlorophyll fluorescence and membrane permeability which will ultimately lead to a decrease
in photosynthetic efficiency (Netondo et al. 2004, Baker 2008). Likewise, salinity stress has
been shown to reduce leaf area and alters leaf architecture of rice plants grown in glasshouse
and in-vitro (Bahaji et al. 2002, Wankhade et al. 2010, Wankhade et al. 2013). Rahman et al.
(2000) observed various inhibitory effects of salt stress on rice leaf structure such as swelling
of the thylakoids which in turn causes disruptions in chloroplastids. Similarly, salinity stress
also exerts detrimental effects on the mesophyll tissue as well as the vascular bundles (Rahman
et al. 2000, Wankhade et al. 2013). Moreover, studies in rice root revealed the influx of NaCl
ions increases the rate of vacuolation and vesiculation resulting a decrease in Mucilage
production in rice plants subjected to salinity stress when compared the control variables
(Flowers and Yeo 1981, Rahman et al 2000, Rahman et al. 2001). Many studies have shown
the existence of a strong correlation between K* and Na* ratio and sodium content in rice plants
exposed to salinity stress (Akita and Cabuslay 1990, Khatun et al. 1995, Lutts et al. 1995).
Therefore, the evaluation of several rice genotypes at morpho-physiological levels may reveal

defence mechanisms operating in rice plants during salinity stress.

1.9.2 Responses of rice to salinity stress at the biochemical level
The effects of salinity stress in rice can divided into osmotic effects and ionic

effects (Munns 1995, Munns and Tester 2008, Horie et al. 2012). Osmotic stress which is
characterised by decreased water potential is the initial osmotic effect caused by excessive salt
accumulation. Plants response to stress by adjusting their osmotic potential via production and
accumulation of low molecular weight sugars, polyols, organic acids and nitrogen containing
compounds such as proteins, amino acids, imino acids, quaternary ammonium compounds, and
amides (Jones 1981, Lutts et al. 1996, Ali et al. 1999). Bandurska (1991) reported that proline
accumulation in rice plants exposed to salinity stress acts as an osmo-protectant by regulating
osmotic potential, protecting enzymes and membranes while providing nitrogen and sugars as

energy (Cram 1976, Perez et al. 1993, Bundurska 1993). An increase in shoot and root sugars
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in rice has been shown to play a major role in osmotic adjustments (Popp and Smirnoff 1995,
Hurry et al. 1995, Sakamoto 1998, Dubey and Singh 1999, Amirjani 2011). Similarly, glycine
betaine accumulation in rice has been associated with enhanced osmotic adjustments, nitrogen
storage and the fortification of cellular macromolecules which in turn plays a role in the
detoxification of cells, scavenging for reactive oxygen species (ROS) and to balance the
cellular pH (Popp and Smirnoff 1995, Hurry et al. 1995, Sakamoto 1998, Dubey and Singh
1999, Amirjani 2011). Furthermore, the accumulation and storage of proteins in rice plants
exposed to salinity stress also plays an active role in osmotic adjustments. A positive correlation
has been observed in the production and accumulation of soluble proteins in salt tolerant rice
seedlings to their control variables (Akbar and Yabuno 1975, Singh et al. 1987, Jha and Singh

1997).

1.9.3 Responses of rice to salinity stress at the molecular level
Understanding salinity tolerance at the molecular level is one the most important

pillars in the development of salt tolerant crops. Previous studies have shown that response of
rice to salinity stress is genotypic dependent (Akbar et al. 1972, Bonilla et al. 2002). Scientists
using molecular marker methods including; Restriction Fragment Length Polymorphs (RFLP)
(Botstein et al. 1980), Simple Sequence Repeats (SSR microsatellites) (Tautz 1989), Random
Amplified Polymorphic DNAs (RAPD) (Williams et al. 1990), Simple Sequence Length
Polymorphism (SSLP) (McDonald and Potts 1997), Amplified Fragment Length
Polymorphism (AFLP) (Zabeau and Vos 1993), have screened various rice genotypes for
salinity stress tolerance (Kanawapee et al. 2011, Ali et al. 2014). To understand the nature of
inheritance in salinity tolerance in rice, researchers have conducted experiments using
conventional methods including “insertional mutagenesis” (Rabbani et al. 2003, Salvi and
Tuberosa 2005), and “positional cloning” (Bechtold et al. 1993, Ron and Weller 2007). Several
genes such as Saltol, catalase and few denovo genes involved in conferring salinity tolerance

in rice have been identified (Urao et al. 1999, Horie et al. 2012, Hoang et al. 2016). Plants have
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evolved to sense salinity stress using osmo-sensing adaptations based on signalling, which can
be measured phenotypically via quantification of Na" and K* ratio (Xiong and Yang 2003).
Studies on responses of plants to salinity stress at the molecular level have identified several
important signalling pathways in various mutants of Arabidopsis thaliana including histidine
kinase, candidate osmosensor, and ATHK1 (Xiong et al. 2003). Similarly, CDPKs and
OsCDPKT7 which is activated during salinity has been identified in rice (Xiong et al. 2003). In
addition, MAPKs and OsMAPKS5 have been identified in rice whose suppression caused
salinity hypersensitivity in rice plants (Zhu 2002). Other genes in the Salt Overly Sensitive
pathway such as SOS1, SOS2 and SOS3 have been identified in rice plants under salinity stress
(Haqg et al. 2008). This shows the complexity of the genes responsible for regulating responses
to salinity stress in plants. These studies have initiated the work to isolate the Quantitative Trait
Loci responsible for salt tolerance genes in rice. Gregorio (1997) became the first scientist to
identify and map ‘SALTOL” on chromosome 1 in an F8 recombinant Pokkali crossed with IR29

using AFLP.

To improve grain yield of rice grown under saline conditions, it is important to first
understand the basic mechanisms of salt tolerance in rice. As mentioned earlier, salt tolerance
IS a quantitative trait which is regulated by a multitude of genes (Chinnusamy et al. 2005, Garg
et al. 2013). Studies have reported that rice is more susceptible to salinity stress at the
reproductive stages but exhibits some tolerance at seedling stages (Lutts et al. 1995, Singh
2004, Todaka et al. 2012). Comparisons of biomass production percentage have been

recommended as a viable method when assessing salinity tolerance in rice (Munns et al. 2002).
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1.10 Rice plants
1.10.1 Taxonomy

Rice is part of the Poaceae or Gramineae (true grass) family which belongs to the
genus Oryza (Table 1.1). There are 25 Oryza species of which 23 are wild and the remaining
two, viz Oryza sativa and Oryza glaberrima are cultivated (Morishima 1984, Vaughan et al.
2003, Brar and Khush 2003). O. sativa is the most cultivated rice in Asia whereas O. glaberrima
is mainly cultivated in Western and Eastern parts of Africa but is being replaced by O. sativa
(OECD 2006, Oka 2012). Rice is grown in the tropical and subtropical regions of Africa, Asia,

south and central America and Australia (Chang 1986).

Table 1.1: Classification of rice plants from Kingdom Plantae down to species sativa

Name Rice
Kingdom Plantae
Division Magnoliophyta

Class Liliopsida

Order Poales

Family Gramineae or Poaceae

Tribe Oryzeae

Genus Oryza

Species Sativa

1.10.2 Geographic origin and domestication
Over centuries, rice has supported many successive civilisations in Southern,

Eastern, and South Asia and Africa (Bray 1986, Scott 2009, Molina et al. 2011). The geographic
origin of rice has been extensively researched in China, India and Southeast Asia and other
parts of the world (Oka 1988, Chang 1989, Yasuda 2002, Vaughan et al. 2008, Zhang and Hung

2010). Research shows that the domestication of rice was completed in the middle of Holocene
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between 6,000 and 3,000 BC (Molina 2011). Based on archaeological evidence, Oryza
rufipogon and Oryza nivara (Figure 1.9) are considered to be the progenitors of the present-
day rice O. sativa L. (Khush 1997, Sweeney and McCouch 2007, Kovach et al. 2009).
However, the African rice Oryza galaberrima Steud. (Figure 1.9) was independently
domesticated from its progenitors Oryza longistaminata and Oryza Barthii around 3,000 years
ago, 6,000 to 7,000 years after O. sativa (Molina et al. 2011). O. sativa has two cultivated
distinct subspecies viz. Japonica which is grown in temperate regions, whereas Indica is
popular in tropical countries (Chang 2003, Kovach et al. 2009). Gross and Zhao (2014)
explained the possible domestication scenarios of both Japonica and Indica from their
progenitor O. rufipogon and their hybridisation before final domestication (Figure 1.10).
Although, earlier studies have indicated that both species were domesticated independently
(Vitte et al. 2004, Londo and Chiang 2006, Gao and Innan 2008). However, contemporary

research shows that both subspecies were first domesticated in China (Molina et al. 2011, Silva

et al. 2015).
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Figure 1.9: Schematic representation of the evolutionary pathways of the origin of O. sativa
and O. glaberrima. (Modified from: Chang 1976)
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Figure 1.10: Schematic representation of the likely scenario for the origin of Japonica and
Indica indicated by different colours. Colours in the domesticated Indica represent an
introgression from Japonica shown in blue, while the light brown represents contributions from
O. rufipogon. Broken lines represent the possible timing of hybridisation between Japonica and
Indica (Modified from: Gross and Zhao 2014).

1.10.3 Genome evolution and allelic variation in salinity tolerance
O. sativa is model species for monocot cereals with a relatively small tractable

genome of about 380 Mb (n=12) compared to wheat —15,000 Mb (3n=42) (Paterson et al. 2005,
McCouch et al. 2016). The two major cultivated rice species, viz Indica and Japonica are mainly
diploid (2n=2x=24) with genome AA (Chang 2003, Paterson et al. 2005). Conversely, their
wild relatives under Oryza genus carries both diploid and tetraploid (2n=2x=24),

(2n=4x48) respectively. Wild Oryza varieties contain 10 types of genomes: AA, BB, CC,
BBCC, CCDD, EE, FF, GG, HHJJ and HHKK (Vaughan et al. 2003). In addition to that, O.
sativa has the largest single-species germplasm stock in the world which is publicly available
(Jackson 1997). Moreover, rice is the first crop in human history to be fully sequenced (IRRI,
2005) with over 3,000 re-sequenced varieties (Huang et al. 2012, Xu et al. 2012, The rice
genome project 2014, Duitama et al. 2015). These genome sequences will not only give
scientists an insight into the architecture and function of rice plant but will also enable them to

decipher the framework of other important cereals including wild relatives (Paterson et al.
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2004, Paterson et al. 2005, Devos 2005).
Due to the considerable allelic variations in salinity tolerance among rice

germplasms, scientists were able to identify QTLs responsible for salinity tolerance (Collard et
al. 2005, Yuetal. 2012, Ashraf and Foolad 2013, Shahbaz and Ashraf 2013, Bansal et al. 2014).
Similar QTLs have been isolated in different crops for abiotic stresses tolerance including
salinity tolerance (Byrt et al. 2007, Xue et al. 2009, Genc et al. 2010, Thomson et al.

2010, Ul Hag et al. 2010), heat tolerance (Y ang et al. 2002, Mason et al. 2010), chill tolerance
(Andaya et al. 2006, Baga et al. 2007, Kuroki et al. 2007, Lou et al. 2007) and drought tolerance
(Quarrie et al. 2006, Mathews et al. 2008, Von Korff et al. 2008, Peleg et al. 2009, Chen et al.
2010). Therefore, the availability of natural variations of species will help widen the genetic
pool and improve the abiotic resistance by combining desired agronomical traits from various

Sources.

1.10.4 Classification of Oryza gene pool
The genus Oryza has been classified into four main complexes (Table 1.2)

including Sativa, Officinalis, Myeriana and Ridley’s. The sativa genus comprises of two of the
most cultivated species O. sativa and O. glaberrima and their wild relatives viz, O. barthii, O.

rufipogon, O. longistaminata, O. sativa f. spontana and O. nivara (Table 1.2)
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Table 1.2: Oryza species complex with chromosome numbers, genome symbols and their
geographical distribution (Source: Brar and Khush 2003).

Species Complex Chromosome Genome Geographical
Number Distribution
| Sativa complex
1. O. sativa L 24 AA Worldwide:
originally South &
Southeast Asia
2. O. nivara Sharma et Shastry 24 AA South & Southeast
Asia
3. O. rufipogon Griff. 24 AA South & Southeast
Asia, South China
4. O. meridionals Ng 24 AA Tropical Australia
5. O. glumaepetula Stued. 24 AA Tropical America
6. O. glaberrima Steud. 24 AA Tropical West Africa
7. O. barthii A Chev et Roehr. 24 AA West Africa
8. O. longistaminata A. Chev Tropical Africa
et Roehr
|| | Officinalis complex/latifolia complex
9. O. punctata Kotschy ex Steud 24 BB East Africa
10. O. rhizomatis Vaughan 24 CcC Sri Lanka
11. O. minuta J.S. Pesl. Ex C.B.Presl. 48 BBCC Philippines, New
Guinea
12. O. malamphuzaensis Krishn. 48 BBCC Keral & Tamil Nadu
et Chandr.
13 O. officinalis Wall. Ex Watt 24 cc South & Southeast
Asia
14 O. eichingeri A. peter 24 CcC East Africa & Sri
Lanka
15 O. latifolia Desv. 48 CCDD Central & South
America
16 O. alta Swallen 48 CCDD Central & South
America
17 O. grandiglumis (Doell) Prod. 48 CCDD South America
18 O. australiensis Domin. 24 EE Northern Australia
19 O. schweinfurthiana Prod. 48 BBCC Tropical Africa
111 | Myeriana complex
20 O. granulata Nees et Arn. 24 GG South & South Asia
ex Watt
21 O. myeriana (Zoll. Et Mot. 24 GG South Asia
ex Steud.) Baill
IV | Ridley’s complex
22 0. longiglumis Jansen 48 HHJJ Indonesia & New
Guinea
23 O. ridleyi Hook f. 48 HHJJ Southeast Asia
V | Unclassified
24 0. brachyantha A. Chev. 24 FF West & Central Africa
et Roehr.
24 0. schlechteri Pilger 48 HHKK Indonesia & New
Guinea
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1.10.5 Growth phases of rice
The cultivated Oryza species is mostly an annual crop with 90 to 180 days of life

cycle depending on the cultivar, cultivation region, ecological conditions and season (Dingkuhn
and Asch 1999). Mature rice plant consists of primary stem and tillers that produce effective
and ineffective panicles. The morphological development of rice can be divided into three
growth phases namely, vegetative (germination to panicle initiation), reproductive

(panicle initiation to flowering) and Ripening (flowering to mature grain stage) (Maclean et al.
2002, IRRI 2007) (Table 1.4).

Table 1.3: Growth phases and stages of rice

Growth phase Stage
1. Vegetative . Germination
. Seedling
. Tillering
. Stem elongation
. Panicle initiation
. Heading
. Flowering
. Milk grain stage
. Dough grain stage
9.Mature grain stage

11. Reproductive

111. Ripening

o NOoO Ol s WN - O

1.10.6 Cultivation of rice in Australia
Low-scale farming of rice in Australia began in the 1850’s with the arrival of Chinese

migrant workers during the gold rush in Queensland (Ricegrowers’ Association of Australia
[RGA] 2014). However, the first commercial trial began in 1906, when the Victorian
Government allocated 200 acres of flood-prone area near Swan Hill on the banks of Murray

River to a Japanese immigrant Jo Takasuka (Figure 1.11) (SunRice 2004, RGA 2014).
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Figure 1.11: Japanese immigrant Jo Takasuka who pioneered first commercial rice
cultivation in Australia and his wife Ichiko in their rice field located near Swan Hill on the
banks of Murray River (Source: RGA 2014)

After facing initial problems of drought and floods, He succeeded to produce the first
commercial quantities by 1914. Following the success of that project, the New South Wales
Government acquired California rice seeds to be trialled at the Murrumbidgee Irrigation Area
near Griffith and Leeton in 1922, producing commercial quantities by 1924 (SunRice 2004,

RGA 2004). Since then, there has been other trials, notably in Northern territories (Humpty
Doo), Western Australia (Camballin and Kununurra) and Queensland (Burdekin Irrigation
Area), however these trials ended in failure due to soil nutrient deficiencies and unsuitable
rainfall patterns (McDonald 1979). Currently, commercial rice cultivation is confined in the
Murrumbidgee and Murray valleys in NSW (Figure 1.12) where more than 99 % of Australian
rice is produced (Figure 1.13) (Australian Bureau of Agricultural and Resource Economics and

Sciences [ABARES] 2015, NSW Department of Primary Industries [DPI] 2017).
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Figure 1.12: Rice growing areas in NSW (Source: ABARES Murray-Darling Basin Irrigation

Survey 2015)
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Figure 1.13: Distribution of rice-producing regions in Australia. NSW produces more than 99

% of rice production in Australia (Source: DP1 2017)
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Over the years, the total rice cultivation in Australian has been fluctuating from a peak of
113,000 hectares to a very low 27,000 hectares, because of recurrent droughts, for example,
rice production has significantly increased between 1980 until the year 2000, before severe
droughts significantly reduced production in 2002 — 2003 (DPI1 2017). In 2010, rice production
increased again only to decline in 2013 — 2014 and 2015 — 2016 due to unfavourable weather
conditions. Nonetheless, Australia rice production per hectare are the highest among rice
growing countries at 10 — 14.5 t/h using less than 60 % water per kilogram production compared
to global averages (DPI 2017). It is worth to note, that yield between the same genotypes differ
from area to another within the Murrumbidgee and Murray valleys (Table 1.4) (DPI 2017).
More than 80 % of rice cultivated in Australia is medium grain Japonica cultivars, while the

rest are Indica varieties including Doongara (Table 1.5) (DPI 2017).

Table 1.4: Yield comparison (tonnes per hectare) between the three experimental genotypes
grown in four different locations within the Murrumbidgee and Murray valleys (Source: DPI

Zglljrtzvar Murrumbidgee Coleambally Eastern Murray ~ Western Murray
Irrigation Area Irrigation Area Valley (EMV) Valley (WMV)
(MIA) (CIA)
Reiziq 145 11.70 11.00 11.60
Koshihikari n/a n/a 9.20 7.6
Doongara 10.80 12.00 9.8 n/a
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Table 1.5: Description of the major Australian grown rice cultivars (Source: DPI 2017)

Genotype Description

Doongara Semi-dwarf long grain

Koshihikari Tall-strawed, short grain, low yielding
Reiziq Semi-dwarf medium grain, high yielding
Kyeema Tall-strawed, long grain

Opus Semi-dwarf, short grain, high yielding
Amaroo Semi-dwarf, medium grain, high yielding
Langi Semi-dwarf, long grain

Illabong Semi-dwarf, ‘arborio’ medium grain
Jarrah Semi-dwarf medium grain, short season
Quest Semi-dwarf medium grain, short season

1.11 Problem statement, research questions and objectives
The cultivated rice (O. sativa) is one of the most salt sensitive among cereal crops

with a threshold of less than 4 dSm™ (Munns and Tester 2008, United States Department of
Agriculture [USDA] 2013). Moreover, in O. sativa, the sodium uptake into the shoots is
relatively very high under saline conditions (Yeo et al. 1987, Yadav et al. 1996, Ochiai and
Matoh 2002). Unlike the salt-sensitive commercial varieties (Indica and Japonica), some
traditional rice landraces (e.g. Pokkali) have shown the capacity to reduce their uptake of toxic
sodium chloride ions by maintaining a favourable cytosolic (Na™: K*) ratio (Greenway and
Munns 1980, Gorham et al. 1987, Maathuis and Amtman 1999, Chen et al. 2008). However, a
wild rice O. coarctata which grows in coastal estuaries of India, Pakistan and Bangladesh

shows to tolerate inundation of sea water of 20 to 40 dSm™* twice a day (Bal and Dutt 1986,
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Sengupta and majumder 2010). Thus, to address the increasing salinity problems and the
impending global food shortage, there is an urgent need for agricultural scientists and rice
researchers to develop rice varieties that can tolerate higher salinity levels. Most previous
attempts were concentrated on understanding the mechanisms of sodium uptake by the roots
and delivery to the shoots (Ashraf and Akram 2009). Although some improvements were made,
researchers were unable to produce a rice variety that can tolerate more than 10 dSm of salinity
to date (Ashraf and Akram 2009). Since physiological and molecular responses of rice to
salinity stress are multifaceted and complex, the development of salt tolerant rice has become
a difficult task to design and interpret (Gregorio et al. 2013). This is supported by similar studies
(Moeljopawiro and Ikehashi 1981, Bartels and Sunker 2005, Chinnusamy et al. 2005, Sahi et

al. 2006).

Mechanisms found to be influencing salinity tolerance in rice such as Na* uptake
restriction and exclusion from shoot have been reported in many studies (Munns and Tester
2008, Platten et al. 2013, Ismail and Horie 2017). Similarly, a considerable amount of literature
has been published on genes conferring salinity tolerance via regulating growth accelerators,
osmoprotectants and ion movement (Munns and Tester 2008, Horie et al. 2012, Ismail and
Horie 2017). Based on the results of these studies, salinity tolerance genes (Saltol) and suitable
donors for these agronomically desirable traits have been identified (Garg et al. 2002, Islam et
al. 2008). However, understanding the role of these mechanisms and their precise functions at
the cellular, molecular and at the whole plant level under controlled condition and in the field,
conditions are yet to be determined (Radanielson et al. 2018). Therefore, exploring the
morphophysiological response of cultivated rice genotypes at different levels within the plant
may contribute in speeding the efforts for developing high-yielding salt-tolerant rice varieties.

Moreover, screening and breeding crops for salinity tolerance may contribute in the
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identification of new salt tolerant crops that will help turn marginal and salinised lands into a
productive farmland.

The aim of this project is to test the effects of salinity stress on various morpho-
physiological parameters including photosynthesis activities, net fluxes of basic ions, biomass,
plant height and tiller count of three commercially grown Australian cultivars viz, Doongara
(Indica variety) and Reizig and Koshihikari (Japonica varieties) which could reveal their
tolerance status as well enhancing our knowledge of salinity tolerance mechanisms employed

by rice genotypes with different genetic backgrounds.

Therefore, this study poses the following research questions:

1. Are there genotypic differences in salinity effects on morpho-physiological
parameters of the three Australian rice cultivars?

2. Are there correlations between the controlled environment (glasshouse) and the
field for leaf photosynthesis and ion fluxes of the three genotypes in response to

salinity stress?

These research questions will be answered by pursuing the following objectives:

1. To investigate and assess morpho-physiological response at the cellular, tissue

and the whole plant level of three different rice genotypes to salt stress.

2. To test the correlation between phenology, photosynthesis and ion fluxes of both

Control and treatment.

1.12: Justification for Methods
Improving yield and increasing resistance to abiotic stresses are some of the parameters

desired to achieve when screening salinity tolerance traits for plants. However, the

conventional screening methods used in previous attempts have seen little success (Ashraf and
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Akram 2009, Hauser and Horie 2010). In addition, traditional screening methods such as
backcrossing are a time-intensive process that may take 10 — 15 years to develop a variety
(Ashraf and Akram 2009). Another drawback for conventional backcrossing is the “linkage
drag”, where undesirable genes are transferred into the novel variety (Ashraf and Akram 2009).
Recently, Marker Assisted Selection (MAS) techniques have been employed to boost the
salinity tolerance of some crops; however, due to the difficulty of identifying the key genes
underlying the Quantitative trait loci, the transfer of salt tolerant genes is often associated with
unwanted traits from the donor. Therefore, to circumvent some of the above-mentioned
shortcomings, this study used morpho-physiological methods including gas exchange
measurements (Chen et al. 2005), microelectrode ion flux estimation (MIFE) (Shabala et al.
1997, Newman 2001, Shabala 2003, Chen et al. 2008), and agronomic measures (Chen et al.
2008) to determine the effects of salinity stress on key morpho-physiological parameters of
three different rice genotypes two Japonica and one Indica cultivars. In the last two decades,
numerous studies have used this non-invasive ion flux technique to explore plant responses to
varying stresses including salinity stress (Shabala 2000, Babourina et al. 2001, Shabala and
Van Vollkenburgh 2003, Chen et al. 2005, Pang et al. 2006, Chen et al. 2007, Chen et al. 2008),
chilling (Shabala and Newman 1997, Shabala and Shabala 2002), plant injury (Hush et al.
1992), ROS generation (Demidchik et al. 2003) and osmotic stress (Shabala and Newman 1998,

Shabala et al. 2000, Shabala and Lew 2002).

2: Materials and methods
2.1: Rice varieties
Koshihikari is a Japonica rice variety (O. sativa) that is widely grown in many

countries including Australia, Japan and the United States of America. It is tall-strawed,
premium short grain with good favour but low yielding when compared to other high yielding

Japanese rice varieties (Koga et al. 1987, Uehara et al. 1995, Yamauchi 2001). However,
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Koshihkiari’s nitrogen use efficiency is higher than that of Indica—IR64 and is cold tolerant
(Namai et al. 2009, Sawada and Kohno 2009, Champagne et al. 2010, Miyamoto et al. 2012).
Doongara is a premium, long grain, semi-dwarf Indica rice cultivar exclusively
developed and grown in Australia (SunRice 2004). Launched in 1998, along with Koshihikari,
it is tropical rice growing genotype which is sensitive to low temperatures. According to a study
conducted by the Rural Industries Research and Development Corporation [RIRDC] (2002) on
cold tolerance in rice, found that at low temperature of 18°C/day and 13 °C/night, Doongara

produced 17 % less biomass compared to its control variables.

Reiziq is premium, long grain with a high market value, mainly exported to the
Middle Eastern countries. This variety has the highest yield among the three experimental
genotypes, at more 14.5 t/h compared to Doongara and Koshihikari at 12 and 9.20 t/h

respectively (DPI 2017)

2.2: Glasshouse experiments
Pot experiments were carried out in S 35 greenhouse at the Western Sydney

University, Hawkesbury campus (33.62° S, 150.75° E) between September 2017 and December
2017. Temperature was adjusted to 28° C/22° C day/night with supplemental lights provided
by four 400 W sodium lamps (General Electric Lighting, Smithfield, NSW, Australia) with
timers set to provide 16 hours of light and 8 h of dark. Humidity was kept between 70 — 75. For
continuous monitoring and recording of temperature and relative humidity, a data logger
(Tinytag TGP — 4500, Hastings Data Loggers, Port Macquarie, NSW, Australia) was installed

at the start of the experiments (see appendix 4, Figures A10).

Seeds of three rice genotypes (Oryza sativa L. Doongara, Koshihikari, and Reiziq)
were kindly supplied by SunRice, Leeton NSW, Australia. Seeds were surface sterilized in 4%

bleach solution for 10 minutes and thoroughly rinsed with deionised water. Seeds were then
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placed in a conical flask wrapped with aluminium foil, then filled with deionised water and
kept in an Orbital Mixer Incubator (Ratek Instruments Pty Ltd, Boronia, Victoria, Australia) at
28° C until the radicle was visible. As a precaution, water was replaced every day to prevent
rotting and contamination. The germinated seeds were sowed in a sandy soil until the
emergence of the fully expanded second leaf. Seedlings were then transferred to 9 L bucket
filled 6 litres of soil media consisting of 70 % loamy sand and 30 % potting mix. A total of 72
pots were arranged in a randomised complete block design with each cultivar represented by
12 control pots (0 NaCl) and 12 treatment pots (100 mM NacCl). Initially, four biological
seedling replicates were sown in each pot for each cultivar, which were later thinned to the two
healthiest seedlings per pot after three Weeks of the date of transplant (DAT). To acclimatise
and prevent shock plants were grown for a further 7 days before Aquasol fertilizer (Yates,
Padstow, NSW, Australia) consisting of (N: P: K: 23:3.95:14) was incorporated into the soil
(1:100). A supplement of Manutec Trace elements (Manutec Manufacturing

Technologies, SA, Australia) containing Calcium (Ca), Magnesium (Mg), lIron (Fe),
Manganese (Mn), Sulphur (S), Zinc (Zn), Boron (B), Copper Cu), and Molybdenum (Mo) was
also added. Water level was kept 1 cm above the soil and continued watering with tap water
daily for eight Weeks. At the reproductive phase additional NPK was also administered before
the start of salinity application. Salinity was added incrementally for 7 days before reaching
the required target of 100 mM NaCl at a dose of 0.80 g of NaCl was for each pot. The EC of

the water and soil was also measured before and after salinity each application.

2.3: Field experiments
Field experiments were conducted in an experimental plot specifically assigned for

this study at the Western Sydney University horticultural field, Hawkesbury Campus (33.62°
S, 150.75° E) between January 2018 to May 2018. Field preparation began with digging two

parallel trenches L10 x W2 x D1.5 metres with the help of Backhoe Loader hired for this
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project (see appendix Figure A2, A3 and A4). After the completion of the trenches, a double
layer 100-micron thick black plastic sheeting were lined in both trenches to prevent water
seepage, sodium chloride leaching to the soil and to maintain water and nutrient levels
constantly (see appendix, Figure A4). The treatment plot was chosen according to field gradient
to prevent unexpected heavy rainfall run-off reaching the control plot. Each plot was divided
into three equal sections and randomly assigned three replicates of each genotype. Seeds were
germinated following the same procedure used for pot experiments. A basal fertilizer consisting
of nitrogen (60 kg ha* N as urea), phosphorous (30 kg ha® P as single superphosphate),
potassium (40 kg ha'l K as potassium chloride) and zinc (5 kg ha? as zinc sulphate
heptahydrate) were added 24 h before transplanting. Seedlings were transplanted 14 days after
germination in the field at a spacing of 0.2 x 0.2 m with two seedlings per hill. A further two
doses of 45 kg/ha™* of nitrogen was also administered at mid-tillering and at panicle initiation.
Pest and weed control management was also routinely carried out during the experiment. Salt
application commenced 28 days after transplant with an incremental dose of 6 — 8 kg per day.
A total of 40 — 45 kg of premium refined salt (Cheetham Salt, Melbourne, VIC, Australia) was

used until the target of 100 mM NaCl was reached.

Table 2.1: Shows field plot layout and the random allocation for each cultivar.

Control Salinity
Block 1 Koshihikari Reiziq
Doongara Koshihikari
Reiziq Doongara
Block 2 Doongara Reiziq
Koshihikari Koshihikari
Doongara Doongara
Block 3 Reiziq Koshihikari
Koshihikari Reiziq
Koshihikari Doongara
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2.4: Measurement of morphological parameters and agronomical traits
Plant heights were measured Weekly starting from the date of transplant for 4

Weeks before salinity treatment commenced. During the first four Weeks, measurements of ten
replicates from the 3 genotypes were taken. The same procedure was repeated for the following
4 Weeks for both the non-stressed (0 NaCl) and stressed (100 mM NacCl). Tiller count and
biomass were recorded after harvesting the plant 8 weeks after transplanting. For biomass and
tiller count, ten randomly selected hills for each genotype were hand-harvested and weighed as
fresh weight. Plants were then kept in paper bag and oven-dried at 60° C for 72 hrs. The dried
biomass was then weighed and recorded as dry weight, whereas the tiller numbers on the

primary, secondary and the main stem were separated and recorded as tiller numbers.

2.5: Measurement of photosynthetic parameters
Measurements of photosynthetic parameters such as photosynthesis rate (Pn),

stomatal conductance (gs), transpiration rate (Tr), and intrinsic water use efficiency (WUE:I) as
outlined in (Mak et al 2014, Liu et al. 2017) were carried out in controlled conditions on young
fully extended first leaves of three rice genotypes. The temperature and relative humidity in the
measuring chamber were maintained at 30° C and 70% respectively. While the light intensity
was set at 1000 PAR m2 s™ at the leaf surface. Flow rate and CO. mixer references were set at
380 and 400 ppm respectively. The photosynthetic parameters of three cultivars were measured
using (LI-COR 6400XT, Lincoln, Nebraska USA) infrared gas analyser (IRGAs) with LCF
leaf chamber which provides 0 to 2500 umol m s, on both glasshouse and field trials four
Weeks after transplanting (Figure 2.1). Measurements of 8 replicates of each genotype were
performed on control plants (0 NaCl) and the exposure variables (100 mM NaCl) between 9:00
to 11 am, during the peak of photosynthetic photon flux density, and just before air temperature

becomes a limiting factor for Cs photosynthetic-mechanism (Feistler and Habermann 2012). In
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this experiment, LI-COR 6400 protocols described in Evans and Santiago (2014) were used to

operate the instrument and measure the photosynthetic parameters of the three rice cultivars.

LI-6400 Open System Flow Schematic

Figure 2.1: LI-COR 6400 XT portable photosynthesis system unit and system flow schematic
chart (Source: https://www.licor.com/env/products/photosynthesis/LI-6400XT/)

2.6: lon flux measurements
Net fluxes of basic ions such as Na*, ClI, K" and H" were measured using

microelectrode ion flux estimation (MIFE) (Figures 2.2 and 2.3) (the MIFE™ technique;
University of Tasmania, Hobart Australia) outlined in (Shabala et al.1997, Newman and Morris
1997, Shabala and Newman 1999, Shabala 2000). Borosilicate glass capillaries (GC150-10,
Harvard Apparatus, Kent, UK) were pulled using Flaming Brown Micropipette Puller (Model
P-78, Sutter Instruments, Novato, CA, USA), then baked for 5 hours at 230°C before silanising
with 70uL of tributylchlorosilane (Sigma-Aldrich, Castle Hill, Australia). The objective behind
silanising is to create a hydrophobic surface ensuring LIX cocktail is confined inside the tip of
the electrode (Newman 2001). The blank electrodes were then removed from the oven and
allowed to cool before being back-filled with specified solution listed in Table 2.2. The
electrode tips were then filled with Liquid lon exchanger (LIX) ionophores cocktails (Fluka,
Buchs, Switzerland) shown in Table 2.2. Reference electrodes were prepared by immersing
pulled Borosilicate glass capillary (GC150-10) with KCI in 2 % agar solution, air bubbles were
removed by shaking before solidifying the electrode in the freezer. A silver (AgCl) coated wire

was then oxidised in a chlorine-based household bleach for 24 hours. The microelectrodes used
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for this experiment comes with a resistance of between 0.5 — 5GQ. The bleached electrode was
then inserted into the agar-filled electrode before wrapping it with a paraffin film. The top end
of the wire was left uncovered for better conductivity and contact with the MIFE reference port.
The tip of the four electrodes were then carefully trimmed under a microscope to a diameter of
2 — 3 um as outlined in Chen et al. (2007). The ion selective electrodes were then attached to
the manipulator and focused using the attached microscope giving the electrodes a space of

between 2 - 3.

The four electrodes were then calibrated in a buffer solution K* (KCI 1000 uM, 500
UM, 200) while Na* and CI- (NaCl 200, 500 and 1000 uM) and pH from 7, 6 and 5. Any
electrode with a response of < 50 mV and a correlation value of < 0.999 was not used in this
experiment. Leaf segments were excised from flag leaf of NaCl treated plants and immediately
bathed in a MIFE standard solution (0.1 mM CaCl + 0.5 NaCl). Small segments of about 6 —
8 mm were cut to expose the mesophyll as described in (Shabala and Shabala 2002) and
positioned in a Perspex chamber filled with a MIFE standard solution (Figure 2.4) and mounted
into the manipulator after incubating the sample in the same solution for about 50 - 60 minutes.
The distance between the sample was set at 40 um from the surface of the leaf. To start
measuring the ion fluxes, the manipulator motor was turned on moving the electrodes in 10
second cycle from position A to B, with the difference used to convert to electrochemical

potential by applying the Nernst slope of the calibrated electrodes.

Table 2.2: Fabrication profiles of ion-selective microelectrodes used in MIFE experiments

Measuring lon LIX (Fluka catalogue Back-filling solution Calibration range
number (mM)

Na+ 71178 500 NaCl 0.2-0.5-1.0 mM

Cl- 24902 500 NaCl 0.5-1.0-5.0 mM

K+ 6003 200 KCI 0.1-0.2-0.5 mM

H+ 95297 15 NaCl + 40 KH,PO, 5.1-6.4-7.8 pH
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Figure 2.2: MIFE unit with four electrodes attached (A), reference electrode (B), Microscope
(C) and the stepper motor (D).
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Figure 2.3: MIFE screen interface displaying changes in fluxes of four basic ions. Yellow
represents CI°, blue represents Na*, red represents K*, whereas white represents H*.

Figure 2.4: Rice leaf samples in Perspex chamber filled with MIFE standard solution.
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2.7: Statistical analysis
Statistical analyses were performed using R version 3.4.2 (The R foundation for

Statistical Computing, 2017). Linear models (Im) specifying the parameter of interest were
used to test for main effects and interactions using two-way or three-way ANOVA when
applicable. Image outputs were generated using ‘ggplot2’ and ‘ggpubr’ packages. Means were
ranked using Tukey’s post hoc at alpha equals 0.05. The strength of linear correlations (r)

alongside with respective p-values are presented when applicable.

3: Results 3.1: Effects of salinity on plant phenology in both glasshouse and field
As mentioned earlier, salinity may inhibit plant development in two ways; first,

salinity reduces plant capacity to take up water from the soil, which is termed as osmotic
stress. Second, accumulation of excessive salinity may injure cells thus creating a condition
known as ionic effects or ionic stress thereby hindering photosynthesis and leading to
reductions in growth, leave senescence and death (Greenway and Munns 1980y. In this study,
the accumulation of toxic NaCl in rice cells which manifested in the form of chlorosis, leaf
senescence, necrosis and death in older leaves observed in the treatment groups (Figures 3.1,
3.2, 3.3, 3.4 and Appendix 3, Figures A5 — A9). Furthermore, both FW and DW were greatly
reduced by salinity stress among the three cultivars, irrespective of where grown in the
glasshouse or in the field (p <0.0000, Table 3.1, Figure 3.7 B, Figure 3.8 B). At both the control
and treatment groups, Doongara and Koshihikari have significantly higher DW in comparison

to Reiziq (Figure 3.7 B, Figure 3.8 B).
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Doongara
Treatment

Figure 3.1: Comparison between the control group (A), and the treatment variables shown in
(B) three Weeks after 100 mM NacCl treatment. Note, the yellowing and drying of leaf-tips in

the treatment, while the control shows no leaf die-backs.
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WKk1 before treatment

WKk2 before treatment

WKk3 before treatment

Figure 3.2: Growth performance of the three seedlings before salinity application. Plot one is

designated for control, while plot 2 is designated for treatment variables.
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Figure 3.3: The effects of salinity stress. (A) represents control plot, note the vigour and colour.
(B) represents the effects of salinity stress on the second Week of salinity exposure. (C) shows
the control plot in Week 5, (D) shows the effects of salinity, note the extensive leaf damage
caused by the salinity stress in Week five of the salinity exposure. The green leaves at the
bottom of D is from the adjacent control plot.

Figure 3.4: Comparison of salinity treated rice cultivars and their control. (A) represents the
control group of the 3 genotypes grown in the field. (B) shows the effects of 2100 mM NaCl on

the 3 genotypes. D represents Doongara, K represents Koshihikari, while R represents Reizig.
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3.1.1: Fresh weight
Salinity treatment generally reduced the fresh weight among all cultivars (p<0.0000,

Table 3.1, Figure 3.5 A, Figure 3.6 A) grown in both glasshouse and field conditions. Grown,
Doongara and Koshi have significantly higher FW than Reiziq while Doongara has the highest
FW during salinity stress and Reiziq consistently score the lowest (Figure 3.5 A). On the other
hand, field grown control Doongara had the highest fresh weight followed by Koshi then Reiziq
(Figure 3.6 A). At saline conditions Koshi’s fresh weight was the lowest compared to the other
two cultivars. Treatment: cultivar interaction is significant suggesting that FW response to
salinity treatment is different among cultivars (p=0.0366, p<0.0000, Table 3.1). Scatterplot for
FW grown at glasshouse and field conditions showed strong linear correlation (r=0.76,

p<0.0000, Figure 3.7 A).
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Figure 3.5: FW biomass in grams (A), DW in grams (B) and tiller numbers (C) of rice
genotypes grown in the glasshouse. Letters above each bar represent ranking of means within

each cultivar. Means are compared using Tukey’s post-hoc at a = 0.05
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3.1.2: Dry weight (g)
Similar to FW, salinity treatment generally reduced the dry weight among all cultivars

regardless whether grown in the filed or glass house (p<0.0000, Table 3.1, Figure 3.5 B, Figure
3.6 B). At control and saline conditions, Doongra and Koshi have significantly higher DW than
Reiziq (Figure 3.5 B, Figure 3.6 B). Treatment: cultivar interaction is not significant among
glass house grown cultivars (p=0.2088, Table 3.1, Figure 3.5 B) suggesting that DW response
to salinity treatment is similar among cultivars. However, field trial shows lower dry weight
for

Koshi more than Reizigq and Doongara demonstrating a cultivar-specific interaction (p<0.0000,
Table 3. 1, Figure 3.6 B). Scatterplot for DW grown at glasshouse and field conditions showed

moderately strong linear correlation (r=0.59, p<0.0000, Figure 3.7 B).
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Figure 3.6: FW Biomass in grams (A), DW biomass in grams (B) and tiller numbers of the
three rice genotypes grown in the field. Letters above each bar represent ranking of means

within each cultivar. Means are compared using Tukey’s post-hoc at a = 0.05.
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3.1.3: Tiller numbers
The response of tiller number (TN) grown in glass house and field showed stark variation

(Figure 3.5 C, Figure 3.6 C). While all cultivars decreased TN due to salinity (p<0.0000, Table
3.1, Figure 3.5 C, Figure 3.6 C), field-grown cultivars show a treatment: cultivar interaction
(p<0.0000, Table 3.1) while no significant interaction was observed in glasshouse grown
cultivars (p=0.4791, Table 3.1) suggesting that cultivars respond differently to the niche they
are grown to. The scatterplot for TN grown at glasshouse and field conditions showed no linear
correlation (r=0.044, p=0.74, Figure 3.7 C) which further supports the observed response to
growth conditions. Interestingly, Reiziq grown in the field during salinity stress had the highest
TN at salt treatment and is similar to Koshi at control conditions (Figure

3.6 C).
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genotypes grown in glasshouse and in field conditions. The scatter plot with correlation of
r=0.044 is presented in (C). The scatter plot shows no linear correlation between tiller numbers
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Figure 3.8: Plant height summary measured over five (5) weeks for three cultivars subjected
to salinity stress and grown in glasshouse (A) and field (B). Scatter plot with correlation and p-
values of (Doongara r=0.73, p=0.06, Koshi r=0.15, p=0.75, Reiziq r=0.62, p=0.14) between
the glasshouse and field-grown plants are presented in C. Letters above bars represent mean

comparison within Cultivars using Tukey’s post hoc at a=0.05

Plant height is generally taller at glass house conditions (Figure 3.8 A and 3.8 B)
regardless of cultivar, age, and treatment. Plant height in Koshihikari and Doongara is
progressively increasing with age at Control conditions whether glasshouse or field-grown. On

the other hand, Reizig control conditions in glasshouse did not significantly increased plant
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height but the opposite was observed when grown in the field. Correlation analysis strongly
predicts the height of glass house and field grown Koshihikari and Doongara but moderately
linear in Doongara as supported by the variation response when grown in field and glass house

conditions (Figure 3.8 C).

3.2: Effects of salinity on gas exchange in glasshouse experiment
3.2.1: Net CO; assimilation rate (A)

Net CO- assimilation rate (A pmol ms™) is not significantly different among
cultivars (p=0.8188) at control conditions regardless of age (Figure 3.9 A, Table 3.1) but
salinity treatment decreased A among cultivars (p<0.0000) regardless of age. The effect of
salinity to A is further exacerbated as age progresses evident in the Treatment: Age interaction
(p=0.0367, Table 3.1). Among cultivars, Reiziq seems to tolerate salinity stress on the early

onset of saline conditions as A net is not affected after week 1 (Figure 3.9 A) while A net of the

two other cultivars decreased significantly after one week of salt treatment.
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Table 3.1. Statistical summary of the two-way and three-way ANOVA for the effects of salinity
treatment on, cultivar, and age on various parameters

Main Effects (p) Interactions (p)
Parameter - : : ;
Treatmentl Cultivar | Age Treatment X Cultivar | Treatment X Age|CuIt|varXAge| Treatment X Cultivar X Age
CO, Assimilation Rate,
P 0.0000 0.81882 03149 0.0779 0.0367 0.4481 0.5232
Anet (Umol M~ s™)
Stomatal conductance, 0.0000 0.0518 08612 0.0975 0.5076 0.9158 0.9841
g, (molm*s™)
Leaf intrinsic water-use efficiency,
_1 0.0000 o07%0 0.0000 0.6338 0.0000 0.7075 0.4239
WUE; [umol [CO5] (mol H,0) ']
Transpiration rate,
0.0000 0.0423 08556 0.0670 0.0108 0.8329 0.9772
E(molm?s™)
CO, Assimilation Rate (field grown),
2 2 00802  0.0203 0.0118 0.4255 0.4210 0.4995 0.0000
Aget (imol m*s™)
H* flux,
. - 0.0220 0.1483 0.0000 0.8557 0.0000 0.1332 0.0005
H™ (nmol m™=s™)
Al
Na flwx 0.0000 05140 0.0005 0.7826 0.0005 06625 0.0000
MNa™ (nmolm™s™)
arfl
. e 2 0.0000 04313 0.0115 0.4700 0.0117 0.7387 0.0000
Cl" (hmolm~s’)
K flux,
. P 0.0000 0.3402 0.0028 0.1677 0.0018 0.7301 0.0000
K™ (nmolm™s™)
Plant height (glasshouse), 0.0000 0.0000 0.0000 0.0000 0.0000  0.0000 0.0000
height (cm)
Plant height (fiel
a!n eight (field), 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
height (cm)
Fresh weight (glasshouse), 0.0000 0.0000 NA 0.0366 NA NA NA
FW (grams)
Dry weight (glasshouse), 0.0000 00000 NA 0.2088 NA NA NA
DW (grams)
T||Ier_number (glasshouse), 00028 00017 NA 04791 N A NA
TN (tillers)
Fresh weight (field) 0.0000 00000 NA 0.0000 NA M NA
FW2 (grams)
Dry weight (field), 0.0000 00000 NA 0.0000 NA NA NA
DW2 (grams)
Tiller num fiel
N .u ber (field), 0.0000 0.0000 NA 0.0000 NA NA NA
TN2 (tillers)

*bold values indicate significant effects at «=0.05. NA indicate parameters where three-way ANOVA is not applicable.

61



3.2.2: Stomatal conductance in glasshouse
Stomatal conductance (gs) is generally higher in control conditions than the

salinity exposed conditions (p<0.0000, Table 3.1, Figure 3.9 B) suggesting stomatal closure
during saline conditions. Stomatal conductance immediately dropped after one week of
salinity treatment. There was no significant variation among cultivars when compared in
control and treatment conditions (Figure 3.9 B) but there is a marginal cultivar variation
regardless of treatment and age (p=0.0518, Table 3.1). gs did not vary as age progresses

whether in control or saline conditions (p=0.8612, Table 3.1).
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3.2.3: Leaf intrinsic water-use efficiency (WUEiI) in glasshouse
Leaf intrinsic water-use efficiency (WUE;) was measured as unit CO2 going inside

the leaf intercellular spaces through the stomata per unit H.O moving out of the leaf via
transpiration (A/gs). There were no significant differences among cultivars either at control and
saline conditions (Figure 3.9 C, Table 3.1, p=0.7960) but significant variation exists due to
salinity stress (p<0.0000, Table 3.1, Figure 3.1 C). WUE; is enormously high during salinity
stress due to very low steady-state conductance gs (Figure 3.9 B, Figure 3.9 C). WUE; decreases
as age progresses for control variables (p<0.0000, Table 3.1) and the response of WUE; to
salinity stress is age-dependent (p<0.0000, Treatment: Age interaction, Table 3.1). A scatter
plot (Figure 3.10) revealed high dependency of WUE; to gs (r=-0.85, p<0.0000, Figure 3.10

A) over (A) (r=-0.55, p=0.01, Figure 3.10 B).
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3.2.4: Transpiration rate (Tr) in glasshouse
Transpiration rate (Tr) is lower at saline conditions (p<0.0000, Table 3.1) and

varies among cultivars regardless of age and treatment (p=0.0423, Table 3.1, Figure 3.9 D).
Transpiration rate tends to vary as age progresses (p=0.0108, Table 3.1, Figure 3.9 D) evident

in the Treatment: Age interaction. Transpiration rate highly reflects the patterns in stomatal
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conductance (Figure 3.9 B) as they both rely on the unit of H.O vapor moving out of the

stomata.
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Figure 3.11: Photosynthetic measurements of both the control and treatment, (A) shows the
correlation between (A) measurements in glasshouse and the field. (B) represents p-values as
well as (r) values between the three cultivars.

3.3: Effects of salinity on gas exchange
3.3.1: Correlation of gas exchange in glasshouse and field

Regardless of treatment and age, there was cultivar variation (p=0.0203, Table 3.1)

evident in Koshihikari’s response to salinity weeks 1 and 2 whereby A increased relative to the

control while Doongara and Reiziq performed the opposite (Figure 3.11 A). Age effect is

evident regardless of salinity treatment (p=0.0118, Table 3.1, Figure 3.11 A). Scatterplot of

glasshouse and field measurements (Figure 3.11 B) showed no evidence of linear relationship

suggesting a variation response to growth condition.
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3.4: Effect of salinity on fluxes in the field
3.4.1: H* fluxes
H* flux showed decreased flux among salinity treated cultivars during the first

two weeks of treatment and began to elevate at week 3 (Figure 3.12 A). There are significant
differences between Treatment (p=0.0220, Table 3.1) and Age (p=0.0000, Table 3.1), but no
significant difference between cultivars (p= 0.1483, Table 3.1). There are also significant
interactions between (Treatment x Age p=0.0000 and Treatment x Cultivar xAge p=0.0005,
Table 3.1), but not significant differences between (Treatment x cultivar p=0.8557 and Cultivar
x Age p=0.1332, Table 3.1).

3.4.2: Na* fluxes
Na* flux profile shows progressive efflux of Na* ions peaking at week 4 among

all cultivars (Figure 3.12 B, Treatment: Age interaction p=0.0005, Table 3.1). Significant
differences exist between fluxes of the treatment and age (p=0.0000, p=0.0005, Table 1.3) but
no significant differences were found between cultivars (p=0.5140, Table 1.3). There are also
significant differences in the interactions between (Treatment x Age: p=0.0005 and Treatment
x Cultivar x Age: p=0.0000, Table 1.3). In contrast, no significant differences were observed
in the interactions between (Treatment x Cultivar: p=0.7826 and Cultivar x Age: p=0.6625,
Table 1.3).

3.4.3: CI" fluxes
Chloride efflux also progressively increased along with age and salinity treatment

(Figure 3.12 C, treatment: age interaction p=0.0117, Table 3.1). Doongara and Koshihikari
decreased efflux of chloride ions after week 4 while Reiziq continued to efflux CI" out of the
mesophyll tissues (Figure 3.12 C). Significant differences were found between treatment and
age (p=0.0000, p=0.0115 respectively, Table 1.3). However, no significant differences were
found between cultivars (p=0.4313, Table 1.3). Similarly, the interactions between (Treatment
x Cultivar x Age p=0.0000 and Treatment x Age p=0.0117) were significant, while no

significant variations were found in the interactions between treatment and cultivar (p=0.4700,
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Table 1.3) and between cultivar and age (p=0.7387, Table 1.3).

3.4.4: K" fluxes
K™ flux profile elevated efflux among salinity treated plants but only at a margin

below -250 nmol m-2 s-1 until week 4. Week 5 showed a greater efflux rate among all cultivars
(Figure 3.12 D). This study found variations in correlation of fluxes between the three cultivars
grown in the glasshouse and field (Figure 3.14). There are significant differences between
treatment and age (p=0.0000 and p=0.0028, respectively, Table 3.1) but no differences were
found between cultivars (p=0.3402, Table 3.1).
3.5: Effect of salinity on fluxes in glasshouse
3.5.1: H* fluxes

H* flux showed similar patterns in Koshihikari and Reizig compared to their control

conditions while greater influx (and consequently mesophyll acidification) was observed in

Doongara control at weeks 1 and 2 (Figure 3.13 A).

3.5.2: Na+ fluxes
Na* flux showed no variation during control conditions among the three cultivars

regardless of age while Na* efflux showed greater rates at week 1 and continued to decline at

week 2 and finally Na* influx at week 3 among the three cultivars (Figure 3.13 B).

3.5.3: CI" fluxes
Very minimal CI efflux was evident among three cultivars at control conditions

while progressive CI™ efflux were observed among salinity treated cultivars across age (Figure
3.130C).

3.5.4: K* fluxes
K™ pattern reflects CI™ pattern such that efflux is progressively increasing with age

with respect to salinity treatment but not with the control-grown cultivars (Figure 3.13 D).
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Figure 3.12: MIFE measurements of H"(A), Na* (B), CI" (C), and K* (D) of three rice cultivars
subjected to salinity stress over a period of four weeks grown in field conditions. Letters above
each bar represent ranking of means within each cultivar using Tukey’s post hoc at a=0.05.
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4: Discussion
4.1: Agronomic traits need to be evaluated in the breeding and development of salinity
tolerance in rice

Plant height is generally taller at glasshouse conditions (Figure 3.8 A and 3.8 B)

regardless of cultivar, age, and treatment. Plant height in Koshihikari and Doongara has
progressively increased with age at Control conditions whether glasshouse or field-grown. On
the other hand, Reiziq control grown in the glasshouse did not significantly increased plant
height but the opposite was observed when grown in the field. Correlation analysis strongly
predicts the height of glass house and field grown Koshihikari and Doongara but moderately
linear in Doongara as supported by the variation response when grown in field and glass
house conditions (Figure 3.8 C). The difference in plant height between the glasshouse and
field could be attributed the controlled conditions in the glasshouse, which allows the precise
control of all aspects of growing conditions. In contrast, growing conditions in the field are
subject to the prevailing abiotic and biotic stresses in open fields. This allows glasshouse
crops to reach their potential when compared to field grown crops. Overall results show that
salinity stress attenuated the height of all three cultivars (Figure 3.8), On average, control
plants were 20 to 30 cm taller that treatments variables. However, initial onset of salinity
exposure did not attenuate plant height in Doongara genotype, however, Koshihikari and
Reiziq were affected.

Breeding for salinity tolerance has been an extremely difficult task, which is
mostly linked to unfavourable agronomical traits from salinity tolerance donor parents (Ashraf
and Akram 2009, Gregorio et al. 2013). On the other hand, there are many candidate genes
and genotypes that can be useful in breeding programme. It is vital that the superior
agronomic traits (e.g. high yield, top quality, disease resistance, wide adaptation to different
environments) of the elite commercial cultivars should be retained in new breeding lines for
salinity tolerance. For example, as shown in this study Reiziq showed efficient WUEI under

salinity tolerance and has the highest yield among Australian grown rice varieties. This makes
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Reizig a good candidate for breeding programs focused on WUEI, salinity tolerance, and high
yield in rice.

In this experiment, Doongara and Koshihikari exhibited the greatest disparity of
growth in both control and treatment in Week two, but not with Reizig. The growth of Doongara
in the early stages of salinity exposure could be linked to the difference in osmotic potential
between the root and soil (Marcelis and van Hooijdonk 1999, Horie et al. 2012, Schroder et al.
2014). Overall, reductions in plant height observed in all three genotypes subjected to salinity
stress are in agreement with previous studies that reported high salt concentrations decreased
plant height (Munns and Tester 2008), altering root and shoot relationship (Tattini et al. 1995)

and restricting leaf expansion (Cramer 2002).

Rice tillering is a desired agronomic trait and a crucial parameter that affects
panicle number per unit and hence yield (Gallagher and Biscoe 1978. Yoshida 1981, Miller et
al. 1991, Peng et al. 1994, Moldenhauer and Gibbs 2003, Wang et al. 2007, Badshah et al.
2013). Panicle initiation rate is correlated with grain yields in rice (Wang et al. 2007).
Conversely, high tiller numbers have been associated with poor grain filling, reduced panicle

size and high tiller abortion rate (Peng et al. 1994, Ahmad et al. 2005, Badshah et al. 2013).

The response of tiller number (TN) for genotypes grown in the glasshouse and field
showed stark variation (Figure 3.5 C, Figure 3.6 C). Although all the 3 genotypes displayed
decreased TN due to salinity exposure (p <0.0000, Table 3.1, Figure 3.5 C, Figure 3.6 C) field
grown cultivars show a treatment: cultivar interaction (p <0.0000, Table 3.1), however, no
significant interaction was observed in glasshouse grown genotypes (p= 0.4791, Table 3.1)
suggesting that cultivars respond differently to the niche they are grown. This agrees with an
earlier study conducted by Yoshida et al. (1981) on rice tillering dynamics, who found that
substantial variation in rice tiller numbers were closely related to plasticity with respect to
growth conditions. The results in this experiment seem to be consistent with other similar
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studies which found that the exposure of NaCl decreased tiller numbers (Gridhar 1988, Grattan
etal. 2002). Similar results were also reported on rice plants subjected to salinity stress (Castillo

et al. 2004, Moradi and Ismail 2007).

The tiller numbers grown in the glasshouse and field showed no linear correlation
as evident in the scatterplot (r= 0.044, p= 0.74, Figure 3.7 C) which supports the observed
response to the growth conditions. Ironically, Reiziq genotypes grown in the field during
salinity treatment had the highest TN which is closer to Koshihikari’s TN in the control
variables. Previous studies have reported that rice tillering depends on genotype and nutrients
available for growth and development (Dingkuhn and Kropff 1996). In rice, tiller numbers
exceeding 40 per plant with a senescence rate of >50 % have been observed (Peng et al. 1994).
This is corroborated by similar studies which found that tillering beyond a sustainable threshold

is aborted or corrected by senescence (Dingkuhn and Kropff 1996).

This reduction in tiller count could be attributed to the water deficit associated with
the severe osmotic stress and ion toxicity (Munns and Tester 2008). Upon salinity exposure,
the growth and development of rice plants are affected resulting in plants exhibiting smaller
tiller size and reduced tiller numbers (Munns and Tester 2008, Rajendran et al. 2009, Horie et
al. 2012). Therefore, the study of tillering behaviour with respect to salinity exposure in rice is
a crucial step towards the understanding of morpho-physiological effects of salinity stress on

rice.

4.1.1: Mesophyll tissue tolerance is a key determinant to improve salinity tolerance
Salinity stress inhibits CO assimilation rate A due to the accumulation of NaCl in

mesophyll tissues which is also referred to as the ‘ionic effects” (Yamane et al. 2012, Wang et
al. 2018) and “osmotic effects’ resulting from low leaf water potential induced by low osmotic
potential (Delfine et al. 1999, Centritto et al. 2003, Moradi and Ismail 2007, Chaves et al. 2011,

Chen et al. 2015). Recent studies have shown that mesophyll shape is extensively altered by
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dehydration resulting from the osmotic stress (Scoffoni et al. 2016, Scoffoni et al. 2017).
Therefore, changes in mesophyll shape could be one of the potential reasons for the reduced
FW and DW observed in this experiment. In addition, salinity is deleterious to all tissues of the
plant; however, the most noticeable damages are seen in the aerial parts of the plants under
salinity stress. Results in this experiment shows that salinity exposure significantly reduced the
fresh weight of all cultivars (p < 0.0000, Table 3.1, Figure 3.5 A, Figure 3.6) grown in both the
glasshouse and field conditions. In the glasshouse plants, Doongara and Koshihikari exhibited
significantly higher FW in the control compared to Reizig, while Doongara was found to have
the highest FW in the treatment genotypes, giving Reiziq the lowest score among the treatment
plants (Figure 3.5 A). On the other hand, field-grown Doongara had the highest

FW followed by Koshihikari and Reiziq in the control group (Figure 3.6 A). In contrast,
Koshihikari scored the lowest FW in the treatment group when compared to Doongara and
Reizig. The observed decrease in FW in the treatment group is comparable to the findings of
previous studies which indicated that the reductions in fresh weight (FW) and dry weight (DW)
caused by salinity exposure are closely associated with a decrease in leaf numbers or leaf
abscissions (Hernandez et al. 1995, Alarcon et al. 1999, Chartzoulakis et al. 2002, Torrecillas
2003, Rodriguez et al. 2005, Alarcon et al. 2006, Navarro et al. 2008). This experiment showed
that the treatment: genotype interaction is significant suggesting that FW response to salinity
stress is different among cultivars (p= 0.0366, p= <0.0000, Table 3.1). Likewise, the
scatterplot for the three genotypes grown in glasshouse and field conditions showed strong

linear correlation (r=0.76, p <0.0000, Figure 3.7 A).

Similarly, salinity interferes with the process of cell expansion and division causing
significant decrease in leaf area index and ultimately hampering photosynthetic processes
(Netondo et al. 2004). In addition to that, in the glasshouse experiment, Doongara produced

less biomass, compared to other cultivars grown in the field. This could be related to the onset
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of low night temperature during the last 4 weeks before harvest. Previous studies have reported
that low temperature affect rice biomass and yield in two ways. First, chilling affects the
development of the shoot apex, which controls panicle differentiation, leading to spikelet
infertility and potential yield loss (Takeoka et al. 1992). This damage usually occurs during the
formation of pollen sacs, causing male sterility (Heena et al. 1984). Secondly, low temperature
hampers photosynthesis activities, which decreases metabolites required for growth,
development and yield (Smillie et al. 1988). Lewin and McCaffery (1985) reported that
lowering day or night temperature by just 5° C resulted a reduction in biomass by two-thirds.
Moreover, plants grown in glasshouse conditions will behave differently than those grown in
the field. Different abiotic stresses including low and high temperatures, wind, humidity and
other environmental factor could impact the growth parameters in field grown crops. However,
plants grown in glasshouse environments are considered to be an artefact that may not be

replicated in open fields.

Similar to FW, salinity treatment generally reduced the DW among the 3
genotypes, irrespective of where grown in the glasshouse or the in the field (p <0.0000, Table
3.1, Figure 3.5 B, Figure 3.6 B). At both the control and treatment groups, Doongara and
Koshihikari have significantly higher DW in comparison to Reiziq (Figure 3.5 B, Figure 3.6
B). This reduction of FW and DW could be attributed to accumulation of toxic NaCl in rice
cells which manifested in the form chlorosis, senescence, necrosis and death in older leaves
observed in the treatment groups (Figures 3.1, 3.2, 3.3 and 3.4). Earlier studies have shown that
plants sequester salt in the old leaves, leaf sheaths, and stems to protect the young leaves and
reproductive tissues (Singh and Flowers 2010, Sarhadi et al. 2012). Moreover, it has been
suggested that the accumulation CI in salt-stressed leaves activate 1-aminocyclopropane-
1carboxilic acid (ACC) synthesis and its transformation into ethylene, delivering enough

hormones to cause leaf abscission in plants (Tudela and Primo-Millo 1992, Dodd 2005).
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Similar studies have reported that osmotic and salt stress also facilitated the conversion of ACC
into ethylene in rice (Kao and Yang 1983, Khan et al. 1987, Basu and Ghosh 1991, Lutts et al.
1996), in Allenrolfea occidentalis (Chrominski et al. 1988) and in tomato plants (Albacete et
al. 2008, Ghanem et al. 2008). A reduction in total leaf area has been linked to oxidative damage
resulting from massive build-up of Na* (Albacete et al. 2008, Ghanem et al. 2008). Other
studies have asserted that leaf area reduction may be an evolutionary response to minimise
water loss when stomata pores are closed (Save et al.1994, Ruiz-Sanchez et al. 2000). This
strategy could also be interpreted as a mechanism favouring the sequestration of toxic ions in

the roots, instead of the shoots (Colmer et al. 2005, Munns and Tester 2008).

4.1.2: Genotypic difference in photosynthetic performance is consistent in both glasshouse
and field
The net CO; assimilation rate (A) is not significantly different among cultivars (p=

0.8188) in the control group regardless of age (Figure 3.9 A, Table 3.1). In contrast, salinity
treatment decreased A among the three cultivars (p< 0.0000) regardless of age. The effect of
salinity to A is further exacerbated as age progresses which is evident in the Treatment: Age
interaction (p= 0.0367, Table 3.1). This reduction in A may be related to the direct effects of
NaCl on stomatal resistance via loss of guard cell turgor, atmospheric vapour pressure and
root-activated chemical signals (Dionisio-Sese and Tobita 2000, Chaves et al. 2009). Another
limiting factor in A rate could be attributed to the accumulation of Na* in the mesophyli
leading to stomatal closure (Flexas et al. 2004, Chaves et al. 2009). Moreover, research has
shown that increased salinity in the rhizosphere tends to limit transpiration rate, because of the
lower water potential and the movement of abscisic acid (ABA), from root to shoot to trigger
stomatal closure (Zheng et al. 2001). High concentrations of ABA have been shown to play a
major role in the activation of plasma membrane-localised anion channels and raising
cytosolic Ca*™ (Hamilton et al. 2000, Kohler and Blatt 2002). Consequently, causing H20>

generation, loss of guard cell volume, potassium efflux and ultimately stomatal closure
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(Zhang et al. 2006, Wang et al. 2012). Other major antioxidants such as Ascorbate (AsA)
redox state has also been reported to influence transpiration rate and stomatal movement
(Chen and Gallie 2004). Recently, several studies have reported that salinity stress can break
down chlorophyll pigmentation in plants (Li et al. 2010, Yang et al. 2011) and carotenoid
contents (Li et al. 2008, Gomathi and Rakkiyapan 2011), thus, causing reduction in
photosynthesis and decreased photoprotection, respectively. Therefore, salinity stress may
have direct effect on stomatal conductance and indirect effects on photosynthetic parameters
in rice plants. The effects of Na* on enzymatic factors of photosynthesis could also be a factor
as proposed by Seemann and Sharkey (1986) who found that the capacity of Rubisco
significantly decreased under 100 mM of NaCl in Phaseolus Vulgaris L. Previous reports
show that salinity stress adversely impacted on plant water relations and decreased stomatal
conductance (Flowers and Colmer 2008, Bazihizina et al. 2012). It is well documented that
the build-up of Na* ions in the root zone leads to a decrease in the water potential via decrease
in osmotic potential (Sanchez-Blanco et al. 2004, Franco et al. 2011). Among the three
cultivars tested in this study, Reiziq seems to tolerate salinity stress on the early onset of
saline exposure, as A is not affected after Week 1 (Figure 3.9 A) whereas the A of Doongara

and Reiziq have significantly declined after one week of salt treatment.

Stomatal conductance was found to be generally higher in the control group
compared to the treatment (p< 0.0000, Table 3.1, Figure 3.9 B) suggesting stomatal closure
during salinity exposure. There was no significant variation between the three cultivars in both
the control and treatment (Figure 3.9 B). Although only marginal variation was observed
regardless of treatment and age (p= 0.0518, Table 3.1). However, in the field the reduction in
stomatal conductance may be attributed to the loss of leaf turgor which in turn reduces net CO>
assimilation rate and ultimately hampering photosynthetic processes. Similar findings to this

experiment was reported in several studies (Farquhar and Sharkey 1982, Kramer and Boyer
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1995, Sibole et al. 1998, Sultana et al. 1999, Megdiche et al. 2008, Stoeva and Kaymakanova
2008). However, stomatal closure is also a protective mechanism employed by plants to save
water which also enhances their water use efficiency (Chaves et al. 2009). Similarly, Koyro
(2006) suggested decreased stomatal conductance is a form of adaptive mechanism designed
to reduce the concentration of salt in the leaves, therefore maintaining subtoxic levels while
reducing the transpiration rate. In this study, stomatal conductance immediately dropped after
one Week of salinity treatment (Figure 3.9 B). A recent study comparing responses of some
Barley cultivars with varying salinity tolerance levels, found that lower stomatal conductance
during the initial exposure indicated salinity tolerance (Vysotskaya et al. 2010). Similar
findings were reported in other plants (Banon et al. 2012, Gomez-Bellot et al. 2013). In this
study there was only some marginal differences between the three cultivars tested regardless
of age (p= 0.0518, Table 3.1). Stomatal closure during salinity exposure may be triggered by
the accumulation of abscisic acid (ABA) (Mulholland et al. 2003, Fricke et al. 2004,
Vysotskaya et al. 2010), however, Tardieu and Simonneau (1998) pointed out that stomatal
closure is more of maintaining water relations which may be associated to an interaction

between hydraulic and chemical signalling.

Salinity tolerance in plant is a cumulative process which depends on maintaining a
multitude of physiological traits such as ion homeostasis, low Na" and K* ratio in root and
shoot, vacuolar sequestration, Na* extrusion from shoot, and Na* exclusion (Munns and Tester
2008, Ward et al. 2009, Horie et al. 2012). This study shows that Na* flux profiles exhibited by
all three genotypes were progressive along with duration and treatment (Figure 3.12 B,

treatment: age interaction, p = 0.0005, Table 3.1).
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4.1.3: Effects of salinity on mesophyll cell ion flux
Considering the deleterious effects of CI” in many woody species such as grapevine

and Citrus, it is surprising that the bulk of research on salinity tolerance focused on Na* rather
than CI', given that both are toxic when excessive amounts accumulate in the cytoplasm (Munns
and Tester 2008, Teakle and Tyerman 2010). However, studies have shown that in some species
including rice (Lin and Kao 2001) and Wheat (Kinraide 1999, Husain et al. 2004, Munns 2004,
Plett and Moler 2009), Na*™ concentrations in their shoot are negatively correlated with salinity
tolerance (Plett and Moler 2009). In this experiment, CI- efflux progressively increased with
age and salinity treatment in the 3 genotypes (Figure 3.12 C, treatment: age interaction p =
0.0117, Table 3.1). The present findings seem to be consistent with earlier studies that found
NaCl induced progressive K* efflux in several species such as Arabidopsis

(Lorenzen et al. 2004), in Hordeum Vulgare (Yamashita and Matsumoto 1996, Britto et al.
2004), Diplachne fusca (Bhatti and Wieneke 1984), and sorghum bicolor (Boursier and Lauchli
1989). Results in this study also shows that Doongara and Koshihikari decreased efflux of CI
after 4 Weeks while Reiziq continued to efflux CI" out of the mesophyll tissues (Figure 3.12
C). This result agrees with similar studies that found genotypic variations in CI efflux, for
example, Sun et al. (2009) observed no CI" efflux in the salt-sensitive Populus popularis treated
with 100 mM NaCl, while salt-tolerant Populus euphratica subjected to the same condition
displayed significant CI- efflux. Furthermore, a recent similar study using microelectrode ion
flux estimation (MIFE) has detected CI efflux in bean mesophyll exposed to salinity stress
(Shabala 2000). In another study, using recombinant fluorescence probes, Lorenzen et al.
(2004) also observed similar CI- efflux in salt stressed transgenic Arabidopsis. With this limited
data, it is difficult to draw conclusions, therefore, further studies are needed to explore whether

increased CI efflux from roots may play a role in the response variations between different
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genotypes. It is also worth noting that measurements of CI- could be negatively affected by the
low signal-to-noise ratio for liquid ion exchanger (LIX) when used in high concentration.

In plant cells, K" is an important nutrient involved in the regulation of protein synthesis,
ribosome functions, adjustment of plasma membrane electrical potential, cytosolic pH
homeostasis and neutralisation of anionic groups (Shabala and Cuin 2008, Marschner 2011).
K™ is also vital for plant survival of plants under salinity stress given that K* is involved in the
activation of more than 50 enzymes in the cytoplasm (Shabala and Cuin 2008, Marschner 2011,
Wang et al. 2012). In this experiment, there is a progressive increase in K* effluxes among the
3 genotypes tested in Week 4, but only with a margin of < 250 m2 s, however, in Week 5
greater efflux rate was observed on all 3 genotypes (Figure 3.12 D). This finding support
previous studies on K* effluxes induced by salinity stress, for instance, Shabala and Pottosin
(2014) reported that upon salinity exposure, K* concentrations declined significantly, due to
K™ efflux through the leaf and root cells. Studies in Arabidopsis have shown a strong correlation
between K* accumulation and salt tolerance (Shabala et al. 2005). Similar results were also
reported in barley (Chen et al. 2005, Britto et al 2010), wheat (Cuin et al. 2008), cotton (Cramer
et al. 1985), bean (Nassery et al. 1975), pea (Shabala et al. 2007), alfa-alfa (Smethurst et al.
2008) and quinoa (Bonales-Alatorre et al. 2013). The decline in K* concentrations induced by
salinity exposure has been associated with depolarisation of the membranes resulting in K*
efflux via K* outward rectifying channels (KORCs) (Pottosin and Dobrovinskaya 2014). In
addition to that, K™ retention in leaf mesophyll cells has been reported to indicate salinity
tolerance and has been used to discriminate between salt-sensitive and salt-tolerant barley and
wheat genotypes (Wu et al. 2013, Wu et al. 2015, Wu et al. 2016). Likewise, the capacity of
the root in retaining K* in wheat cultivars has been suggested to be used as a marker for
breeding salt-tolerant crops (Cuin et al. 2008). In a recent study (Coskun et al. 2013)

investigated mechanisms involved in the stimulation of K* efflux in barley cultivars subjected
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to salinity stress. The same study concluded that loss of membrane cohesion caused by osmotic
and ionic effects were the underlying factor involved in activating K* efflux (Coskun et al.
2013). This is supported by the findings of earlier studies (Nassery 1979, Cramer et al. 1985,
Britto et al. 2010). However, Shabala et al. (2006) and Pottosin and Dobrovinskaya (2014)
differed in that view and suggested that depolarisation of membranes is the root cause of K*
efflux in plant cells subjected to salinity stress. Although this study did not identify significant
difference between the 3 genotypes tested, however, it reinforces previous studies that
concluded that K* is a valuable screening tool for salinity tolerance traits in crops (Chen et a.

2005, Chen et al. 2008, Cuin et al. 2008).

4.2: Statement of Potential Impact
The impact of rice research on world economy is well documented since the release

of IR8 rice cultivar by the International Rice Research Institute in the Philippines (Renkow and
Byerlee 2010, Yamano et al. 2016). IR8 is a cross between Dee-Geo-Woo-gen (DGWG) and
Peta rice (Khush 2005). Dubbed as the “Miracle Rice”, IR8 became the single most successful
cultivar that lifted millions out of poverty (Thirtle et al. 2003, Renkow and Byerlee 2010,
Evenson and Gollin 2013). Consequently, rice production in the Philippines has increased from
3.7 to 7.7 million tonnes in less than twenty years, making Philippines a rice exporter for the
first time (Evenson and Gollin 2013). In 1967 India also adopted IR8 and is currently producing
104 million tonnes annually (Evenson and Gollin 2013). Prior to the introduction of IR8,
maximum rice Yyields in India stood at < 2 t/ha however, in less than two decades that figure
rose to > 6 t/ha. This increase in yield has reduced the cost of rice from $ 550 a ton in 1976 to
$ 200 in 2001. According to a report prepared by Brennan and Malabayabas (2011) for the
Australian Centre for International Agricultural Research (ACIAR), the improved rice varieties

subsequently released by IRRI from 1985 to 2009 has boosted harvest yield by up to 13 % in

82



the Vietnam, Philippines and Thailand. Consequently, rice farmers in these three countries were
able to harvest an additional $ 1.46 billion worth of rice annually (Brennan and

Malabayabas 2011). In Vietnam, the IR8 rice has raised farmer income by $ 127 per hectare
(Maredia & Riatzer 2012). This increase in disposable income can have positive implications
on other areas such as food security, environmental protection, empowering women, tackling
climate change and reducing poverty. A study from India and China by Fan et al. (2005)
reported that, in the period between 1981 to 1999, IRRI’s genetically improved modern
varieties (MVs) has helped more than 6.8 million Chinese citizens move out of poverty.
Likewise, more than 14 million Indian nationals were also lifted out of poverty between 1991
to 1999. Furthermore, the cost of salinity to the general economy stems from the reduced yield
and hence income to the small farmer. This is particularly more pronounced in arid and semiarid
regions with irregular rainfall patterns and limited alternative water source for irrigation. The
cost of salinity may differ from region to region depending on farm inputs, and profits generated
in a growing season. For example, assuming that a farmer in a broad-acre dry land farming in
Australia spends Aus$300 h't and harvests three tonnes per hectare, with a net value of Aus$200
ha* per tonne. This gives the farmer a gross profit of Aus$600 ha™* and a net profit of Aus$300
hat. However, if that yield is reduced by salinity stress to two tonnes per hectare then the gross-
income falls to Aus$400 ha™and the net profits falls to just Aus$100 ha™. Recurring losses
caused by rising water table salinity and other forms of salinity means huge loss to the farmer
and to the national income. Therefore, even a one tonne deficit in production may cause farmers
to abandon farming and revert to pastoral practices which could result in negative economic

consequences and a further threat to food security.

Thus, the significance and potential impacts of screening salinity tolerance in rice

are at least five-fold:
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* The combination of novel morpho-physiological tools for screening rice populations
will allow us to identify salt tolerant cultivars that can be used for breeding purposes

* The findings in this experiment may contribute to the breeding of salt-resistant rice in
the future that could help farmers around the world in exploiting 960 million hectares
of salinized lands to increase rice production for global food security (Rengasamy

2006).

» The results provide an essential conceptual advance in our knowledge on how different

rice genotypes response to salinity stress.

» Growing rice and other crops in salinized soils will act as a carbon sink, thus mitigating
effects of climate change. In addition to that, brackish and saline waters could be used

to irrigate these fields, thus saving precious water for human consumption.

* In terms of social benefits, results from this project may help create jobs for people
living in salinity affected regions of the world which will increase economic
development while reducing poverty. Moreover, the findings in this study may
contribute in the efforts to minimise or save Australia approximately AU$305 per year
in the Murray Darling Basin alone (Wilson 2003). On a global scale, the savings could

be as high as AU$27 billion per year (Qadir et al. 2014).

Thus, the results of this experiment align with the environmental, water and food
security, educational research advancement strategies designed to increase food and fibre
production. Therefore, improving salinity tolerance in rice will be a great boost to the world’s
rice production. In addition to that, growing rice and other crops in marginal wastelands of the

world will be a significant boost to the fight against hunger and poverty.
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4.3: Limitations and future research directions
Time and resource constraints have limited the extent of this experiments. The time

allocated for this type of research was not sufficient because growing crops takes a long time.

There have been two crop failures in the first six months due to wind damage to the roof of the
glasshouse and pest problems. During the experiment period, many challenges have been met.
For example, the onset of low night temperature has cofounded the effects of salinity on the
field experiment and also affected yield components compared glasshouse grown crops.
Therefore, sowing rice in late October or early November could have prevented chill exposure,
particularly to the tropically grown Indica varieties, which is less-tolerant to low temperature
when compared to the temperate growing Japonica varieties. This type of experiment requires
a longer time than the current allocation of one year for Master of Research. An additional six
month could have positive implications for students undertaking agricultural experiments. The
course work could have been limited to six months to give students time to conduct quality

research.

In the physiology study, there exists considerable genetic differences for salinity
tolerance with rice, therefore, the inclusion of more genotypes for both the Indica and Japonica
genotypes could be used for screening purposes. Wider range of genotypes with multivariate
analysis could have been more suitable for screening rice germplasm because different
mechanisms exist in different genotypes of rice. Further physiological experiments such as
proline and chlorophyll content, total soluble sugars and concentration of Na* in the xylem sap
could have added more depth to this study. In addition to that, it would have been interesting
to investigate genotypes with varying tolerances to salinity and to compare their physiological
responses to a single reference tolerant or susceptible genotype. Morpho-physiological results
showed that Reiziq performed better in water-use efficiency compared to other cultivars,

however further studies are needed to confirm.
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4.4: Conclusions
Salinity intrusion into the fertile regions of rice-producing countries around the

world is a major setback for meeting the demands increasing world population. Although
salinity is a global phenomenon, it is more prevalent in arid and semi-arid regions in Asia,
Africa, and Australia. Currently, large areas of prime agricultural land are degraded by salinity
and is expected to grow in the future. This is compounded by the projected increase of World
population in the coming decades. Therefore, to meet the demands of the growing population
rice production must also increase. Rice is the second most agronomically important crop in
the world after wheat, feeding more than half of the world’s population. Moreover, rice
consumption per capita has increased in many parts of the world including Africa and South

America.

The experiments presented in this thesis were set to address the above-mentioned
issues and was focused on the enhancement of salinity tolerance in rice by examining the effects
of salinity stress on morphophysiological traits such as gas exchange, agronomical growth
parameters, and net fluxes of basic ions. Currently, many techniques have been implicated for
manipulating rice plants to grow in saline environment without incurring yield penalty,
however, these studies failed to produce a rice variety that can tolerate more than 10 dSm-1 of
salinity to date. Rice response to salinity stress is multifaceted and complex which makes the
task of developing salt tolerant a difficult. Although, the mechanisms of salinity tolerance in
rice are yet to be determined, due their complexity, the traits displayed by the 3 rice genotypes
may contribute to the endeavour in enhancing salinity tolerance in cultivated rice and other
important crops. This study found variations in the response of the three cultivars to salinity
stress thus providing evidence that morpho-physiological studies can be used to screen plants

for salinity tolerance. However, further studies are needed to confirm these findings.

86



5: References
Abebe, T, Guenzi, AC, Martin, B, Cushman, JC 2003, “Tolerance of mannitol accumulating
transgenic wheat to water stress and salinity’, Plant Physiology, vol. 131, pp. 1748 — 1755.

Adams, E, Shin, R 2014, ‘Transport, signalling, and homeostasis of potassium and sodium in

plants’, Journal of integrative plant biology, vol. 56, pp. 231 — 49.

Ahmad, I, Maathuis, FJ 2014, *Cellular and tissue distribution of potassium: physiological

relevance, mechanisms and regulation’, Journal of Plant Physiology, vol. 171, pp. 708 — 714.

Ahmad, P, Azooz, MM, Prasad, MN (ed.), 2013, ‘Ecophysiology and Responses of Plants
under Salt Stress’, New York, NY, Springer New York.

Ahmad, S, Hussein, A, Ali, H and Ahmad, A 2005, ‘Transplanted fine rice (Oryza sativa L.)
productivity as affected by plants density and irrigation regimes’, International Journal of

Agricultural Biology, vol. 7, pp. 445 — 447.

Ahuja, 1, Vos, RC, Bones, AM, Hall, RD 2010, ‘Plant molecular stress responses face climate

change’, Trends in Plant Science, vol. 15, pp. 664 — 674.

Akbar, M, Yabuno, T 1975, ‘Breeding for saline-resistant varieties of rice, 111, Response of F1
hybrids to salinity in reciprocal crosses between "Jhona 349" and "Magnolia™’, Japanese

Journal of Breeding, vol. 25, pp. 215 - 220.

Akbar, M, Yabuno, T, Nakao, S 1972, ‘Breeding for saline-resistant varieties of rice: I.
variability for salt tolerance among some rice varieties’, Japanese Journal of Breeding, vol. 22,
pp. 277 — 284.

Akita, S, Cabuslay, G 1990, ‘Physiological basis of differential response to salinity in rice
cultivars’, Plant and Soil, vol. 123, pp. 277 — 294.

Alarcon, JJ, Morales, MA, Ferrdndez, T, Sanchez-Blanco, MJ 2006, ‘Effects of water and salt
stresses on growth, water relations and gas exchange in Rosmarinus officinalis’, The Journal

Horticultural Science and Biotechnology, vol. 81, pp. 845 — 853.

Alarcon, JJ, Morales, MA, Torrecillas, A, Sanchez-Blanco, MJ 1999, ‘Growth, water relations

and accumulation of organic and inorganic solutes in the halophyte Limonium latifolium cv.

87



Avignon and its interspecific hybrid Limonium caspia x Limonium latifolium cv. Beltlaard
during salt stress’, Journal of Plant Physiology, vol. 154, pp. 795 — 801.

Albacete, A, Ghanem, ME, Martinez-Andujar, C, Acosta, M, Sanchez-Bravo, J, Martinez, V,
Lutts, S, Dodd, IC, Perez-Alfocea, F 2008, ‘Hormonal changes in relation to biomass
partitioning and shoot growth impairment in salinized tomato (Solanum lycopersicum L.)

plants’, Journal of Experimental Botany, vol. 59, pp. 4119 — 4131.

Ali, G, Srivastava, PS, Igbal, M 1999, ‘Proline accumulation, protein pattern and

photosynthesis in regenerants grown under NaCl stress’, Biological Plant, vol. 42, pp. 89 — 95.

Ali, MN, Yeasmin, L, Gantait, S, Goswami, R, Chakraborty, S 2014, ‘Screening of rice
landraces for salinity tolerance at seedling stage through morphological and molecular

markers’, Physiological, Molecular Biology of Plants, vol. 3, pp. 411 — 423.

Ali, Z, Park, HC, Ali A, Oh, DH, Aman, R, Kropornicka, A, Hong, H, Choi, W, Chung, WS,
Kim, WY, Bressan, RA, Bohnert, HJ, et al. 2012, ‘TsHKT1;2, a HKT1 homolog from the
extremophile Arabidopsis relative Thellungiella salsuginea, shows K" specificity in the
presence of NaCl’, Plant Physiology, vol. 158, pp. 1463 — 1474.

Alvarez, S, Gomez-Bellot, MJ Castillo, M, Bafion, S, Sanchez-Blanco, MJ 2102, ‘Osmotic and
saline effect on growth, water relations, and ion uptake and translocation in Phlomis purpurea

plants’, Environmental and Experimental Botany, vol. 78, pp. 138 — 145.

Amirjani, MR 2011, ‘Effect of Salinity stress on Growth, Sugar content, Pigments and Enzyme

activity of rice’, International Journal of Botany, vol. 7, pp. 73 — 81.

Amtmann, A 2009, ‘Learning from evolution: thellungiella generates new knowledge on
essential and critical components of abiotic stress tolerance in plants’, Molecular Plant, vol. 2,
pp. 3 -12.

Amtmann, A and Sanders, D 1998, ‘Mechanisms of Na* Uptake by Plant Cells’, Advances in
Botanical Research, vol. 29, pp. 75 - 112.

Andaya, V, Tai, T 2006, ‘Fine mapping of the qCTS12 locus, a major QTL for seedling cold
tolerance in rice’, Theoretical and Applied Genetics, vol. 113, pp. 467 — 475.

88



Anschutz, V, Becker, D, Shabala, S 2004, ‘Going beyond nutrition: regulation of potassium
homoeostasis as a common denominator of plant adaptive response to environment’, Journal
of Plant Physiology, vol. 171, pp. 670 — 687.

Apse, MP, Blumwald E. 2002, ‘Engineering salt tolerance in plants’, Current Opinion in
Biotechnology, vol. 13, pp. 146 — 150.
Ashraf, M 2004, ‘Some important physiological selection criteria for salt tolerance in plants.

Flora Morphology Distribution’, Functional Ecology Plants, vol. 199, pp. 361 — 371.

Ashraf, M and Foolad, MR 2007, ‘Roles of glycine betaine and proline in improving plant

abiotic stress resistance’, Environmental and Experimental Botany, pp. 206 — 216.

Ashraf, M and Foolad, MR. 2013, “‘Crop breeding for salt tolerance in the era of molecular
markers and marker-assisted selection (R Tuberosa, Ed.)’, Plant Breeding, vol. 132, pp. 10-
20.

Ashraf, M, Akram, NA 2009, ‘Improving salinity tolerance of plants through conventional
breeding and genetic engineering: an analytical comparison’, Biotechnology Advances, vol. 27,
pp. 744 — 752.

Australian Bureau of Agricultural and Resource Economics and Science 2015, ‘Irrigation
survey of rice growing areas in NSW’, viewed 10 February 2018,

http://www.agriculture.gov.au/abares/research-topics/surveys/irrigation/rice.

Awika, J, Piironen, V, Bean, S 2011, ‘Advances in Cereal Science: Implications to food

Processing and Health Promotion’, ACS symposium series 1089, American Chemical Society,
Washington, DC.

Aydi, S, Sassi, S, Abdelly, C 2008, ‘Growth, nitrogen fixation and ion distribution in Medicago
truncatula subjected to salt stress’, Plant and Soil, vol. 312, pp. 59 — 67.

Babourina, O, Hawkins, B, Lew, RR, Newman, I, Shabala S 2001, ‘K" transport by Arabidopsis
root hair at low pH’, Australian Journal of Plant Physiology, vol. 28, pp. 635 — 641.

Badshah, MA, Tu, N, Zou, Y, Ibrahim, M, Wang, K 2013, “Yield and tillering response of super
hybrid rice Liangyoupeijiu to tillage and establishment methods’, ScienceDirect, vol. 2, pp. 29
- 86.

89


http://www.agriculture.gov.au/abares/research-topics/surveys/irrigation/rice
http://www.agriculture.gov.au/abares/research-topics/surveys/irrigation/rice
http://www.agriculture.gov.au/abares/research-topics/surveys/irrigation/rice
http://www.agriculture.gov.au/abares/research-topics/surveys/irrigation/rice

Baga, M, Chodaparambil, S, Limin, A, Pecar, M, Fowler, D, Chibbar, R 2007, ‘Identification
of quantitative trait loci and associated candidate genes for low-temperature tolerance in cold

hardy winter wheat’, Functional and Integrative Genomics, vol. 7, pp. 53 — 68.

Bahaji, A, Mateu, I, Sanz A, Cornejo, MJ 2002, ‘Common and distinctive responses of rice
seedlings to saline and osmotically generated stress’, Plant Growth Regulation, vol. 38, pp. 83
—-94.

Baisakh, N, RamanaRao, MV, Rajasekaran, K, Subudhi, P, Janda, J, Galbraith, D, Vanier, C,
Pereira, A 2012, ‘Enhanced salt stress tolerance of rice plants expressing a vacuolar H* ATPase
subunit cl1 (SaVHAcl) gene from the halophyte grass Spartina alterniflora’, Plant
Biotechnology Journal, vol.10, pp. 453 — 464.

Baker, NR 2008, ‘Chlorophyll fluorescence: a probe of photosynthesis in vivo’, Annual Review
of Plant Biology, vol. 59, pp. 89 — 113.

Bal, AR and Dutt. SK 1986, ‘Mechanisms of salt tolerance in wild rice (Oryza coarctata
Roxb.)’, Plant Soil, Vol. 92, pp. 399 — 404.

Bandurska, H 1993, ‘In vivo and in vitro effect of proline on nitrate reductase activity under

osmotic stress in barley’, Acta Physiologiae Plantarum, vol. 15, pp. 83 — 88.

Banon, S, Miralles, J, Ochoa, J, Sanchez-Blanco, MJ 2012, ‘The effect of salinity and high
boron on growth, photosynthetic activity and mineral contents of two ornamental shrubs’,
Horticultural Science, vol. 39, pp. 188 — 194.

Bansal, KC, Lenka, SK, Mondal, TK 2014, ‘Genomic resources for breeding crops with

enhanced abiotic stress tolerance (R Tuberosa Ed.)’, Plant Breeding, vol. 133, pp.1 - 11.

Bartels, D, Sunkar, R 2005, ‘Drought and salt tolerance in plants’, Critical Review in Plant

Science, vol. 24, pp. 23 - 58.

Basu, R, Ghosh, B 1991, ‘Polyamines in various rice (Oryza sativa) genotypes with respect to

sodium chloride salinity’, Physiologia Plantarum, vol. 82, pp. 575 — 581.

Bazihizina, N, Barrett-Lennard, EG, Colmer, TD 2012, ‘Plant growth and physiology under
heterogeneous salinity’, Plant and Soil, vol. 354, pp. 1-109.

90



Bechtold, N, Ellis J, Pelletier, G 1993, ‘In planta Agrobacterium mediated gene transfer by
infiltration of adult Arabidopsis thaliana plants’, Comptes Rendus de I’Academie des Science,
Life Sciences, vol. 316, pp. 1194 — 1199.

Beresford, Q, Bekle, H, Phillips, H, & Mulcock, J 2004, ‘The salinity crisis: An overview. The
salinity crisis: Landscapes, communities and politics’, Crawley: University of Western
Australia Press, pp. 2 — 38.

Bhatnagar-Mathur, P, Vadez, V & Sharma, KK 2008, ‘Transgenic approaches for abiotic stress
tolerance in plants: retrospect and prospects’, Plant Cell Reports, vol. 27, pp. 411 — 424.

Bhattacharya, RC, Maheswari, M, Dineshkumar, V, Kirti, PB, Bhat, SR & Chopra VL 2004,
‘Transformation of Brassica oleracea var. capitata with bacterial betA gene enhances tolerance

to salt stress’, Scientia Horticulturae, vol. 100, pp. 215 - 227.

Bhatti, AS, & Wieneke, J 1984, ‘Na* and CI": leaf extrusion, re-translocation and root efflux in
Diplachne fusca (kallar grass) grown in NaCl’, Journal of Plant Nutrition, vol. 7, pp. 1233—
1250.

Binzel, ML, FD Hess, RA, Bressan, PM, Hasegawa 1988, ‘Intracellular compartmentation of

ions in salt adapted tobacco cells’, Plant Physiology, vol. 86, pp. 607 — 614.

Binzel, ML, Ratajczak, R 2001, ‘Function of membrane transport systems under salinity:
tonoplast’, In: Lduchli A, Littge U, (ed.) Salinity: environments — plants — molecules,
Dordrecht, Kluver, pp. 423 — 449.

Blumwald, E 2000, ‘Sodium transport and salt tolerance in plants’, Current Opinion in Cell
Biology, vol. 12, pp. 431 — 434.

Blumwald, E, Aharon, GS, Apse, MP 2000, ‘Sodium transport in plant cells’, Biochimica et
Biophysica Acta, vol. 1465, pp. 140 — 51.

Bonilla, PS, Dvorak, J, Mackell, D, Deal, K, Gregorio, G 2002, ‘RFLP and SSLP mapping of
salinity tolerance genes in chromosome 1 of rice (Oryza sativa L) using recombinant inbred

lines’, The Philippine Agricultural Scientist, vol. 85, pp. 68 — 76.

Bor, M., F. Ozdemir and I. Turkan 2003, ‘The effect of salt stress on lipid peroxidation and
antioxidants in leaves of sugar beet Beta vulgaris L. and wild beet Beta maritima L.”, Plant
Science, vol. 164, pp. 77 — 84.

91



Boursier, P, & Lauchli, A 1989, ‘Mechanisms of chloride partitioning in the leaves of salt-

stressed Sorghum bicolor L, Physiologia Plantarum’, vol. 77, pp. 537-544,

Brar, DS and Khush, GS 2003, ‘Utilization of wild species of genus Oryza in rice
improvement’, in JS Nanda and SD Sharma (ed.) Monograph on Genus Oryza Science,
Publishers, Enfield, New Hampshire, pp. 283-3009.

Bray, F 1986, ‘The Rice Economies: Technology and Development in Asian Societies’, Oxford,

Blackwell.

Brennan, JP and Malabayabas, A 2011, ‘International Rice Research Institute’s contribution
to rice varietal yield improvement in South-East Asia’, ACIAR Impact Assessment Series

Report, no. 74, Australian Centre for International Agricultural Research: Canberra, pp.111.

Britto, DT, Ebrahimi-Ardebili, S, Hamam, AM, Coskun, D, Kronzucker, HJ 2010, ‘K" analysis
of sodium-induced potassium efflux in barley: mechanism and relevance to salt tolerance’, New
Phytologist, vol. 186, pp. 373-384.

Britto, DT, Ruth, TJ, Lapi, S, Kronzucker, HJ 2004, ‘Cellular and whole
dynamics in barley: insights into chloride
Planta, vol. 218, pp. 615-622.

Brumos, J, Colmenero-Flores, JM, Conesa A, lzquierdo, P, Sanchez, G, Iglesias, DJ, Lopez-
Climent, MF, Gomez-Cadenas, A, Talon, M 2009, ‘Membrane transporters and carbon
metabolism implicated in chloride homeostasis differentiate salt stress responses in tolerant and

sensitive Citrus rootstocks’, Functional and Integrative Genomics, vol. 9, pp. 293 — 3009.

Bunce, JA 2006, ‘How do leaf hydraulics limit stomatal conductance at high water vapour

pressure deficits?’, Plant, Cell and Environment, vol. 29, pp. 1644-1650.

Byrt, CS, Platten, JD, Spielmeyer, W, James, RA, Lagudah, ES, Dennis, ES, Tester, M, Munns,
R 2007, ‘HKT1;5-like cation transporters linked to Na* exclusion loci in wheat, Nax2 and
Knal’, Plant Physiology, vol. 143, pp. 1918-192.

Carden, DE, Walker, DJ, Flowers, TJ, Miller, AJ 2003, ‘Single-cell measurements of the
contributions of cytosolic Na™ and K* to salt tolerance’, Plant Physiology, vol. 131, pp. 676—
83.

92

-plant chlorid

-nitrogen inte



Castillo, E, Tuong, TP, Inubushi, K, and Ismail, A 2004, ‘Comparative effects of osmotic and
ionic stresses on yield and biomass accumulation in IR64 rice variety’, Soil Science and Plant
Nutrition, vol. 50, pp. 1313-1315.

Centritto, M, Loreto, F, Chartzoulakis, K 2003, ‘The use of low CO to estimate diffusional
and non-diffusional limitations of photosynthetic capacity of salt-stressed olive saplings’,
Plant, Cell and Environment, vol. 26, pp. 585 — 594.

Chakraborty, K, Bose J, Shabala, L, Eyles, A, Shabala, S 2016, ‘Evaluating relative
contribution of osmotolerance and tissue tolerance mechanisms toward salinity stress tolerance

in three Brassica species, Physiologia Plantarum, vol. 158, pp. 135-151.

Champagne, ET, Bett-Garber KL, Fitzgerald MA, Grimm CC, Lea J, Ohtsubo K, Jongdee S,
Xie L, Bassinello PZ, Resurreccion A, Ahmad R, Habibi F, Reinke R 2010, ‘Important sensory

properties differentiating premium rice varieties’, Rice, vol. 3, pp. 270-281.
Chang, KC 1986, ‘The archaeology of ancient China’, New Haven, CT: Yale University Press.

Chang, TT 1976, “Origin, evolution, cultivation, dissemination, and diversification of Asian
and African rices’, Euphytica, vol. 25, pp. 425- 441.

Chang, TT 1989, ‘Domestication and the spread of the cultivated rices’, in DR Harris and GC
Hillman (ed.) Foraging and Farming: The Evolution of Plant Exploitation, London, Unwin
Hyman, pp. 408- 417.

Chang, TT 2003, ‘Origin, domestication, and diversification’, in CW Smith and RH Dilday
(ed.) Rice: origin, history, technology, and production, Hoboken, NJ, USA, John Wiley &
Sons, Inc, pp. 3 - 25.

Chartzoulakis, K, Loupassaki, M, Bertaki, M, Androulakis, 1 2002, ‘Effects of NaCl salinity on
growth, ion content and CO> assimilation rate of six olive cultivars’, Scientia Horticulturae,
vol. 96, pp. 235-247.

Chaves, M.M, Flexas, J, Pinheiro, C 2009, ‘Photosynthesis under drought and salt stress:

regulation mechanisms from whole plant to cell’, Annals of Botany, vol.103, pp. 551 — 560.

Chaves, MM, Miguel Costa J, Madeira Saibo, NJ 2011, ‘Recent advances in photosynthesis

under drought and salinity’, Advances in Botanical Research, vol. 57, pp. 49 — 104.

93



Chen, G, Krugman, T, Fahima, T, Chen, K, Hu, Y, Roder, M, Nevo, E, Korol A 2010,
‘Chromosomal regions controlling seedling drought resistance in Israeli wild barley, Hordeum

spontaneum C. Koch’, Genetic Resources and Crop Evolution, vol. 57, pp. 85 — 99.

Chen, TW, Kahlen, K, Stutzel, H 2015, ‘Disentangling the contributions of osmotic and ionic
effects of salinity on stomatal, mesophyll, biochemical and light limitations to photosynthesis’,
Plant, Cell and Environment, vol. 38, pp. 1528 — 1542.

Chen, Z, Cuin, TA, Zhou, M, Twomey, A, Naidu, BP, Shabala, S 2007b, ‘Compatible solute
accumulation and stress mitigating effects in barley genotypes contrasting in their salt

tolerance’, Journal of Experimental Botany, vol. 58, pp. 4245-4255.

Chen, Z, Gallie, DR 2004, ‘The ascorbic acid redox state controls guard cell signalling and

stomata movement’, The Plant Cell, vol. 16, pp. 1143 — 1162.

Chen, Z, Hills, A, Lim, CK, Blatt, MR 2010, ‘Dynamic regulation of guard cell anion channels
by cytosolic free Ca?* concentration and protein phosphorylation’, The Plant Journal, vol. 61,
pp. 816-825.

Chen, Z, Newman, I, Zhou, M, Mendham, N, Zhang, G, Shabala, S 2005, ‘Screening plants
for salt tolerance by measuring K* flux: a case study for barley’, Plant, Cell & Environment,
vol. 28, pp. 1230-1246.

Chen, Z, Pottosin, Il, Cuin, TA, Fuglsang, AT, Tester, M, Jha, D, Zepeda-Jazo, I, Zhou, M,
Palmgren, MG, Newman, IA, Shabala, S 2007c, ‘Root plasma membrane transporters
controlling K*/Na* homeostasis in salt stressed barley’, Plant Physiology, vol. 145, pp. 1714—
1725.

Chen, Z, Shabala, S, Mendham, N, Newman, I, Zhang, GP, Zhou, MX 2008, ‘Combining
ability of salinity tolerance on the basis of NaCl - Induced K* flux from roots of barley’, Crop
Science, vol. 48, pp. 1382-1388.

Chen, Z, Zhou, M, Newman, 1A, Mendham, NJ, Zhang, G, Shabala, S 20073, ‘Potassium and
sodium relations in salinised barley tissues as a basis of differential salt tolerance’, Functional
Plant Biology, vol. 34, pp.150 — 162.

Cheng, Z, Targolli, J, Wu, R 2001, “Tobacco matrix attachment region sequence increased
transgene expression levels in rice plants’, Molecular Breeding, vol. 7, pp. 317-327.

94



Cheng, C, Tsuchimoto, R, Fukuta,S Ohtsubo, Y, Ohtsubo, E 2003, ‘Polyphyletic origin of
cultivated rice: based on the interspersion pattern of SINEs’, Molecular Biology and Evolution,
vol. 20, pp. 67 — 75.

Chinnusamy, V, Jagendorf, A, Zhu, JK 2005, ‘Understanding and improving salt tolerance in
plants’, Crop Science, vol. 45, pp. 437-448.

Chrominski, A, Bhat, RB, Weber, DJ, Smith, BN 1998, ‘Osmotic stress-dependent conversion
of 1-aminocyclopropane-1-carboxylic acid (ACC) to ethylene in the halophyte, Allenrolfea

occidentalis’, Environmental and Experimental Botany, vol. 28, pp. 171-174.

Collard, BC, Jahufer, MZ, Brouwer, JB, Pang, EC 2005, ‘An introduction to markers,
quantitative trait loci (QTL) mapping and marker-assisted selection for crop improvement: the
basic concepts’, Euphytica, vol. 142, pp. 169 — 196.

Collins, KD 1997, *Charge density-dependent strength of hydration and biological structure.
Biophysical Journal, vol. 72, pp. 65 — 76.

Colmenero-Flores, JM, Martinez G, Gamba, G, Vazquez, N, Iglesias, DJ, Brumos, J, Talon, M
2007, “functional characterization of cation-chloride cotransporters in plants’, The Plant
Journal, vol. 50, pp. 278 — 292.

Colmer, TD, Muiiiz, R, Flowers, TJ 2005, ‘Improving salt tolerance of wheat and barley: Future

prospects’, Australian Journal of Experimental Agriculture, vol. 45, pp. 1425-1443.

Cong, L, Chai, TY, & Zhang, YX, 2008, ‘Characterization of the novel gene BjJDREB1B
encoding a DRE-binding transcription factor from Brassica juncea L’, Biochemical and

Biophysical Research Communications, vol. 371, pp. 702-6.

Cortina, C, & Culiafiez-Macia, FA 2005, ‘Tomato abiotic stress enhanced tolerance by

trehalose biosynthesis’, Plant Science, vol. 169, pp. 75-82.

Coskun, D, Kronzucker, HJ 2013, ‘Complexity of potassium acquisition: how much flows

through channels?’, Plant Signaling and Behaviour, vol. 8, pp. 1 - 5.

Cram, WJ 1976, “‘Negative feedback regulation of transport in cells: the maintenance of turgor,
volume and nutrient supply’, In: Luttge, U Pitman, MG, (ed.) Encyclopedia of Plant
Physiology New Series Vol. 2, Springer-Verlag, Berlin, Germany pp: 284-316.

95


https://www.ncbi.nlm.nih.gov/pubmed/?term=Tsuchimoto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12519908
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tsuchimoto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12519908
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohtsubo%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12519908
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohtsubo%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12519908
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohtsubo%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12519908
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohtsubo%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12519908

Cramer, GR 2002, ‘Sodium—calcium interactions under salinity stress’, in, Lauchli, A, Luttge,
U, (ed.) Salinity: Environment—Plants—Molecules’, Kluwer, Dordrecht, The Netherlands, pp.
205-227.

Cramer, GR, and Jones, RL 1996, ‘Osmotic stress and abscisic acid reduce cytosolic calcium
activities in roots of Arabidopsis thaliana’, Plant, Cell and Environment, vol. 19, pp. 1291 -
1298.

Cramer, GR, Lauchli, A, Polito, VS 1985, ‘Displacement of Ca?* by Na* from the plasmalemma

of root cells - A primary response to salt stress’, Plant Physiology, vol. 79, pp.

207-211.

Cuin, T, Bose, J, Stefano, G, Jha, D, Tester, M, Mancuso, S, and Shabala, S 2011, ‘Assessing
the role of root plasma membrane and tonoplast Na*/H* exchangers in salinity tolerance in

wheat: in planta quantification methods’, Plant, Cell and Environment, vol. 34, pp. 947-961.

Cuin, T, Miller, AJ, Laurie, SA, Leigh, RA 2003, ‘Potassium activities in cell compartments of

salt-grown barley leaves’, Journal of Experimental Botany, vol. 54, pp. 657—-661.

Cuin, TA Shabala, S 2007, ‘Compatible solutes reduce ROS-induced potassium efflux in
Arabidopsis roots, Plant, Cell and Environment, vol. 30, pp. 875-885.

Cuin, TA, Betts, SA, Chalmandrier, R, Shabala, S 2008, ‘A root’s ability to retain K+ correlates

with salt tolerance in wheat’, Journal of Experimental Botany, vol. 59, pp. 2697-706.

Cuin, TA, Zhou, M, Parsons, D, Shabala, S 2012, ‘Genetic behaviour of physiological traits
conferring cytosolic K*/Na* homeostasis in wheat’, Plant Biology, vol. 14, pp. 438-446.

Davenport, RJ, Munoz-Mayor, A, Jha, D, Essah, PA, Rus, ANA, Tester, M 2007, “The Na*
transporter AtHKT1;1 controls retrieval of Na+ from the xylem in Arabidopsis’, Plant, Cell

and Environment, vol. 30, pp. 497-507.

Davies, TG and Coleman, JO 2000, ‘The Arabidopsis thaliana ATP-binding cassette proteins:
an emerging superfamily’, Plant, Cell and Environment, vol. 23, pp. 431 — 443.

De Angeli, A, Monachello, D, Ephritikhine, G, Frachisse, JM, Thomine, S, Gambale, F,
Barbier-Brygoo, H 2009, ‘CLC-mediated anion transport in plant cells’, Philosophical
Transactions of the Royal Society B-Biological Sciences, vol. 364, pp. 195 — 201.

De Angeli, A, Thomine, S, Frachisse, JM, Ephritikhine, G, Gambale, F, Barbier-Brygoo, H
96



2007, *Anion channels and transporters in plant cell membranes’, FEBS Letters, vol. 581, pp.
2367 — 2374.

Deinlein, U, Stephan, AB, Horie, T, Lou, W, XU, G, Schroeder, JI 2014, ‘Plant salt-tolerance

mechanisms’, Trends in Plant Science, vol. 19, pp. 371-379.

Delfine, S, Alvino, A, Villani, MC, Loreto, F 1999, “Restrictions to carbon dioxide conductance
and photosynthesis in spinach leaves recovering from salt stress’, Plant Physiology, vol. 119,
pp. 1101 - 1106.

Demidchik, V, Cuin, TA, Svistunenko, D, Smith, SJ Miller, AJ Shabala, S, Sokolik, A, Yurin
V 2010, ‘Arabidopsis root K™ -efflux conductance activated by hydroxyl radicals: single
channel properties, genetic basis and involvement in stress-induced cell death’, Journal of Cell
Science, vol. 123, pp. 1468 — 1479.

Demidchik, V, Cuin, TA, Svistunenko, D, Smith, SJ, Miller, AJ, Shabala, S, Sokolik, A, &
Yurin, V 2010, ‘Arabidopsis root K*-efflux conductance activated by hydroxyl radicals: single
channel properties, genetic basis and involvement in stress-induced cell death’, Journal of Cell
Science, vol. 123, pp. 1468-79.

Demidchik, V, Davenport, RJ, Tester, M 2002, ‘Nonselective cation channels in plants’,

Annual Review of Plant Biology, vol. 53, pp. 67 — 107.

Demidchik, V, Shabala, SN, Coutts KB, Tester MA & Davies JM 2003, “Free oxygen radicals
regulate plasma membrane Ca?* and K* -permeable channels in plant root cells’, Journal of
Cell Science, vol. 116, pp. 81 — 88.

Demidchik, V, Shang, Z, Shin, R, Colago, R, Laohavisit, A, Shabala, S, Davies, JM 2011,
‘Receptor-like activity evoked by extracellular ADP in Arabidopsis root epidermal plasma

membrane’, Plant Physiology, vol. 156, pp. 1375 — 1385.

Demidchik, V, Tester, M 2002, ‘Sodium fluxes through nonselective cation channels in the
plasma membrane of protoplasts from Arabidopsis roots’, Plant Physiology, vol. 128, pp.
379387.

Deng, XP, Shan, L, Zhang, H & Turner, NC 2006, ‘Improving agricultural water use efficiency

in arid and semiarid areas of China’, Agricultural Water Management, vol. 80, pp. 23-40.

97



Department of Primary Industries NSW 2017, Rice growing guide’, viewed 13 February
2018, https://www.dpi.nsw.gov.au/__data/assets/pdf file/0007/178171/rice-growing-guide-
2016-

17.pdf.

Devos, KM, Beales, J, Ogihara, Y, Doust, AN 2005, ‘Comparative sequence analysis of the
Phytochrome C gene and its upstream region in allohexaploid wheat reveals new data on the

evolution of its three constituent genomes’, Plant Molecular Biology, vol. 58, pp. 625-641.

Dingkuhn, M and Kropff, M 1996, in E Zamski and Schaffer AA (ed.), Photo-assimilate
distribution in plants and crops; source sink relationships, Marcel Dekker Inc., New York, pp.

519 - 547.
Dingkuhn, M, Asch, F 1999, ‘Phenological responses of Oryza sativa O. glaberrima and

interspecific rice cultivars on a toposequence in West Africa’, Euphytica, vol. 110, pp. 109 -
126.

Dionisio-Sese, ML, & Tobita, S 1998, ‘Antioxidant responses of rice seedlings to salinity

stress’, Plant Science, vol. 135, pp. 1-9.

Dionisio-Sese, ML, & Tobita, S 2000, ‘Effects of salinity on sodium content and photosynthetic
responses of rice seedlings differing in salt tolerance’, Journal of Plant Physiology, vol. 157,
pp. 54-8.

Dodd, IC 2005, ‘Root-to-shoot signalling: Assessing the roles of ‘up’ in the up and down world
of long-distance signalling in planta’, Plant Soil, vol. 74, pp. 227-257.

Du, T, Kang, S, Zhang, J, Davies, JW 2015, ‘Deficit irrigation and sustainable water-resources
strategies in agriculture for China’s food security’, Journal of Experimental Botany, vol. 66,
pp. 2253-2269.

Dubey, RS, Singh, AK 1999, ‘Salinity induces accumulation of soluble sugars and alters the
activity of sugar metabolizing enzymes in rice plants’, Biologia Plantarum, vol. 42, pp. 233 —
239.

Duitama, Siva, A, Sanabria, Y, Cruz, DF et al. 2015, “Whole genome sequencing of elite rice
cultivars as a comprehensive information resource for marker assisted selection’, PLoS ONE,
vol. 10, pp. 1 - 20.

98


https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/178171/rice-growing-guide-2016-17.pdf

Eckardt, NA 2009, ‘The future of science: Food and water for life’, Plant, Cell and
Environment, vol. |, pp. 368-372.

Evans, JR and Santiago, LS 2014, ‘PrometheusWiki Gold Leaf Protocol: gas exchange using
LI-COR 6400°, Plant Functional Biology, vol. 41, pp. 223 — 226.

Evenson, RE, Gollin, D 2003, ‘Assessing the impacts of Green Revolution 1960 to 2000’,
Science, vol. 300, pp. 758-763.

Eynard, A, Lal, R, & Wiebe, K 2005, ‘Crop response in salt-affected soils’, Journal of
Sustainable Agriculture, vol. 27, pp. 5-50.

Fan, S, Chank-Kang, K, Qian, K, Krishnaiah, K 2005, ‘National and international agricultural
research and rural poverty: the case of rice research in India and China’, Agricultural
Economics, vol. 33, pp 369-379.

Farquhar, GD, Sharkey, TD 1982, ‘Stomatal conductance and photosynthesis’, Annual Review
of Plant Physiology, vol. 33, pp. 317— 345.

Feistler, AM and Habermann, G 2012, ‘Assessing the role of vertical leaves within the
photosynthetic function of Styrax camporum under drought conditions’, Photosynthetica, vol.
50, pp. 613 — 622.

Flexas, J, Bota, J, Loreto, F, Cornic, G, Sharkey, TD 2004, ‘Diffusive and metabolic limitations
to photosynthesis under drought and salinity in C3 plants’, Plant Biology, vol. 6, pp. 269 — 279.

Flowers TJ, Hajibagheri MA 2001, ‘Salinity tolerance in Hordeum vulgare: ion concentrations

in root cells of cultivars differing in salt tolerance’, Plant Soil, vol. 231, pp. 1 - 9.

Flowers, TJ and Colmer, TD 2008, ‘Salinity tolerance in halophytes’, New Phytologist, vol.
179, pp. 945 - 963.

Flowers, TJ, Duque, E, Hajibagheri, MA, McGonigle, TB, Yeo, AR 1985, ‘The effect of
salinity on leaf ultrastructure and net photosynthesis of two varieties of rice: further evidence

for a cellular component of salt-resistance’, New Phytologist, vol. 100, pp. 37 — 43.

Flowers, TJ, Troke, PF & Yeo, AR 1977, ‘The mechanism of salt tolerance in halophytes’,
Annual Review of Plant Physiology, vol. 28, pp. 89-121.

99



Flowers, TJ, Yeo, AR 1981, “Variability in the resistance of sodium chloride salinity within

rice (Oryza sativa L) varieties’, New Phytologist, vol. 88, pp. 363 -373.

Food and Agriculture Organization 2010, ‘Report of salt affected agriculture,” viewed 12

February 2018, http://www.fao.org/ag/agll/spush/.

Food and Agriculture Organization 2017, ‘Rice Market Monitor’, viewed 12 February 2018,

http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitorrmm/en/.

Franco, JA, Banon, S, Vicente, MJ, Miralles, J, Martinez-Sanchez, JJ 2011, ‘Root development
in horticultural plants grown under abiotic stress conditions—A review’, The Journal of

Horticultural Science and Biotechnology, vol. 86, pp. 543-556.

Fricke, W, Akhiyarova, G, Veselov, D, Kudoyarova, G 2004, ‘Rapid and tissue-specific
changes in ABA and in growth rate in response to salinity in barley leaves’, Journal of
Experimental Botany, vol. 55, pp. 1115 - 1123.

Funakawa, S, Reiji, S, Elmira, K, Takashi K, and Norio, 1 2000, ‘Salt affected soils under rice-

based irrigation agriculture in southern Kazakhastan’, Geoderma, vol. 97, pp. 61 — 685.

Gallagher, JN and Biscoe, PV 1978, ‘Radiation absorption, growth and yield of cereals’,

Journal of Agriculture and Science, vol. 91, pp. 47 — 60.

Gao, D, Knight, MR, Trewavas, AJ, Sattlemacher, B, Plieth, C 2004, ‘Self-reporting
Arabidopsis expressing pH and [Ca?*] indicators unveil ion dynamics in the cytoplasm and in

the apoplast under abiotic stress’, Plant Physiology, vol. 134, pp. 898 — 908.

Gao, LZ and Innan, H 2008, ‘Non-independent domestication of the two-rice subspecies, Oryza
sativa ssp. Indica and ssp. Japonica, demonstrated by multi-locus microsatellites’, Genetics,
vol. 179, pp. 965 - 976.

Garcia, A, Rizzo, CA, Ud-Din, J, Bartos, SL, Senadhira, D, Flowers, TJ, Yeo, AR 1997,
‘Sodium and potassium trans-port to the xylem are inherited independently in rice, and the
mechanism of sodium: potassium selectivity differs between rice and wheat’, Plant, Cell and
Environment, vol. 20, pp. 1167-1174.

Garciadeblas, B, Senn, ME, Banuelos, MA, Rodriguez-Navarro, A 2003, ‘Sodium transport
and HKT transporters: the rice model’, The Plant Journal, vol. 34, pp. 788 — 801.

100


http://www.fao.org/ag/agll/spush/
http://www.fao.org/ag/agll/spush/
http://www.fao.org/ag/agll/spush/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/
http://www.fao.org/economic/est/publications/rice-publications/rice-market-monitor-rmm/en/

Garg, AK, Kim, JK, Owens TG, Ranwala AP, Choi, YD, Kochian, LV, et al. 2002, ‘Trehalose
accumulation in rice plants confers high tolerance levels to different abiotic stresses’,
Proceedings of the National Academy of Sciences of the United States of America, vol. 99, pp.
15898 — 15908.

Garg, B, Puranik, S, Misra, S, Tripathi, BN, Prasad, M 2013, “Transcript profiling identifies
novel transcripts with unknown functions as primary response components to osmotic stress in

wheat (Triticum aestivum L.)’, Plant Cell, Tissue and Organ Culture, vol. 113, pp. 91 - 101.

Garnett, TP, Shabala, SN, Smethurst, PJ, Newman, 1A 2001, ‘Simultaneous measurements of
ammonium, nitrate and proton fluxes along the length of eucalypt roots’, Plant and Soil, vol.
236, pp. 55 - 62.

Geerts, S & Raes, N 2009, ‘Deficit irrigation as an on-farm strategy to maximize crop water
productivity in dry areas, Agricultural Water Management, vol. 96, pp. 1275-1284.

Genc, Y, Oldach, K, Verbyla, A, Lott, G, Hassan, M, Tester, M, Wallwork, H, McDonald, G
2010, “‘Sodium exclusion QTL associated with improved seedling growth in bread wheat under

salinity stress’, Theoretical and Applied Genetics, vol. 121, pp. 877 — 894,

Ghanem, ME, Albacete, A, Martinez-Andujar, C, Acosta, M, Romero-Aranda, R, Dodd, IC,
Lutts, S, Pérez-Alfocea, F 2008, “‘Hormonal changes during salinity-induced leaf senescence in

tomato (Solanum lycopersicum L.)’, Journal of Experimental Botany, vol. 59, pp. 3039- 3050.

Ghassemi, F, Jakeman, AJ, Nix, HA 1995, ‘Salinisation of land and water resources: human
causes, extent, management and case studies’, UNSW Press, Sydney, Australia, and CAB

International, Wallingford, UK.

Golldack, D, Su, H, Quigley, F, Kamasani, UR, Munoz-Garay, C, Balderas, E, Popova, OV,
Bennett, J, Bohnert, HJ, Pantoja, O 2002, ‘Characterization of an HKT-type transporter in rice

as a general alkali cation transporter’, The Plant Journal, vol. 31, pp. 529-542.

Gomathi, R, Rakkiyapan, P 2011, ‘Comparative lipid peroxidation, leaf membrane
thermostability, and antioxidant system in four sugarcane genotypes differing in salt

tolerance’, International Journal of Plant Physiology and Biochemistry, vol. 3, pp. 67 — 74.

Gomez-Bellot, MJ, Alvarez, S, Castillo, M, Bafién, S, Ortufio, MF, Sanchez-Blanco, MJ 2013,

‘Water relations, nutrient content and developmental responses of Euonymus plants irrigated

101



with water of different degrees of salinity and quality’, Journal of Plant Research, vol. 126,
pp. 567 — 576.

Gorham, J, Hardy, C, Wyn, Jones, RG, Joppa, LR, Law, CN 1987, ‘Chromosomal location of
a K'/Na* discrimination character in the D genome of wheat’, Theoretical Applications in
Genetics, vol. 74, pp. 584-588.

Gosh, B, Ali, M, Gantait, S 2016, ‘Response of rice under salinity stress: A review update’,

Journal of Rice Research, vol. 4, pp. 1 - 8.

Grattan, SR, Zeng, L, Shannon, MC, Roberts, SR 2002, ‘Rice is more sensitive to salinity than
previously thought’, Californian Agriculture, vol. 56, pp. 189 — 195.

Greenway, M, Munns, R 1980, ‘Mechanisms of salt tolerance in non-halophytes’, Annual
Review of Plant Physiology, vol. 31, pp. 149-190.

Gregorio, GB & Senadhira, D 1993, ‘Genetic analysis of salinity tolerance in rice (Oryza sativa
L.)’, Theoretical and Applied Genetics, vol. 86, pp. 333 — 338.

Gregorio, GB 1997, ‘Tagging salinity tolerance genes in rice using amplified fragment length

polymorphism AFLP’, University of the Philippines, Los Bafos, Philippines, pp. 118.

Gregorio, GB, Islam, MR, Vergara, GV, Thirumeni, S 2013, ‘Recent advances in rice science
to design salinity and other abiotic stress tolerant rice varieties’, Journal of Breeding and
Genetics, vol. 45, pp. 31-41.

Gridhar, 1K, 1988, “Effects of saline irrigation water on the growth, yield and chemical
composition of rice crop grown in a saline soil’, Journal of Indian Society of Science, vol. 36,
pp. 312 — 332.

Gross, BL and Zhao, Z 2014, ‘Archaeological and genetic insights into the origins of
domesticated rice’, PNAS, vol. 111, pp. 1-8

Halperin, SJ, Gilroy, S, Lynch, JP 2003, ‘Sodium chloride reduces growth and cytosolic
calcium but does not affect cytosolic pH in root hairs of Arabidopsis thaliana L.”, Journal of
Experimental Botany, vol. 54, pp. 1269 — 1280.

102



Hamilton, DW, Hills, A, Kohler, B, Blatt, MR 2000, ‘Ca?* channels at the plasma membrane
of stomatal guard cells are activated by hyperpolarization and abscisic acid’, Proceedings of
the National Academy of Sciences of the United States of America, vol. 97, pp. 4967 — 4972.

Hag, TU, Akhtar, J, Gorham, J, Steele, KA, Khalid, M 2008, ‘Genetic mapping of QTLs,
controlling shoot fresh and dry weight under salt stress in rice (Oryza sativa L) cross between
Co39 x Moroberekan’, Pakistan Journal of Botany, vol. 40, pp. 2369 — 2381.

Haque, SA 2006, “Salinity Problems and Crop Production in Coastal Regions of Bangladesh’,
Pakistan Journal of Botany, vol. 38, no 5, pp. 1359-1365.

Hasegawa, PM 2013, ‘Sodium (Na*) homeostasis and salt tolerance of plants’, Environmental

and Experimental Botany, vol. 92, pp. 19-31.

Hasegawa, PM, Bressan, RA, Zhu, JK & Bohnert, HJ 2000, ‘Plant cellular and molecular
responses to high salinity’, Annual Review of Plant Physiology and Plant Molecular Biology,
vol. 51, pp. 463-499.

Haswell, ES 2007, “MscS-like proteins in plants, In Mechanosensitive lon Channels, Part A’,
(ed) Hamil, DP, Elsevier Academic Press Inc, San Diego, CA, USA, pp. 329 — 359.

Haswell, ES, Peyronnet, R, Barbier-Brygoo, H, Meyerowitz, EM, Frachisse, JM 2008, ‘“Two
MscS homologs provide mechanosensitive channel activities in the Arabidopsis root’, Current
Biology, vol. 18, pp. 730 — 734.

Hatton, TJ, Ruprecht, J, George, RJ 2003, ‘Preclearing hydrology of the western Australia
wheatbelt: target for the future?’, Plant and Soil, vol. 257, pp. 341 — 356.

Hauser, F, Horie, T 2010, ‘A conserved primary salt tolerance mechanism mediated by HKT
transporters: a mechanism for sodium exclusion and maintenance of high K*/Na* ratio in leaves

during salinity stress’, Plant, Cell and Environment, vol. 33, pp. 552 — 565.

Hayashi, H, Alia, Mustardy, L, Deshnium, P, Ida, M, Murata, N 1997, ‘Transformation of
Arabidopsis thaliana with the codA gene for choline oxidase; accumulation of glycine, betaine

and enhanced tolerance to salt and cold stress’, The Plant Journal, vol. 12, pp. 133 — 142.

Hayashi, H, Alia, Sakamoto, A, Nonaka, H, Chen, TH, Murata, N 1998, ‘Enhanced germination
under high-salt conditions of seeds of transgenic Arabidopsis with a bacterial gene (codA) for

choline oxidase’, Journal of Plant Research, vol. 111, pp. 357 — 362.

103



Heena, DP, 1984, ‘Low-temperature induced floret sterility in the rice cultivars Calrose and
Inga as influenced by nitrogen supply’, Australian Journal of Experimental Agriculture and
Animal Husbandry, vol. 24, pp. 255 — 259.

Henriksson, E, and Henriksson, KN 2005, “Salt-stress signalling and the role of calcium in the
regulation of the Arabidopsis ATHB7 gene’, Plant, Cell and Environment, vol. 28, pp. 202 —
210.

Herczeg, AL, Dogramaci, SS, Leany, FWJ 2001, ‘Origin of dissolved salts in a large, semiarid
groundwater system: Murray Basin, Australia’, Marine and Freshwater Research, vol. 52, pp.
41 - 52,

Hernandez, JA, Olmos, E, Corpas, FJ, Sevilla, F, Del Rio, LA 1995, ‘Salt-induced oxidative
stress in chloroplast of pea plants’, Plant Science, vol. 105, pp. 151 — 167.

Hoang, TML, Tran, TN, Nguyen, TKT, Williams, B, Wurm, P, Bellairs, S, Mundee, S 2016,
‘Improvement of salinity stress tolerance in rice: challenges and opportunities’, Agronomy, vol.
6, pp. 1 - 23.

Holmstrom, KO, Somersalo, S, Mandal, A, Palva, TE, Welin, B 2000, ‘Improved tolerance to
salinity and low temperature in transgenic tobacco producing glycine betaine’, Journal of

Experimental Botany, vol. 51, pp. 177 — 185.

Horie, T 2007, ‘Rice OsHKT2;1 transporter mediates large Na* influx component into K*
starved roots for growth’, European Molecular and Biological Organization, vol. 26, pp. 3003
—-3014.

Horie, T, Hauser, F, Schroeder, JI 2009, ‘HKT transporter-mediated salinity resistance
mechanisms Arabidopsis and monocot crop plants’, Trends in Plant Science, vol. 14, pp. 1203
-1212.

Horie, T, Karahara, 1, Katsuhara, M 2012, “Salinity tolerance mechanisms in glycophytes: an

overview with the central focus on rice plants’, Rice, vol. 5, pp. 1-18.

Horie, T, Yoshida, K, Nakayama, H, Yamada, K, Oiki, S, Shinmyo, A 2001, ‘Two types of
HKT transporters with different properties of Na* and K™ transport in Oryza sativa’, The Plant
Journal, vol. 27, pp. 129-138.

104



Hossain, M, and Fischer, KS 1995, ‘Rice research for food security and sustainable agricultural

development in Asia: Achievements and future challenges’, GeoJournal, vol. 35, pp. 286-98.

Huang, CX and Van Steveninck, ME 1989, ‘Maintenance of low CI- concentrations in
mesophyll cells of leaf blades of barley seedlings exposed to salt stress’, Plant Physiology, vol.
90, pp. 1440 — 1443.

Huang, J, Hirji, R, Adam, L, Rozwadowski, KL, Hammerlindl, JK, Keller, WA, Selvaraj, G
2000, ‘Genetic engineering of glycinebetaine production toward enhancing stress tolerance in

plants: Metabolic limitations’, Plant Physiology, vol. 122, pp. 747-56.

Huang, X, Kurata, N, Wei, X, Wang, X et al. 2012, ‘A map of rice genome variation reveals

the origin of cultivated rice’, Nature, vol. 490, pp. 497 — 501.

Hurry, VM, Strand, A, Tobiaeson, M, Gardarstorm, P, Oquist, G 1995, ‘Cold hardening of
spring and winter wheat and rape results in differential effect of growth carbon metabolism and

carbohydrate content’, Plant Physiology, vol. 109, pp. 697 — 706.

Husain, S, Von Caemmerer, S and Munns, R 2004, ‘Control of salt transport from roots to
shoots of wheat in saline soil’, Functional Plant Biology, vol. 31, pp. 1115-1126.

Hush, JM, Newman, IA, Overall, RL 1992, ‘Utilization of the vibrating probe and ion-selective
microelectrode techniques to investigate electrophysiological responses to wounding in pea

roots’, Journal of Experimental Botany, vol. 43, pp. 1251 — 1257.

International Rice Research Institute 2007, ‘Growth stages of the rice plant’, viewed 12
December 2017, http://www.knowledgebank.irri.org/ericeproduction/0.2.Growthstagesofthe

riceplant.htm.

International Rice Research Institute 2015, “World Rice Statistics’ viewed 17 December 2017,

http://ricestat.irri.org:8080/wrsv3/entrypoint.htm.

Islam, S, Malik, Al, Islam, AK, Colmer, TD 2007, *Salt tolerance in a Hordeum marinum—
Triticum aestivum amphiploid, and its parents’, Journal of Experimental Botany, vol. 58, pp.
1219 - 1229.

Jabnoune, M, Espeout, S, Mieulet, D, Fizames, C, Verdeil, JL, Conéjéro, G, RodriguezNavarro,

A, Sentenac, H, Guiderdoni, E, Abdelly, C, Véry, AA 2009, ‘Diversity in expression patterns

105


http://ricestat.irri.org:8080/wrsv3/entrypoint.htm
http://ricestat.irri.org:8080/wrsv3/entrypoint.htm

and functional properties in the rice HKT transporter family’, Plant Physiology, vol. 150, pp.
1955 - 1971.

Jackson, MT 1997, “‘Conservation of rice genetic resources - the role of the International Rice
Genebank at IRRI’, Plant Molecular Biology, vol. 35, pp. 61 — 67.

James, RA, Rivelli, AR, Munns, R and Von Caemmerer, S 2002, ‘Factors affecting CO>
assimilation, leaf injury and growth in salt-stressed durum wheat’, Functional Plant Biology,
vol. 29, pp. 1393 - 1403.

Jentsch, TJ, Stein V, Weinreich, F, Zdebik, AA 2002, ‘Molecular structure and physiological
function of chloride channels’, Physiological Reviews, vol. 82, pp. 503 — 568.

Jeschke, WD, Pate, JS, Atkins, CA 1987, ‘Partitioning of K*, Na* and Mg?* and Ca?* through
xylem and phloem to component organs of nodulated white lupin under mild salinity’, Journal
of Plant Physiology, vol. 128, pp. 77 — 93.

Jha, BN, Singh, R 1997, ‘Physiological response of rice varieties to different levels of moisture
stress’, Indian Journal of Plant Physiology, vol. 2, pp. 81 — 84.

Ji, H, Pardo, JM, Batelli, G, Van Oosten, MJ, Bressan, RA, Li, X 2013, ‘The Salt Overly
Sensitive (SOS) pathway: established and emerging roles’, Molecular Plant, vol. 6, pp. 275 —
286.

Jiang, M, Zhang, J 2001, ‘Effect of abscisic acid on active oxygen species, antioxidative
defence system and oxidative damage in leaves of maize seedlings’, Plant and Cell Physiology,
vol. 42, pp. 1265 — 1273.

Jones, RGW 1981, “Salt tolerance’, In: CB Johnson (ed.), Physiological Processes Limiting

Plant Productivity, Butterworths, London, pp. 271 — 292.

Kanawapee, N, Sanitchon, J, Srihaban, P, Heerakulpisut, P 2011, ‘Genetic diversity analysis of
rice cultivars (Oryza sativa L.) differing in salinity tolerance based on RAPD and SSR

markers’, Electronic Journal of Biotechnology, vol. 14, pp. 1 - 17.

Kao, CH, Yang, SF 1983, ‘Role of ethylene in the senescence of detached rice leaves’, plant
Physiology, vol. 73, pp. 881 — 885.

106



Katerji, N, van Hoorn, JW, Hamdy, A, Mastrorilli, M 2003, ‘Salinity effect on crop
development and yield, analysis of salt tolerance according to several classification methods’,

Agriculture Water Management, vol. 62, pp. 37 — 66.

Khan, AA, Thakur, R, Akbar, M, Hillerislambers, D, Seshu, DV 1987, ‘Relationship of

ethylene production to elongation in deep-water rice’, Crop Science, vol. 27, pp. 1188 — 1196.

Khan, MS, Ahmad, D, Khan, MA 2015, “Utilisation of genes encoding osmoprotectants in
transgenic plants for enhanced abiotic stress tolerance’, Electronic Journal of Biotechnology,
vol. 18, pp. 257 — 266.

Khatun, S, Flowers, TJ 1995, ‘Effects of salinity on seed set in rice’, Plant, Cell and
Environment, vol. 18, pp. 61 — 67.

Khush, GS & Virk PS 2005, ‘IR varieties and their impact’, International Rice Research
Institute: Los Barios, Philippines, viewed 10 January 2018,
http://irri.org/index.php?option%3Dcom_k2%26view%3Ditem%26id%3D12537

Khush, GS 1997, “Origin, dispersal, cultivation and variation of rice’, Plant Molecular Biology,
vol. 35, pp. 25-34.

Kiegle, E, Moore, C, Haseloff, J, Tester, M, Knight, M 2000, ‘Cell-type specific calcium
responses to drought, NaCl, and cold in Arabidopsis root: a role for endodermis and pericycle
in stress signal transduction’, Plant Journal, vol. 23, pp. 267 — 278.

Kinraide, TB 1999, ‘Interactions among Ca®*, Na* and K* in salinity toxicity: quantitative
resolution of multiple toxic and ameliorative effects’, Journal of Experimental Botany, vol. 50,
pp. 1495 — 1505.

Knight, H 2000, ‘Calcium signaling during abiotic stress in plants’, International Review of
Cytology, vol. 192, pp. 269 — 324,

Knight, H, Trewavas, AJ, Knight, MR, 1997, *Calcium signalling in Arabidopsis thaliana
responding to draught and salinity’, Plant Journal, vol. 12, pp. 1067-1078.

Knowles, A, Shabala, S 2004, ‘Overcoming the problem of non-ideal Liquid lon Exchanger
selectivity in microelectrode ion flux measurements’, The Journal of Membrane Biology, vol.
202, pp. 51 - 59.

Koga, Y, Uchiyamada, H, Samoto, S, Ishizaka, S, Uehara, Y, Fujita, Y, Okuno, K, Nakagahra,

107


http://irri.org/index.php?option%3Dcom_k2%26view%3Ditem%26id%3D12537
http://irri.org/index.php?option%3Dcom_k2%26view%3Ditem%26id%3D12537

M, Yamada, T, Maruyama, K, Yagi, T, Mori, K, Miura, K 1987, ‘Breeding a new rice cultivar
(Akichikara)’, Bulletin of the Hokuriku National Agricultural Experimental Station, vol. 29,
pp. 23 — 46.

Kohler, B, Blatt, MR 2002, ‘Protein phosphorylation activates the guard cell Ca?* channel and
is a prerequisite for gating by abscisic acid’, Plant Journal, vol. 32, pp. 185 — 194.

Kovach, MJ, Calingacion, MN, Fitzgerald, MA, McCouch, SR 2009, ‘The origin and evolution
of fragrance in rice (Oryza sativa L.)’, Proceedings of the National Academy of Sciences of the
United States of America, vol. 106, pp. 14444 — 14449,

Koyro, HW 2006, ‘Effect of salinity of growth, photosynthesis, water relations and solute
composition of the potential cash crop halophyte Plantago coronopus (L.)’, Environmental and

Experimental Botany, vol. 56, pp. 136 — 146.

Kramer, PJ and Boyer, JS 1995, ‘Water Relations of Plants and Soils’, Academic Press, New
York.

Kunkel, JG, Cordeiro, S, Xu Y, Shipley, AM, Feijé, JA 2006, ‘The use of non-invasive ion
selective microelectrode techniques for the study of plant development’, in AG Volkov (ed.),
Plant Electrophysiology—Theory and Methods, Springer-Verlag, Berlin/Heidelberg, pp. 109—
137.

Kurlansky, M 2002, *Salt: A world history’, Walker and Company, New York, pp. 1 - 13.
Kuroki, M, Saito, K, Matsuba, S, Yokogami, N, Shimizu, H, Ando, I, Sato, Y 2007, ‘A
quantitative trait locus for cold tolerance at the booting stage on rice chromosome 8’,
Theoretical and Applied Genetics, vol. 115, pp. 593 — 600.

Lauchli, A, Grattan, SR 2007, ‘Plant growth and development under salinity stress’, in MA
Jenks, PM Hasegawa and SM Jain, Advances in Molecular Breeding Toward Drought and Salt

Tolerant Crops, Dordrecht, the Netherlands, Springer, pp. 1-32.

Lawrie, KC 2005, Salinity hazard and risk mapping: a multi-disciplinary approach for complex
regolith landscapes in Australia, Proceedings of the international salinity forum, Riverside,
California, April 2005, pp. 281-284.

Lee, M, Choi, Y, Burla, B, Kim, YY, Jeon, B, Maeshima, M, Yoo, JY. Martinoia, E, Lee, Y

108



2008, ‘The ABC transporter AtABCB14 is a malate importer and modulates stomatal response
to CO2’, Nature Cell Biology, vol. 10, pp. 1217 — 1223.

Lew, RR, Levina, NN, Shabala, L, Anderca, MI, Shabala, SN 2006, ‘Role of a mitogen
activated protein kinase cascade in ion flux-mediated turgor regulation in fungi’, Eukaryotic
Cell, vol. 5, pp. 480 — 487.

Lewin, L, & Mccaffery, D 1985, ‘Rice seedling growth is influenced by water depth and

temperature’, Farmer’s Newsletter Large Area, vol. 127, pp. 30 — 31.

Li, F, Vallabhaneni, R, Yu, J et al. 2008, ‘The maize phytoene synthase gene family:
overlapping roles for carotenogenesis in endosperm, photomorphogenesis and thermal stress
tolerance’, Plant Physiology, vol. 147, pp. 1334 — 1346.

Li, T, Zhang, Y, Liu, H et al. 2010, ‘Stable expression of Arabidopsis vacuolar Na* /H*
antiporter gene AtNHX1 and salt tolerance in transgenic soybean for over six generations’,
Chinese Science Bulletin, vol. 55, pp. 1127 — 1134,

Lin, CC, & Kao, CH 2001, ‘Relative importance of Na*, Cl-, and abscisic acid in NaCl induced
inhibition of root growth of rice seedlings’, Plant and Soil, vol. 237, pp. 165-171.

Liu, X, Fan, Y, Mak, M, Babla, M, Holford, P, Wang, F, Chen, G, Scott, G, Wang, G, Shabala,
S, Zhou, M, Chen, ZH 2017, *‘QTLs for stomatal and photosynthetic traits related to salinity
tolerance in barley’, BMC genomics, vol. 18, pp. 1 - 13.

Londo, JP, Chiang, YC, Hung, KH, Chiang, TY, Schaal, BA 2006, ‘Phylogeography of Asian
wild rice, Oryza rufipogon, reveals multiple independent domestications of cultivated rice,
Oryza sativa’, Proceedings of the National Academy of Sciences of the United States of
America, vol. 103, pp. 9578 — 9583.

Lorenzen, I, Aberle, T, Plieth, C 2004, ‘Salt stress-induced chloride flux: a study using
transgenic Arabidopsis expressing a fluorescent anion probe’, The Plant Journal, vol. 38, pp.
539-544,

Lou, Q, Chen, L, Sun, Z, Xing, Y, Li, J, Xu, X, Mei, H, Luo, L 2007, ‘A major QTL associated
with cold tolerance at seedling stage in rice (Oryza sativa L.)’, Euphytica, vol. 158, pp. 87 —
94.

109



Lutts, S, Kinet, JM, Bouharmont, J 1995, ‘Changes in plant response to NaCl during
development of rice (Oryza sativa L) varieties differing in salinity resistance’, Journal of

Experimental Botany, vol. 46, pp. 1843 — 1852.

Lutts, S, Kinet, JM, Bouharmont, J 1996, ‘Ethylene production by leaves of rice (Oryza sativa
L.) in relation to salinity tolerance and exogenous putrescine application’, Plant Science, vol.
116, pp. 15 - 25.

Lynch, J and Lauchli, A 1988, “Salinity affects intracellular calcium in corn root protoplasts.
Plant Physiology, vol. 87, pp. 351 — 356.

Ma, L, Zhou, E, Gao, L, Mao, X, Zhou, R & Jia, J 2008, ‘Isolation, expression analysis and
chromosomal location of PSCR gene in common wheat (Triticum aestivum L.)’, South African

Journal of Botany, vol. 74, pp. 705-12.

Maathuis, FJ 2014, ‘Sodium in plants: perception, signalling, and regulation of sodium fluxes’,

Journal of Experimental Botany, vol. 65, pp. 849-58.

Maathuis, FJ, Amtmann, A 1999, ‘K* nutrition and Na* toxicity: the basis of cellular K/Na*
ratios’, Annals of Botany, vol. 84, pp. 123-133.

Maclean, JL, Dawe, D, Hardy, B, Hettel, GP 2002, ‘Rice Almanac’, International Rice Research
Institute, Los Banos, Philippines, pp. 253 -263.

Mahler, J, Persson, 1 2012, ‘A Study of the hydration of the alkali metal ions in aqueous
solution’, Inorganic Chemistry, vol. 51, pp. 425 — 438.

Mainuddin, K, Rahman, A, Islam, N, Quasem, S, 2011, ‘Planning and costing agriculture’s
adaptation to climate change in the salinity-prone cropping system of Bangladesh’,

International Institute for Environment and Development (I11ED), London, UK.

Maischak, H, Zimmermann, MR, Felle, HH, Boland, W, Mithofer, A 2010, Alamethicin
induced electrical long distance signaling in plants’, Plant Signaling and Behaviour, vol. 5, pp.
988 - 990.

Majee, M, Maitra, S, Dastidar, KG, Pattnaik, S, Chatterjee, A, Hait, NC, Das, KP, & Majumder,
AL 2004, ‘A novel salt-tolerant I-myo-Inositol-1-phosphate synthase from Porteresia
coarctata (Roxb.) tateoka, a halophytic wild rice’, Journal of Biological Chemistry, vol. 279,
pp. 28539 — 28552.

110



Mak, M, Babla, M, Xu SC, O’Carrigan, A, Liu, XH, Gong, YM, Holford, P, Chen, ZH 2014,
‘Leaf mesophyll K*, H* and Ca?' fluxes are involved in drought-induced decrease in
photosynthesis and stomatal closure in soybean’, Environmental and Experimental Botany, vol.
98, pp. 1 -12.

Marcelis, LFM and van Hooijdonk, J 1999, ‘Effect of salinity on growth, water use and nutrient

use in radish (Raphanus sativus L.)’, Plant Soil, vol. 215, pp. 57 — 64,

Maredia, MK, Raitzer, DA 2012, ‘Review and analysis of documented patterns of agricultural

research impacts on Southeast Asia’, Agricultural Systems, vol. 106, pp. 46-58.

Marie, A, Vengosh, A 2001, ‘Sources of salinity in ground water from Jericho area, Jordan
Valley’, Ground water, vol. 39, pp. 240-248.

Marschner, H 2011, ‘Marschner's Mineral Nutrition of Higher Plants’, Elsevier Science, pp.
645 — 668.

Marschner, H 2012, ‘Marschner’s Mineral Nutrition of Higher Plant’, 3rd (ed.), Academic
Press, London, UK, pp. 178 — 189.

Martinez, J, Manzur, CL 2005, *‘Overview of salinity problems in the world and FAO strategies
to address the problem’, Proceedings of the international salinity forum. Riverside, California,
pp. 311 - 313.

Maser P, Thomine, S, Schroeder, JI, Ward, JM, Hirschi, K 2001, ‘Phylogenetic relationships
within cation transporter families of Arabidopsis’, Plant physiology, vol. 126, pp. 1646 — 1667.
Maser, P, Gierth, M 2002, “Molecular mechanisms of potassium and sodium uptake in plants’,
Plant and Soil, vol. 247, pp. 43 - 54.

Mashali, AM 1999, ‘FAO global network in soil management for sustainable use of salt
affected soils’, Paper presented at International Workshop, September 6-9, 1999, Menemen,

Izmir, Turkey, pp. 32.

Mason, R, Mondal, S, Beecher, F, Pacheco, A, Jampala, B, Ibrahim, A, Hays D 2010, ‘QTL
associated with heat susceptibility index in wheat (Triticum aestivum L.) under short-term

reproductive stage heat stress’, Euphytica, vol. 174, pp. 423 — 436.

Mathews, K, Malosetti, M, Chapman, S, Mcintyre, L, Reynolds, M, Shorter, R, van Eeuwijk F

111



2008, ‘Multi-environment QTL mixed models for drought stress adaptation in wheat’,
Theoretical and Applied Genetics, vol. 117, pp. 1077 — 1091.

Maurel, C, Verdoucq, L, Luu, DT, Santoni, V, 2008, ‘Plant aquaporins: membrane channels

with multiple integrated functions’, Annual Review of Plant Biology, vol. 59, pp. 595 — 624.

McCouch, SR, Wright, MH, Tung, CW, Maron, LG, McNally, KL, Fitzgerald, M, Singh, N,
DeClerck, G, Agosto-Perez, F, Korniliev, P 2016, ‘Open access resources for genome-wide

association mapping in rice’, Nature Communications, vol. 7, pp. 1 - 13.

McDonald, DB, Potts, WK 1997, ‘DNA microsatellites as genetic markers for several scales’,
in, DP Mindell (ed.) Avian molecular evolution and systematics, Academic Press, San Diego,
pp. 29 —49.

McDonald, DJ 1979, ‘Rice’, Chapter 3, in Australia field crops vol. 2, tropical cereals, oilseeds,

grain legumes and other crops, Angus and Robertson, London, pp. 70 — 94.

Megdiche, WK, Hessini, F, Gharbi, CA, Jaleel, R. Ksouri, C, Abdelly, C 2008, ‘Photosynthesis
and photosystem-efficiency of two salt-adapted halophytic seashore Cakile maritima

ecotypes’, Photosynthetica, vol. 46, pp. 410 — 419.

Michelet, B, Boutry, M 1995, ‘The plasma membrane H1-ATPase, a highly regulated enzyme
with multiple physiological functions’, Plant Physiology, vol. 108, pp. 1 - 6.

Miller, BC, Hill, JE, Roberts, SR 1991, ‘Plant population effects on growth and tied in water
seeded rice’, Agronomy Journal, vol. 83, pp. 291-297.

Miller, C 2006, ‘CLC chloride channels viewed through a transporter lens’, Nature, vol. 440,
pp. 484 — 489.

Mittler, R, Vanderauweras, S, Suzuki, N, Miller, G, Tognetti, V et al. 2011, ‘ROS signalling:

the new wave?’, Trends in Plant Science, vol. 16, pp. 300 — 309.

Miyamoto, T, Ochiai, K, Takeshita, S, Matoh, T 2012, ‘Identification of quantitative trait loci
associated with shoot sodium accumulation under low potassium conditions in rice plants’, Soil

Science and Plant Nutrition, vol. 58, pp. 728 — 736.

Moeljopawiro, S, Ikehashi, H 1981, ‘Inheritance of salt tolerance in rice’, Euphytica, vol. 30,
pp. 291 - 300.

112



Moldenhauer, KAK & Gibbons, JH 2003, ‘Rice morphology and development’, in CW Smith
and RH Dilday (ed.), Rice: Origin, History, Technology, and Production, John Wiley & Sons,
Inc, New Jersey, pp. 103 — 128.

Molina, J, Sikora, M, Garud, N et al. 2011, ‘Molecular evidence for a single evolutionary origin
of domesticated rice, PNAS, vol. 108, pp. 9351 — 8356.

Moller, IS, Gilliham, M, Jha, D, Mayo, GM, Roy SJ, Coates JC, Haseloff, J, Tester, M 2009,
‘Shoot Na* exclusion and increased salinity tolerance engineered by cell type-specific

alteration of Na* transport in Arabidopsis’, The Plant Cell, vol. 21, pp. 2163 — 2178.

Moore, CA, Bowden, HC, Scrase-Field, S, Knight, MR, White, PJ. 2002, ‘The deposition of
suberin lamellae determines the magnitude of cytosolic Ca?* elevations in root endodermal

cells subjected to cooling’, Plant Journal, vol. 30, pp. 457 — 65.

Moradi, F, Ismail, AM 2007, ‘Responses of photosynthesis, chlorophyll fluorescence and ROS-
scavenging systems to salt stress during seedling and reproductive stages in rice’, Annals of
Botany, vol. 99, pp. 1161 - 1173.

Moradi, F, Ismail, AM, Gregorio, GB & Egdane, JA 2003, *Salinity tolerance of rice during
reproductive development and association with tolerance at the seedling stage’, Indian Journal

of Plant Physiology, vol. 8, pp. 276 — 287.

Morishima, H, Sano, Y, Oka, HI 1984, ‘Differentiation of perennial and annual types due to
habitat conditions in the wild rice Oryza perennis’, Plant Systematics and Evolution, vol. 144,
pp. 119 — 135.

Motoda, H, Sasaki, T, Kano, Y, Ryan, P, Delhaize, E, Matsumoto, H, Yamamoto, Y 2007,
“The membrane topology of ALMT1, an aluminum-activated malate transport protein in wheat

(Triticum aestivum)’, Plant Signaling and Behaviour, vol. 2, pp. 467 — 472.

Moya, JL, Gomez-Cadenas, A, Primo-Millo, E, Talon, M 2003, ‘Chloride absorption in salt
sensitive Carrizo citrange and salt-tolerant Cleopatra mandarin citrus rootstocks is linked to

water use’, Journal of Experimental Botany, vol. 54, pp. 825 — 833.

Mulholland, BJ, Taylor, IB, Jackson, AC, Thompson, AJ 2003, ‘Can ABA mediate responses

of salinity stressed tomato? Environmental and Experimental Botany, vol. 50, pp. 17 — 28.

113



Munns R & Tester, M 2008, ‘Mechanisms of Salinity Tolerance’, Annual Review of Plant
Biology, vol. 59, pp. 651-681.

Munns, R 2002, ‘Comparative physiology of salt and water stress’, Plant, Cell and
Environment, vol. 25, pp. 239-250.

Munns, R 2005, “‘Genes and salt tolerance: bringing them Together’, New Phytologist, vol. 167,
pp. 654 — 663.

Munns, R 2011, ‘Plant Adaptations to Salt and Water Stress: Differences and Commonalities’,

In: Advances in Botanical Research (ed. by Ismail T), Academic Press, pp. 1 — 32.

Munns, R, Greenway H, Kirst GO 1983, ‘Halotolerant eukaryotes’, In OL Lange, PS Nobel,
CB Osmond and HH Zeigher (ed.), Physiological Plant Ecology. Ill. Responses to the
Chemical and Biological Environment, Encyclopedia of Plant Physiology, New Series, Vol.
12C, Springer-Verlag, Berlin, pp. 59 — 135.

Munns, R, James, RA, and Lauchli, A 2006, ‘Approaches to increasing salt tolerance of wheat

and other crops’, Journal of Experimental Botany, vol. 57, pp. 1025 — 1043.

Munns, R, James, RA, Gilliham, M, Flowers, TJ, Colmer, DT 2016, ‘Tissue tolerance: an
essential but elusive trait for salt-tolerant crops’, Functional Plant Biology, vol. 43, pp. 1103-
1113.

Munns, R, Schachtman, DP, Condon, AG 1995, ‘The significance of a two-phase growth
response to salinity in wheat and barley’, Australian Journal of Agricultural Research, vol. 22,
pp. 561-569.

Nakamura, A, Fukuda, A, Sakai, S, Tanaka, Y 2006, ‘Molecular cloning, functional expression
and subcellular localization of two putative vacuolar voltage-gated chloride channels in rice

(Oryza sativa L.)’, Plant and Cell Physiology, vol. 47, pp. 32 — 42.

Nakayama, H, Yoshida, K, Ono, H, Murooka, Y & Shinmyo, A 2000, ‘Ectoine, the compatible
solute of Halomonas elongata, confers hyperosmotic tolerance in cultured tobacco cells’, Plant
Physiology, vol. 122, pp. 1239-1247.

Namai, S, Toriyama, K, Fukuta, Y 2009, ‘Genetic variations in dry matter production and
physiological nitrogen use efficiency in rice (Oryza sativa L.) varieties’, Breeding Science, vol.
59, pp. 269 - 276.

114



Nanjo, T, Kobayashi, M, Yoshiba, Y, Kakubari, Y, Yamaguchi-Shinozaki, K & Shinozaki, K
1999, ‘Antisense suppression of proline degradation improves tolerance to freezing and salinity
in Arabidopsis thaliana’, FEBS Letters, vol. 461, pp. 205 — 210.

Nassery, H 1979, “Salt-induced loss of potassium from plant roots’, New Phytologist, vol. 83,
pp. 23 - 27.

National Land and Water Resources Audit 2001, ‘Australian dryland salinity assessment 2000:
extent, impacts, processes, monitoring and management options’, National Land and Water
Resources Audit, Turner, ACT.

Navarro, A, Banon, S, Olmos, E, Sanchez-Blanco, MJ, 2007, ‘Effects of sodium chloride on
water potential components, hydraulic conductivity, gas exchange and leaf ultrastructure of

Arbutus unedo plants’, Plant Science, vol. 172, pp. 473-480.

Negi, J, Matusda, O, Nagasawa, T, Oba, Y, Takahashi, H, KawaiYamada, M, Ochimiya, H,
Hashimoto, M, Iba, K 2008, ‘CO2 regulator SLAC1 and its homologues are essential for anion
homeostasis in plant cells’, Nature 452, pp. 483 — 488.

Negrao, S, Courtois, B, Ahmadi, N, Abreu, I, Saibo, N, Oliveira, MM 2011, ‘Recent updates
on salinity stress in rice: from physiological to molecular responses’, Critical Reviews in Plant
Sciences, vol. 30, pp. 329-377.

Netondo, GW, Onyango, JC, Beck, E 2004, ‘Sorghum and salinity: Il. Gas exchange and
chlorophyll fluorescence of sorghum under salt stress’, Crop Science, vol. 44, pp. 806 — 811.
Newman, IA, 2001, ‘lon transport in roots: measurement of fluxes using ion-selective
microelectrodes to characterize transporter function’, Plant, Cell and Environment, vol. 24, pp.
1-14.

Newman, IA, Kochian, LV, Grusak, MA, Lucas, WJ 1987, ‘Fluxes of H" and K™ in corn roots:
characterization and stoichiometries using ion-selective microelectrodes’, Plant Physiology,
vol. 84, pp. 1177 - 1184.

Nightingale, ER 1959, ‘Phenomenological theory of ion solvation: effective radii of hydrated
ions’, Journal of Physical Chemistry, vol. 63, pp. 1381 — 1387.

Ochiai, K, Matoh, T 2002, ‘Characterization of the Na* delivery from roots to shoots in rice
under saline stress: excessive salt enhances apoplastic transport in rice plants’, Soil Science and
Plant Nutrition, vol. 48, pp. 371 — 378.

115



Ohta, M, Hayashi, Y, Nakashima, A, Hamada, A, Tanaka, A, Nakamura, T, Hayakawa, T 2002,
‘Introduction of a Na*/H" antiporter gene from Atriplex gmelini confers salt tolerance to rice’,
FEBS Letters, vol. 532, pp. 279-282.

Oka, HI 1988, “Origins of Cultivated Rice’, Oxford, New York and Tokyo, Japan Scientific

Societies Press and Elsevier.

Ordonez, NM, Marondedze, C, Thomas, L, Pasqualini, S, Shabala, L, Shabala, S, Gehring, C

2014, “‘Cyclic mononucleotides modulate potassium and calcium flux responses to H20z2 in
Arabidopsis roots’, FEBS Letters, vol. 588, pp. 1008 — 1015.

Palmgren, MG 1998, ‘Proton gradients and plant growth: role of the plasma membrane

H1ATPase’, Advances in Botanical Research, vol. 28, pp. 1 - 70.

Palmgren, MG, Harper, JF 1999, ‘Pumping with plant P-type ATPase’, Journal of
Experimental Botany, vol. 50, pp. 883 — 893.

Pandolfi, C, Pottosin, I, Cuin, T, Mancuso, S, Shabala, S 2010, *Specificity of polyamine effects
on NaCl-induced ion flux kinetics and salt stress amelioration in plants’, Plant and Cell
Physiology, vol. 51, pp. 422 — 434.

Pang, JY, Newman, I, Mendham, N, Zhou, M, Shabala, S 2006, ‘Microelectrode ion and O2
fluxes measurements reveal differential sensitivity of barley root tissues to hypoxia’, Plant,
Cell and Environment, vol. 29, pp. 1107 — 1121.

Pardo, JM, Cubero, B, Leidi, EO, Quintero, FJ 2006, ‘Alkali cation exchangers: roles in cellular

homeostasis and stress tolerance’, Journal of Experimental Botany, vol. 57, pp. 1181-1199.

Paterson, AH, Bowers, JE, Chapman, BA 2004, ‘Ancient polyploidization predating
divergence of the cereals, and its consequences for comparative genomics’, Proceedings of the

National Academy of Sciences of the United States of America, vol. 101, pp. 9903 — 9908.

Paterson, AH, Bowers, JE, Vandepoele, K, Van de Peer, Y 2005, *Ancient duplication of cereal
genomes’, New Phytologist, vol. 165, pp. 658 — 661.

Peleg, ZV, Fahima, T, Krugman, T, Abbo, S, Yakir, DAN, Korol, AB, Saranga, Y 2009,

116



‘Genomic dissection of drought resistance in durum wheat x wild emmer wheat recombinant

inbreed line population’, Plant, Cell and Environment, vol. 32, pp. 758 — 779.

Peng, S, Cassman, KG, Virmani, SS, Sheehy, J & Khush, GS 1999, ‘Yield potential of tropical
rice since the release of IR8 and the challenge of increasing rice yield potential’, Crop Science,
vol. 39, pp. 1552 — 1559.

Peng, S, Khush, GS, Cassman, KG 1994, ‘Evolution of the new plant ideotype for increased
yield potential’, in KG Cassman (ed.), Breaking the Yield Barrier: Proceedings of a Workshop
on Rice Yield Potential in Favourable Environment, International Rice Research Institute,

Philippines, pp. 5 - 20.

Perez, AF, Estan, MT, Santa-Cruz A, Bolarin, MC 1993, ‘Effects of salinity on nitrate, total
nitrogen, soluble protein and free amino acid levels in tomato plants’, Journal of Horticultural
Science, vol. 68, pp. 1021 — 1027.

Petersen, L, and Shireen, S 2001, “Soil and water salinity in the coastal area of Bangladesh’,
Soil Resources Development Institute, Dhaka, Bangladesh. Viewed 11 February 2018,
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf.

Petronia, C, 2011, “‘Abiotic Stress in Plants: mechanisms and adaptations’, in A Shanker (ed.),
InTech, pp. 121 — 132.

Pineros, MA and Kochian, LV 2001, ‘A patch-clamp study on the physiology of aluminum
toxicity and aluminum tolerance in maize, identification and characterization of Al**induced
anion channels’, Plant Physiology, vol. 125, pp. 292 — 305.

Pitman, MG 1984, *Transport across the root and shoot/root interactions’, in RC Staples (ed.)

Salinity Tolerance in Plants, Strategies for Crop Improvement, Wiley, New York, pp. 93 - 123.

Platten, JD, Cotsaftis, O, Berthomieu, P, Bohnert, H, Davenport, RJ, Fairbairn, DJ, Horie, T,
Leigh, RA, Lin, HX, Luan, S, et al. 2006, ‘Nomenclature for HKT transporters, key

determinants of plant salinity tolerance’, Trends in Plant Science, vol. 11, pp. 372-374.

Platten, JD, Egdane, JA, Ismail, AM 2013, ‘Salinity tolerance, Na* exclusion and allele mining
of HKT1;5 in Oryza sativa and O. glaberrima: many sources, many genes, one mechanism?

BMC Plant Biology, vol. 13, pp. 32.

117


http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf
http://ageconsearch.umn.edu/bitstream/198012/2/16-160-AJARD-658-667.pdf

Plett, DC and Moller, IS 2009, ‘Na* transport in plants: what we know and would like to know’,

Plant, Cell and Environment, vol. 33, pp. 612 — 626.

Popp, M, Smirnoff, N 1995, ‘Polyol accumulation and metabolism during water deficit’, in N
Smirnoff (ed.) Environment and Plant Metabolism: Flexibility and Acclimation, Bios
Scientific, Oxford, UK, pp. 199 — 215.

Pottosin, I, Dobrovinskaya, O 2014, ‘Non-selective cation channels in plasma and vacuolar
membranes and their contribution to K* transport’, Journal of Plant Physiology, vol. 171, pp.

732-742.

Prakash, VA, Chandha, DK 1983, ‘Genetic causes of ground water salinization in Haryana,

India’, Bulletin of Indian Geological Association, vol. 16, pp. 99.

Purevdorj, M, Kubo, M 2000, ‘The Future of Rice Production, Consumption and Seaborne
Trade: Synthetic Prediction Method’, International Rice, vol. 12, pp. 7-9.

Qadir, M, Quillerou, V, Nangia, G, Murtaza, M, Singh, RJ, Thomas, P, Dreschsel, and Noble,
AD 2014, ‘Economics of salt-induced land degradation and restoration’, Natural Resources
Forum, vol. 38, pp. 382 — 295.

Qiu, QS, Guo, Y, Dietrich, MA, Schumaker, KS, Zhu JK 2002, ‘Regulation of SOS1, a plasma
membrane Na*/H* exchanger in Arabidopsis thaliana, by SOS2 and SOS3’, Proceedings of the
National Academy of Sciences of the United States of America, vol. 99, pp. 8436-8441.
Quarrie, S, Pekic, Quarrie, S, Radosevic, R, Rancic, D, Kaminska, A, Barnes, J, Leverington,
M, Ceoloni, C, Dodig, D 2006, ‘Dissecting a wheat QTL for yield present in a range of
environments: from the QTL to candidate genes’, Journal of Experimental Botany, vol. 57, pp.
2627 — 2637.

Rabbani, MA, Maruyama, K, Abe, H, Khan, MA, Katsura, K et al. 2003, ‘Monitoring
expression profiles of rice genes under cold, drought, and high salinity stresses and abscisic
acid application using cDNA microarray and RNA Gel-Blot analyses’, Plant Physiology, vol.
133, pp. 1755 — 1767.

Radanielson, AM, Angeles, O, Li, T, Ismail, AM, Gaydon, DS 2018, ‘Describing the
physiological responses of different rice genotypes to salt stress using sigmoid and piecewise
linear functions’, Field Crops Research, vol. 220, pp. 46 — 56.

118



Radcliffe, J 2006, ‘Future directions for water recycling in Australia’, Desalination, vol. 187,
pp. 77 — 87.

Rahman, MS, Matsumuro, T, Miyake, H, Takeoka, T 2001, ‘Effects of salinity stress on the
seminal root tip ultrastructures of rice seedlings (Oryza sativa L.)’, Plant Production Science,
vol. 4, pp. 103 - 111.

Rahman, MS, Matsumuro, T, Miyake, H, Takeoka, Y 2000, ‘Salinity induced ultrastructural
alterations in leaf cells of rice (Oryza sativa L.)’, Plant Production Science, vol. 3, pp. 422 —
429.

Rajendran, K, Tester, M, Roy, SJ 2009, ‘Quantifying the three main components of salinity

tolerance in cereals’, Plant, Cell and Environment, vol. 32, pp. 237 — 249.

Rea, PA. 2007, ‘Plant ATP-binding cassette transporters’, Annual Review of Plant Biology, vol.
58, pp. 347 — 375.

Rengasamy, P 2002, ‘Transient salinity and subsoil constraints to dryland farming in Australian
sodic soils: an over view’, Australian Journal of Experimental Agriculture, vol. 42, pp. 351-
361.

Rengasamy, P 2006, ‘World salinization with emphasis on Australia’, Journal of Experimental
Botany, vol. 57, pp. 1017-1023.

Rengasamy, P 2010, ‘Soil process affecting crop production in salt affected soils’, Functional
Plant Biology, vol. 37, pp. 613 — 620.

Renkow, M, Byerlee, D 2010, ‘The impacts of CGIAR research: a review of recent evidence’,
Food Policy, vol. 35, pp. 391-402.

Ricegrowers’ Association of Australia 2014, “‘History of rice in Australia’, viewed 9 February
2018, http://www.rga.org.au/f.ashx/History-2014_Web.pdf.

Richter, BC, Kreitle, CW 1993, ‘Geochemical techniques for identifying sources of Ground
Water Salinization’, CK Smoley, CRC Press, Boca Raton, pp. 258.

Rodriguez, P, Torrecillas, A, Morales, MA, Ortuio, MF, Sanchez-Blanco, MJ 2005, ‘Effects of
NaCl salinity and water stress on growth and leaf water relations of Asteriscus maritimus

plants’, Environmental and Experimental Botany, vol. 53, pp. 113-123.

119


http://www.rga.org.au/f.ashx/History-2014_Web.pdf
http://www.rga.org.au/f.ashx/History-2014_Web.pdf
http://www.rga.org.au/f.ashx/History-2014_Web.pdf
http://www.rga.org.au/f.ashx/History-2014_Web.pdf

Ron, M, Weller, JI 2007, ‘From QTL to QTN identification in livestock “Winning by points

rather than knock-out”: a review’, Animal Genetics, vol. 38, pp. 429 — 439.

Roy, SJ, Chakraborty, U 2014a, ‘Salt tolerance mechanisms in Salt Tolerant Grasses (STGS)

and their prospects in cereal crop improvement’, Botanical Studies, vol. 55, pp. 113-124.

Roy, SJ, Negrao, S, Tester, M 2014b, ‘Salt resistant crop plants’, Current Opinion in
Biotechnology, vol. 26, pp. 115-124.

Ruan, CJ, Jamie, A, Silva, T, Mopper, S, Qin, P, Lutts, S 2010, ‘Halophyte improvement for a

salinized world’, Critical Reviews in Plant Science, vol. 6, pp. 329 — 359.

Rudrappa, T, Czymmek, KJ, Pare, PW, Bais, HP 2008, ‘Root-secreted malic acid recruits
beneficial soil bacteria’, Plant Physiology, vol. 148, pp. 1547 — 1556.

Ruiz-Sanchez, MC, Domingo, R, Torrecillas, A, Perez-Pastor, A 2000, ‘Water stress
preconditioning to improve drought resistance in young apricot plants’, Plant Science, vol. 156,
pp. 245-251.

Rural Industries Research and Development Corporation 2002, ‘Agronomic and molecular
aspects of osmoprotectants application and cold tolerance in rice’, viewed 8 February 2018,

http://www.agrifutures.com.au/wp-content/uploads/publications/05-197.pdf.

Sahi, C, Singh, A 2006, ‘Salt stress response in rice: genetics, molecular biology, and

comparative genomics’, Functional Integrated Genomics, vol. 6, pp. 263-284.

Sakamoto, A, Murata, A, Murata, N 1998, ‘Metabolic engineering of rice leading to
biosynthesis of glycine betaine and tolerance to salt and cold’, Plant Molecular Biology, vol.
38, pp. 1011 - 1019.

Salvi, S, Tuberosa, R 2005, ‘“To clone or not to clone plant QTLs: present and future

challenges’, Trends in Plant Science, vol. 10, pp. 297 — 304.

Sanchez-Blanco, MJ, Rodriguez, P, Olmos, E, Morales, MA, Torrecillas, A 2004, ‘Differences
in the effects of simulated sea aerosol on water relations, salt content, and leaf ultrastructure of

Rock-Rose plants’, Journal of Environmental Quality, vol. 33, pp. 1369-1375.

Sanders, D, Pelloux, J, Brownlee, C, Harper, JF 2002, ‘Calcium at the cross-roads of
signalling’, The Plant Cell, vol. 14, pp. 401 — 417.
120


http://www.agrifutures.com.au/wp-content/uploads/publications/05-197.pdf
http://www.agrifutures.com.au/wp-content/uploads/publications/05-197.pdf
http://www.agrifutures.com.au/wp-content/uploads/publications/05-197.pdf
http://www.agrifutures.com.au/wp-content/uploads/publications/05-197.pdf
http://www.agrifutures.com.au/wp-content/uploads/publications/05-197.pdf
http://www.agrifutures.com.au/wp-content/uploads/publications/05-197.pdf

Sarhadi, E, Bazargani, MM, Sajise, AG, Abdolahi, S, Vispo, NA, Arceta, M et al. 2012,
‘Proteomic analysis of rice anthers under salt stress’, Plant Physiology and Biochemistry, vol.
58, pp. 280-287.

Save, R, Olivella, C, Biel, C, Adillon, J, Rabella, R 1994, *Seasonal patterns of water
relationships, photosynthetic pigments and morphology of Actinidia deliciosa plants of the

Haywards and Tomouri cultivars’, Agronomie, vol. 2, pp. 121-126.

Sawada, H, Kohno, Y 2009, ‘Differential ozone sensitivity of rice cultivars as indicated by

visible injury and grain yield’, Plant Biology, vol. 11, pp. 70 — 75.

Sawahel, WA and Ali, HH 2002, ‘Generation of transgenic wheat plants producing high levels
of the osmoprotectants proline’, Biotechnology Letters, vol. 24, pp. 721 — 725.

Schofield, NJ, Ruprceht, JK 1989, ‘Regional analysis of stream salinization in southwest

Western Australia’, Journal of Hydrology, vol. 112, pp. 19 — 39.

Schroder, N, Lazarovitch, N, Vanderborght, J, Vereecken, H, Javaux, M 2014, ‘Linking
transpiration reduction to rhizosphere salinity using a 3D coupled soil-plant model’, Plant and
Soil, vol. 377, pp. 277 — 293.

Scoffoni, C, Albuquerque, C, Brodersen, CR, Townes, SV, John, GP, Cochard, H, Buckley,
TN, McElrone, AJ, Sack, L 2016, “Leaf vein xylem conduit diameter influences susceptibility
to embolism and hydraulic decline’, New Phytologist, vol. 213, pp. 1076 — 1092.

Scoffoni, C, Albuquerque, C, Brodersen C, Townes, SV, John, GP, Bartlett, MK, Buckley, TN,
McElrone, AJ, Sack, L 2017, “‘Outside-xylem vulnerability, not xylem embolism, controls leaf

hydraulic decline during dehydration’, Plant Physiology, vol. 173, pp. 1197 — 1210.

Scott, HD, Miller, DM, Renaud, FG 2003, ‘Rice soils: Physical and chemical characteristics
and behaviour’, Chapter 3.3, in CW Smith, RH Dilday, (ed.), Rice: Origin, History,
Technology, and Production, John Wiley and Sons Inc, Hoboken, New Jersey, pp 297 — 329.

Scott, JC 2009, ‘The art of not being governed’, (ed.) JC Scott, Yale Agrarian Studies Series,
New Haven, CT, USA, Yale University Press.

Seck, PA, Diagne, A, Mohanty, S, Wopereis, MC 2012, ‘Crop that feeds the world: rice’, Food
Security, vol. 4, pp. 7 — 24.

121



Seeman, JR & Sharkey, TD 1986, “Salinity and nitrogen effects on photosynthesis, ribulosel,5-
bisphosphate carboxylase and metabolite pool sizes in Phaseolus vulgaris L.’, Plant
Physiology, vol. 82, pp. 555-560.

Segonzac, C, Boyer, JC, Ipotesi E, Szponarski, W, Tillard, P, Touraine, B, Sommerer, N,
Rossignol, M, Gibrat, R 2007, *Nitrate efflux at the root plasma membrane: identification of an

Arabidopsis excretion transporter’, The Plant Cell, vol. 19, pp. 3760 — 3777.

Sengupta, A, Chakraborty, M, Saha, J, Gupta, B, Gupta, K 2016, ‘Polyamines:
Osmoprotectants in Plant Abiotic Stress Adaptation’, in Igbal N, Nazar R, A. Khan N. (ed.)
Osmolytes and Plants Acclimation to Changing Environment: Emerging Omics Technologies,
Springer, New Delhi, pp. 97 — 127.

Sengupta, S, Majumder, AL 2010, ‘Porteresia coarctata (Roxb.) Tateoka, a wild rice: a
potential model for studying salt-stress biology in rice’, Plant, Cell and Environment, vol. 33,
pp. 526 542.

Serrano, R, Mulet, JM, Rios, G, Marquezs, JA, De Larrinoa, IF, Leube, MP, Mendizabal, I,
Pascual-Ahuir, A, Proft, M, Ros, R, Montesinos, C 1999, ‘A glimpse of the mechanisms of ion

homeostasis during salt stress’, Journal of Experimental Botany, vol. 50, pp. 1023-1036.

Shabala S, Demidchik V, Shabala L, Cuin TA, Smith SJ, et al. 2006, ‘Extracellular Ca?*
ameliorates NaCl-induced K™ loss from Arabidopsis root and leaf cells by controlling plasma

membrane K*-permeable channels’, Plant Physiology, vol. 141, pp. 1653-1665.

Shabala, S 2000, ‘lonic and osmotic components of salt stress specifically modulate net ion

fluxes from bean leaf mesophyll’, Plant, Cell and Environment, vol. 23, pp. 825-837.

Shabala, S 2003, ‘Regulation of potassium transport in leaves: from molecular to tissue level’,
Annals of Botany, vol. 92, pp. 627-634.

Shabala, S 2009, “Salinity and programmed cell death: unravelling mechanisms for ion specific

signalling’, Journal of Experimental Botany, vol. 60, pp. 709-12.

122



Shabala, S, & Cuin, TA 2008, ‘Potassium transport and plant salt tolerance’, Physiologia
Plantarum, vol. 133, pp. 651-659.

Shabala, S, 2006, ‘Non-invasive microelectrode ion flux measurements in plant stress
physiology’, in AG Volkov (ed.) Plant Electrophysiology—Theory and Methods, Springer
Verlag, Berlin/Heidelberg, pp. 35-71.

Shabala, S, and Pottosin, | 2014, ‘Regulation of potassium transport in plants under hostile
conditions: implications for abiotic and biotic stress tolerance’, Physiologia Plantarum, vol.
151, pp. 257 — 279.

Shabala, S, Cuin, TA & Pottosin, |1 2007, ‘Polyamines prevent NaCl-induced K* efflux from
pea mesophyll by blocking non-selective cation channels’, FEBS Letters, vol. 581, pp. 1993-
1999.

Shabala, S, Cuin, TA, Prismall, L, Nemchinov, LG 2007, ‘Expression of animal CED-9
antiapoptotic gene in tobacco modifies plasma membrane ion fluxes in response to salinity and

oxidative stress’, Planta, vol. 227, pp. 189-197.

Shabala, S, Newman, | & Morris J 1997, “‘Oscillations in H* and Ca%* ion fluxes around the
elongation region of corn roots and effects of external pH’, Plant Physiology, vol. 113, pp. 111
- 118.

Shabala, S, Shabala, L, Van Volkenburgh, E 2003, ‘Effect of calcium on root development and

root ion fluxes in salinised barley seedlings’, Functional Plant Biology, vol. 30, pp. 507 — 514.

Shahbaz, M, Ashraf, M 2013, ‘Improving Salinity Tolerance in Cereals’, Critical Reviews in
Plant Sciences, vol. 32, pp. 237 — 249.

Sheveleva, E, Chmara, W, Bohnert, HJ, Jensen, RG, 1997, ‘Increased salt and drought tolerance
by D-ononitol production in transgenic Nicotiana tabacum L’, Plant Physiology, vol.
115, pp. 1211-1219.

123



Sibole, JV, Montero, E, Cabot, C, Poschenrieder, C, Barcelo, J 1998, ‘Role of sodium in the
ABA-mediated long-term growth response of bean to salt stress’, Physiologia Plantarum, vol.
104, pp. 299 — 305.

Silva, F, Stevens, C, Weisskopf, A, Castillo, C et al. 2015, ‘Modelling the geographical origins

of rice cultivation in Asia using rice archaeological database’, PLoS ONE, vol. 10, pp 1 - 21.

Singh, NK, Bracken, CA, Hasegawa, PM, Handa, AK, Buckel, S, et al. 1987, ‘Characterization
of osmotin. A thaumatin-like protein associated with osmotic adjustment in plant cells’, Plant
Physiology, vol. 85, pp. 529 — 536.

Singh, R, and Flowers, T 2010, ‘Physiology and molecular biology of the effects of salinity on
rice’, Handbook of Plant and Crop Stress, pp. 899-939.

Singh, RK, Mishra, B, Singh, KN 2004, “Salt tolerant rice varieties and their role in reclamation

programme in Uttar Pradesh’, Indian Farmer, vol. 3, pp. 6-10.

Smethurst, CF, Rix, K, Garnett, T, Auricht, G, Bayart, A, et al. 2008, ‘Multiple traits associated
with salt tolerance in Lucerne: revealing the underlying cellular mechanisms’, Functional Plant
Biology, vol. 35, pp. 640-650.

Smillie, R, Hetherington, SE, Hie, J, Nott, R 1988, ‘Photo inhibition at chilling temperatures’,
in JR Evans, S Van Caemmerer, WW Adams, 11 (ed.), Ecology of photosynthesis in sun and
shade, CSIRO, East Melbourne, pp. 207 — 222.

Stoeva, N and Kaymakanova, M 2008, ‘Effect of salt stress on the growth and photosynthesis

rate of bean plants’, Agriculture, vol. 9, pp. 385 — 392.

Su, J and Wu, R 2004, *Stress-inducible synthesis of proline in transgenic rice confers faster
growth under stress conditions than that with constitutive synthesis’, Plant Science, vol. 166,
pp. 941-948.

Sultana, N, lkeda, T and Itoh, R 1999, ‘Effect of NaCl salinity on photosynthesis and dry matter
accumulation in developing rice grains’, Environmental and Experimental Botany, vol. 42, pp.

124



211 - 220.

Sun, J, Chen, SL, Dai, SX, et al. 2009, ‘NaCl -induced alter
fluxes in roots of salt Plesistahysiodogylt vebnbid®ye poplar specie
pp. 1141-1153.

Sunarpi, Horie, T, Motoda, J, Kubo, M & Yang, H 2005, ‘Enhanced salt tolerance mediated by
AtHKT1 transporter-induced Na* unloading from xylem vessels to xylem parenchyma cells’,
The Plant Journal, vol. 44, pp. 928 — 938.

SunRice 2004, ‘History of Australian rice fact sheet’, viewed 8 February 2018,

https://www.sunrice.com.au/media/6663/history_of australian_rice.pdf.

Sussman, M 1994, “‘Molecular analysis of protein in the plant plasma membrane’, Annual

Reviews of Plant Physiology and Plant Molecular Biology, vol. 45, pp. 211-234.

Sweeney, M, McCouch, S 2007, “The complex history of the domestication of rice’, Annals of
Botany, vol. 100, pp. 951 — 957.

Szabolcs, 1. 1989, ‘Salt-affected soils’, Boca Raton, FI: CRC Press.
Sze, H, Li, XH, Plamgren, MG 1999, ‘Energization of plant cell membrane by H* -pumping

ATPases: regulation and biosynthesis’, The Plant cell, vol. 11, pp. 677 — 689.

Takeoka, Y, AlMamun, A, Wada, Kaufman, B 1992, ‘Reproductive Adaptations of Rice to

Environmental Stress’, Elsevier, Amsterdam.

Talsma, T 1963, ‘The control of saline groundwater’, thesis for the degree of Doctor in Land
technology, University of Wageningen, Reprint of Bulletin of University of Wageningen, pp.
1-68.

Tang, W, Peng, X, Newton, RJ 2005, ‘Enhanced tolerance to salt stress in transgenic loblolly
pine simultaneously expressing two genes encoding mannitol-1-phosphate dehydrogenase and

glucitol-6-phosphate dehydrogenase’, Plant Physiology and Biochemistry, vol. 43, pp. 139146.

125


https://www.sunrice.com.au/media/6663/history_of_australian_rice.pdf
https://www.sunrice.com.au/media/6663/history_of_australian_rice.pdf

Tardieu, F, Simonneau, T 1988, ‘Variability among species of stomatal control under
fluctuating soil water status and evaporative demand: modelling isohydric and anisohydric

behaviours’, Journal of Experimental Botany, vol. 49, pp. 419 — 432.

Tattini, M, Gucci, R, Coradeschi, MA, Ponzio, C, Everard, JD 1995, ‘Growth, gas exchange
and ion content in Olea europaea plants during salinity stress and subsequent relief’,

Physiologia Plantarum, vol. 95, pp. 203 — 210.

Teakle, NL, Tyerman, SD 2010, ‘Mechanisms of CI" transport contributing to salt tolerance’,
Plant, Cell and Environment, vol. 33, pp. 566 — 589.

Teodoro, AE, Zingarelli, L, Lado, P 1998, ‘Early changes of CI efflux and H* extrusion
induced by osmotic stress in Arabidopsis thaliana cells’, Physiologia Plantarum, vol. 102, pp.
29 - 37.

Tester, M, Langridge, P 2010, ‘Breeding technologies to increase crop production in a changing
world’, Science, vol. 327, pp. 818-822.

The rice genome project 2014, “The 3,000 rice genomes project’, GigaScience, vol. 3, pp. 1 —

6.
Thirtle, C, Lin, L, Piesse, J 2003, ‘The impact of research led agriculture productivity growth

on poverty reduction in Africa, Asia, and Latin America’, World Development, vol. 31, pp.
1959-1975.

Thomas, JC, Sepahi, M, Arendall, B & Bohnert, HJ 1995, ‘Enhancement of seed germination
in high salinity by engineering mannitol expression in Arabidopsis thaliana’, Plant, Cell and
Environment, vol. 18, pp. 801 — 806.

Thomson, MJ, Tai, TH, McClung, AM, Lai, XH, Hinga, ME 2003, ‘Mapping quantitative trait
loci for yield, yield components and morphological traits in an advanced backcross population
between Oryza rufipogon and the Oryza sativa cultivar Jefferson’, Theoretical and Applied
Genetics, vol. 107, pp. 479 — 493.

Todaka D, Nakashima K, Shinozaki K, Yamaguchi-Shinozaki K, 2012, ‘Towards
understanding transcriptional regulatory networks in abiotic stress responses and tolerance in

rice’, Rice, vol. 5, pp. 1 - 9.

126



Torrecillas, A, Rodriguez, P, Sanchez-Blanco, MJ 2003, ‘Comparison of growth, leaf water
relations and gas exchange of Cistusalbidus and C. monspliensis plants irrigated with water of

different NaCl salinity levels’, Scientia Horticulturae, vol. 97, pp. 353-368.

Tracey, FE, Gilliham, M, Dodd, AN, Webb, AAR, Tester, M, 2008, ‘Cytosolic free Ca?" in
Arabidopsis thaliana are heterogeneous and, modified by external ionic composition’, Plant,
Cell and Environment, vol. 31, pp. 1063-1073.

Tripathi, RS 2009, “‘Alkali Land Reclamation,” Mittal Publications, New Delhi.

Tsay, YF, Chiu, CC, Tsai, CB, Ho CH, Hsu PK 2007, ‘Nitrate transporters and peptide
transporters’, FEBS Letters, vol. 581, pp. 2290 — 2300.

Tudela, D, Primo-Millo, E 1992, ‘I-Aminocyclopropane-1-carboxylicacid transported from
roots to shoots promotes leaf abscission in Cleopatra mandarin (Citrusreshni Hort. ex Tan.)

seedlings rehydrated after water stress’, Plant Physiology, vol. 100, pp. 131-137.

Tuteja, N 2007, ‘Mechanisms of high salinity tolerance in plants’, Methods in enzymology, vol.
428, pp. 419-38.
Tyerman, SD 1992, ‘Anion channels in plants’, Annual Review of Plant Physiology and Plant

Molecular Biology, vol. 43, pp. 351 — 373.

Uehara, Y, Kobayashi, A, Koga, Y, Uchiyamada, H, Miura, K, Fukui, K, Shimizu, H, Ohta, H,
Fujita, Y, Okuno, K, Ishizawa, S, Horiuchi, H, Nakagahara, M 1995, Breeding of a new rice
cultivar (Dontokoi)’, Bulletin of the Hokuriku National Agricultural Experimental Station,
vol. 37, pp. 107 — 131.

Ul Haq, T, Gorham, J, Akhtar J, Akhtar, N, Steele, KA 2010, ‘Dynamic quantitative trait loci
for salt stress components on chromosome 1 of rice’, Functional Plant Biology, vol. 37, pp.
634.

United Nations Fund Population Activities 2014, ‘Linking population, poverty and
development’, viewed 16 April 2018,<http://www.unfpa.org/pds/trends.htm>.

127


http://www.unfpa.org/pds/trends.htm
http://www.unfpa.org/pds/trends.htm

United States Department of Agriculture 2013, ‘Bibliography on Salt Tolerance. Fibres, Grains
and Special Crops’, Riverside, CA, George E, Brown Jr, Salinity Lab, US Department of

Agriculture, Agriculture Research Service.

Uozumi, N, Kim, EJ, Rubio, F, Yamaguchi, T, Muto, S, Tsuboi, A, Bakker, EP, Nakamura, T,
Schroeder, JI 2000, ‘The Arabidopsis HKT1 gene homolog mediates inward Na* currents in
Xenopus laevis oocytes and Na* uptake in Saccharomyces cerevisiae’, Plant physiology, vol.
122, pp. 1249 — 1259.

Urao, T, Yakubov, B, Satoh, R, Yamaguchi-Shinozaki, K, Seki, M, et al. 1999, ‘A
transmembrane hybrid-type histidine kinase in Arabidopsis functions as an osmo-sensor’, The
Plant Cell, vol. 11, pp. 1743 — 1754.

Valencia-Cruz G, Shabala, L, Delgado-Enciso, I, Shabala S, Bonales-Alatorre E, Pottosin, I,
et al. 2009, ‘Kbg and Kv1.3 channels mediate potassium efflux in the early phase of apoptosis
in Jurkat T lymphocytes’, American Journal of Physiology-Cell Physiology, vol. 297 pp.1544
—1553.

Vaughan, DA, Lu, B, Tomooka N 2008, ‘Was Asia rice (Oryza sativa L.) domesticated more
than once? Rice, vol. 1, pp. 16 — 24.

Vaughan, DA, Morishima, H, Kadowaki, K 2003, ‘Diversity in the Oryza genus’, Current
Opinion in Plant Molecular Biology, vol. 6, pp. 139 — 146.
Very, AA, Sentenac, H 2002, ‘Cation channels in the Arabidopsis plasma membrane’, Trends

in Plant Science, vol. 7, pp. 168 — 175.

Vitte, C, Ishii, T, Lamy, F, Brar, D, Panaud O. 2004, ‘Genomic paleontology provides evidence
for two distinct origins of Asian rice (Oryza sativa L)’, Molecular Genetics and Genomics, vol.
272, pp. 504 - 511.

Volkov, V 2014, ‘Salinity tolerance in plants: attempts to manipulate ion transport’, Cornell

University Library, Quantitative Biology-Subcellular Processes, pp. 1 — 67.

Volkov, V and Beilby, MJ 2017, “Salinity tolerance in plants: mechanisms and regulations of

ion transport’, Frontiers in Plant Science, vol. 8, pp. 1 —4.

128



Volkov, V, Amtmann, A, 2006, ‘Thellungiella halophila, a salt-tolerant relative of Arabidopsis
thaliana, has specific root ion-channel features supporting K* /Na* homeostasis under salinity
stress’, The Plant Journal, vol. 48, pp. 342 — 353.

Von Korff, M, Grando, S, Del Greco, A, This, D, Baum, M, Ceccarelli, S 2008, ‘Quantitative
trait loci associated with adaptation to Mediterranean dryland conditions in barley’, Theoretical
and Applied Genetics, vol. 117, pp. 653 — 6609.

Vysotskaya, L, Hedley, PE, Sharipova, G, Veselov, D, Kudoyarova, G, Morris, J, Jones, HG
2010, ‘Effect of salinity on water relations of wild barley plants differing in salt tolerance’, AoB

Plants, vol. 6, pp. 1 - 8.

Wang, F, Chen, Z, Liu, X, Colmer, T, Zhou, M, Shabala, S 2016, ‘Tissue-specific root ion
profiling reveals essential roles of the CAX and ACA calcium transport systems in response to

hypoxia in Arabidopsis’, Journal of Experimental Botany, vol. 67, pp. 3747 — 3762.

Wang, F, Cheng, FM, Zhang, GP 2007, *Difference in grain yield and quality among tillers in
rice genotypes differing in tillering capacity’, Rice Science, vol. 14, pp. 135-140.

Wang, H, Zhang, MS, Guo, R, Shi, DC, Liu, B, Lin, XY, Yang, CW 2012, ‘Effects of salt stress
on ion balance and nitrogen metabolism of old and young leaves in rice (Oryza sativa L.)’,
BMC Plant Biology, vol. 12, pp. 194.

Wang, WH, Yi, XQ, Han, AD, et al. 2012, ‘Calcium-sensing receptor regulates stomatal closure
through hydrogen peroxide and nitric oxide in response to extracellular calcium in
Arabidopsis’, Journal of Experimental Botany, vol. 63, pp. 177 — 190.

Wang, X, Wang, W, Huang, J, Peng, S, Xiong, D 2018, ‘Diffusional conductance to CO2 is the
key limitation to photosynthesis in salt-stressed leaves of rice (Oryza sativa L.)’, Physiologia
Plantarum, vol. 163, pp. 45 — 58.

Wang, Y, and J, Li 2011, ‘Branching in rice’, Current Opinion in Plant Biology, vol. 14, pp.
94 - 99.

Wankhade, SD, Bahaji, A, Mateu-Andrés, I, Cornejo MJ 2010, ‘phenotypic indicators of NaCl
tolerance levels in rice seedlings: variations in development and leaf anatomy’, Acta

Physiologiae Plantarum, vol. 32, pp. 1161 — 1169.

129



Wankhade, SD, Cornejo, MJ, Mateu-Andreés I, Sanz, A 2013, ‘Morphophysiological variations
in response to NaCl stress during vegetative and reproductive development of rice’, Acta

Physiologiae Plantarum, vol. 35, pp. 323 — 333.

Ward, JM, Maser, P, Schroeder, JI 2009, ‘Plant ion channels: gene families, physiology, and

functional genomics analyses’, Annual Review of Physiology, vol. 71, pp. 59-82.

White, PJ and Broadley, MR 2001, ‘Chloride in soils and its uptake and movement within the
plant: a review’, Annals of Botany, vol. 88, pp. 967 — 988.

Wilson, SM 2003, ‘Determining the full costs of dryland salinity across the Murray-Darling
Basin’, Final Project Report, a Wilson Land Management Services report to the Murray Darling
Basin Commission and National Dryland Salinity Program, viewed 12 February 2108,

http://www.environment.nsw.gov.au/salinity/basics/costs.htm.

Wu, H, Shabala, L, Barry, K, Zhou, M, Shabala, S 2013, *Ability of leaf mesophyll to retain
potassium correlates with salinity tolerance in wheat and barley’, Physiologia Plantarum, vol.
149, pp. 515- 527.

Wu, H, Zhu, M, Shabala, L, Zhou, M, Shabala, S 2015, ‘K" retention in leaf mesophyll, an
overlooked component of salinity tolerance mechanism: a case study for barley’, Journal of

Integrative Plant Biology, vol. 57, pp. 171-185.

Wu, X, Ebine, K, Ueda, T, Qiu, QS 2016, ‘AtNHX5 and AtNHX6 are required for the
subcellular localization of the SNARE complex that mediates the trafficking of seed storage
proteins in Arabidopsis’, PLoS ONE, vol. 11, pp. 1 - 25.

Xiong, L, Yang, Y 2003, ‘Disease resistance and abiotic stress tolerance in rice are inversely
modulated by an abscisic acid-inducible mitogen-activated protein kinase’, The Plant Cell, vol.
15, pp. 745 — 759.

Xu, G, Magen, H, Tarchitzky, J, Kafkafi, U 2000, ‘Advances in chloride nutrition’, Advances
in Agronomy, vol. 68, pp. 96 — 150.

Xu, JW, Huang, X, Lan, HX, Zhang, HS, Huang, J 2016, ‘Rearrangement of nitrogen
metabolism in rice (Oryza sativa L.) under salt stress’, Plant Signaling and Behaviour, vol. 11,

pp.1 - 4.

130


http://www.environment.nsw.gov.au/salinity/basics/costs.htm
http://www.environment.nsw.gov.au/salinity/basics/costs.htm

Xu, X, Liu X, Song, G, Jensen, JD et al. 2012, ‘Resequencing 50 accessions of cultivated and
wild rice yields markers for identifying agronomically important genes’, Nature Biotechnology,
vol. 30, pp. 105 - 111.

Xue, D, Huang, Y, Zhang, X, Wei, K, Westcott, S, Li, C, Chen, M, Zhang, G, Lance, R 2009,
‘Identification of QTLs associated with salinity tolerance at late growth stage in barley’,
Euphytica, vol. 169, pp. 187 — 196.

Yadav, R, Flowers, TJ, Yeo, AR 1996, ‘The involvement of the transpirational bypass flow in
sodium uptake by high and low sodium-transporting lines of rice developed through

intravarietal selection’, Plant, Cell and Environment, vol.19, pp. 329 — 336.

Yamane, K, Mitsuya, S, Taniguchi, M, Miyake, H 2012, ‘Salt-induced chloroplast protrusion
is the process of exclusion of ribulose-1,5-bisphosphate carboxylase/oxygenase from
chloroplasts into cytoplasm in leaves of rice’, Plant, Cell and Environment, vol. 35, pp. 1663
- 1671.

Yamano, T, Arouna, A, Labarta, RA, Huelgas, M, Mohanty, S 2016, *Adoption and impacts of

international rice research technologies’, Global Food Security, vol.8, pp.1 - 8.

Yamashita, K and Matsumoto H 1996, “Salt stress
anion transport activity in plasma membrane of barley roots’, Soil Science and Plant Nutrition,
vol. 42, pp. 209 - 213.

Yamauchi, M 2001, ‘Crop establishment and grain yield of direct sowing culture of rice with
recycled-paper mulch’, Japanese Journal of Crop Science, vol. 70, pp. 164 — 172.

Yan, JP, He H, Tong, SB, Zhang, WR, Wang JM, Li, XF, Yang, Y 2009, ‘Voltage-dependent
anion channel 2 of Arabidopsis thaliana (AtVDAC?2) is involved in ABA-mediated early

seedling development’, International Journal of Molecular Sciences, vol. 10, pp. 2476 — 2486.

Yang, J, Sears, RG, Gill, BS, Paulsen, GM 2002, ‘Quantitative and molecular characterization

of heat tolerance in hexaploid wheat’, Euphytica, vol. 126, pp. 275 — 282.

Yang, J, Zheng, W, Tian, Y et al. 2011, *Effects of various mixed salt-alkaline stresses on
growth, photosynthesis, and photosynthetic pigment concentrations of Medicago ruthenica

seedlings’, Photosynthetica, vol. 49, pp. 275-284.

131

-induced enhe



Yao, X, Horie, T, Xue, S, Leung, HY, Katsuhara, M, Brodsky, DE, Wu, Y, Schroeder, JI 2010,
‘Differential sodium and potassium transport selectivities of the rice OSHKT2;1 and OsHKT2;2

transporters in plant cells’, Plant Physiology, vol. 152, pp. 341 — 355.

Yasuda, Y 2002, ‘Origins of pottery and agriculture in East Asia’, in Y Yasuda (ed.), The
Origins of Pottery and Agriculture, New Delhi, Lustre Press/Roli Books, pp. 119 — 142.

Yeo, AR 1983, ‘Salinity resistance: physiologies and prices’, Physiologia Plantarum, vol. 58,
pp. 214 — 222.

Yeo, AR and Flowers T 1986, ‘Salinity resistance in rice (Oryza sativa L.) and a pyramiding
approach to breeding varieties for saline soils’, Australian Journal of Plant Physiology, vol.
13, pp. 161-173.

Yeo, AR and Flowers, TJ 1983, “Varietal differences of sodium ions in rice leaves’, Physiologia
Plantarum, vol. 59, pp. 189 — 195.

Yeo, AR, Capon, SJ and Flowers, TJ, 1985, ‘The effect of salinity upon photosynthesis in rice
(Oryza sativa L.): gas exchange by individual leaves in relation to their salt content’, Journal

of Experimental Botany, vol. 36, pp. 1240-1248.

Yeo, AR, Yeo, ME, Flowers, TJ 1987, “The contribution of an apoplastic pathway to sodium
uptake by rice roots in saline conditions’, Journal of Experimental Botany, vol. 38, pp.1141-
1153.

Yoshida, S, 1981, ‘Fundamentals of Rice Crop Science’, International Rice Research Institute,
Los Bafios, Laguna, Philippines, pp. 269 — 279.

Yu, S, Wang, W, Wang, B 2012, ‘Recent progress of salinity tolerance research in plants’,
Genetika, vol. 48, pp. 590 — 598.

Zeng, L and Shannon, MC 2000, ‘Effects of salinity on grain yield and yield components of
rice at different seeding densities’, Agronomy Journal, vol. 92, pp. 418 — 423.

Zeng, L and Shannon, MC 2000, ‘Salinity effects on seedling growth and yield components of
rice’, Crop Science, vol. 40, pp. 996 — 1003.

132



Zhang, C, Hung, HC 2010, ‘The emergence of agriculture in southern China’, Antiquity, vol.
84, pp. 11 - 25.

Zhang, HX, Hodson, JN, Williams, JP, Blumwald, E 2001, ‘Engineering salt-tolerant Brassica
plants: characterization of yield and seed oil quality in transgenic plants with increased vacuolar
sodium accumulation’, Proceedings of the National Academy of Sciences of the United States
of America, vol. 98, pp. 12832-12836.

Zhang, J, Jia, W, Yang, J, Ismail, AM 2006, ‘Role of ABA in integrating plant responses to
drought and salt stresses’, Field Crops Research, vol. 97, pp. 111 — 119.

Zhang, JL, Shi, H 2013, ‘Physiological and molecular mechanisms of plant salt tolerance’,

Photosynthesis research, vol. 115, pp. 1-22.

Zhen, RG, Kim, EJ, Rea, PA 1997, ‘The molecular and biochemical basis of pyrophosphate
energized proton translocation at the vacuolar membrane’, Advances in Botanical Research,
vol. 25, pp. 298 - 337.

Zheng, L, Shannon, MC, Lesch, SM 2001, ‘Timing of salinity stress affecting rice growth and
yield components’, Agriculture Water Management, vol. 48, pp. 191 — 206.

Zhu, JK 2001, ‘Plant salt tolerance’, Trends in Plant Science, vol. 6, pp. 66 — 71.

Zhu, JK 2002, ‘Salt and drought stress signal transduction in plants’, Annual Review of Plant
Biology, vol. 53, pp. 247 — 273.

Zhu, JK 2003, ‘Regulation of ion homeostasis under salt stress’, Current Opinion in Plant

Biology, vol. 6, pp. 441 — 445.

6: Appendices
Appendix 1

133



DEFENSE MECHANISM

/

v

!

COMPATIBLE HORMONAL i

[ ANTIOXIDANTS ] SOLUTES REGULATION ] [ HOMEOSTASIS
4 N
NON -

.EHZ;r::IrﬁTIC ENZYMATIC * PROLINE = ABA
. APX « ASCORBATE * GLYCINE * GA * MACROMOLECULE
e BETAINE *  AUXIN HOMEOSTASIS
L * GLUTATHIONE || | o cans e o
e * TOCOPHEROL || * POLYOLS *+ SA HOMEOSTASIS

Figure A.1: Abiotic stress defence mechanism of plants including antioxidants, compatible
solutes, hormonal regulation and homeostasis (Sengupta et al. 2016).

Appendix 2

Figure A.2: Backhoe loader used for digging the two adjacent trenches for the field
experiment.
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Figure A.4: Heavy duty polythene sheets (100 microns) used to prevent salt leaching to the
soil.

Appendix 3
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Figure A.5: Comparison between Doongara treatment and control after eight Weeks of

salinity exposure in the glasshouse
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Figure A.6: Comparison between Reiziq control and treatment after eight Weeks of salinity

treatment in the glasshouse.
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Figure A.8: Comparison of the controls between the three cultivars grown in the glasshouse.
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Figure A.9: Rice plants 21 days after transplant before salinity application
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Figure A.10: Graph of the temperature and humidity obtained from TinyTag TG data logger.

138



	Statement of Authentication
	(Signature)
	Acknowledgments
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	Abstract
	1. Introduction
	1.1   Soil salinity and its origins
	1.2   Soil salinity in Australia
	1.3   Effects of salinity stress on plants
	1.4   Mechanisms of salinity tolerance in plants
	1.5   Ion homeostasis in plants
	1.7   The role of ion fluxes in plant salt tolerance
	1.7.1   Na+ fluxes
	1.7.2   Cl- fluxes
	1.7.3 K+ fluxes
	1.7.4 H+ fluxes
	1.7.5 Ca2+fluxes

	1.9 Responsive mechanisms of rice under salinity stress
	1.9.1 Morpho-physiological response of rice to salinity stress
	1.9.2 Responses of rice to salinity stress at the biochemical level
	1.9.3 Responses of rice to salinity stress at the molecular level

	1.10 Rice plants
	1.10.1 Taxonomy
	1.10.2 Geographic origin and domestication
	1.10.3 Genome evolution and allelic variation in salinity tolerance
	1.10.4 Classification of Oryza gene pool
	1.10.5 Growth phases of rice
	1.10.6 Cultivation of rice in Australia

	1.11 Problem statement, research questions and objectives
	1.12: Justification for Methods

	2: Materials and methods
	2.1: Rice varieties
	2.2: Glasshouse experiments
	2.3: Field experiments

	2.4: Measurement of morphological parameters and agronomical traits
	2.5: Measurement of photosynthetic parameters
	2.6: Ion flux measurements
	2.7: Statistical analysis
	3: Results 3.1: Effects of salinity on plant phenology in both glasshouse and field
	3.1.1: Fresh weight
	3.1.2: Dry weight (g)
	3.1.3: Tiller numbers

	3.2: Effects of salinity on gas exchange in glasshouse experiment
	3.2.1: Net CO2 assimilation rate (A)
	3.2.2: Stomatal conductance in glasshouse
	3.2.3: Leaf intrinsic water-use efficiency (WUEi) in glasshouse
	3.2.4: Transpiration rate (Tr) in glasshouse

	3.3: Effects of salinity on gas exchange
	3.3.1: Correlation of gas exchange in glasshouse and field


	3.4: Effect of salinity on fluxes in the field
	3.4.1: H+ fluxes
	3.4.2: Na+ fluxes
	3.4.3: Cl- fluxes
	3.4.4: K+ fluxes
	3.5: Effect of salinity on fluxes in glasshouse
	3.5.1: H+ fluxes
	3.5.2: Na+ fluxes
	3.5.3: Cl- fluxes
	3.5.4: K+ fluxes


	4: Discussion
	4.1: Agronomic traits need to be evaluated in the breeding and development of salinity tolerance in rice
	4.1.1: Mesophyll tissue tolerance is a key determinant to improve salinity tolerance
	4.1.2: Genotypic difference in photosynthetic performance is consistent in both glasshouse and field
	4.1.3: Effects of salinity on mesophyll cell ion flux
	4.2: Statement of Potential Impact
	4.3: Limitations and future research directions
	4.4: Conclusions

	5: References




