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Abstract

Salinity stress limits the growth and productivity of agricultural crops in many regions
of the world. Whole plant tolerance to soil salinity involves numerous processes in many
different tissues and cell types. For many cereals, sensitivity to salinity is due to the
accumulation of sodium (Na") to toxic concentrations in the leaves. This thesis investigates a
mechanism of control of Na" accumulation in leaves of wheat.

Bread wheat excludes sodium from the leaves better than durum wheat. Bread wheat
is hexaploid (AABBDD) whereas durum wheat is tetraploid (AABB). The D-genome in bread
wheat carries a major locus for sodium exclusion, Knal, which may contribute to the
differences in sodium exclusion between bread wheat and durum wheat.

An unusual durum wheat, Line 149, excludes sodium to a similar degree as bread
wheat. Line 149 was derived from a cross between a Triticum monococcum (accession C68-
101; AA) and a durum wheat (T. turgidum ssp. durum cv. Marrocos; AABB). Line 149 had
been found to contain two major genes for sodium exclusion, named Nax1 and Nax2, which
appeared to retrieve sodium from the xylem sap in the roots and so prevent it reaching the
leaves. Line 149 had been crossed with the durum wheat cv. Tamaroi, which accumulates
high concentrations of Na" in the leaves, and near-isogenic single-gene mapping populations
had been developed for Nax1 and Nax2. Nax1 had been located on chromosome 2A. The
objective of this thesis was to map Nax2 and identify a candidate gene.

Nax2 mapped to chromosome SAL based on linkage to microsatellite markers. A
high-affinity potassium (K") transporter (HKT)-like gene, HKT1;5 was considered as a
candidate gene for Nax2, based on similarity of the phenotype to a rice orthologue. Sequence
information from a wheat HKT1;5-like expressed sequence tag in the public database was
used to develop a probe for use in Southern hybridsation. A HKT1;5-like fragment was
identified in Line 149 and T. monococcum C68-101, but was absent in Tamaroi. The HKT1;5-
like gene, named TMHKT1;5-A, co-segregated with Nax2 in the Nax2 single-gene mapping
population. The HKT1;5 probe identified three putative HKT1;5-like genes on the long arm of
chromosome 4B, and one HKT1;5-like gene on the long arm of chromosome 4D, in Langdon
(T. turgidum ssp. durum) substitution lines, and in Chinese Spring (T. aestivum) ditelomeric
lines. No A-genome HKT1;5 like gene was identified in Langdon or Chinese Spring.

The D-genome HKT1;5 gene, named TaHKT1;5-D, was found to co-locate with Knal,
the gene for sodium exclusion in bread wheat, in Chinese Spring chromosome 4D deletion
lines. Nax2 (TmHKT1;5-A) was found to be homoeologous with the gene for sodium
exclusion in bread wheat, Knal (TaHKT1;5-D). TmHKT1;5-A and TaHKT1;5-D, and their
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promoters, were 94% identical, and both were expressed in the roots of wheat plants. This is
consistent with the genes being located in the stele of the roots and retrieving Na" from the
xylem sap as it flows towards the shoot, and so excluding Na" from the leaves.

A marker for TMHKT1;5-A was developed to track this gene in durum wheat breeding
programs. A study of the HKT1;5 gene in diploid ancestors of wheat indicated that this gene
is present in most Triticum monococcum accessions, some T. boeoticum accessions, but not
present in any T. urartu accessions. T. urartu is the likely A genome ancestor of modern
wheat. This may explain the absence of HKT1;5 in the A genome of modern wheat.

The protein encoded by TaHKT1;5-D transported sodium when expressed in Xenopus
laevis oocytes. The inward currents were specific to Na', but at particular mole fractions of
Na' and K" outward currents were observed that were consistent with outward K" transport.
These data were consistent with the putative physiological function, of retrieving Na" from
the xylem sap as it flows to the leaves, and resulting in a net exchange with K.

A construct designed to silence the expression of TaHKT1;5-D was introduced to
bread wheat cv. Bob White. Nineteen putative transgenic plants were developed. The leaf Na"
concentrations and genotype of the T; individuals were assayed. The data from two of the
transgenic plants indicated that TaHKT1;5-D may have been silenced and that this may have
lead to the increase in Na'™ accumulation in the leaves. However, this data is not conclusive at
this time.

The information gained from this study will assist the introduction of the Na"
exclusion trait into current durum cultivars, which are poor at excluding Na" and are salt
sensitive. This information will also contribute to the body of knowledge of ion transport in

plants and salinity tolerance in wheat.
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Chapter 1: General introduction and literature review

1.1 Background on wheat and saline soils
1.1.1 Wheat production, globally and in Australia

Wheat is the most widely grown crop in the world (FAO, 2008). World wheat
production in 2007 was 630 million tonnes and total wheat utilization was 632 million tonnes.
This left the stock-to-use ratio at a historically low level, the lowest level since 1980
(ABARE, 2007; FAO, 2008).

In Australia approximately 12.4 million ha is planted to wheat yielding an average of
1.8 t/ha and producing approximately 22.5 million tonnes of grain (ABARE, 2007). Australia
currently exports around 15 million tonnes of grain valued at about $3.7 billion.

The world’s population is increasing, and is expected to reach ten billion by the
middle of the 21" century (Evans, 1998). Wheat constitutes one quarter of the world’s food
(Evans, 1998). Thus an increase in production of wheat is required to feed the growing
population.

Increasing production of wheat calls for varieties of wheat with greater tolerance to
hostile soil conditions and erratic precipitation. Of the abiotic stresses, salinity and drought
cause the biggest crop losses (Vincor and Altman, 2005; Rengasamy, 2006). Subsoil
constraints, such as salinity, play a large part in restricting the average wheat yield in
Australia to 1.8 t ha! (ABARE, 2007; Rengasamy, 2002). Over the next 20 years salinity will
continue to limit crop production in Australia, and it is anticipated that salinity will cause a
1.5 percent decline in the value of agricultural profits (NLWRA, 2007). Therefore, to help
achieve a sustainable increase in production of wheat, wheat varieties with greater tolerance

to salinity are needed.

1.1.2 Evolution and domestication of wheat

Wheat falls within the family Poaceae; tribe Triticeae and genus Triticum. Three to six
million years ago an ancestral diploid goat grass species of wheat diverged into the ancestral
species of T. monococcum ssp. boeoticum (A°A®) , T. urartu (A"A"), an unknown species of
Aegilops (BB) which was closely related to Ae. speltoides, and Ae. tauschii (DD).
Subsequently, the A" and B genomes hybridized to give T. turgidum ssp. dicoccoides (wild
emmer) (AABB).

Domestication of wheat began in the Fertile Crescent in the Middle East

approximately 10 000 years ago (Heun et al., 1997). Domestication led to T. monococcum
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ssp. monococcum (AA) (eikorn) and T. turgidum ssp. dicoccum (AABB) (emmer) and T.
spelta (spelt; AABBDD) being cultivated. Subsequently, T. turgidum ssp. dicoccum (AABB)
hybridized with Ae. tauschii (DD) to give T. aestivum (AABBDD).

Today the most common cultivated wheats are the hexaploid wheat T. aestivum
(AABBDD) and tetraploid wheat T. turgidum ssp. durum (AABB). T. aestivum accounts for
around 90% of global wheat production, and the grain is used for bread, noodles, cakes,
biscuits and pastries, as well as animal feed. T. turgidum ssp. durum accounts for around 5%
of global production, and the grain has a hard texture and is used for making pasta, couscous
and bulgar. Wheat provides calories directly in the form of flour-based foods and indirectly as

feed for animals which are a source of meat and dairy products.

1.1.3 Growing cereals in saline soils

Soil is described as saline when it has an electrical conductivity (ECe) of greater than
4 deciSiemens per metre (dS/m), equivalent to 40 mM NaCl, and an osmotic pressure of 0.2
MPa (USSL, 2008). This definition arises from the ECe (EC of the saturated paste extract)
that will reduce the yield of most crop (USSL, 2008). Salinity can be caused by irrigation, or
it can be found in dryland agriculture.

In the lower rainfall zones in Australia salt is present naturally in the soil. This type of
salinity is referred to as subsoil or transient salinity (Rengasamy, 2002). Transient salinity is
not associated with groundwater or rising water tables. The term ‘transient’ is used because
the salt is leached below the root zone in the rainy season, but rises into the root zone in the
dry season. In the high rainfall zones of Australia, soils can be affected by ‘dryland salinity’
due to rising water tables (Rengasamy, 2002). ‘Dryland salinity’ occurs as a result of land
clearing for dryland agriculture. This leads to rising water tables which brings salt towards
the surface of the soil. Major wheat growing areas in Australia are becoming more saline due
to ‘dryland salinity’. ‘Dryland salinity’ currently threatens production from five million
hectares of agricultural land in Australia, and by 2050 this is expected to treble (NLWRA,
2007; Rengasamy, 2006). Much of the area at risk is Australia’s most productive land, and
corresponds with major wheat growing areas (Rengasamy, 2002).

A plant growing in saline soil is subject to two types of physiological stress; osmotic
stress, as the presence of salt restricts water uptake, and a Na" specific stress as the
concentration of Na' in the leaves increases and the Na' becomes toxic. Plant tolerance to
these two types of stress involves different mechanisms; osmotic adjustment, and exclusion of

Na* (Greenway and Munns, 1980; Tester and Davenport, 2003; Colmer et al., 2005).
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The response of shoot growth to an increase in salinity occurs in two phases: a rapid
response to the increase in external osmotic pressure (leading to decreased shoot growth), and
a slower ionic response due to the accumulation of Na" in leaves (leading to increased
senescence of older leaves) (Munns and Tester, 2008). Ionic stress develops over time, and is
due to a combination of ion accumulation in the shoot and an inability to tolerate the ions that
have accumulated (Munns and Tester, 2008).

To achieve salinity tolerance, plants must limit the amount of salt reaching the xylem,
control the transport of salt in the xylem throughout the plant, maintain the ionic and osmotic
balance of cells, regulate leaf development and the onset of senescence, and minimize the
sodium accumulation in the cytoplasm (Munns, 2005). The mechanisms involved are
reviewed in the following section, 1.2.

Of the main cereals grown in Australia, barley (Hordeum vulgare) has high osmotic
adjustment capability, in contrast to bread wheat which largely excludes sodium from the
leaves. Barley can tolerate high leaf tissue concentrations of Na” and C1" compared to wheat
(Colmer et al., 2005; James et al., 2006b). When treated with salt, barley accumulates CI” in
epidermal cells rather than mesophyll cells, and accumulates K in mesophyll cells rather than
epidermal cells (James et al., 2006b). The high Na" and the accompanying C1" in epidermal
cells allows barley to osmotically adapt and to maintain turgor in the face of high soil
salinities (Munns and Tester, 2008). Barley maintains photosynthetic capacity at high leaf Na"
levels by maintaining a high K" and low Na" concentration in the cytoplasm of mesophyll
cells. Wild Hordeum species, such as H. marinum, with much greater exclusion of Na" and
CI" from the leaves than barley, are even better able to maintain tissue K™ concentrations and
maintain growth in saline conditions (Garthwaite et al., 2005).

The main mechanism by which bread wheat maintains the K to Na' ratio in the leaves
is by exclusion of Na" from the shoots. A candidate locus for K'/Na" discrimination is Knal,
located on the long arm of chromosome 4D (Gorham et al., 1987). Knal was associated with
a higher leaf K'/Na'" ratio, and was attributed with providing bread wheat with its superior
salinity tolerance over tetraploid wheats (Gorham et al., 1987).

In contrast to both barley and bread wheat, durum wheat is both poor at excluding

sodium and poor at adjusting to the osmotic affect of salt in the soil solution
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1.2 Wheat physiology, salt tolerance and the transport of Na* from soil to leaves

1.2.1 Salinity imposes an osmotic stress

The osmotic effect of salinity on plants is caused by salt in the soil solution reducing
the ability of the plant to take up water (Munns, 1993). The cellular and metabolic processes
involved in the plant response to the osmotic effect of salt are similar to those processes
involved in the plant response to drought. In dry or saline soil, chemical or hormonal signals
from the roots are sent to the leaves, leading to reduced leaf growth (Westgate et al., 1996;
Munns, 2005).

Several traits may improve the plant tolerance to the osmotic effect of salt. These
include transpiration use efficiency, osmotic adjustment, and morphological or developmental
patterns that conserve water and advance flowering date (Colmer et al., 2005).

Compatible solutes, or osmolytes, accumulate in plants in response to stress (Bohnert
et al., 1999). The primary function of compatible solutes is to accumulate in the cytoplasm to
balance salt in the vacuole, but they may also act as free-radical scavengers and help in
membrane and or protein stabilization (Wang et al., 2003). Compatible solutes fall into three
main groups; amino acids such as proline, quaternary amines such as glycine betaine, and
sugars such as mannitol (Wang et al., 2003). Overexpression of compatible solutes in plants
may improve tolerance to drought and salinity (Apse and Blumwald, 2002). In many
halophytic plants the production of compatible solutes contributes to salt tolerance (Flowers

and Colmer, 2008).

1.2.2 Salinity imposes an ionic stress

Tonic stress, or ion toxicity, occurs when Na™ accumulates in the leaves to a
concentration where the Na' causes injury to cells. An increase in the number of injured cells
in transpiring leaves leads to leaf death. If new leaves are produced at a rate greater than that
at which old leaves die, then there are enough photosynthesizing leaves for the plant to
produce flowers and seeds, although in reduced numbers. However, if old leaves die faster
than the new leaves develop, then the plant may not survive to produce seed (Munns, 1993).

The regulation of delivery of Na" to the shoot preventing accumulation of Na' in the
leaves is referred to as Na' exclusion. Exclusion of Na" involves several steps; control of the
initial entry of Na" into root epidermal and cortical cells, a balance between influx and efflux
at the root epidermis, control of loading of Na' into the xylem, retrieval of Na" from the
xylem before the shoot, allocation of Na" to particular parts of the shoot and control of storage

of Na" (Tester and Davenport, 2003; Munns, 2002). For cereals, such as wheat, these
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processes help to keep Na” out of the transpiration stream so that it does not reach the leaves
(Munns et al., 2006). However, in bread wheat sodium exclusion does not always correlate
with salinity tolerance (Genc et al., 2007).

The transport proteins controlling these processes can be divided into three main
classes: (1) Primary pumps: transporters directly energised by the hydrolysis of ATP. (2)
Solute-coupled transporters: transport proteins that transport Na' against a difference in
electrochemical potential and are energized via coupling to the movement of another ion
down its electrochemical potential difference and (3) ion channels: proteins that catalyze the
rapid passive movement of Na" and other solutes down their difference in electrochemical
potential (Maathuis and Amtmann, 1999).

In wheat there is a strong correlation between Na' exclusion and salt tolerance
(Gorham et al., 1997; Dvorak et al., 1994; Munns and James, 2003). Discrimination between
Na' and K" during transport from the roots to the shoots in bread wheat is associated with the
Knal locus on 4DL, and leads to less Na" and more K" in the leaves, which is important for

salt tolerance (Dvorak et al., 1994).

1.2.3 Na* uptake into roots

The first barrier to the movement of ions into wheat roots is the root epidermal cells
(Maathuis and Amtmann, 1999). This barrier enables most plants to exclude about 98% of the
salt in the soil solution, allowing only 2% of the salt to enter the xylem (Munns et al., 2005).

Solutes may travel from the epidermis to the xylem either symplastically, by entering
root cells and moving from cell to cell through plasmodesmata, or apoplastically, without
traversing a single plasma membrane (White et al., 2002). In rice, Na" moves through the root
via both pathways (Garcia et al., 1997).

Non-selective cation channels (NSCC) are responsible for most of the Na" that enters
the root. The role of NSCCs in Na" influx into wheat has been demonstrated through
electrophysiological studies (Davenport and Tester, 2000). A 44 pS NSCC was described in
wheat which is nonselective for monovalent cations and weakly voltage dependent
(Davenport and Tester, 2000). The channel was partially sensitive to inhibition by Ca**, Mg*"
and Gd*, and insensitive to many other inhibitors. The selectivity for K™ over Na* was
approximately 1.25; hence this NSCC is likely to catalyze toxic Na' influx (Davenport and
Tester, 2000). Gene families that are candidates for encoding NSCCs include cyclic
nucleotide gated channels (CNGCs) and glutamate activated channels (GLRs) (Demidchik et
al., 2002).
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In glycophytes, such as wheat, there is evidence that net Na" uptake is a result of
efflux of excess Na" as well as control of influx (Davenport et al., 1997; 2005). In a saline soil
environment, the difference in electrical potential between the soil solution and epidermal
root cells may be in the order of -150 mV. This electrical potential difference favours high
rates of influx of cations into the root. However the high rates of unidirectional influx of Na"
into wheat roots do not correspond with the accumulation of Na" in the plant, indicating that
there must also be high rates of efflux back into the soil solution (Tester and Davenport,
2003). Efflux back in to the soil solution must be active, and Na'/H" antiporters in the plasma
membrane of epidermal and cortical cells are likely to be responsible for the efflux of Na"
back into the soil solution. The high rates of Na" efflux must impose an energetic burden on
plants in saline conditions (Essah et al., 2003), but the quantitative significance of this in the

overall plant energy budget is not certain.

1.2.4 Na" does not substitute for K*

High Na" levels in the soil disrupt the uptake of other nutrients. Firstly, high salt
concentration lowers the activity of Ca, with the potential to cause Ca deficiency or the influx
of other cations through non-selective cation channels (Davenport et al.,1997; Tester and
Davenport 2003; Husain et al. 2004). Secondly, when Na" ions are in excess they will occupy
the binding sites of transport proteins in the plasma membrane of root epidermal cells, such as
K-selective channels. When Na " occupies the binding sites of K'-selective channels the Na"
ions may be transported into the cell instead of K" ions.

When Na" enters the transpiration stream it may not all flow up the xylem to the
leaves. Some Na” may be retrieved from the xylem before reaching the leaves. The
transporters that may be responsible for this are reviewed in detail in the following section
(1.2.5), as they are central to the work of this thesis. Na" that does reach the leaves
accumulates because Na', unlike other ions such as K, is not readily transported via the
phloem. This minimizes its transport towards younger leaves or the apex, where it could
concentrate to toxic levels, but also restricts its movement towards the roots.

Na" can be beneficial or toxic. Plants can use Na' for osmotic adjustment, and in some
enzymatic functions Na' can be used instead of K™ when K is in limited supply (Tester and
Davenport, 2003).

Na' can become toxic when it accumulates to high concentrations in the leaves. When
the Na™ concentration in the cells exceeds the ability of the cells to compartmentalize the Na”

in the vacuole Na" accumulates in the cytoplasm. Na" ions compete with K for binding sites
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essential for cellular function. The build up of Na" in the cytoplasm results in replacement of
K" by Na" in biochemical reactions and conformational changes causing inhibition of crucial
enzymatic activity and loss of function of proteins (Maathuis and Amtmann, 1999). K is
important in protein synthesis, and in activation of more than 50 known enzymes in plant
metabolism (Tester and Davenport, 2003). Na" cannot substitute for K" in these metabolic
processes, hence high Na":K ratios disrupt enzymatic processes in the cytoplasm, such as the
accumulation of pyruvate (Tester and Davenport, 2003). Injury to plant cells may also be
caused by build up of Na" in the cell walls leading to dehydration of the cell (Munns et al.,
2005).

Barley compartmentalizes salt in cell vacuoles to protect the cytoplasm from a build
up of Na' to toxic levels. An example of a transporter that could be involved in this process is
HVNHX1 or HYNHX2 (Fukuda et al., 2004). Localized to the tonoplast, the Arabidopsis
thaliana NHX1 is a Na'/H" antiporter predicted to be involved in the control of vacuolar
osmotic potential (Apse et al., 1999; Gaxiola et al., 1999; Qiu et al., 2004).

1.2.5 Na* transport in the xylem from root to shoot

The concentration of Na in the xylem sap of a non-transpiring plant may be 10 mM
Na" (Munns, 1985) and the concentration of Na" in the cytoplasm of root cells may be in the
order of 10 — 30 mM Na' (Tester and Davenport, 2003). In these circumstances, the energy
difference across the plasma membrane would be approximately -100 mV inside parenchyma
cells, relative to the xylem sap (Tester and Davenport, 2003). This negative potential
difference does not favour the passive entry of Na' into the xylem. As Na" does get into the
xylem, there is likely to be carriers actively transporting Na' into the xylem.

For rapidly transpiring plants, circumstances may be different. If the cytosolic Na"
concentration in stellar cells was greater than 30 mM Na', and closer to 100 mM Na", and if
the concentration of Na" in the xylem was 1 —2 mM Na", as found by Munns (1985), then the
energy difference would favour passive leakage of Na' into the xylem. In conditions where
high salt has caused xylem parenchyma cells to become slightly depolarized, and the
intracellular concentration of Na” is much higher than the xylem concentration, then Na™ may
enter the xylem passively via ion channels (Tester and Davenport, 2003). In a state where a
1:1 stoichiometry exists for Na":H" exchange between the xylem and xylem parenchyma,
Na'/H" antiporters may transport Na' into the xylem due to the large pH difference between

the cytosol and the xylem (Tester and Davenport, 2003). Or, if xylem pH changes or the
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stoichiometry of the antiporter is different, then antiporters could act to pump Na" out of the
xylem solution (Tester and Davenport, 2003).

Mechanisms for loading or unloading Na" from the xylem may involve Na'/H"
antiporters, ion channels, or cation transporters such as those encoded by members of the
KUP/HAK gene families (Davenport et al., 2005; Rus et al., 2004).

Recently, much progress has been made in identifying the proteins responsible for
loading and unloading Na" into the xylem, with High-affinity K" Transporters (HKT)
implicated in the unloading process in several studies (Rus et al., 2004; Ren et al., 2005;
Sunarpi et al., 2005; Horie et al., 2007). HKT transporters functioning in transport of Na" in
plants, and loading and unloading of Na" into the xylem, has been documented in Arabidopsis
thaliana, Oryza sativa and Triticum (Maser et al., 2002a; Berthomieu et al., 2003;
Garciadeblas et al., 2003; Rus et al., 2004; Haro et al., 2005; Ren et al., 2005; Sunarpi et al.,
2005; Huang et al., 2006; Davenport et al., 2007; Horie et al., 2007). AtHKT1;1 retrieves Na"
out of the xylem (Sunarpi et al., 2005; Davenport et al., 2007). OSHKT1;5 retrieves Na™ out of
the xylem (Ren et al., 2005). OsHKT2;1 loads Na" into the roots in K" starved conditions
(Horie et al., 2007), and TaHKT2;1 is involved in low-affinity Na" uptake in roots (Laurie et
al., 2002; Gassmann et al., 1996; Wang et al., 1998).

HKT genes have been given a new nomenclature, and separated into two groups based
on amino acid sequence (Platten et al., 2006). A glycine/serine residue in the first pore loop of
the protein differs between group 1 and group 2 HKT genes (Miser et al., 2002b).

Group 1 HKT genes have a serine in the first pore loop; this may make them more
selective for Na' (Horie et al., 2001; Miser et al., 2002b; Garciadeblas et al., 2003; Platten et
al., 2006). Group 1 HKT genes, such as AtHKT1;1 (previous name AtHKT1) and OsHKT1;5
(previous name OSHKT8), transport Na' only, and may be involved in unloading of Na" from
the xylem (Garciadeblas et al., 2003; Uozumi et al., 2000; Ren et al., 2005; Sunarpi et al.,
2005). In wheat, group 1 HKT genes are involved in Na" transport, and may confer a
phenotype of low leaf Na™ concentration in leaves (Huang et al., 2006).

For the group 2 genes there is no consensus on the mechanism of action, or whether
the main function is to transport Na' or K™ (Golldack et al., 2002; Haro et al., 2005; Horie et
al., 2001; Rubio et al., 1995; Schachtman and Schroeder, 1994; Walker et al., 1996; Wang et
al., 1998). Heterologous expression of TaHKT2;1 (previous name TaHKT1) in yeast and
Xenopus laevis oocytes indicated that this gene is likely to play a role in Na” and K transport
(Rubio et al., 1995; Miser et al., 2002b). Rodriguez-Navarro and Rubio (2006) provide an
explanation for the conflicting results for group 2 HKT genes. They suggest that in plants
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some HKT messenger RNA transcripts have alternative initiations of translation, and in
heterologous systems translation may not occur exactly as in plants, leading to expression of
proteins with different kinetic properties. A physiologically relevant function for group 2
transporters might be to transport Na” when there is a limited supply of K so that the plant
may have a monovalent cation for use in osmotic adjustment in the vacuole (Rodriguez-

Navarro and Rubio, 2006).

1.3 Background and rationale for thesis
1.3.1 Genetic variation for Na* exclusion in wheat

Modern durum cultivars do not exclude Na* to the same extent as bread wheat;
however a source of sodium exclusion in a novel durum wheat, Line 149, was described by
Munns et al. (2000). Line 149 is derived from a cross between a Triticum monococcum L.
(accession C68-101) (AA) and a durum cultivar Marrocos (AABB) (The, 1973). The T.
monococcum is the donor of the sodium exclusion trait (James et al., 2006a). The sodium
exclusion in Line 149 is conferred by two major genes (Munns et al., 2003), named Nax1 and
Nax2 (for Na" exclusion), inherited from the T. monococcum. Line 149 was crossed with the
durum cultivar Tamaroi, and selected F, lines were backcrossed into Tamaroi so that Nax1
and Nax2 were separated into two single gene BCsF, families (James et al., 2006a). Nax1 was
mapped on chromosome 2AL (Lindsay et al., 2004). Nax1 is a putative Na" transporter, a
member of the HKT family, and present only in T. monococcum, not T. turgidum or T.
aestivum. The candidate gene has been identified as TMHKT7-A2 (Huang et al., 2006), and
renamed TMHKT1;4-A2 to conform with the new nomenclature (Huang et al., 2008). The
Nax1 gene confers a reduced rate of transport of Na" from root to shoot, and retention of Na"
in the leaf sheath, thus giving a higher sheath to blade Na" concentration ratio (James et al.,
2006a). The second gene, Nax2, also confers a lower rate of transport of Na* from root to
shoot, and has a higher rate of K" transport, resulting in enhanced K" versus Na"
discrimination in the leaf (James et al., 2006a). It does not retain Na' in the leaf sheath, and
does not result in a high sheath to blade Na" concentration, the distinguishing phenotype from

Nax1 (James et al., 2006a).

1.3.2 Quantifying sodium exclusion in wheat

It is more reliable and feasible to screen for Na* exclusion in wheat than screen for salt
tolerance itself. This is because Na" exclusion is subject to less environmental influence than

growth rates, biomass or yield in saline soil (Munns et al., 2003). Screening for salt tolerance
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at germination may be easy to measure, but it is not necessarily proportional to the salt
tolerance of the seedling or adult plant (Almansouri et al., 2001).

The screen used by Munns et al. (2000) to identify genetic variation for sodium
exclusion in durum wheat involves growing wheat in a hydroponic system. The hydroponic
system is designed to flood and drain, avoiding the risk of water logging, which may be a
problem in standard hydroponic systems. In this set up the roots of the wheat plants are
supported; they grow in gravel inside individual pots with a mesh base. The mesh pots filled
with gravel are flooded with nutrient solution every 30 min. This ensures that when the
salinity treatment is imposed each plant is exposed to the same concentration of NaCl.

The NaCl treatment commences when the second leaf is half emerged. The emergence
of the third leaf is recorded and 10 days after emergence the third leaf is harvested. The third
leaf is dried, weighed, digested in nitric acid and the Na" concentration can be measured by
atomic absorption spectrometry, flame photometer or inductively coupled plasma
spectrometry. The Na" concentration is then related to the dry weight to give a measurement
of umol of Na" per gDW™' for each leaf. This measurement is used to compare the relative
accumulation of Na" in the leaf between different lines.

It is important that each plant in the screen is at the same growth stage otherwise the
accumulation of Na" will be confounded by the growth rate. It is necessary to maintain a Na"
to Ca”" ratio of approximately 15 to 1 when the NaCl treatment is imposed, otherwise there is
insufficient available Ca*" and the plants will suffer Ca*" deficiency.

This screening, or phenotyping, method is fast as it does not require plants to be
grown to maturity to assess the leaf Na" exclusion, and makes it appropriate for using in
genetic mapping. Genetic mapping involves the ascertainment of phenotype, such as Na"
exclusion, in a genetically segregating population followed by association between the
phenotype and genotype at marker loci spanning the entire genome (Jin et al., 2004).

The power of a genetic mapping study depends on the heritability of the trait. The
realized heritability for the Na" accumulation trait in the Line 149/Tamaroi mapping
population was 0.90 (Munns et al., 2003). This indicates that selection for low leaf Na" is
feasible in this population. Molecular markers linked to the low Na" phenotype may be
identified by testing markers that span the durum wheat genome in lines that are segregating

for the low leaf Na' phenotype.
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1.3.3 Aims and objectives

The aim of this study was to investigate the physiology and genetics of sodium
exclusion in wheat. Specifically, the research described in this thesis explored the molecular
basis of a gene for Na" exclusion identified in Line 149, Nax2. The aims were to:

o Identify the chromosomal location of Nax2
e Develop molecular markers for Nax2

e Identify a candidate gene for Nax2

e Clone the candidate gene for Nax2

e Characterize the candidate gene for Nax2

1.4 Thesis outline

Chapter 1 is a literature review on wheat, the impact of soil salinity, and the physiology,
and molecular mechanisms of plant salt tolerance.

Chapter 2 describes the identification of the chromosomal location of Nax2 and Knal,
identification of HKT1;5 as a candidate gene, the cloning of HKT1;5 genes and their
promoters, and the development of molecular markers.

Chapter 3 investigates the allelic diversity of HKT1;5 in ancestral diploid material.

Chapter 4 describes a study of the transport properties of HKT1;5 investigated by way of
expression of HKT1;5 in Xenopus laevis oocytes.

Chapter 5 describes the development an RNA interference construct designed to knock-
down the expression of HKT1;5 and the transformation of wheat, by way of biolistics, to
introduce the RNA interference construct.

Chapter 6 summarizes the major findings of the previous chapters, discusses points of

interest and describes future directions.
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Chapter 2: Mapping and cloning Nax2; a gene for sodium exclusion in

wheat
2.1 Introduction

An increase in the salt tolerance of wheat is needed to sustain production in cropping
regions affected by salinity. Exclusion of sodium is an important mechanism of salt tolerance,
and a mechanism which may improve the salt tolerance of durum wheat (Munns et al., 2006;
Tester and Davenport, 2003). Exclusion of Na* from the leaves is due to a combination of low
net Na' uptake by cells in the root cortex, and the tight control of net loading of the xylem by
xylem parenchyma cells in the stele (Tester and Davenport, 2003), and also in the base of the
leaves (James et al., 2006a).

Significant variation in sodium exclusion exists within durum wheat (Munns et al.,
2000). To fully exploit this variation to improve the salinity tolerance of modern wheat it is
necessary to identify the molecular control of sodium exclusion. In bread wheat (ABD
genomes) Na' exclusion is linked with a locus on the D genome, Knal, which results in low
Na' uptake and enhanced K'/Na" discrimination (Gorham et al., 1990). Durum wheat (AB
genomes) lacks Knal, accumulates more Na ' than bread wheat and is relatively intolerant of
saline soils (Munns et al., 2000). However, a novel durum wheat, Line 149, has a greater
ability to restrict Na” accumulation in the shoot, resulting in greater K™ uptake and enhanced
K" to Na" discrimination (Munns et al., 2000).

Line 149 contains two major genes for excluding Na" from leaf blades, named Nax1
and Nax2 (James et al., 2006a). One of the two loci for sodium exclusion in line 149, Nax1,
was mapped to chromosome 2AL. This QTL explained close to 40% of the phenotypic
variation (Lindsay et al., 2004). A fine mapping approach identified a candidate gene,
TmHKT1;4-A2 (Huang et al., 2006). This knowledge has enabled the introduction of Nax1
into durum wheat breeding programs. Nax1 functions to remove Na' from the xylem in the
roots and the lower part of the shoot (James et al., 2006a).

Nax2 also functions in removing Na~ from the xylem (James et al., 2006a). A
compartmental loading experiment where *Na" was fed only to the lower part of the roots
showed that lines with Nax2 withdrew more of the total **Na into the upper part of the root
than lines without Nax2 (James et al., 2006a). The rates of root unidirectional Na" uptake
were identical in the lines with and without Nax2 indicating that differences in shoot uptake

were due to the net rate of xylem loading in the root (James et al., 2006a).
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The major Na' exclusion locus in bread wheat, Knal, is located on the D genome, on
the distal part of chromosome 4. The Knal phenotype is similar to the Nax2 phenotype: Na"
exclusion from the leaves and discrimination of K™ over Na" in leaves, but no difference in
Na" concentrations in roots (Gorham et al., 1990). As there is no difference in Na"
concentrations in the roots it is likely that Knal controls net xylem loading rather than net Na"
uptake (Gorham et al., 1990).

Knal may be homoeologous to Nax2, the term homoeologous referring to a gene that
used to be homologous in ancestral wheats before polyploidization of wheats and their related
species. If so, one would expect that Nax2 would be located in the group 4 chromosomes.
During the evolution of wheat the distal part of chromosome 4A that is homoeologous to the
distal part of chromosome 4D was translocated with chromosome 5A (Devos et al., 1995;
Nelson et al., 1995). Therefore if Knal is located on the distal part of chromosome 4D, and
Nax2 is homoeologous to Knal then Nax2 would be physically located on the distal end of
chromosome SAL.

Knal has been transferred from T. aestivum to T. turgidum (from the D genome to the
B genome) by homoeologous recombination (Dvofak and Gorham, 1992). Knal has been
mapped to the distal portion of the long arm of chromosome 4D, and five markers have been
identified that are linked to Knal, within 2.2cM (Dubcovsky et al., 1994; Dubcovsky et al.,
1996; Luo et al., 1996). Despite the extensive mapping work towards isolating Knal, no gene
has been identified as a candidate for Knal.

In this study, molecular markers spanning the durum wheat genome are tested in Nax2
single gene BCsF,.; lines segregating for the low leaf Na' phenotype to try and identify
markers linked to Nax2. In addition to mapping Nax2, this study explores whether Nax2 is
homoeologous to the major Na' exclusion gene in bread wheat, Knal, and investigates a

candidate gene for Nax2 and Knal.

2.2 Materials and methods
2.2.1 Plant material

Plant material for the mapping population was Triticum turgidum ssp. durum Line 149
(Munns et al., 2000) and the cultivar Tamaroi. Line 149 was derived from Triticum
monococcum (C68-101) and the durum variety Marrocos (The, 1973). T. monococcum C68-
101 is the putative donor of Nax1 and Nax2 (James et al., 2006a). Selected F; lines from the
cross between Line 149 and Tamaroi were backcrossed into Tamaroi four times. A selected

BC,F; individual that was heterozygous for Nax1 but had a low leaf Na" concentration was
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backcrossed once more into Tamaroi to produce a BCsF, family of 137 F; individuals
containing Nax2 but not Nax1 (James et al., 2006a). This family containing the Nax2 gene but
not the Nax1 gene formed the basis for this study.

Plant material for the Chinese Spring (CS) deletion line experiment included lines
with the following Flow lengths: 0.09, 0.31, 0.38, 0.41, 0.46, 0.53, 0.56, 0.61, 0.70, 0.71, 0.86
and 1.00 (wild type CS) (Endo and Gill, 1996). Flow length refers to the remaining length of
chromosome, equivalent to one minus the Fraction Length (Endo and Gill, 1996). The
Selection Numbers for these lines are 4DL-249, 4DL-253, 4DL-250, 4DL-251, 4DL-247,
4DL-252, 4DL-256, 4DL254, 4DL-248, 4DL-255 and 4DL-257, respectively. Plant material
for DNA extraction for Southern blot-hybridisation work included CS nulli-tetratrasomic and
deletion lines (Endo and Gill, 1996) and Langdon substitution lines. The Langdon substitution
lines included 4D(4A) and 4D(4B), where chromosome 4D from CS had been substituted for
chromosome 4A or 4B of Langdon respectively (Sears, 1954).

2.2.2 Phenotyping

Plants were grown in half strength Hoagland’s solution in supported hydroponics in a
method adapted from Munns et al. (2000). Salt treatment commenced when leaf two was half
emerged. The NaCl concentration of the hydroponic solution was increased by 25 mM twice
daily over three days to reach a final concentration of 150 mM. Supplemental calcium
(Ca(NOs),) was added to achieve a Na” to Ca”" ratio of 15:1. Leaf three was harvested after
10 days growing in salt and the Na™ was extracted with nitric acid (0.5 M). The Na"
concentration was measured using Inductively Coupled Plasma (ICP) analysis. Parental lines
were replicated ten times. Based on the score of F, individuals nine plants from every family
predicted to be homozygous low were tested and five plants were tested for every family
predicted to be homozygous high or heterozygous. These numbers were based upon
recommended population sizes required in biparental populations to obtain at least one target

homozygous genotype in later generations for segregating loci (Bonnett et al., 2005).

2.2.3 Genotyping

Plants grown in salt tanks for phenotyping were transplanted into soil and allowed to
grow for approximately four weeks prior to DNA extraction. A single plant was retained from
each of the F,.; families. For families with a homozygous low Na" accumulation phenotype,
the plant with the lowest leaf Na" concentration was used. The plant with the highest leaf Na"

was used from families with a homozygous high Na" accumulation phenotype. For half of
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those families with a heterozygous phenotype, the lowest of the low Na" accumulating plants
was used, and for the other half of the families with a heterozygous phenotype, the highest of
the high Na' accumulating plant was used. Leaf material from plants was harvested and DNA
extracted as per Lagudah et al. (1991).

DNA was also extracted from 30 seed from BC4F; putative single gene Nax2 lines,
using a NucleoSpin Plant Kit (Macherey-Nagel, Duren, Germany) as per the manufacturers’
instructions. To test for the absence of Nax1 in the Nax2 lines DNA from the 30 lines was
tested by PCR with two markers linked to Nax1. The linked were gwm312 and gwm170
(Lindsay et al., 2004). PCR was conduced under standard conditions.

2.2.4 Microsatellite markers

To establish the chromosomal location of Nax2 in the durum Line 149 DNA from the
parental lines, Tamaroi and Line 149, was screened with a total of 470 wheat microsatellite
markers. Microsatellite markers were from Gatersleben in Germany (GWM), the French
National Institute for Agricultural Research (GPW), Beltsville Agricultural Research Center

(BARC) and GrainGenes (http://wheat.pw.usda.gov). Twenty-five markers were found to be

polymorphic between Line 149 and Tamaroi, these were then tested on pooled DNA
consisting of three samples of the single gene parent (n = 5 plants per sample), 15 markers
were still polymorphic between the single gene Nax2 parent and Tamaroi. These were tested
on two samples each from the BCsF;.3 lines with low leaf Na' and high leaf Na® (n=10
plants per sample). Three wheat microsatellite markers on chromosome SAL were linked to
Nax2; gwm291, gwm410 and gpw2181 (Appendix Table 2.1). To confirm linkage of these
markers with Nax2, the genotype of 19 BCsF,.3 plants with a homozygous low Na™ phenotype
and 11 BCsF»3 plants with a homozygous high Na" phenotype were tested using the markers
gwm?291, gwm410 and gpw2181. Linked markers, and an additional marker on chromosome
SAL developed by Jorge Dubcovsky (University of California, Davis, California),
Vrn2(BM1) (Appendix Table 2.1), were then tested in each of the 137 BCsF».3 progeny.

2.2.5 RFLP probe development

A search of the public database (Personal communication, Damien Platten, 2005)
identified a wheat EST (CK193616) with strong homology, 86% nucleotide sequence
identity, to the rice SKC1 candidate gene (OSINBb0022N24.16), subsequently named
OsHKT1;5 (Platten et al., 2006). The wheat EST was named HKT1;5 as recommended by
Platten et al. (2006). Primers designed internal to CK193616 were HKT1;5For01 (5°-
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CATCACCGTCGAGGTTATCAG-3’) and HKT1;5Rev01 (5’-TTGAGGTACTCGGCATA-
3°. These primers were used to amplify a 332 base pair (bp) product from T. monococcum
genomic DNA. The product was cloned into pPGEMT-easy vector (Promega Corporation). To
prepare an TmMHKT1;5 probe, the 332 bp fragment was amplified from the HKT1;5 region
from the plasmid DNA by PCR using primers HKT1;5For01 and HKT1;5Rev01. The PCR
was conducted under standard conditions with the following cycling protocol: 95°C, 15 min;
then 5 cycles at 94°C, 1 min; 55°C, 1 min; 72°C, 1 min 20 s; followed by 30 cycles of 94°C,
30 s; 55°C, 30 s; and finally 72°C, 2 min. After gel electrophoresis a band of the appropriate
size (332 bp) was removed from the gel and purified using a QIAquick Gel Extraction Kit
(Qiagen), using a microcentrifuge, according to the manufacturer’s instructions. This
fragment was radio-labelled with **P-CTP using the Megaprime DNA Labelling System
(Amersham), according to the manufacturer’s instructions. The probe was then purified
through a column of G50 Sephadex beads equilibrated in Tris-EDTA.

DNA from the parental lines (Line 149 and Tamaroi), T. monococcum (AUS# 90382)
and the BCsF,.;3 progeny were digested individually HindIII and/or ECORV, Ncol, Sacl and/or
Xbal. After gel electrophoresis, the gels were blotted onto a nitrocellulose membrane
(Amersham Biosciences Hybond-N") and hybridised with the TnHKT1;5 probe. DNA
samples from wheat nullisomic-tetrasomic lines and ditelomeric lines in a Chinese Spring
background were also screened with the TMHKTL1;5 probe as described above (Endo and Gill,
1996).

2.2.6 Isolation of TaHKT1;5-D

The Chinese Spring cDNA library was kindly supplied by Professor Timothy J. Close
(University of California, Davis, California). The library was constructed from drought
stressed root tissue from Triticum aestivum L. cv Chinese Spring, at full tillering, using the
Uni-ZAP XR Vector System (Stratagene, US), which allows in vivo excision of the
pBluescript II (SK—) Phagemid vector (Stragatene). The host cells were XL.1-Blue-MRF
(Stragaene). Approximately 120 000 clones of the mass excised phagemid library were plated
and screened with the partial TmMHKT1;5 probe according to standard protocols (Sambrook,
1989). Eleven colonies hybridised to the probe. These were grown at 37°C overnight in Luria
broth (Sambrook, 1989) and plasmid DNA was isolated using a Qiaspin miniprep kit"
according to the manufacturer’s instructions (Qiagen). Plasmid DNA was digested with

EcoRI and Xhol to liberate the cloned inserts. The inserts were sequenced using T7 an SP6
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universal primers (Invitrogen) using a BigDye® Terminator v3.1 Cycle Sequencing Kit

(Applied Biosystems) as per the manufacturers instructions.

2.2.7 Isolation of RNA, RT-PCR and isolation of TmHKT1;5-A

Plants were grown in hydroponic solution described in plant material. After two weeks
plants were exposed to 50 mM NaCl. After 48 h leaf and root tissues were harvested
separately and snap frozen in liquid nitrogen. RNA was extracted using TRIzol Reagent®
(Invitrogen) as per the manufacturer’s instructions. Reverse-transcriptase PCR to amplify
TmHKT1;5 was undertaken using primers that were external to the coding sequence named
SprimeUTRFor (5’-AGAAGTCTCTACACAACTTACAG-3’) and 3primeUTRRev (5°-
GATCATTGAGAAATATGCAGTCC-3") using a Qiagen® OneStep RT-PCR Kit as per the
manufacturer’s instructions. DNA fragments of the appropriate size were amplified from T.
monococcum and Line 149. These fragments were cut out and purified using a Qiagen gel
extraction kit® according to the manufacturer’s instructions. The fragments were ligated into
the pGEM-T Vector using the pPGEM-T easy vector system 1 kit® (Promega).

Reverse-transcriptase PCR (RT-PCR) to observe presence or absence of expression of
the HKT1;5 A and D gene homoeologues was undertaken using A gene specific primers
named ForAl (5’-GAGTGGGGCTCCGACGGGCTGAA-3’) and RevAl (5°-
CGTCAGGCGTCACCTGCCGGCCG-3’) and D gene specific primers ForD1 (5°-
GCTTGGCCATCTTCATCGCCGTG-3’) and RevD1 (5” -
GGCCACAGCTGTACCCGGTGCTG-3) using a Qiagen” OneStep RT-PCR Kit as per the
manufacturer’s instructions. The PCR was conducted under standard conditions with the
following cycling protocol: 50°C, 20 min; 94°C, 15 min; then 35 cycles of 94°C, 30 s; 58°C,
30 s; 68°C, 1 min; and finally 72°C, 2 min. The forward and reverse primers in each primer
set were designed in different exons so as to include an intron in between them. Therefore,
products that amplified from trace DNA in the RNA samples differed in size from the
products amplified from coding DNA. The expected product size for the A gene specific
primers was 945 bp from genomic DNA and 445 bp from coding DNA. The expected product
size for the D gene specific primers was 322 bp from genomic DNA and 147 bp from coding
DNA. The control gene for the RT-PCR was a proton pump from wheat (GenBank accession
no. AY543630); the following primers were used 5’-AACAAGACTGCTTTCACCAC-3’
AND 5’-TCTCAGAGAGCTCACGGTAG-3’ to amplify the control gene (Delhaize et al.,
2004).
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2.2.8 Isolation of HKT1;5 promoters from Bacterial Artificial Chromosomes

A Triticum monococcum (DV92) Bacterial Artificial Chromosome (BAC) library
filter (Lijavetzky et al., 1999) was purchased from Professor Jorge Dubcovsky (University of
California, Davis, California) and screened with the TMHKT1;5 probe (see 2.2.5 and 2.2.6)
and 12 positive clones were ordered. Two BAC clones, with the strongest hybridization,
(377C7 and 312C10) were grown on LB plates with 30ug/mL Chloramphenicol. A single
colony was picked and grown in 2 mL LB with 30pg/mL Chloramphenicol at 37°C for 16 h.
The 2 mL culture was then used to inoculate a 40 mL culture, which was grown in the same
conditions. A Triticum tauschii BAC clone, from a diploid D genome BAC made from
Aegilops tauschii (AUS18913) (Moullet et al., 1999), which the TMHKT1;5 probe was
previously found to hybridize (Evans Lagudah, personal communication, November 2006)
was sourced from Evans Lagudah (CSIRO Plant Industry, Canberra, Australia). A 40 mL
culture of the T. tauschii clone was grown in LB with 15 mg/mL tetracycline. The BAC DNA
from each culture was then isolated using a BACMAX™ DNA Purification Kit
(EPICENTRE, Cat. No. BMAX044) as per the manufacturers instructions.

A series of primers, based on the TMHKT1;5-A and TaHKT1;5-D genomic DNA
sequences were used in sequencing reactions to sequence directly from the purified BAC
DNA. These primers included 5’-CAGACAGAGAGTAGCTACATCTCG-3, 5°-
CTACATCTCGCTCTAGCC-3’, 5’- GCATGCATATCGATGGTCTG-3’. Sequencing was
by means of a BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) as per
the manufacturers instructions. Promoters were amplified and cloned (methods as in 2.2.7)
using the following primers; 5’-GCAGATGTTCGCATACACTC-3’ and 5°-
CGCAGCTCACCAGCTCGG-5".
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2.3 Results
2.3.1 Analysis of putative Nax2 single gene lines

The absence of Nax1 in the single gene Nax2 population was confirmed by PCR on 30
BC4F, Nax2 lines using two markers closely linked to Nax1; gwm312 and gwm170 (Lindsay

et al., 2004). Results for a selection of lines are shown in Figure 2.1.

2.3.2 Genetics of Nax2

Nax2 is responsible for a greater than 2-fold reduction in leaf Na’. The mean leaf Na"
concentration of the BC4F, Nax2 single gene parent was 473 + 72 umol g dry weight
comparted to Tamaroi, which had a mean leaf Na" concentration of 1,193 + 48 umol g dry
weight™.

Nax2 is a single major gene. The frequency distribution of leaf Na" concentration from
137 BCsF; plants indicated that Nax2 was dominant, segregating in a 3:1 (low:high leaf blade
Na") ratio (Figure 2.2A) (James et al., 2006a; Byrt et al., 2007). The segregation of the Na"
exclusion trait was confirmed in the F,.3 families (773 individuals). The F,.; families fitted the
expected ratio for a single major gene (expected 94:31; observed 96:29; x> =0.171, P > 0.05;
Figure 2.2B). The mean leaf Na" of the Nax2 single gene parent was 462 + 23 pmol g dry
weight in the F,.3 generation, compared to 473 + 72 umol g dry weight in the F, generation.
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Figure 2.1: Genotype of Nax2 single gene lines
The Nax2 single gene BC4F; lines have Tamaroi (Tam), not Line149 (L149) chromatin for
markers gwm312 and gwm170, indicating that Nax1 is absent in these lines.
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Figure 2.2: Segregation of the Na* exclusion gene, Nax2

A. Frequency distribution for leaf three Na" concentrations of the BCsF; lines in the single
gene Nax2 mapping population. Data from BCsF; is from James et al. (2006a), and data from
BCsF,.3 is from Byrt et al. (2007). Arrows indicate parental means (n=6); Line 149: 278+37,
Nax2 single gene parent: 473+72, Tamaroi: 1193+48.
B. Relationship between the F, and F,.3 progeny means for Na' concentration of leaf three
(Byrt et al., 2007). Plants were grown at 150 mM NaCl for 10 days. A=homozygous lacking
Nax2, © = heterozygous for Nax2, ¢ = homozygous for Nax2.
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2.3.3 Microsatellite markers on chromosome 5AL linked to Nax2

DNA from Line 149, Tamaroi, the single gene Nax2 parent, and the BCsF,.3 progeny
were tested with microsatellite markers. Of the 470 markers tested, 15 markers were
polymorphic for the single gene Nax2 parent and Tamaroi, and three of these were dominant
markers linked to Nax2; gpw2181, gwm291 and gwm410 (Appendix Table 2.1). These
markers had been mapped previously to the distal end of chromosome SAL (Roder et al.,
1998). An additional co-dominant marker, Vrn2(BM1) was also linked to Nax2 (Appendix
Table 2.1). The linked markers were all located on chromosome 5AL indicating that Nax2 is
located on chromosome SAL (Figure 2.3). The linkage between the four markers and Nax2 in
the BCsF,.;3 progeny was perfect. There was no evidence of recombination between any of the
markers and or Nax2.

Four microsatellite markers on chromosome SAL (Roder et al., 1998) were
polymorphic between Line 149 and Tamaroi but not polymorphic between the single gene
Nax2 BC, parent and Tamaroi; gwm595, gwm179, gwm126 and barc232. These markers were
not retained in the BC,4 parent and therefore failed to segregate in the BC-derived family. This
indicates that a recombination occurred between the Nax2 gene and gwm595 and the
chromosomal region on SAL proximal to gpw2181 was replaced by Tamaroi during the
process of five back crossing steps of transferring Nax2 into Tamaroi (Figure 2.3). The
complete linkage of Nax2, Vrn2, gpw2181, gwm291 and gwm410 in 137 BC4F; lines indicates
a large non-recombining block from T. monococcum may have translocated to SAL in the
Tamaroi background (Figure 2.3). The region between Vrn2 and the BAmy marker on the
distal end of chromosome 5AL is 18 cM (Dubcovsky et al., 1996); therefore, the T.
monococcum segment may be more than 30 ¢cM long.

The major locus for sodium exclusion in bread wheat, Knal, is located on the distal
end of the long arm of chromosome 4D (4DL). If Nax2 were homoeologous to Knal then it
would be expected that Nax2 might be located on 4AL. However, in an ancestor of modern
wheats chromosomes 4AL and SAL exchanged short terminal segments (Liu et al., 1992).
Therefore, although Knal is on chromosome 4AL and Nax2 is on chromosome 5SAL, due to
the reciprocal translocation between the distal end of 4AL and 5AL, Nax2 does map to the

location that we might expect to find a homoeologue of Knal.
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Figure 2.3: Microsatellite markers linked to Nax2

Durum 5AL represents the fragment containing Nax2 which introgressed from Line 149

(orange) into the Tamaroi background (blue) in the Nax2 mapping population. Proximal to the

introgression is gwm>595. Nax2 is linked to gpw2181, gwm291, gwm410 and Vrn2. SAL =

chromosome 5AL; cM = centimorgans.
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2.3.4 Co-segregation of putative Na™ transport gene, HKT1;5, with Nax2

Publicly available cation transporter sequences from rice were used to screen the
GenBank database of wheat expressed sequence tags (ESTs) to identify putative cation
transporters in wheat (Damien Platten, personal communication, April 2005). As part of this
work, the protein sequence of OSHKT1;5 (Ren et al., 2005) was used to search the wheat EST
database. The search identified a single closely related partial wheat EST sequence
(CK193616) (Damien Platten, personal communication, April 2005). This partial sequence
(TaHKT1;5) shared 86% identity at the nucleotide level and contained parts of the
corresponding sequences of exon 2 and exon 3 of OSHKT1;5 (Ren et al., 2005).

A probe designed from the partial HKT1;5 sequence (HKT1;5 probe, see 2.2.5 and
Appendix Figure 2.1) identified RFLP between parental lines. Polymorphism found between
the parents, Line 149 and Tamaroi, was due to the presence of an additional fragment in Line
149 when compared to Tamaroi (Figure 2.4). The additional fragment in Line 149
cosegregated with the low Na" accumulation phenotype in all of the 137 BCsF, families
tested. All of the lines in the mapping family verified as homozygous and heterozygous for
Nax2 had the additional fragment and those lines that were homozygous for the high leaf Na"

phenotype lacked the fragment (a selection is shown in Figure 2.4).
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Figure 2.4: Cosegregation of HKT1;5 with Nax2

Southern blot hybridisation with the HKT1;5 probe after HindIII digestion of DNA from
Triticum monococcum (Mon), Line 149 (L149), Tamaroi (Tam), and plants from the Nax2
BC;sF3 mapping population with high leaf three Na™ concentrations, and low leaf three Na"
concentrations. The genome origin of each band is shown on the right. In the Nax2 mapping
family the A genome band co-segregates with Nax2 in all of the 137 families.
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2.3.5 Wheat HKT1;5 gene homologues

The HKT1;5 probe hybridised to a single restriction fragment in DNA from the
diploid Triticum monococcum L. (AA) (C68-101), the putative donor of salt tolerance in Line
149 (AABB) (The, 1973; James et al., 2006a). A fragment of the same size as the fragment in
T. monococcum was present in Line 149 but not in Tamaroi. Three additional fragments were
present in Line 149, these were of the same size as three fragments present in Tamaroi (Figure
2.4). The additional fragment in Line 149 co-segregated with Nax2 (Figure 2.4). This result is
consistent with the partial HKT1;5 probe detecting a candidate gene for Nax2 which was
inherited from T. monococcum. Using a range of restriction enzymes, the HKT1;5 probe
always hybridised to at least two fragments in Tamaroi and three fragments in Line 149 (Data
not shown). HindIII produced an additional fragment in both parents (Figure 2.4). This
indicated that Tamaroi contained at least two HKT1;5-like genes, while Line 149 had the
same two fragments plus one additional gene member and that was inherited from T.
monococcum.

To further characterise the HKT1;5 gene family in durum wheat, we analysed DNA
from the durum cultivar Langdon carrying individual chromosome substitutions from Chinese
Spring. The probe hybridised to at least two fragments in Langdon DNA producing an
identical pattern to Tamaroi. Hybridisation of the partial HKT1;5 probe to Chinese Spring
DNA produced a pattern identical to that of Langdon and Tamaroi except for one additional
chromosome 4D fragment. Langdon with chromosome 4A substituted by 4D of Chinese
Spring retained all three fragments and gained an additional fragment from chromosome 4D
of Chinese Spring. The Langdon substitution line with chromosome 4B replaced by
chromosome 4D of Chinese Spring had lost all three Langdon fragments but retained the 4D
fragment from Chinese Spring (Figure 2.5A). These results indicate that all HKT1;5
hybridising fragments in Langdon and Tamaroi are located on chromosome 4B and that Line
149 inherited an additional A genome member from T. monococcum.

Analysis of nulli-tetrasomic Chinese Spring lines of homoeologous group 4 confirmed
that HKT1;5 fragments were located either on chromosome 4B or 4D (Figure 2.5B). DNA
hybridisation of the partial HKT1;5 probe to ditelosomic lines of Chinese Spring positioned
these genes on the long arm of chromosome 4B (at least two members) and the long arm of

chromosome 4D (at least one member) (Figure 2.5B).
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Figure 2.5: Chromosomal location of the HKT1;5 fragments

Southern blot hybridisation with the HKT1;5 probe after Hindlll restriction digest

A. DNA from T. monococcum (Mon), Tamaroi (Tam), Line 149 (L149), Chinese Spring (CS),
Langdon (Lang) and Langdon substitution lines 4D(4A) and 4D(4B). The genome locations
of the HKT1;5 gene members, and the approximate sizes (kilo base pairs) of the fragments are
shown on the right.

B. DNA from Chinese Spring (CS); Chinese Spring chromosome arm deletion lines for
chromosome 4B: N4AT4B (1), m4BT4A (2), N4ADT4B (3); and Chinese Spring ditelomeric
lines Dt4BS (4), Dt4DS (5) and Dt4DL (6); [(N = nullitetrasomic (no copies); T = tetrasomic
(four copies); m = monosomic (one copy); Dt = ditelomeric (for Dt4BS the long arm of 4B is
missing and the short arm of 4B is present)]. The genome locations of the HKT1;5 gene
members are shown on the right.
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2.3.6 Nax2 is homoeologous to the major Na* exclusion locus in bread wheat, Knal

To study the relationship of Knal to the TaHKT1;5-D gene member, we probed DNA
from Chinese Spring and a series of telomeric deletion lines generated from chromosome
4DL in Chinese Spring (Endo and Gill, 1996). The HKT1;5 gene member on chromosome
4DL was absent in the terminal deletion line Flow length (remaining lenth) 0.86 (Selection
number 4DL-257) with approximately 14% of the chromosome arm deleted (Figure 2.6A).
The 4DL fragment was also missing in other lines with progressively larger terminal deletions
(Figure 2.6A). The loss of the TaHKT1;5-D gene member corresponded to an increase in
average Na' concentrations in the leaf blade of the deletion lines compared with the euploid
salt tolerant Chinese Spring, and a decrease in the K' to Na' ratio from 7.5 to 1.2 (Figure

2.6B).
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Figure 2.6: Association of HKT1;5 with Knal

A. Southern blot hybridisation with HKT1;5 probe after Hindlll restriction digest of DNA
from Chinese Spring (CS) and Chinese Spring chromosome deletion lines 0.86, 0.70, 0.61,
and 0.56. The TaHKT1;5-D gene member maps to the most distal deletion bin. The genome
location of the TaHKT1;5 gene members are shown on the right.

B. Chinse Spring and Chinese Spring chromosome deletion lines were grown in salt tanks
(see Materials and Methods). Flow length describes remaining fraction of chromosome 4DL.
Knal maps to the same location (Dubcovsky et al., 1996) as TaHKT1;5-D. Leaf blade Na"
and K" concentrations were recorded after leaf three had grown for ten days in 50 mM NaCl.
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2.3.7 Isolation of full length HKT1;5 gene members

The partial HKT1;5 probe was used to screen a cDNA library from root tissue of
Chinese Spring. Several positive phagemid clones were isolated and when sequenced revealed
identical DNA sequences with insert size varying between 812 bp and 1741 bp. The cDNA
sequences were identical to genomic sequence derived from a BAC clone that was previously
isolated from a BAC library made from the diploid D genome progenitor species Aegilops
tauschii Coss. (Evans Lagudah, personal communication May 2005) suggesting that the
cDNA sequence isolated from Chinese Spring was derived from the D genome. The
TaHKT1;5-D sequence is included in Appendix Figure 2.2. The cDNA was predicted to
encode a full length gene based on the comparison of its predicted amino acid sequence to
OsHKT1;5 (SKC1) in rice. Reverse-transcriptase PCR with primers designed from the 5 and
3’ untranslated regions of TaHKT1;5-D amplified the corresponding A gene member,
TmHKT1;5-A, from T. monococcum and Line 149. The TmHKT1;5-A sequence is included in
Appendix 2.3, and an alignment of the genomic sequences of TMHKT1;5-A and TaHKT1;5-D
is included in Appendix Figure 2.4.The predicted open reading frame (ORF) of TMHKT1;5-A
is 1554 bp and the predicted ORF of TaHKT1;5-D is 1551 bp. OsHKT1;5, TmHKT1;5-A and
TaHKT1;5-D each have two introns. The predicted amino acid sequence of TMHKT1;5-A and
TaHKT1;5-D shared 94% identity (Appendix Figure 2.5) and were closely related to the rice
Na' transporter OsHKT1;5 (66% identity) (Appendix Figure 2.6). The intron and exon
structure of the TMHKT1;5-A, TaHKT1;5-D and OsHKT1;5 genes are shown in Figure 2.7.
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Figure 2.7: Gene structures of TmHKT1;5-A, TaHKT1;5-D and OsHKT1;5

The grey triangles represent the intron regions of the gene. TMHKT1;5-A and TaHKT1;5-D
share 94% identity with each other and 66% identity with the rice Na" transporter OSHKT1;5.
The arrows indicate the primers designed for gene expression analysis (Figure 2.8).

44



2.3.8 Expression of HKT1;5

Reverse-transcriptase PCR with specific primers for A and D genome members was
used to analyze the expression of the HKT1;5 A and D gene members in T. monococcum,
Line 149, Tamaroi and Chinese Spring. TmMHKT1;5-A was expressed in the roots of T.
monococcum and Line 149, but not in the shoots (Figure 2.8A). HKT1;5-A was not expressed
in Tamaroi or Chinese Spring. The TaHKT1;5-D gene member was expressed in Chinese
Spring roots but not shoots (Figure 2.8B). The TaHKT1;5-D gene member was not expressed
in the Chinese Spring deletion line missing the distal 14% of chromosome 4DL (0.86) (Figure
2.8B). The expression results for the HKT1;5-D gene member are consistent with the
mapping results indicating that HKT1;5-D is missing from the Chinese Spring deletion line

0.86 and is therefore positioned in the same region as Knal.

2.3.9 Isolation of wheat HKT1;5 promoters from Bacterial Artificial Chromosomes

Wheat HKT1;5 promoters from the A (Appendix Figure 2.7) and D (Appendix Figure
2.8) genomes were sequenced from T. monococcum and T. tauschii BAC libraries
respectively, their nucleotide sequences share 93% identity. The 5’ region between the
neighboring gene and the start codon of HKT1;5 on the D genome is 1027 bp. The 5’ region
between the neighboring gene and the start codon of HKT1;5 on the A genome is 1048 bp.
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Figure 2.8: Expression of HKT1;5 in wheat analysed using RT-PCR

A. Expression of TMHKT1;5-A. A product of the expected size (442 bp) was observed for the
T. monococcum and Line 149 root samples. B. Expression of TaHKT1;5-D. A product of the
expected size (147 bp) was observed for the Chinese Spring root sample. Mon = T.
monococcum; L149 = Line 149; Tam = Tamaroi; CS = Chinese Spring; 0.86 = Chinese
Spring deletion line missing the distal 14% of chromosome 4DL; N = no template control; R
= root tissue; L = leaf tissue. Plants were grown in hydroponic solution for two weeks before
addition of 50 mM NaCl, tissue was harvested 48 h after addition of NaCl. Primers for a
proton pump (Delhaize et al., 2004) was used as a control.



2.4 Discussion
2.4.1 Mapping of Nax2

The segregation of low:high leaf blade Na' concentration in BCsF, plants in a 3:1 ratio
showed that Nax2 is a single dominant gene (Figure 2.2). Nax2 is located on the distal part of
chromosome 5AL (Figure 2.3). The HKT1;5 gene member on the A genome mapped to the
same region as Nax2, and co-segregated with Nax2.

HKT genes were considered to be the best candidates for Nax2 based on the role of
other HKT transporters in higher plants. TMHKT1;4-A2 cosegregates with Nax1, which
confers Na' exclusion from leaves in wheat (Huang et al., 2006), AtHKT1;1 confers Na"
exclusion from leaves in Arabidopsis (Uozumi et al., 2000; Sunarpi et al., 2005), and
OsHKT1;5 (SKC1) confers Na' exclusion from leaves in rice (Ren et al., 2005).

There are up to five HKT1;5 genes in wheat, a partial wheat HKT1;5 probe detected
one gene member on the D genome, two or three on the B genome, and one gene member on
the A genome derived from T. monococcum (C68-101). The predicted amino acid identity
between the wheat HKT1;5-A and HKT1;5-D gene members is 94%. The most closely related
gene in rice, OSHKT1;5, shares 66% identity (75% positives) with the predicted wheat
HKT1;5 sequences.

No synteny was found between the location of the wheat HKT1;5 genes and the
location of the rice OSHKT1;5 genes. OSHKTL1;5 is located on chromosome 1S of rice (Lin et
al., 2004; Ren et al., 2005). This region is syntenous to chromosome 3 in wheat (Sorrells et
al., 2003), however, TmMHKT1;5-A is located on chromosome SAL and TaHKT1;5-D is
located on chromosome 4DL.

There may be a second gene in the Nax2 region having an effect on leaf Na", but it
would have to be closely linked, as every time that the HKT1;5-A gene member is lost, leaf
Na" increases significantly. This has been demonstrated in the Nax2 mapping population
(Figure 2.4), and when HKT1;5-A was transferred into other genetic backgrounds including
bread wheat (Rana Munns and Richard James, personal communication, 2006; Munns et al.,
2008). In moderately saline field conditions Tamaroi had an average leaf Na" concentration of
125 pmol gDW'1 whereas BC4F,-derived lines with HKT1;5-A had an average leaf Na©
concentration of 25 pmol gDW', a five fold difference (Ray Hare and Rana Munns, personal
communication, 2006). In a completely different field environment with the same lines
HKT1;5 conferred a 2 fold reduction in leaf Na' concentration (Anthony Rathjen and Rana

Munns, personal communication, 2006).
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Overall, in field and glasshouse experiments, all the lines with the HKT1;5-A gene had
at least twofold lower leaf Na" than all those without the HKT1;5-A gene. When transferred
into the bread wheat Westonia, which already contains the Na" exclusion locus Knal on the D

genome, HKT1;5-A reduced leaf Na' by a further 25% (Munns et al., 2008).

2.4.2 Relationship of Nax2 to the major salt tolerance gene in hexaploid wheat, Knal

The HKT1;5-A genome member, which is the candidate for Nax2, is physically
located on the distal part of chromosome SAL, which ancestrally corresponds to the distal part
of chromosome 4AL. Knal maps to the distal region of chromosome 4DL of wheat
(Dubcovsky et al., 1996) raising the possibility that Nax2 and Knal are homoeologous genes
located on ancestral group 4 chromosomes. The TaHKT1;5-D genome member maps to the
distal 14% of chromosome 4DL in hexaploid bread wheat (Figure 2.6A) coinciding with the
map location of Knal (Dubcovsky et al., 1996). The locus for Knal on chromosome 4DL is
homoeologous to the location for Nax2 on chromosome SAL and the TaHKT1;5-D genome
member may be Knal. Further dissection of the region in SA™L containing Nax2 and the
region in 4DL containing Knal, with common markers, is needed to determine whether these
two genes are true orthologues.

The loss of the region containing the TaHKT1;5-D gene member from Chinese Spring
deletion lines corresponded to an increase in average Na' concentrations in the leaf blade and
a six fold decrease in the K' to Na' ratio from 7.5 to 1.2 (Figure 2.6B), when plants were
grown at 50mM NaCl. These results are consistent with our hypothesis that the HKT1;5 probe
detects not only a candidate gene for Nax2 in durum wheat, but also a candidate gene for
Knal in hexaploid bread wheat and that both genes are located in homoeologous regions of
the wheat genome. These results are also consistent with other data on the effect of Knal on
leaf K™ and Na" concentrations. When the Knal region was transferred from the bread wheat,
Chinese Spring, into the durum wheat cultivar, Langdon, lines with Knal had a greater leaf
K" to Na' ratio (Dvoiék and Gorham, 1992). Lines of Langdon containing the Knal region
had a leaf K' to Na" ratio approximately eight times higher than those without Knal when
plants were grown at 50 mM, and six times higher when grown at 150 mM NaCl (Gorham et

al., 1987; Gorham et al., 1990).

2.4.3 Similarity of phenotype between sodium excluding genes in rice and wheat
There are five phenotypic characteristics in common between Nax2, Knal and SKC1:

. + . . .. . . . + + .
(1) low Na' concentration in the leaves; (ii) enhanced discrimination of K™ over Na' in
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transport from the roots to the shoots; (iii) regulation of the K™ to Na' ratio in the leaves; (iv)
no effect on root Na' concentration; and (v) no effect on the sheath to blade Na" ratio
(Davenport et al., 2005; Gorham et al., 1990; James et al., 2006a; Ren et al., 2005). Nax1,
which cosegregates with Triticum monococcum HKT1;4-A2, has a distinctive mechanism that
differs from Nax2, Knal and SKC1. The characteristic of Nax1 is a high sheath to blade Na"
concentration ratio. Nax1 confers low leaf blade Na" and high leaf blade K to Na" ratio by
unloading Na" in the leaf sheath and displacing K" in the leaf blade (James et al., 2006a). In
the Tamaroi background, BCsF; lines with Nax1 (HKT1;4-A2) have a four fold lower leaf Na©
concentration than lines without Nax1 (Huang et al., 2006).

The mechanism behind the common phenotype for the Nax2, SKC1 and Knal genes
may be unloading of Na" from the xylem. We know that Nax2 unloads Na" from the xylem as
experiments with **Na* showed that the rate of unloading of Na* from the xylem was double
that in lines with Nax2 than in those without (James et al., 2006a). SKC1 in rice also unloads
Na' from the xylem (Ren et al., 2005). Under salt stress the shoots and the xylem sap of near-
isogenic lines with SKC1 contained more K and less Na" than those without SKC1 (Ren et
al., 2005). There is also indirect evidence that Knal may unload Na" from the xylem. One is
the observation that there is no difference in the Na™ concentration in the roots of lines with
and without Knal (Gorham, 1990), and the other is that the membrane potential-dependent
uptake of Na' was no different in vesicles from hexaploid wheat (cv. Troy), which has Knal,
and tetraploid wheat (cv. Langdon), which does not have Knal (Allen et al., 1995). Gorham et
al. (1997) suggested that this observation of Allen et al (1995) would be expected if Knal acts
specifically on xylem loading.

A single HKT gene may be sufficient to explain the Nax2 or Knal phenotypes. The
Nax1l gene in wheat, and the SKC1 gene in rice, are both HKT genes, and they both have a
strong affect on the leaf K to Na" ratio, and Na' concentration. Wheat lines with Nax1
(TmMHKT1;4-A2) have a four times greater leaf K' to Na' ratio, and four times less leaf Na"
than lines without Nax1 (Huang et al., 2006; James et al., 2006a). Transformed rice lines with
SKC1 (OsHKT1;5) have a 2.5 times greater leaf K’ to Na" ratio, and two times less leaf Na"
than transformed lines without SKC1 (Ren et al., 2005). Wheat lines with Nax2 have a 3.6
times greater leaf K™ to Na' ratio, and approximately 2.5 times less leaf Na', than lines
without Nax2. One HKT1;5-A gene could account for these differences. Likewise, for Knal,
one HKT1;5-D gene may account for the six times greater leaf K to Na" ratio, and the four
times less leaf Na' in Chinese Spring compared to the Chinese Spring deletion lines lacking

Knal.

49



2.4.4 Summary

The data presented support the hypothesis that TMHKT1;5-A is a candidate for Nax2,
TaHKT1;5-D is a candidate for Knal, and the data suggest that Nax2 may be a homoeologue
of Knal.
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Chapter 3: Diversity of two genes for sodium exclusion in diploid A genome

wheat ancestors
3.1  Introduction

Nax1 (TmHKT1;4-A2) and Nax2 (TmHKT1;5-A) are two genes that retrieve Na™ from
the xylem as it flows from roots to leaf blades, thereby conferring a phenotype of low leaf
Na', which is a beneficial trait for salinity tolerance (James et al., 2006). Nax1 and Nax2 were
identified in durum wheat, Line 149 (Triticum turgidum subsp. durum [Desf.]), and are absent
in modern durum and bread wheat (Huang et al., 2006; Byrt et al., 2007). Line 149 is the
result of crosses made between Triticum monococcum (C68-101) and the durum variety
Marrocos (The, 1973), in the process of transferring a rust resistance gene, Sr21, into bread
wheat. T. monococcum (C68-101) was found to contain both Nax1 and Nax2 (Huang et al.,
2006; Byrt et al., 2007). As Nax1 and Sr21 are both located on chromosome 2AL, the
presence of Nax1 can be thus explained. However, it is difficult to explain the co-presence of
Nax2, as Nax2 is located on chromosome SAL. The absence of the sodium exclusion genes in
modern wheat is interesting in relation to the evolution of polyploidy wheat. This prompted

investigation of the origin and diversity of Nax1 and Nax2 in diploid wheat.

3.1.1 Allelic variation in HKT1;5 genes

In rice and Arabidopsis, allelic variation in HKT genes (OSHKT1;5 and AtHKT1;1)
may confer significant differences in leaf Na™ accumulation (Ren et al., 2005, Rus et al.,
2006). In rice, six nucleotide substitutions in the coding region of OSHKT1;5 differ between
the tolerant allele, from Nona Bokra, and the sensitive allele, from Koshihikari, leading to
four amino acid residues differing (Ren et al., 2005). Under salt stress Koshihikari had almost
double the leaf Na' concentration of near isogenic lines with the Nona Bokra SKC1
(OsHKT1;5) allele. Changes in the coding region, rather than differences in the promoter, are
likely to account for the functional variation in the two alleles (Ren et al., 2005). The data that
support this include a genetic complementation test, where the Nona Bokra promoter and
open reading frame was transferred into a sensitive line and recovered the SKC1 phenotype,
and an observation that there was little difference in the expression patterns for the different
OsHKT1;5 alleles (Ren et al., 2005).

In Arabidopsis, allelic variation in the promoter of AtHKT1;1, rather than the coding
region, may account for functional differences between AtHKT1;1 from Columbia-0 and two

natural variants, Tsu-1 and Ts-1 (Rus et al., 2006). The AtHKT1;1 alleles from Tsu-1 and Ts-
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1 are associated with differences in leaf Na". Sequence differences included 19 single
nucleotide polymorphisms in the coding region leading to seven different amino acid residues
which may be responsible for the differences in leaf Na" (Rus et al., 2006). A deletion in a
tandem repeat sequence in the promoter may also be responsible for the difference in leaf Na"
as there was reduced expression of AtHKT1;1 in the roots (Rus et al., 2006). Curiously, the
Tsu-1 allele, linked to higher leaf Na", was also linked to salt tolerance. Salt tolerance was
determined by calculating the percentage of plants that were found to be dead three to seven
weeks after the one-month-old plants in pots were watered with 100 mM NaCl (Ren et al.,
2006). The loss of function mutant, Athkt1;1, accumulated more Na" in the leaves than wild
type (Columia-0) and was more NaCl sensitive (Rus et al., 2004). However, as Rus et al.
(2006) note, a second gene that influences NaCl tolerance may be segregating with AtHKT1;1
in the Tsu-1 population.

In modern wheat the A-genome HKT1;5 gene appears to be absent. In isogenic
BCsF»5 lines from a cross between Line 149 and the durum cultivar Tamaroi, the difference
in leaf Na" between lines with and without Nax2 was determined by the presence or absence
of the HKT1;5-A gene (Figure 2.4). There was a single HKT1;5 gene member on the A
genome of families containing Nax2 that was absent in those without Nax2. This gene
member was found in T. monococcum (C68-101; Figure 2.4), and had apparently been
introgressed into Line 149 by crossing T. monococcum with the durum cultivar Marrocos
(The, 1973). There was no homologue of HKT1;5 on the A genome of Marrocos or Tamaroi,
or in the durum cultivar Langdon, or the bread wheat Chinese Spring (Figure 2.5A). Recent
work has shown than HKT1;5-A was absent in all the modern wheat varieties tested, including
six Australian durum varieties, as well as Langdon, and 19 Australian bread wheat varieties,
as well as Chinese Spring (Richard James, personal communication, 2008). This indicates that
it is very likely that the HKT1;5 gene was not present in the A genome diploid ancestor that
gave rise to modern wheat. In contrast, the HKT1;5-D allele isolated from Chinese Spring has
the same open reading frame as the HKT1;5-D gene members isolated from three Triticum

tauschii accessions (Evans Lagudah, personal communication, 2006).
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3.1.2 Aims
The objective of this work was to conduct an extensive screen of diverse genetic
material to look for allelic variation for the candidate gene for Nax2, TmHKT1;5-A, in the
diploid wheat ancestors T. urartu, T. monococcum ssp. boeoticum and T. monococcum ssp.
monococcum. As this material was likely to also have Nax1, TmHKT1;4-A2 (Huang et al.,
2000), it was necessary for the interpretation of the phenotype, to screen for Nax1 as well.
A total of 196 diploid wheat genotypes of diverse origin were screened for leaf Na”
exclusion and screened with markers for the Nax2 gene, as well as testing of the expression of
the Nax2 gene. This work was conducted in collaboration with visiting student, Mehraj
Abbasov of the Azerbaijan National Academy of Sciences Genetic Rescources Institute and
Dr Yuri Shavrukov of the Australian Centre for Plant Functional Genomics. The purpose of
the screen was to test how widespread the occurrence of Nax2 was in A-genome wheat
species, and whether the absence of Nax2 in polyploidy wheat could be explained by its
absence in T. urartu, thought to give rice to modern wheat. The other purpose of the screen
was to identify wheat genotypes with the following attributes:
1. Low leaf Na" and neither Nax1 or Nax2, indicating the presence of additional genes
for Na" exclusion
2. Material with Nax1 or Nax2 and significantly lower leaf Na" exclusion than the
control (T. monococcum C68-101), indicating possible allelic variation in Nax1 or

Nax2 conferring greater leaf Na™ exclusion

3.2  Materials and Methods
3.2.1 Plant material

Diploid wheat seed from the Middle East and Central Asia was provided courtesy of
Dr Kenneth Street (ICARDA, Aleppo, Syrian Arab Republic). The seed included 31 T.
MONOCOCCUM ssp. MONOCCOCCUM accessions, 78 T. monococcum ssp. boeoticum accessions,
and 87 T. urartu accessions (Appendix Table 3.1). Information about the locations from
which the seed was collected was also provided, the locations included Albania, Armenia,
Bulgaria, Georgia, Greece, Iran, Iraq, Italy, Jordan, Lebanon, Marrakesh, Romania, Serbia,

Syria, Turkey and Ukraine.
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3.2.2  Phenotyping method

Screening for the accumulation of Na" in the leaves under saline conditions (150 mM
NaCl) was undertaken by Mehraj Abbasov using a method similar to the method described in
section 2.2.2 with the following exceptions; a flame photometer was used to measure Na"
concentrations, rather than ICP, as described by Shavrukov et al. (2006), and the supported
hydroponic system was as described by Shavrukov et al. (2006).

3.2.3 Marker development, PCR and RT-PCR

The genomic sequence of TMHKT1;5-A was aligned with the TaHTK1;5-D genomic
sequence to identify single nucleotide polymorphisms and other polymorphism that may be
useful in the design for markers specific to Nax2. A primer was designed on an additional
three nucleotides present in the A gene member and absent in the D gene member. The
additional base pairs ‘TGA’ are 1938 bp into the A gene genomic sequence. Where there is
‘CCC’ encoding a proline in the D sequence, there is ‘CCTGAC’ encoding a proline and an
additional Aspartic acid residue in the A sequence. The primers for the Nax2 marker, ForAl
(5’-GAGTGGGGCTCCGACGGGCTGAA-3’) and RevAl (5°-
CGTCAGGCGTCACCTGCCGGCCG-3’), also used in RT-PCR as described in section
2.2.7, are diagnostic of the presence of TMHKT1;5-A in all breeding material tested (Dan
Mullan, durum wheat breeder, personal communication, January 2008).

An additional marker for Nax2 was developed and tested. The primers for this
additional marker are called 5Start (5’-TAGAAATGGGTTCTTTGCATGTC-"3) and 3Stop
(5’ GCATGGAGGATAATATAACCTAG’3). These primers amplify the entire genomic
sequence of TMHKT1;5-A (2054 bp). In tetraploid or hexaploid backgrounds these primers
also amplify the B and D genome HKT1;5 gene members as they are homologous to the D
genome sequence and very similar to the B genome sequences (Appendix Table 3.2);
however, this was not a problem in the diploid A genome material as the B and D genomes
are not present.

DNA extraction, RNA extraction, and Reverse Transcriptase-PCR methods were as
described in Chapter 2. The ForA1, RevAl and 5Start, 3Stop primers were used for PCR
under standard conditions to screen for Nax2 in DNA from the diploid accessions. These
same primers were also used in RT-PCR to assay the expression of Nax2. The RT-PCR
conditions are described in the methods of Chapter 2, section 2.2.7.

The marker used to screen for Nax1, gwm312 was identified by Lindsay et al. (2004).

The gwm312 marker was used to screen for Nax1 because a gene-specific marker for Nax1
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was not available due to the high sequence similarity between TmHKT1;4-Al and
TmHKT1;4-A2 (Huang et al., 2006). RT-PCR conditions and primers for analysis of
expression of Nax1 are described by Huang et al. (2006). The glyceraldehyde-3-phosphate
dehydrogenase (GAP) gene (Burton et al., 2004) was used as a control in RT-PCR.

3.2.4 PCR fragment analysis

Primers for gwm312 (Lindsay et al., 2004; Huang et al., 2006) were developed with
M13 tags by Dr Shaobai Huang according to the method described by Rampling et al. (2001),
and PCR was otherwise standard. Fragment analysis was undertaken by Mehraj Abbasov and
John To on an Applied Biosystems 3130XL Genetic Analyzer and analyzed using
GeneMapper® Software v4.0 as per manufacturers’ instructions.

The gwm312 marker used to screen for Nax1 is a microsatellite marker that is distal to
Nax1 and located within approximately 1.2 cM of Nax1 (Lindsay et al., 2004; Huang et al.,
20006). In the population used to map Nax1 the product size of the gwm312 marker was 199 bp
in Accession 149 and 236 bp in Tamaroi (Shaobai Huang, personal communication,

December 2006).
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3.3 Results
3.3.1 Presence of Nax2 in diploid species

Nax2 was present in almost all T. monococcum ssp. monococcum accessions, and most
ssp. boeoticum accessions, but was absent in all T. urartu accessions (Table 3.1). Assessment
of the presence or absence of Nax2 was based on the consensus of two Nax2 gene specific
markers. One of the two gene specific markers amplifies the whole open reading frame (ORF
= 2054 bp; primers 5Start and 3Stop), the other marker (primers ForA1l and RevA1l) amplifies
a 945 bp fragment spanning the first intron. Both of these markers were deemed to be
diagnostic for Nax2 in diploid A-genome accessions, as hybridization to the B-genome
HKT1;5 genes would not be a problem. Only the latter marker was diagnostic for Nax2 in
diploid, tetraploid and hexaploid material as it was designed on a section of sequence unique
to TMHKT1;5-A so that it would not amplify from the HKT1;5 genes on the B-genome (see
section 3.2.3).

Interestingly the two markers did not always agree on the presence or absence of
Nax2. An example is presented in Figure 3.1 (lane 8) where the ForA1 and RevA1l primer
product (Figure 3.1 A) was consistent with the presence of Nax2 yet there was no product for
the 5Start and 3Stop primers (Figure 3.1 B). These results were repeated in a second
experiment. The T. boeoticum accession in question (ID. 44906) had low leaf Na" (35.6 pmol
g DW). It is possible that the 5Start and 3Stop primers did not amplify due to sequence
variation at one or both of the priming sites.

The T. boeoticum accession (ID. 44866) with both Nax1 and Nax2, and the highest
leaf Na" of the T. boeoticum accessions containing both Nax1 and Nax2 (75.7 pmol g DW),
also had conflicting results for the two primer sets for Nax2. Again, the ForAl and RevAl
primers indicated the presence of Nax2 yet there was no product for the 5Start and 3Stop

primers. There may be sequence variation at one or both of the priming sites.
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Table 3.1: Average leaf Na* concentrations in selected Triticum spp.
Leaf Na' concentrations of control germplasm (A). Leaf Na" concentrations in T.
monococcum ssp. monococcum, T. monococcum ssp. boeoticum, and T. urartu, separated by

presence or absence of Nax1 (note that £Nax1 indicates presence or absence of the gwm312
marker) and Nax2 (B). Plants were grown in hydroponics, leaf three was harvested and the

sodium concentration measured, after growing for 10 days in a solution with 150 mM NaCl. n
= 6. The average and standard error is of the mean of all accessions in each category.
Accessions with inconsistent results for the genotyping were not included.

é;)ntrol germplasm Av. leaf Na* (umol g™ DW)
Tamaroi 154 +3
Line 149 40+ 16
T. monococcum (C68-101) 31+16
B.
T. monococcum ssp. monococcum No. Av. leaf Na* (umol g DW)
accessions 56+ 7
(28) (range 16 — 175)
+ Nax2, + Nax1l 24 53+5
+ Nax2, - Naxl 3 19+£5
- Nax2, - Nax1 1 175+ 22
T. monococcum ssp. boeoticum No. Av. leaf Na* (umol g™ DW)
accessions 44 + 4
(69) (range 8 — 182)
+ Nax2, + Naxl 15 35+6
+ Nax2, - Naxl 44 42+ 4
- Nax2, + Nax1 1 72 4+£22
- Nax2, - Nax1 7 70 £ 21 (15-182)
T. urartu No. Av. leaf Na* (umol g™ DW)
accessions 66 £ 4
(87) (range 15— 251)
- Nax2, + Nax1 2 94 + 37
- Nax2, - Naxl 85 66 + 4 (15-251)
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Figure 3.1: Screening diploid accessions for Nax2 with gene specific primers

A. Agarose gel electrophoresis of products of PCR with primers ForAl and RevAl. Expected
product size for Nax2 is 945 bp. These primers are specific to the A gene HKT1;5 hence there
is no product from Tamaroi. B. Agarose gel electrophoresis of products of PCR with primers
5Start and 3Stop. Expected product size is 2054 bp. These primers will amplify the A and B
gene members of HKT1;5, hence there is a product from Tamaroi which lacks an A genome
HKT1;5, but contains three B genome HKT1;5 genes. The ladder is 1Kb".
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3.3.2 Leaf Na" concentrations in the diploid accessions

The leaf Na' concentrations of the control germplasm included in the screen of the
diploid accessions was as expected from previous studies (Chapter 2 and James et al., 2006a).
Tamaroi had a leaf Na" concentration approximately four times that of Line 149, and T.
monococcum (C68-101) had a leaf Na" concentration similar to Line 149 (Table 3.1 A).

The average leaf Na' of all of the T. monococcum ssp. MoONOCOCCUM accessions was 56
+ 7 umol g”' DW, the average leaf Na' of all of the T. monococcum ssp. boeoticum accessions
was 44 + 4 pmol g DW, and the average leaf Na* of the T. urartu accessions was 66 + 4
umol g DW.

Of the 31 ssp. monococcum accessions, 24 accessions had both Nax1 and Nax2. The
average leaf Na™ concentration of these accessions was 53 + 5 umol g DW. Only a single
accession lacked Nax2, this accession also lacked Nax1, and it had a high leaf Na"
concentration, 175 + 22 umol g DW. Three ssp. monococcum accessions lacked Nax1,
according to the data for the gwm312 marker, and these accessions had low leaf Na', with an
average leaf Na™ concentration of 19 + 5 pmol g DW. This indicates that Nax2 can confer a
phenotype of low leaf Na" on it’s own.

For the ssp. boeoticum accessions, 15 of 78 accessions were confirmed as having both
Nax1 and Nax2. The leaf Na" of those accessions, with both Nax1 and Nax2, ranged between
8 and 76 umol g DW and the average was 35 + 6 umol g DW. The number of accessions
with Nax2 and not Nax1 was 44. These accessions had an average leaf Na™ of 42 + 4 pmol g™
DW, and a range of 10 to 148 pmol g DW. One accession had only Nax1; the leaf Na™
concentration of this accession was 72 + 22 pmol g DW. Seven T. boeoticums were
confirmed as having neither Nax1 nor Nax2, the average leaf Na' of these accessions was 70
+21 pmol g DW, ranging from 15 to 182 pmol g”' DW.

No T. urartu accessions had Nax2, and only two accessions had Nax1. The leaf Na"
concentrations of the accessions with Nax1 were 57 + 17 and 131 + 35 umol g DW. The
average leaf Na* concentration of the other T. urartu accessions was 66 + 4 pmol g DW.

The diploid wheat with the lowest leaf Na" concentration was a boeoticum accession
from the Kayseri province of Turkey (ID 44821). This accession had a leaf Na" concentration
of 8+ 1 pmol g"' DW. The accession with the highest leaf Na concentration was a T. urartu
from Aleppo, Syria (ID 117911). This accession had a leaf Na" concentration of 251 + 123
umol g DW, the accession with the second highest leaf Na” was also a T. urartu accession

from the same location (ig 110753), it had a leaf Na” concentration of 235 + 24 pmol g DW.
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The maximum leaf Na" concentrations in the ssp. boeoticum accessions and ssp. monococcum
accession were in the order of 180 pmol g’ DW.

Seed from three countries were recorded as having been collected from areas with
saline soils, these countries were Armenia, Iran and Jordan, and the average leaf Na®
concentrations of accessions from these countries were 37 + 5, 44 + 4, and 57 + 9 pmol g™
DW, respectively. In comparison, the average of all accessions tested was 56 + 3 pmol g
DW.

Accessions with leaf Na" concentrations of less than 20 pmol g DW were regarded
as having very low leaf Na'. There were 14 accessions with very low leaf Na" concentrations,
these accessions were collected from Armenia (2), Albania (1), Greece (1), Iran (1), Jordan
(1), Lebanon (2), Ukraine (1) and Turkey (5).

Accessions with leaf Na" concentrations greater than 100 pmol g DW were regarded
as having high leaf Na" concentrations. There were 18 accessions with high leaf Na"
concentrations, these accessions were collected from Bulgaria (1), Iran (1), Jordan (1), Serbia

(1), Syria (7) and Turkey (7).

3.3.3 Linkage with Nax1 and interpretation

The gwm312 marker was used to check the presence or absence of Nax1 alleles in the
diploid accessions. A product size of 199 bp for the gwm312 marker indicates the presence of
a Nax1 allele and a product size of 236 bp indicates the absence of a Nax1 allele. Of the
diploid accessions, 24 monococcum, 16 boeoticum and two T. urartu accessions had product
sizes of 199 bp, these accessions were regarded as having Nax1. In the diverse diploid
accessions variation in the product size for the gwm312 marker was observed. For example;
two monococcum accessions and eight boeoticum accessions gave product sizes of 197 bp, a
monococcum accession from Turkey had a product size of 209 bp, a monococcum accession
from Serbia had a product size of 232 bp, and boeoticum accessions from Syria, Lebanon and
Greece had product sizes of 226, 224 and 201 bp respectively. Accessions with products sizes

differing from 199 bp were considered as lacking Nax1.

3.3.4 Expression of Nax1 and Nax2 may correlate with the Na* exclusion phenotype
The expression of Nax2 was lower in the selected T. monococcum accessions with
high leaf Na" compared those accessions selected with lower leaf Na* (Figure 3.2). In some T.

boeoticum accessions which had Nax2, as diagnosed by PCR, no expression of Nax2 was
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observed. Faint expression of a putative HKT1;5-like gene was observed in one of the T.
urartu accessions that did not have Nax2.

The expression of Nax1 was almost absent in the T. monococcum accessions selected
for having high leaf Na" compared to those accessions selected with low leaf Na" (Figure
3.2). One of the T. boeoticum accessions with high leaf Na" had low expression of Nax1 but
for the other accessions there was no difference in the expression of Nax1 between those
accessions with low leaf Na" and those accessions with high leaf Na'.

A fragment was amplified from all T. urartu accessions in the screen for expression of
Nax1, but this cannot be due to Nax1 as it is not present in these T. urartu accessions, hence
there must be a HKT1;4-like gene with sequence similarity in T. urartu and the primers must
be amplifying from this gene of similar sequence. A HKT1;4-Al gene has been described on
the A-genome of bread wheat (Huang et al., 2008). This gene does not confer the Nax1
(TmHKT1;4-A2) phenotype, but has a similar sequence to TMHKT1;4-A2 (Huang et al.,
2008). Therefore, the primers used to assay the expression of Nax1 may be hybridizing to a
HKT1;4-Al gene in T. urartu. It is likely that the Nax1 primers are only diagnostic of the

expression of Nax1 in the T. monococcum accessions and not the T. urartu accessions.
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Figure 3.2: Expression of Nax1 and Nax2 in selected diploid accessions

Selected accessions with ‘Low” and ‘High’ leaf Na" concentration, from each diploid species
and subspecies, were tested for the expression of Nax1 and Nax2. The three control lanes
represent T. monococcum (C68101), Line 149 and a second lane with C68101. The ladder is
IKb". A. Reverse transcriptase PCR for the glyceraldehyde-3-phosphate dehydrogenase
(GAP) gene was used to check the loading for each lane. B. Expression of Nax1 was assayed
using primers designed by Huang et al. (2006). C. Expression of Nax2 was assayed using the
5Start and 3Stop primers which amplify the entire coding sequence (1554 bp) of TmMHKT1;5-
A
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3.4  Discussion
3.4.1 Trends within species and sub-species

Nax2 was present in almost all T. monococcum ssp. monococcum, and most ssp.
boeoticum accessions but was absent in almost all T. urartu accessions. Nax1 was present in
most T. monococcum ssp. monococcum, but Nax1 was present in less than half of the T.
monococcum ssp. boeoticum accessions tested and Nax1 may only be present in two of 87 T.
urartu accessions. This is consistent with previous studies that suggest that T. urartu is the
ancestor of the A genome in modern wheat (Dvorak et al., 1993; Dvoték et al., 1998), as both
T. urartu and modern wheat generally lack Nax1 and Nax2 (Figure 3.3).

Accumulation of Na" in T. monococcum ssp. monococcum and ssp. boeoticum is
generally lower when Nax1 and Nax2 are present, although there are several exceptional
accessions where this is not the case. Allelic variation may explain some of these differences,
alternatively there may be other genes influencing leaf Na" in these accessions. It is clear that
other genes, not Nax1 (TmHKT1;4-A2) or Nax2 (TmHKT1;5-A), control leaf Na"

accumulation in T. urartu.

3.4.2 Interpreting the results for different PCR markers

Results for the two different gene specific Nax2 markers, based on different parts of
the TMHKT1;5-A open reading frame, were contradictory in some for the diploid accessions.
This is likely to be due to sequence variation within the A gene HKT1;5 open reading frame.
There may be a relationship between specific allelic variation in HKT1;5-A gene members
and the leaf Na" accumulation in the diploid accessions but to ascertain whether this is the
case it is necessary to sequence the open reading frame from a number of the HKT1;5 alleles
from low and high Na" accumulating accessions. Future work may involve cloning and
sequencing of HKT1;5 alleles from a selection of accessions with particularly low or
particularly high leaf Na" concentrations to test this theory.
The gwm312 marker is used to screen for Nax1 in breeding accessions (Rana Munns and
Richard James, personal communication). It is deemed, at 1.2 cM distance from Nax1, to be
close enough as to be reliably diagnostic of the presence of Nax1. However, it is possible that
amongst this diverse diploid material the relationship between Nax1 and gwm312 may differ.
Unfortunately, a gene specific marker for Nax1 was not available to test this theory. Future
work may involve checking whether the relationship between Nax1 and gwm312 holds in this

diverse material using Southern Hybridization.

63



Ancestral
diploid
DD

T. boeoticum T. urartu
A"A"BB

Ae. tauschii

T. dicoccoides

\\i, 7.000 -10.000 vears ago

Nax1, AABB AABBDD

T. monococcum T. turgidum T. aestivum
(einkorn) (durum wheat) (bread wheat)

Figure 3.3: Wheat ancestors and wheat evolution

Wheat ancestors and wheat evolution in relation to modern wheat and the occurrence of Na*
exclusion genes, Nax1, Nax2 and Knal. Adapted from Huang et al. (2008). Bread wheat
(Triticum aestivum L., AABBDD) originated from hybridization of three diploid species, T.
urartu (A genome) (Dvorak et al., 1988), an unknown B genome which is closely related to

Ae. speltoides, and Ae. tauschii (D genome).



3.4.3 Expression of Nax1 and Nax2 correlates with Na* exclusion in T. monococcum

In T. monococcum ssp. monococcum there may be a correlation between expression of
Nax1 and Nax2 and Na" exclusion. This correlation was not observed in T. monococcum ssp.
boeoticum or T. urartu accessions (Figure 3.2). In two of the four T. monococcum ssp.
boeoticum accessions selected with high leaf Na" concentration the PCR screen indicated the
presence of Nax2 yet the expression analysis indicated that Nax2 was not expressed, or not
highly expressed.

Neither Nax1 nor Nax2 is present in the selected T. urartu accessions, yet products
were observed for Nax1 from every accession (Figure 3.2). The candidate gene for Nax1 is
TmHKT1;4-A2, and two related genes, TaHKT1;4-Al and TaHKT1;4-A2 have been identified
in Chinese Spring (Huang et al., 2006), that do not confer the Nax1 phenotype, therefore it is
likely that a related gene may be present in T. urartu which does not confer the Nax1
phenotype. Nax1 unloads Na" from the xylem, and partitions Na" into the leaf sheath, and
partitioning of Na" into the leaf sheath has not been observed, or at least described, in modern
wheat. It is likely that the primers used in RT-PCR are not specific to Nax1 in the T. urartu
background.

For one T. urartu accession a very faint product was observed for the Nax2 primers.
This product may have amplified from a different gene of similar sequence. The RT-PCR

results were otherwise consistent with the PCR results for Nax2 in the T. urartu accessions.

3.4.4 New genetic variation for Na* exclusion

Allelic variants of the single Arabidopsis HKT gene (AtHKT1;1) have been found to
have differing affects on leaf Na" accumulation (Rus et al., 2006). It is likely that allelic
variation for the nine genes in the HKT gene family in monocotyledonous plants, such as
wheat, can also be exploited to improve the salinity tolerance of crops plants. Novel HKT
alleles may be identified in wild relatives of wheat, such as those diploid wheat accessions
screened in this project, or other diploid species such as Aegilops species (Colmer et al.,
2006), which may confer greater tolerance to salinity than the alleles already identified. An
additional benefit of studying HKT genes in cereals is that the research can be directly applied
to the improvement of crop plants.

The marker screen indicated that the Turkey boeoticum with the lowest leaf Na" had
both the Nax1 and Nax2 genes. This accession accumulated one quarter of the Na" as the
original Nax1 and Nax2 donor accession (T. monococcum C68101). It is possible that the

Nax1 and Nax2 alleles in this low Na" accumulating boeoticum differ from those of T.
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monococcum (C68101). Cloning and sequencing of Nax1 and Nax2 from this boeoticum
accession is needed to test this hypothesis. Alternatively there may be other genes in this
boeoticum accession contributing to the very low leaf Na" accumulation.

In each of the species, and subspecies, accessions were identified with significantly
lower leaf Na" than the original ‘C68101° monococcum accession. This indicates that there
may be useful genetic variation for Na" exclusion in each species and subspecies. The
material screened may provide new traits for improving the salinity tolerance of wheat and

new or variant HKT alleles.

3.4.5 Eco-graphic distribution of diploid accessions and Na* accumulation

Dr Kenneth Street (ICARDA, Aleppo, Syrian Arab Republic) collected the seed. Dr
Street suggested that seed collected from Armenia, Iran and Jordan, may have come from
saline sites. Unfortunately more detailed information about the salinity at the sites of
collection was not available. There was much variation in the leaf Na" concentration of the
accessions from these countries indicating that they could not be generalised as having
particularly low or particularly high leaf Na" concentrations. There was no obvious trend
between accessions with particularly low or particularly high leaf Na" and the origins of those
accessions. Salinity is likely to vary greatly within small regional areas; therefore
significantly more detailed information about the salinity at sites of collection is needed to test
whether Nax1 and Nax2 are better represented or better conserved in accessions from saline as

compared to non-saline areas.
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Chapter 4: Transport properties of wheat HKT1;5 and related genes in

Xenopus laevis oocytes
4.1  Introduction
4.1.1 Heterologous expression in Xenopus laevis oocytes and electrophysiology

The egg, or oocyte, from the South African clawed frog, Xenopus laevis, is commonly
used as a functional expression system for plant membrane proteins (Theodoulou and Miller,
1995). In vitro transcribed and capped RNA encoding the protein is microinjected into the
cytoplasm of the oocyte and over the following days the activity of the encoded protein is
measured. The effect of the plant membrane protein on the electrical properties of the oocyte
is measured by placing a voltage electrode and a current electrode, hollow glass pipettes
approximately 1 um in diameter filled with electrolyte, into the membrane of the oocyte
(oocyte diameter approximately 1 mm). The electrodes are connected to an amplifier, and a
data acquisition system, creating an electrical circuit and allowing the direct observation and
recording of the electrical activity of the cell.

To study the current-voltage relationships of membrane proteins, current is injected to
the oocyte to maintain a particular voltage. The amplifier measures the membrane potential
and feeds a signal into a feedback amplifier which determines how much current is injected to
keep the voltage clamped at a particular command potential. The feedback circuit passes
current into the cell to produce a current equal and opposite to the ionic current. The ionic
current crossing the cell’s membrane is thus measured at the given voltage.

As the oocyte, electrodes and amplifier form an electrical circuit Ohm’s Law can be
applied (Eqn 1):

I =VIR (1)

where | is the current (amperes), V is the potential difference (volts), and R is the
resistance (ohms).

The membrane of the oocyte expressing the protein of interest behaves as a resistor.
Injection of current through the membrane, or resistor, moves the membrane to a particular
voltage. The slope of the relationship between current and voltage is a measure of the
conductance (G = 1/R) of a particular ion through the protein of interest.

The intercept of the current-voltage relationship, where the current changes from
positive to negative, is the reversal potential. The reversal potential can be used to calculate
the electrical potential of the cell membrane with respect to one type of ion using the Nernst

Equation (Eqn 2):
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rev = (RT/zF) In(C,/Cj) (2)
where E,., is the reversal potential, R is the gas constant (8.31 J -K'l), T is the absolute
temperature (Kelvin), z is the ion charge, F is the Faraday constant
(9.65 x 10* Coulombs mol'l), C,i is the internal activity of the ion and C, is the external
activity of the ion. Therefore, at 25°C RT/zF = 58 mV/z.

The electrical potential across the cell membrane that exactly opposes the net
movement of a particular ion through the membrane is called the Nernst potential for that ion.
The magnitude of the Nernst potential is determined by the ratio of the concentrations of that
specific ion on the two sides of the membrane. The greater the ratio, the greater the tendency
for the ion to move in one direction, and therefore the greater the Nernst potential required to
prevent the movement.

The ratio of permeability of a protein to different ions is calculated using the
Goldman-Hodgkin-Katz equation (Eqn 3). Each ion makes a contribution to the membrane
potential that depends upon both its concentration and permeability.

Erev = (RT/zF) In((PkK , + PnaNa o)/(PxK i + PnaNa i) (3)
written for Na” and K™ where Py is the permeability of potassium and Py, is the permeability

of sodium.

4.1.2 The function of HKT-type transporters in Xenopus laevis oocytes

The relationship between the function of HKT transporters in Xenopus oocytes and
their function in planta is not clear. HKT transporters were originally thought to be K'-H"
symporters (Schachtman and Schroeder, 1994). It was then suggested that they co-transported
Na" and K* (Rubio et al., 1995), but later that they functioned as high-affinity Na"
transporters (Rodriguez-Navarro and Rubio, 2006). The confusion has been exacerbated by
observations that the same cDNA inserted into different constructs resulted in alternative
initiations of translation, and gave different proteins with different kinetic functions when
expressed in Xenopus oocytes (Haro et al., 2005).

The confusion is partially clarified by dividing HKT-type transporters into two groups
based on introns size and on a glycine/serine substitution (See Chapter 1, section 1.2.5;
Platten et al., 2006). Group 2 transporters may function as Na' /K" symporters when expressed
in Xenopus laevis oocytes, as for TaHKT2;1 (Rubio et al., 1995), or as Na" specific
transporters, as for OsHKT2;1, which may be involved in nutritional Na" uptake in K" starved
conditions in rice (Horie et al., 2007). Group 1 transporters, such as AtHKT1;1 and

OsHKT1;5 function as Na'-selective transporters when expressed in Xenopus oocytes, and in
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planta these transporters are likely to control shoot Na” and K* by withdrawing Na" from the

xylem into xylem parenchyma (Uozumi et al., 2000; Ren et al., 2005; Davenport et al., 2007).

4.1.3 Heterologous expression of HKT1;5 in Xenopus laevis oocytes

The candidate gene for Nax2 is TMHKT1;5-A, and the candidate gene for Knal is
TaHKT1;5-D (Byrt et al., 2007). These genes share 94% identity and are 66% identical to the
rice Na' transporter OsHKT1;5, which is the candidate for SKC1 (Ren et al., 2005).

Nax2, Knal and SKC1 each confer a phenotype of K™ to Na" discrimination from root
to shoot, leading to higher leaf K™ concentration and lower leaf Na" concentration (See
Chapter 2 section 2.3.2). Nax2 was shown to be involved in retrieval of Na* from the xylem in
a compartmental loading experiment where upper and lower roots were separated; the lower
roots fed *Na", and the labeling in the upper roots measured (James et al., 2006a). This
experiment compared homozygous BCsF3 lines with and without Nax2 and demonstrated that
Nax2 was involved in withdrawing **Na" into the upper parts of the root leading to a 4-fold
higher *Na" content in the leaves of the lines without Nax2 compared to the lines with Nax2
(James et al., 2006a). Chromosome deletion lines with Knal had 6 times greater leaf K to
Na' ratio and four times less leaf Na" than the deletion lines lacking the fragment containing
Knal (Byrt et al., 2007), indicating that Knal may also retrieve Na" from the xylem. This is
consistent with Gorham et al.’s (1990) finding that lines with and without Knal had the same
concentration of Na' in the roots, but lower Na' in the leaves of lines with Knal, and
concluding that Knal influenced net loading of Na" into the xylem.

Transgenic rice lines with SKC1 (OsHKT1;5) had a 2.5 times greater leaf K to Na"
ratio, and 2-times less sodium than transformed lines without SKC1 (Ren et al., 2005). It is
therefore reasonable to suggest that OsHKT1;5 is a Na" transporter involved in retrieval of
Na" from the xylem in rice, and that the homologous genes in wheat, TaHKT1;5-D and
TmHKT1;5-A, which confer phenotypes very similar to that of OSHKT1;5, may also encode

Na'" transporters involved in retrieval of Na" from the xylem.

4.1.4  Aims for this study

In this study, a Xenopus laevis oocyte expression system was used to test whether
TmHKT1;5-A and TaHKT1;5-D are Na" transporters. We compared the activity of the wheat
HKTT1;5 transporters with the activity of AtHKT1;1, OsHKT1;5 as OsHKT2;1, as these
transporters have been studied previously (Uozumi et al., 2000; Horie et al., 2001; Ren et al.,
2005) . Data is collected with the aim of addressing the following questions:
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1. Do the wheat HKT1;5 transporters conduct Na™?

2. Are the wheat HKT1;5 transporters permeable to other ions?

3. Are the transport properties of the wheat HKT1;5 transporters affected by pH,
external calcium, or channel blockers?

4. How do the transport properties of the wheat HKT1;5 transporters compare to
other known HKT-type transporters including OsHKT1;5, OsHKT2;2 and
AtHKTI1;1?

4.2 Materials and Methods
4.2.1 Building constructs for expression in Xenopus laevis oocytes

For construction of the oocyte expression plasmids the TMHKT1;5-A (1554 bp) and
TaHKT1;5-D (1551 bp) cDNAs were cloned into the Gateway® entry vector
pCR®8/GW/TOPO® using the Invitrogen TOPO TA Cloning Kit as per the manufacturers
instructions. Plasmid DNA was sequenced to check the orientation of the cDNA. Dr Darren
Plett (ACPFQG) kindly provided a pPCR®8/GW/TOPO® vector containing the cDNA for
Arabidopsis thaliana Lansberg erecta. AtHKT1;1 (1521 bp), and Dr Olivier Cotsaftis
(ACPFQG) kindly provided pCR®8/GW/TOPO® vectors containing the Pokkali OSHKT1;5
(1668 bp) cDNA, the Nipponbare OSHKT1;5 (1662 bp) cDNA and the Pokkali OSHKT2;2
(1593 bp) cDNA. Each respective cDNA was transferred to a Gateway® enabled pGEMHE
vector (Supplied by the Membrane Transporter Expression Facility (MTEF) at the University
of Adelaide) via an LR recombination reaction as per the manufacturers’ instructions. Purified
plasmid DNA of pGEMHE containing each of the respective sequences was then sequenced

to ensure presence and correct orientation of the cDNA inserts.

4.2.2 Transcription of RNA

Plasmid DNA of pPGEMHE with each of the cDNAs of interest was linearised with the
following enzymes; the AtHKT1;1 plasmid was linearised with Sphl (in NEB buffer 2), both
the Pokkali and Nipponbare OsHKT1;5 plasmids, the OSHKT2;2 plasmid, and the TaHKT1;5
and TmMHKT1;5 plasmids were linearised with Xbal (Surecut Buffer H), approximately 2 pg
of DNA was digested for each plasmid, at 37°C for 12 h. Restriction enzymes and their
respective recommended buffers were from New England BioLabs, reaction conditions as
recommended by the manufacturer (www.neb.com). Restriction enzymes were chosen that
did not cut within the coding sequence of each respective gene of interest but did cut once in

the pPGEMHE plasmid, as close to the terminator of the cDNA sequence as possible. This was
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to try and prevent the transcription of large molecules from the linearised plasmid. Linearised
reactions were terminated and cleaned up as per the instructions in the mMESSAGE
mMACHINE® High Yield Capped RNA Transcription Kit Instruction Manual (Ambion Inc.,
Austin, Tex. USA). Linearised plasmid DNA was checked on a gel.

RNA was transcribed with T7 RNA polymerase from 1 pg of the linearised pPGEMHE
plasmid DNA using the nMESSAGE mMACHINE Capped Transcription Reaction
Assembly protocol (Ambion Inc., Austin, Tex. USA), with a 2 hr incubation step to achieve
maximum yield. DNase treatment was as recommended in the protocol. The
phenol:chloroform extraction and isopropanol precipitation method for recovery of the RNA
was as described in the manual. cRNA quality (amount and presence of full-length transcript)
was checked by loading a denatured cDNA sample on an agarose gel and the concentration
checked on a NanoDrop spectrophotometer 1000 (Thermo Scientific). cRNA was diluted to 1
ug/uL with sterile autoclaved Milli-Q (Millipore) purified H,0 and stored at -80°C.

4.2.3 Injection of cRNA into Xenopus laevis oocytes and electrophysiology

This work utilized the Membrane Transporter Expression Facility (MTEF) at the
University of Adelaide, which is supported by Biolnnovation SA and the Australian Research
Council. Xenopus laevis oocytes were supplied by the MTEF and the Xenopus frog colony is
maintained by the University of Adelaide Animal Housing Facilities.

Oocytes were prepared as described by Zhou et al. (2007) and kept in modified
Barth’s solution (96mM NaCl, 2 mM KCI, 5 mM MgCl,, 5mM HEPES/KOH pH 7.6)
containing 0.5 mM CaCl,, 2.5 mL per 50 mL horse serum (H-1270; Sigma, St Louis, MO,
USA), 50 pg mL™ tetracyclin (Sigma) and 0.5 mL per 50 mL of penicillin-streptomycin
(P4333, 10 000 units penicillin and 10 mg streptomycin per milliliter, Sigma) at 18°C.
Solutions were changed daily.

Oocytes of uniform size (1 mm diameter) and colouring were injected at the border
between animal and vegetal poles on the animal side with approximately 23 ng of cRNA in 46
nL of nuclease-free water per oocyte using a Nanoinject II microinjector (Drummond
Scientific Company, Australia). In other experiments higher concentrations of cRNA, as
specified, were injected in the same volume of water. Electrophysiological measurements
were made 1-3 d after the injection with a two-microelectrode voltage and patch clamp
amplifier (GeneClamp 500; Axon Instruments) together with a Digidata 1322A data
acquisition system interface (Axon Instruments) using 0.5 to 1 MQ pipettes filled with 3M
KCL
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Membrane currents were measured in standard solution that contained 6 mM MgCl,,
1.8 mM CaCl,, 10 mM 2-(N-morpholino)-ethanesulfonic acid (MES) adjusted to pH 6.5 with
TRIS base (Trizma® base, Sigma-Aldrich) for the standard solution or L-Glutamic acid for
solutions where the pH was less than 6.5. Osmolarities were adjusted with mannitol to 240-
260 mosmol/kg using a vapor pressure osmometer (Wescor 5500, Wescor). Bath solutions
were modified with Na* glutamate, K" glutamate, LiOH, RbCl, CsCl, TRIS glutamate,
triethanolamine (TEA), gadolinium or flufenamate, as specified. Free ion activities were
calculated using Visual MINTEQ (Version 2.53) (Gustafsson, 2003). All experiments were
performed at room temperature (20-22 °C).

Voltage-pulse protocols, data acquisition and analysis were performed with the
pClamp 9.0 program suite (Axon Instruments, CA, USA). The filter frequency was set to 1
kHz; the acquisition time of data points was in the range of 2-10 ms depending on the voltage
protocols.

For continuous trace data, the membrane potential was clamped at —120 mV, and data
were collected continuously as various solutions were run through the bath.

To collect data for current-voltage relationships, ramp commands were constructed in
pCLAMP. The membrane potential was increased in 20 mV steps from —140 mV (or just
—120 mV in some experiments) through to 40 mV. Each voltage was held for ~5 s followed
by ~4 s at 0 mV. A break, where no voltage was injected, was included in between each step-
increase in membrane potential. For reasons of clarity, error bars were not displayed on all of
the graphs generated from the current-voltage data. To give an indication of the error, the
standard errors of the means (SEM) are included in Figure 4.15 and Figure 4.16. As can be
seen in these two figures, the errors were so small in magnitude that the error bars were
usually hidden by the symbols representing each data point. Each voltage was held for 5
seconds; however, the current-voltage data was calculated based on the average value for
current obtained during a representative 1.5 seconds of injection of the specific voltage.

Experimental replication is included in Appendix Table 4.1.

4.2.4 Total moles of Na* and K™ per oocyte measured using a flame photometer

Oocytes were harvested three days after injection of cRNA. Oocytes were kept in
modified Barth’s solution (which contains 96 mM Na” and 2 mM K, see section 4.2.3) with
horse serum and antibiotics (Zhou et al., 2007) at 18°C, and solutions were changed daily. At
harvest oocytes were washed three times for 10 s in 1 mL of autoclaved Milli-Q (Millipore)

purified H»0 to wash off any Barth’s solution. Three oocytes per sample were homogenized in
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1 mL of 1% nitric acid and incubated at 75°C for 1 h. Samples were then mixed and 0.5 mL
was diluted with a further 1.5 mL of 1% nitric acid. Total moles of Na" and K" were
measured using a flame photometer (M410, Corning, Palo Alto, CA) (Essah et al., 2003).
Solutions of 0.1 mM NaCl and 0.1 mM KCI were used to calibrate the flame photometer as

per the manufacturer’s instructions.
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4.3 Results
4.3.1 Transcription of RNA

Strong bands of the expected product sizes were transcribed from linearized pGEMHE
vector DNA containing the coding sequences of the genes of interest; TaHKT1;5-D (1551
bp); Nipponbare OSHKT1;5 (1665 bp); Pokkali OSHKT2;2 (1593 bp); TmHKT1;5-A (1554
bp); AtHKT1;1 (1521 bp) and Pokkali OsHKT1;5 (1665 bp) (Figure 4.1 A).

Additional bands of larger sizes were observed for TMHKT1;5-A and Pokkali
OsHKT1;5, there was also very faint bands of larger sizes in the Nipponbare OSHKT1;5 and
Pokkali OsHKT2;2 lanes. The RNA transcription reaction was repeated and the additional
bands were again observed, faint bands were also observed in the AtHKT1;1 sample (Figure
4.1 B). Larger bands may be additional unwanted transcribed products. It was anticipated that
the RNA product sizes may not correspond exactly to the ladder as despite the denaturing
process the RNA may have folded into a secondary structure affecting the rate of movement

through the agarose gel, this may also explain the differing product sizes.

-

L Tm At Pkl

L Tm At Pkl

Figure 4.1: RNA in vitro transcribed from pGEMHE

A. RNA products transcribed from the coding sequences of TaHKT1;5-D (Ta) (1551 bp);
Nipponbare OsHKT1;5 (1665 bp) (Ni); Pokkali OsHKT2;2 (1593 bp) (Pk2); TmHKT1;5-A
(1554 bp) (Tm); AtHKT1;1 (1521 bp) (At); and Pokkali OsSHKT1;5 (1665 bp) (Pk1). B.
Repeat of transcription of TMHKT1;5-A (1554 bp) (Tm); AtHKT1;1 (1521 bp) (At); and
Pokkali OsHKT1;5 (1665 bp) (Pk1). L = 1Kb ladder.
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4.3.2 Measurement of currents in water-injected oocytes

Water-injected control oocytes were included in all experiments. There was no
significant change in conductance observed in response to increasing concentrations of
exogenous Na' (Figure 4.2 A). The only significant conductance observed for water injected
oocytes was in response to external solutions with a concentration of 100 mM K (Figure 4.2
B). This endogenous conductance did not consistently occur, and was only observed on a
couple of occasions, and only in response to very negative membrane potentials of around
—-120 mV.

No significant conductance was observed in water injected oocytes at various
membrane potentials when exposed to various bath solutions (Figure 4.3 and Figure 4.4).
Small endogenous conductance was observed at very negative membrane potentials (< 120
mV) when oocytes were exposed to 100 mM K*, 100 mM CsCl and 100 mM RbCl (Figure
4.3 A). The conductance in most solutions, including 100 mM Na" and 100 mM K, was
approximately 1 puS. The maximum conductance was observed when the oocytes were in the
solution with Rb", in this solution the conductance was ~2 pS. Varying the concentration of
Na" or K' or both Na” and K" in the bath solution did not induce currents in water injected
oocytes (Figure 4.3 B and C).

If the oocytes were transporting Na™ or K, in response to increased external
concentrations of Na" or K, then the slope of the current-voltage relationship would increase
with increasing external Na” or K'. When the external Na" and/or K* concentration was
increased there was no change in the slope of the current-voltage relationship (Figure 4.3 B
and C) indicating that there was no significant transport of Na’ or K into or out of the water-
injected oocytes.

No significant currents were observed for water injected oocytes in 10 mM Na" when
the pH was altered, or when the calcium concentration was altered (Figure 4.4). The
conductance of water-injected oocytes in the presence of 10 mM Na" did not decrease when

channel blockers (flufenamate and gadolinium) were present (Figure 4.4).
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Figure 4.2: Currents over time in H,O injected oocytes exposed to a range of solutions
with varying Na* and K* concentrations

A. No currents were observed in response to varying Na' concentrations. B. Small
endogenous inward currents were observed in response to 100 mM K. The membrane
potential was held at -120 mV. Units for Na" and K" concentrations are in mM. 0 refers to the
standard solution (See 4.2.3).
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Figure 4.3: Current-voltage curves for oocytes injected with water, in solutions with
different cations and different Na* and K* concentrations

Oocytes were exposed to solutions with different salts (A), and solutions with different Na"
(glutamate) concentrations, or K™ (glutamate) concentrations (B), and different combinations
of Na" and K" (glutamate) concentrations (C). Concentrations are in mM. Numbers of oocytes
are listed in Appendix Table 4.1.
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Figure 4.4: Current-voltage curves for oocytes injected with water, in solutions with 10
mM Na" and with different pH, calcium concentrations and channel blocking solutions
Oocytes were exposed to solutions with 10 mM Na" and solutions with 10 mM Na" and
different pH and calcium concentrations (A); and solutions with 10 mM Na" and different
channel blockers (Fluf = 0.1 mM Flufenamate, Gad = 0.1 mM Gadolinium, (B); Na=Na"
(glutamate); concentrations are in mM. Numbers of oocytes are listed in Appendix Table 4.1.
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4.3.3 Measurement of currents in AtHKT1;1 injected oocytes

When the membrane potential of the oocytes was held at =120 mV AtHKTI;1
transported Na', but not K* (Figure 4.5). The conductance of AtHKT1;1 significantly
increased with increasing external Na", consistent with AtHKT1;1 transporting Na" into the
oocyte when the membrane potential was negative (approximately —100 mV; Figure 4.5 and
4.6). The small currents induced by 100 mM K" (Figure 4.5 and 4.6 A) may be endogenous,
as similar currents were observed in water injected oocytes exposed to 100 mM K" (Figure
4.2 B). In response to increasing external K™ there was a small increase in conductance and
the E,.y, moved positive (Figure 4.6 A).

In 1 or 10 mM Na', the conductance of AtHKT1;1 was approximately 2 pS. The
conductance of Na” by AtHKT1;1 in the presence of 30 mM Na' (6 pS) and in the presence
of 100 mM Na" (5 uS) was similar, indicating that the transporter was saturated in the
presence of approximately 30 mM Na" (Figure 4.6 A). A 10-fold increase in the external Na"
activity, from approximately 0.8 to 8 mM Na", leads to a positive shift in the E,e,, from
approximately —55 to —40 mV. When the external Na" activity increased from approximately
8 to 80 mM Na', the E,e, shifted from approximately —40 to —20 mV.

Conductance of Na" by oocytes expressing AtHKT1;1 in a solution with 1 mM K"
and 1 mM Na" was slightly greater than in a solution with just | mM Na", but the
conductance in solutions with 1 mM Na" and either 10 or 30 mM K was not significantly
different to the conductance in 1 mM Na" (Figure 4.6 B). The presence of K" in the external
solution did not significantly change the conductance of Na” when the concentration of Na" in
the external solution was 10 or 30 mM (Figure 4.6 C). The conductance of Na" by AtHKT1;1
expressing oocytes in 10 mM Na " was similar to the conductance in a solution containing
both 10 mM Na" and either I mM K" or 10 mM K" (Figure 4.6 C). Similarly, the conductance
of AtHKT1;1 expressing oocytes in 30 mM Na" was not significantly different to the
conductance in a solution with both 30 mM Na" and 1 mM K" (Figure 4.6 C). These data
indicated that the conductance of AtHKT1;1 was not altered by the presence of K in the

external solution.
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Figure 4.5: Currents over time in AtHKT1;1 injected oocytes exposed to a range of
solutions with varying Na* and K* concentrations

Currents were observed in response to varying Na™ concentrations, but not K', other than a
small endogenous current for 100 mM K'. The membrane potential was held at =120 mV.
Units for Na” and K concentrations are in mM. 0 refers to the standard solution (See 4.2.3).
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Figure 4.6: Current-voltage curves for AtHKT1;1 expressing oocytes in solutions with
different Na* and K* concentrations

Oocytes were exposed to solutions with different Na" (glutamate) concentrations, or K"
(glutamate) concentrations (A), and different combinations of Na" and K* (glutamate)
concentrations (B) and (C). Nais Na'; Kis K'; units are mM. Numbers of oocytes are listed in
Appendix Table 4.1.
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4.3.4 Measurement of currents in OSHKT1;5 injected oocytes

OsHKT1;5 exhibited selectivity for Na' rather than K (Figure 4.7), with the
exception of concentrations of approximately 30 mM K (Figure 4.8 B). The currents induced
by 100 mM K" (Figure 4.7) may be endogenous, as similar currents were observed in water
injected oocytes exposed to 100 mM K (Figure 4.2 B).

The conductance of Na” by OsHKT1;5 did not increase significantly with increasing
Na' activity in the external solution (Figure 4.8 A). The conductance of OsHKT1;5 was ~7 uS
in 1 and 100 mM Na", and ~ 6 uS in 10 and 30 mM Na".

As the Na" activity in the external solution was increased from 0.8 to 8 to 80 mM Na",
the E,.y became less negative, shifting from —80 to —50 to —10 mV, respectively (Figure 4.8
A). This was consistent with previous data for OsHKT1;5 where an increase in the external
Na" concentration from ~0.3 mM to ~10 mM lead to only a small increase in conductance for
the Nona Bokra allele, and no difference in conductance for the weaker Koshihikari allele
(Figure 4g and h; Ren et al., 2005). In the data presented by Ren et al. (2005) the ~10-fold
increase in external Na' activity lead to a positive shift in E,, from approximately —62 to —31
mV.

OsHKT1;5 expressing oocytes did not exhibit significant conductance of K™ when the
K" concentration in the external solution was 1 or 10 mM K (Ee, = —100 mV), but there was
significant conductance when the external solution contained 30 mM K, and the E,., was
more positive at this higher K concentration (~ —87 mV; Figure 4.8 A).

The conductance of OsHKT1;5 in solutions with | mM Na" was similar to the
conductance in 1 mM Na" and 10 mM K, with the former having a slightly more positive Ee,
(=75 mV) than the latter (—85 mV) (Figure 4.8 B). However, in | mM Na" the presence of
either I mM K" or 30 mM K" in the solution lead to a decrease in conductance and a less
negative E,., (—65 and —45 mV, respectively).

There was less conductance of OsHKT1;5 in the solution with 10 mM Na’ and 1 mM
K" than in the solution with just 10 mM Na", but there was greater conductance in the
solution with 10 mM Na" and 10 mM K than in the solution with just 10 mM Na", although
the E,e, did not differ in the solution with 10 mM Na’ and 10 mM K" compared to the
solution with just 10 mM Na" (Figure 4.8 C). There was slightly more conductance in a
solution with 30 mM Na" and | mM K than in a solution with just 30 mM Na", and the Eye,
in 30 mM Na" and 1 mM K" (=30 mV) was more positive than for just 30 mM external Na"
(40 mV).
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OsHKT1;5 was selective for Na' over other ions (Figure 4.9 A). However, there may
have been a small amount of conductance of Cs” and Rb". Varying the pH and calcium, and
adding channel blockers, did not significantly affect the conductance of Na' observed for
OsHKT1;5 in the presence of 10 mM Na' (Figure 4.9 B).

Surprisingly, no significant conductance was observed for oocytes injected with
Pokkali OsHKT1;5 capped RNA (Figure 4.10), even though the Pokkali HKT1;5 and
Nipponbare HKT1;5 amino acid sequences are 98% identical. The conductance in 100 mM
K" (Figure 4.10) may be due to an endogenous transporter, as similar currents were observed

in water injected oocytes exposed to 100 mM K" (Figure 4.2 B).
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Figure 4.7: Currents over time in OsHKT1;5 (Nipponbare) injected oocytes exposed to a
range of solutions with varying Na* and K* concentrations

Currents were observed in response to varying Na' concentrations, but not K', other than a
small endogenous current for 100 mM K'. The membrane potential was held at -120 mV.
Units for Na” and K concentrations are in mM. 0 refers to the standard solution (See 4.2.3).
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Figure 4.8: Current-voltage curves for OsHKT1;5 (Nipponbare) expressing oocytes in
solutions with different Na” and K* concentrations

Oocytes were exposed to solutions with different Na* (glutamate) concentrations, or K
(glutamate) concentrations (A), and different combinations of Na” and K (glutamate)
concentrations (B) and (C). Nais Na'; Kis K'; units are mM. Numbers of oocytes are listed in

Appendix Table 4.1.

84



A OsHKT1;5 Current (nA)
1000
800

—e—100 Na

Voltage (mV) —=—100 CsClI
17 ' | —-100 RoC
15 50 | 100 LioH
100 TRIS

B OsHKT1;5 Current (nA)

800 -

500
Voltage (mV) /"/ ——10NapH5.5
r 9 ' 10Na pH 6.5
-150 200 2 50 10NapH75
400 | —e— 10 Na Fluf
10 Na Gad
-600 -
-800 -
-1000 -
-1200 -

Figure 4.9: Current-voltage curves for oocytes expressing OsHKT1;5 (Nipponbare), in
solutions with various cations, different pH, and channel blocking solutions

Oocytes were exposed to solutions with different cations (A) and different pH and channel
blockers (B) Large inward currents were observed in the presence of 100 mM Na". (G) is
glutamate; Nais Na'; K is K"; TRIS is Trizma® base; 100 is 100 mM; Fluf= 0.1 mM
Flufenamate; Gad = 0.1 mM Gadolinium; Na= Na" (glutamate); K= K" (glutamate)
concentrations in mM. Numbers of oocytes are listed in Appendix Table 4.1.
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Figure 4.10: Current-voltage curves for oocytes injected with cRNA products
transcribed from pGEMHE containing the cDNA for OsHKT1;5 (Pokkali)

The currents observed for 100 mM K" may be endogenous. No other significant currents were
observed for solutions with various Na" and K™ concentrations. Nais Na' (glutamate); K is K"
(glutamate); concentration in mM. Numbers of oocytes are listed in Appendix Table 4.1.
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4.3.5 Measurement of currents in OsHKT2;2 injected oocytes

OsHKT2;2 behaved as a Na" and K coupled transporter, which is consistent with
previous literature (Horie et al., 2001). At negative membrane potentials (—120 mV)
conductance of Na” and K* was observed when either Na" or K™ was present in the external
solution (Figure 4.11). Increasing concentrations of Na” and K in the external solution lead
to positive shifts in the E., (Figure 4.12 A and B).

The conductance of Na" was greater when the concentration of Na' in the external
solution was 1 or 10 mM (17 and 16 uS, respectively), compared to higher concentrations of
30 or 100 mM Na" (11 and 12 uS, respectively; Figure 4.12 A). In solutions containing only
K", the greatest conductance was at concentrations of 1 mM and 30 mM K* (9 and 10 uS,
respectively), and at 10 mM K the conductance was significantly lower (~5 uS; Figure 4.12
B).

Greater conductance was observed for OsHKT2;2 (~11 uS; Figure 4.12 A and B) in
the modified Barth’s solutions (0 mM Na" and 0 mM K"), than for water (~1 pS; Figure 4.3
B) or AtHKTI;1 (~2 uS; Figure 4.6 A) injected oocytes.

In solutions with both Na” and K", increasing the concentration of Na" and K lead to
positive shifts in the reversal potential. The greatest conductance observed for OsHKT2;2
expressing oocytes was in a solution of 30 mM Na” and 1 mM K (~22 uS). Similar
conductance was observed for OsHKT2;2 in a solution of 10 mM Na" and 1 mM K" (~21
1S). Conductance was high (~18 uS) in a solution of 10 mM Na" and 10 mM K" and the E,
observed for this solution (—25 mV) was more positive than the E,., for other solutions. In
comparison, the E, in a solution of 10 mM Na" was approximately =75 mV.

OsHKT2;2 expressing oocytes were more permeable to other cations such as Cs", Rb",
and Li", and a solution with TRIS (Figure 4.13) than OsHKT1;5 expressing oocytes (Figure
49 A).
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Figure 4.11: Currents over time in OsHKT2;2 injected oocytes exposed to a range of
solutions with varying Na" and K* concentrations

Currents were observed in response to varying Na™ concentrations, but not K', other than a
small endogenous current for 100 mM K'. The membrane potential was held at -120 mV.
Units for Na” and K concentrations are in mM. 0 refers to the standard solution (See 4.2.3).
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Figure 4.12: Current-voltage curves for OsHKT2;2 (Pokkali) expressing oocytes in
solutions with different Na” and K* concentrations

Oocytes were exposed to solutions with different Na™ (glutamate) concentrations (A), or K
(glutamate) concentrations (B), and different combinations of Na" and K (glutamate)
concentrations (C). Nais Na'; K is K'; units are mM. Numbers of oocytes are listed in
Appendix Table 4.1.
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Figure 4.13: Current-voltage curves for oocytes expressing OsHKT2;2 (Pokkali), in

solutions with various cations

Oocytes were exposed to solutions with different cations. Large inward currents were
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observed in the presence of 100 mM Na', OsHKT2;2 also showed permeability to Cs, Rb and

K. (G) is glutamate; Nais Na'; K is K'; concentrations are in mM; Numbers of oocytes are

listed in Appendix Table 4.1.
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4.3.6 Measurement of currents in TaHKT1;5-D injected oocytes

The wheat TaHKT1;5-D, like the rice HKT1;5, exhibited Na -specific inward currents
at negative membrane potentials when expressed in Xenopus oocytes (Figure 4.14).

Greater conductance of Na” was observed for TaHKT1;5 expressing oocytes than for
any of the other transporters tested when exposed to bath solutions containing either 30 or 100
mM Na" (14 and 24 puS, respectively). However, the relative amount of the different proteins
in the plasma membrane was not tested and the amount of protein influences this data.

At 1 mM Na', TaHKT1;5 and OsHKT1;5 had similar conductance of Na" (~7 uS) and
at 10 mM Na" OsHKT1;5 (~6 pS) had greater conductance of Na' than TaHKT1;5 (~4 uS).

TaHKT1;5 was highly selective for Na" and not other cations in the external solution
(Oocytes were exposed to external solutions with 100 mM concentrations of K', Cs™, Li’, Rb"
and TRIS) (Figure 4.15).

The slope of the current-voltage curves (Figure 4.16) were used to calculate
conductance, and plotted against increasing Na" activity (Figure 4.17). Conductance of
TaHKT1;5 increased with increasing Na" activity and at the highest Na™ concentration tested,
equivalent to ~80 mM Na" activity, TaHKT1;5 may not have been saturated (Figure 4.17).

As the external Na' concentration increased 10-fold from ~0.8 mM to 8 mM, or 8 mM
to 80 mM, the E,., became approximately +50 mV more positive (Figure 4.16).

The permeability of TaHKT1;5 to K was also plotted. Surprisingly, as TaHKT1;5
was predicted to be a Na' transporter, there was significant conductance (~12 uS) in solutions
with K" activities of ~30 mM (Figure 4.18). The conductance of TaHKT1;5 in solutions with
1, 10 and 100 mM K" was 3, 5 and 2 uS, respectively. The conductance of AtHKT1;1 in
solutions with K* concentrations of 1, 10, 30 and 100, was 1, 1, 3 and 3, and the conductance
of OsHKT!1;5 in solutions with K™ concentrations of 1, 10 and 30 was 2, 2 and 11. Therefore,
the 1;5-type transporters both exhibited significantly greater conductance at 30 mM K than
the group 1;1-type transporter, even greater than the 2;2-type transporter which had a
conductance of 10 puS in 30 mM K (the conductance of OsHKT2;2 in solutions with 1 and 10
mM K" was 9 and 5 pS, respectively).

In solutions with 1 mM Na" and varying K" concentrations, the greatest conductance
for TaHKT1;5 was for | mM Na™ with 30 mM K (~14 uS; Figure 4.19 A). For 1 mM Na"
and 1 mM K the conductance was ~12 uS and for | mM Na" with 10 mM K" the
conductance was ~5 uS. In a solution with 10 mM Na" and 1 mM K the conductance was
~13 uS, and in a solution with 10 mM Na'" and 10 mM K" the conductance was much lower,

at ~6 uS (Figure 4.19 B), but the conductance in both these solutions was greater than the
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conductance in just 10 mM Na", which was ~4 pS. The conductance of TaHKT1;5 in a
solution of 30 mM Na” with | mM K" (~20 puS), was much greater than the conductance in
just 30 mM Na' (~14 uS; Figure 4.19 C). These data indicate that, in general, there was
greater conductance in solutions with both Na" and K than in solutions with just Na".

As the concentration of K" in the external solution increased 10-fold, from ~1 mM to
~10 mM, the E,., became more negative, shifting from —105 mV to —123 mV. A further 10-
fold increase external K concentration, from ~10 mM to ~100 mM, lead to a positive shift in
Erev, from —123 mV to =70 mV (Figure 4.19 A).

The conductance of TaHKT1;5 in a solution with 10 mM Na" did not change
significantly when the pH was changed between 5.5, 6.5 or 7.5 (Figure 4.20 A). Nor did the
conductance change significantly when the calcium concentration of the solution was
increased from 2 to 5 to 10 mM, except for small changes at positive membrane potentials,
which may be endogenous (Figure 4.20 B). Conductance of TaHKT1;5 in 10 mM Na" was
not reduced by the addition of channel blocking solutions, gadolinium or flufenamate (Figure
4.20 C). These data are consistent with TaHKT1;5 being a Na' transporter, not a channel, and
indicates that TaHKT1;5 functions independently of pH and Ca®" concentration.
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Figure 4.14: Currents over time in TaHKT1;5-D injected oocytes exposed to a range of
solutions with varying Na" and K* concentrations

Currents were observed in response to varying Na' concentrations, but not K', other than a
small endogenous current for 100 mM K'. The membrane potential was held at -120 mV.
Units for Na” and K concentrations are in mM. 0 refers to the standard solution (See 4.2.3).
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Figure 4.15: Cation selectivity of oocytes injected with TaHKT1;5-D cRNA.

Oocytes were exposed to solutions with different salts. Large inward currents were observed
in the presence of 100 mM Na". (G) is glutamate; Nais Na'; K is K'; concentrations are in
mM. Error bars display SEM. Numbers of oocytes are listed in Appendix Table 4.1.
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Figure 4.16: Current-voltage curves for oocytes expressing TaHKT1;5-D in solutions
with different Na* concentrations

Oocytes were exposed to solutions with different Na™ (glutamate) concentrations. The
magnitude of inward currents increased with increasing Na" concentration. Nais Na'. Error
bars display SEM. Numbers of oocytes are listed in Appendix Table 4.1.
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Figure 4.17: Permeability of TaHKT1;5-D to Na*
Conductance is in microsiemens (uS) of Na" by TaHKT1;5 in solutions of differing Na"

activity when expressed in Xenopus laevis oocytes (n = 13). TaHKT1;5 is not saturated at 80
mM Na'.
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Figure 4.18: Permeability of TaHKT1;5-D to K*

Conductance is in microsiemens (uS) of K by TaHKT1;5 in solutions of differing K" activity
when expressed in Xenopus laevis oocytes (n = 6). TaHKT1;5 conducts K when the K"
concentration in the external solution is approximately 30 mM but there is negligible
conductance at lower and higher K* concentrations.
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Figure 4.19: Current-voltage curves for TaHKT1;5 expressing oocytes in solutions with

different Na* and K* concentrations

Oocytes were exposed to solutions with different combinations of Na" (glutamate) and K"
(glutamate) concentrations. Various K concentrations with and without 1 mM K are
compared (A). Solutions with 10 mM Na" with varying concentrations of K" are compared
(B). Solutions with 1 or 30 mM and varying K" concentrations are compared (C). Solutions

with no Na', but increasing concentrations of K" are compared (D). Nais Na'; Kis K'; units

are mM. Numbers of oocytes are listed in Appendix Table 4.1.
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Figure 4.20: Current-voltage curves for oocytes expressing TaHKT1;5-D in solutions of

10 mM Na* and differing pH, Ca®* and channel blockers

Oocytes were exposed to solutions with 10 mM Na" (glutamate) concentrations and differing

pH (A), CaCl, concentrations (B) and two different channel blockers (Gadolinium and
Flufenamate) (C). Nais Na'. Numbers of oocytes are listed in Appendix Table 4.1.
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4.3.7 Total amount of Na* and K™ extracted from oocytes expressing TaHKT1;5-D
Oocytes expressing TaHKT1;5 had a lower K to Na" ratio, double the moles of Na",
and approximately two thirds the moles of K of water injected and uninjected oocytes
(Figure 4.21). These data are consistent with TaHKT1;5 facilitating the transport of Na" into
the oocyte. It is not clear from this data whether the lower moles of K from the TaHKT1;5
expressing oocytes were due to TaHKT1;5 facilitating the transport of K™ out of the oocytes,
or whether endogenous proteins were transporting K out of the oocyte to counter the influx

of Na".
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Figure 4.21: K*/Na" ratio and total moles of Na* and K" extracted from oocytes
expressing TaHKT1;5

The K'/Na" ratio, and the total moles of Na" and K" extracted from TaHKT1;5 expressing
oocytes (n = 10) were compared to control oocytes (control refers to oocytes that have not
been injected, n = 8) and water injected oocytes (water refers to oocytes injected with
nuclease-free water, n = 11). Moles of Na" and K extracted from 3 oocytes/sample were
measured on a flame photometer after 3 days in modified Barth’s solution, which containing
96 mM Na' (see materials and methods).
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4.3.8 Oocytes injected with TNHKT1;5-A cRNA did not exhibit the expected Na™ transport
activity

The current-voltage data recorded for oocytes injected with TMHKT1;5-A cRNA,
when exposed to various solutions containing either Na" or K" (Figure 4.22 A) or both Na"
and K" (Figure 4.22 B), were not significantly different to the current-voltage data recorded
for water-injected oocytes in each of the respective solutions (Figure 4.3 B and C). For both
water and TmMHKT1;5-A injected oocytes a conductance of ~1 uS was recorded in solutions
with various concentrations of Na" and/or K.

To check whether the TmHKT1;5-A cRNA might encode an electroneutral
transporter, a possible explanation for the lack of currents, the total moles of Na” and K™ of
TmHKT1;5-A injected oocytes were compared to water injected oocytes and uninjected
oocytes. The total moles of Na” and K extracted from TaHKT1;5-D expressing oocytes was
significantly different than water injected and uninjected oocytes (Figure 4.17), but there were
no significant differences between TmMHKT1;5-A cRNA injected oocytes and water injected or
uninjected oocytes (Figure 4.23).

It may be that run off of the contaminating product in the TmMHKT1;5-A cRNA sample
lead to a lower concentration of the desired cRNA product, and the quantity of cRNA injected
may affect conductance (Very et al., 1995). It might be anticipated that increasing the amount
of cRNA injected would lead to greater conductance, so a greater quantity of TmMHKT1;5-A
cRNA was injected into oocytes to explore whether a greater concentration of cRNA would
affect the transport properties of the oocyte.

The oocytes injected with concentrated cRNA product had slightly lower K™ to Na"
ratio, slightly more Na" and slightly less K, but the difference was not significant and
differences of similar magnitude were observed between water injected and uninjected
oocytes. The K'/Na" ratio of uninjected oocytes, and oocytes injected with concentrated
TmHKT1;5 cRNA products was identical, and slightly lower than the K'/Na" of oocytes
injected with water or dilute TMHKT1;5 cRNA products, but the differences were not
significant (Figure 4.23 A).

The total moles of Na" extracted from oocytes injected with TMHKT1;5 cRNA
products was slightly higher than that of uninjected and water injected oocytes, but again the
differences were not significant (Figure 4.23 B). The total moles of K extracted from oocytes
injected with concentrated TMHKT1;5 cRNA products was less than that of oocytes injected
with dilute TMHKT1;5 cRNA, and slightly less than uninjected oocytes, but it was greater
than water injected oocytes (Figure 4.23 C). It is puzzling that the total moles of K extracted
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from oocytes injected with dilute TMHKT1;5 cRNA products was greater than the total moles
of K" extracted from water injected oocytes. Had the uninjected oocytes not been included in

this experiment then these data may have mistakenly been interpreted as significant.
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Figure 4.22: Current-voltage curves for oocytes injected with cRNA products
transcribed from pGEMHE containing the cDNA for TmHKTL1;5-A

Oocytes were exposed to solutions with various Na” or K* concentrations (A) (n > 8), or
various combinations of Na" and K" (B). Nais Na' (glutamate); K is K" (glutamate);
concentration in mM. Numbers of oocytes are listed in Appendix Table 4.1.
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Figure 4.23: K'/Na" ratio and total moles of Na* and K" extracted from oocytes injected
with different concentrations of TMHKTL1;5-A in vitro-transcribed RNA products

Conc. = concentrated RNA injected (46 ng) (n = 7). Dil. = dilute RNA injected (23 ng) (n =
9). Control refers to oocytes that have not been injected (n = 8). Water refers to oocytes
injected with water (n = 11). Each sample (n) included 3 oocytes. Moles of Na” and K" were
measured by Flame Photometer after 3 days in Calcium Ringers containing 96 mM Na".
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4.3.9 Potassium transport by HKTs

In the presence of an external solution containing 1 mM K", the Ee for water injected
oocytes was —75 mV, the Eey for each of the HKT-expressing oocytes was more negative
than the Eye, of the water injected oocytes, OsHKT1;5 was =80 mV, OsHKT2;2 was —100,
TaHKT1;5 was —105 and AtHKT1;1 was —110 mV (Figure 4.24 A).

In the presence of an external solution containing 10 mM K", the Ee for water
injected oocytes was —55 mV, the E,e, for each of the HKT-expressing oocytes was again
more negative than the Eye, of the water injected oocytes, OsHKT2;2 was —62, AtHKTI;1
was —62 mV, OsHKT1;5 was —100 mV and TaHKT1;5 was —123 (Figure 4.24 B).

Therefore, in response to a 10-fold increase in Na* activity, the Ere, of TaHKT1;5 and
OsHKTI;5 became ~20 mV more negative, where as the E, of the water injected oocytes
became ~20 mV more positive, the Erey of AtHKT1;1 became ~48 mV more positive and the
Erev of OsHKT2;2 became ~38 mV more positive.

In 30 mM K, TaHKT1;5 again had the most negative Ee, (—100 mV), followed by
OsHKT1;5 (—87 mV). The Eeyof AtHKT1;1 (=53 mV), and OsHKT2;2 (—42 mV), were still
more negative than the Ee, of water injected oocytes (—33 mV; Figure 4.24 C).

In the presence of an external solution containing 30 mM K, TaHKT1;5 had a similar
conductance (~12 uS), to OsHKT1;5 (~11 uS) and OsHKT2;2 (~10 uS), and AtHKT1;1 had a
much lower conductance (~3 puS), although the conductance for AtHKT1;1 was still greater
than the conductance for water injected oocytes (~1 uS; Figure 4.24 C). In the presence of an
external solution containing 1 or 10 mM K, TaHKT1;5 and OsHKT2;2 had significantly
greater conductance than AtHKT1;1 and OsHKT1;5 (Figure 4.24 A and B).
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Figure 4.24: Current-voltage curves for oocytes expressing different HKTs in solutions

with 30 mM K*

Oocytes were exposed to solutions with I mM K' (A), 10 mM K' (B) and 30 mM K" (C). K"
is potassium glutamate. Numbers of oocytes are listed in Appendix Table 4.1.
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4.4 Discussion
4.4.1 Transcription of RNA encoding plant HKTs

The contaminating bands in the in vitro RNA transcription may be due to incomplete
digestion of the plasmid DNA, despite overnight digestion. Alternatively some other
contaminant may be present such as left over plasmid DNA, despite a DNase treatment step.
Problems with unwanted production of significant amounts of long, template-sized RNA
transcripts from vector DNA have been described in the literature (Schenborn and Mieredorf,
1985; Hartje et al., 2000). In future work a step to blunt the ends of the linearised plasmid

DNA could be undertaken to test if this prevents the occurrence of contaminating bands.

4.4.2 Currents in water-injected oocytes

Endogenous currents in water-injected oocytes were observed occasionally in some,
but not all, experiments in response to an external solution containing 100 mM K" (Figure 4.2
B). Endogenous inward currents have been observed previously, in solutions containing K,
when oocyte membrane potentials were negative (Véry et al., 1995). Endogenous currents
may also be activated by hyperpolarizing pulses which may activate Ca®"-sensitive and Ca*'-

insensitive currents in Xenopus oocytes (Schachtman et al., 1992; Kowdley et al., 1994).

4.4.3 Currents in AtHKT1;1 and OsHKT1;5 injected oocytes

Data indicating that OsHKT1;5 and AtHKT1;1 transported Na' into the oocyte when
the membrane potential was negative was consistent with previous studies (Uozumi et al.,
2000; Ren et al., 2005). However, data for OsHKT1;5 when both Na' and K were present in
the external solution, and when specific concentrations of K', such as 10 mM and 30 mM K,
were present in the solution, indicated that OsHKT1;5 may not be a Na'-specific transporter.
This conflicts with the proposed function for OsHKT1;5 suggested by Ren et al., (2005), and
conflicts with the hypothesis that group 1 HKT-type proteins transport Na* only (Platten et
al., 2006). However, these observations may be specific to the in vitro conditions and may not
be relevant to in planta protein activity.

The addition of 10 mM K to a solution of 10 mM Na" and the addition of 1 mM K to
a solution of 30 mM Na' lead to much greater conductance for OsHKT1;5 than observed for
just 10 mM Na' or 30 mM Na", respectively (Figure 4.8 B). There were also much greater
conductance for solutions of 1 mM Na’ when 1 or 10 mM K were present (Figure 4.8 B),
and significant conductance was observed for OsHKT1;5 expressing oocytes when the

external solution contained 30 mM K" compared to the conductance in solutions with various
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concentrations of Na' (Figure 4.8 A). It is possible that this may be due to efflux of K*
through OsHKT1;5 but it is also possible that the presence of K™ changes the transport
properties of the protein without K necessarily being transported. There was insufficient
information to make a conclusion as to whether the conductance recorded for OsHKTI;5 in
solutions containing K was due to the transport of K.

It was expected that the conductance and E,., for AtHKT1;1 would remain constant
when the concentration of external K changed, as this had been described previously (figure
4C, Uozumi et al., 2000). In ~1 and ~10 mM external K" the conductance for AtHKT1;1 was
not significantly different to that of water injected oocytes (~1 uS), but in ~30 and ~100 mM
external K the conductance was greater, at ~3 uS (Figure 4.6 A). However, in the previous
study the maximum concentration of K tested was 10 mM (Uozumi et al., 2000). In response
to increases in external K™ concentration the E,e, for AtHKT1;1 expressing oocytes became
more positive, shifting from =90 mV in ~1 mM K" to =60 mV in ~10 mM K. This was not
consistent with previous data where the E.., did not change when the external K'

concentration was increased from 1 to 10 mM (Uozumi et al., 2000).

4.4.4 Absence of activity for Pokkali OsHKT1;5 and TmHKT1;5-A

No currents were observed in oocytes injected with TmHKT1;5-A or Pokkali
OsHKT1;5 cRNA (Figure 4.22 and 4.10). The absence of activity for Pokkali OsHKT1;5, and
TmHKTI;5-A was puzzling, as the Nipponbare OsHKT1;5, and TaHKT1;5-D, transporters
actively transported Na" and the amino acid identities between these two Oryza sativa and
two Triticum proteins are 98% and 94%, respectively.

There are many reasons why the injection of cRNA into an oocyte may not lead to
changes in conductance. The oocyte may not translate the protein encoded by the cRNA, or
the oocyte may not process the translated product properly. The protein may not be folded
correctly, or the protein may not be targeted to the plasma membrane. The absence of activity
for Pokkali OSHKT1;5 cRNA injected oocytes, and TmHKT1;5-A cRNA injected oocytes,
may have been for any of these reasons, in addition to the obvious option that a non-
functional protein is encoded by this gene.

Alternatively, the absence of activity may have been because the Pokkali OsHKT1;5
and TmHKT1;5-A cRNA products had contaminating bands of sizes larger than expected
(Figure 4.1). However, the AtHKT1;1 cRNA sample had products of larger than expected
sizes (Figure 4.1 B), and oocytes injected with these cRNA samples exhibited transport

properties consistent with those described in the literature (Uozumi et al., 2000), and the
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Nipponbare OsHKT1;5 exhibited activity consistent with previous results for OsHKT1;5
(compare Figure 4.7 with Ren et al., 2005), despite the Nipponbare OsHKT1;5 cRNA sample
having faint larger bands (Figure 4.1).

Four amino acids differed between OsHKT1;5 alleles from Nona Bokra and
Koshihikari (Ren et al., 2005). These may or may not explain the difference in flux between
the two alleles; the Nona Bokra allele being more active than the Koshihikari allele. These
four differing amino acids were A140P, H184R, D332H and V395L, in Nona Bokra and
Koshihikari respectively. Two of these are conservative substitutions (H184R and V395L),
and another is in a poorly conserved region (A140P), but the fourth (D332H) is a possible
candidate for conferring the increased flux for the Nona Bokra allele.

Seven amino acids (AAs) differ between the Pokkali and Nipponbare OsHKT1;5
alleles (Olivier Coftsaftis, personal communication, July 2007). Of these seven, four
substitutions (A140P, H184R, D332H, V397L) are similar, or the same as those between
Nona Bokra and Koshihikari, with the Pokkali allele being more like the Nona Bokra allele
and the Nipponbare allele being more like the Koshihikari allele, for these specific residues
(Figure 4.25). There is another substitution where an alanine is present in the Nipponbare
allele, at amino acid number 406, where there is a valine in the Nona Bokra, Koshihikari and
Pokkali alleles, but this substitution is conservative. Therefore, the only outstanding
difference in the Pokkali allele sequence is two additional amino acids, glutamine (E) and
threonine (T) (at 394 and 395; Figure 4.25). As the Nona Bokra, Koshihikari and Nipponbare
OsHKT1;5 transporters have all been found to be active in the Xenopus oocyte expression
system, and we found that the Pokkali OsHKT1;5 was not, it leads to the question as to
whether these two additional amino acids in the Pokkali OsHKT1;5 allele are the reason that
this transporter did not exhibit activity in the oocyte expression system.

In total there are 24 amino acids that differ between TaHKT1;5-D and TmHKT]1;5-A.
Sixteen of these are in poorly conserved regions. A further four are conservative substitutions.
This leaves T69M, R331N and W407C differing between TaHKT1;5-D and TmHKT1;5-A,
respectively, and an additional aspartic acid residue (471) in TmHKT1;5-A. Any, all, or none
of these substitutions may be the reason that TmHKT1;5-A was not active, and TaHKT1;5-D
was active, in the Xenopus expression system. It could be that the additional aspartic acid in
TmHKT]1;5-A, not present in TaHKT1;5-D, is the reason that the TmHKT1;5-A transporter
was not active, similar to that which was proposed as a reason that the Pokkali OsHKTT1;5
allele was not active. However, the additional aspartic acid residue (471) in TmHKT1;5-A is

in a different region of the protein to the additional glutamine and threonine residues in
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Pokkali OsHKT1;5 (394 and 395). Still, it is curious that these two particularly divergent
alleles, Pokkali OsHKT1;5 and TmHKTT1;5-A, were the only two transporters that were not

active in the Xenopus oocyte expression system.

E394-, T395-

Outside

Inside

A140P

Figure 4.25: Structural model of OsHKT1;5
A model adapted from figure 2 from Ren et al. (2005) showing the likely structure of
OsHKT1;5 based on predicted hydrophobicity. TMD = trans-membrane domain. Stars

indicate positions of residue substitutions of interest between Pokkali and Nipponbare alleles.
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4.45 Does HKT1;5 transport Na* only, or Na* and K* ?

In the presence of large concentrations (100 mM) of K, Cs', Li", Rb" or TRIS, no
significant conductance was observed for TaHKT1;5 expressing oocytes (Figure 4.15).
Conductance observed for TaHKT1;5-D expressing oocytes in bath solutions containing Na"
indicate that TaHKT1;5-D transports Na" (Figures 4.14 and 4.16). The conductance, in
response to the presence of external Na', generally increased relative to increasing Na"
activity in the external solution (with the exception of 10 mM Na', Figure 4.16), and the
transporter may not have been saturated, even in bath solutions containing 100 mM Na"
(Figure 4.17).

A 10-fold increase in the external Na" activity lead to an increase in the Eye, of
approximately +50 for TaHKT1;5-D expressing oocytes (Figure 4.16), this is close to the
Nernst potential for Na", which is approximately +55 mV.

The conductance of Na" was not affected by external pH, calcium or channel blockers
(Figure 4.20). In recordings of currents over time for TaHKT1;5-D expressing oocytes, in
bath solutions with 1 mM K, 10 mM K", or 100 mM K, there appeared to be no
conductance of K* (Figure 4.19 A). From these data, one might suggest that TaHKT1;5-D is a
Na'-specific transporter, but further experiments indicated otherwise.

Conductance observed for TaHKT1;5-D expressing oocytes in bath solutions with 1
mM Na’ and | mM K" was double the conductance observed for these oocytes in bath
solutions with only 1 mM Na" (Figure 4.19 C). Similarly, conductance in solutions with 10
mM Na” and 1 mM K* was more than three times the conductance in just 10 mM Na" (Figure
4.19 B). Conductance in solutions of 30 mM Na" and 1 mM K" was 1.4 times greater than the
conductance in just 30 mM Na' (Figure 4.19 C). Therefore, the addition of 1 mM K, to bath
solutions containing Na', is somehow increasing the conductance of TaHKT1;5-D expressing
oocytes.

This is not exactly the case for greater K™ concentrations. Adding 10 mM K" to a 1
mM Na" solution more than halved the conductance. Adding 30 mM K" toa I mM Na"
solution did not affect the conductance (Figure 4.19 C). Adding 10 mM K" to a 10 mM Na"
solution increased the conductance slightly (6 pS) compared to 10 mM Na" (4 uS; Figure
4.19 B). These data indicated that the TaHKT1;5-D transporter is not impervious to the
presence of K in the bath solution and that transport properties change in response to changes
in the external concentration of K'. Unfortunately, these data alone do not indicate whether
TaHKT1;5-D actually transports K or whether TaHKT1;5-D simply transports more Na' in
the presence of | mM K.
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The large conductance observed for TaHKT1;5-D expressing oocytes, in the presence
of 10 and 30 mM K" was puzzling. This may indicate that TaHKT1;5-D both influxes Na"
and effluxes K'. TaHKT1;5-D expressing oocytes had double the moles of Na" and
approximately one third less moles of K than control oocytes (Figure 4.21). However, one
cannot interpret whether the differences in total moles of Na” and K" support the idea that
TaHKT1;5-D is effluxing K" as these differences could be due to endogenous oocyte channels
or transporters dumping K to try and maintain charge and osmotic balance in response to the
artificially high quantity of Na" due to the activity of TaHKT1;5-D. Hence it can only be
concluded that further work is needed to determine if TaHKT1;5-D transports K.

It may be that at specific concentrations of external K, such as 30 mM, there was an
anomalous mole fraction effect stimulating these currents. Maybe there is a K™ and Ca*"
interaction, at particular K" concentrations only, allowing permeation of Ca*" leading to an
Ca*" activated CI channel taking in CI, leading to these currents. One could check this by
eliminating extra-cellular Ca** or extra-cellular CI to see if the current disappears, or adding a
CI channel blocker such as flufenamic acid or nilflumic acid. Alternatively to check whether
the currents really were due to K efflux, one could check the theoretical reversal potential of
K" (and CI'), and the reversal potential of this current through the protein. This is done by
flicking to different voltages whilst the current is active and finding the specific voltage, at
which the current is activated, and then collecting the trail current data and plotting this
against the voltage to determine the specific ion that is moving and leading to the current. It
was puzzling that significant conductance in the presence of external K was observed for
both TaHKT1;5 and OsHKT1;5 but not AtHKT1;1, and that it made TaHKT1;5 and
OsHKT1;5 seem as though they had properties more like the group 2 transporter, OsHKT2;2,
than the group 1 transporter, AtHKT1;1 (Figure 4.24).

446 Summary

In the presence of external Na', at negative membrane potentials, TaHKT1;5
facilitated the transport of Na" into the oocytes. In addition to transporting Na', TaHKT1;5
may conduct K, but TaHKT1;5 was not permeable to other cations (Cs", Li", Rb" or TRIS).
The transport properties of HKT1;5 were not significantly affected by changes in external pH,
external Ca®” or channel blockers. The transport properties of the wheat HKT1;5 were similar

to those of the rice HKT1;5.
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Chapter 5: RNA interference to induce silencing of TaHKT1;5-D
5.1 Introduction

The Knal gene on chromosome 4D confers, on hexaploid wheat, a phenotype of low
leaf Na"and a high leaf K to Na' ratio. Chinese Spring substitution lines lacking chromosome
4D had lower K" to Na' ratios than the substitution lines with chromosome 4D (Gorham et
al., 1987). Langdon substitution lines with and without the Knal region were different in their
leaf K" to Na' ratio (Dvorak and Gorham, 1992). Lines with Knal had leaf K" to Na ratios six
to eight times higher than those without Knal (Dvotak and Gorham, 1992).

Knal and the TaHKT1;5-D gene co-locate to the distal end of chromosome 4DL on the
D genome of bread wheat, so TaHKT1;5-D was therefore a candidate gene for Knal (See
Chapter 2). Loss of the region containing TaHKT1;5-D in Chinese Spring deletion lines
corresponded to an increase in average Na' concentrations in the leaf blade and a six fold
decrease in the K " to Na " ratio from 7.5 to 1.2 (Figure 2.6). However, this is a large region,
comprising the distal 14% of chromosome 4DL, and it may contain other genes involved in
controlling Na" and or K transport. In planta proof of function is required to test whether

TaHKT1;5-D confers the phenotype of leaf K' to Na" discrimination attributed to Knal.

5.1.1 RNA interference in plants

RNA interference (RNAI) is a post-transcriptional gene-silencing technology that can
be used to investigate gene function in plants. RNA1, induced by the introduction of an
antisense or hairpin construct, takes advantage of a sequence-specific RNA degradation
mechanism inherent in plants. Constructs are designed to form double-stranded RNA products
homologous in sequence to the targeted gene. Double-stranded products are detected by the
plant genome as abnormal and are cleaved by dicer-like enzymes into short and long small
interfering RNAs (Hamilton and Baulcombe, 1999). In association with an RNA-induced
silencing complex, small interfering RNAs direct the cleavage of endogenous mRNA
transcripts. The small interfering RNAs, usually 21-26 bp, trigger systemic silencing, and may
also lead to methylation of homologous DNA (Hamilton et al., 2002; Fu et al., 2007).

A recent review of the use of RNAI for functional gene analysis in wheat by Fu et al.
(2007) highlighted the following successful attempts to silence specific genes with important
functions: silencing of vernalisation 2 (VRN2) mRNA levels to 40% leading to a 40 day
acceleration of flowering (Yan et al., 2004); silencing of vernalisation 1 (VRN1) mRNA to

19% delaying flowering by 2 weeks (Loukoianov et al., 2005); reduction of seed amylase by

114



RNAi-induced reduction of granule-bound starch synthase (GBSSI) transcripts (Li et al.,
2005); and silencing the phytoene desaturase (PDS) gene transcripts to around 10% and 50%
of control levels, leading to albino and streaked leaf phenotypes respectively (Travella et al.,
2006).

Research into the control of the degree of silencing induced by RNAI is still in its
infancy. Five important observations relevant to RNAi in wheat include:

e Homozygous transgenic plants tend to have a stronger reduction of the target
transcripts, accumulate more small interfering RNA, and have a greater change in
phenotype than the heterozygous plants, suggesting a dosage effect of RNAi (Travella
et al., 2006; Fu et al., 2007)

¢ Inclusion of intron or spacer sequences in hairpin constructs enhances silencing,
possibly by aligning the complementary arms of the hairpin (Smith et al., 2000)

e Variation in intron size and sequence has been shown to influence the silencing
phenotype (Smith et al., 2000; Hirai et al., 2007)

e RNAI can equally reduce the transcript levels of all three homoeologous genes on the
three genomes in hexaploid wheat (Travella et al., 2006)

e RNAI may lead to silencing of non-target genes (Van Houdt et al., 2003)

Further research is required to characterize the relationships between various silencing
constructs, their impact on different gene families and the degree of silencing that is achieved.
A comparison of different constructs and their relative efficiency of post-
transcriptional gene silencing was made by Smith et al. (2000). This group developed a
construct for RNAi-induced silencing in monocotyledonous plants called pPSTARLING,
which is a modification of pHELLSGATE (Wesley et al., 2001). pHELLSGATE has the
cauliflower mosaic virus 35S promoter for driving expression in dicotyledonous plants where
as pPSTARLING contains the maize ubiquitin promoter and introns (Christensen et al., 1996;
Rooke et al., 2000), for driving expression in monocotyledonous plants (Figure 5.1).
pSTARLING was later modified to be compatible with the Gateway '™ recombination system
(Invitrogen) and renamed pSTARGATE (http://www.pi.csiro.au/rnai/vectors.htm). The
pSTARLING vector was successfully used to silence two MADS-box genes BM1 and BM10

in barley (Trevaskis et al., 2006). It was suggested that intron-hairpin-RNA constructs, such
as pPSTARGATE, should be efficient at inducing post-translational gene silencing for a wide
range of genes in a variety of circumstances. This makes pSTARGATE an ideal construct for

the silencing of the putative plasma membrane Na" transporter, TaHKT1;5-D.
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pSTARGATE

16526 bp

UbiP
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Figure 5.1: A simplified diagram of the pSTARGATE vector for RNAi-induced gene
silencing in monocotyledonous plants

The pSTARGATE vector contains the maize ubiquitin promoter (UbiP) to promote
expression of the fragment in monocotyledonous plants. Fragments for insertion recombine
with the two sections between sites labeled attR1 and attR2. In between the fragments are
ubiquitin introns (Ubi introns). The ccdB gene encodes a cytotoxic protein which prevents
growth of phages if fragments have not recombined away. RB, right border; LB, left border

NosT, terminator.

b
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5.1.2 Transformation of wheat by particle bombardment

Particle bombardment, or biolistics, of regenerable tissue cultures is the most widely-
used system for the transformation of cereals. The procedure was devised by Sanford et al.
(1987). It involves precipitating DNA onto gold particles which are then delivered at high
velocity into target plant tissue by means of a burst of gas such as helium.

Other methods of plant transformation include Agrobacterium-mediated
transformation, electroporation, and polyethylene glycol (PEG)-mediated transformation of
protoplasts, but for these methods there has been limited success for transformation of wheat
and the regeneration frequency remains low. One of the major problems in the transformation
of wheat and other crop plants is the need to regenerate transformed cells via tissue culture.
This is because there is significant variability for callus induction between genotypes, plant
regeneration is very sensitive to the composition of the tissue culture medium, and it is often
found, for unknown reasons, that a low percentage of calli retain totipotency and regenerate
(Sears and Deckard, 1982). There have been some reports of successful regeneration of stably
transformed wheat plants using Agrobacterium-mediated methods with transformation
efficiencies of around 2 to 5 % (Shewry and Jones, 2005; Jones et al., 2005). However,
transformation efficiencies of up to 60% have been documented using biolistics
(Pellegrineschi et al., 2002).

Genetic transformation technology provides a powerful research tool to study gene
function in plants. Here this technology is employed to study the in planta function of
TaHKT1;5-D.

513 Aims

The aim was to test whether reduction of the expression of TaHKT1;5-D
(corresponding to Accession No. DQ646342), by post-transcriptional gene silencing of its
mRNA, resulted in loss of the Knal phenotype. Two RNAI constructs designed to reduce the
expression of TaHKT1;5-D were developed and introduced into bread wheat (Tritcum
aestivum cv. Bob White). T seed from transgenic plants was used in an experiment to test
whether there was a difference in leaf Na " concentration between plants that contain each of
the RN A constructs and those in which the RNAi construct has segregated away. The
purpose of screening the T; material was to identify lines with a phenotype of interest which
might later be characterised further, both in terms of phenotype, and in terms of genotype, in

the T, generation.
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5.2  Materials and Methods
5.2.1 Plasmid preparation

The fragments of TaHKT1;5-D used in the constructs were amplified by PCR under
standard conditions. Fragment 1 consisted of 600 bp and started at nucleotide 1082, while
fragment 2 consisted of 559 bp and started at nucleotide 1096 (Figure 5.2). Both fragments
included the region at the 3' end of the cDNA, as this was the region where the TaHKT1;5-D
allele was least similar to the TaHKT1;5-B genome alleles. However, because of the high
degree of identity even in this region, it was expected that the B genome alleles (Appendix
Table 3.2) might also be down-regulated to some extent in the transgenic wheat plants. It is
also possible that these segments may trigger silencing of other HKT-like genes with similar
sequence.

The two fragments were amplified from pBluescript II vector containing the full
coding DNA sequence for TaHKT1;5-D (see Chapter 2 section 2.2.6). Fragment 1 was
amplified using primers rnaiF1 (5’-CACCCCGTGTCGTCGGCCCTCGTGGTGC-3") and
rmaiR1 (5’-TTGATATGCATGCAGTGATTGAGG-3’). Fragment 2 was amplified using
primers rnaiF2 (5’-CACCCTCGTGGTGCTCTATGTGGTCATG-3’) and rnaiR2 (5°-
TCGGCATAATGGAAATATGTTCAG-3’). The products were amplified in a reaction with
Pfu DNA Polymerase and Pfu Buffer (Fermentas, US), according to the manufacturers
instructions, with the following cycling protocol: 95°C, 3 min; then 40 cycles of 95°C, 30 sec;
55°C, 30 sec; 72°C, 3 min; followed by a final extension step of 72°C for 10 mins. Products
were checked on an agarose gel for the correct sizes and then 1 pL of the product was used in
a Topo Cloning reaction (Invitrogen, Australia).

Fragments 1 and 2 were ligated individually into pENTR-D-TOPO (Invitrogen) as per
the manufacturers instructions, and transformed into Escherichia coli (DH5a) via
electroporation. Transformation suspensions were spread on Luria Bertani (LB) agar plates
with 50 pg mL™' Kanamycin. Purified plasmid pENTR-D-TOPO DNA containing each of the
fragments was sequenced to confirm the insert, and then used in a Gateway Recombinase
reaction as per the manufacturers instructions (Invitrogen) to transfer the insert into Gateway-
enabled pPSTARGATE (provided by Dr Peter Waterhouse, CSIRO Plant Industry, Canberra,
Australia). In both cases, this resulted in the insertion of two copies of the insert, one in sense
orientation and the other in antisense orientation, under the control of a single ubiquitin
promoter. When transcribed from the promoter, the chimeric DNA constructs are designed so
as to express a self-complementary RNA where the sense and antisense sequences can

hybridize to form a hairpin RNA having a 600bp, or 559bp duplex region, for fragment 1 and
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fragment 2, respectively. Plasmid DNA of pPSTARGATE with each of the fragments present
was purified, concentrated to 1 pg/ul), and referred to as pPSTARGATE RNA insert 1 and
PSTARGATE RNA insert 2.

361 bp 175 bp

1121 bp v 231bpv199bp 3UTR = 152 bp
TaHKTL5-D |

Fragmentl 4 Emm S S o o - .
Fragment2 @EEEEEEEEEEEEEEEEEEERNREEEEQ

Figure 5.2: Diagram of the fragments incorporated into the silencing construct in
relation to the TaHKT1;5-D gene

Fragment 1 is 600 bp and starts at nucleotide 1082. Fragment 2 is 559 bp and starts at
nucleotide 1096.

5.2.2 Gene delivery by particle bombardment

Seed of Triticum aestivum L. cv. Bob White were harvested 12 days after anthesis.
Seed were washed in 70% ethanol made up with sterile water, followed by washing for 15
mins in 20% NaOClI (Bleach, White King, Australia), followed by ten washes in sterile water.
In sterile conditions, scutella were isolated and only those of approximately 1 mm in length
were kept. Plasmid DNA of pPSTARGATE RNA insert 1, pPSTARGATE RNA insert 2 or
pSTARGATE without inserts were co-bombarded with a marker gene construct (pNEOI
plasmid DNA, Kindly provided by Terese Richardson, CSIRO) with the nptII gene (encoding
neomycin phosphotransferase which confers resistance to the antibiotic geneticin) into
immature wheat scutella of approximately | mm in length via biolistics techniques according
to Pellegrineschi et al. (2002). Approximately 30 scutella at a time were aligned in the centre
of a plate containing Murashige and Skoog (MS) osmotic basal salt medium (Murashige and
Skoog, 1962). Approximately 2.5 ug of NPTII DNA and 3.5 pug of pPSTARGATE plasmid
DNA were precipitated onto gold particles (0.6 micron in size) which had been separated by

placement in a sonicator for 1 min. Precipitation involved vortexing in the presence of 50 pL
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of 2.5M CaCl, and 20 pL of 0.1M Spermidine and incubation on ice for 5 m followed by a
wash in 100% EtOH.

For each bombardment 10 pL of microparticle (DNA-coated gold) was placed onto a
sterile macrocarrier (Biorad Labs, USA). Bombardments were conducted at a distance of 5 cm
from the stopping plate using an Bio-Rad PDS-1000/He microprojectile gun with 900 psi
(equivalent to 6.985 kPa). After bombardment the plates with the scutella were wrapped in
foil to keep them in the dark at 25°C.

5.2.3 Tissue culture and selection of transformants

The day following bombardment the scutella were placed on MS medium (Murashige
and Skoog, 1962) containing 2.5 mg dichlorophenoxyacetic acid (2,4-D)/L, 30g sucrose/L,
and 8 g Bacto-Agar for somatic embryo induction. Calli were kept on this medium, in the
dark, for two weeks. All subsequent cultures were maintained with 12 h light and 25°C.
Actively growing calli from the scutella were transferred every 2 weeks, onto fresh MS
regeneration medium without (2,4-D)/L but containing Geneticin Selective Antibiotic Liquid
(Invitrogen) (50 pg/L) as selective agent (to select for cells transformed with the nptIl
selectable marker gene) and those that survived and grew were maintained until roots had
grown and a few leaves had grown. Healthy green plants were then transferred to soil mixture
in peat cups in a mist chamber and then at leaf 5 or 6 stage transferred into pots, grown to
maturity and T, seed was harvested. Approximately 30 scutella (cv. Bob White) were isolated
and grown in tissue culture without selection for use as a control, of these; four plants were

maintained for use as a control in subsequent experiments.

5.2.4 Phenotyping T, plants

Phenotyping the leaf Na" concentration of T, plants was by a method similar to the
method described in Chapter 2 (section 2.2.2). Seed germinated on Petri dishes on
approximately 25" February 2007, and seed was planted in gravel pots in tanks on the
following day. Plants were grown in half strength Hoagland’s solution in supported
hydroponics in a method adapted from Munns et al. (2000). Plants were grown in natural light
with 16 h days and the temperature in the glass house was 17°C during the day and 9°C at
night. Salt treatment commenced when leaf two was half emerged (6™ March 2007). The
NacCl concentration of the hydroponic solution was increased by 25 mM twice daily over two
days to reach a final concentration of 100 mM. Supplemental calcium (Ca(NOs),;) was added

to achieve a Na' to Ca®" ratio of 15:1. Leaf three was harvested after 10 days growing in salt
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(commencing on 15" March 2007), the leaf was dried and the dry weight was recorded, and
the Na” and K" was extracted with nitric acid (0.5 M). The Na" and K' concentration was
measured using Inductively Coupled Plasma (ICP) analysis. Four to six seed from each plant
of interest were tested. The phenotyping screen was then repeated on additional seed from
two of the plants of interest and controls, and the concentration of NaCl in the hydroponic

growth solution was increased to 150 mM in the second screen.

5.2.5 DNA extraction and PCR

Leaf tissue from a selection of primary transgenic plants, selected T; plants of interest,
and control Bob White plants, was harvested and ~250 mg of tissue was homogenized under
liquid nitrogen. DNA was extracted using the reagents supplied in a NucleoSpin Plant L Kit
(Macherey-Nagel, Germany), by the protocol recommended by the manufacturer for DNA
isolation from plant tissue.

PCR to check the quality of the DNA samples was conducted by amplifying a control
gene, Actin, from the DNA samples using the following primers actinF (5°-
GGCACACTGGTGTCATGG-3’) and actinR (5’-CTCCATGTCATCCCAGTT-3") (Provided
courtesy of Dr Linda Tabe, CSIRO Plant Industry). The PCR was conducted under standard
conditions with the following cycling protocol: 95°C, 15 min; then 30 cycles of 95°C, 1 min;
60°C, 1 min; 72°C, 1 min. The expected product size was 134 bp. PCR to check the presence
of the RNAI constructs was conducted under standard conditions and the same cycling
protocol, but using the following primers; FD4 (5’-GCTTGGCCATCTTCATCGCCGTG-3")
and RD1 (5’-GGCCACAGCTGTACCCGGTGCTG-3’). These primers amplify a 147 bp
product from the coding DNA sequence present in the RNAi construct. As these primers cross
a 175 bp introns, the product amplified from Bob White DNA is distinguishable from the
product amplified from the cDNA as the genomic DNA product is of a larger size, 322 bp.
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53  Results
5.3.1 Transformation efficiency and contamination in tissue culture

Of the 1000 embryos that were bombarded via biolistics, approximately 400 were co-
bombarded with the pPSTARGATE insert 1 construct and pNEO1, 400 were co-bombarded
with the pPSTARGATE insert 2 construct and pNEOI, and a further 200 were co-bombarded
with the standard pSTARGATE construct with no insert and pNEO1. Biolistics events were
conducted on five separate occasions on the following dates in 2007: 24™ anuary; 50 12t
and 26™ of February; and the 6™ of March.

Contamination of the scutella became a problem during the February transformation
experiments. The contamination was a cream-coloured bacterial growth around the embryo,
occurring two to three days after isolation, when calli were on callus induction media (Figure
5.3 A). Infected scutella died. The source of the contamination was thought to be endogenous
to the plant tissues, as opposed to a lack of sterile technique, as the origin of the infection
seemed to be the scutella and the infection then spread out on the media plates from the
scutella. Bacteria may have been introduced to the embryos via thrips as the contamination
corresponded with an outbreak of thrips in the stock material. If the bacteria were inside the
seed then the steps to surface sterilization the seed would not kill the bacteria. Of 1000
embryos bombarded via biolistics approximately 500 embryos were lost to this specific
contamination. No other contamination problems occurred after the thrip outbreak was
controlled by pesticide spraying in the glasshouses.

Embryos that were isolated from seed which had been collected from stock material
prior to the thrip outbreak, and after the thrip outbreak had been controlled, developed in
tissue culture as expected. The calli grew and become green (Figure 5.3 B). As expected, the
majority of the calli died, as the pNEO1 plasmid DNA containing the nptll gene for resistance
was not expected to integrate into the genome of every single scutella. Some plants were
resistant to the Geneticin in the growth media, these continued to grow and produce roots and
leaves (Figure 5.3 C), and eventually resembled plants (Figure 5.3 D). The resistant plants
were transferred to a mist chamber (Figure 5.3 E), and most of these grew to look increasingly
like a wheat plant, and those that looked healthy were transferred to pots (Figure 5.3 F) and
grown to maturity. Three plants died in the mist chamber.

As 500 embryos were lost to contamination and did not survive tissue culture the
transformation efficiency was calculated based on 500 embryos. A total of twenty
independent transgenic plants survived selection on Geneticin and grew to maturity. These

consisted of a single plant transformed with pPSTARGATE construct with no insert, six plants
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transformed with pPSTARGATE containing fragment 1, and 13 plants transformed with
PSTARGATE containing fragment 2. This equates to a transformation efficiency of 4%.

The single transgenic plant that survived tissue culture which had the empty
pSTARGATE vector was referred to as ‘c’. The six putative transgenic plants generated
which had pSTARGATE containing fragment 1 were named 1s01, 1502, 1s03, 1504, 1s05 and
1s06. The 13 putative transgenic plants generated which had pPSTARGATE containing
fragment 2 were named 2s01, 2s02, 2s03, 2504, 2s05, 2506, 2507, 2s08, 2509, 2510, 2s11,
2512 and 2s13. Therefore, the prefix 1 or 2 indicates whether the plants were transformed
with the RNAi construct with fragment 1 or 2, respectively. Four Bob White plants which had
been through tissue culture that were not transgenic, and did not grown on media with

geneticin, were maintained as controls, these are referred to as b1, b2, b3 and b4.

5.3.2 Analysis of primary transgenic wheat plants

Genomic DNA was extracted from seven putative transgenic plants, these plants were
the first plants to survive selection on Geneticin, and produce enough leaf biomass that a leaf
could be harvested without compromising the survival of the plants. Primers specific to the
coding sequence of the gene of interest (FD4 and RD1) were used in a PCR to check the
presence of the insert in these plants. Five of the seven plants tested positive for the presence
one or other of the RNAI constructs (1s06, 1s01, 2s05, 2s01 and 2s10, Figure 5.4). For two of
the primary putative-transgenic plants, 1s04 and 1s05, the PCR data indicated that the RNAi

construct was not present.
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Figure 5.3: Growth of calli in tissue culture and subsequent transfer to soil

Bacterial contamination killed half of the 1000 scutella bombarded (A). Of the ~500 scutella
that did not become infected, some grew into calli and turned green (B). Some calli grew
roots and leaves on selective media (C). Calli that grew into healthy plants (D) were
transferred to a mist chamber (E) with constant humidity, and of these, only the healthy plants
were transferred to pots (F) and grown to maturity.
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Figure 5.4: Amplification by PCR of a fragment specific to the RNA interference
constructs from DNA from putative transgenic plants

L = 1Kb" ladder; B = Bob White control (not transgenic) plants; 1 = 1s06 (fragment 1); 2 =
1s04 (fragment 1); 3 = 1s01 (fragment 1); 4 = 1s05 (fragment 1); 5 = 2505 (fragment 2); 6 =
2501 (fragment 2); 7 = 2s10 (fragment 2); CS = Chinese Spring (control). N = no template
control. A product of 322 bp indicates amplification from genomic DNA. A product size of
147 bp indicates amplification from either of the two RNA interference constructs.
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5.3.3 Analysis of the T1 generation of putative transgenic wheat plants

The leaf Na" concentration of the putative transgenic wheat plants was tested and
compared to the leaf Na" concentration four individual progeny from one of four non-
transgenic Bob White plants which had been through tissue culture, but not grown on
selective media. For one single plant (1s06), the seed did not germinate in time to be included
in the screen.

Plants were grown in hydroponics with 50 mM NacCl in the growth solution (Figure
5.5). The mild NaCl concentration of 50 mM rather than a higher concentration was chosen
because it was not known how well the transgenic plants would tolerate saline conditions. In
addition to seed from the four non-transgenic Bob White controls, seed from the single
putative-transgenic plant that survived tissue culture, which had been bombarded with the
empty pPSTARGATE vector, was also included in the screen. The T; putative transgenic
plants, and controls, were grown in four different hydroponic tanks in a glasshouse, therefore,
the leaf Na" data for the plants in each tank was compared to the controls from the same tank

as conditions might have varied between tanks.

Plant growth habit

The growth habit of the T, putative transgenic plants predicted to contain the RNA1
constructs appeared normal, and leaf emergence of all individuals occurred within a three day
period, hence the timing of development stages was reasonably well aligned (Figure 5.5).
However, the growth habit of the progeny of the single plant containing the empty
PSTARGATE vector was not normal. These plants grew slower than the majority of the other
plants, and the third leaf of these lines did not emerge until approximately two days after the
majority of the other plants had produced leaf three, despite germinating at approximately the

same time.
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Figure 5.5: Putative transgenic T; plants growing in hydroponics
Approximately 7 days after germination (3" March 2007) leaf two had emerged on most
plants, photo (A). On the 6" of March the salt treatment commenced (50 mM NacCl). Harvest

of leaf three began on the 15™ of March and photo (B) was taken on the 17" of March.
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Leaf three Na* concentrations of control plants

The leaf Na' concentration of the control plants from each tank were compared first to
assess the background variation between the tanks (Figure 5.6). The plants with the prefix b1,
b2, b3 and b4 are from tanks 1, 2, 3 and 4, respectively (Figure 5.6 A). Likewise, plants with
the prefix cl, c2, c¢3 and c4 are from tanks 1, 2, 3 and 4, respectively (Figure 5.6 B).

The average leaf Na' of all of the non-transgenic Bob White plants, across all of the
tanks, was 135 = 6 umol/gDW (n = 16). The plants from tank 1 had the lowest range of leaf
Na" concentrations (87 to 114 pumol/gDW; n = 4), whereas the plants from tanks 2, 3 and 4
had similar ranges (between 123 and 163 umol/gDW; n = 4), indicating that the Na" in the
hydroponic solution in tank 1 may have been less concentrated than in the other tanks, or
more likely that there may have been less transpiration from tank 1, which could be due to
less light, less airflow or a lower temperature in that part of the growth room. Likewise the
four c1 individuals from tank 1 had lower leaf Na" concentrations than the T individuals
from the same primary transgenic plant that were grown in the other tanks.

The majority of the T, individuals from the single transgenic plant that was
transformed with the empty pSTARGATE vector (denoted ‘c’) had higher leaf Na" than the
Bob White non-transgenic controls. The ¢l individuals from tank 1 ranged from 108 to 243
umol/gDW, and the plants from the other three tanks ranged from 168 to 728 umol/gDW. The
average leaf Na" of all the individuals from the empty pSTARGATE plant was 226 + 35
umol/gDW (n = 16).

The slow growth rate of the individuals segregating for the empty pPSTARGATE
vector may explain why many of the individuals had higher leaf Na" concentrations that the
control Bob White individuals (Figure 5.5 A), because slow growth leads to greater
accumulation of Na' in the leaves. As the control Bob White plants had also been through
tissue culture and did not exhibit delayed growth it was not likely that the delayed growth of
the T; individuals segregating for the empty pSTARGATE vector was due to the parent plant

growing in tissue culture.
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cl.14

T individuals segregating for the empty vector

Figure 5.6: Leaf three Na concentrations of Bob White non-transgenic individual plants

(A) and transgenic plants segregating for the empty pSTARGATE vector (B) from four
different tanks

Leaf three was grown for 10 days in a solution containing 50 mM NaCl.
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Analysis of the phenotype of T, individuals from each transgenic plant

All five T, plants tested against Bob White controls in tank 1 had individuals that had
higher leaf Na" than the Bob White non-transgenic control replicates (Figure 5.7 A).

As it was expected that the RNAi fragment would be segregating in the T individuals,
variation in the leaf Na" concentration in the progeny of the primary transgenic plants was
expected. By extension, it was likely that the plants of greatest interest would be plants where
within the T individuals there were plants with Na' concentrations similar to that of Bob
White non-transgenic controls as well as plants with significantly higher leaf Na', maybe two
to three times that of the Bob White non-transgenic controls, as this is what would be
expected in individuals segregating for a construct silencing the Knal gene.

Hence, the plant of greatest interest in tank 1, was 1s02. The varying leaf Na"
concentrations of the individuals of 1502 (Figure 5.7 A) could possibly be explained by
segregation of the silencing construct, whereby the plant with low leaf Na", similar to the leaf
Na' concentrations of the controls, might be a null plant, the two plants with high leaf Na"
might be homozygous for the RNAi construct, and the plant with intermediate Na" might be
heterozygous for the RNAIi construct.

Of the other plants in tank 1, plant 1s01 had an individual progeny with approximately
double the leaf Na* concentration of the Bob White controls, although there was less variation
within individuals than for 1s02. Plants 2s01, 2502 and 2s03 had individuals that had leaf Na*
concentrations around 1.5 times that of the Bob White controls, but again, there was not
significant variation between individuals from these plants (Figure 5.7 A).

Of the plants in tank 2, the individuals of one plant, 2s04, had the same or lower leaf
Na" than the Bob White controls (Figure 5.7 B). Three plants had individuals with leaf Na"
concentrations around 1.5 times that of the controls (1502, 1s04 and 2s06). Individuals from
plant 2505 were not significantly different to the controls. Therefore, none of the plants in
tank 2 stood out as having a phenotype of interest as there was not significant variation within
the individuals of each plant (Figure 5.7 B).

Similarly, in tank 3, none of the plants represented (1s05, 2507, 2s08, 2509 and 2s10)
stood out as having progeny with significantly higher leaf Na" than the controls, as well as
having significant variation within the individuals (Figure 5.8 A).

The individual progeny of two of the plants represented in tank 4 (2s12 and 2s13),
were not significantly different from the Bob White controls for leaf Na* (Figure 5.8 B). The
progeny of the third plant grown in tank 4, plant 2s11, did have both significantly higher leaf
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Na' than the controls, in one of the individuals, as well as individuals with similar leaf Na"

concentrations as the controls, hence, this plant was of interest.

Putative transgenic plants of interest

The K" to Na' ratios of leaf three of the individuals of the two plants of most interest
(1502 and 2s11), are shown in Figure 5.9. The K" to Na" ratio of the 1502 plant with the
highest leaf Na™ concentration and the lowest K to Na" ratio was 3.4 (1s02.3). The 1502 plant
with the lowest leaf Na" concentration and the highest K* to Na" ratio (1s02.4) had a ratio of
approximately 12, which was similar to the K' to Na" ratio of the Bob White control plants in
tank 1, which ranged from 10 to 14. The K' to Na' ratio of the 2s11 plant with the highest leaf
Na' and the lowest K to Na' ratio (2s11.2) was 4.3, and the 2s11 plant with the lowest leaf
Na" and the highest K™ to Na" ratio (2s11.4) had a ratio of 10, similar to the K" to Na" ratio of
the Bob White control plants from tank 4, which ranged from approximately 6.5 to 10.
The 1502 plant with the highest leaf Na" (1502.3; 333 umol/gDW), had three times the leaf
Na' of the 1502 plant with the lowest leaf Na" (1s02.4; 108 pmol/gDW), and the 2s11 plant
with the highest leaf Na" ratio (2s11.2; 238 umol/gDW), had a leaf Na" ratio approximately
double that of the 2511 plant with the lowest leaf Na" ratio (2s11.4; 120 umol/gDW). The
1502 plant with the highest K* to Na" ratio (1s02.4; ratio 11.7), had a ratio 3.4 times greater
than the plant with the lowest ratio (1s02.3; ratio 3.4), and the 2s11 plant with the highest K
to Na' ratio (2s11.4; ratio 10.0), had a ratio 2.3 times greater than the plant with the lowest
ratio (2s11.2; ratio 4.3).
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Figure 5.7: Leaf three Na* concentration of putative transgenic plants compared to Bob
White controls grown in Tank 1 (A) and Tank 2 (B)
Leaf three was grown for 10 days in a solution containing 50 mM NaCl.
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Re-screen of the plants of interest

The phenotype screen was repeated for the two plants with the most interesting
phenotypes (1s02 and 2s11), this time with a salt concentration of 150 mM in the hydroponic
growth solution.

In the second screen, significant variation in the leaf Na" concentrations (Figure 5.10
A) and the K" to Na" ratios (Figure 5.10 B) of the individual plants for plants 1s02 and 2s11
were again observed. However, there was greater variation in the leaf Na' concentrations of
the Bob White individuals in the second screen than in the first screen. As the variation in the
controls was considered to be background variation, influenced by growth conditions, because
the variation in the control plants was high, this meant that the variation in the transgenic
plants was not regarded as being as significant as it may have, had the background variation
been lower.

The average leaf Na* of the Bob White controls in the second screen was 149 + 25
umol/gDW (n = 4) (compared to and average of 135 £ 6 umol/gDW, n = 16, in the first
screen), and the range was 83 to 195 umol/gDW. The 1502 individuals had leaf Na"
concentrations ranging from 91 to 223 pmol/gDW (compared to 109 to 332 umol/gDW in the
first screen). The 2s11 individuals had leaf Na" concentrations varying from 95 to 243
umol/gDW (compared to 119 to 237 pmol/gDW in the first screen).

The transgenic plants with the highest leaf Na" concentrations (223 and 243
umol/gDW for 1s02.7 and 2s11.1, respectively), had leaf Na" concentrations approximately
1.5 times greater than the average of the Bob White plants (149 umol/gDW, n = 4).

The K" to Na' ratio of these transgenic plants (1s02.7 and 2s11.1) was approximately
five, where as the average K' to Na" of the Bob White control plants was nearly double, at
approximately nine (Figure 5.10 B). The 1502 plant with the lowest K* to Na" ratio (1s502.7),
had a K" to Na' ratio of 5.2, which is less than half of the K to Na" ratio of the plant with the
highest K™ to Na" ratio (1s02.10), which had a ratio of 13.5. The 2s11 plant with the lowest
K" to Na' ratio (2s11.1), had a K" to Na" ratio of 4.8, which is approximately one-third of the
K" to Na' ratio of the plant with the highest K' to Na" ratio (2s11.5), which had a ratio of
13.6.
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Figure 5.10: Leaf three Na* concentrations (A) and K* to Na" ratio (B) of putative
transgenic plants of interest, in the second screen, compared to Bob White controls
Leaf three was grown for 10 days in a solution containing 150 mM NacCl.
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Genotype of the plants of interest

Genomic DNA was extracted from six of the individual plants of the two plants of
interest from screen two. These included the two individuals with the lowest leaf K” to Na"
ratio from each plant, and the individual with the highest K to Na" ratio from each plant. The
DNA samples were checked by PCR with primers for the actin gene (Figure 5.11 A), and then
primers specific to the coding sequence of the gene of interest (FD4 and RD1) were used in a
PCR to check the presence of the insert in these plants (Figure 5.11 B).

For the 1502 individuals, the PCR data indicated that the RNAI transgene was present
in every individual tested (Figure 5.11 B). Whereas, for the 2s11 individuals, the PCR data
indicated that the RNAi transgene was absent in the individual with the high K™ to Na" ratio,
and low leaf Na', and the RNAi transgene was present in the two individuals with the low K"

to Na' ratio, and high leaf Na' ratio (Figure 5.11 B).

B
147 bp

1 2 3 4 5 6

Figure 5.11: Amplification by PCR of a fragment specific to the RNA interference
constructs from DNA from individual T; plants of the plants of interest

Primers designed to amplify a 134 bp from the actin gene were used as a control to check the
DNA samples (A). A product size of 147 bp, amplified using the FD4 and RD1 primers, was
diagnostic of the presence or absence of the RNAI construct. 1 = 1502.10; 2 = 1502.8; 3 =
1S02.7; 4 =2S11.5; 5=2S11.4; 6 =2S11.1.
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5.4  Discussion

Previously, transgenic wheat plants with ubiquitin promoter-reporter constructs have
exhibited GUS activity that was deemed to be influenced by the genomic site of integration of
the transgene in the genome (Barro et al., 1997; Rooke et al., 2000). In regard to the present
study, there was no reason to expect that the sites of integration of the transgene in the
genome would not be completely random. Certainly, the biolistic method used to introduce
the transgene fragments does not include a way to control the site of integration of the
transgene fragment. It was, therefore, anticipated that of all of the transgenic plants
developed, the presence of the transgene would not necessarily lead to the predicted
phenotype of significantly higher leaf Na in every plant. This was expected because the site
of integration of the transgene fragment in any given plant may or may not be suitable for
induction of significant expression of the RNAi fragment and so may not lead to significant
accumulation of the RNAi fragment in the appropriate plant tissue, this being the specific
cells in the root where the native TaHKT1;5-D gene member is expressed.

There was also no way to ensure that the site of integration would not disrupt a
different gene in the genome and lead to an altered phenotype due to the disruption of the
random gene. An undesirable site of integration of the transgene, such as in the middle of an
important gene, is a possible explanation for the phenotype of slow growth observed in the
single plant containing the empty pSTARGATE vector. It is possible that in this plant the
transgene landed in a location that disrupted a gene which is involved in plant growth and or
development. The slow growth phenotype of this plant was the most likely explanation for the
observation that some of the T, plants from this primary transgenic plant had very high leaf
Na" concentration, as slow growth leads to greater accumulation of Na" in leaf tissues.
However, the possibility that the pPSTARGATE vector itself was influencing the leaf Na"
concentration could not be eliminated. Future work may include comparing the genotype of
the plants segregating for the empty pPSTARGATE vector to check whether the segregation of
the construct correlates in any way with the leaf Na' phenotype.

Previous studies have described the difference in leaf K™ to Na' ratio between lines
with and without the most distal fragment of the long arm of chromosome 4D, where Knal is
located (Dvoiak and Gorham, 1992). Recombinant lines with Knal had K to Na" ratios six to
eight times greater than lines without Knal (Dvotak and Gorham, 1992). In Chapter 2,
linkage between TaHKT1;5-D and the Knal locus was described. Loss of the region
containing TaHKT1;5-D and Knal lead to almost a four-fold increase in leaf Na', and a six-

fold decrease in the leaf K' to Na' ratio. In the most interesting plants studied, the leaf Na"
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concentration was two or three times greater in the high Na" individuals than the low Na"
individuals, and the K' to Na' ratio was two to three times lower. Therefore, the difference
between the leaf Na™ and leaf K™ to Na' ratio within the transgenic plants is smaller than the
difference between the chromosome 4D deletion lines with and without the distal 14% of the
long arm of chromosome 4D containing TaHKT1;5-D and Knal (Chapter 2). However,
transgenic rice lines with and without the SKC1 gene for shoot K concentration, for which
OsHKT1;5 is the candidate gene (Ren et al., 2005), had half the leaf Na" and 2.5 times greater
leaf K" to Na' ratios, respectively (Ren et al., 2005). Therefore, if TaHKT1;5-D was in fact
silenced in the transgenic wheat plants, then the two to three-fold difference in leaf Na" and
K" to Na" observed would be similar to the difference in leaf Na" and K to Na" in the rice
lines with and without OsHKT1;5, which was approximately a two and a half fold difference.

There was significant variation observed in the control Bob White plants, particularly
those grown in the second screen for leaf Na" accumulation. This made it difficult to assess
whether the variation in leaf Na" and leaf K to Na" ratio in the transgenic plants was simply
due to the conditions of the experiment or whether the variation was due to the effects of gene
silencing. To test whether the variation in leaf Na", and K' to Na" ratios in the individuals of
the transgenic wheat plants are due to the growth conditions, or even due to disruption of an
alternative gene due to the integration of the transgene, versus whether the variation is due to
the silencing of TaHKT1;5-D, it would be necessary to test whether the level of TaHKT1;5-D
messenger RNA is significantly lower in those plants with higher leaf Na" and lower K to
Na' ratios. This is the next step required. Regrettably time limitations did not allow this step
to be included in this study.

The other remaining important data needed is the transgene copy number in each of
the plants, and/or individuals, of interest. This should be done by Southern-blot hybridisation
with the HKT1;5 probe (Chapter 2). For plant 1502 in particular, there may be multiple
insertions of the transgene, and this may explain why the transgene was present in both plants
with the low leaf Na" and high K to Na" ratios as well as those with high leaf Na" and low K"
to Na' ratios (Figure 5.11 B). The PCR data for plant 2s11 was promising; the data indicated
that the segregation of the RNAI transgene corresponded with the expected phenotype in the
three individuals tested. However, further work is required to confirm these data. Future work
should also test the T, generation of the plants of interest for leaf Na” and K™ accumulation in
saline conditions, identifying the copy-number of the transgene in each individual, and

quantifying the messenger RNA levels of TaHKT1;5-D in each plant of interest.
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Chapter 6: General Discussion
6.1 HKT1;5 homoeologues in wheat

This body of work, by way of a combination of both mapping and candidate gene
approaches, identified HKT1;5 as a candidate for both Knal and the novel locus in durum
wheat for Na" exclusion, Nax2. Nax2 from durum wheat Line 149, like Knal from bread
wheat, confers a phenotype of high K' to Na" concentration ratio in the leaves.

The isolation of TMHKT1;5-A, and development of markers to track TmMHKT1;5-A,
has enabled breeders to select for this gene in a breeding program to improve the salinity
tolerance of durum wheat and bread wheat (Munns et al., 2008).

As a result of the isolation of TMHKT1;5-A and TaHKT1;5-D, it is now possible to
study the function of these genes to better understand how they are having a major affect on
leaf Na" accumulation. No quantitative trait loci in wheat, other than Knal (TaHKT1;5-D)
(Gorham et al., 1990; Dvorak and Gorham, 1992), Nax1 (TmHKT1;4-A2) (Huang et al., 2006)
and Nax2 (TmHKT1;5-A) (Byrt et al., 2007), have been shown to confer such a strong Na"
excluding phenotype, hence these genes are a valuable resource.

The discovery that TMHKT1;5-A, on the long arm of chromosome 5AL, and
TaHKT1;5-D, on the long arm of chromosome 4DL, are homoeologous, has significant
repercussions for our understanding of the evolution of the A genome from diploid to
tetraploid wheats. These data are consistent with data indicating that in an ancestor of modern
wheat, chromosomes 4AL and SAL exchanged short terminal segments (Liu et al., 1992).
Data was described (Chapter 3) that indicated that Nax2 came from and is present in most T.
monococcum subspecies and is absent in T. urartu and modern wheat - this data also is
consistent with previous data indicating that the ancestor of the A genome of modern wheat is

Triticum urartu (not Triticum monococcum) (Dvorak and Zhang, 1990).

6.2 Mapping of Nax2 and Knal

Nax2 was located on the long arm of chromosome 5AL, distal to the marker gwm595,
and a candidate gene TmMHKT1;5, was identified (Chapter 2). However, a marker on the distal
side of Nax2 was not identified, and no recombination between the four markers that were
linked to Nax2 was observed in the 137 BCsF; lines tested. In contrast, for Nax1 (TmHKT1;4-
A2) on chromosome 2AL flanking markers, ‘HAK15’ and ‘E’, were identified at distances of
0.24 cM and 0.12 cM, proximal and distal to Nax1, respectively (Huang et al., 2006). For that
study, Huang et al. (2006) generated a high-resolution mapping family by screening 864
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BC;F, lines, and of these lines there were 22 F, lines that contained recombination events
between the original flanking markers (gwm312 and HAK11).

It is possible that by screening additional lines for the Nax2 mapping family, flanking
markers and recombinant lines may be identified and the Nax2 region narrowed. However, it
is also possible that in this region the T. monococcum and Tamaroi chromatin is particularly
divergent and does not recombine freely. Poor recombination between homologous
chromosomes of wheat and T. monococcum has been described previously (Dubcovsky et al.,
1995). Screening of the phenotype and genotype of more F; lines is needed to explore
whether recombination, between chromosome 5A of T. monococcum and Tamaroi, is limited.

The chromosomal region on the long arm of chromosome 4D in which Knal and the
candidate gene, TaHKT1;5-D, were located, equates to the distal 14% of the chromosome.
This region, like the Nax2 region, is large, and in both the Nax2 and Knal regions there may

be other genes within the region that influence leaf Na" and leaf K™ to Na" ratio.

6.3 The bread wheat HKT1;5 transports Na*

The HKT1;5 on the D genome of bread wheat, TaHKT1;5-D, like the rice OsHKTTI;5,
behaved as a Na' transporter, when expressed in Xenopus laevis oocytes (Chapter 4). Previous
data, describing the difference in net loading of *Na into the xylem in near isogenic lines
with and without TMHKT1;5-A, indicate that TMHKT1;5-A may be unloading Na" from the
xylem in the roots (James et al., 2006a; Byrt et al., 2007). Likewise, OsSHKT1;5 was proposed
to unload Na' from the xylem in the roots (Ren et al., 2005).

If TaHKT1;5-D was localized to the plasma membrane of xylem parenchyma cells in
the roots, and exhibited transport properties in xylem parenchyma cells similar to the transport
properties observed in Xenopus laevis oocytes, this being transport of Na' into the cell, then
this might lower the Na" concentration of Na" in the xylem and lead to a phenotype of low
leaf Na" in the leaves. It was puzzling that TmHKT1;5-A did not exhibit transport activity
when putatively expressed in Xenopus laevis oocytes, but further work is required to confirm
this observation. The high conductance of TaHKT1;5-D and OsHKT1;5 in the presence of
external K™ was also puzzling. These data may be consistent with this transporter permitting
an exchange of Na" and K, but further work with radioactive tracers is required to test this
theory, as it is not possible to determine the ion responsible for the net outward currents from

the data collected in this study.
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6.4 Further questions and future directions

There are many other remaining questions about HKT transporters and whole plant
management of Na' transport, such as:

(1) Is TaHKT1;5-D, alone, conferring the Knal phenotype?

The transgenic plant material developed in this project, namely wheat lines where an
RNA interference construct has been introduced to silence expression of the native
TaHKT1;5-D gene (Chapter 5), should be a valuable resource to help in testing whether
TaHKT1;5-D is conferring the Knal phenotype. Preliminary data, indicating that segregation
of the silencing construct in the T, material may correlate with a 2.5 fold difference in leaf K
to Na' ratio, is promising. The next step is testing the leaf K” to Na' ratio, and the expression
of TaHKT1;5-D, in the T, plants.

(2) In what cell types and tissues are HKT genes expressed?

The TmMHKT1;5-A and TaHKT1;5-D promoters were isolated, and found to be 94%
identical (Chapter 2). These promoters could be used to develop HKT promoter:GUS fusion
constructs for transformation of barley, and or HKT promoter:gene fusion constructs. Barley
lines expressing these transgenes could be used to assess where HKT1;5 is expressed, and
assess the differences in Na" concentrations in specific cell types as influenced by the
presence or absence of HKT genes. Tissue sections of the transgenic material could be
examined by X-ray microanalysis to study which cell types have altered Na" concentrations.
Further to these experiments, one could introduce promoter:GUS fusion constructs, driven by
TmHKT1;4-A2 (Huang et al., 2006), TmMHKT1;5-A and TaHKT1;5-D promoters, into barley,
and observe GUS expression to identify the cell types in which HKT1;4 is expressed, in
contrast to where HKT1;5 is expressed. This may help us to understand which cell types are
important for unloading Na* from the xylem, a trait conferred by both HKT1;4 and HKT1;5,
in contrast to which cell types may be involved in partitioning Na" into the sheath, a
phenotype specific to HKT1;4 (James et al., 2006a).

(3) Are HKT proteins localized to the plasma membrane?

An understanding of the location in which HKT proteins are functioning is needed, as
this may assist in conceiving of ways to manipulate HKT proteins to influence where Na"
accumulates in plants. Experiments such as immunolocalization of the HKT1;5 protein, using
microscopy and plant tissue sections exposed to a gold-labelled HKT1;5 antibody, may help
to answer this question.

(4) What transcription factors regulate the expression of HKT genes?
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A yeast one-hybrid method could be used to try and identify the transcription factors
that regulate expression of HKTs. The transcription factors may then be mapped and isolated
and one could test to see if the expression patterns overlap those of the HKT genes, and
whether these genes map to regions of the genome harbouring salinity tolerance loci.

(5) What is the range of ion transport properties of HKT proteins?

Characterisation of the diverse diploid wheat material, and identification of lines with
greater Na' exclusion than our current material (Chapter 3), may contribute to the future
cloning of new HKT genes or alleles which may have a greater conductance of Na', or higher
expression, and may be a valuable resource for breeding wheat with greater salinity tolerance.
It may be found that different HKT proteins have vastly different levels of conductance of
Na' and some may transport other ions. It would also be interesting to screen a range of
halophytic species (Colmer et al., 2006; Flowers and Colmer, 2008), by Southern-blot
hybridization using a probe based on a conserved fragment of an HKT gene, and compare any
sequence differences with species closely related to each of the halophytic species, that are
not salt tolerant. This work may identify additional novel HKT proteins and/or novel controls
of the level or site of expression of the HKT genes.

The current hypothesis on the function of group 1 HKT-type transporters is that they
are involved in retrieval of Na" from the xylem into xylem parenchyma, thereby reducing the
amount of Na' reaching the leaves, and leading to lower leaf Na' concentrations (Ren et al.,
2005; Davenport et al., 2007). Removal of Na" from the xylem would contribute to a higher
K" to Na' ratio in the xylem, leading to a higher K" to Na" ratio in the leaves. Loading of the
phloem has been suggested (Berthomieu et al., 2003; Horie et al., 2007), but there is no
quantitative evidence for significant retranslocation (James et al., 2006a; Davenport et al.,
2007).

In many monocotyledonous plants, such as wheat, barley and rice, there are eight or
nine HKT genes (Huang et al., 2008). In Arabidopsis, which is a dicotyledonous plant, there is
only a single HKT gene, and relative to cereals Arabidopsis is not good at excluding sodium.
To best manipulate HKT genes and improve the salinity tolerance of crop plants, we need to
study the function of each of the different HKT proteins.

HKT genes are somehow involved in loading and/or unloading of Na" into the xylem
(Davenport et al., 2007; James et al., 2006a), and in cereals HKT genes are also involved in
partitioning Na' into the sheath (James et al., 2006a; Huang et al., 2006). However, it is likely
that these preliminary studies illustrate just the tip of the iceberg in terms of the involvement

of HKT genes in the management of cations in plants. For example, a recent study of

143



OsHKT2;1 found that this protein is the central transporter for nutritional uptake of Na" into
rice roots in K starved conditions (Horie et al., 2007). HKT genes are likely to play a crucial
role in transport of Na” and K" in many different tissue types and to many different ends. The
accumulation of Na" in the cytoplasm of plant cells is toxic, but Na" also has roles in moving
osmotic potential more negative, which helps plants retain water and maintain turgor, and it
may be found that HKT genes also function in these important processes.

(6) What other transporters are necessary for HKT function?

Other genes are needed to control Na™ accumulation, particularly in the epidermal and
cortical cells of roots, to limit the uptake from the soil into the root. The HKT1;5 genes are
probably located within the stele and control the net uptake of Na" into the xylem, however,
other genes are equally, if not more, important in restricting Na' entry into the root at the root-
soil interface. To most effectively manipulate HKT genes in plants towards improving the
control of Na" transport, we need to know what other genes are important. To study this, one
could transform athktl null lines with a T-DNA insert, or alternatively mutate athktl null
lines, via neutron bombardment or ethylmethanesulfonate (EMS), and then screen the
mutants. Most lines would be salt-sensitive, because they lack the AtHKT1 protein, and
therefore, accumulate Na" in the leaves to concentrations that are toxic. If a mutation occurs
in a gene involved in, for example, influx of sodium in epidermal cells in the root, then these
plants may survive longer on highly saline media. Surviving plants could be recovered and a
TILLING (Targeting Induced Local Lesions in Genomes) array used to identify the fragment
of chromosome in which the mutation has occurred (Till et al., 2003). The mutant line could
then be crossed with the mother line to develop a population for mapping of the locus of the
gene. This technique was used by Rus et al. (2001) with a s0s3-1 mutant to demonstrate that
AtHKT1 is involved in controlling Na" entry into plant roots. As the full genome of
Arabidopsis is sequenced one could identify the exact gene that has been mutated. This might
help in the discovery of gene families other than HKT genes that are involved in the control of
Na' transport in plants. This work could also lead to the identification of additional processes
of control of ion transport in plants.

(7) What physical structure do HKT proteins have?

Purification and crystallization of HKT proteins may pre-emanate solving of the 3D
structure of the HKT protein. Knowledge of the 3D structure of the HKT protein may help us
to understand how HKT proteins transport cations, how they sit in cell membranes, what
amino acid mutations may make them more or less selective for different ions, and how they

transport Na" and or K.
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6.5 Improving the salinity tolerance of wheat and other crops

As salt accumulates inside plants, it becomes toxic. The primary mechanism most
plants employ to avoid this is to minimise the Na" accumulating in the tissues, especially the
shoot, as Na" toxicity inside the plant is likely to be most damaging in photosynthesising
tissue. Limiting the amount of Na reaching photosynthesising tissue is an effective strategy
to increase tolerance to salinity (Munns, 2005).

In wheat, the decrease in leaf K concentration with increasing salinity tends to be
proportional to the increase in leaf Na" concentration with increasing salinity (Gorham et al.,
1990; Munns et al., 2004), indicating that many wheat varieties cannot maintain leaf K" with
increasing intake of Na" into the plant. Therefore, breeding and selection for a HKT group 1-
type gene that effectively removes Na' from the xylem, particularly when xylem Na"
concentration is high, may improve the capacity of wheat lines to maintain leaf K"
concentration, and K™ to Na' ratio, in saline soils. Both the TMHKT1;4-A2 (Huang et al.,
2006) and TmHKT1;5-A (Byrt et al., 2007) genes were isolated from the A genome of T.
monococcum ssp. monococcum, and as neither of these genes have been observed in modern
wheat they offer new sources of Na" exclusion for improving the salinity tolerance of cereals.

Another strategy for improving the K' to Na" discrimination may be simultaneously
breeding and selecting for a combination of both a group 1 HKT-type transporter, and an
outward-rectifying K* channel such as SKOR (Roberts and Tester, 1995; Gaymard et al.,
1998), as long as the particular SKOR was highly selective for K" and did not allow leakage
of Na" into the xylem in highly saline conditions.

Future directions involving this strategy require significant work in gene discovery
and protein characterization, or protein engineering. Ancestral wheat accessions from saline
areas (Chapter 3), and halophytic grass species (Colmer et al., 2006; Flowers and Colmer,
2008), may be a source of novel HKT and SKOR alleles that are not present in modern wheat.
Cloning of many HKT and SKOR alleles from wheat and halophytic grasses, and
characterization of the cation selectivity and transport properties of the respective proteins by
expression in Xenopus laevis oocytes, may help to identify alleles that may be of use in wheat
breeding. Studies of the relationship between amino acid sequence and transport properties
for many HKT and SKOR proteins would assist with better prediction of protein function
from simply the analysis of amino acid sequence.

A better understanding of how amino acid sequence influences transport properties, in
combination with promoter studies to select promoters which drive gene expression in

specific plant tissues, may one day enable the engineering of promoter gene combinations that
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can be introduced into wheat which are highly effective in controlling the uptake and

transport of Na".
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Appendix

Appendix Table 2.1: Agarose gel electrophoresis results from PCR with microsatellite
markers on chromosome 5AL

Dominant markers linked to Nax2 include gwm291, gwm410 and gpw2181. The gwm126
marker is one of four markers identified as being proximal to Nax2. Vrn2 (BM1) is a co-
dominant marker linked to Nax2, this marker can be used to distinguish lines that are
heterozygous for Nax2. bp, base pairs; M, 1Kb" DNA ladder; Tam, Tamaroi; L149, Line 149;
H, BCsF,.; line with high leaf Na'; L, BCsF,5 line with low leaf Na"; NTC, no template
control; LB, bulked DNA from eight BCsF,; lines with low leaf Na'; Het, BCsF.; line
heterozygous for Nax2 with intermediate leaf Na'. Primer sequences:

gwm291; 5’-CATCCCTACGCCACTCTGC-3’, 5’-AATGGTATCTATTCCGACCCG-3’
gwm410; 5’-GCTTGAGACCGGCACAGT-3’, 5’-CGAGACCTTGAGGGTCTAGA-3’
gpw2181; 5’-CAAATTACAAACGCACAGCC-3’, 5’-TTTGTGCCATTGTGTGTGTG-3’
gwm126; 5’-CACACGCTCCACCATGAC-3’, 5’-GTTGAGTTGATGCGGGAGG-3’
Vrn2 (BM1); 5’-TCTCCATCATTCAACATCAATCG-3’, 5°-
TGTAGCTCGTCGGGGTGTGTTGC-3’

158



_ Gel electrophoresis data

Marker Ladder o
fragment £ 2 =
size - J I 4 Z

gwm410
200 bp ——» |

gpw2181 200 bp |

159



Appendix Table 3.1: Accession numbers of diploid wheat material
T.
monococcum
SSp. T. monococcum SSp.
monococcum | boeticum Triticum urartu

44852 | 44811 44941 116134 [ 44827 45462 | 116193
44891 | 44813 44948 | 116138 | 44831 45470 | 116194
44913 | 44818 44949 | 116139 | 44911 45471 116196
44914 | 44819 44953 | 116146 | 44942 45472 | 116197
44915 | 44820 44955 | 116153 | 44943 45475 | 116198
44916 | 44821 45103 | 126305 | 45111 45476 | 116199
44918 | 44822 | 109080 | 131176 | 45212 45477 | 116200
44931 | 44832 | 109081 131180 [ 45213 45484 | 116201
44932 | 44833 | 109086 | 135341 | 45218 45485 | 116202
45085 | 44847 | 110749 137335 | 45219 45489 | 116203
45086 | 44855 | 110789 | 137341 | 45260 46395 | 116204
45092 | 44856 | 110820 137391 | 45261 46536 | 116206
45093 | 44857 | 110826 | 137409 | 45262 | 109084 | 117886
45110 | 44858 | 113254 | 137477 | 45263 | 109087 | 117911
45231 | 44861 113258 | 139313 | 45278 | 110748 | 119439
45232 | 44866 | 113260 | 140980 | 45281 110753 | 135343

45234 | 44868 | 113261 45282 | 110766 | 139150
45235 | 44870 | 113264 45283 | 110784 | 139173
45255 | 44878 | 113266 45284 | 110830 | 139175
45256 | 44887 | 113273 45285 | 110834 | 139317
45257 | 44890 | 113275 45286 | 110835 | 139317
45258 | 44895 | 113277 45287 | 110840 | 139969
45259 | 44899 | 113280 45288 | 110844 | 139973
45461 | 44900 | 113282 45290 | 115813 | 140058
132841 [ 44904 | 113283 45291 115814 | 140061
132864 [ 44906 | 113284 45292 | 115815
132869 [ 44907 | 113286 45293 | 116156
132870 [ 44919 | 113288 45298 | 116160
132873 | 44921 113291 45299 | 116190
139090 | 44936 | 113309 45300 | 116191
141291 [ 44937 | 113311 45301 116192

Appendix Table 3.2: Key to HKT1;5 B gene members from wheat

The sequence data are available through the National Centre for Biotechnology Information
(www.ncbi.nlm.nih.gov/). These sequences were isolated in collaboration with Dr. Damien
Platten (CSIRO Plant Industry, Australia).

Gene NCBI accession number
HKT1;5-B1 DQ646340
HKT1;5-B2 DQ646341
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CATCACCGTCGAGGTTATCAGTGCGTACGGAAACGTGGGGTTCAGCACCGGGTAC
AGCTGTGGCCGGCAGGTGACGCCCGACGGCGGCTGCAGGGACACGTGGGTTGGC
TTCTCTGGGAAGTGGAGTTGGCAAGGGAAGCTGGCTCTCATTGCTGTCATGTTCT
ACGGCAGGCTCAAGAAGTTCAGCATGCATGGTGGCGAGGCATGGAGGATAGTAT
AACCTAGTAGCAGACTGCATATTTCTCAATGATCTCTCTTCAGACAGAGACTAGC
TACATCTCGCTCTAGCCTAAAACCATCTGAACATATTTCCATTATGCCGAGTACCT
CA

Appendix Figure 2.1: Wheat HKT1;5 RFLP probe sequence (331 bp)
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5 UTR

AGAACAGGCCAAGAAGTCTCTACACAACTTACAGTAGAA

(start codon)
ATGGGTTCTTTGCATGTCTCCTCGAGTGCCACTCAACATAGCAAGCTTGAGAGGG
CTTACCAACTCCTGGTTTTCCATGTGCACCCGTTCTGGCTCCAGCTCTTGTACTTTG
TATCCATCTCCTTCTTCGGTTTGGTGATCCTCAAAGCCCTCCCCATGAAGACCAGC
ACGGTCCCGAGGCCCATGGATTTGGACCTGATCTTCACGTCGGTCTCGGCGACCA
CGGTGTCGAGCATGGTGGCCGTGGAGATGGAGTCCTTCTCCAACCCCCAGCTCCT
ACTCCTGACCCTCCTCATGCTCCTCGGCGGCGAGGTGTTCACGAGCATGCTTGGC
CTGCACTTCACCTACGTCAAGTCCAAGAAGAAAGAAGCACAAGCACCCCACGAC
CATGACGATGGTGACAAAGGCAAACCAGCACCATCATCTAGCCTAGAGCTCGCT
GTTACCACCGGCATGGATGACGTCGATCGTGTGGAGCAAGGGTTTAAGGACCAG
CCCCGTTACGATCGCGCCTTCCTCACCAGGTTGCTTCTGTTCATAGTGCTGGGCTA
TCACGTGGTGGTGCACCTCGCCGGCTACTCCTTGATGCTGGTCTACCTGAGCGTG
GTCTCCGGCGCGAGGGCTGTGCTCACCGGCAAGGGGATCAGCCTGCACACCTTCT
CCGTCTTCACCGTCGTCTCGACGTTCGCCAACTGCGGCTTCGTCCCGAACAACGA
AGGGATGATCGCCTTCCGGTCCTTCCCGGGCCTCCTGCTCCTAGTCATGCCGCACG
TCCTCCTCGGCAACACACTCTTCCCCGTCTTCCTCAGGCTGGCCATCTGGGCTCTC
CGGAGAGTCACCAGGAGGCCCGAGCTCGGTGAGCTGAGGAGCATCGGCTACGAC
CACCTGCTGACGAGCCGGCACACGTGGTTCTTGGCTTTCACCGTGGCGGCGTTCG
TGCTAGCGCAGCTGTCGCTCTTCTGCGCCATGGAGTGGGGCTCCAACGGGCTGCG
CGGGCTCACCGCCGTGCAGAAGCTCGTTGCGGGACTGTTCATGTCGGTCAACTCC
AGGCACACCGGTGAGATGGTGGTGGACCTTTCCACCGTGTCGTCGGCCCTCGTGG
TGCTCTATGTGGTCATGATGTGAGTACTTCCTCAAGTCCATTTTACTCCGCATATA
AAGTTTGTCTGAAGTCGAACTTTATAAAATTTAACTAATTTTGTAAAAGAAACAT
CACCATTCACACAGTACGAAATCATACCATTAGATGCGTCATGAATTAAATTTTC
ATATCATATATTTTTAGTTTTGCAGATGTTGATATTTTTTCATATAAATATGTGGTT
AAACTTTCTGAACTTTTTTCCCTCCACTCCATATACATTTTATATACAGAGTGAAA
ATGACCGGAGGGAGTACGTTACATACCTCCACTCGATCGATTCAGATAGTGATAA
CCATAAACTCTCTCATATCATGCTCGTGCCTATACACTACGAACAGGTACCTACC
ACCTTACACTACATTTCTACCAGTGGAAGACGACAGTGACCAACAAGTGGGAGC
AGATCAGCGCGACCAGAAAAGGATAACAAGCATGTGGCGGAAGCTGCTCATGTC
GCCGCTCTCGTGCTTGGCCATCTTCATCGCCGTGGTGTGCATCACGGAGCGGCGG
CAGATCTCCGATGACCCCCTCAACTTCAACGTCCTCAACATCACCGTCGAGGTTA
TCAGGTAATCCACTACTTAACAAAACGTATAAGCACATGATCAATTGCAATATTC
TTACCATGCATGATCGATACCATTATACACAAAACCTTACTTACCCAAATTGCAA
ATTCAATCAGCATACATATAGCTATTGCGACCACTATAACGTGTGGCATTGTGTG
AACTGTGCTTGCAGTGCGTACGGAAACGTGGGGTTCAGCACCGGGTACAGCTGTG
GCCGGCAGGTGACGCCCGACGGCGGCTGCAGGGACACGTGGGTTGGCTTCTCTG
GGAAGTGGAGTTGGCAAGGGAAGCTGGCTCTCATTGCTGTCATGTTCTACGGCAG
GCTCAAGAAGTTCAGCATGCATGGTGGCGAGGCATGGAGGATAGTATAA (stop
codon)

3’UTR
CCTAGTAGCAGACTGCATATTTCTCAATGATCTCTCTTCAGACAGAGACTAGCTA
CATCTCGCTCTAGCCTAAAACCATCTGAACATATTTCCATTATGCCGAGTACCTCA
ATCACTGCATGCATATCAATATAATGAAACAAAAGTCATCCAAAAAAAAAAAAA
AAAAA

Predicted amino acid sequence
MGSLHVSSSATQHSKLERAYQLLVFHVHPFWLQLLYFVSISFFGLVILKALPMKTSTV
PRPMDLDLIFTSVSATTVSSMVAVEMESFSNPQLLLLTLLMLLGGEVFTSMLGLHFTY
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VKSKKKEAQAPHDHDDGDKGKPAPSSSLELAVTTGMDDVDRVEQGFKDQPRYDRA
FLTRLLLFIVLGYHVVVHLAGYSLMLVYLSVVSGARAVLTGKGISLHTFSVFTVVSTF
ANCGFVPNNEGMIAFRSFPGLLLLVMPHVLLGNTLFPVFLRLAIWALRRVTRRPELGE
LRSIGYDHLLTSRHTWFLAFTVAAFVLAQLSLFCAMEWGSNGLRGLTAVQKLVAGL

FMSVNSRHTGEMVVDLSTVSSALVVLYVVMMYLPPYTTFLPVEDDSDQQVGADQR

DQKRITSMWRKLLMSPLSCLAIFIAVVCITERRQISDDPLNFNVLNITVEVISAYGNVG
FSTGYSCGRQVTPDGGCRDTWVGFSGKWSWQGKLALIAVMFYGRLKKFSMHGGEA
WRIV

Appendix Figure 2.2: Wheat TaHKT1;5-D full length genomic sequence showing introns
(shaded) and exons (GenBank accession DQ646342) and predicted amino acid sequence
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5’ UTR

AGAACAGGCCAAGAAGTCTCTACACAACTTACAGTAGAA

(start codon)
ATGGGTTCTTTGCATGTCTCCTCGAATGCCACTCAACATAGCAAGCTTGAGAGGG
CTTACCAACTCCTGGTTTTCCATGTGCACCCGTTCTGGCTCCAGCTCTTGTACTTTG
TATCCATCTCCTTCTTCGGTTTCGTGATCCTCAAAGCCCTCCCCATGAAGACCAGC
ACGGTCCCGAGGCCCATGGATTTGGACCTGATCTTCATGTCGGTGTCGGCGACGA
CGGTGTCGAGCATGGTGGCCGTGGAGATGGAGTCCTTCTCCAACCCCCAACTCCT
CCTCCTGACCCTCCTCATGCTCCTCGGTGGCGAGGTGTTCACGAGCATGCTTGGGC
TGCACTTCACCTACGTCAAGTCCAAGAAGAAAGAAGCACAAGCACCCCACGACC
ATGACGATGGTGACAAAGGCAAACCAGCACCATCATGTAGCCTAAAGCTCGCTG
CTACCACCTGCATGGATGACGTCGATCGTGTGGAGCAAGGGTTTAAGGACCAGCC
CCGTTACGATCGCGCCTTCCTCACCAGGTTGCTTCTGTTCATAGTGCTGGGCTATC
ACGTGGTGGTGCACCTCGCCGGCTACTCCCTGATGCTGGTCTACCTGAGCGTGGT
CTCCGGCGCGGGGGCTGTGCTCACCGGCAAGGGGATCAGCCTGCACACCTTCTCC
GTCTTCACCGTCGTCTCGACGTTTGCCAACTGCGGCTTCGTCCCGAACAACGAAG
GGATGGTCGCCTTCCGGTCTTTCCCGGGCCTCCTGCTCCTCGTCATGCCGCACGTC
CTCCTCGGCAACACGCTCTTCCCCGTCTTCCTCAGGCTGGCCATCTGGGCTCTCCG
GAGGGTCACGAGGAGGCCCGAGCTCGGTGAGCTGCGGAGCACCGGGTACGACCA
CCTGCTGACAAGCCGGCACACGTGGTTCTTGGCTTTCACCGTGGCCGCGTTCATG
CTAGCTCAGCTGTCGCTCTTCTGCGCCATGGAGTGGGGCTCCGACGGGCTGAACG
GGCTCACCGCCGCGCAGAAGCTCGTCGCGGCACTGTTCATGTCGGTCAACTCAAG
GCACACCGGTGAGATGGTCGTGGACATTTCCACTGTGTCGTCAGCCGTCGTGGTG
CTCTACGTGGTCATGATGTAAGTAGTCCTTCAGTCCATTTTACTCCGCGTATAAGA
TTTGTCAATTTTATAGAAAAAAAATCTAACCATTCACACTACAGAATCAATCTAA
CCATTCACACTACAGAATCAATATCATTAGATGTGTTATTATTTAATTATCATATT
TTATACTTTAATATTGCAGATGTTGATTTTTTGTCATATAAATATGGTCAAACTAA
ATAAACCTTTATAATGTTTGACTTCAGACAATCTTACACTCCTTCGATTCTAGATA
GTGATAACCATCAACTCTCTCATATCATGCTCTTGCCCACACACTACGAGCAGGT
ACCTACCACCTTACACTACATTTCTACCAGTGGAAGACGACAGTGACCAACAAGT
GGGAGCAGATCAGCACGACCACAAAAGGATAACAAGCATATGCCACAAGCTGCT
CATGTCGCCGCTCTCGTGCCTGGCCATCTTCATCGCCGTTGTGTGCATCACCGAGC
GCCGGCAGATCTCCGATGACCCCCTCAACTTCAACGTCCTCAACATCACTGTCGA
AGTTATCAGGTAATCAACTAGTAGTAATTAACAAAATGTAGAAGCACATGATCAA
TTGCAATTTTTTTACCATGCATGATAGGTAGATACCATTATATACAAAATCTGACT
TAGCTAAATTGCAAATTCAGTAAACTTATATATAGGTATTGCGACCACTATAACG
TGTGTCATTGTGTGAGCTGTGCTTGCAGTGCGTACGGAAACGTGGGGTTTAGCAC
CGGGTACAGCTGCGGCCGGCAGGTGACGCCTGACGACGGCGACTGCAGGGACAC
GTGGGTTGGCTTCTCTGGGAAGTGGAGCTGGCAAGGGAAGCTGGCTCTCATTGCT
GTCATGTTCTACGGCAGGCTCAAGAAGTTCAGCATTCATGGCGGCCAGGCATGGA
GGATAATATAA (stop codon)

J’UTR
CCTAGCAGACTACATATTTCTCAATGATCTCTCTTCAGACAGAGAGTAGCTACAT
CTCGCTCTAGCCTAAAACCACCTGAACATATTTTCATTATGCCGAGTACCTCAA
Predicted amino acid sequence
MGSLHVSSNATQHSKLERAYQLLVFHVHPFWLQLLYFVSISFFGFVILKALPMKTSTV
PRPMDLDLIFMSVSATTVSSMVAVEMESFSNPQLLLLTLLMLLGGEVFTSMLGLHFT
YVKSKKKEAQAPHDHDDGDKGKPAPSCSLKLAATTCMDDVDRVEQGFKDQPRYDR
AFLTRLLLFIVLGYHVVVHLAGYSLMLVYLSVVSGAGAVLTGKGISLHTFSVFTVVST
FANCGFVPNNEGMVAFRSFPGLLLLVMPHVLLGNTLFPVFLRLAIWALRRVTRRPEL
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GELRSTGYDHLLTSRHTWFLAFTVAAFMLAQLSLFCAMEWGSDGLNGLTAAQKLV
AALFMSVNSRHTGEMVVDISTVSSAVVVLYVVMMYLPPYTTFLPVEDDSDQQVGAD
QHDHKRITSICHKLLMSPLSCLAIFIAVVCITERRQISDDPLNFNVLNITVEVISAYGNV
GFSTGYSCGRQVTPDDGDCRDTWVGFSGKWSWQGKLALIAVMFYGRLKKFSIHGG
QAWRII

Appendix Figure 2.3: Wheat TmHKT1;5-A full length genomic sequence showing introns
(shaded) and exons (GenBank accession DQ646339) and predicted amino acid sequence
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GCGGGACTGTTCATGTCGGTCAACTCCAGGCACACCGGTGAGATGGTGGTGGACCTTTCC

PR PRRERRRR e e e et Cee e e e e e tenen 1niil
GCGGCACTGTTCATGTCGGTCAACTCAAGGCACACCGGTGAGATGGTCGTGGACATTTCC

ACCGTGTCGTCGGCCCTCGTGGTGCTCTATGTGGTCATGATGTGAGTACTTCC-TCAAGT

P TRRREenr e PR eennneennneer eer 1t 1 il
ACTGTGTCGTCAGCCGTCGTGGTGCTCTACGTGGTCATGATGTAAGTA-GTCCTTC-AGT

CCATTTTACTCCGCATATAA-AGTTTGTCTGAAGTCGAACTTTAT—————- AAAATTTAA

IEERERRRnnner e 0 et il 1111 I i
CCATTTTACTCCGCGTATAAGA-TTTGTC--AA-T----- TTTATAGAAAAAAAATCTAA

CTAATTTTGTA--AAAGAAAC-ATC--ACCATTCACACAGTAC-GAAATC-ATACCATTA

O e O R e e NN RN A R AN
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PR i i e e e e boreneeennn e 1l
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il 1111l (AN RN N .
TTTGACT-T-CA--—-GACAAT-~C——————————m o TTACA---CTC--CT---TCGA
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PEE PR e e ey e 1 el |
TTCTAGATAGTGATAACCATCAACTCTCTCATATCATGCTCTTGCCCACACACTACGAGC

AGGTACCTACCACCTTACACTACATTTCTACCAGTGGAAGACGACAGTGACCAACAAGTG

FEEERRR R e e e e e e e e e e e e e e e e el
AGGTACCTACCACCTTACACTACATTTCTACCAGTGGAAGACGACAGTGACCAACAAGTG

GGAGCAGATCAGCGCGACCAGAAAAGGATAACAAGCATGTGGCGGAAGCTGCTCATGTCG

IEEELEREEnent teenet e e e et eennnttil
GGAGCAGATCAGCACGACCACAAAAGGATAACAAGCATATGCCACAAGCTGCTCATGTCG

CCGCTCTCGTGCTTGGCCATCTTCATCGCCGTGGTGTGCATCACGGAGCGGCGGCAGATC

PEELRRRREnnl PRt e e et ey peeel ininilli
CCGCTCTCGTGCCTGGCCATCTTCATCGCCGTTGTGTGCATCACCGAGCGCCGGCAGATC

TCCGATGACCCCCTCAACTTCAACGTCCTCAACATCACCGTCGAGGTTATCAGGTAATCC

PELLERLRR R e e e e e e vy e
TCCGATGACCCCCTCAACTTCAACGTCCTCAACATCACTGTCGAAGTTATCAGGTAATCA

AC-————- TACTTAACAAAACGTATAAGCACATGATCAATTGCAATATTCTTACCATGCA

1 IE e e P e e e e et
ACTAGTAGTAATTAACAAAATGTAGAAGCACATGATCAATTGCAATTTTTTTACCATGCA
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ATACATATAGCTATTGCGACCACTATAACGTGTGGCATTGTGTGAACTGTGCTTGCAGTG

ETREEEE e e e e i i
TTATATATAGGTATTGCGACCACTATAACGTGTGTCATTGTGTGAGCTGTGCTTGCAGTG
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A

D

A

2008

1975

2068

2035

TGGCTCTCATTGCTGTCATGTTCTACGGCAGGCTCAAGAAGTTCAGCATGCATGGTGGCG 2067

PEERRRRRER R e e e i e e e e e e e e ey et 1ii
TGGCTCTCATTGCTGTCATGTTCTACGGCAGGCTCAAGAAGTTCAGCATTCATGGCGGCC 2034

AGGCATGGAGGATAGTATAA 2087

EELERREELnnr 1nitl
AGGCATGGAGGATAATATAA 2054

Appendix Figure 2.4: Alignment of TmHKT1;5-A and TaHKT1;5-D genomic sequences
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Appendix Figure 2.5: Alignment of predicted amino acid sequences for TmHKT1;5-A

MGSLHVSSNATQHSKLERAYQLLVFHVHPFWLQLLYFVSISFFGFVILKALPMKTSTVPR
MGSLHVSS+ATQHSKLERAYQLLVFHVHPFWLQLLYFVSISFFG VILKALPMKTSTVPR
MGSLHVSSSATQHSKLERAYQLLVFHVHPFWLQLLYFVSISFFGLV ILKALPMKTSTVPR

PMDLDL IFMSVSATTVSSMVAVEMESFSNPQLLLLTLLMLLGGEVFTSMLGLHFTYVKSK
PMDLDLIF SVSATTVSSMVAVEMESFSNPQLLLLTLLMLLGGEVFTSMLGLHFTYVKSK
PMDLDLIFTSVSATTVSSMVAVEMESFSNPQLLLLTLLMLLGGEVFTSMLGLHFTYVKSK

KKEAQAPHDHDDGDKGKPAPSCSLKLAATTCMDDVDRVEQGFKDQPRYDRAFLTRLLLFI
KKEAQAPHDHDDGDKGKPAPS SL+LA TT MDDVDRVEQGFKDQPRYDRAFLTRLLLFI
KKEAQAPHDHDDGDKGKPAPSSSLELAVTTGMDDVDRVEQGFKDQPRYDRAFLTRLLLFI

VLGYHVVVHLAGYSLMLVYLSVVSGAGAVLTGKG I SLHTFSVFTVVSTFANCGFVPNNEG
VLGYHVVVHLAGYSLMLVYLSVVSGA AVLTGKGISLHTFSVFTVVSTFANCGFVPNNEG
VLGYHVVVHLAGYSLMLVYLSVVSGARAVLTGKG I SLHTFSVFTVVSTFANCGFVPNNEG

MVAFRSFPGLLLLVMPHVLLGNTLFPVFLRLAIWALRRVTRRPELGELRSTGYDHLLTSR
M+AFRSFPGLLLLVMPHVLLGNTLFPVFLRLAIWALRRVTRRPELGELRS GYDHLLTSR
MIAFRSFPGLLLLVMPHVLLGNTLFPVFLRLAIWALRRVTRRPELGELRSIGYDHLLTSR

HTWFLAFTVAAFMLAQLSLFCAMEWGSDGLNGLTAAQKLVAALFMSVNSRHTGEMVVDIS
HTWFLAFTVAAF+LAQLSLFCAMEWGS+GL GLTA QKLVA LFMSVNSRHTGEMVVD+S
HTWFLAFTVAAFVLAQLSLFCAMEWGSNGLRGLTAVQKLVAGLFMSVNSRHTGEMVVDLS

TVSSAVVVLYVVMMYLPPYTTFLPVEDDSDQQVGADQHDHKRITS ICHKLLMSPLSCLALI
TVSSA+VVLYVVMMYLPPYTTFLPVEDDSDQQVGADQ D KRITS+ KLLMSPLSCLAI
TVSSALVVLYVVMMYLPPYTTFLPVEDDSDQQVGADQRDQKR ITSMWRKLLMSPLSCLAI

FIAVVCITERRQISDDPLNFNVLNITVEVISAYGNVGFSTGYSCGRQVTPDDGDCRDTWY
FIAVVCITERRQISDDPLNFNVLNITVEVISAYGNVGFSTGYSCGRQVTP DG CRDTWV
FIAVVCITERRQISDDPLNFNVLNITVEVISAYGNVGFSTGYSCGRQVTP-DGGCRDTWY

GFSGKWSWQGKLAL IAVMFYGRLKKFSITHGGQAWRIT 517
GFSGKWSWQGKLAL 1AVMFYGRLKKFS+HGG+AWR 1+
GFSGKWSWQGKLAL IAVMFYGRLKKFSMHGGEAWRITYV 516

and TaHKT1;5-D
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Appendix Figure 2.6: Alignment of predicted amino acid sequences for TmHKT1;5-A,
TaHKT1;5-D and OsHKT1;5 using CLUSTAL 2.0.3 multiple sequence alignment.

MGSLHVSSNATQHSKLERAYQLLVFHVHPFWLQLLYFVS1SFFGFVILKALPMKTSTVPR
MGSLHVSSSATQHSKLERAYQLLVFHVHPFWLQLLYFVSISFFGLV ILKALPMKTSTVPR
MSSLDATT--PRYDEFKRI'YHLFLFHAHPFWLQLLYFLFISLLGFLMLKALPMKTSMVPR

* Kk -- -- --=% * *- -** ********** *h = =k - mkhAhhAkAiAk Khk

PMDLDL IFMSVSATTVSSMVAVEMESFSNPQLLLLTLLMLLGGEVFTSMLGLHFTYVK-S
PMDLDL IFTSVSATTVSSMVAVEMESFSNPQLLLLTLLMLLGGEVFTSMLGLHFTYVK-S
PMDLDLIFTSVSATTVSSMVAVEMESFSNSQLLLITLLMLLGGEVFTSILGLYFTNAKYS

xxxxxxxxxx -*** ** * *

KKKEAQAPHDHDDGDKGKPAPSCS—————----— LKLA-——=————- ATTCMDDVDRVEQGF
KKKEAQAPHDHDDGDKGKPAPSSS————---- LELA-———————- VTTGMDDVDRVEQGF
SKMIATLPDDDDHGGSGKPPPPTTSPSSTLVELELAPPMDVVVVNPTTTATTHDEVELGL

* * * X X * *kx X - * =%k ** * Xk K-

KDQPR-—==—===——————— YDRAFLTRLLLFIVLGYHVVVHLAGYSLMLVYLSVVSGAG
KDQPR-—————————————— YDRAFLTRLLLFIVLGYHVVVHLAGYSLMLVYLSVVSGAR
GRRNKRGCTCTTTHTSSSSSASKTTTTRLLMFVVMGYHAVVHVAGYTAIVVYLSAVGGAG

-- *xhkxk - * * *** *** *** - -**** * *x

AVLTGKGISLHTFSVFTVVSTFANCGFVPNNEGMVAFRSFPGLLLLVMPHVLLGNTLFPV
AVLTGKGISLHTFSVFTVVSTFANCGFVPNNEGMIAFRSFPGLLLLVMPHVLLGNTLFPV
AVVAGKGISAHTFAIFTVVSTFANCGFVPTNEGMVSFRSFPGLLLLVMPHVLLGNTLFPV

E SRR = o o R o SRR SR AR R R R e R S R *khkk - -

FLRLAIWALRRVTRRPELGELRS—---—-- TGYDHLLTSRHTWFLAFTVAAFMLAQLSLF
FLRLAIWALRRVTRRPELGELRS------- IGYDHLLTSRHTWFLAFTVAAFVLAQLSLF
FLRLAIAALERVTGWPELGELL IRRRRGGGEGYHHLLPSSRTRFLALTVAVLVVAQLALF

*hkkhkk Kk Kkhkk EaE *khk KAk X =k Kkkhk-kkk - - -Kkkk-kk

CAMEWGSDGLNGLTAAQKLVAALFMSVNSRHTGEMVVD ISTVSSAVVVLYVVMMYLPPYT
CAMEWGSNGLRGLTAVQKLVAGLFMSVNSRHTGEMVVDLSTVSSALVVLYVVMMYLPPYT
CAMEWGSDGLRGLTAGQKLVGALFMAVNSRHSGEMVLDLSTVSSAVVVLYVVMMYLPPYT

* -** ***- -*-

TFLPVEDDSDQQVGADQHDHKR I TS I CHKLLMSPLSCLAIFIAVVC I TERRQISDDPLNF
TFLPVEDDSDQQVGADQRDQKR I TSMWRKLLMSPLSCLAIFIAVVCITERRQISDDPLNF
TFVPVQDKHQQTGAQSGQEGSSSSS IWQKLLMSPLSCLAIFIVVICITERRQIADDP INY

** *x - * -7\' =k = =kkhkAhkAkik *- *** *

NVLNITVEVISAYGNVGFSTGYSCGRQVTPDDGDCRDTWVGFSGKWSWQGKLAL IAVMFY
NVLNITVEVISAYGNVGFSTGYSCGRQVTPDGG-CRDTWVGFSGKWSWQGKLAL I AVMFY
SVLNIVVEVISAYGNVGFSTGYSCARQVRPDGS-CRDLWVGFSGKWSKQGKLTLMAVMFY

**xKk *k *hxk -k -

GRLKKFSIHGGQAWRIT 517
GRLKKFSMHGGEAWRIV 516
GRLKKFSLHGGQAWKIE 554

Fhdxhdxhkk -kkk -Kkk-%

“*’represents identities and “.” represents similarities.
(www.ebi.ac.uk/Tools/clustalw2/index.html)
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CAAGGCGGAGTCGCATGCTCCGGCCGCCATGGCGGCCGCGGGAATTCGATTGC A

GATGTTCGCATACACTCAACCCTAAGAATGCCTGCACACACACACACACACACAC
ACACACACACACACACACACACACACTCCTACTAAAGGCACATCGCCGAAAGGC
CTGAAATGAATGCAAGAAAACACGACCATCAATGTCAAGTCTAGAACTTGAATC
CTGGTGGGTTATTTCCATCACAAACAAAGAAACCATTTGAGTTACCCTCAGTTCG
CTATGCCAACATTAATTAACAATAGCAAACTTGTTTCATTATATTTGTCATAATAT
AATTTCTAAATATATAGTCAAAATAATTTCAAATATTTATGAACCAAGGGAGCAC
CGTGCTACGGTAACATACATGCATTACTTTGGAGGAGCTAGTTGTAGGTAGCTCT
AAACATGTATTTTCATAGTTTATAATTTTCGGCATGTATTTTCTATCTTCTATGTGT
ATATCTTTTTCAGGATTCTGTGTGTATATGTGTATATGTACTTTTCGTTGCACTTAG
TACAACACAAGTCAGGTGGTTGCCCTGAGCTCCTTCTCTTCACGATGCCACGCTC
ACACCCTACGATCCATATCCAATGGAGCAAGGCATCGCACCCGGTGGGCACCAA
CCGACTCTTGTTCGTTACGGGTGATATGGACGTGGAACTTATCACTCACACGCAA
AAGAAAAAAAACTTATCACTCGATTCCATTTTTTCTTCCACAAGTCTGCTCTTCTG
GGAGTACCTAATTTTCGTCATATGATATGCCTCGCAAAAAAGATATGCCTCCCAC
GAGCTCCCATTGTGCGCTAGCTTTTGCGATTAGATTCAGTAATTAAGACACTATA
ATGTCGTTACAGGGAGTAAAGCAACATCAACGGACAAATTTTTACAGACCTCACG
GGATGGGCTGTCGTAGCAGATCTATTTGGATAAAGAATTCAGATATTTCTTGTAG
TCCGTCGTCTGTCTAGCATTTTGCGTCACCCCCCTTTTTGGGTATAATAATCCAGT
AGTTTCGATGCTCCAACAGAACAGCAGAAGTCTTTACACAACTACAGTAGAAATG
Appendix Figure 2.7: TmHKT1;5-A promoter

Sequence from the neighbouring gene (GenBank accession CA673223) is highlighted in pink.
The start codon for HKT1;5-A is underlined.

171



-TTGCAGATGTTCGCATACACTCAACCATAAGAATGCATGCACACACA

CACTCCTACTAAATGCACATCGCCGAAAGGCCTGAAATGAATGCAAGAAAATGC
GACCACCAGTGTCAAGTCTAGAACTTGAACCCTGGTGGGTTATTTCCATCACAAG
CAACCTAACCATTTGAGTTACCCTCAGCTCGCTATGCCAACATTAATTAACAATA
GCAAACTTGTTTCACTATATTTATCATAATATAATTTCTAGATATATAGTCAAAAT
AATTTCAAATATTTATGAATGAAGGGAGCACCATGCTATGGTAATATAGATGCAT
TACTTTGGAGGAGCTAGTTGTAGGTAGCTCTAAACATGTATTTTCATAGTTTCTAA
TTTTTGGCATGTATTTTCTATCTTCTATGTGTATATCTTTTTCGGGATTCTGTATGT
ATATGTGTATATGTACTTTTCGTTGCACTTAGTACAACACAAGTCAGGTGGTTGCC
CTGAGCTCCTTCTCTTCATGATGCCACGCTCACACCCTACGATACATATCCAACGG
AGCGGGGCATCGCACCCGGTGGGCACCAACTGACTCTTGTTCGTTACCGGTGATA
CGGACGTGGAACTTATCACTCACCCGCAAAAAAAAAAGTTATCACTCGATTCCAT
TGTTTCTTCCACAAGTCTGCTCTCTTGTAGGAGTACCTAATTTTCGTCATATGATA
TGCCTCGCAAAAAAGATATGCCTCCCACGAGCTCCCATTGTGCGCTAGCTTTTGC
GATTAGATTCAGTAATTAAGACACTATAATGTCGTTGCAGGGAGTAAAGCAACAT
CAACGGACAAATTTTTACAGACCTCACGGGATGGGCTGTCGTAGCAGATCTATTT
GGAAAAAGAAATTAGAGATTTTCTTTGTAGTCCGTCCGTTTGTCTAGCATTTTTGC
GTCCACCCCCCTTTTTTGGGTATAATAATCCATTAGTCTCTGATTGCCTCCAACAA
AACAGACCAAGAAGTCTCTACACAACTTACAGTAGAAATG

Appendix Figure 2.8: TaHKT1;5-D promoter

Sequence from the neighbouring gene (GenBank accession EL774258) is highlighted in pink.
The start codon for HKT1;5-D is underlined.
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Appendix Table 4.1: Replicates of oocytes used in various experiments

Number of replicates

. Water | AtHKT1:1 | OSHKTL5 | OSHKTLS | o iro-o | TaHKT1:5 | TMHKTL:5
Solution (Ni) (Pk)
100 CsCl 4 4 4 7
100 LiOH 4 4 4 12
100 RbCI 6 4 4 7
100 TRIS 4 6 4 6 7
0 Na 20 12 4 2 4 17 12
1 Na 18 9 4 2 4 18 9
10 Na 19 8 4 2 4 20 8
30 Na 8 4 6 6 13 1
100 Na 21 10 16 2 12 24 10
1K 4 2 1 1 2 5 3
10K 13 5 1 2 10 6
30K 4 2 3 3 g
100 K 9 4 2 9 5
INalK 2 12 6 2 7 17 9
INalOK 19 6 4 2 5 17 7
INa30K g 1 5 2 5 10
30NalK 6 6 4 5 10 2
10NalK 4 1 3 3 7
10Nal0K 2 1 3 3 g
10Na pH5.5 4 2 2 10
10Na pH6.5 19 4 4 20
10Na pH7.5 4 2 2 10
10 Na 2Ca 19 4 4 20
10 Na 5Ca 4 2 10
10 Na 10Ca 4 P 10
10 Na Gad 1 2 2 5
10 Na Fluf 1 2 2 5

Concentrations are in mM; Na is Na™ glutamate; K is K™ glutamate; Ni is Nipponbare; Pk is Pokkali
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