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Abstract of thesis
Soil salinity is a major abiotic stress, reducing crop yields and endangering global food security. With salt
affected areas increasing, understanding the molecular mechanisms of salinity stress is of great
importance. Plant salinity stress can be categorised into two phases, the initial shoot ion independent
osmotic stress and the later ionic stress. Osmotic stress occurs as soon as the plant encounters salt in
the soil and results in an immediate reduction in the shoot growth rate. Ionic stress is caused by the
accumulation of ions such as Na+ and Cl- in the cytosol of cells in the shoot and results in the inhibition of
cellular processes and induces premature leaf senescence.
The two Arabidopsis thaliana ecotypes Col-0 and C24 have previously been identified as interesting
candidates to study plant salinity tolerance. The Col-0 ecotype is less salt tolerant than the C24 ecotype,
based on its reduction in dry weight under stressed conditions. This is despite C24 accumulating
significantly more Na+ in the shoot than Col-0. Interestingly, C24 also appeared to be less responsive to
salt stress, as transcript levels of several key salt responsive genes are not substantially altered in
response to salt stress. The AtHKT1;1 gene is one key gene found to be not up-regulated in C24 during
salt stress. AtHKT1;1 encodes a protein likely to be involved in the retrieval of Na+ from the xylem
thereby reducing the amount of Na+ translocating to the shoot. In this thesis the C24 and Col-0 HKTs are
compared at the protein and transcriptional levels. Electrophysiological analysis in Xenopus oocytes and
a functional assay in yeast confirm Na+ transport properties of both AtHKT1;1 proteins and, interestingly,
indicated AtHKT1;1 from both ecotypes had the ability to transport K+. To determine the difference in
expression profile between the two ecotypes, a series of AtHKT1;1promoter::GFP and
AtHKT1;1promoter::AtHKT1;1cDNA constructs were tested in Arabidopsis. Results suggest that both the
Col-0 and C24 AtHKT1;1 promoters are able to drive expression of the downstream genes, suggesting
that differences in the promoter region are not responsible for the lack of AtHKT1;1 expression in C24. A
transposable element identified in the second intron of the C24 AtHKT1;1 genomic sequence may be
important in causing the lack of AtHKT1;1 expression in roots.
Furthermore, the reduced responsiveness of C24 to salt stress is investigated in relation to how salt is
initially perceived by the plant. An assay using aequorin bioluminescence was used to compare the
responses in the salt stress inducible Ca2+-signatures of Col-0 and C24 seedlings. Excitingly, C24
appears to be missing part of the Ca2+ signature observed in the salt responsive plant Col-0, suggesting
that C24 may not detect the ion component of salt stress. This potentially provides a suitable screening
methodology for the identification of as yet unknown components in the early stages of the salt signalling
pathway. An attempt is made to develop a screening assay suitable for performing QTL analysis on an
available Col-0  C24 mapping population, based on measuring changes in transcript levels of salt
responsive genes.
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1.1

Soil salinity is negatively impacting crop yields

Australia has 5.7 million hectares of land area which is either already affected by dryland salinity or is
at high risk of being affected (http://lwa.gov.au/). It is estimated that by 2050 this area could increase
to 17 million hectares. Worldwide, approximately 77 million hectares of agricultural land is salt
affected, of which approximately 45 million hectares are under irrigated agriculture - irrigated
agriculture produces three times more yield than dryland agriculture (FAO 2002, FAO 2008, Roy et
al. 2013). This equates to nearly 20 % of irrigated farmland that is salt affected (Koohafkan and
Stewart 2008). Maintaining high crop yields under saline conditions will be essential to ensure a
stable economy and future food security. One approach to achieve this is to increase our
understanding on how a plant responds to and manages salt stress.

1.2

The plants’ response to salt stress

In general, stress can be defined as the change of an environmental factor to the extent where it
inhibits the normal function and well-being of an organism (Jones and Jones 1989). Plants have
developed different response mechanisms to tolerate stress, to prevent damage or to change to a
different developmental state.
Soil salinity is predominantly caused by sodium chloride (salt) and plants respond to salt stress in
two overlapping phases (Munns and Tester 2008). Initially, the plant is affected by the shoot ion
independent osmotic stress which occurs immediately after the plant encounters salt stress. Osmotic
stress results in an immediate decrease in cell expansion, leaf elongation, tillering and/or branching
(Greenway and Munns 1983, Munns and Passioura 1984, Munns and Tester 2008). The shoot ionic
stress occurs later during salt stress when sodium (Na+) and/or chloride (Cl-) accumulate to toxic
levels in the cytoplasm of plant cells in the shoot. While a few species, like grapevine, are sensitive
to high levels of Cl- (Bernstein et al. 1956, Ehlig 1960), the majority of plant species, particularly
cereal crops, are more sensitive to Na+ (Shah et al. 1987, Yeo 1992), hence Na+ toxicity will be the
primary focus of this thesis. The accumulation of Na+ to toxic concentrations in leaves causes the
inhibition of photosynthesis and increases premature leaf senescence (Seemann and Critchley 1985,
Tsugane et al. 1999). For certain proteins, including numerous enzymes and transcription factors,
the essential potassium ion (K+) is displaced by Na+, which interferes with the ribosome complex and
the produced protein’s function and results in a disruption of metabolic processes (Murguía et al.
1995, Tester and Davenport 2003, Wu et al. 1996). Tolerance mechanisms can be found at both the
plant and cellular level and have been described across a diverse range of plant species, including
2
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crops such as wheat, barley and rice (Forster 2001, Garthwaite et al. 2005, Gorham 1990, Munns
and James 2003, Poustini and Siosemardeh 2004, Ren et al. 2005, Schachtman and Munns 1992,
Wei et al. 2003, Zhu et al. 2001).
Plants have evolved three major mechanisms to tolerate salt stress: The first mechanism is osmotic
tolerance, which is the ability to maintain growth during the initial stages of salinity stress through
mechanisms which are as yet, primarily, unknown (Munns and Tester 2008, Rajendran et al. 2009,
Roy and Tester 2012, Roy et al. 2012). The second and third mechanisms, Na+ exclusion and Na+
tissue tolerance, aim to reduce the concentration of Na+ in the cytosol, especially in
photosynthetically active leaves. In Arabidopsis thaliana (Arabidopsis, thale cress), Na+ exclusion
can be mediated by transporters such as AtSOS1 and AtHKT1;1, which are involved in reducing the
amount of Na+ being translocated from the root to the shoot, thereby excluding it from the
photosynthetic active tissues (Apse and Blumwald 2007, Horie and Schroeder 2004, Mäser et al.
2002, Shi et al. 2000, Uozumi et al. 2000, Wu et al. 1996). AtHKT1;1, for instance, is proposed to be
localised in the root stele, with a role in retention of Na+ in the root, thus preventing Na+ from
reaching the shoot via the transpiration stream (Møller and Tester 2007, Munns and Tester 2008,
Tester and Davenport 2003). Tissue tolerance refers to the mechanism of compartmentalising Na+
into vacuoles, thereby removing it from the plant cell cytoplasm. It is proposed that sodium/proton
(Na+/H+) antiporters are involved in the transport of Na+ across the tonoplast (Apse et al. 1999,
Munns and Tester 2008, Pardo et al. 2006). While the Na+/H+ antiporter activity was initially
attributed to NHX1 (Apse et al. 2003), recent research indicates that NHX1 may be a K+/H+ antiporter
(Bassil et al. 2011).

1.3

Natural variation in salinity tolerance

Salinity tolerance can be described as the ability of a plant to maintain biomass and/or yield under
salt stress conditions. Salinity tolerance is often determined by comparing the biomass, germination
rate, survival rate or plant tissue Na+ content under salt and control conditions. The levels of salt
tolerance can vary greatly between species (Figure 1.1). Salt sensitive species include rice and
Arabidopsis, which are severely affected by 100 mM NaCl. Salt tolerant species such as tall
wheatgrass and saltbush are only slightly affected by 100 mM NaCl and can maintain growth in NaCl
concentrations as strong as seawater (approximately 600 mM); saltbush even shows improved
growth in low levels (100 mM NaCl) of salt. Salinity tolerance can also vary greatly within one
species. Ecotypes of Arabidopsis (the model species used in this study), for example, show a great
variation under salt stress for germination rate (DeRose-Wilson and Gaut 2011), shoot Na+
accumulation (Baxter et al. 2010) and salinity tolerance (Jha et al. 2010, Katori et al. 2010).
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Figure 1.1: Variation in salinity tolerance of various species (Munns and Tester 2008).
Salinity tolerance is presented as the relative dry matter biomass of plants grown under the indicated
levels of salt stress relative to plants grown under control conditions. The salinity tolerance of several
key species (Arabidopsis, rice, durum wheat, bread wheat, barley, alfalfa, tall wheatgrass and
saltbush) are shown.

The variation in salt tolerance traits in Arabidopsis ecotypes can be exploited to increase our
understanding of salt tolerance in plants, in general, and to direct research into crop improvement.
Although Arabidopsis is evolutionarily distant to cereal crop plants and the direct application of
knowledge gained from Arabidopsis into cereals is often not straightforward, the general principles
and pathways (such as the movement of Na+ from the root to the shoot) are often similar and
therefore knowledge is potentially transferable (Jha et al. 2010, Møller and Tester 2007). Arabidopsis
has been used for many salt stress studies because of its fully sequenced genome (The Arabidopsis
Genome Initiative 2000), well established transformation methods (Zhang et al. 2006b), libraries of
mutant populations (Somerville and Koornneef 2002) and other key features that make it a suitable
model organism. Indeed, by using the model plant Arabidopsis, many genes have been identified as
being important in plant salt tolerance, for example AtCIPK16 (Roy et al. 2013), AtCPK6 (Xu et al.
2010), AtABCG36 (Kim et al. 2010), AtSOS1 (Wu et al. 1996) AtAVP1 (Gaxiola et al. 2001) and
AtNHX1 (Apse et al. 1999, Gaxiola et al. 1999) to name just a few.
Two Arabidopsis accessions in particular attracted attention: Colombia-0 (Col-0) and C24. Under salt
stress, it was found that C24 accumulated 2.5 times more Na+ in the shoot compared to Col-0 but
had similar levels of salt tolerance, based on whole plant dry weight (Jha et al. 2010). Additionally,
the analysis of salt responsive genes showed that in C24 roots, expression of genes encoding
4
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important proteins in Na+ transport pathways (AtSOS1, AtAVP1, AtNHX1 and AtHKT1;1) were not
substantially increased 5 days after salt application, while they were substantially increased in Col-0,
Wassilewskija (Ws) and Landsberg erecta (Ler) (with the exception of AtHKT1;1 in Ler). In a
separate study, the significant difference in shoot Na+ content between Col-0 and C24 had been
used to perform quantitative trait loci (QTL) analysis on a Col-0  C24 mapping population. A
significant QTL was identified on chromosome 4 spanning a region containing the AtHKT1;1 gene
(Roy, unpublished). Differences in AtHKT1;1 expression in Col-0 and C24 roots were observed and,
as AtHKT1;1 is strongly linked to shoot Na+ accumulation (Møller and Tester 2007, Munns and
Tester 2008, Tester and Davenport 2003), this makes it a likely candidate gene for the QTL
(Sundstrom 2011). AtHKT1;1 will be further described in the following section.

1.4

High-affinity Potassium Transporters (HKTs) are involved in Na+ exclusion

HKTs are a family of ion transport proteins found in a number of plant species (Hauser and Horie
2010, Horie et al. 2009, Platten et al. 2006). The family of HKT transporters is only found in plants,
but are functionally and structurally similar to the Trk/Ktr family from bacteria and fungi (CorratgéFaillie et al. 2010). This HKT/Trk/Ktr family is thought to have evolved from a bacterial K+ channel
(Durell et al. 1999).
The family of HKT transporters in plants can be divided into two classes based and their amino acid
sequence similarities (Platten et al. 2006). AtHKT1;1 belongs to class 1, indicated by the first digit
after the protein’s name, and is the only HKT member identified in Arabidopsis. In other species a
number of HKTs have been identified. The majority of class 1 transporters appear to play a role in
Na+ transport and can often be related to salinity tolerance. In class 2 transporters, K+ and Na+
transport characteristics have been described and their role in planta is largely inconclusive. The
Arabidopsis HKT has been widely studied and will be introduced first.

1.4.1 AtHKT1;1 mediates Na+ exclusion from the shoot
AtHKT1;1 is the only member of the HKT family in Arabidopsis and has been shown to be involved in
Na+ transport when analysed using heterologous expression systems, such as yeast and Xenopus
laevis (Xenopus) oocytes (Uozumi et al. 2000), and in planta (Xue et al. 2011).
The physiological role of AtHKT1;1 was initially evaluated in the sos3-1 knock out mutant
background. SOS3, a calcineurin like-B Ca2+ sensing protein, together with the protein kinase SOS2,
has been found to activate the plasma membrane localised Na+/H+ antiporter SOS1 upon salt stress,
thereby aiding to maintain ion homeostasis in the cytosol (reviewed by Mahajan et al. (2008)). The
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sos3 single knock-out mutant has been described to have an increased sensitivity to salt due to the
lack of SOS1 activity and therefore has insufficient removal of Na+ from the cytosol via the plasma
membrane (Liu and Zhu 1997a). It was observed that young seedlings of the double knock-out
mutants sos3-1 hkt1-1 and sos3-1 hkt1-2 harboured decreased Na+ levels compared to the single
sos3-1 mutant and were able to maintain root growth under salt stress conditions (Rus et al. 2001).
Initially, these findings led to the hypothesis that AtHKT1;1 acts as the long sought after Na+ influx
system responsible for bringing Na+ from the soil into the root (Rus et al. 2001). However, the results
also support an alternative hypothesis that AtHKT1;1 is involved in the retrieval of Na+ from the root
xylem, therefore reducing the translocation of Na+ to the shoot. In the hkt1-1 knock out mutant, Na+
is not retained in the root but instead accumulates in the shoot, resulting in reduced root Na+ content,
allowing root growth of young seedlings comparable to wild type. Also, longer term studies of the
double knock-out mutant and analysis of the hkt1-3 single knock out mutant showed increased Na+
accumulation in the shoot and severe premature shoot senescence in the knockout plants, which
indicates that Na+ enters the plant and is translocated to the shoot (Mäser et al. 2002). Additionally,
AtHKT1;1 was also found to be predominantly expressed in the root stele and leaf vasculature,
further supporting the hypothesis that AtHKT1;1 is involved in Na + root to shoot translocation
(Berthomieu et al. 2003, Mäser et al. 2002, Sunarpi et al. 2005).
Subsequently accumulated evidence further supports the involvement of AtHKT1;1 in the reduction
of shoot Na+, mediated by retrieval of Na+ from the xylem and transport into the xylem parenchyma
cells. In this way, Na+ accumulation is reduced in the root xylem sap and consequently long distance
Na+ transport from the root to shoot is decreased (Berthomieu et al. 2003, Davenport et al. 2007,
Horie et al. 2006, Møller et al. 2009, Plett et al. 2010, Sunarpi et al. 2005, Xue et al. 2011). While
constitutive overexpression of AtHKT1;1 results in increased shoot Na+ and reduced salinity
tolerance as determined by dry mass under saline conditions, tissue specific overexpression of
AtHKT1;1 in the root stele of Arabidopsis using an enhancer trap system leads to increased salinity
tolerance by reducing the root to shoot translocation of Na+ and greater retention of Na+ in root
cortical cells (Møller et al. 2009). Interestingly, tissue specific expression of AtHKT1;1 in root cortical
cells also results in reduced shoot Na+ accumulation, potentially due to pleotropic effects resulting in
an upregulation of native AtHKT1;1 expression in the stele (Plett et al. 2010). Recently, AtHKT1;1
activity has been characterised in planta using electrophysiological analysis of protoplasts obtained
specifically from root stelar cells that had been GFP-labelled using an enhancer trap system (Xue et
al. 2011). Na+ dependent influx currents could be observed in protoplasts of wild-type plants, but
were substantially reduced in protoplasts of AtHKT1;1 knock-out plants (Xue et al. 2011). A
difference in current densities was not found for K+ (Xue et al. 2011). This confirms results from the
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Xenopus oocytes and yeast heterologous expression systems (Uozumi et al. 2000). For Na+,
Nernstian reversal potential changes were observed, suggesting AtHKT1;1 acts as a channel,
therefore passively translocating Na+ (Xue et al. 2011). This electrophysiological characterisation of
AtHKT1;1 expressing protoplasts provides further evidence for a role of AtHKT1;1 in the retrieval of
Na+ from the root xylem.
While AtHKT1;1; expression can be observed in the shoots of Arabidopsis (Berthomieu et al. 2003,
Sunarpi et al. 2005) the role of HKT in the shoot is not fully understood. The hypothesis that
AtHKT1;1 is mediating the recirculation of Na+ in the phloem sap (Berthomieu et al. 2003) has not
been confirmed yet and experiments with radioactive tracers do not link AtHKT1;1 as being involved
in shoot to root transport of Na+ (Davenport et al. 2007).
Several regulatory elements for controlling AtHKT1;1 expression have been proposed. Expression of
the genomic AtHKT1;1 sequence driven by 2 kb of the AtHKT1;1 promoter, 5′ of the coding
sequence, leads to increased transcript levels of AtHKT1;1 and reduced root growth in transgenic
plants, compared to the Col-0 gl1 background (Rus et al. 2004). The gl1 mutation affects formation
of trichomes (Xia et al. 2010) and therefore should not have an effect on analysing AtHKT1;1
function. A tandem repeat region between 5.3 to 3.9 kb upstream of the AtHKT1;1 start codon was
proposed as an enhancer element for AtHKT1;1 expression; with plants containing the tandem
repeat having higher AtHKT1;1 expression and lower shoot Na+ accumulation, than those plants
without (Baek et al. 2011, Rus et al. 2006). Additionally, a methylated RNA binding site 2.6 kb
upstream of the ATG start codon has been identified which, when non-methylated, reduces
AtHKT1;1 expression in the shoot of Col-0 plants (Baek et al. 2011). Another regulatory factor
controlling AtHKT1;1 gene expression is the protein ABI4 (Shkolnik-Inbar et al. 2013). ABI4 has been
shown to bind to the promoter of AtHKT1;1, thereby reducing expression (Shkolnik-Inbar et al. 2013).
Also, cytokinin application results in a Type-B response that mediates an upregulation of AtHKT1;1
expression in the root via the transcription factors ARR1 and ARR12 (Mason et al. 2010).
Glycosylation of the AtHKT1;1 protein has been identified in Ler, but does not appear to be essential
for protein function (Kato et al. 2001).
A genome-wide association study based on a SNP-tilling array of 349 Arabidopsis accessions,
identified AtHKT1;1 as an important locus for determining Na+ content in the shoot of all accessions
(Baxter et al. 2010). However, in Arabidopsis a reduced shoot Na+ content (i.e. by high AtHKT1;1
activity) does not necessarily improve the salinity tolerance of natural accessions. Indeed,
Arabidopsis may rely on a tissue tolerance strategy. The accessions Ts-1 and Tsu-1 are more
salinity tolerant than the ecotype Col-0, however, they have lower AtHTK1;1 expression in the root
and have higher shoot Na+ accumulation (Rus et al. 2006). Interestingly, several Arabidopsis
7
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accessions found on very saline soils have been shown to have reduced expression of AtHKT1;1
and accumulate more shoot Na+ (Baxter et al. 2010).
While these lines of investigation in Arabidopsis suggest that reducing the level of HKT expression in
plants, and thereby increasing shoot Na+ accumulation, can lead to improved salt tolerance, in rice
and wheat improved salinity tolerance is conferred by HKT alleles that mediate reduced shoot Na+
content. This is likely due to these cultivars relying more on Na+ exclusion than Na+ tissue tolerance
mechanisms. QTL mapping in both rice and wheat has identified HKTs of Class 1 to be strongly
linked to reduced shoot Na+ content as well as increased salinity tolerance (Byrt et al. 2007, Huang
et al. 2006, Lindsay et al. 2004, Munns et al. 2012, Ren et al. 2005).

1.4.2 HKTs that increase salinity tolerance in crops
1.4.2.1 HKTs in wheat
QTL mapping in durum wheat identified two loci, Nax1 (chromosome 2A) and Nax2 (chromosome
5A), which have been shown to be associated with a 2- to 4-fold reduction in the leaf Na+
concentration (Munns et al. 2003). The likely candidate genes underlying the two loci, Nax1 and
Nax2, are HKTs belonging to class 1, TmHKT1;4-A2 and TmHKT1;5-A, respectively (Byrt et al.
2007, Huang et al. 2006, Lindsay et al. 2004, Munns et al. 2012). The naming indicates that the
genes originate from the wild wheat relative Triticum monococcum L. after a durum wheat line was
crossed with T. monococcum as part of a breeding program to introduce novel traits for a variety of
stresses (Huang et al. 2008). It has been shown that the TmHKT14-A2 and TmHKT1;5-A gene
products are involved in the increased removal of Na+ from the xylem, resulting in reduced Na+
content in the leaves (James et al. 2006). While Nax1 expression can be found in the roots, the
lower part of the leaf blades and the leaf sheaths, suggesting a role for the corresponding protein in
Na+ retention in the sheath and root, Nax2 expression is primarily detected in the roots (James et al.
2006). Another locus for Na+ exclusion, Kna1, identified in bread wheat, T. aestivum, has been
shown to be homeologous to Nax2 and the putative underlying gene is TaHKT1;5-D (Byrt et al.
2007).
When Nax1, Nax2 or both Nax1 and Nax2 are introduced into commercial bread wheat varieties, a
substantial reduction in Na+ content in the leaf blade can be observed under salt stress in hydroponic
growth conditions, with 50%, 30% and 60% reductions in leaf blade Na+, respectively (James et al.
2011). In particular, Nax1 expressing lines showed a high ratio for Na+ in the leaf sheath to Na+ in
the leaf blade, with these lines also showing improved growth when exposed to both waterlogging
and salinity stress conditions (James et al. 2011). Taken together, Nax1 and Nax2 mediate
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increased salinity tolerance in commercially relevant bread wheat lines under greenhouse conditions,
i.e. in supported hydroponics (James et al. 2011).
The functional analysis of the Nax2 candidate, TmHKT1;5, in yeast and Xenopus shows that under
physiologically relevant conditions, TmHKT1;5 exclusively transports Na+ with high affinity (Munns et
al. 2012). In situ PCR shows expression of TmHKT1;5 in the root xylem parenchyma and pericycle
cells adjacent to the xylem. These findings are consistent with the hypothesis that TmHKT1;5 is
involved in retrieving Na+ from the xylem, thereby reducing translocation of Na+ to the shoot and
consequently mediating salinity tolerance. Recently, the native TdHKT1;4 from durum wheat was
functionally characterised in the Xenopus expression system, with the encoded protein showing low
affinity but high selectivity for Na+ transport (Ben Amar et al. 2013).
The introgression of Nax2 into the commercial durum wheat line Tamaroi revealed that under field
conditions, a yield increase of 24% is observed under high saline conditions, accompanied with a
reduction of Na+ in the flag leaf of 5-10%, while producing similar yields under low saline field
conditions relative to wild type controls (Munns et al. 2012). The Na+ content is reduced an additional
100-fold in the flag leaf of Tamaroi wheat introgressed with the Nax1 locus, compared to
corresponding Nax2 introgression lines (James et al. 2012). Surprisingly, under low and high saline
conditions, Nax1 lines yield 5-10% less than the Tamaroi parents (James et al. 2012). This may be
the result of too much Na+ being excluded from the shoot (thereby the plant cannot use the Na + as a
“cheap” osmoticum to generate turgor) or it is possible that this result is due to linkage drag as the
DNA region introgressed from T. monococcum is large.

1.4.2.2 HKTs in rice
In rice, QTL analysis of the salt tolerant Indica variety Nona Bokra and salt sensitive Japonica
variety, Koshihikari, linked shoot K+ content to the SKC1 locus, which contains the candidate gene
OsHKT1;5 (Ren et al. 2005). The expression of OsHKT1;5 is increased in the root during salt stress
and a GUS reporter gene assay suggested that the gene is mainly expressed in the parenchyma
cells adjacent to the xylem of the root and shoot (Ren et al. 2005). Electrophysiological studies in
Xenopus oocytes confirm that the SKC1 gene product resembles a transporter with exclusive
selectivity for Na+ (Ren et al. 2005). An increased K+ and reduced Na+ content in the shoot and
xylem sap after salt stress leads to the hypothesis that OsHKT1;5 is involved in the removal of Na +
from the xylem in the roots, reducing Na+ translocation to the shoot (Ren et al. 2005). The removal of
Na+ from the xylem could influence the membrane potential and thereby indirectly enhance K +
loading into the xylem (Ren et al. 2005, Sunarpi et al. 2005, Xue et al. 2011), thus maintaining a
favourable low Na+ to K+ ratio within the photosynthetic active tissues (Ren et al. 2005). Sequencing
9
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of the OsHKT1;5 gene from Nona Bokra and Koshihikari identified four amino acid changes between
the two alleles. While both OsHKT1;5 alleles have identical expression levels and localisation of the
gene product, electrophysiological analysis revealed altered ion transport activity as a result of four
amino acid changes, enabling Nona Bokra to retain a higher Na+/K+ ratio compared to Koshihikari in
the root (Ren et al. 2005). Very recently, this hypothesis was supported by molecular modelling of
OsHKT1;5, comparing the protein structure from the Pokkali allele (identical amino acid sequence to
Nona Bokra) with the Nipponbare allele (identical amino acid sequence to Koshihikari) (Cotsaftis et
al. 2012). Based on the molecular model, the amino acid change V395L could lead to a sterical
rearrangement of the transporter pore region, resulting in slower transport rates of Na+ in the
Nipponbare/Koshihikari varieties (Cotsaftis et al. 2012).
Another HKT belonging to class 1 of the HKT family is OsHKT1;4. OsHKT1;4 is mainly expressed in
the shoot and appears to be involved in sheath to blade transfer of Na+. Identification of three splice
forms of OsHKT1;4 (two of them likely to be non-functional), together with expression data, suggest
that the salt tolerant variety Pokkali is able to retain more Na + in the leaf sheath, while in the salt
susceptible variety Nipponbare, more Na+ reaches the photosynthetic active tissue (Cotsaftis et al.
2012).
Recently, 392 rice lines were genotyped by EcoTILLING, identifying 15 new OsHKT1;5 alleles
(Negrão et al. 2013). This broad approach of allele analysis offers a source of natural variation for
HKTs that can be used to identify superior alleles for future improvement of crop salinity tolerance.
In a transgenic approach, the specific overexpression of AtHKT1;1 in the root cortex of rice, using an
enhancer trap system, leads to increased salinity tolerance by reducing the root to shoot
translocation of Na+ (Plett et al. 2010). This was accompanied by an increase in native OsHKT1;5
expression leading to further retrieval of Na+ from the xylem and increased OsOVP expression in the
roots indirectly enhancing the sequestration of Na+ into the vacuoles (Plett et al. 2010).
Other HKTs belonging to class 1 have been characterized in other species such as TsAtHKT1;1 and
TsHKT1;2 from Thellungiella salsuginea (Ali et al. 2012)., McAtHKT1;1 from Mesembryanthemum
crystallinum, ice plant (Su et al. 2003), SsAtHKT1;1 found in Suaeda salsa (Shao et al. 2008) and
EcAtHKT1;1 and EcHKT1;2 from Eucalyptus camaldulensis (Liu et al. 2001). For further HKTs
belonging to class 1 refer to the recent review by Hauser and Horie (2010).
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1.4.1 Class 2 HKT transporters
Being the most abundant cation in plants, potassium has crucial physiological functions in the cytosol
such as balancing the charge across membranes, facilitating the movement of solutes across
membranes, activating enzymatic reactions and mediating osmoregulation (Kochian and Lucas
1989, Maathuis and Amtmann 1999, Maathuis and Sanders 1996, Wakeel et al. 2011). As such, the
characterisation of K+ uptake systems was a key target in the 1990’s. Trk and Ktr transporter families
are found in bacteria and fungi and are involved in the uptake of K+, with some members of the
family also co-transporting Na+ or H+. The search for genes involved in the high affinity potassium
uptake in plants led to the discovery of the first HKT in bread wheat, HKT1 (now termed TaHKT2;1)
(Schachtman and Schroeder 1994). TaHKT2;1 was identified from a wheat cDNA library
complementation screen that allowed a yeast mutant defective for K+ transport to grow on media
containing low K+ (Schachtman and Schroeder 1994). Because of their importance within the HKT
family, class 2 HKTs will be briefly introduced in a table (Table 1.1).
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Table 1.1 Summary of characterised class 2 HKTs
Gene name

TaHKT2;1

HvHKT2;1

Transport properties
 Na+ coupled K+ transport
with low [K+]ext or equal [K+]ext
and [Na+]ext
+
 Na when low [K+]ext and
high [Na+]ext
 no transport when low
[Na+]ext
+
 Na and K+ transport across
great range of [K+]ext and
[Na+]ext
 No transport when high
[K+]ext

Expression pattern

Potential role in
planta

References

Upregulated gene
expression when K+ starved

Maintaining plant
growth under K+
starvation

(Wang et al.
1998)

Upregulated gene
expression when K+ starved

Increasing salinity
tolerance

(Mian et al.
2011, Wang et
al. 1998)

Maintaining plant
growth under K+
starvation

(Garciadeblás et
al. 2003, Horie
et al. 2007,
Horie et al.
2001, Yao et al.
2010)

Maintaining plant
growth under K+
starvation

(Yao et al. 2010)

Maintaining plant
growth under K+
starvation

(Oomen et al.
2012)

OsHKT2;1

 Na+ when low [K+]ext and
high [Na+]ext
 No transport when high
[K+]ext and/or [Na+]ext
 Na+ and K+ transport when
low [K+]ext and [Na+]ext

OsHKT2;2

Na+ and K+ transport across
great range of [K+]ext and
[Na+]ext

OsHKT2;2/1

Na+ and K+ transport across
great range of [K+]ext and
[Na+]ext

Upregulated gene
expression K+ starved,
under salt stress first
decrease, then increase;
Expressed in root cortex
and epidermis, in shoot
around phloem and
mesophyll
Upregulated gene
expression K+ starved;
Expressed in root cortex,
epidermis and around
xylem, in shoot around
phloem and mesophyll
Down regulation when NaCl
treated, only expressed in
roots

OsHKT2;3

N/A

N/A

N/A

Leaf sheath and root

K+ uptake and
long distance K+
transport

OsHKT2;4

Mainly transporting

PaHKT2;1

Na+

PtHKT2;1

and

K+

K+

transport

K+ transport with low [K+]ext
and high [Na+]ext

Upregulated gene
expression when K+ starved
Upregulated gene
expression K+ starved or
high salt stress

Maintaining K+
levels when under
salt stress
Maintaining K+
levels when under
K+ starvation and
salt stress

(Garciadeblás et
al. 2003, Horie
et al. 2011)
(Horie et al.
2011, Lan et al.
2010, Sassi et
al. 2012)
(Takahashi et al.
2007)
(Ardie et al.
2009)

N/A: no transport activity could be detected in the yeast and Xenopus oocyte expression systems

1.5

Salt “perception” and stress signalling in plants

The expression levels of HKT genes change when a plant experiences salt stress, indicating that
these genes are involved in the salt response. These alterations in gene expression in response to
salt occur for both class 1 and class 2 HKT genes and across a range of species, as described
above. For the response to take place, a signalling pathway must exist that is induced by salt
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perception and through signalling mechanisms this pathway leads to alterations in gene expression,
to increase tolerance to the salt stress. However, a change in gene expression was not observed for
AtHKT1;1 in the ecotype C24 (section 1.3) (Jha et al. 2010). It is possible that the lack in
responsiveness in C24 is caused by a dysfunctional signalling pathway. Components of the salt
signalling pathway characterised to date will be discussed in the following sections.

1.5.1 Salt signalling in Arabidopsis
1.5.1.1 Network of signalling molecules that is activated by Ca2+
It is not yet known how salt stress is perceived by plants, however immediately after application of
salt stress, alterations in cytosolic calcium [Ca2+]cyt can be observed (Knight et al. 1997). These
alterations in [Ca2+]cyt are believed to encode for the stress specific signals and transmit the
information to effector proteins. Calcium signalling pathways are very complex and a number of
recent reviews cover this topic in detail (Batistič and Kudla 2012, Dodd et al. 2010, Kudla et al.
2010). Ca2+ is sensed and decoded by Ca2+-binding proteins. There are three major groups of EFhand proteins which bind Ca2+, the calmodulins (CaMs) and CaM-like proteins (CMLs); Ca2+dependent protein kinases (CDPKs); and calcineurin B-like proteins (CBLs) (Batistič and Kudla
2012, DeFalco et al. 2010). CaMs were identified in plants in 1980 using a bioluminescence assay
with purified calmodulin from plants where the calmodulin’s ability to activate a phosphodiesterase
and a NAD kinase was determined (Anderson et al. 1980). The first CDPK was identified in 1982 by
isolating the total shoot membrane of pea and measuring the kinase activity after the addition of Ca2+
(Hetherington and Trewavas 1982). The first plant CBL was identified in Arabidopsis using
homology-based cloning in order to discover the corresponding protein to the animal and yeast
calcineurin protein (Kudla et al. 1999). The EF-hand motif is a common motif shared by many Ca2+binding proteins and its helix-loop-helix structure facilitates binding of calcium ions (Gifford et al.
2007, Ikura and Ames 2006, Kawasaki et al. 1998). Ca2+ is one of the major second messengers in a
plant, and although calcium binding proteins were identified 20 years ago, their complex network of
interactions with target proteins and involvement in signalling processes is still not fully understood
and is therefore a focus of intense research (Batistič and Kudla 2012). A variety of Ca2+ binding
proteins exist that allow the specific interaction and activation of target proteins, for instance, by
phosphorylating target proteins, as is the case for CDPKs, or by participating in protein-proteininteractions, which then mediate downstream cellular processes (Batistič and Kudla 2012).
This network of interactions, starting with alterations in [Ca 2+]cyt that are stress specific, followed by
detection and transmission of these signals to specific targets, allow the plant to respond to different
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stresses and to activate different tolerance mechanisms. One example of a salt specific signalling
pathway is the salt overly sensitive (SOS)-pathway, which ultimately leads to the activation of a
Na+/H+ antiporter, which reduces the cytoplasmic Na+ content.

1.5.1.2 Salt stress signalling mediated by the SOS-pathway
Parts of the SOS-pathway were initially identified by generating ethylmethane sulfonate (EMS)
mutants of Arabidopsis, which were then screened for hypersensitivity to NaCl (Wu et al. 1996). The
proteins, which were found in this approach, are termed SOS1 (Wu et al. 1996), SOS2 (Zhu et al.
1998), SOS3 (Liu and Zhu 1998), SOS4 and SOS5 (Liu and Zhu 1997b) and were shown to be
important for salt tolerance. Recently, a sixth member was defined, SOS6 (Zhu et al. 2010).
After identifying the genes and proteins responsible for the salt sensitivity in mutated plants, many
studies have been undertaken to characterise them further, investigating which proteins interact and
their relationship to each other within the pathway. It should be noted that the gene names do not
describe the function of the gene they encode, but rather the phenotype of the plant observed when
the gene is knocked out. The three proteins SOS1 (a plasma membrane bound Na+/H+ antiporter),
SOS2 (a calcineurin like-B interacting protein kinase (CIPK)) and SOS3 (a calcium binding
calcineurin like-B protein (CBL)) were found to be involved in a signalling pathway that is activated
under salt stress. Salt stress causes alterations in [Ca2+]cyt. The Ca2+ binds to the Ca2+-binding
protein SOS3, which in turn recruits SOS2 to the plasma membrane (Halfter et al. 2000). SOS2, a
protein kinase (Liu et al. 2000), is then able to activate SOS1 by phosphorylation. SOS1, a Na+/H+
antiporter in the plasma membrane (Shi et al. 2000), then expels Na+ from the cell, thus maintaining
low Na+ levels in the cytoplasm, leading to salinity tolerance (Figure 1.2).
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Figure 1.2: Schematic of the SOS signalling pathway (modified from Mahajan and Tuteja
2005).
During salt stress, excess Na+ is recognised by an unknown sensor, resulting in increases in
cytosolic calcium concentrations. The calcium binding protein SOS3 changes its conformation and
interacts with SOS2, leading to the activation of SOS2’s kinase function. The phosphorylation and
therefore activation of the transporter SOS1 leads to a decrease in cytoplasmic Na+ by facilitating the
Na+ efflux via the plasma membrane.

It is notable, that the first important step in this cascade, the salt sensor, has yet to be discovered. To
date, nothing is known about the initial sensing of the salt and how this leads to an increased
[Ca2+]cyt. No information is available about a potential protein(s), which could be involved in the initial
sensing, and there is no information on whether the receptor is membrane bound or cytosolic. With
this being the case, a forward genetic approach is required, in which a salt unresponsive phenotype
is utilised to identify the gene(s) responsible for the receptor. It is this difference in responsiveness to
salt between C24 and Col-0, indicated by differences in gene expression that could be used as a
phenotype for QTL analysis.

1.5.2 Known ion sensors
To be able to evaluate the probability that a gene is responsible for a QTL and, in this case to find
the gene responsible for the initial step of sensing Na+, it is advantageous to know features of other
ion sensors which are already identified. During evolution, events like gene duplications in the
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genome can result in the change of function or specificity of proteins, which explains, for example,
the existence of different types of haemoglobin in the mammalian system (Huxley 1942) and the
HKT transporters in plants with different ion selectivity (Corratgé-Faillie et al. 2010, Waters et al.
2013). It is possible, that the Na+ sensor evolved from another ion sensor, which was duplicated and
then evolved its specificity to Na+. Three other ion sensors or sensor-families have been identified so
far in plants. CHL-1 (also known as NRT1.1), a nitrate transporter and sensor (Ho et al. 2009),
SKOR, a voltage dependent potassium transporter and potassium sensor (Johansson et al. 2006)
and proteins with an EF-hand motif, which are involved in sensing calcium ions (summerised by
DeFalco et al. 2010).

1.5.2.1 CHL1- a nitrate transporter and sensor
Three identified nitrate transporter gene families in Arabidopsis are AtNRT1, AtNRT2 and AtCLC.
Based on structural predictions utilising their amino acid sequences, these transporters have
between 9 and 12 trans-membrane spanning domains (Okamoto et al. 2003) and they differ in their
affinity for transporting nitrate. For CHL1 it is known that the phosphorylation status determines
whether it acts as a low or high affinity nitrate transporter (Liu and Tsay 2003).
The function of CHL1 as a sensor was discovered indirectly using qPCR. After treating plants with
nitrate, gene expression of nitrate assimilatory enzymes and nitrate transporters was shown to
increase (Wang et al. 2003). This so called primary response was eliminated in chl1 knockdown
mutants, showing that CHL1 is not only a nitrate transporter but also has a role as a nitrate sensor
(Ho et al. 2009).

1.5.2.2 SKOR- a voltage dependent potassium transporter and sensor
SKOR (stelar K+ outward rectifier) is a voltage dependent transporter that also detects extracellular
K+. This was determined by heterologous expression of site-mutated SKOR genes in Xenopus
oocytes and analysing the properties of the resulting proteins using electrophysiology (Johansson et
al. 2006). It was discovered that the sensor region lies close to the pore region of the sixth
transmembrane domain. Due to the protein’s homology with the Drosophila ssp. Shaker K+ channel,
SKOR’s structure is predicted to be similar. The Drosophila channel consists of 6 trans-membrane
domains (S1-S6) with the pore region between S5 and S6 (Long et al. 2005).
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1.5.2.3 Calcium sensing proteins
As discussed in the previous section (1.5.1.1), a common feature of many Ca2+-binding proteins is
the EF-hand motif. If a similar Na+ binding motif could be identified, it would enable the homology
based search for Na+ binding proteins and therefore possibly limit the number of candidate genes.

1.5.3 Possible candidates for the sodium sensor
As described in paragraph 1.5.2, ion sensors can be membrane bound, as in the case of CHL1 and
SKOR, or they can be cytosolic as is the case for many calcium ion sensing proteins. Importantly, K+
and NO3- ions are nutritional, so it is important that they are sensed at an early stage to ensure their
efficient uptake from the soil. Na+ is often not essential for plant nutrition and mostly toxic in higher
concentrations, but can be beneficial for plant growth in low concentrations (Marschner 1995). The
immediate response to salt stress (Tracy et al. 2008) implies an early sensing of salt, which leads to
the notion that the sensing occurs at the root plasma membrane. A possible candidate is the sodiumproton-exchanger SOS1, which on detecting Na+ could induce calcium release, thus mediating its
own activation to expel Na+ back into the soil. Simultaneously, the increase in cytosolic Ca 2+ could
activate other signalling mechanisms. Zhu (2003) proposed AtSOS1 as a Na+ sensor, because it has
an extended cytoplasmic domain which could facilitate Na+ sensing just after it enters the cell,
however, no experimental evidence supporting this hypothesis has been presented.
Other Na+ transporters in the plasma membrane in the roots include members of the HKT1 family,
voltage insensitive channels, non-selective channels and low-affinity cation transporters (Serrano
and Rodríguez-Navarro 2001). Besides facilitating transport, they could also operate as Na + sensors.
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1.6

Arabidopsis accessions Col-0 and C24 as genetic resources to analyse
salinity tolerance

As described above, the two ecotypes Col-0 and C24 are of particular interest in relation to salinity
tolerance. While the expression patterns of salt responsive genes were substantially altered in the
shoot and root tissue when Col-0, Ler or Ws were salt stressed, only minor changes in the
expression of these genes could be observed in C24. C24 plants also appear healthier under salt
stress when compared to those with a Col-0 background, although they accumulate more shoot Na+
than Col-0 – however, both Col-0 and C24 are less salt tolerant than either Ws or Ler (Jha et al.
2010, Munns and Tester 2008). This thesis investigates the variation in the salinity response of Col-0
and C24, where the tolerant variety, C24, appears to be less responsive to salt. Previous research
by Sundstrom (2011) found that C24 lacks AtHKT1;1 expression in the root, which is likely to be the
cause for the increased shoot Na+ accumulation. Sundstrom (2011) subsequently investigated the
control of AtHKT1;1 and was able to resolve the nucleotide sequence of both the AtHKT1;1 promoter
and gene (Figure 1.3). The promoter sequences showed two major polymorphisms between the
ecotypes, one being a 700 bp sequence located approximately 5.4 kb upstream of the start codon,
which is repeated twice in Col-0 and present once in C24. The other polymorphic region in the
promoter is located within 240 bp upstream of the start codon and contains a number of nucleotides
that are altered between Col-0 and C24. The genomic AtHKT1;1 region has one major difference
between Col-0 and C24, with the C24 AtHKT1;1 having a 1.6 kb insertion in the second intron.
Additionally, the coding sequence between Col-0 and C24 varies in 22 nucleotides, leading to 9
predicted amino acid changes. An attempt was made by Sundstrom (2011) to determine the
regulation of AtHKT1;1 gene expression by using transgenic lines. It was hypothesised that the
promoter region caused the lack of AtHKT1;1 expression in the roots of C24 plants. A series of
transgenic lines were generated that contained Col-0 and C24 AtHKT1;1promoter::GFP and
AtHKT1;1promoter::AtHKT1;1cDNA constructs. Preliminary results from analysing the T1 generation
of AtHKT1;1promoter::GFP lines suggested that both the Col-0 and C24 promoter may activate GFP
expression. However, subsequent experiments with the T2 generation did not yield any GFP
fluorescence (Sundstrom 2011). The experiments were performed on MS plates under nontranspiring conditions, which may have led to very low GFP expression, resulting in undetectable
fluorescence. It has previously been shown that AtHKT1;1 expression is low under non-transpiring
conditions (Sundstrom 2011). As GFP is being driven by part of the AtHKT1;1 promoter, it is likely
that GFP expression is also low under non-transpiring conditions. Sundstrom (2011) confirmed that
the transgene is expressed in AtHKT1;1promoter::AtHKT1;1cDNA lines, however functionality of
HKT was not tested. The transgenic lines that were generated by Sundstrom (2011), containing the
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AtHKT1;1promoter::GFP and AtHKT1;1promoter::AtHKT1;1cDNA constructs, were obtained for this
study for further analysis of GFP expression and to test for functionality of the HKT transgene.

Figure 1.3: Comparison of the AtHKT1;1 promoter and genomic DNA sequence between
Arabidopsis ecotype Col-0 and C24.
The approximately 6.1 kb long promoter sequence of Col-0 contains two 700 bp repeat sequences
(in green), while the approximately 5.4 kb of C24 promoter sequence contains only one of these
repeats (in green). A 240 bp region just 5′ of the ATG start codon (in blue) is highly polymorphic and
contains a number of insertions/deletions and SNPs comparing Col-0 and C24. The coding
sequence of the Col-0 and C24 HKT contains 22 SNPs, resulting in 9 amino acid changes (position
indicated with purple arrows). The second intron in C24 contains a 1.6 kb additional sequence, which
is not present in Col-0 (indicated in orange).

1.7

Research aims

The Arabidopsis ecotype C24 has been shown to not substantially change the expression pattern of
salt responsive genes, unlike other ecotypes such as Col-0 and C24 also accumulates significantly
more Na+ in the shoot than Col-0, while being more salt tolerant (Jha et al. 2010). One gene that has
been identified to be involved in accumulation of shoot Na+ is AtHKT1;1. It has been hypothesised by
Sundstrom (2011) that the control of AtHKT1;1 expression in Col-0 and C24, leading to differences in
shoot Na+ accumulation, is caused by variations found in the AtHKT1;1promoter regions. Preliminary
experiments suggested that this is not the case. The aim of this project is to confirm that the Col-0
and C24 promoters are able to drive gene expression, and are therefore not the main determent for
the lack of AtHKT1;1 expression in C24 roots. Furthermore, the project also aims to analyse
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transport properties of both HKT proteins, to determine if the 9 amino acid changes result in altered
transport properties, aims to test if the insertion in the second intron found in the C24 AtHKT1;1
gene, results in a lack of AtHKT1;1 expression in C24 roots. This PhD project will also compare the
salt responsiveness of Col-0 and C24 using different salt stress treatments to investigate the
potential cause for the difference in gene expression in response to salt stress. The prospects are to
set up a screening assay for QTL analysis to identify novel genes involved in the salt signalling
pathway.
In order to meet these aims, the following objectives were set:
1. Examine Na+ and K+ transport properties of the Col-0 and C24 HKT proteins using the
Xenopus oocyte and yeast heterologous expression systems.
2. Analyse AtHKT1;1promoter::GFP and AtHKT1;1promoter::AtHKT1;1cDNA transgenic lines
to evaluate if the Col-0 and C24 AtHKT1;1 promoter are able to drive target gene expression
in planta.
3. Investigate the role of the 1.6 kb insertion in the second intron of the C24 AtHKT1;1 gene by
bioinformatics analysis and generating transgenic lines that express variations of the
genomic AtHKT1;1 DNA in planta.
4. Develop assays for measuring the Na+ responsiveness of Arabidopsis seedling to early
stages of salinity stress.
5. Expose Col-0 and C24 plants to different salt stress treatments to assess the lack of
responsiveness to salt in C24 plants.
6. Evaluate which salt stress treatment in Objective 4, if any, is suitable to be used as a
screening assay to perform a QTL mapping.

20

Chapter 2: General materials and methods

Chapter 2 General materials and methods

21

Chapter 2: General materials and methods

2.1

Molecular cloning of expression vectors
2.1.1 Amplification of DNA using polymerase chain reaction (PCR)

DNA fragments of genes, introns and promoters, were amplified using polymerase chain reaction
(PCR) (Mullis and Faloona 1987) following the polymerase manufacturer’s protocols.
Depending on the final downstream application of the DNA fragment to be amplified, different
polymerases were used throughout this study. The standard reaction components and cycling
conditions specific for the various polymerases are listed in Table 2.1. Elongase® (Life
TechnologiesTM, Mulgrave, Australia), a proof reading enzyme designed to amplify large DNA
fragments, was used to amplify DNA to generate entry vector plasmids containing the DNA fragment
of interest; QIAGEN Taq DNA polymerase (QIAGEN, Chadstone Centre, Australia) was used to
verify the presence of plasmid DNA in bacterial clones; and Platinum® Taq DNA polymerase (Life
TechnologiesTM, Mulgrave, Australia) was chosen for all other PCRs that did not require high-fidelity.
All primers were designed using primer3 (Rozen and Skaletsky 2000) and synthesised by
Geneworks Pty. Ltd. (Thebarton, South Australia, Australia).
DNA fragments were visualised using agarose gel electrophoresis (section 2.1.2).
Table 2.1: Overview of polymerase chain reaction components and cycling conditions used
for cloning and analysis
QIAGEN DNA
Platinum® Taq DNA
Component
Elongase®
polymerase
polymerase
1x Coral loading
PCR buffer
1x Buffer B
1x PCR buffer
buffer
MgCl2
2 mM1
1.5 mM
1.5 mM
Solution to aid difficult PCRs
1x Q-solution
Forward primer
200 nM
200 nM
200 nM
Reverse primer
200 nM
200 nM
200 nM
dNTPs
200 µM
200 µM
200 µM
Polymerase
1U
1U
0.6 U
Template DNA (ng)
100 to 200 ng
100 to 200 ng
10 to 200 ng
Cycling conditions:
Denaturation
3 min at 95 °C
4 min at 95 °C
4 min at 95 °C
Denaturation
30 s at 95 °C
45 s at 95 °C
45 s at 95 °C
2
2
Annealing
30 s at 55 °C
45 s at 55 °C
45 s at 55 °C2
Polymerisation
1 min/kb at 68 °C
1 min/kb at 72 °C
40 s/kb at 72 °C
Repeat step 2 to 4; 25-35 ×
Final elongation
10 min at 68 °C
10 min at 72 °C
10 min at 72 °C
Mg2+ is already contained in Elongase buffer B. 2 The annealing temperature is dependent on
primer sequence, enzyme, buffer components and template characteristics. The standard
temperature was 55 °C and was adjusted if necessary.
1
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2.1.2 Electrophoretic separation of nucleic acid
Agarose gel electrophoresis was used for the preparative isolation and analysis of DNA-fragments,
which had been generated either by PCR or restriction digest, as well as for the analysis of plasmid
DNA. The separation of small fragments (size < 200 bp) was performed using 2 % (w/v) agarose
gels, whereas bigger fragments (size > 200 bp) were separated in 1 % (w/v) agarose gels. The
desired amount of agarose powder was mixed with TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH
8) and dissolved by heating gently in a microwave. SYBR® Safe (Life TechnologiesTM, Mulgrave,
Australia) was added to a final concentration of 0.006 % (v/v) to visualise DNA in the gel.
DNA samples (~300 ng) were supplemented with 6 × DNA loading buffer (15 % Ficoll, 0.2 %
Orange G) and loaded into the wells of the solidified agarose gel. A voltage of 120 V was applied for
30 to 50 min until the DNA bands were sufficiently separated. DNA fragment sizes and
concentrations were estimated using 5 µL of HyperLadderTM I (Bioline, Alexandria, Australia) as a
reference. The DNA in the agarose gel was visualised using a UV transilluminator (Gelflash,
Syngene, Cambridge, United Kingdom).

2.1.3 DNA extraction from agarose gels
To isolate desired DNA fragments from agarose gels, fragments were excised from a gel using low
UV light and a scalpel before DNA was extracted with an Isolate PCR and Gel Kit (Bioline,
Alexandria, Australia) following manufacturer’s instructions. In brief, the slice of agarose containing
the DNA was dissolved in binding buffer (200 µL per 100 mg agarose). The binding buffer contains
chaotropic salts that facilitate dissolving of the agarose and brings the pH to 5.0 - 6.0. The solution
was then transferred onto spin columns, supplied in the kit. Due to the slightly acidic pH of the
solution, DNA is bound to the column’s silica membrane while salts and small fragments of nucleic
acid (nucleotides and primers) were removed by washing the membrane twice with washing buffer.
The silica membrane was dried by centrifugation and DNA eluted with 20 µL of sterile water (pH
8.5).

2.1.4 Cloning PCR products into pCRTM8/GW/TOPO TA Gateway® entry vectors
Purified PCR fragments were ligated into the entry vector pCRTM8/GW/TOPO Gateway® (pCR8 for
short) (Life TechnologiesTM, Mulgrave, Australia) by TA-cloning. To obtain an adenosine overhang
which facilitates TA-cloning, purified PCR fragments were mixed with 0.5 U Platinum® Taq
polymerase in 1 × PCR buffer, 2.5 mM dATP and 1.5 mM MgCl2 and incubated for 15 min at 72 °C.
DNA fragments were then cloned into a pCR8 following the manufacturer’s instructions. Briefly, 1 µL
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of the desired DNA fragment was incubated for 5 min at RT with 1 µL salt solution, 1 µL pCR8 and
ddH2O to bring the mixture up to a volume of 6 µL. The incubation time was prolonged to o/n for
difficult fragments or fragments larger than 2 kb. An aliquot of 2 µL of the mixture was transformed
into TOP10 cells (section 2.1.6) and resulting bacterial colonies were subject to plasmid DNA
extraction (section 2.1.7). Plasmid DNA was first analysed using restriction digest (section 2.1.8) and
the sequence of positive plasmid DNA was determined by BigDye® reaction and capillary separation
(section 2.1.11) to ensure the plasmid contained the correct nucleotide sequence. The pCR8 vector
allowed the cloning into destination vectors using a Gateway® recombination reaction
(section 2.1.10).

2.1.5 Making chemically competent cells
The transformation of plasmid DNA into Escherichia coli (E.coli) requires competent cells of a strain
that is amenable to transformation. The standard strain used for most entry vectors was TOP10 (Life
TechnologiesTM, Mulgrave, Australia). The strain DB3.1 can tolerate plasmids containing the lethal
ccdB gene and was therefore used for the amplification of empty Gateway® enabled destination
vectors which had yet to have a DNA fragment of interest inserted into the Gateway ® site.
Chemically competent E.coli cells were prepared as described by Hanahan (1985). Briefly, a single
colony of the required E.coli strain was inoculated into 2.5 mL LB medium (10 g/L tryptone, 5 g/L
yeast extract, 5 g/L NaCl, pH 7.5) and grown o/n at 37 °C with constant shaking (225 rpm). The o/n
culture was subcultured by inoculating 2.5 mL of culture in 250 mL of LB supplemented with 20 mM
MgSO4 in a 1 L flask. Cells were grown at 37 °C with constant shaking (225 rpm) until the optical
density at 600 nm (OD600) reached 0.4 - 0.6 absorbance units. Cultures were centrifuged to a pellet
at 5,500 g for 5 min at 4 °C and subsequently kept at 4 °C at all times. The cell pellet was gently
resuspended in 100 mL of ice-cold TFB1 (30 mM potassium acetate, 10 mM CaCl2, 50 mM MnCl2,
100 mM RbCl2, 15% (v/v) glycerol, pH 5.8 with acetic acid, sterile filtrated) and incubated for 5 min at
4 °C. The cells were centrifuged at 4,500 g for 5 min at 4 °C to obtain a cell pellet that was
resuspended in 10 mL of ice-cold TFB2 (100 mM 3-(N-moprpholino) propanesulfonic acid (MOPS),
75 mM CaCl2, 10 mM RbCl2, 15 % glycerol, pH 6.5 with KOH, sterile filtrated). Cells were incubated
a further 60 min at 4 °C and dispensed in 50 µL aliquots, snap frozen in liquid nitrogen and stored at
- 80 °C until used for transformation.

2.1.6 Transformation of plasmid DNA into E.coli
Chemically competent E.coli was transformed using the heat shock method. For this, a 50 µL aliquot
of competent cells (section 2.1.5) was thawed on ice for 10 min, then 10 pg to 200 ng of plasmid
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DNA was added to the culture and the cells and DNA incubated together for 30 min on ice. The
plasmid-containing cell suspension was heat shocked at 42 °C for 30 s to allow the plasmid DNA to
enter the cells and the suspension was immediately transferred to ice for 5 min. The suspension was
supplemented with 500 µL of LB and incubated at 37 °C for 1 h with shaking at 225 rpm. A 200 µL
aliquot of cells was spread on LB agar plates containing the correct antibiotic(s) for selection of
transformed cells and incubated o/n at 37 °C. The antibiotic used for selection depended on the
antibiotic resistance gene in the entry and destination vectors. The entry vector used in this study
was pCR8, which mediates spectinomycin resistance, and all destination vectors (pMDC107,
pMDC100noT and pMDC162) mediate kanamycin resistance in bacteria. The bacterial colonies were
subject to plasmid DNA extraction for further analysis (section 2.1.7).

2.1.7 Isolation of plasmid DNA
Plasmid DNA was isolated for either restriction analysis, verification of the insert by sequencing, or
for transformation into bacteria. Depending on the downstream application of plasmid DNA, two
methods of plasmid isolation were used as outlined below:

2.1.7.1 Mini-preparation of plasmid DNA with standard purity
Isolation of plasmid DNA according to Birnboim and Doly (1979) delivers standard quality plasmid
DNA, which is sufficient for restriction analysis. Briefly, the cell pellet from a 2 mL o/n bacterial
culture was resuspended in 100 µL of solution I (50 mM glucose, 25 mM Tris-HCL, pH 8.0 and
10 mM EDTA). Plasmid DNA was lysed from the cells by the addition of 200 µL of solution II (0.2 M
NaOH and 1% SDS) and cell debris was precipitated by addition of 150 µL of solution III (3 M
potassium acetate, pH 4.8 with acetic acid). After centrifugation at 16,000 g for 15 min, nucleic acids
in the remaining supernatant were precipitated by the addition of 750 µL of isopropanol (100% v/v)
and incubating for 15 min at RT. A pellet of nucleic acid was formed by centrifugation for 15 min at
16,000 g in a bench top centrifuge, was washed with 70% (v/v) ethanol and air dried. The plasmid
DNA was then resuspended in 30 µL of MQ-water containing 50 µg/mL of RNase (Thermo Fisher
Scientific Australia Pty Ltd., Scoresby, Australia) for removal of contaminating RNA. The plasmid
DNA was used for further analysis such as restriction digests (section 2.1.8).

2.1.7.2 Mini-preparation of plasmid DNA with high purity
High purity plasmid DNA, required for cloning and sequencing purposes, was obtained using the
ISOLATE Plasmid Mini Kit (Bioline, Alexandria, Australia), following manufacturer’s instructions.
Briefly, after alkaline lysis of the bacterial cells using the solutions contained in the kit and removal of
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cell debris, the supernatant containing plasmid DNA was transferred onto spin columns provided in
the kit. Due to its pH, plasmid DNA bound to the column’s silica membrane while salts and other
contaminations were removed by washing the membrane twice with washing buffer. The silica
membrane was dried by centrifugation and plasmid DNA eluted with 20 µL of sterile water (pH 8.5).

2.1.8 Analysis of plasmid DNA using restriction digest
Restriction analysis was performed to verify the presence and orientation of a specific DNA insert
within a vector. Restriction enzymes, which cut open the plasmid DNA, were used to cleave the
plasmid DNA into characteristic fragments, which were then analysed on an agarose gel
(section 2.1.2). The chosen restriction enzymes cut in the vector backbone and in the inserted
fragment of DNA. Ideally, the cut occurs towards either the 5ʹ or 3ʹ end of the inserted fragment,
thereby giving different size bands on an agarose gel depending on whether the fragment had been
inserted in the correct orientation or not. The size of DNA fragments observed as bands in the
agarose gel was compared to the predicted size of the fragments resulting from the in silico digest
using the sequence analysis program Vector NTI Advance™ 11.0 (Life TechnologiesTM, Mulgrave,
Australia).
A typical digest had the following composition: 2 µL of standard purity plasmid DNA (~ 500 ng), 1 µL
of 10 × restriction buffer appropriate for the enzyme, 1 µL of 10 × BSA (if required for the restriction
enzyme), 1 U of restriction enzyme and sterile water to bring the mixture to a final volume of 10 µL.
The reaction was incubated for 1 h at the temperature optimal for the given restriction enzyme and
the size of DNA fragments visualised using agarose gel electrophoresis (section 2.1.2). If the
fragments of the restriction digest were to be used for a ligation reaction (section 2.1.9), the total
reaction volume was increased to 50 µL, the incubation time prolonged to 4 h and 10 U of the
appropriate enzyme were used.

2.1.9 Ligation of DNA fragments
A ligation reaction was used to covalently connect two fragments of double stranded DNA with
overlapping, complementary ends that were generated through restriction digest (section 2.1.8).
For efficient ligation of vector and insert fragment, approximately three-times more insert fragments
were used than vector fragments. The desired amount of insert fragments per 100 ng vector DNA
was therefore determined using the following equation: ng of insert DNA = (size of insert DNA/size of
vector DNA)  3  100ng of vector DNA.
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A standard reaction mix of T4 DNA Ligase (Life TechnologiesTM, Mulgrave, Australia) consisted of
100 ng vector, the appropriate amount of insert, 4 µL of 5 × ligase buffer, 1 µL of T4 DNA Ligase
(1 U/ µL) and water to bring the mixture to a final volume of 20 µL. After incubation at 15 °C o/n, the
mixture was transformed into chemically competent E.coli TOP10 cells (section 2.1.5) and the
resulting bacterial colonies were subject to plasmid DNA extraction for further analysis
(section 2.1.7).

2.1.10 Gateway® cloning into destination vectors (LR reactions)
The amplified DNA fragment of interest was transferred from the pCR8 entry vector into the
destination vector by recombination. The respective vectors are detailed in subsequent chapters. In
most cases this is a binary vector facilitating the expression of the gene of interest in planta.
Recombination was carried out using LR ClonaseTM II (Life TechnologiesTM, Mulgrave, Australia)
following the manufacturer’s instructions. Briefly, 100 ng of the entry clone and 100 ng of the
destination vector in a total volume of 4 µL are supplemented with 2 µL of LR ClonaseTM and
incubated for 1 h at RT. The incubation time was prolonged to o/n for vectors over 10 kb. An aliquot
of 2 µL of the mixture was transformed into TOP10 cells (section 2.1.6) and resulting bacterial
colonies were used for plasmid DNA extraction (section 2.1.7). Plasmid DNA was first analysed
using restriction digest (section 2.1.8) and the sequence of positive plasmid DNA was determined by
BigDye® reaction and capillary separation (section 2.1.11) to ensure the plasmid contained the
correct nucleotide sequence and confirm insert orientation. The two most commonly used primers for
the sequencing reaction were GWI and GWII. GWI is the forward primer, annealing upstream of the
inserted DNA fragment and GWII is the reverse primer, annealing downstream of the inserted DNA
fragment (Table 2.2).
Table 2.2: Sequences of primers used for sequencing reactions
Primer name

Sequence (5ʹ-3ʹ)

Annealing location

GWI

GTTGCAACAAATTGATGAGCAATGC

upstream of inserted DNA fragment

GWII

GTTGCAACAAATTGATGAGCAATTA

downstream of inserted DNA fragment

2.1.11 Sequencing of plasmid DNA
The BigDye® Terminator V3.1 Cycle Sequencing Kit (Life TechnologiesTM, Mulgrave, Australia) was
used to determine the nucleotide sequence of vectors by Sanger sequencing. The reaction was done
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in a 10 µL volume using 100 ng of plasmid DNA, 3.5 µL of BigDye® buffer, 1 µL of BigDye® Enzyme
mix (which contains the desired mix of dNTPs and ddNTPs), 3.2 pmol of one primer and sterile water
to bring the mixture to a final volume of 10 µL. The reaction was completed in a thermo cycler under
the following conditions: 96 °C for 1 min, then 29 cycles of: 96 °C for 10 s, 50 °C for 5 s and 60 °C
for 4 min. The product was cleaned by precipitation of labelled DNA using 75 µL of 0.2 mM MgSO4
in 70% (v/v) ethanol for 15 min at RT, followed by centrifugation for 15 min at 16,000 g in a bench
top centrifuge. The pellet was washed with 70% (v/v) ethanol and air dried before samples were
submitted to the Australian Genome Research Facility Ltd. (AGRF, Urrbrae, Australia) for capillary
separation and sequence determination. The obtained sequences were analysed using the program
Vector NTI Advance™ 11.0 (Life TechnologiesTM, Mulgrave, Australia).

2.2

Growth of Arabidopsis thaliana
2.2.1 Growth facilities

Five different facilities were used for the growth of Arabidopsis. While the Long Day Arabidopsis
growth facility and WI4 were mainly used for increasing seed numbers of desired plant lines or to
raise plants suitable for transformation, the Short Day Arabidopsis growth room and The Plant
Accelerator® growth room WI3 were used to carry out salt stress experiments using plate and
hydroponically grown plants. Calcium measurements (Chapter 6) were performed in the laboratory of
Dr. Alex Webb (Dept. Plant Sciences, The University of Cambridge, Cambridge, UK) and their
facilities were used for plant growth in growth chambers.
Table 2.3: Overview of plant growth facilities and growth conditions used in this study
Growth Facility

Light/dark
photoperiod (h)

Temperature
day/night (°C)

Light intensity
(µmol m-2 s-1)

Humidity
(%)

Long Day Arabidopsis
(Undercroft)

16/8

23/21

100

60-75

Short Day Arabidopsis
(Undercroft)

10/14

23/23

100

60-75

WI4 long day in The Plant
Accelerator®

14/10

23/20

120

60-75

WI3 short day in The Plant
Accelerator®

10/14

23/20

100

60-75

Growth chamber, Dept.
Plant Sciences, The
University of Cambridge

12/12

22/22

80

n.d.

n.d. not determined
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2.2.2 Growth of Arabidopsis in soil
A standard soil mixture containing fertilizer was used to increase seed numbers of desired plant lines
and to grow Arabidopsis for transformation. A 100 L batch of soil consisted of 25 L sand, 25 L perlite,
25 L vermiculate,

25 L peatmoss,

100 g iron

sulphate,

300 g Osmocote®

Plus

(NPK

of

13.4 : 1.5 : 4.9) (Scotts, Bulkham Hills, Australia), 200 g dolomite, 50 g gypsum, 100 g agricultural
lime and 40 g hydrated lime. The pH range of the soil was adjusted between 5.7 and 5.9 with KOH.
Artificial soil without fertilizer (one batch consisted of 3.6 L medium grade perlite, 3.6 L Coira and
0.25 L river sand) was used for salt stress experiments to control for the concentration of nutrients
and NaCl in the soil. Plants were watered once per week with basic nutrient solution
[2 mM Ca(NO3)2,

15 mM KNO3,

0.5 mM MgSO4,

0.5 mM NaH2PO4,

15 mM NH4NO3,

0.025 mM NaFe(III)EDTA, 0.2 mM H3BO3, 1 µM Na2MoO3, 1 µM NiCl2, 2 µM ZnSO4, 4 µM MnCl2,
2 µM CuSO4, 1 µM CoCl2, 0.005 µM SrCl2, 0.5 µM Na2SiO3 and 0.001 µM CdCl2]. Additional NaCl
was supplemented as stated for each individual experiment in the respective chapters.
Moist soil was filled into standard pots (8 × 6 × 6 cm) and five to fifteen Arabidopsis seeds were
spread over the soil. Pots were placed in a tray and covered with a mini-greenhouse lid (tray and lid
from Smoult, Kersbrook, SA, Australia) to maintain humidity until 2 wk after seed germination. The
pots were watered with reverse osmosis water as desired, approximately two to three times per wk.
Excess numbers of plants were removed 2 wk after germination leaving one plant per pot for optimal
growth.

2.2.3 Growth of Arabidopsis on solid Murashige and Skoog (MS) media
Surface sterilised plants were grown on solid MS media for salt stress experiments and for selection
of transformed plants. Surface sterilisation of Arabidopsis seeds was carried out in 2 mL or 10 mL
tubes. The desired amount of seed was poured into the tube and covered with 70 % (v/v) ethanol.
The ethanol was removed after two minutes by decanting and replaced with a 50 % (v/v) bleach
solution (Domestos (49.9 g L-1 sodium hypochlorite, Unilever Australasia, North Rocks, Australia))
and incubated for 5 min with occasional mixing. The bleach was decanted and the seeds washed at
least five times with sterile ddH2O. Seeds were immersed in H2O for 2 d at 4 °C in the dark to reduce
seed dormancy and promote even germination. Square petri dishes (100×100×20 mm, Sarstedt,
Adelaide, Australia) were filled with 50 mL of sterile ½ strength MS-agar [0.22 % (w/v) MS
(PhytoTechnology Laboratories, KS, USA) and 0.8 % (w/v) agar (DifcoTM Agar, granulated, BD
Diagnostic, Sparks, USA), pH 5.7 with KOH], from here on referred to as MS-plates. The sterilised
seeds were placed individually onto the agar and the plate was sealed with 3MTM MicroporeTM tape
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(3MTM, Pymble, Australia). If not stated otherwise, the plates were placed vertically in a growth room
under short day conditions.

2.2.4 Growth of Arabidopsis in hydroponics
The set up for hydroponically grown Arabidopsis seedlings has recently been described in detail by
Conn et al. (2013) and was used here with minor modifications (Figure 2.1). Briefly, lids of microfuge
tubes were prepared with a small hole in the middle and filled with ½ strength MS-agar from the
inside. Up to 3 individual seeds were placed onto the agar from the outside of the lid, in the middle of
the hole, and lids were placed in the holes of a pizza tray. The pizza tray was placed in a saucer
holding 2 L of liquid ½ strength MS medium. The growth solution was replaced once per week and
excessive seedlings were removed after 10 days, leaving one seedling per lid. The lids containing
the seedlings were transferred 3 wk after germination into an aerated 12 L hydroponics tank filled
with basal nutrient solution [2 mM NH4NO3, 3 mM KNO3, 0.1 mMCaCl2, 2 mM KCl, 2 mM
Ca(NO3)2·4 H2O, 2 mM MgSO4·7 H2O, 0.6 mM KH2PO4, 1.5 mM NaCl, 50µM NaFe(III)EDTA, 50µM
H3BO3, 50µM MnCl2·4 H2O, 50µM ZnSO4 7H2O, 50µM CuSO4·5 H2O, 50µM Na2MoO3, pH 5.6 with
KOH] for another 2 wk until the start of the salt stress treatment. Salt stress application and sampling
are detailed in the relevant chapter.

Figure 2.1: Image of germination tray and hydroponics setup.
The germination tray was made out of a pizza tray with holes, in which lids of microcentrifuge tubes
were fitted. The lids were filled with ½–strength MS agar and contained a small hole in which the
seed was placed. The seedling grew through the agar into the liquid media provided in the saucer
underneath. After 3 wk growth, the lids were placed into aerated hydroponic tanks (pump for aeration
not shown) for a further 2 wk until start of the salt stress treatment.
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2.3

Agrobacterium tumefaciens mediated transformation of Arabidopsis

A frequently used method for transformation of Arabidopsis is the floral dipping method (Clough and
Bent 1998). Immature floral buds of Arabidopsis are immersed in a solution of A. tumefaciens,
resulting in an infection of the plant cell by A. tumefaciens. Parts of the plasmid DNA carried by the
bacterium, containing the desired genes of interest, are inserted into the plant’s chromosome. The
seed produced from the siliques of the transformed floral buds, will be a mixture of transformed and
non-transformed individuals. Successfully transformed seeds can be selected by germinating them
on a media containing antibiotics, or spraying soil grown seedlings with a herbicide.

2.3.1 Generating chemically competent A. tumefaciens
The transformation of plasmid DNA into A. tumefaciens requires competent cells that are amenable
to transformation. Chemically competent A. tumefaciens were generated using the protocol by
Weigel and Glazebrook (2006). Briefly, laboratory stocks of A. tumefaciens strains AGL-1 or GV3101
were spread on solid LB media containing 50 µg/mL rifampicin and 50 µg/mL carbenicillin or
50 µg/mL rifampicin and 50 µg/mL kanamycin, respectively. A 200 mL liquid culture of LB media
containing the appropriate antibiotics was inoculated with 1 mL of the chosen strain of
A. tumefaciens and incubated at 28 ºC with vigorous agitation o/n. The culture was started in the late
afternoon to be harvested the following morning when the A. tumefaciens culture reached an
OD600 of 0.5-0.8. The cells were collected by centrifugation at 3000 g for 15 minutes at 4 °C. The
pellet was then washed with sterile TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), resuspended in
20 mL of LB and distributed in 250 µL aliquots into microcentrifuge tubes. The aliquots were snap
frozen in liquid nitrogen and stored at -80 °C until used for transformation.

2.3.2

Transformation of A. tumefaciens with plasmid DNA

The binary vectors used for A. tumefaciens mediated transformation were generated as described in
section 2.1.10. The destination vector contains the genetic elements for amplification in
A. tumefaciens and expression of the gene of interest in planta. An aliquot of A. tumefaciens cells
was defrosted on ice before addition of 100-200 ng of plasmid DNA and incubation on ice for 15 min.
The cells were snap frozen in liquid nitrogen for 5 min before incubating for 5 min in a 42 °C water
bath to facilitate plasmid entry. Cells were transferred to ice for 5 min and then the entire
250 µL aliquot was spread onto solid LB media containing the appropriate antibiotics and incubated
at 28 °C for 3 d. Single colonies of transformed A. tumefaciens were picked and analysed using
colony PCR to confirm the presence of the destination vector (section 2.1.1).
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2.3.3

Transformation of Arabidopsis by floral dipping

Arabidopsis plants were grown under long day conditions until flowering. The first bolt was cut back
to initiate the emergence of secondary bolts, providing a large number of immature flower clusters.
The best stage for floral dipping is before siliques are formed.
A positive colony of A. tumefaciens was used to inoculate 3 mL of LB containing 50 µg/mL
rifampicin, 50 µg/mL carbenicillin and 50 µg/mL kanamycin. The culture was incubated at 30 °C with
shaking (200 rpm) for 2 d and then used to inoculate 250 mL of LB containing the appropriate
antibiotics, which was also incubated at 30 °C with shaking (200 rpm) o/n. The cells were collected
by centrifugation at 3000 g for 15 min at 4 °C. The pellet was resuspended in 500 mL of 5 % (w/v)
sucrose supplemented with 0.01 % (v/v) Silwet L-77 (Lehle seeds, Texas, USA). The emerging
Arabidopsis flowers were submerged in this solution for 30 s to allow the bacteria to attach to the
plant. The whole plant was then covered with a humidity lid and placed o/n in an area with reduced
light before returning it onto the shelf in the growth room until the plant reached maturity and seeds
were harvested.

2.3.4

Selection of transformed Arabidopsis

The method for selecting successfully transformed plants depended on the resistance encoded on
the transformed destination vector. Plants transformed with plasmids containing the bar gene
harbour resistance to the herbicide glufosinate (also known as BASTA ®). In this case, seeds were
spread evenly on soil and grown for approximately 2 wk before spraying with 0.1 % (v/v) BASTA®
(Bayer CropScience, East Hawthorn, Australia) supplemented with 0.02 % (v/v) Silwet L-77 (Lehle
seeds, Texas, USA). The treatment was repeated within 1 wk until senescence of untransformed
plants was visible; surviving plants were transferred to individual soil pots and grown to maturity. If
the plasmid conferred resistance to hygromycin or kanamycin, seeds were surface sterilised (see
paragraph 2.2.3) and placed on MS-plates (as described in 2.2.3) containing 40 µg/mL hygromycin
or kanamycin, respectively, and 200 µg/mL cefotaxime (to prevent growth of any remaining
A. tumefaciens). The surviving seedlings were taken off the plate after 2 wk and placed on wet soil
and covered with a lid to maintain humidity for 2 wk, before returning to normal growth conditions.
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2.4

Analysis of plant DNA
2.4.1

Extraction of genomic DNA from plant material

The DNA of plant material was used for Southern Blot analysis and genotyping. The
phenol/chloroform/iso-amyl alcohol extraction method was used to obtain high quality plant DNA for
genotyping with intention of subsequent Southern Blot analysis (modified from Guillemaut and
Maréchal-Drouard 1992) and the Edward’s buffer method was used to obtain standard purity of DNA
for PCR genotyping of the plant material (modified from Kotchoni and Gachomo 2009). Both
methods are briefly described below.

2.4.1.1 Phenol/chloroform/iso-amyl alcohol extraction method
Plant material was collected in 10 mL tubes, snap frozen in liquid nitrogen and ground to a fine
powder by vortexing with three to five sterilised steel balls (Ø 2 mm). The powder was suspended in
1.4 mL of DNA extraction buffer [1 % (v/v) sarkosyl, 100 mM Tris-HCl, 100 mM NaCl, 100 mM EDTA,
2 % (w/v) polyvinyl-polypyrrolidone (PVPP, Sigma-Aldrich, Castle Hill, Australia), pH 8.5 with HCl]
and thoroughly mixed for 1 min before addition of 1.4 mL of phenol/chloroform/iso-amyl alcohol
(25:24:1). After a further 15 min mixing, the samples were centrifuged at 3600 g for 10 min. The
aqueous phase was transferred into a 2 mL microcentrifuge tube and DNA precipitated with 100 µL
of 3 M sodium acetate and 800 µL of isopropanol. The samples were left for 1 h at RT before
centrifugation at 10,000 g for 10 min. The supernatant was removed and the pellet washed in 1 mL
70 % (v/v) ethanol. The pellet was air dried and resuspended in 100 µL of ddH2O containing
10 mg/mL of RNase (Thermo Fisher Scientific Australia Pty Ltd., Scoresby, Australia). The obtained
DNA is of high purity and was used for amplification of genes using standard PCR (section 2.1.1)
with the intention to use the DNA for subsequent Southern Blot analysis.

2.4.1.2 DNA extraction with modified Edwards buffer
Plant material was collected in 2 mL microcentrifuge tubes and ground to a fine powder by vortexing
with three to five metal balls (Ø 2 mm). The powder was suspended in 400 µL of modified Edward’s
buffer (1 % SDS, 0.5 M NaCl) and thoroughly mixed for 1 min. The mixture was left at RT for 1 h and
mixed again thoroughly for 2 min before centrifugation at 10,000 g for 2 min. The supernatant
(300 µL) was transferred to a fresh microfuge tube and DNA precipitated with 300 µL of isopropanol.
The samples were left at RT for 10 min and centrifuged at 1,000 g for 10 min to obtain a pellet, which
was then air dried and resuspended in 30 µL of ddH2O. The obtained DNA is suitable for genotyping
using standard PCR (section 2.1.1).
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2.5

Analysis of plant mRNA

Plant mRNA was used to analyse transcript levels of genes of interest. For this, total RNA was
extracted, containing the desired mRNA, from which cDNA was synthesised to analyse the
abundance of gene transcripts using quantitative Real Time PCR (qPCR), semi-quantitative PCR
(semi-qPCR) or reverse transcription-PCR (RT-PCR). The methods are detailed below.

2.5.1

Extraction and purification of RNA from plant material

Extraction of total RNA was performed following the protocol of Chomczynski (1993). Briefly,
Arabidopsis leaves were collected in 2 mL microfuge tubes and frozen in liquid nitrogen. The
material was ground to powder with metal balls (Ø 2 mm) before being suspended in 1 mL of
TRIzol®-like reagent [38 % (v/v) phenol pH 4.3 (Sigma Aldrich®, Castle Hill, Australia), 12 % (w/v)
guanidine thiocyanate (Sigma Aldrich®, Castle Hill, Australia), 7 % (w/v) ammonium thiocyanate
(Sigma Aldrich®, Castle Hill, Australia), 3% (w/v) 3 M sodium acetate pH 5, 5% (v/v) glycerol)]. After
5 min, 200 µL of chloroform was added and the mixture was vigorously shaken before centrifugation
at 12,000 g for 15 min at 4 °C. The aqueous layer at the top was transferred into a microfuge tube
containing 500 µL of isopropanol to precipitate RNA. After incubation for 1 h at RT, the sample was
spun at 12,000 g for 10 min to obtain a pellet. The supernatant was removed and the pellet washed
with 1 mL of 70% (v/v) ethanol and resuspended in 25 µL of sterile water.
Contaminating DNA was removed from RNA samples using the DNA-freeTM kit (Ambion®, CA, USA)
according to the manufacturer’s instructions. Briefly, each sample was supplemented with 2.5 µL of
DNase-I buffer and 1 µL (2 U) of DNase I, gently mixed and incubated at 37 °C for 30 min. The
reaction was stopped by addition of 5 µL of DNase I Inactivation reagent. After thorough mixing and
3 min incubation, the suspension was centrifuged at 10,000 g for 1 min to pellet the Inactivation
reagent. The clear top phase containing the RNA was transferred into a fresh microfuge tube and
stored at -80 °C.
In order to estimate the quantity and quality of extracted RNA, 2 µL of RNA was analysed using gel
electrophoresis (section 2.1.2). Good quality RNA was used for cDNA synthesis, showing a typical
double band pattern for the 28S and 18S RNA and a fainter band of lower molecular weight
indicating the tRNAs. The brightness of bands is indicative of the RNA quantity and was used to
confirm uniformity of RNA quantity between samples to ensure equal amounts are used for cDNA
synthesis.
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2.5.2 Synthesis of cDNA
Two main variations of cDNA synthesis were used. To obtain total cDNA, an oligo d(T)20 primer was
used which allows synthesis of cDNA from mRNA that contains a poly(A)-tail. Gene specific cDNA
was synthesised by using a gene specific primer, as listed in the relevant chapter. The Superscript III
Reverse Transcriptase kit (Life TechnologiesTM, Mulgrave, Australia) was used with the following
protocol: in a 0.5 mL microcentrifuge tube 1 µg of RNA was mixed with 1 µL of primer [either
oligo(dT)20 or gene specific primer (50 µM)], 1 µL of 10 mM dNTP and ddH2O, to a total volume of
13 µL. The mixture was heated to 65 °C for 5 min, immediately transferred onto ice and 7 µL of the
Master RT mix (4 µL 5 × first strand buffer, 1 µL 0.1 M DTT, 1 µL RNaseOUT, 1 µL 50 U reverse
transcriptase) was added and mixed gently. The mixture was incubated at 50 °C for 1 h and heated
to 70 °C for 15 min to terminate the reaction. The synthesised cDNA was stored at -20 °C.

2.5.3 Quantitative Real-Time-PCR (qPCR)
Quantitative Real-Time PCR (q-PCR) was performed by Neil Shirley and Ms. Yuan Li (ACPFG Pty.
Ltd., Adelaide, Australia) as outlined in Burton et al. (2008). Briefly, the synthesised cDNA samples
(section 2.5.2) were used as templates in PCR reactions to amplify a characteristic fragment of the
gene of interest. Reactions were carried out in a RG6000 Rotor-Gene Real Time Thermal Cycler
(Corbett Research, Sydney, Australia). The reaction mixture contained the labelling substance iQ TM
SYBR® green PCR reagent (Bio-Rad Laboratories, Gladesville, Australia) to enable online detection
of PCR products by fluorescence. Initially, three control genes (Cyclophilin, GAPdH and Actin2) were
tested to normalise expression data. As Actin2 (At3g18780) showed low variation between
replicates, it was consequently used to normalise data in qPCR-experiments and was also chosen
for semi-qPCR experiments (section 2.5.4). Primers are listed in the respective chapter.

2.5.4 Semi-quantitative PCR (semi-qPCR) and reverse transcription-PCR (RTPCR)
Semi-qPCR is a method to estimate transcript abundance using a normal PCR reaction and
visualising fragments using agarose gel electrophoresis. This method allows comparison of transcript
abundance in a cost effective way. However, the data obtained with this method is more variable
than qPCR results and the exact transcript copy number cannot be determined. PCR reactions were
performed using Platinum® Taq (section 2.1.1) with synthesised cDNA as template (section 2.5.2)
using a range of PCR cycles low enough not to reach reaction saturation (usually 21 to 27 cycles).
The obtained PCR products were separated using agarose gel electrophoresis (section 2.1.2) and
DNA was quantified by measuring the band intensity (minus background intensity) using GIMP
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2.6.11 GNU Image Manipulation Program (www.gimp.org). Expression of Actin2 was found to remain
stable between replicates and was not influenced by salt treatment. It was therefore used for
normalisation. Primer sequences are listed in the respective chapters.
RT-PCR is a method to determine the presence or absence of a transcript. This method also utilised
a PCR reaction to amplify a fragment from cDNA and visualisation of the fragment using agarose gel
electrophoresis. As opposed to semi-qPCR, the bands in RT-PCR are not quantified and only
evaluated for presence or absence.
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Chapter 3 Functional characterisation of AtHKT1;1 from Col-0
and C24 in heterologous expression systems
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3.1

Introduction

Comparison of the protein sequence of AtHKT1;1 from Col-0 and C24 revealed nine amino acid
changes between the two ecotypes. To test whether these amino acid changes lead to altered
transport activity, the two encoded AtHKT1;1 proteins have to be studied in more detail. In planta,
AtHKT1;1 has been linked to the retrieval of Na+ from the stele, thus reducing the amount of Na+ that
is translocated to the shoot. A reduced function of the C24 AtHKT1;1 protein, together with lower
expression levels of AtHKT1;1 may account for the increased translocation of Na+ to the shoot and
reduced Na+ content in the root as compared to Col-0. Heterologous expression systems are a
frequently used approach to initially characterise transport properties of plant membrane transport
proteins and offer the opportunity to study them individually, outside of the complex context of the
plant membrane (Dreyer et al. 1999, Gilliham 2007, Tester 1997). A variety of heterologous
expression systems are used to analyse properties of transport proteins. Popular systems, that have
also been employed in this study, include electrophysiological characterisation of the desired protein
in Xenopus laevis (Xenopus, African clawed frog) oocytes and functional screening using the yeast
Saccharomyces cerevisiae or Schizosaccharomyces pombe (Dreyer et al. 1999). To a lesser extent
Escherichia coli (E.coli), insect cells or mammalian cell lines can also be used for the
characterisation of plant transport proteins (Dreyer et al. 1999). The main advantage of heterologous
systems over characterisation of the protein in its native environment in a plant cell, is that the
protein of interest can be analysed in isolation, thus minimising confounding effects of other
endogenous plant ion transport systems. Disadvantages of these heterologous expression systems
include difficulties in obtaining a functional protein, determining whether the protein has the same
transport characteristics as it would in a plant cell and a possible lack of co-factors in the
heterologous cells.
The two expression systems used in this study were Xenopus laevis oocytes and Saccharomyces
cerevisiae. The techniques used are briefly outlined below.

3.1.1 Two electrode voltage clamp (TEVC) using Xenopus laevis oocytes
Xenopus expression systems can be used to analyse the properties of transport proteins using a
number of techniques, such as patch clamp, biochemical analysis and two electrode voltage clamp
(TEVC) (Goldin 2006). The method used in this study was TEVC. For this technique, cRNA of the
gene of interest is produced by in vitro transcription and then microinjected into isolated Xenopus
oocytes. The endogenous translation machinery within the oocytes produces the protein of interest,
which is then incorporated into the membrane. An advantage of oocytes is that they are large
(approximately 1 mm in diameter) and therefore allow insertion of microelectrodes to perform TEVC
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studies. With TEVC, two electrodes are inserted into the oocyte, one electrode (current electrode)
injects a current to maintain the membrane at a set electrical potential (voltage), while the other
electrode (voltage electrode) measures the change in electrical potential as ions move across the
membrane, thereby allowing the current electrode to maintain the set voltage. The amount of current
applied to the oocyte is measured and recorded. The transport properties of proteins within the
oocyte membrane in relation to specific ions can be measured by changing the ion composition of
the bathing solution.

3.1.2 Transport functionality assays using Saccharomyces cerevisiae
The yeast S. cerevisiae is a widely used system for functional studies of plant membrane proteins
(Dreyer et al. 1999). It has a short lifecycle and can be easily transformed with genes of interest,
allowing for a relatively fast and high throughput analysis of the function of the proteins they encode.
A large variety of yeast mutants exist that are deficient in defined endogenous ion transport systems
which can make them more or less tolerant to ionic and nutrient conditions than wild type yeast.
Transformation of these mutant and wild type strains therefore allows for the functional
characterisation of the transport properties mediated by the transport protein of interest. The two
strains used in this study were INVSc2 and B31. INVSc2 is considered a wild type strain with no
deficiencies in ion transport capabilities and good tolerance to high levels of NaCl, while B31 is a Na+
sensitive strain due to its defective Na+ efflux systems in the Na+-ATPase and a Na+/H+ antiporter.
Further details regarding the yeast strains are listed in the materials and methods (Table 3.1).

3.1.3 Testing AtHKT1;1 transport properties using Xenopus oocytes and yeast
functionality assays
The Landsberg erecta ecotype (Ler) has been found to be substantially more salt tolerant than both
Col-0 and C24, based on its low reduction in dry weight under stressed conditions (Jha et al. 2010).
The AtHKT1;1 allele from Ler (referred to as AtHKT1;1-Ler from here on) has previously been
studied in the Xenopus oocyte, yeast and E.coli expression systems. It has four altered amino acids
compared to Col-0 and 11 compared to C24, hence differences in ion transport properties of
AtHKT1;1-Ler compared to Col-0 and C24 are possible. Based on observations in Xenopus oocytes
and yeast, Na+, but not K+ transport properties of AtHKT1;1-Ler have been suggested (Uozumi et al.
2000). In AtHKT1;1-Ler injected oocytes, inward currents that are dependent on Na +, but not on K+
were detected when exposed to a range of Na + (0.3 to 100 mM) and K

+

(0.3 to 100 mM)

concentrations (Uozumi et al. 2000). When AtHKT1;1-Ler was expressed in the Na+ sensitive yeast
strain G19, inhibition of growth was observed. In contrast, expression of AtHKT1;1-Ler could not re39
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establish K+ uptake in the K+ deficient yeast strain CY162 (Uozumi et al. 2000). It should be noted,
however, that AtHKT1;1-Ler could complement an E.coli strain which was defective in its K+ uptake
system, in turn indicating possible K+ transport properties of AtHKT1;1-Ler (Uozumi et al. 2000).
In this chapter, the transport properties of AtHKT1;1 from Col-0 and C24 are compared in both
Xenopus oocytes and in yeast. The coding sequence of the AtHKT1;1 allele from C24 has 22 single
nucleotide polymorphisms (SNPs) compared to Col-0, resulting in 9 predicted amino acid changes in
the encoded protein. To investigate potential differences in transport characteristics between the
Col-0 and C24 protein, TEVC on Xenopus oocytes and yeast functional assays were performed. The
two AtHKT1;1 alleles from Col-0 and C24 are referred to as AtHKT1;1-Col and AtHKT1;1-C24,
respectively from here on.

3.1.4 Aims of this study
The yeast and Xenopus oocyte heterologous expression systems were used to address the following
questions:
1. Do AtHKT1;1-Col and AtHKT1;1-C24 mediate Na+ transport?
2. Do AtHKT1;1-Col and AtHKT1;1-C24 mediate K+ transport?
3. Does the 9 amino acid difference between AtHKT1;1-Col and AtHKT1;1-C24 alter the
transport characteristics of the two proteins?
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3.2

Material and methods
3.2.1 Electrophysiological characterisation using Xenopus laevis oocytes

3.2.1.1 Cloning of AtHKT1;1-Col and AtHKT1;1-C24 into the Xenopus oocyte expression
vector pGEMXho-DEST
The coding sequence of AtHKT1;1-Col and AtHKT1;1-C24 were kindly provided by Dr. Joanna
Sundstrom (University of Adelaide, Australia) in GatewayTM enabled pCR8 vectors. To confirm the
presence of the desired genes and their sequence integrity sequencing was performed using a
BigDye® reaction and capillary separation (section 2.1.11). Once confirmed, a restriction digest was
performed to introduce the coding sequences of AtHKT1;1-Col and AtHKT1;1-C24 into the Xenopus
expression vector pGEMXho (based on pGEM-HE (Liman et al. 1992)), kindly provided by Dr.
Aurelie Evrard (University of Adelaide, Australia) (Figure 3.1). pGEMXho and the two pCR8 vectors
containing AtHKT1;1-Col and AtHKT1;1-C24 were digested (section 2.1.8) with the restriction
enzymes XhoI and EcoRI (New England Biolabs, Ipswich, MA, USA). The pGEMXho vector
fragment was ligated to either one of the two HKT gene fragments using T4 DNA ligase
(section 2.1.9). Positive clones containing the expression vector with the HKT gene of interest in the
correct orientation were identified by restriction digest (section 2.1.8) and the vectors sequenced
using the primer T7 to ensure no sequence errors were introduced (section 2.1.11).

Figure 3.1: Vector map of pGEMXho vector (based on pGEM-HE (Liman et al. 1992)).
The pGEMXho vector was used to synthesize cRNA for use in Xenopus oocyte electrophysiology.
Indicated are T7: promoter for T7 polymerase to transcribe cRNA, XhoI and EcoRI restriction sites
allowing the insertion of the desired gene of interest, NheI: restriction site for linearisation of the
plasmid, 3′ UTR: 3′ untranslated region which aids the expression of the plant gene in the oocyte
and Amp: ampicillin resistance gene for selection of the plasmid in E.coli.
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3.2.1.3 Transcription of cRNA
The pGEMXho plasmids containing the Col-0 and C24 AtHKT1;1 coding sequence were linearised
by restriction digest using NheI-HF (New England Biolabs, Ipswich, MA, USA) and were used as a
template for cRNA synthesis using the mMessage mMachine 5′ capped RNA transcription kit and
the lithium chloride precipitation method (Ambion, Life Technologies, Mulgrave, Australia) following
the manufacturer’s instructions. The quality and quantity of cRNA was determined by agarose gel
electrophoresis (section 2.1.2) and using a spectrophotometer Nanodrop (Thermo Scientific,
Wilmington, DE, USA). The cRNA concentration was adjusted to 500 ng/µL with RNase free water
and stored at -80 °C until required for injection into oocytes.

3.2.1.4 Injection of cRNA into Xenopus laevis oocytes
Handling of oocytes and electrophysiological experiments were performed as described previously
(Roy et al. 2008), with minor alterations. Oocytes were harvested by Dr. Sunita Ramesh or
Ms. Wendy Sullivan (University of Adelaide, Australia) and treated with collagenase to dissociate
oocytes from the ovarian lobe. Oocytes were kept at 17 °C and transferred daily to fresh ND96
[96 mM NaCl, 2 mM KCl, 5 mM MgCl2, 10 mM CaCl2, 2 mM pyruvic acid and 5 mM (4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), adjusted to pH 7.6 using KOH and
supplemented with 8% (v/v) horse serum, 0.1 mg/mL tetracycline, 100 U/mL penicillin and
0.1 mg/mL streptomycin] to keep the oocytes viable. Using a micro injector (Drummond ‘Nanoinject
II’ automatic nanolitre injector, Dummond Scientific, Broomall, PA, USA) connected to a 1 µm
diameter micro capillary, 46 nL (23 ng) of cRNA or nuclease free water, as control, were injected into
the animal pole of 2-3 d old oocytes, close to the border of the vegetal pole. Injected oocytes were
incubated in ND96 at 17 °C for 2 d prior to voltage clamp experiments to allow oocytes to recover
and to allow for protein synthesis and protein integration into the membrane.

3.2.1.5 TEVC measurements on oocytes
TEVC of oocytes was performed in HMg bathing solution (6 mM MgCl2, 1.8 mM CaCl2, 10 mM MES
and pH 6.5 adjusted with TRIS base). The bathing solution was supplemented with 1 to 50 mM of
Na+-glutamate or K+-glutamate as indicated. Osmolarity of all solutions was adjusted to
250±10 mOsmol kg-1 with mannitol using a Wescor 5520 Vapour Pressure Osmometer (Logan, UT,
USA). Filamented glass capillaries (1 mm outer diameter, filamented borosilicate glass capillaries
(Harvard Apparatus, Edenbridge, Kent, UK)) were prepared using horizontal laser puller P-2000
(Sutter Instruments, Nowato, CA USA) and the MF-900 Microcapillary forge (Narishige, Tokyo,
Japan) with a tip of 0.5 µm in diameter for the voltage electrode and 0.8 µm for the current
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electrode. Capillaries were back-filled with 3 M KCl and carefully inserted into the oocyte, which
remained under continuous irrigation with HMg solution in the bathing chamber. The applied voltage
protocol induced membrane potentials from +40 to -120 mV over 4.5 s in 20 mV intervals, and the
holding potential between ramps was -40 mV for 1.5 s (Figure 3.2). Recorded currents were
amplified using a Gene Clamp 500 voltage clamp amplifier (Axon Instruments, Molecular Devices,
Sunnyvale, CA, USA) and analysed using the programme Clampfit 10.0 (Axon Instruments,
Molecular Devices, Sunnyvale, CA, USA). Data presented are corrected for background currents
from water-injected control oocytes.

Figure 3.2: Image of voltage protocol used for two electrode voltage clamp of Xenopus
oocytes.
Horizontal lines indicate the membrane potential (in mV) and the length of time (in s) it was imposed
on the oocyte. The membrane potential was being ramped from +40 to -120 mV over 4.5 s in 20 mV
intervals, and the holding potential between ramps was -40 mV for 1.5 s.

Data obtained from TEVC are presented as I/E-relationships with water-injected currents subtracted;
the average current is determined over a 2 s interval at which the current is stable during the
specified clamped electrical potential (voltage). Current traces with the corresponding voltage
protocol can be found as supplementary Figures (Supplementary Figure.8.1, Supplementary
Figure 8.3 and Supplementary Figure 8.2). Two important parameters can be determined from the
I/E-relationship: the reversal potential (Erev) and conductance (G). Erev describes the electrical
potential at which no net flux of ions across the membrane is measured. An approximation for Erev
can be determined from the intercept with the x-axis of a curve that describes the I/E-relationship for
each given concentration of external ions. A shift in Erev upon concentration changes of a certain ion
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provides evidence for a particular selectivity of an ion transport system. The conductance (G)
describes the ease with which ion flux across the membrane occurs. Approximated values for G can
be obtained by determining the slope of a curve that describes the I/E-relationship just negative of
Erev (for the influx of a cation). An increase in conductance in response to an increased external ion
concentration provides further evidence for the presence of a functioning ion-transport system (i.e.
an ion transporter) in the membrane. In diagrams illustrating the I/E-relationships, the amount of
external ion is generally presented as a concentration, while in diagrams displaying E rev and G, the
amount of ions is presented as activity. The activity refers to the portion of the ion that is freely
available and is influenced by the composition of ions in the solution and the concentration. The
activity of Na+ and K+ in each test solution was determined using the program Geochem-EZ
(http://www.plantmineralnutrition.net/Geochem/Geochem%20Download.htm).
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3.2.2 Yeast growth assays
3.2.2.1 Cloning of AtHKT1;1-Col and AtHKT1;1-C24 into the yeast expression vector pYES2DEST52
The previously confirmed coding sequences of AtHKT1;1-Col and AtHKT1;1-C24 (section 3.2.1.1)
were introduced into the GatewayTM enabled yeast expression vector pYES2-DEST52 by
recombination (section 2.1.10) (Figure 3.3). Positive clones containing the expression vector with the
gene of interest were identified by restriction digest using XbaI (section 2.1.8) and sequenced using
a BigDye® reaction and capillary separation to ensure no sequence errors were introduced
(section 2.1.11).

Figure 3.3: Vector map of pYes2-DEST52 vector used to express HKT genes in S.cerevisiae.
The plasmid DNA was obtained from Life Technologies (Mulgrave, Australia). Indicated are GAL1:
galactose inducible promoter, T7 promoter: promoter for T7 polymerase, attR1 and attR2: Gateway®
recombination sites, Chlor R: Chloramphenicol resistance gene for selection in E.coli, ccdB: gene
permitting negative selection of the plasmid, Amp R: ampicillin resistance gene for selection of the
plasmid in E.coli and URA3: gene to allow growth on uracil deficient media.

3.2.2.2 Transformation of yeast with plasmid DNA
The two yeast strains INVSc2 and B31 (Table 3.1) were used for transformation with the two HKT
constructs and an empty vector as control. The pYES2-DEST52 vector allows selection of yeast on
uracil deficient media. Yeast transformed with the empty vector, containing a sequence in the
Gateway site that does not lead to a functional protein, can be used as a control as it grows under
the same conditions as yeast transformed with the gene of interest. Transformation of yeast with
destination vectors was performed as described previously (Gietz and Woods 2002); briefly, a 4 mL
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overnight culture from a single yeast colony, grown at 30 °C in SD-Glu (Table 3.2), supplemented
with the appropriate amino acids (Table 3.1) and 20 mg/mL uracil, was centrifuged to a pellet at
16,000 g for 30 s. The pellet was resuspended in 360 µL of transformation mix (33 % (w/v)
PEG 3500, 100 mM lithium acetate, 100 µg boiled salmon sperm-Carrier DNA and 0.1 to 1 µg
plasmid DNA). The suspension was incubated for 60 min in a water bath at 42°C before
centrifugation at 16,000 g for 30 s to obtain a pellet. The supernatant was fully removed with a
pipette and the pellet resuspended in 1 mL sterile ddH2O. A 100 µL aliquot was spread onto SD-Gluagar plates (Table 3.2) containing the appropriate amino acids (Table 3.1). The plates were
incubated at 30°C for 3 to 4 d until colonies were approximately 1 mm in diameter. The presence of
the gene of interest in the yeast colonies was confirmed by colony PCR (section 2.1.1). Positive
yeast colonies of three independent transformation events for each construct were selected. These
colonies were grown in 5 mL SD-Glu with the appropriate amino acids at 30 °C with shaking
(200 rpm) for 2 d to obtain cultures for glycerol stocks. A volume of 0.75 mL of yeast culture was
mixed with 0.75 mL 100 % glycerol in a 2 mL microfuge tube, snap frozen in liquid nitrogen and
stored at - 80 °C. For each experiment, the glycerol stocks were used to recover yeast colonies on
SD-Glu agar plates.

Table 3.1: Yeast strains used in this study with corresponding genotype, required amino acid
supplements for growth and source of the yeast strain
Required amino acids

Yeast
strain

Genotype

INVSc2

MATahis3-D1ura3-52

L-histidine

Life Technologies
(Mulgrave, Australia)

B31

MATaade2ura3leu2his3trp1ena
1Δ::HIS3::ena4Δnha1Δ::LEU2

L-tryptophan, adenine
sulfate

(Bañuelos et al. 1998)

in media (20 mg/L)
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Table 3.2: Media composition of yeast media for growth and functional assays
Media

Composition

Purpose

SD-Glu

0.67% DifcoTM Nitrogen Base (BD Diagnostic Systems),
dropout solution*1, 2 % glucose*2

Yeast growth and control
in functional assay

SD-Glu agar

As SD-Glu with 2 % Bacto agar (BD Diagnostic
Systems)

Selection of transformed
colonies and control in
functional assay

SD-Gal

0.67% DifcoTM Nitrogen Base (BD Diagnostic Systems),
dropout solution*1, 2 % galactose*2

Functional assay

SD-Gal agar

As SD-Gal with 2 % Bacto agar (BD Diagnostic
Systems)

Functional assay

AP-Gal

10 mM L-arginine, 8 mM phosphoric acid, 2 mM MgSO4,
0.2 mM CaCl2, 20 µg/L biotin, 2 mg/L calcium
pantothenate, 2 µg/L folic acid, 10 mg/L inositol, 400
µg/L niacin, 200 µg/L p-aminobenzoic acid, 400 µg/L
pyridoxine hydrochloride, 200 µg/L riboflavin, 400 µg/L
thiamine hydrochloride, 500 µg/L H3BO3, 40 µg/L
CuSO4, 100 µg/L KI, 200 µg/L FeCl3, 400 MnSO4, 200
µg/L Na2MoO4, 400 µg/L ZnSO4, dropout solution*1, 2%
galactose*2

Functional assay

AP-Gal agar

As AP-Gal with 2 % Bacto agar (BD Diagnostic
Systems)

Functional assay

AP-Glu agar

As AP-Gal with 2 % Bacto agar (BD Diagnostic
Systems), galactose is substituted with glucose*2

Control in functional
assay

*1 final concentration of dropout solution: 20 mg/L L-arginine HCL, 30 mg/L L-isoleucine, 30 mg/L
L-lysine HCL, 20 mg/L L-methionine, 50 mg/L L-phenylalanine, 200 mg/L L-threonine, 30 mg/L
L-tyrosine, 150 mg/L L-valine *2 40 % stock of glucose and galactose, sterile filtrated, was added
after autoclaving of the remaining components to a final concentration of 2 %.

3.2.2.3 Functional assay of transformed yeast on solid media
Yeast colonies containing the desired ecotype specific AtHKT1;1 gene were used to inoculate 5 mL
of SD-Glu containing the appropriate amino acids (Table 3.2). The culture was incubated with
shaking (200 rpm) at 30 °C for 2 d. For functional assays performed on plates of solid media, the
yeast culture was centrifuged at 800 g for 1 min and the pellet resuspended in sterile water to an
OD600 of 0.6, as determined by spectrophotometry (UV-160A, Shimadzu, Japan). The 10 µL aliquots
of decimal dilutions were plated as droplets on solid SD or AP growth media containing NaCl or KCl
as indicated. Three transformation events were evaluated for each construct and yeast strain and at
least three technical replicate plates were performed. Plates were sealed with cling wrap, incubated
at 30 °C for 2-3 d and growth phenotypes were recorded.
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3.2.2.4 Functional assay of transformed yeast in liquid media
As previously, yeast colonies containing the desired ecotype specific AtHKT1;1 gene were used to
inoculate 5 mL of SD-Glu containing the appropriate amino acids (Table 3.2) in 50 mL falcon tubes
and incubated for 2 d with shaking (200 rpm) at 30 °C to obtain fresh yeast cultures. To generate
starting cultures for the growth assay, 200 µL of the fresh culture were used to inoculate either 5 mL
of SD-Gal or SD-Glu containing the appropriate amino acids in 50 mL falcon tubes and incubated o/n
with shaking (200 rpm) at 30 °C. This allows for the induction of the gene of interest in yeast cultures
in SD-Gal media prior to starting growth measurements, while yeast cultures in SD-Glu provide the
positive control, in which gene expression is not induced and optimal growth is expected. The OD600
was determined from the o/n-cultures and an aliquot of the cells grown in SD-Gal was used to
inoculate 5 mL of SD-Gal containing the appropriate amino acids in 50 mL falcon tubes with either no
salt, 50 mM NaCl or 50 mM KCl. An aliquot of cultures grown in SD-Glu was used to inoculate 5 mL
SD-Glu containing the appropriate amino acids in 50 mL falcon tubes as a positive control. Starting
OD600 was adjusted to be consistent at approximately 0.2-0.3. Samples of 100 µL were taken over
3 d to use for OD600 measurements in 1:10 dilutions. OD600 readings were taken in 1 mL cuvettes
(Cat. # 759015, Brand, Wertheim, Germany) using a spectrophotometer (UV-160A, Shimadzu,
Japan).
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3.4

Results
3.4.1 Analyses of AtHKT1;1 transport characteristics in Xenopus laevis oocytes

3.4.1.1 Generating cRNA for expression of AtHKT1;1-Col and AtHKT1;1-C24 in Xenopus
oocytes
To generate AtHKT1;1-Col and AtHKT1;1-C24 cRNA for injection into Xenopus oocytes, open
reading frames of the two genes were ligated separately into pGEMXho vectors (Figure 3.4). The
nucleotide sequence for both constructs was determined and found to be correct (data not shown).
cRNA synthesis was performed using the mMessage mMachine kit (section 3.2.1.2), with
transcription being initiated by the T7 promoter and discontinued as a result of linearisation at the
NheI restriction site.

Figure 3.4: Vector map of the pGEMXho vector containing either the AtHKT1;1-Col or
AtHKT1;1-C24 coding sequence.
This vector was used to generate cRNA for expression in Xenopus oocytes. Features are detailed in
Figure 3.1.

The transcribed cRNA was subjected to gel electrophoresis and showed one strong band with one
additional faint band appearing above (Figure 3.5). The additional band might occur due to
aberrantly migrating RNA in the gel because of its secondary structure. Additional bands of
AtHKT1;1 cRNA have been observed previously (Byrt 2008) and it was considered to have only
minor influence during experiments as it was very faint as compared to the main band (Figure 3.5).
The user manual for cRNA synthesis (mMessage mMachine) also remarks that an additional band
could represent contaminating plasmid DNA, which might not have been fully digested by DNase
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treatment. However, this is unlikely as a prolonged DNase treatment did not eliminate the additional
band and its size did not correspond to the size of the linearized plasmid DNA (data not shown). The
reference DNA ladder was presented to allow a general comparison of band intensities and ensure
even migration of nucleic acid through the agarose gel. A comparison of product size with the DNA
ladder is not possible because of the secondary structure of native RNA affects the overall rate of
movement through the gel in a different manner to double stranded DNA.

Figure 3.5: Agarose gel image of synthesised cRNA for injection into Xenopus oocytes.
cRNA in vitro transcribed from pGEMXho (1:10 dilution in ddH2O). cRNA products transcribed from
the coding sequences of (Col) AtHKT1;1-Col and (C24) AtHKT1;1-C24. L = 1 kb DNA ladder.

3.4.1.2 TEVC on AtHKT1;1-Col and AtHKT1;1-C24 microinjected Xenopus oocytes
Only healthy looking oocytes, with a neat boundary between animal and vegetal pole, even
colouring, spherical in shape and with a stable resting membrane potential were used for TEVC
experiments. Up to 50 oocytes were microinjected with RNase free water as control or with cRNA
encoding for AtHKT1;1-Col or AtHKT1;1-C24. The resting membrane potential of water-injected
oocytes was typically between -32 and -44 mV. The resting potential can vary greatly between
batches of oocytes and even between individual oocytes due to endogenous transport systems
(Sobczak et al. 2010, Weber 1999).
The applied bathing solutions were designed to test for Na+ and K+ conductance in Xenopus oocytes
microinjected with AtHKT1;1 cRNA. Current densities measured in cRNA-injected oocytes were in
the µA range, whereas they were in the nA range for water-injected oocytes. Data presented are
corrected for currents from water-injected control oocytes.
In response to increasing external [Na+], a shift in Erev to a more positive voltage (Figure 3.6 A and B,
Table 3.3) could be observed for oocytes injected with either allele of AtHKT1;1. A shift from 76 ± 6 mV at 1 mM Na+ to -6 ± 1 mV at 50 mM Na+ was measured in AtHKT1;1-Col injected
oocytes, and similarly, a shift from -74 mV ± 7 at 1 mM Na+ to -7 ± 2 mV at 50 mM Na+ was
measured in AtHKT1;1-C24 injected oocytes. This positive shift of Erev is in the same direction as
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predicted from calculated ENa+ values derived from the Nernst equation (Rubio et al. 1995, Rubio et
al. 1999).
Also, in response to increasing external [K+], a shift in Erev to a more positive voltage could be
observed for both AtHKT1;1 alleles (Figure 3.6 C and D, Table 3.3). However, this shift is not as
uniform as it is with the addition of Na+. For AtHKT1;1-Col injected oocytes, Erev does not change
substantially in the range of 10 mM K+ to 50 mM K+, but is moderately more negative at 1 mM K+.
For AtHKT1;1-C24 injected oocytes, shifts in Erev from -73 ± 14 at 1 mM K+ to -26 ± 9 mV at 50 mM
K+ can be observed. The positive shift of Erev is in the same direction as predicted from calculated
EK+ values derived from the Nernst equation (Rubio et al. 1995, Rubio et al. 1999).

Figure 3.6: I/E-relationships of flux through Xenopus oocytes injected with AtHKT1;1 cRNA.
cRNA derived from Col-0 (A and C) or C24 (B and D) coding sequences. Data presented are
mean±S.E.M. of cRNA injected oocytes, corrected for water controls, n=3-5 oocytes with each 1-3
technical replicates. Only for panel C, the number of oocytes was 2 and 1 for concentrations 30 K
and 50 K, respectively, with 3 technical replicates.

The I/E-relationships presented in Figure 3.6 are used to determine values for Erev and G, which are
presented in the following two figures (Figure 3.7 and Figure 3.8). It should be noted that the x-axis is
referring to Na+ and K+ activity (in mM), not the concentration, as the activity describes the amount of
ion available for transport through the transport protein and is therefore more precise than
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concentration. The conductance of Na+ and K+ by AtHKT1;1-Col and AtHKT1;1-C24 increases with
increasing Na+ and K+ activity (Figure 3.7 and Table 3.3). Interestingly, the conductance by
AtHKT1;1-Col over a range of Na+ and K+ activities appear very similar, while the Na+ and K+
conductance by AtHKT1;1-C24 differ (Figure 3.7). The K+ conductance by AtHKT1;1-C24 has lower
values than the Na+ conductance and does not increase as much with increasing K + activity
(Figure 3.7 B and Table 3.3).
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Figure 3.7: Conductance of Na+ and K+ by AtHKT1;1 expressing oocytes.
Conductance (in µS) of Na+ and K+ (A) by AtHKT1;1-Col or (B) AtHKT1;1-C24 injected oocytes in
bathing solutions of differing Na+ and K+ activities. Data presented are mean±S.E.M. of cRNAinjected oocytes, corrected for water controls; n = 3-5 oocytes with 1-3 technical replicates.

The Erev of Na+ and K+ in AtHKT1;1-Col and AtHKT1;1-C24 expressing oocytes increases with
increasing Na+ and K+ activity (Figure 3.8 and Table 3.3). In AtHKT1;1-Col expressing oocytes, the
Erev for Na+ increases almost linear, and the magnitude of change in E rev is greater for Na+ (from
 -76 mV to  -6 mV) than for K+ (from  -34 mV to  -6 mV) (Figure 3.8 A). Also for AtHKT1;1-C24
expressing oocytes Erev is changing in greater magnitude for Na+ (from  -74 mV to  -7 mV) than
for K+ (from  -73 mV to  -26 mV) (Figure 3.8 B).
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Figure 3.8: Reversal potential (Erev) of Na+ and K+ in AtHKT1;1 expressing oocytes
Reversal potential (in mV) of Na+ and K+ (A) in AtHKT1;1-Col or (B) AtHKT1;1-C24 injected oocytes
in bathing solutions of differing Na+ and K+ activities. Data presented are mean±S.E.M. of cRNAinjected oocytes, corrected for water controls; n = 3-5 oocytes with 1-3 technical replicates.

Table 3.3: Numeric values for conductance (G) and reversal potential (Erev) of AtHKT1;1-Col
and AtHKT1;1-C24 injected oocytes in the presence of varying Na+ and K+ concentrations and
the corresponding activity. Results are mean ± SEM, n = 3-5 oocytes with 1-3 technical
replicates.
Treatment

Activity

1 mM Na+

Conductance (µS)

Erev (mV)

HKT1;1-Col

HKT1;1-C24

HKT1;1-Col

HKT1;1-C24

0.9 mM Na+

67 ± 7

31±5

-76 ± 6

-74 ± 7

10 mM Na+

8.4 mM Na+

106 ± 12

61 ± 7

-40 ± 2

-42 ± 2

Na+

Na+

150 ± 15

90 ± 11

-19 ± 3

-20 ± 1

30 mM

24.5 mM

50 mM Na+

40 mM Na+

154 ± 27

107 ± 14

-6 ± 1

-7 ± 2

1 mM K+

0.9 mM K+

78 ± 21

28 ± 4

-34 ± 7

-73 ± 14

10 mM K+

8.4 mM K+

105 ± 38

32 ± 5

-13 ± 12

-57 ± 11

K+

K+

133 ± 44

38 ± 6

-12 ± 3

-42 ± 11

40.3 mM K+

129 ± 3

66 ± 12

-6 ± 1

-26 ± 9

30 mM

50 mM K+

24.6 mM

3.4.2 Analyses of transport characteristics in the yeast S. cerevisiae
3.4.2.1 Generating yeast strains expressing AtHKT1;1-Col and AtHKT1;1-C24
For expression in yeast, open reading frames of AtHKT1;1-Col and AtHKT1;1-C24 were recombined
from pCR8 vectors into the pYES2-DEST52 vector (Figure 3.9). The nucleotide sequences of the
inserted genes were determined and were found to be correct (data not shown). The expression
vector contains a galactose inducible promoter (GAL1), allowing gene expression only when
galactose is the carbon source. Gene expression is not initiated in the presence of glucose. Both
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yeast strains, INVsc2 and B31, were used for transformation with pYES2-DEST52 containing
AtHKT1;1-Col or AtHKT1;1-C24. In addition, yeast strain INVsc2 transformed with pYES2-DEST52
containing the open reading frame of TmHKT1;5-A, a wheat homolog, was kindly provided by Mr. Bo
Xu (University of Adelaide, Australia). TmHKT1;5-A expression has been shown to severely limit
yeast growth on media containing Na+ (Munns et al. 2012) and was therefore used as a positive
control.

Figure 3.9: Vector map of the pYES-DEST52 vector containing either the AtHKT1;1-Col or
AtHKT1;1-C24 coding sequence.
The pYES2-DEST52 vector containing the coding sequence of the desired AtHKT1;1 allele for
expression of AtHKT1;1 in S. cerevisiae. Features are detailed in Figure 3.3.

3.4.2.2 Growth phenotypes of AtHKT1;1 expressing yeast on solid growth media
For yeast growth assays, decimal dilutions of wild type yeast (INVSc2) and salt sensitive B31 yeast,
expressing the AtHKT1;1 genes, were pipetted onto plates containing different growth media ± NaCl
and ± KCl. To establish the optimal concentration of NaCl in solid yeast media, where inhibition of
yeast growth can be observed, a range of NaCl concentrations were tested at 25 mM, 50 mM,
100 mM and 200 mM NaCl in SD-Gal agar media containing the appropriate amino acids (data not
shown). It was observed that the growth of yeast was severely limited under all tested conditions;
therefore, data is only shown for the addition of ± 50 mM NaCl (Figure 3.10 A). Under control
conditions with glucose, which suppresses gene expression, all yeast cultures show strong growth
(Figure 3.10 A), indicating that the yeast cultures are viable and suitable for growth assays. The
growth of INVSc2 and B31 yeast transformed with the control empty vector on SD media containing
galactose ± 50 mM NaCl, which induces gene expression, is as strong as on glucose, indicating that
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the addition of 50 mM NaCl is not lethal for either yeast strain (Figure 3.10 A). INVSc2 and B31
expressing AtHKT1;1-Col and TmHKT1;5-A show entire growth inhibition in the presence of
galactose, 0 mM or 50 mM NaCl on SD media (Figure 3.10 A). Interestingly, AtHKT1;1-C24
expressing INVSc2 yeast shows moderate growth on SD-Gal 0 mM NaCl, but is also fully inhibited in
the presence of 50 mM NaCl.
The inhibition of yeast growth on SD-Gal media even without additional NaCl was strong.
Consequently, the Na+ content of SD media was determined using flame photometry (model 420
Flame Photometer, Sherwood Scientific Ltd, Cambridge, United Kingdom). The Na + content was
found to be moderately high with 2 mM Na+, possibly causing the poor growth of yeast on SD-Gal
media. Accordingly, AP media was chosen for the growth assay, as it contains only approximately
5 µM Na+ and had previously been used for studies on HKTs (Munns et al. 2012). SD media is
purchased as a premixed powder, based on ammonium sulphate, while AP media is based on
arginine-phosphate and has all components, including vitamins, added separately, allowing for the
Na+ content to be controlled.
Strong growth of INVSc2 and B31 was also observed on AP media containing glucose as a control
(Figure 3.10 B). However, while the empty vector control in INVSc2 yeast grew well on APGal ± NaCl, the B31 empty vector control yeast only grew on AP-Gal with 0 mM NaCl, while 50mM
NaCl was lethal to B31 yeast as complete growth inhibition was observed (Figure 3.10 B). Similarly
to SD media, on AP media full growth inhibition was observed for AtHKT1;1-Col and TmHKT1;5-A
expressing yeast (both INVSc2 and B31) and moderate growth could be observed for AtHKT1;1-C24
expressing INVSc2 yeast.
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Figure 3.10: Representative growth phenotypes of S. cerevisiae strains InvSc2 and B31
expressing AtHKT1;1 on media containing NaCl.
The two yeast strains InvSc2 and B31 expressing either AtHKT1;1-Col, AtHKT1;1-C24, TmHKT1;5-A
and empty pYES-DEST52 on (A) SD or (B) AP media supplemented with ± NaCl. 10 L of yeast
were applied to the medium at an OD600 of 0.6 and in 4 decimal dilutions. Plates were based on SD
or AP media as indicated. Control plates contained glucose as carbon source, all other plates
contained galactose. Plates were supplemented with the indicated amount of NaCl. Presented data
are representative of three biological replicates (independently transformed yeast colonies) and at
least three technical replicates.

It is widely accepted that AtHKT1;1 proteins are important for Na+ transport activity (Hauser and
Horie 2010, Horie et al. 2009, Platten et al. 2006), however the preliminary experiments in Xenopus
oocytes could also suggest a potential role for K+ transport – at least when the protein is expressed
in a heterologous system and in the absence of Na+. This led to the decision to also evaluate the
phenotype of AtHKT1;1 expressing yeast in response to K+ (Figure 3.11). K+ is essential for yeast
growth and not regarded as being toxic (Uozumi et al. 2000); therefore, K+ uptake is not expected to
inhibit yeast growth.
The phenotype of transformed yeast on glucose media and on galactose media without KCl
(0 mM KCl) (Figure 3.11) is conform to previous observations for NaCl (Figure 3.10 A and B).
Interestingly, it appears that with addition of 50 mM KCl, AtHKT1;1-C24 expressing wild type yeast
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has slightly improved growth, while growth of AtHKT1;1-Col expressing wild type yeast remains fully
inhibited on both SD-Gal and AP-Gal media (Figure 3.11 A and B). In the case of the salt sensitive
B31 yeast, both AtHKT1;1-Col and AtHKT1;1-C24 expressing yeast show moderately improved
growth with the addition of 50 mM KCl as opposed to no addition of KCl (Figure 3.11).

Figure 3.11: Representative growth phenotypes of S. cerevisiae strains InvSc2 and B31
expressing AtHKT1;1 on media containing NaCl.
The two yeast strains InvSc2 and B31 expressing either AtHKT1;1-Col, AtHKT1;1-C24, TmHKT1;5-A
and empty pYES-DEST52 on (A) SD or (B) AP media supplemented with ± KCl. 10 L of yeast were
applied to the medium at an OD600 of 0.6 and in 4 decimal dilutions. Plates were based on SD or AP
media as indicated. Control plates contained glucose as carbon source, all other plates contained
galactose. Plates were supplemented with the indicated amount of KCl. Presented data are
representative of three biological replicates (independently transformed yeast colonies) and at least
three technical replicates.
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3.4.2.3 Functional assay of AtHKT1;1 expressing yeast in liquid media
In the previous section, a strong inhibition of yeast growth on plates containing SD-Gal and AP-Gal
even without additional NaCl was observed (section 3.4.2.2). Therefore, an assay based on liquid
yeast cultures was also performed. Any impurities contained in the agar, possibly causing growth
inhibition, are excluded and growth dynamics may be better quantified.
Initially, a 96-well plate was used to measure yeast growth over time using a plate reader, which had
the ability to shake the plate in between OD600 measurements. However, the pH of the cultures did
not remain constant and dropped to approximately pH 3, even when biological buffers, such as MES,
were used to buffer the solution (data not shown). The acidification of cultures may have influenced
growth, as generally growth curves were not sigmoidal and OD600 values appeared very irregular
(data not shown). The small culture volume of 100 µL and sealed compartments may not have
allowed for sufficient aeration of the yeast cultures. Hence it was decided to determine growth curves
in 50 mL falcon tubes and to manually determine OD600 values periodically over 3 d. Yeast cultures,
derived from three independent transformation events per construct, were evaluated in SD media in
the presence of glucose as control, and in the presence of galactose ± 50 mM NaCl and ± 50 mM
KCl. The wild type strain INVSc2 (Figure 3.12) and B31 (Figure 3.13) were subject to evaluation.
Only SD media was evaluated since the plate experiments had shown that results are not
substantially different between SD and AP media.
Similar to growth on solid yeast media (Figure 3.10), all transformed INVSc2 yeast grew similarly in
the presence of glucose, quickly reaching a plateau (Figure 3.12 A). In the presence of galactose,
AtHKT1;1-C24 expressing yeast grew similar to yeast transformed with the empty vector, while the
growth of AtHKT1;1-Col and TmHKT1;5-A expressing yeast was notably reduced, also showing a
greater lag phase (Figure 3.12 B). In the presence of 50 mM NaCl and 50 mM KCl, yeast
transformed with the empty vector had a short lag phase and quickly reached a plateau (Figure 3.12
C and D). AtHKT1;1-C24 expressing yeast had a moderately shorter lag phase as compared to
AtHKT1;1-Col and TmHKT1;5-A expressing yeast when grown under both 50 mM NaCl and KCl,
conforming with observations from solid growth media (Figure 3.12 C and D).
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Figure 3.12: Growth curves of wild type S. cerevisiae (INVSc2) expressing AtHKT1;1.
AtHKT1;1 expressing InvSc2 yeast was grown in 5 mL SD media. Figures (A-D) display OD600
readings over 3 d of growth in SD media containing (A) Glucose, (B) Galactose, (C) Galactose +
50 mM NaCl and (D) Galactose + 50 mM KCl. Data presented is mean ± SEM (n=3 independently
transformed yeast lines). Some error bars may be smaller than the symbols.

In agreement with solid growth media, B31 transformed yeast grew similarly in the presence of
glucose, quickly reaching a plateau (Figure 3.13 A). In the presence of galactose ± 50 mM NaCl or
± KCl, yeast transformed with the empty vector grew similarly well to glucose (Figure 3.13 A-D). A
strong inhibition of growth was observed for AtHKT1;1-C24 and AtHKT1;1-Col-0 expressing yeast
grown in the presence of galactose ± 50 mM NaCl or ± KCl (Figure 3.13 B-D). A moderately better
growth was observed for AtHKT1;1-C24 expressing yeast when exposed to 50 mM KCl (Figure 3.13
D).

59

Chapter 3: Functional characterisation of AtHKT1;1 in heterologous expression systems

Figure 3.13: Growth curves of the salt sensitive S. cerevisiae (strain B31) expressing
AtHKT1;1.
AtHKT1;1 expressing InvSc2 yeast was grown in 5 mL SD media. Figures (A-D) display OD600
readings over 3 d of growth in SD media containing (A) Glucose, (B) Galactose, (C) Galactose +
50 mM NaCl and (D) Galactose + 50 mM KCl. Data presented is mean ± SEM (n=3 independently
transformed yeast lines). Some error bars may be smaller than the symbols.
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3.5

Discussion
3.5.1 HKT1;1-Col and AtHKT1;1-C24 display Na+ transport characteristics

To address the hypothesis that AtHKT1;1-Col and AtHKT1;1-C24 both have Na+ transport
properties, electrophysiological measurements in Xenopus oocytes and functional assays in yeast
were performed. The results obtained from both expression systems suggest Na + transport
capacities for both HKTs.
In oocytes, the increase in G and positive shift of E rev with increasing [Na+] (Figure 3.6 A and B and
Figure 3.7 A) is in accordance with previous reports that AtHKT1;1 mediates Na+ influx into Xenopus
oocytes (Byrt 2008, Uozumi et al. 2000). Values of Erev for Na+ containing bathing solutions were in
the same range as observed before by Uozumi et al. (2000) and Byrt (2008) and also shifted to more
positive values with increasing [Na+], which is consistent with calculated ENa+ values derived from the
Nernst equation. Yeast expressing the AtHKT1;1 genes displayed a strong growth reduction even on
SD media with 0 mM additional NaCl. The reduction in growth could be caused by either an increase
in toxic substances in the yeast cells (for example Na+) or due to toxicity caused by over-expression
of the AtHKT1;1 genes driven by the strong GAL1 promoter (Johnston 1987). SD media contains
approximately 2 mM NaCl, which may be toxic to the cells when taken up. Consequently AP media,
containing only approximately 5 M NaCl was tested, which also led to a strong reduction in yeast
growth. However, the observed growth inhibition is likely due to Na+ toxicity, rather than toxicity due
to AtHKT1;1 over-expression, as growth of AtHKT1;1 expressing yeast could be observed when
grown on 50 mM KCl and galactose when on both SD and AP.
Although it may appear that the conductance of AtHKT1;1-Col expressing oocytes is greater than
that of AtHKT1;1-C24 expressing oocytes (Figure 3.7 and Table 3.3), it is not appropriate to compare
the two, since the protein quantity was not determined. To further test the hypothesis that AtHKT1;1C24 mediates less overall Na+ transport than AtHKT1;1-Col and the observations made were not
artefacts of the experimental conditions, future experiments should test whether reduced Na+ fluxes
are due to AtHKT1;1-C24 transport characteristics and not due to protein abundance in the
expression system. In oocytes, care was taken to microinject with exactly the same amount of cRNA
into each oocyte, however, the amount of protein that is functionally integrated into the oocyte’s
membrane may differ. The coding sequence between the Col-0 and C24 AtHKT1;1 alleles differs in
22 nucleotides, which might lead to inconsistencies in expression efficiency, hence altering the
amount of total AtHKT1;1 protein produced in the oocyte and yeast cell. The resulting 9 predicted
amino acid changes could also influence the protein structure, affecting the efficiency with which the
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protein is incorporated into the membrane. Future experiments for both systems could therefore
include qPCR to ensure equal AtHKT1;1 expression levels and an ELISA analysis or Western blot
would allow to determine the total amount of AtHKT1;1 protein. The antibody for an ELISA or
Western blot could be directed against the AtHKT1;1 protein itself, i.e. using the antibody generated
by Sunarpi et al. (2005), or by using an epitope tag. AtHKT1;1 fused to epitope tags have previously
been studied in Xenopus oocytes, while N-terminus GFP or FLAG tag fusions appeared to have only
minor impact on Na+ transport, C-terminal fusions were found to substantially impair Na+ transport
(Kato et al. 2003). Fluorescent epitope tags could also be used to analyse if the protein is correctly
localised at the membrane using confocal microscopy. It should be noted that the exact size of each
oocyte was not determined and therefore, the size difference was not taken into account for the
analysis. Differences in oocyte size may have influenced comparison of I-E-relationships and
therefore may have influenced calculated values for G and Erev. Transport properties of a single
AtHKT1;1 protein in an oocyte could be studied using the patch clamp technique (Methfessel et al.
1986).
For many proteins, posttranslational modifications are important for accurate functionality (Kwon et
al. 2006). The nine amino acid changes, predicted in the AtHKT1;1-C24 protein compared to
AtHKT1;1-Col, could alter sites of posttranslational modifications and hence result in insufficient
activation. A N-glycosylation site in position N429 has been reported previously (Kato et al. 2001),
but is not predicted to be different between the Col-0 and C24 HKT proteins (data not shown), as
determined using the program NetNGlyc (Gupta et al. 2004). Another often occurring
posttranslational modification is phosphorylation (Kwon et al. 2006). Phosphorylation sites were
predicted using the program NetPhos2.0 (Blom et al. 1999). Only predicted sites that are accessible
to potential kinases are of importance, therefore only sites in the cytoplasmic loops were considered
(Supplementary Figure 8.4). AtHKT1;1-Col has 7 predicted phosphorylation sites in the cytosolic
loops of the protein, of which AtHKT1;1-C24 is missing one (in position S384). The importance of this
phosphorylation site for Na+ transport activity may be further analysed by evaluating mutated
proteins in the Xenopus oocyte and yeast expression systems. Constructs could be generated that
have the phosphorylation site altered, using site directed mutagenesis, to abolish the
phosphorylation site in the Col-0 version, by replacing the S384 with A384 or F384, or to potentially
mimic a permanent phosphorylation in the C24 version by replacing S384 with E384 (Pearlman et al.
2011). These constructs could be transformed into oocytes and yeast, and the importance of the
phosphorylation site on the activity of the protein determined.
In yeast, proteins can be targeted to the plasma membrane and/or the tonoplast. For AtHKT1;1
expressing yeast cells, a reduction in growth is expected when AtHKT1;1 is localised to the plasma
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membrane, mediating Na+ uptake and therefore leading to Na+ toxicity. It is possible that, due to the
variation in amino acid sequence or protein abundance, AtHKT1;1-C24 is also localised to the
tonoplast, therefore mediating less Na+ uptake from the external media, and possibly even mediating
the compartmentalisation of Na+ into the vacuole, resulting in reduced Na+ toxicity for the yeast cell.
Future studies should therefore determine protein abundance and localisation as described above to
clarify AtHKT1;1-C24 function.
An additional method to validate Na+ uptake into yeast cells and oocytes would be the direct
measurement of Na+ flux using radiolabelled 22Na+ (Plett et al. 2010). This would allow a comparison
of 22Na+ uptake by yeast cells and oocytes expressing the two AtHKT1;1.

3.5.2 HKT1;1-Col and AtHKT1;1-C24 also display K+ transport characteristics
While Na+ transport in AtHKT1;1 expressing oocytes was expected based on previous studies
(Uozumi et al. 2000, Byrt, 2008), it was not clear if currents in the presence of K+ would be observed.
It appears that at K+ concentrations in the high mM range, K+ currents are detected in AtHKT1;1
expressing oocytes, while at K+ concentrations in the low mM range only minor changes in E rev and
G can be observed (Figure 3.6 C and D and Figure 3.7). In Table 3.4 the different AtHKT1;1 alleles
are compared with respect to changes in Erev and G in response to increasing [K+], including a
comparison to two previous studies by Uozumi et al. (2000) and Byrt (2008). Uozumi et al. (2000)
analysed currents in the presence different ions, at -120 mV currents were only observed in the
presence of 100 mM Na+, but not in the presence of 100 mM K+, Rb+, Li+ or Cs+. However, the
oocyte bathing solution used by Uozumi et al. (2000) contained 88 mM Na+ and it cannot be
excluded that the Na+ and K+ ions influence each other for transport through AtHKT1;1. Both this
study and Byrt (2008) used bathing solutions without additional Na+ and observed currents at 50 mM
K+. It is necessary to test the combination of both Na + and K+ in the same bathing solution to gain
further insights into whether K+ transport through AtHKT1;1 occurs. No strong conclusions can
therefore be drawn to compare transport properties of AtHKT1;1-Col and AtHKT1;1-C24 until further
experiments validate the observations. Unfortunately, it was only possible to analyse two individual
batches of oocytes due to oocyte quality and time restrictions. Oocytes were harvested on a regular
basis from different X. laevis individuals, but most batches of oocytes did not have a healthy
appearance and were therefore not chosen for experiments. The reduced quality of oocytes can be
associated to the old age of the frogs used in these studies. Young X. laevis individuals were
purchased, but their arrival is to this day has been delayed due to Australian quarantine regulations.
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Table 3.4: Shift of Erev and conductances of AtHKT1;1 alleles in response to increasing [K+]
Allele
Col-0
C24
Ler (Uozumi et
al. 2000)
Col-0
(Byrt 2008)

Erev shift with increasing [K+]

Conductance with increasing [K+]

1 to 10 mM K+: moderately positive shift

1 to 30 mM K+: tendency for increase

10 to 50 mM K+: no shift

30 to 50 mM K+: remains high

1 to 50 mM K+: positive shift

1 to 10 mM K+: no shift

1 to 30 mM K+: does not change
30 to 50 mM K+: increases
1 to 10 mM K+: no increase. No
currents observed when incubated in
100 mM K+
1 to 10 mM K+: does not change

1 to 50 mM K+: positive shift

10 to 100 mM K+: increases
moderately

For further evidence of AtHKT1;1 mediated K+ transport, the yeast expression system was
employed. An improved growth phenotype on media containing 50 mM KCl could be observed,
suggesting that AtHKT1;1 could potentially be involved in K+ transport (Figure 3.11 and Figure 3.13).
The uptake of K+ is generally not toxic to yeast; indeed K+ uptake is essential for yeast growth. Yeast
expressing AtHKT1;1-C24 grew better with SD media containing 50 mM KCl as compared to 0 mM
NaCl/KCl, while growth of the AtHKT1;1-Col expressing yeast remained inhibited in the INVSc2
strain. In case of the B31 strain, both, AtHKT1;1-C24 and AtHKT1;1-Col expressing yeast improved
growth on 50 mM KCl as compared to 0 mM KCl. This leads to the suggestion that AtHKT1;1-C24
and possibly AtHKT1;1-Col may also be involved in K+ transport. Unfortunately, these results are not
conclusive, as the yeasts’ endogenous K+ transport systems, TRK’s, could have influenced growth.
Ideally, a yeast mutant defective in its K+ uptake system, such as the CY162 mutant, which is
deficient in the TRK1 and TRK2 K+ transporters, should be used in future experiments to evaluate K+
transport properties. This strain has been previously used to test for K + transport activity of
AtHKT1;1-Ler; though, it did not appear to be able to complement yeast growth (Uozumi et al. 2000).
If AtHKT1;1 was able to mediate K+ uptake, it would allow the yeast strain deficient in a K+ uptake
system to grow; however, a suitable mutant was not available at the time in the laboratory. It should
also be noted that the choice of construct for expression of AtHKT1;1 in yeast might have an
influence on the resulting transport properties (Haro et al. 2005). Further support that AtHKT1;1
mediates K+ transport, when analysed in a heterologous expression system, is presented by Uozumi
et al. (2000) who show that an E.coli strain defective in its K+ uptake system was complemented by
AtHKT1;1-Ler. However, the bacterial expression system was not further tested in this study.
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Similarly to above, an additional method to validate K + uptake into yeast cells and oocytes is a direct
measurement of K+ flux by using short-term measurements of radiolabelled 42K+. This would allow a
comparison of 42K+ uptake by yeast cells and oocytes expressing AtHKT1;1-C24 and AtHKT1;1-Col.
The yeast strain should be deficient in its K+ transport system to minimise background signal. The
Xenopus oocyte expression system could additionally be used to establish whether AtHKT1;1 is
permeable for Na+ and K+ concurrently, and to test whether the ions influence each other with
regards to transport characteristics by utilising bathing solutions with different combinations of [Na+]
and [K+].
Besides evidence from heterologous expression systems, other evidence for K+ transport properties
of AtHKT1;1 is essential before any firm conclusions can be made. The analysis of transport proteins
in isolation allows to study transport properties without the influence of endogenous transporters,
however, this isolation also poses one of the greatest disadvantages - some transport proteins
require activation by other proteins, such as the guard cell anion channel SLAC1, which needs to be
co-localised with the protein kinases OST1 to function (Geiger et al. 2009). Ideally, AtHKT1;1 activity
is to be measured in the intact plant cell. A very elegant study by Xue et al. (2011) has analysed
protoplasts derived from the athkt1;1-4 loss-of-function mutant and compared Na+ and K+ fluxes to
wild type protoplasts using electrophysiology. In the root, AtHKT1;1 expression is mostly limited to
the stele, this restriction was overcome by using protoplasts derived from GFP labelled stelar cells
for electrophysiological experiments. A lack of Na+ transport activity in the mutant protoplasts, as
opposed to the wild type protoplasts, could clearly be identified; while K+ transport was
indistinguishable between the mutant and the wild type (Xue et al. 2011). However, the authors point
out that the lack of K+ fluxes through AtHKT1;1 may be due to the possible down regulation of
AtHKT1;1 expression in the presence of the K+ containing test solution (Xue et al. 2011). AtHKT1;1
has very low expression levels in planta (Chapter 7, Jha et al. (2010) and Sundstrom (2011)), and
additionally a number of endogenous K+ transport systems are present (Maathuis and Amtmann
1999), which potentially limit the detection of differences in K + fluxes mediated by AtHKT1;1. Future
investigation could include the use of the protoplast system with different solution compositions
containing Na+ and K+ at the same time and possibly optimising the technique to obtain protoplasts
with high AtHKT1;1 expression. Other regulatory mechanisms, such as post-translational
modifications to the protein, cannot be excluded and may also have major influence on in planta
function as compared to heterologous expression systems (Xue et al. 2011). To further study
differences in AtHKT1;1-C24 and AtHKT1;1-Col transport properties with regards to Na+ and K+, the
athkt1;1-4 loss-of-function mutant could be transformed with AtHKT1;1-C24 and AtHKT1;1-Col and
tested for complementation of Na+ and K+ transport.
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3.5.3 Conclusion
In this chapter the heterologous expression systems Xenopus oocytes and S. cerevisiae were used
to functionally characterise AtHKT1;1-Col and AtHKT1;1-C24. The presented data suggest that not
only Na+, but also K+ transport may be relevant when AtHKT1;1 is analysed in the Xenopus oocyte
expression system. This has to be confirmed by analysing more batches of oocytes and different Na +
and K+ solution compositions. Also yeast functional assays suggested Na + transport properties with a
potential role for K+ uptake. A strong reduction in growth was observed in AtHKT1;1 expressing
yeast in the presence of Na+, while in the presence of K+, yeast growth was improved as compared
to control conditions. Further experiments with a yeast mutant deficient in its K + uptake systems are
required for conclusive results.
While this chapter was focused on characterising transport properties of AtHKT1;1-Col and
AtHKT1;1-C24, the following chapter will subsequently evaluate expression patterns of the
AtHKT1;1-Col and AtHKT1;1-C24 transcripts.
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Chapter 4 Regulation of AtHKT1;1 expression in Col-0 and
C24 by the promoter sequence
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4.1

Differences in the Col-0 and C24 AtHKT1;1 expression pattern

The pattern of AtHKT1;1 expression in plants has been analysed in a number of studies, using a
variety of different protocols, for instance using promoter::GUS transgenic lines (Berthomieu et al.
2003, Mäser et al. 2002, Sunarpi et al. 2005). For the purpose of this thesis, the ‘promoter region’
refers to the intergenic region between AtHKT1;1 and the preceding gene At4g10300 or a fragment
of the promoter is specified (i.e. 2.7 kb promoter), which refers to the genomic sequence upstream of
the AtHKT1;1 ATG start codon (in this example a fragment 2.7 kb in size immediately upstream of
the ATG start codon). The intergenic region between AtHKT1;1 and At4g10300 is approximately
6.1 kb long in the Col-0 ecotype, but it is unknown whether this region contains the fully functional
AtHKT1;1 promoter.
Early studies of AtHKT1;1 expression used a 837 bp promoter fragment of the Ws AtHKT1;1
promoter sequence to drive GUS expression in transgenic Col-1 plants. These studies detected GUS
activity predominantly in the root stele and leaf vasculature (Mäser et al. 2002, Sunarpi et al. 2005).
Similarly, a 2.3 kb promoter fragment of the Col-0 ecotype was used to drive GUS expression, which
also displayed a root stele and leaf vasculature expression pattern (Berthomieu et al. 2003).
Additionally, AtHKT1;1 transport activity has recently been confirmed in protoplasts isolated from root
stelar using electrophysiological techniques (Xue et al. 2011). Localisation of AtHKT1;1 expression in
the root stele is consistent with the hypothesis that AtHKT1;1 is a transport protein that retrieves Na+
from the xylem into xylem parenchyma cells, and thereby reduces the amount of Na + translocated to
the shoot via the transpiration stream.
A recent study investigated the regulatory elements in the 6 kb Col-0 AtHKT1;1 promoter sequence,
identified a small RNA binding site 2.6 kb upstream of the start codon and two repeat regions 4 kb
upstream of the start codon which were hypothesised to regulate the expression of AtHKT1;1 (Baek
et al. 2011). A diagram of the 6.1 kb Col-0 promoter sequence is depicted in Figure 4.1.

Figure 4.1: Diagram of the Col-0 AtHKT1;1 promoter sequence.
Highlighted in the image are two 700 bp repeat regions in blue and green, positioned 4 kb upstream
of the ATG start codon (marked with an arrow +1) and the small RNA target site, 2.6 kb upstream of
the ATG start codon.
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Various promoter::GUS constructs were tested in a Col-0 background and the root and shoot GUS
activity was imaged in 10 d old plate grown seedlings (Summary in Table 4.1) (Baek et al. 2011).
Strong GUS activity was observed in transgenic lines that used a 2 kb promoter fragment to drive
GUS expression (Baek et al. 2011). Lower levels of GUS activity were detected in roots of transgenic
lines in which GUS was driven by a 5.2 kb promoter fragment (containing both repeat regions and
the small RNA target site), a 4.6 kb promoter fragment (only containing the region Repeat B and the
small RNA target site) and a 3.9 kb promoter fragment (containing only the small RNA target site)
(Baek et al. 2011). When specifically the small RNA target site was deleted in those listed promoter
fragments, GUS activity was increased in both the shoot and root compared to constructs with intact
small RNA binding site (Baek et al. 2011). This GUS analysis, together with methylation studies in
that region, suggest that the small RNA target site is involved in regulating root and shoot AtHKT1;1
expression, via small RNA mediated methylation. However, the repeat region does not appear to be
important for regulating AtHKT1;1 expression in the root, since the 5.2 kb and the 3.9 kb promoter
fragments both lead to similar levels of GUS activity. Nevertheless, specifically in the sos3 mutant
background, an involvement of the repeat region in regulating AtHKT1;1 expression is suggested
(Baek et al. 2011); this will be outlined further in the discussion (4.7.1).

Table 4.1: Summary of results by Baek et al. (2011) analysing GUS activity in Col-0 seedlings
transformed with various AtHKT1;1promoter::GUS constructs.
AtHKT1;1
promoter
fragment (in kb)
5.2
4.6
3.9
5.22
4.62
3.92
2

Repeat region
present1

small RNA binding
site present1

GUS activity in the
root

GUS activity in the
shoot

yes
repeat B only
no
yes
repeat B only
no
no

yes
yes
yes
no
no
no
no

low
low
low
moderate
moderate
moderate
moderate

weak
moderate
weak
strong
strong
strong
strong

presence of repeat region or small RNA binding site in constructs used for promoter::GUS
constructs (refer to Figure 4.1 for details) 2 deletion of small RNA binding site from promoter
1

As mentioned in the introductory chapter, previous studies have shown that AtHKT1;1 is not
expressed in C24 roots, and expression is not induced under salt stress (Jha et al. 2010, Sundstrom
2011). This lack of AtHKT1;1 expression in C24 roots is hypothesised to cause the increase in shoot
Na+ content in C24 plants, as no AtHKT1;1 protein is retrieving Na+ from the xylem, therefore
allowing Na+ to translocate to the shoot. Sundstrom (2011) confirmed the presence of the AtHKT1;1
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gene in the C24 genome, and also detected AtHKT1;1 transcripts in the C24 shoot, but not in the
root. This chapter will investigate the role of the promoter in regulating AtHKT1;1 expression in the
root.

4.2

Col-0 and C24 display substantial differences in the AtHKT1;1 promoter
region

To investigate possible causes for the differences in AtHKT1;1 expression between Col-0 and C24
roots, Sundstrom (2011) determined the nucleotide sequence of 6.1 kb of the Col-0 and C24
AtHKT1;1 promoters and the AtHKT1;1 genes. The genomic DNAs starting from the predicted
preceding gene upstream of AtHKT1;1, At4g10300, to the predicted 3′ end of the AtHKT1;1 gene
were sequenced and compared between the two ecotypes (Figure 4.2). Two regions with major
differences between the Col-0 and C24 promoters are highlighted. A 700 bp region, positioned
approximately 4 kb upstream of the AtHKT1;1 start codon, is repeated twice in the Col-0 AtHKT1;1
promoter (as reported by Baek et al. (2011)), while the C24 promoter has only one 700 bp region.
Also, a 240 bp region immediately upstream of the AtHKT1;1 start codon is highly polymorphic
between Col-0 and C24. This region just upstream of the start codon is bound by transcription and
initiation factors and polymorphisms between the Col-0 and C24 sequence may result in polymorphic
binding sites for these transcription factors. This could consequently cause the differential expression
of the AtHKT1;1 gene in Col-0 and C24. For instance, TATA-box and CAAT-box motifs are involved
in transcription initiation (Joshi 1987, Kusnetsov et al. 1999). A putative TATA-box and two putative
CAAT-box motifs have been identified in the Col-0 promoter (Uozumi et al. 2000). In C24, the
polymorphisms in the 240 bp-region immediately upstream of the AtHKT1;1 start codon result in
disruption of one of the putative CAAT motifs; however, another CAAT motif is introduced at a
different site due to the deletion of one base. The small RNA target site reported by Baek et al.
(2011) is present in both ecotype’s promoters in the same position.
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Figure 4.2: Comparison of the AtHKT1;1 promoter sequence from Col-0 and C24 (modified
from Sundstrom 2011).
(A) alignment of the Col-0 and C24 promoter sequence, highlighting in the Col-0 promoter two
700 bp repeat region with minor sequence differences (blue and green), while the C24 promoter
contains only one of these regions (orange). The small RNA target site (purple) does not differ
between the ecotypes. The black hashed box upstream of the AtHKT1;1 start codon represents the
240 bp-region prior the start codon, which is shown in more detail in panel B. (B) Alignment of the
240 bp region just upstream of the AtHKT1;1 start codon, indicated by the +1 arrow. The orange
boxes mark the putative CAAT-box motifs that may be involved in transcription initiation.

The promoter::GUS analyses performed by Baek et al. (2011) suggested that the repeat region
4.0 kb upstream of the start codon has no influence on regulating expression in the root tissue, as
opposed to the small RNA target site 2.6 kb upstream of the start codon, which appeared to lead to
increased AtHKT1;1 expression levels if absent. The small RNA target site is present in both Col-0
and C24, however, it is possible that altered methylation in this site causes repression of AtHKT1;1
expression in C24. Moreover, the substantial differences identified just prior to the start codon could
lead to the lack of AtHKT1;1 expression in C24. To analyse whether the differences in the promoter
cause the lack of AtHKT1;1 expression in C24, this study tested the promoter activity in planta.
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4.3

Approaches to test for promoter activity and expression

To analyse whether the C24 promoter causes the lack of AtHKT1;1 expression in C24 roots, several
transgenic lines were generated by Sundstrom (2011). Transgenic lines were generated in which the
2.7 kb fragments of the Col-0 or C24 AtHKT1;1 promoter were used to drive GFP, or in which mixed
promoters that contain the majority of the promoter from one ecotype and 250 bp, just upstream of
the start codon, of the other ecotype’s promoter to drive GFP (Figure 4.3 A). Also, transgenic lines
were generated in which the 2.7 kb fragments of the Col-0 or C24 AtHKT1;1 promoter were used to
drive AtHKT1;1 cDNA (Figure 4.3 B). The 2.7 kb promoter contains the polymorphic region just
upstream of the start codon and the small RNA target site; it does not contain the repeat element, as
it has not been shown to influence expression in root of transgenic Col-0 plants (Baek et al. 2011).
Sundstrom (2011) transformed the constructs into the Col-0, C24 or Col-0 gl1 hkt1-4 background.
The Col-0 gl1 hkt1-4 mutant has a 16 bp deletion in the third exon of AtHKT1;1, leading to a
predicted frame shift, which would cause an altered AtHKT1;1 protein, likely to be non-functional
(Rus et al. 2004). Consistent with the assumption that AtHKT1;1 is not functional in the Col-0 gl1
hkt1-4 mutant, these plants accumulate an increased amount of Na + and have decreased root Na+
content as compared to the background Col-0 gl1 (Rus et al. 2004).
This chapter will refer mostly to the 2.7 kb fragment of the Col-0 and C24 AtHKT1;1 promoter, hence
they will be referred to as pCol-0 and pC24, respectively, and the coding sequence of AtHKT1;1 from
either ecotype will be referred to as Col-0cDNA and C24cDNA, respectively.
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Figure 4.3: Overview of AtHKT1;1 promoter and gene combinations of either GFP or AtHKT1;1
cDNA for in planta analysis.
(A) GFP expression is driven by the 2.7 kb AtHKT1;1 promoter of Col-0, C24 or a mixed promoter
consisting of 2.24 kb of one ecotype’s promoter and 250 bp of the other ecotype’s promoter (just 5′
of the start codon where there are polymorphisms in the sequence between the two ecotypes).
Constructs were transformed into Col-0 and C24 backgrounds for detection of GFP expression (B)
Col-0 or C24 AtHKT1;1 cDNA is driven by 2.7 kb of the Col-0 or C24 promoter. Constructs were
transformed into C24 and the last construct, pC24::C24cDNA was also transformed into the Col-0
gl1 hkt1-4 knock out mutant.

If the promoter is predominantly responsible to regulate AtHKT1;1 expression and therefore causes
the lack of AtHKT1;1 expression in C24 roots, the analysis of promoter::GFP lines will provide
evidence to determine if this is the case. AtHKT1;1 expression is detectable in the stele of Col-0
roots (Berthomieu et al. 2003, Xue et al. 2011), it is therefore expected that pCol-0 is able to drive
GFP expression in the Col-0 background in the same cell type. Oppositely, C24 lacks native
AtHKT1;1 expression in the roots, which would lead to the hypothesis, that GFP expression would
not be detected when driven by pC24 in the C24 background. To test if other factors, such as small
RNAs, are absent/present in C24 that suppress AtHKT1;1 expression, transgenic lines had been
generated in which pCol-0 drives GFP expression in the C24 background. Similarly, to test if the C24
promoter sequence has elements missing and therefore does not lead to gene expression,
constructs had been generated in which pC24 drives GFP expression in the Col-0 background.
Transgenic lines with mixed promoter constructs will test if the region just upstream of the ATG start
codon contains regulatory elements, such as the transcription initiation site, that are interrupted in
C24. The T1 generation of promoter::GFP transformed lines had been tested in preliminary
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experiments and GFP fluorescence was detected (Sundstrom 2011). However, these plants were
subject to severe stress by the selection process, which could impact GFP expression resulting in
false positives. A subsequent analysis of the T2 generation on ½-strength MS media ± 100 mM NaCl
did not lead to any GFP being detected using confocal microscopy (Sundstrom 2011). Plants have
reduced transpiration when grown on ½-strength MS plates due to limitations in airflow and
AtHKT1;1 expression has been reported to be reduced in non-transpiring conditions as opposed to
transpiring conditions (Jha et al. 2010, Sundstrom 2011). As GFP is driven by the AtHKT1;1
promoter, it is possible that its expression is too low under non-transpiring conditions for detection.
Therefore, the objective of this chapter is to test if both the Col-0 and C24 AtHKT1;1 promoters are
able to drive GFP expression in the stele of the root tissue, when grown under transpiring conditions.
Additional constructs were used to test whether the 2.7 kb promoter induces expression of the target
gene in the expected tissue, the root stele, and to test whether C24 may have other regulatory
molecules, such as small RNAs, that cause degradation of the AtHKT1;1 transcript. In these
constructs pCol-0 and pC24 are used to drive expression of the Col-0 and C24 cDNA (Figure 4.3 B).
The constructs were transformed into the C24 background, as it lacks endogenous AtHKT1;1
expression in the root (Sundstrom 2011). The lack of endogenous AtHKT1;1 expression correlates
with an increased Na+ accumulation in the C24 shoot and reduced Na + content in C24 roots. It is
expected that if transgenic lines express a functional AtHKT1;1 in the expected cell type, the stele,
shoot Na+ content will decrease and the root Na+ content will increase. Furthermore, the construct in
which pC24 drives expression of the C24 cDNA was also transformed into the Col-0 gl1 hkt1-4
background. This will demonstrate whether C24 AtHKT1;1 is functional and able to complement the
mutated endogenous AtHKT1;1. Successful complementation would be expected to lead to Na + and
possibly K+ contents comparable to the wild type Col-0. Sundstrom (2011) had tested expression of
the AtHKT1;1 transgene in the T2 promoter::cDNA lines by semi-qPCR, however, the transgenic
lines were previously not tested for functionality of the produced AtHKT1;1 protein by determining the
Na+ and K+ content. These measurements will be completed in this study.
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4.4

Aims of this study

The aim of this study is to characterise the putative promoter region of C24 and Col-0 AtHKT1;1.
Since both ecotypes differ in their AtHKT1;1 expression pattern, with C24 lacking AtHKT1;1
transcripts in the root, the possible role of the promoter region in transcriptional regulation will be
examined. For this purpose, the following points will be addressed:
1. Test if the putative C24 2.7 kb AtHKT1;1 promoter is responsible for the lack of AtHKT1;1
expression in C24 roots.
a. Use promoter::GFP constructs to test if pCol-0 and pC24 are able to drive GFP
expression in both the Col-0 and C24 background.
b. Test if the mixed promoters, in which 240 bp have been replaced with the other
ecotype’s promoter fragment, are able to drive GFP expression.
2. Test whether the putative 2.7 kb AtHKT1;1 promoter results in expression in previously
reported cell types.
a. Test if the GFP expression pattern, when driven by pCol-0 and pC24, is cell type
specific and consistent with previously reported stelar expression in both
background ecotypes, Col-0 and C24.
b. Transgenic lines that express Col-0cDNA and C24cDNA, under control of pCol-0
and pC24 in the C24 and Col-0 gl1 hkt1-4 background are tested: (1) if functional
AtHKT1;1 is produced that causes reduction of shoot Na+ and increase in root Na+
content compared to wild type plants and nulls when plants are exposed to salt
stress and (2) if functional AtHKT1;1 is produced that has an influence on the K+
content in the root and shoot compared to wild type plants and Nulls when plants
are exposed to salt stress.
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4.5

Materials and methods
4.5.1 Salt stress assay of Col-0 and C24 plants using hydroponics

Plants were grown in an aerated hydroponics system for 5 wk (chapter 2.2.4) under short day
conditions (10 h light), before inducing salt stress by application of 100 mM NaCl. To maintain Ca2+
activity in the nutrient solution 0.8 mM CaCl2 was added (determined using Visual MINTEQ 2.30).
Nutrient solution was changed the day before application of salt stress and pH was monitored
regularly to prevent acidification. Salt stress was applied by dissolving the desired amount of NaCl
and CaCl2 in a 500 mL aliquot of nutrient solution, removed from the tank, and pouring the solution
back into the tank under vigorous stirring. The salt treatment was applied 1 h after the light cycle
commenced. For biomass measurements, fresh weight of the whole shoot and root were recorded at
time point 0, 2 d, 5 d and 7 d after salt application. The root was dried for exactly 3 sec between
paper towels and the fresh weight was recorded. To determine Na + and K+ content, the last fully
expanded leaf was removed, its fresh weight recorded and the leaf placed in a 2 mL microfuge tube
for drying at 65 °C o/n. Dried leaves were used for flame photometry to determine the Na+ and K+
content (section 4.5.2). Roots were washed in 10 mM MgSO4 to remove nutrient solution and
contaminating salt. The root was placed in a 2 mL tube and dried at 65 °C o/n. Dried samples were
used for flame photometry to determine the Na+ and K+ content (section 4.5.2). For hydroponically
grown promoter::GFP lines, plants were harvested after 7 d of salt treatment as follows: The last fully
expanded leaf was collected, snap frozen in liquid nitrogen and stored at -80 °C for RNA extraction
(section 2.5.1). One leaf was collected and stored at -20 °C for DNA extraction (section 2.4.1.2) and
the root was divided laterally with one half being collected, snap frozen in liquid nitrogen and stored
at -80 °C for RNA extraction (section 2.5.1), with the other half remaining attached to the shoot and
being immediately subject to analysis by confocal microscopy (section 4.5.4). At least three replicate
plants were kept intact for confocal analysis (no tissue removed), to ensure fluorescence was not
detected as an artefact caused by taking tissue samples.

4.5.2 Measurement of Na+ and K+ content using flame photometry
Samples from hydroponically grown plants were harvested to determine the Na+ and K+ content in
the youngest fully expanded leaf and the root. Dry weights of the leaf and root samples were
recorded and 2 mL of 1 % (v/v) nitric acid was added to the plant tissue. Samples were digested at
65 °C o/n. For flame photometry, 1:10 dilutions of these digests were made using 2 mL sterile MQ
water. The Na+ and K+ contents of tissue samples were determined using a model 420 Flame
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Photometer (Sherwood Scientific Ltd, Cambridge, United Kingdom) calibrated to known
concentrations of Na+ and K+.

4.5.3 Plant material: promoter::GFP and promoter::cDNA transgenic lines
Seeds of T2 transgenic lines, transformed with constructs detailed in Figure 4.3, were obtained from
Dr. Joanna Sundstrom (University of Adelaide, Australia). For promoter::GFP lines, the promoter
sequences had been recombined into the expression vector pMDC107, originating from Curtis and
Grossniklaus (2003), which contains the GFP sequence and allows selection of transformed lines on
hygromycin (general vector map in Supplementary Figure 8.6). The sequences of
promoter::AtHKT1;1cDNA constructs had been recombined into the expression vector pMDC100
(Curtis and Grossniklaus 2003), and allowed selection of transgenic plants on kanamycin, mediated
by the NptII gene (general vector map in Supplementary Figure 8.7). The destination vector was
modified by Sundstrom (2011) to include a nosT termination sequence after the inserted gene.
Plants that do not contain the transgene due to the segregation in the T2 generation are referred to
as null segregants, or nulls for short. These were identified by performing a PCR on genomic DNA
(section 2.1.1) with primers amplifying a fragment of GFP (primers GFPi F and GFP R) or the
selection maker gene NptII (primers listed in Table 4.2).

4.5.4 Analysis of GFP fluorescence by confocal microscopy
The roots of Col-0, C24 and T2 AtHKT1;1promoter::GFP transgenic lines were imaged using a Zeiss
Axioskop 2 mot plus LSM5 PASCAL laser scanning microscope, equipped with an argon laser (Carl
Zeiss, Jena, Germany). To obtain an improved visualisation of cell types for localisation of GFP
fluorescence, the cell walls of root tissue were stained by incubating the roots in 10 g mL-1
propidium iodide at room temperature for approximately 5 min and before rinsed in H2O for 5 to
10 min. Roots were mounted on glass slides under cover slips for imaging. Propidium iodide was
detected using an excitation of 543 nm and a long pass 560 nm emission filter and displayed as red
in images. GFP fluorescence was detected using an excitation of 488 nm and an emission of 505530 nm and presented as green in images. Transmitted light images are presented in grey scale.
Images were captured using PASCAL (version 4.2.0.121; Carl Zeiss Microimaging GmbH, Jena,
Germany). Representative images are displayed of three hydroponics experiments with at least three
independent transgenic lines per construct and a minimum of three biological replicates (unless
stated otherwise).
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4.5.5 Analysis of GFP and AtHKT1;1 transcripts in T2 AtHKT1;1promoter::GFP
and AtHKT1;1promoter::cDNA lines
For analysis of T2 AtHKT1;1promoter::GFP and AtHKT1;1promoter::cDNA transgenic lines, the
expression of GFP and AtHKT1;1-cDNA, respectively, was detected using RT-PCR. For RT-PCR,
RNA was extracted from shoot and root samples collected as described above (section 4.5.1). Total
RNA was DNase treated and cDNA was synthesised using an oligo d(T)20 primer (sections 2.5.2). To
evaluate cDNA quality, a 180 bp fragment of Actin2 transcripts was PCR amplified (using Actin2 F
and R primers). To determine GFP expression, a 234 bp fragment of GFP transcripts was also PCR
amplified (with GFPi F and R primers) using Platinum Taq DNA polymerase (section 2.1.1) and
visualised using agarose gel electrophoresis (section 2.1.2). To determine AtHKT1;1 expression, two
primer-sets were used. PCR amplification of AtHKT1;1 using the primers HKT1;1_Q_F and
HKT1;1_Q_R lead to amplification of a 130 bp fragment of AtHKT1;1 without distinguishing between
the native transcript and transcripts deriving from the transgene. Additionally, PCR primers
HKT1;1_Q_F and HKT1;1_transgene_R were used for amplification of a 920 bp fragment that is
specific for the transgene. Primers are listed in Table 4.2. To confirm that the DNase treatment was
successful and no contaminating gDNA was present in the cDNA samples, a random subset of
approximately 10 % of the samples was subject to PCR using Actin2 primers specific for genomic
DNA (using Actin2 genomic F and R primers). The use of primer pair Actin 2 F and R only leads to
amplification of fragments from cDNA templates, as the forward primer was designed over an exonintron boundary. The use of the primer pair Actin2 genomic F and R leads to amplification of
fragments from genomic DNA templates, as one of the primers is designed to anneal in the intron
sequence.
Additionally, qPCR (section 2.5.3) was performed on pooled samples of RNA derived from a
separate hydroponics experiment to verify semi-qPCR results (using primers qGFP F and R).
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Table 4.2: Primers used to analyse GFP expression using semi-qPCR
Primer name

Sequence (5′-3′)

Actin2 F

TGAGCAAAGAAATCACAGCACT

Actin2 R

CCTGGACCTGCCTCATCATAC

GFPi F

TCAAGGAGGACGGAAACATC

GFPi R

AAAGGGCAGATTGTGTGGAC

Actin2 genomic F

TGCCAATCTACGAGGGTTTC

Actin 2 genomic R

GAACCACCGATCCAGACACT

qGFP F

TGTCCTTTTACCAGACAACCATTA

qGFP R

CAGCTGTTACAAACTCAAGAAGGA

NptII F

AATGAACTCCAGGACGAGGCAG

NptII R

GTCAAGAAGGCGATAGAAGGCG

HKT1;1_Q_F

TGC AAA CTG CGG ATT TGT CC

HKT1;1_Q_R

TGA GCA AAA CCA AGA AGC AAG G

HKT1;1_Q_F

TGC AAA CTG CGG ATT TGT CC

HKT1;1_transgene_R

GCTGGGTCGAATTCGCCCTTATTCTGC

Product size
180 bp
234 bp
544 bp
104 bp
612 bp
130 bp
920 bp

4.5.6 Northern Blot to determine GFP expression
Northern Blot analysis was performed to evaluate GFP transcript abundance. This method allows the
detection of transcripts of interest by hybridising a radioactively labelled probe against a specific
fragment of the transcript of interest. As opposed to qPCR, no reverse transcription is required, the
transcripts are detected directly.
The RNA of salt treated plants was pooled to obtain a sufficient amount of RNA for analysis
(approximately 20 g in a volume of 5 L).

4.5.6.1 Denaturating gel preparation
All equipment and vessels used were autoclaved twice or treated with RNAzap (Cat. # R2020,
Sigma-Aldrich, Castle Hill, Australia) following the manufacturer’s instructions. Samples were
separated in a formaldehyde-agarose gel [1.5 % (w/v) agarose, 2 % (v/v) formaldehyde, 20 mM 3(N-morpholino)propanesulfonic acid (MOPS), 8 mM NaOAc·3H2O and 1 mM EDTA]. The agaroseformaldehyde gel was subject to electrophoresis at 80 V for 45 min in 1x MOPS electrophoresis
buffer (20 mM MOPS, 8 mM NaOAc·3H2O and 1 mM EDTA) before samples were loaded onto the
gel. Once the samples were loaded, electrophoretic separation was performed at 80 V for
approximately 2 h, until the RNA was sufficiently separated.
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4.5.6.2 RNA sample preparation
To 5 L of RNA 5 L of 2 × sample buffer (50 % (v/v) deionised formamide, 0.5× MOPS, 6% (v/v)
formaldehyde, 0.2 mg·mL-1 ethidium bromide, 10 mM EDTA, pH 8.0) was added and incubated at
65 °C for 5 min to denaturate RNA and then immediately incubated on ice for 5 min. 2 L of blue
buffer (50 % glycerol, 50 mM EDTA, 2.5 % (w/v) bromophenol-blue, 2.5 % (w/v) xylene cyanol) was
added before loading the gel.

4.5.6.3 RNA transfer onto nylon membrane
RNA was transferred from the agarose formaldehyde gel onto a Biodyne® B Nylon Transfer
Membrane, 0.45 µm (Cat. # 60202, Pall Corporation, Cheltenham, Australia) using the setup
displayed in Figure 4.4. A sponge was soaked in 20× SSC transfer buffer (3 M NaCl, 0.3 M trisodium citrate) and placed in a plastic tray filled with transfer buffer. Filter paper was placed on top of
the sponge, followed by a plastic screen, which has a cut-out for the gel, ensuring the transfer buffer
only migrates through the gel and not directly into the tissue in the top layers. The agarose gel was
placed in the hole of the screen so that it is in contact with the filter paper. The nylon membrane is
carefully placed on top of the gel, followed by more filter paper. In all steps it was ensured that no air
bubbles were trapped in between layers, which would interfere with the transfer. A pile of
approximately 5 cm high tissue paper was placed on top to absorb the transfer buffer that migrated
through the setup and covered with a heavy glass plate.

Figure 4.4: Diagram for setup of Northern Blot.
After RNA was separated in a formaldehyde-agarose gel it was transferred onto a nylon membrane
by capillary action.
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4.5.6.4 Hybridisation
A GFP specific probe for hybridisation was generated by PCR using Platinum Taq polymerase using
the

GFP

containing

pMDC107

ATGAGTAAAGGAGAAGAACTTTTCACTGG

plasmid
and

as
RV:

template

(primers

FW:

AAAGGGCAGATTGTGTGGAC

(chapter 2.1.1)). Radioactive labelling of the probe, hybridisation to the membrane and detection of
radioactivity was performed by Ms. Margaret Pallotta (ACPFG, Australia) following the protocol by
Sambrook et al. (1985). Briefly, the GFP probe was oligolabelled with random primers and dCT 32P
using DNA Polymerase I, large (Klenow) fragment. The membrane was blocked with salmon sperm
and Denhardt’s reagent o/n at 42 °C prior to hybridising the probe to the membrane o/n at 42 °C.
The membrane was washed at least four times, then dried and placed into a developer cassette with
film for 7 d at – 80 °C. The developed film was scanned for documentation.
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4.6

Results
4.6.1 Salt stress assay in hydroponically grown Col-0 and C24

Previous research conducted by Shearer (2013) had tested the effect of different NaCl
concentrations (50 mM and 100 mM NaCl) on Arabidopsis ecotype Col-0 grown in hydroponics. Salt
treatment with 100 mM NaCl resulted in visible salt stress symptoms on Col-0 plants, but the plants
were able to survive a 7 d stress period. However, the response of the ecotype C24 to a similar
treatment was unknown, thus, a preliminary experiment was conducted to compare the responses
between Col-0 and C24, with particular focus on whole root/shoot biomass and the root/shoot Na+
and K+ content after 0, 2 d, 5 d and 7 d of treatment with 100 mM NaCl (Figure 4.5 and Figure 4.6).
This will identify the best time point for a more detailed subsequent analysis.
After two days of 100 mM NaCl treatment, no visible symptoms of salt damage could be detected.
However, after 5 days in 100 mM NaCl solution Col-0 plants were notably smaller than 0 mM NaCl
grown plants and showed symptoms of salt stress, such as darker green and purple leaves
(Figure 4.5). The effect was more apparent after seven days of treatment, with the oldest leaves of
Col-0 plants beginning to show symptoms of senescence (Figure 4.5). However, salt stressed C24
plants appeared healthy and visually only slightly smaller than control plants after seven days of
exposure to 100 mM NaCl (Figure 4.5). Under control conditions, both Col-0 and C24 tripled their
shoot (Figure 4.6A) and root (Figure 4.6B) fresh weight over the seven day period. When exposed to
100 mM NaCl, Col-0 did not significantly increase its shoot (Figure 4.6 A) and root (Figure 4.6 B)
fresh weight over the seven day stress period, while C24 was able to significantly increase both
shoot and root fresh weight (ANOVA, p=0.05).
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Figure 4.5: Images of hydroponically grown Col-0 and C24 plants subjected to salt stress.
Representative images of Col-0 and C24 plants grown hydroponically for 4 wk before subjected to
salt treatment with ± 100 mM NaCl commencing on day 0.

Figure 4.6: Shoot and root biomass of hydroponically grown Col-0 and C24 plants subjected
to 100 mM salt stress over a 7 d period.
Fresh weights of (A) whole shoot and (B) whole root tissue of Col-0 and C24 plants, 0 d (light grey
bars), 2 d (medium grey bars), 5 d (dark grey bars) and 7 d (black bars) after treatment with
± 100 mM NaCl. Values are mean±SEM (n=5). ANOVA statistical analyses were performed using
Genstat and the Student-Newman-Keuls test was used for multiple comparisons. Letters indicate
significance at the 0.05 level.

A minor increase in the shoot Na+ content in Col-0 and C24 plants treated with 100 mM NaCl can be
observed two days after NaCl application and is significantly increased at day 5 (Figure 4.7 A), with
C24 accumulating significantly more Na+ in the shoot at day 7 compared to Col-0 (ANOVA, p=0.05).
During the same time period, the shoot K+ content decreases under both control and salt conditions
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in both Col-0 and C24 (Figure 4.7 B). There was no obvious difference between the two ecotypes for
their shoot K+ content (Figure 4.7 B). In the root, the Na+ content significantly increases in Col-0 after
only two days of 100 mM NaCl treatment and increases further by day 7 (ANOVA, p=0.05)
(Figure 4.7 C). In C24, only a minor increase in root Na+ is detected in C24 roots over 7 days of NaCl
treatment (Figure 4.7 C). This increase was not significant (ANOVA, p=0.05). The overall K+ content
in the root remained consistent in C24 and increased moderately in Col-0 under both 0 mM NaCl and
100 mM NaCl during the experimental period (Figure 4.7 D).
As a significant difference in both the shoot and root Na+ content was observed between Col-0 and
C24 after 7 days of 100 mM NaCl treatment, this time point was therefore chosen for subsequent
experiments. At this time point, it would be hypothesised that there is a large difference in the native
expression of AtHKT1;1.

Figure 4.7: Na+ and K+ content in hydroponically grown Col-0 and C24 plants subjected to
100 mM salt stress over a 7 d period.
Presented are the (A) shoot Na+, (B) shoot K+ (C) root Na+ and (D) root K+ content in 6 wk old
hydroponically grown Col-0 and C24 plants treated with ± 100 mM NaCl for 0 to 7 days. The
youngest fully expanded leaf and whole root tissue was analysed using flame photometry at time
point 0 (light grey bars), 2 d (medium grey bars), 5 d (dark grey bars) and 7 d (black bars) after
treatment. Values are mean±SEM (n=5). ANOVA statistical analyses were performed using Genstat
and the Student-Newman-Keuls test was used for multiple comparisons. Letters indicate significance
at the 0.05 level.
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4.6.3 Analysis of GFP expression in AtHKT1;1promoter::GFP transgenic lines
To test whether the putative 2.7 kb AtHKT1;1 promoters from Col-0 and C24 are able to drive GFP
expression in the root stele, transgenic lines had been generated in which pCol-0 or pC24 were
fused to the coding sequence of GFP. Additionally, to specifically test the influence of the last 240 bp
5′ of the ATG start codon, transgenic lines were generated in which GFP is driven by mixed
promoters, in which part of one promoter was replaced with the corresponding fragment of the other
ecotype’s promoter. The T2 generation of these lines was hydroponically grown for 5 wk, followed by
7 d of ±100 mM NaCl treatment. GFP expression was determined using confocal microscopy to
determine localisation of GFP fluorescence. Semi-qPCR was used to verify the presence of GFP
transcripts in cases where GFP fluorescence was below the detection limit of confocal microscopy.
GFP was detected in the roots of all T2 AtHKT1;1promoter::GFP transgenic lines under both 0 mM
and 100 mM NaCl treatments (Figure 4.8 to Figure 4.11). Three independent transformation events
were evaluated per line, where available, with three to five individuals per line. For both transgenic
lines with the mixed promoters in the C24 background (pCol-0/C24::GFP and pC24/Col-0::GFP in
C24), only one and two independent lines were available (Figure 4.11). While present in all lines,
GFP fluorescence was occasionally very weak; therefore, imaging of wild type plants was always
performed using the same microscope settings, to distinguish between what was GFP fluorescence
and what was background auto-fluorescence caused by the high detector gain used on the
microscope. Additionally, semi-qPCR using primers specific to GFP was performed to ensure the
GFP fluorescence observed using the confocal was not an artefact due to the microscope settings.
The images presented are from one hydroponics experiment, but similar images were recorded in
three independently performed experiments.
The majority of GFP fluorescence was visible in the root stelar cells; however, some GFP also
appeared to be located in the cortical and epidermal cells in all lines (Figure 4.8 to Figure 4.11).
Semi-qPCR was performed on three individuals of three transgenic lines (less in lines of the mixed
promoter, as indicated in Figure 4.11). Semi-qPCR demonstrates that GFP transcripts were
detectable in all transgenic lines (Figure 4.8 to Figure 4.11), however, GFP transcript levels varied
greatly between independently transformed transgenic lines and biological replicates within the lines
(Figure 4.8 to Figure 4.11). For instance, in Figure 4.9 Panel B, for the 0 mM NaCl treatment: three
independently transformed lines are presented in three separate gel images. Each gel image
contains three biological replicates; for the first independently transformed line, two biological
replicates show moderate band intensities for GFP transcripts while one is not detectable; for the
second independently transformed line all three biological replicates have moderate band intensities
for GFP transcripts and for the third independently transformed line two biological replicates have
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strong band intensities, while one is not detectable. The bands indicating Actin2 transcripts are
shown below the corresponding GFP gel image. The Actin2 images show camparable band intensity
for all lines and replicates.
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Figure 4.8: Root specific GFP fluorescence in hydroponically
AtHKT1;1promoter::GFP transgenic lines in a Col-0 background.

grown

T2

Analysis was performed using semi-qPCR and confocal microscopy. (A) Col-0 wild type (B) Col-0
AtHKT1;1 promoter::GFP with control and 100 mM NaCl treatment and (C) C24 AtHKT1;1
promoter::GFP with control and 100 mM NaCl treatment. Representative false colour confocal
images are presented from left to right: GFP fluorescence in green, propidium iodide (PI) in red,
bright field in grey and composite image of GFP and PI. Gel images are of semi-qPCR on three
independently transformed lines for each construct with three biological replicates per line of GFP
and Actin2 transcripts.
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Figure 4.9: Analysis of root specific GFP fluorescence in hydroponically grown T2
AtHKT1;1promoter::GFP transgenic lines in the C24 background.
Analysis was performed using semi-qPCR and confocal microscopy. (A) C24 wild type (B) Col-0
AtHKT1;1 promoter::GFP with control and 100 mM NaCl treatment and (C) C24 AtHKT1;1
promoter::GFP with control and 100 mM NaCl treatment. Representative false colour confocal
images are presented from left to right: GFP fluorescence in green, propidium iodide (PI) in red,
bright field in grey and composite image of GFP and PI. Gel images are of semi-qPCR on three
independently transformed lines for each construct with three biological replicates per line of GFP
and Actin2 transcripts.
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Figure 4.10: Analysis of root specific GFP fluorescence in hydroponically grown T 2
AtHKT1;1promoter::GFP transgenic lines in the Col-0 background.
Analysis was performed using semi-qPCR and confocal microscopy. (A) Col-0 wild type (B)
Col-0/C24 AtHKT1;1 promoter::GFP with control and 100 mM NaCl treatment and (C) C24/Col-0
AtHKT1;1 promoter::GFP with control and 100 mM NaCl treatment. Representative false colour
confocal images are presented from left to right: GFP fluorescence in green, propidium iodide (PI) in
red, bright field in grey and composite image of GFP and PI. Gel images are of semi-qPCR on three
independently transformed lines for each construct with three biological replicates per line of GFP
and Actin2 transcripts.
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Figure 4.11: Analysis of root specific GFP fluorescence in hydroponically grown T2
AtHKT1;1promoter::GFP transgenic lines in the C24 background.
Analysis was performed using semi-qPCR and confocal microscopy. (A) C24 wild type (B) Col-0/C24
AtHKT1;1 promoter::GFP with control and 100 mM NaCl treatment and (C) C24/Col-0 AtHKT1;1
promoter::GFP with control and 100 mM NaCl treatment. Representative false colour confocal
images are presented from left to right: GFP fluorescence in green, propidium iodide (PI) in red,
bright field in grey and composite image of GFP and PI. Gel images are of semi-qPCR on three
independently transformed lines for each construct with three biological replicates per line of GFP
and Actin2 transcripts.
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Additionally to semi-qPCR and confocal microscopy, GFP transcripts were confirmed by qPCR and
Northern Blot analysis in pooled root RNA samples of salt stressed plants carrying the pCol::GFP
and pC24::GFP construct in the Col-0 and C24 background (Figure 4.12). Northern blot and qPCR
analyses show that both 2.7 kb promoters are able to drive GFP expression in the Col-0 and C24
backgrounds. The Northern Blot shows strongest signals for GFP transcripts for pCol-0::GFP in Col0, pC24::GFP in Col-0 and pC24::GFP in C24 (Figure 4.12 A). Lower levels of GFP transcripts were
detected in pCol-0::GFP in C24 (Figure 4.12 A). Total RNA levels were comparable in all lanes to
ensure the observed intensity of the Northern Blot GFP bands were not due to differences in amount
of RNA loaded (Figure 4.12 B). GFP expression determined by qPCR showed highest transcript
abundance in pCol-0::GFP in Col-0 and lower for the remaining three transgenic lines (Figure 4.12
C).

Figure 4.12: Quantification of GFP transcripts in AtHKT1;1promoter::GFP transgenic lines.
(A) Northern Blot analysis was performed using a GFP probe on (B) pooled samples of root RNA
obtained from 5-10 plants, 6 wk old and exposed to 100 mM NaCl for 7 days. The same samples
were used for (C) qPCR analysis of GPF expression. (1) pCol-0::GFP in Col-0 (2) pC24::GFP in
Col-0 (3) pCol-0::GFP in C24 (4) pC24::GFP in C24 (5) Col-0 wt (6) C24 wt.

4.6.4 Analysis of AtHKT1;1promoter::cDNA transgenic lines
To test for the ability of the Col-0 and C24 AtHKT1;1 promoters to drive the expression of the
AtHKT1;1 coding sequence in different ecotypes, a selection of T2 AtHKT1;1promoter::cDNA lines
were obtained from Dr. Joanna Sundstrom (University of Adelaide, Australia). The T2 plants of these
lines had been tested for transgene expression by RT-PCR by Sundstrom (2011) and all transgenic
lines were found to express the AtHKT1;1 transgene. Two accessions of Arabidopsis were used
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which lack native expression of AtHKT1;1 in the root: The ecotype C24 and the Col-0 gl1 AtHKT1;1
mutant hkt1-4. Since the transgenic lines were of the T2 generation, and therefore segregating for
the transgene, individuals were first genotyped using a PCR amplification of the selectable marker
gene NptII. Root and shoot tissue of the individual plants were then analysed for Na+ and K+ content.
This allows separating the Na+ and K+ values of transgenic individuals belonging to the same line
from the values of individuals that do not have the transgene present (the nulls). It is hypothesised
that transgenic C24 and Col-0 gl1 hkt1-4 lines expressing functional AtHKT1;1, localised in the root
stele, would show a reduction in shoot Na+ and increase in root Na+ content compared to the
respective wild types and nulls. Three lines transformed with pCol-0::Col-0cDNA in C24, one line
with pCol-0::C24cDNA in C24, five lines with pC24::ColcDNA in C24, six lines with pC24::C24cDNA
in C24 and three lines with pC24::C24cDNA in Col-0 gl1 hkt1-4 were tested.
To determine the Na+ and K+ content in both the transgenic lines and in the reference plants, plants
were grown hydroponically for a total of six weeks, including one week of ± 100 mM NaCl treatment.
For each line, three to five plants with control and three to five plants with NaCl treatment were
analysed and measurements corresponding to the same construct were averaged. Nulls were
identified using PCR amplification of the selectable marker NptII (Table 4.3). In most lines, a number
of nulls were identified, indicating that lines are segregating for the transgene, as is expected for the
T2 generation of lines that have a low number of inserts. Some lines were identified as being made
up solely as nulls, showing that the T-DNA insert has been completely removed through segregation.
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Table 4.3: Genotyping of T2 AtHKT1;1promoter::cDNA lines using the selectable marker NptII
Lane legends: pCol-0::Col-0 and pCol-0::C24: HKT1;1promoter from Col-0 driving
HKT1;1cDNA from Col-0 or C24, respectively; pC24::Col-0 and pC24::C24: HKT1;1promoter
from C24 driving HKT1;1cDNA from Col-0 or C24, respectively; background accession is
indicated by either C24 or Col hkt (referring to Col-0 gl1 hkt1-4).
Transgenic line

# of line
1

C24 pCol-0::Col-0

2
3

C24 pCol-0::C24

1
1
2

C24 pC24::Col-0

3
4
5
1
2
3

C24 pC24::C24
4
5
6
1
Col-0 hkt
pC24::C24

2
3

Col-0

1

C24

1

Plant transgenic or null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
transgenic
null
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# of plants
2
7
6
0
3
6
7
0
3
4
2
5
7
2
5
2
4
3
5
6
4
2
6
2
8
1
0
9
6
1
3
4
5
1
3
4
0
6
0
6
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Na+ and K+ measurements for nulls were combined and averaged for comparison with the transgenic
plants. C24 and Col-0 wild type plants were included in the experiment to allow comparison to
transgenic lines and nulls. In the shoot, no significant differences in Na+ content were detected in all
lines (Figure 4.13 A). In the C24 background, three out of four transgenic lines have a marginally
reduced shoot Na+ content, while one line, pCol-0::Col-0 has a trend for increased shoot Na+ content
(Figure 4.13 A). In the Col gl1 hkt1-4 mutant, the line transformed with the pC24::C24 construct also
had a decrease in shoot Na+. None of the transgenic lines had a shoot Na+ content as low as the
Col-0 wild type control did. In the root, two of the transgenic lines have a significantly higher Na+
content, pCol-0::C24 and pC24::Col-0 in the C24 background (Figure 4.13 B). However, the root Na+
content of the other two lines in the C24 background is not significantly different (Figure 4.13 B). In
the Col gl1 hkt1-4 mutant, the line transformed with the pC24::C24 construct also had a slight
increase in root Na+. The shoot and root Na+ content of NaCl treated independent transformed lines
can be found in Supplementary Figure 8.5.
The K+ content in the shoot of NaCl treated plants is decreased in all lines compared to control
conditions (Figure 4.14 A), while the overall K+ content in the root remains unchanged in all lines and
treatments (Figure 4.14 B). Interestingly, the same lines that showed altered root Na+ content, also
show significantly altered shoot K+ content. With pC24::Col-0 having higher shoot K+ content
(towards values observed for the Col-0 wild type) and pCol-0::C24 having significantly lower shoot K+
content (towards levels observed for the Col-0 gl1 hkt1-4 mutant).
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Figure 4.13: Na+ content in T2 transgenic AtHKT1;1promoter::AtHKT1;1cDNA lines (C24 and
Col-0 gl1 hkt1-4 background).
(A) Na+ content of the youngest fully expanded leaf and (B) the root were determined using flame
photometry from 6 wk old hydroponically grown plants that had been treated for 7 d with ± 100 mM
NaCl. C: control treatment; NaCl: 100 mM NaCl treatment; measurements corresponding to the
same construct were averaged across the lines. pCol-0::Col-0 and pCol-0::C24 has the
AtHKT1;1promoter from Col-0 driving AtHKT1;1cDNA from Col-0 or C24, respectively; pC24::Col-0
and pC24::C24 has the AtHKT1;1promoter from C24 driving AtHKT1;1cDNA from Col-0 or C24,
respectively. These constructs were transformed into either the ecotype C24 or Col hkt (referring to
Col-0 gl1 hkt1-4). Transgenic and null plants were determined by PCR genotyping using the NptII
marker. Values deriving from the control treatment are presented in light grey bars and salt treatment
in dark grey bars. The green dashed line indicates the mean of the null background ecotype for
easier comparison to transgenic lines. Values are mean ± SEM (n=3-16), asterisk indicates
significance on the 0.05 level to the corresponding null genotype as determined using students t-test.
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Figure 4.14: K+ content in T2 transgenic AtHKT1;1promoter::AtHKT1;1cDNA lines (C24 and
Col-0 gl1 hkt1-4 background).
(A) K+ content of the youngest fully expanded leaf and (B) the root were determined using flame
photometry from 6 wk old hydroponically grown plants that had been treated for 7 d with ± 100 mM
NaCl. C: control treatment; NaCl: 100 mM NaCl treatment; measurements corresponding to the
same construct were averaged across the lines. pCol-0::Col-0 and pCol-0::C24 has the
AtHKT1;1promoter from Col-0 driving AtHKT1;1cDNA from Col-0 or C24, respectively; pC24::Col-0
and pC24::C24 has the AtHKT1;1promoter from C24 driving AtHKT1;1cDNA from Col-0 or C24,
respectively; These constructs were transformed into either the ecotype C24 or Col hkt (referring to
Col-0 gl1 hkt1-4). Transgenic and null plants were determined by PCR genotyping using the NptII
marker. Values deriving from the control treatment are presented in light grey bars and salt treatment
in dark grey bars. The green dashed line indicates the mean of the null background ecotype for
easier comparison to transgenic lines. Values are mean ± SEM (n=3-16), asterisk indicates
significance on the 0.05 level to the corresponding null genotype as determined using students t-test.
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The results obtained for Na+ and K+ measurements of transgenic lines were not conclusive. For
instance, a decrease in shoot Na+ was expected in transgenic lines compared to the respective null,
however, some lines showed an increase in shoot Na+. Siblings of the same generation were tested
for the presence of the transgene and also for the presence of transcripts by Sundstrom (2011). To
ensure expression of AtHKT1;1 is still present in the transgenic lines, the expression of the
transgene was retested. For expression analysis, plants were grown hydroponically for 3 wk, and
root and shoot tissue of 3-10 plants per line pooled to obtain sufficient material for analysis.
Transcripts for Actin2 were observed in most root and shoot samples (Figure 4.15 A), indicating that
the cDNA synthesis and PCR reactions were functioning. The PCR ‘AtHKT1;1’ results in
amplification of both native AtHKT1;1 transcripts and the transgene. Therefore, bands corresponding
to 130 bp DNA fragments are expected in all shoot and root tissue samples of the transgenic lines
and the Col-0 wild type. This band is not expected to be present in the root tissue of C24 wild type
plants, as these lack AtHKT1;1 expression in the root. The PCR for ‘transgene specific AtHKT1;1’
results in amplification of a DNA fragment specific of the transgene. Faint bands corresponding to
‘AtHKT1;1’ (endogenous and transgene) transcripts were only detected in a few of the lines: one
shoot sample, a C24 line transformed with pC24::C24cDNA, and 6 root samples, corresponding to
one C24 line transformed with pC24::Col-0cDNA, two C24 lines transformed with pC24::C24cDNA,
two lines of the Col-0 gl1 hk1-4 mutant transformed with pC24::C24cDNA and the Col-0 wild type.
The PCR for ‘transgene specific AtHKT1;1’ did not amplify any DNA fragments of the transgenic
lines, indicating that no transcripts of AtHKT1;1 derived from the transformed construct is present. It
should be noted that PCR conditions and primers were tested on plasmid controls to ensure correct
PCR conditions for proper amplification of DNA project (data not shown). Different concentrations of
cDNA, annealing temperatures as well as extension times were used in an attempt to further
optimise the assay. The repeat of PCRs for ‘AtHKT1;1’ resulted in bands being present in other plant
samples, and were overall very inconsistent and untrustworthy. It is necessary to repeat the
experiment where the exact same plants are used to determine the Na + and K+ content, for analysis
of the genotype (presence and absence of the transgene) and for analysis of the expression levels of
native and transgene specific AtHKT1;1. This would allow to better group lines that express
AtHKT1;1 and correlate expression to Na+ and K+ contents in the root and shoot. However, this was
not possible in the timeframe of this PhD.
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(A) Shoot and (B) root tissue of 3-10 plants per line were pooled for generation of cDNA, which was used for RT-PCR. Transcripts were analysed of
Actin2 as control, native AtHKT1;1 and transgene specific AtHKT1;1. Lane legends: pCol-0::Col-0 and pCol-0::C24: HKT1;1promoter from Col-0 driving
HKT1;1cDNA from Col-0 or C24, respectively; pC24::Col-0 and pC24::C24: HKT1;1promoter from C24 driving HKT1;1cDNA from Col-0 or C24,
respectively; background accession is indicated by either C24 or Col hkt (referring to Col-0 gl1 hkt1-4). Line # as indicated in Table 4.3.

Figure 4.15: Analysis of AtHKT1;1 expression in 3 wk old hydroponically grown T2 HKT1;1promoter::cDNA lines.
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4.7

Discussion
4.7.1 The putative 2.7 kb AtHKT1;1 promoter from Col-0 and C24 is able to drive
GFP expression

GFP transcripts and fluorescence were detected in all promoter::GFP transgenic lines (Figures
Figure 4.8 to Figure 4.11). This suggests that both the Col-0 and the C24 promoter have the
necessary nucleotide sequence to drive AtHKT1;1 gene expression (GFP and AtHKT1;1 cDNA) in
both Col-0 and C24 (Figure 4.8 to Figure 4.11). Fluorescence was mainly detected in the stele,
which is consistent with the proposed function of AtHKT1;1 in Na+ retrieval from the xylem and
agrees with previous localisation studies (Berthomieu et al. 2003, Mäser et al. 2002, Sunarpi et al.
2005, Xue et al. 2011). No fluorescence was observed in these tissues in wild type plants. Very low
fluorescence was also detected in the cortical and epidermal cells, however, it is possible that this is
due to auto fluorescence, which was also observed in roots from wild type plants, as the confocal
detector gain was set high to detect faint GFP signals (Figure 4.8 to Figure 4.11). It is therefore not
possible to draw conclusions on AtHTK1;1 promoter activity in those cell types. The presence of the
GFP transcript was confirmed by semi-qPCR, qPCR and Northern blot. The amount of GFP cDNA
transcript observed in this experiment (7-25 × 103 copies per L) are comparable to the amount of
AtHKT1;1 transcript in wild type plants under salt stress (Jha et al., 2010).
Sundstrom (2011) had proposed that a 240 bp region just upstream of the start codon, with high
polymorphism between Col-0 and C24, might be responsible for the lack of AtHKT1;1 expression
observed in C24 roots. The present study tested all combinations of the mixed promoter, where the
main proportion of the promoter derived from one ecotype and the 240 bp region from the other
ecotype’s promoter, in both ecotype backgrounds. All promoters were able to drive GFP expression,
indicating that this highly polymorphic sequence, with the altered CAAT motif, does not cause the
lack of AtHKT1;1 expression in C24 roots.
Variation in GFP transcript levels is expected between individuals belonging to one transgenic line as
the T1 generation was not screened for single insert lines and the resulting T 2 generation is
segregating for the transgene. Some lines and individuals would contain multiple inserts of the
transgene, while others are nulls. The number of inserts is not of importance for this experiment, as
its aim was to test qualitatively for GFP expression. Expression levels of AtHKT1;1 are very low in
roots of Col-0 plants driven by its native promoter, therefore, it was expected that also GFP would be
expressed at low levels when driven by the AtHKT1;1 promoter. An attempt to quantify GFP
fluorescence so close to the detection limit would not be appropriate. Therefore, this assay was set
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up to test for presence or absence of GFP expression driven by both the Col-0 and C24 promoter. It
was shown that the Col-0 and C24 promoter can drive expression of the downstream gene,
therefore, the lack of AtHKT1;1 expression in C24 roots is not due to the promoter, but potentially
due to other transcriptional or posttranscriptional reasons. These factors could include small RNAs
targeting the AtHKT1;1 transcript in C24 or methylation preventing transcription. This was further
investigated in the following chapter 5.
In addition to the polymorphic region 5′ of the start codon, another major difference between the
Col-0 and C24 promoter is the repeat element approximately 4 kb upstream. This 700 bp region is
repeated twice in the Col-0 ecotype. In the C24 ecotype, it appears that a deletion occurred between
the repeats, leaving only one of the 700 bp regions. A similar scenario has been proposed for the
two ecotypes Ts-1 and Tsu-1, found in the coastal region of Spain and Japan, respectively (Rus et
al. 2006). These accessions, similarly to C24, accumulate significantly more Na + than Col-0 in the
shoot and are more salt tolerant (Rus et al. 2006). Mapping of the genomic region conferring these
traits, identified AtHKT1;1 as the likely candidate gene responsible for the phenotype (Rus et al.
2006). Similarly to C24, AtHKT1;1 expression in the root of Ts-1 and Tsu-1 accessions is very
low/absent, while it can be detected in the shoot (Rus et al. 2006). Rus et al. (2006) determined the
promoter and most of the genomic sequence and identified major polymorphisms in the promoter
region. It was found that the repeat element that is present twice in Col-0, is only present once in the
accessions Ts-1 and Tsu-1, and it was hypothesised that this region is responsible for the lack of
AtHKT1;1 expression in the root, however, direct experimental evidence has not yet been presented
(Rus et al. 2006). Other features of the promoter may be important in controlling root expression.
Constructs with pCol-0 and pC24 that were used in this study contained the sequence of a small
RNA target site that had been identified by Baek et al. (2011). This small RNA site was hypothesised
to be involved in regulating AtHKT1;1 expression by small RNA mediated methylation. In the results
presented here, both 2.7 kb promoters (which contain this small RNA binding site) were able to drive
GFP expression in the C24 and Col-0 background. Therefore, it is unlikely that the lack of AtHKT1;1
expression in C24 roots is caused by altered small RNA mediated methylation of this target site in
the promoter, as suggested by Baek et al. (2011).
The 700 bp repeat element that is present in the Col-0 promoter region ( 5.4 kb upstream of the
ATG start codon), which is present only once in C24, is not hypothesised to cause the lack of
AtHKT1;1 expression in C24 roots. A previous study has shown that different AtHKT1;1 promoters,
which have the repeat region present or absent, are able to drive the expression of the reporter gene
GUS and that the presence or absence of the repeat region does not lead to altered GUS staining in
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Col-0 roots (Baek et al. 2011). Consequently, the absence of this repeat region in the C24 promoter
is also not thought to cause the lack of AtHKT1;1 expression in C24 roots.
However, it appears that both the repeat region and the target site for small RNA binding are of
importance for regulation of AtHKT1;1 expression, specifically in the sos3 mutant background. Baek
et al. (2011) conducted the majority of their analysis in the sos3 mutant, as the initial AtHKT1;1
mutants were discovered in the sos3 mutant background (Rus et al. 2001). In the sos3 mutant
background, the 5.2 kb promoter appears necessary to obtain full expression levels of AtHKT1;1
(Baek et al. 2011), while the small RNA binding site is primarily important for AtHKT1;1 expression in
the shoot (Baek et al. 2011). The influence of various promoter fragments on AtHKT1;1 expression in
the sos3 mutant background seems complex and may be influenced by a multitude of factors. This
network of interactions has not been further described yet.
Given that AtHKT1;1 expression is altered in sos3 mutants, a connection between AtHKT1;1 and
SOS3 expression is possible. In the study presented here, it was therefore verified that SOS3 is
expressed in C24 plants. SOS3 expression in C24 roots was confirmed by qPCR at levels similar to
Col-0 (data not shown). SNPs in the nucleotide sequence between Col-0 and C24 SOS3 alleles
(sequences obtained from Clark et al. (2007)) do not suggest that frame shifts or non-sense
mutations are present in C24, however one amino acid was altered from S205 in Col-0 to R205 in
C24, which may compromise a potential phosphorylation site (data not shown).
From the presented evidence in this thesis, it can subsequently be concluded that the lack of
AtHKT1;1 expression in C24 roots is not caused by the polymorphisms present in the 2.7 kb
AtHKT1;1 promoter (compared to the Col-0 promoter). And together with evidence provided by Baek
et al. (2011) it is also not likely that the lack of expression is caused by the absence of the repeat
element 5.4 kb upstream of the AtHKT1;1 start codon. Therefore other reasons for regulating gene
expression must be investigated (Chapter 5)

4.7.2 Lack of AtHKT1;1 expression in C24 can partially be complemented with
AtHKT1;1promoter::AtHKT1;1cDNA lines
The Na+ content in the shoot had the tendency to be lower in four out of the five analysed transgenic
promoter::cDNA lines (pCol-0::C24cDNA in C24, pC24::Col-0cDNA in C24, pC24::C24cDNA in C24
and pC24::C24cDNA in Col-0 gl1 hkt1-4) compared to the respective nulls and wild type after salt
stress; however, the reduction was not significant. In the root, the Na + content of two transgenic lines
was significantly increased, compared to the nulls and the C24 wild type when grown for 7 days in
100 mM NaCl, almost to levels comparable to the Col-0 wild type, suggesting that AtHKT1;1 may be
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functional in these lines. Interestingly, the two lines were pCol-0::C24cDNA and pC24::Col-0cDNA
(the same lines that also showed slightly reduced shoot Na+). These results could indicate that both
promoters are able to drive target gene expression and produce functional AtHKT1;1 proteins which
are able to reduce shoot Na+. Not all independently transformed lines displayed the same effect on
root and shoot Na+ content (Supplementary Figure 8.5), which could be explained by variations in
insert number of the transgene, expression levels and location of the insert(s) in the genome. At
least one independently transformed line per construct had altered distribution of root and shoot Na +
content, possibly indicating the presence of functional AtHKT1;1 in these lines. However, the
individual plants that were analysed for Na+ and K+ content were not tested for number and location
of transgene insertion. The location of the transgene could disrupt the function of other genes
important for Na+ and K+ distribution and endogenous AtHKT1;1 expression may have been affected
by the presence of the transgene, produced mRNA or protein.
Interestingly, significant alterations were observed in the shoot K + content of the pC24::Col-0cDNA
line and pCol-0::C24cDNA. With pC24::Col-0cDNA having higher shoot K+ content than the C24 wild
type and pCol-0::C24cDNA having a lower K+ content than the C24 wild type. Although the
difference is statistically significant, the overall levels are similar. However, it could be hypothesised
that this difference may be explained by AtHKT1;1 transport properties that were observed in the
previous chapter 3. Besides Na+ transport activity, a potential K+ transport activity was detected for
AtHKT1;1-C24 (see chapter 3). Under native conditions, no AtHKT1;1 transcript can be found in the
C24 roots (Jha et al., 2010), however, in the transgenic line expressing the AtHKT1;1 from C24, the
AtHKT1;1-C24 protein may retrieve K+, as well as Na+ from the stele and therefore prevent K+ from
reaching the shoot, leading to reduced shoot K+ levels. While in the transgenic line expressing
AtHKT1;1 from Col-0 in the C24 background the increase in shoot K + may be due to an indirect
effect. It has been previously proposed that the membrane depolarisation caused by Na + influx
through AtHKT1;1, activates K+ channels and provides the driving force for K+ release (Horie et al.
2009, Sunarpi et al. 2005, Xue et al. 2011).
It should be noted for the above discussion that the expression of the AtHKT1;1 transgene could not
be confirmed or disproved, which makes analysis of these plants difficult. To ensure the altered Na+
and K+ content resulted from AtHKT1;1 transgene expression driven by the Col-0 and C24 promoter,
the individual plants should have been tested for transgene expression, and not pooled plants of the
same line in a subsequent experiment. Ideally, single insert homozygous lines should be used for
this analysis. This would allow comparison of transgene expression levels to native expression levels
in the Col-0 wild type. Together with data for root and shoot Na+ content, this would determine if the
2.7 kb promoter is sufficient to obtain the expression pattern and levels that are characteristic for
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Col-0, in the C24 background. Furthermore, all combinations of promoter::cDNA constructs should
be transformed into Col-0 gl1 hkt1-4 mutants to test if both AtHKT1;1 cDNAs are able to complement
the mutant when expressed under the 2.7 kb promoter.
With the 2.7 kb AtHKT1;1 promoter fragment from C24 being able to drive GFP expression in C24, it
remains to be discovered what causes the lack of AtHKT1;1 expression in C24 roots. A sequence
comparison of the Col-0 and C24 AtHKT1;1 alleles (Figure 1.3) had shown there was a large
difference in the second intron, with C24 containing an additional 1.6 kb of sequence. As introns can
be involved in the regulation of gene expression through a number of mechanisms (introduced in
chapter 5), the subsequent focus of the thesis was on analysing the insertion in the second intron in
the C24 gDNA and its effect (if any) on the expression of the AtHKT1;1 gene. This line of
investigation will be subject of the following chapter.

4.7.3 Conclusion
In summary, the results from this chapter show that the 2.7 kb AtHKT1;1 promoter from C24 is able
to drive GFP and AtHKT1;1 cDNA expression in both the Col-0 and C24 background. The repeat
element further upstream in the promoter was not included in the constructs used in this study, and
was therefore not tested for its effect on gene expression. However, promoter::GUS studies by Baek
et al. (2011) indicate that expression is not altered when the promoters with and without this repeat
element were analysed in the Col-0 background. This suggests that the promoter is not causal for
the lack of AtHKT1;1 expression in C24 roots. It also shows that the 2.7 kb promoter is able to drive
GFP expression specifically in the stele in both Col-0 and C24, consistent with previous findings
(Berthomieu et al. 2003, Mäser et al. 2002, Sunarpi et al. 2005, Xue et al. 2011). These results also
suggest that C24 possesses the required transcriptional regulators for the promoter region, such as
transcription factors or small RNAs, necessary for AtHKT1;1 expression in the root.
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5.1

Introduction

In the previous chapter it was shown that the 2.7 kb AtHKT1;1 promoter from C24 is able to drive
GFP expression in both Col-0 and C24. This indicates that this promoter sequence is not causing the
lack of AtHKT1;1 expression in C24 roots. Hence, another regulatory mechanism is hypothesised to
explain the lack of AtHKT1;1 expression in C24 roots. Sequencing the AtHKT1;1 gene from genomic
DNA identified an additional 1.6 kb of repetitive sequence is present in the second intron of the
AtHKT1;1 gene in C24 (Sundstrom 2011). Given the results obtained from AtHKT1;1promoter::GFP
expressing lines, it is therefore hypothesised that this insertion in the intron may be responsible for
the lack of AtHKT1;1 expression in C24 roots. A diagram indicating the location of the second intron
is provided in Figure 5.1.

Figure 5.1: Comparison of the AtHKT1;1 genomic sequence from Col-0 and C24.
Alignment of the Col-0 and C24 sequence, highlighting the 1.6 kb insertion (in orange colour) in the
second intron (I2) of the C24 sequence. The start of the coding sequence is indicated by the arrow
labelled ATG start (E) indicates an exon and (I) stands for intron.

This chapter investigates the second intron of AtHKT1;1 and its potential to regulate gene
expression. Based on the current literature, the following mechanisms were identified in which
introns can influence expression of genes. A brief explanation is also given in each section as to how
this mechanisms may have implications for AtHKT1;1 expression.
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5.2

Mechanisms by which introns can regulate gene expression
5.2.1 Intron mediated enhancement (IME)

Introns can be involved in the enhancement of gene expression, referred to as intron mediated
enhancement (IME), which was first identified in maize (Callis et al. 1987, Vasil et al. 1989). IME has
been shown to increase gene expression from less than 10-fold to up to 1,000-fold or more (Callis et
al. 1987, Curie et al. 1993, Zhang et al. 1994). In Arabidopsis it has been shown that the intron of the
Polyubiquitine gene, UBQ10, results in a three-fold increase in gene expression (Norris et al. 1993).
Although a number of genes containing introns that are involved in IME have been identified in
Arabidopsis, the mechanisms of IME are still largely unknown (Morello and Breviario 2008, Rose
2008). It is suggested that IME is more likely to involve introns that are found at the beginning of the
gene and short conserved DNA sequences have been identified that may act as signals to enhance
expression, enabling the prediction of introns that may be involved in IME (Morita et al. 2012, Parra
et al. 2011, Rose et al. 2008). Most of the studies for IME involve transient or stable expression
assays using the GUS reporter or firefly luciferase (LUX) genes fused to the intron sequence.
AtHKT1;1 expression may be subject to IME, leading to enhanced AtHKT1;1 expression in the roots
of the Col-0 ecotype. The 1.6 kb insertion in the second intron of AtHKT1;1 in C24 may disrupt these
elements that enhance root specific AtHKT1;1 expression, resulting in the lack of AtHKT1;1
expression in the C24 root. To date, there are no reports in the current literature as to whether the
AtHKT1;1 genomic sequence was specifically analysed for elements that mediate IME.

5.2.2 Intron dependent spatial expression (IDSE)
Some introns not only enhance expression by IME, but are also involved in tissue specificity of
expression. An example where IDSE occurs is the gene Profilin2 (PRF2), one of five members of the
profilin family. GUS expression under control of the PRF2 promoter is observed in vascular bundles,
while expression of PRF2promoter::intron::GUS (construct containing the first intron of the PRF2
gene) showed constitutive and strong expression throughout the vegetative tissue (Jeong et al.
2006). When the first intron of PRF2 was placed after the PRF5 promoter, which usually drives
expression specifically in to reproductive tissues, GUS reporter activity was observed in the
vegetative tissue, indicating that the PRF2 intron mediates specificity for the vegetative tissue (Jeong
et al. 2006). Other examples of IDSE have been recently outlined (Morello and Breviario 2008,
Morello et al. 2011).
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IDSE could be combined with IME and could explain why AtHKT1;1 expression is observed in the
root of Col-0, while the insertion of DNA in the second intron may lead to the lack of root specific
AtHKT1;1 expression in C24.

5.2.3 Rapid degradation of mRNA (small RNA independent pathways)
Alternative splicing occurs in many plant mRNAs (Campbell et al. 2006, Wang and Brendel 2006)
and may lead to the formation of premature termination codons (PTC). This can cause the initiation
of none-sense mediated decay (NMD), in which mRNA is degraded through mechanisms involving
deadenylation, decapping of the 5′ end and/or a 3′ to 5′ decay (reviewed by Chiba and Green 2009).
A recent review describes substrates for NMD, which have mostly been identified in yeast and
mammalian systems (Kervestin and Jacobson 2012). An example for NMD in plants includes the rice
WAXY gene. In a waxy mutant that contains a PTC, the fully spliced mRNA is subject to degradation
by the NMD pathway, while transcripts that retain the first intron are not subject to decay (Isshiki et
al. 2001). Recently it has also been shown for plants that the presence of large 3′ UTR regions
induce NMD, causing degradation of aberrant transcripts (Nyikó et al. 2013).
Similar processes are plausible for the transcript produced from C24 AtHKT1;1. Due to the insertion
in the second intron of AtHKT1;1 in C24, which is close to the 3′ end of the gene, the intron itself or
alternative splicing may lead to the formation of PTCs, which in turn could lead to degradation of the
transcript by activation of NMD. For this mechanism to explain the lack of AtHKT1;1 expression
specifically in the root tissue of C24, the factors for recognition of PTCs or degradation would have to
be shoot and root specific.

5.2.4 Introns may affect pre-mRNA structure, potentially causing faulty poly(A)tailing
Polyadenylation (poly(A)) of the messenger RNA is an important step during its maturation, whereby
a poly(A)-sequence is added to the 3′-end of the transcript. The pre-mRNA structure appears to be
of importance as it influences poly(A)-signals and accessibility of trans-acting factors that add the
poly(A) sequence (Loke et al. 2005). Additionally, it has been raised that AU-rich introns close to the
3′ end of the transcript may also influence poly(A)-signals in mammals, which in turn affect the
interplay between polyadenylation and splicing (Tian et al. 2007).
Alternative splicing or repetitive (AU-rich) sequences in the C24 AtHKT1;1 transcript may cause the
RNA to fold into an alternate structure and/or it could shift the location of poly(A)-signals, which may
alter polyadenylation. On the plant level, it is unlikely that the produced mRNA without functional
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poly(A)-tail will be further processed to produce a functional AtHKT1;1 protein. Also, the detection of
transcripts using qPCR or RT-PCR involves reverse transcription of the RNA to cDNA, utilising the
mRNA’s poly(A) tail, which is the target site of the primer. Without the functional poly(A)-tail on the
AtHKT1;1 transcript, the RNA would not be transcribed into cDNA and, consequently, the presence
of the transcript would not be detected in subsequent PCR amplifications. Current literature does not
describe if the second intron of AtHKT1;1 contains AT-rich regions or if the corresponding transcript
is AU-rich. Similarly to above, for this mechanism to explain the lack of AtHKT1;1 expression
specifically in the root tissue of C24, the factors that are involved in adding the poly(A)-sequence
would have to be specific to the shoot and the root tissue.

5.2.5 Introns can be target sites of small RNAs
Small RNAs, such as microRNAs (miRNAs), have been found to play an essential role in regulating
gene expression by mediating the decay of transcripts. Intron regions of genes can contain
transposons, repetitive elements or other sequences that may be involved in the transcription of
small RNAs and/or these sequences may be target sites of small RNAs, which could result in a
reduction of gene expression. The following will briefly introduce types of small RNAs, their general
function and how the silencing function may be related to intron sequences.
A recent review by Rogers and Chen (2013) covers in detail the miRNA biogenesis, turnover and
repression of miRNA targets in plants. For miRNA biogenesis, the respective miRNA gene is
transcribed into primary-miRNA (pri-miRNA) by a RNA polymerase. After a two-step cleavage by
Dicer-like (DCL), pri-mRNA is processed into precursor-miRNA (pre-miRNA) and then into miRNA.
The miRNA is then incorporated into the Argonaute (AGO) component of an RNA-induced silencing
complex (RISC). This complex is then guided to transcripts containing highly complementary
recognition sites and the target is destabilised. It has been proposed that most miRNA targets in
plants undergo destabilisation by slicing, as opposed to destabilisation by decapping and
deadenylation (Rogers and Chen 2013). It has also been shown in plants that the RISC can cause
inhibition on the translational level by interfering with polysomes at the endoplasmic reticulum (Li et
al. 2013). The regulation of gene expression by miRNA does not only occur on the posttranscriptional or translational level, but may also occur on the transcriptional level via RNA-directed
DNA methylation (RdDM) (Wu et al. 2010). Wu et al. (2010) show that some miRNA are able to
direct methylation in cis, at its own locus, as well as in trans, at target loci.
As mentioned above, miRNAs are transcribed from the genome, and are initially one RNA molecule
that is self-complimentary and therefore forms a hairpin, resulting in double stranded RNA, which is
then processed to miRNA. Small interfering RNAs (siRNAs), on the other hand, originate from
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double stranded RNA precursors. A recent review details the different classes of small RNAs, their
biogenesis and functions (Axtell 2013). A number of siRNA classes can be described:
heterochromatic siRNAs are the most abundant class of small RNAs deriving from intergenic
transposon loci and repetitive genomic regions (Wu et al. 2010). Transcripts of transposon loci or
repetitive DNA are thought to be transcribed by Pol IV, a plant-specific DNA-dependent RNA
polymerase (Herr et al. 2005, Kanno et al. 2005, Onodera et al. 2005). From these transcripts,
double stranded RNA is produced by the RNA-dependent RNA polymerase (RDR2) (Xie et al. 2004).
This double stranded RNA is then processed by DCL into siRNAs (Xie et al. 2004), and incorporated
into AGO proteins (Li et al. 2006, Qi et al. 2006, Zheng et al. 2007, Zilberman et al. 2003). This
complex then recruits RNA-directed DNA Methylation (RdDM) at target DNA loci, often resulting in
silencing of transposons and genes in proximity to the transposon or transposable element (Axtell
2013, Law and Jacobsen 2010, Matzke et al. 2009). Another class of siRNAs are secondary siRNAs,
whose precursor is meditated by upstream small RNAs, such as degradation products of double
stranded RNA that was target of a RISC (Allen et al. 2005, Axtell 2013). Other classes of siRNAs are
natural antisense transcript siRNAs (natsiRNAs), trans-acting siRNAs (tasiRNAs) and piwiinteracting RNAs (piRNAs). NatsiRNA and tasiRNA are involved in the post-transcriptional regulation
of transcripts, while piRNA appears to be involved in the suppression of transposons and repeat
elements (Axtell 2013, Borsani et al. 2005, Chapman and Carrington 2007).

The eukaryotic genome contains numerous transposable elements (TEs) and many of them have
been identified in intron regions (Nekrutenko and Li 2001). In plants, regions of transposons and TEs
have been linked to DNA methylation on a genome wide basis (Zhang et al. 2006a). It is possible
that the AtHKT1;1 intron in C24 contains a transposon, or transposable element, which is
methylated. The methylation may then spread into the AtHKT1;1 gene itself and silence expression
on a transcriptional level. A similar case has been reported where a Long Interspersed Element
(LINE), a non-LTR retrotransposon, leads to methylation of the adjacent BONSAI (BNS) gene and
subsequently induces silencing (Saze and Kakutani 2007). Also, a Mutator-like TE has been
identified in the first intron of the FLOWERING LOCUS C (FLC) in the ecotype Ler (Michaels et al.
2003). The TE is target of siRNAs generated by homologous TEs, leading to methylation and
transcriptional silencing of FLC and consequently leads to early flowering of the ecotype (Liu et al.
2004). Another region adjacent to the promoter region of FLC has been identified, which is
methylated in the Ler ecotype, but not in Col-0 (Zhai et al. 2008). It has been shown that Ler has
high levels of the corresponding siRNA, leading to methylation, as opposed to Col-0 (Zhai et al.
2008). This variation in siRNA abundance was also found to affect the methylation status of other
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genes that contain the specific siRNA target site (Zhai et al. 2008). Similarly, it is possible that C24
and Col-0 vary in the abundance of specific siRNAs that target TEs in other regions of the AtHKT1;1
genomic sequence, again leading to ecotype specific silencing of AtHKT1;1 expression.
If the C24 AtHKT1;1 contains a TE it could also be post-transcriptionally silenced. The transcript may
be the target site of small RNAs, which may lead to slicing of the whole transcript and therefore
silenced AtHKT1;1 gene expression.
The tissue specificity of methylation or abundance of siRNAs is not well understood, particularly
when comparing root and shoot tissue. Therefore, it would be difficult to explain the lack of AtHKT1;1
expression specifically in the C24 root, while expression is present in low levels in the shoot. It has
been described that TEs can be activated pollen tissue specifically. The methylation of TEs is
reduced in vegetative nuclei of mature pollen, leading to the transcriptional activation of TEs (Slotkin
et al. 2009). The selective loss in siRNAs causes the absence of methylation and therefore activation
of TEs (Slotkin et al. 2009). A similar process of root specific expression of siRNA may be present in
the root of C24. The siRNAs that target AtHKT1;1 may be transcribed from a homologous TE, which
is located in a genomic region that mediates root specific expression.

5.3

Investigating the AtHKT1;1 sequence of other ecotypes

Recently, the genomic sequence of 19 Arabidopsis ecotypes has been determined (Gan et al. 2011).
With the correct bioinformatic tools, this allows searching for genes of interest, such as the genomic
AtHKT1;1 sequence. For some of these ecotypes, information regarding Na+ accumulation or salinity
tolerance is also available (Baxter et al. 2010). C24 has the 1.6 kb insertion in the second intron of
AtHKT1;1, it accumulates more Na+ than Col-0, has an increased salinity tolerance compared to
Col-0 and no AtHKT1;1 expression in the root. The two ecotypes Ts-1 and Tsu-1 also accumulate
high levels of Na+, have an increased salinity tolerance compared to Col-0 and have low levels of
AtHKT1;1 expression in the root (Rus et al. 2006). Rus et al. (2006) also reported difficulties in
obtaining the sequence of the last 157 bp of the second intron, the region containing the additional
sequence in C24. Furthermore, a study by Baxter et al. (2010) had investigated a vast number of
Arabidopsis ecotypes for their shoot Na+ accumulation and showed that some ecotypes that are
found close to the sea or other saline areas, accumulate more shoot Na+. A comparison of the C24
AtHKT1;1 to the AtHKT1;1 of the other 19 ecotypes may yield additional information regarding the
genomic structure of AtHKT1;1, which may correlate with available data for shoot Na + content and
salinity tolerance.
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5.4

Testing for the role of the second intron in regulating AtHKT1;1
expression in planta

In this study, a series of constructs are designed to investigate if the genomic AtHKT1;1 DNA
regulates gene expression, in particular the second intron, hypothesised to cause the lack of
AtHKT1;1 expression in C24 roots (Table 5.1). Transgenic promoter::gDNA lines were designed to
test for AtHKT1;1 transgene expression. The 2.7 kb promoters of Col-0 and C24, again referred to as
pCol-0 and pC24, that were used in the previous chapter to drive GFP and AtHKT1;1 cDNA
expression were also used in this study to drive AtHKT1;1 gDNA and intron::GFP and intron::GUS
constructs. Constructs containing the Col-0 and C24 AtHKT1;1 gDNA, referred to as Col-0-gDNA
and C24-gDNA, under control of the 2.7 kb promoter were designed to test if expression of the
transgene is detected when transformed into the Na+ accumulating, low root AtHKT1;1 expressing
ecotype C24, and the Na+ accumulating Col-0 gl1 mutant line, hkt1-4 which has no expression of
AtHKT1;1. These transgenic lines would also be tested for altered shoot and root Na+ content
compared to the wild type, as expression of AtHKT1;1 has been correlated with a reduction in shoot
Na+ and an increase in root Na+ (Møller et al. 2009). Additionally, the influence of the second intron
was directly investigated by generating transgenic lines containing promoter::intron::reporter-gene
constructs. The hypothesis is that the intron will influence the expression of the reporter gene, GFP
or GUS. Similar experiments have been performed by Baek et al. (2011), in which part of the
AtHKT1;1 promoter, the repeat element located 4 kb upstream of the start codon, was fused
between the minimal 35S promoter and GUS to analyse stably transformed lines for GUS
expression. Both the GFP and GUS reporter genes were included in this study. GFP has been
shown to be expressed under control of pCol-0 and pC24 in the previous study (chapter 4), while
GUS activity is detected by an enzymatic reaction, facilitating detection even if GUS is expressed in
low levels (Jefferson et al. 1987, Mantis and Tague 2000).
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Table 5.1: Components of expression vectors to examine if the difference in AtHKT1;1
genomic sequence, specifically the second intron, results in different expression patterns in
Col-0 and C24. The expected phenotype is based on the hypothesis that the second intron in
the C24 AtHKT1;1 reduces root expression of AtHKT1;1
Promoter::gene
combination

pCol-0::Col-0-gDNA

pCol-0::C24-gDNA

pC24::Col-0-gDNA

Destinati
on vector

pMDC100

pMDC100

pMDC100

Arabidopsis
background

Expected phenotype

C24

Expression in root, reduced shoot Na+ and
increased root Na+

Col-0 gl1
hkt1-4

Expression in root, reduced shoot Na+ and
increased root Na+

C24

No expression in root, Na+ unchanged

Col-0 gl1
hkt1-4

No expression in root, Na+ unchanged

C24

Expression in root, reduced shoot Na+ and
increased root Na+ than background ecotype

Col-0 gl1
hkt1-4

Expression in root, reduced shoot Na+ and
increased root Na+ than background ecotype

C24

No expression in root, Na+ unchanged

pC24::C24-gDNA

pMDC100

Col-0 gl1
hkt1-4

No expression in root, Na+ unchanged

pCol-0::Col-0intron

pMDC107
(GFP)

Col-0

GFP signal in root

C24

GFP signal in root

pCol-0::C24intron

pMDC107
(GFP)

Col-0

No GFP signal in root

C24

No GFP signal in root

pC24::Col-0intron

pMDC107
(GFP)

Col-0

GFP signal in root

C24

GFP signal in root

pC24::C24intron

pMDC107
(GFP)

Col-0

No GFP signal in root

C24

No GFP signal in root

pCol-0::Col-0intron

pMDC162
(GUS)

Col-0

Signal in root

C24

Signal in root

pCol-0::C24intron

pMDC162
(GUS)

Col-0

No GUS signal in root

C24

No GUS signal in root

pC24::Col-0intron

pMDC162
(GUS)

Col-0

Signal in root

C24

Signal in root

pC24::C24intron

pMDC162
(GUS)

Col-0

No GUS signal in root

C24

No GUS signal in root
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5.5

Aims of this study

The aim of the chapter is to determine if the second intron of AtHKT1;1 has the potential to cause the
differences in the AtHKT1;1 expression pattern, that is observed in Col-0 and C24. In particular, the
focus will be on the 1.6 kb insertion in the second intron and if it may cause the lack of AtHKT1;1
expression in C24 roots. Different mechanisms of how introns may regulate AtHKT1;1 gene
expression were introduced above, to this end, available information from the literature and
databases will be used to narrow down likely mechanisms of regulation. The aim is also to combine
in planta analyses, such as transgenic lines, along with bioinformatics approaches to determine if the
second intron mediates regulation of AtHKT1;1 expression in C24 roots. The following points will be
addressed:
1. Use available bioinformatics tools and current literature to gather information regarding the
second intron, particularly the 1.6 kb insertion in the C24 AtHKT1;1.
2. Generate constructs designed to test if the sequence corresponding to the insertion in the
second intron reduces AtHKT1;1 and reporter gene expression in planta.
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5.6

Materials and methods
5.6.1 Bioinformatics analyses

Basic bioinformatics analysed were performed using the BLAST tool (Altschul et al. 1997).
General BLAST searches were performed using the nucleotide BLAST (blastn suite) available from
the National Center for Biotechnology Information (NCBI, http://blast.ncbi.nlm.nih.gov). Sequences
were obtained from The Arabidopsis Information Resource (TAIR10, http://www.arabidopsis.org/)
and information visualised using the Generic Genome Browser version 2.55 (gbrowser,
http://tairvm17.tacc.utexas.edu/cgi-bin/gb2/gbrowse/arabidopsis/). TAIR contains genetic and
molecular data specifically for Arabidopsis. It contains a wealth of sequence information, such as the
location of T-DNA inserts in knockout lines, polymorphisms between Col-0 and other ecotypes, and
the presence of transposable elements. The TAIR database is regularly updated with the latest
information published.
The SIGnAL Arabidopsis Methylome Mapping Tool was used to show the methylation pattern of the
genomic region in question (Zhang et al. 2006a). Two methods were used to capture methylated
DNA, methylcytosine Immunoprecipitation (mCIP) and methylcytosine binding domain (MBD) (Zhang
et al. 2006a). The captured DNA was then identified using an Arabidopsis single-chip tiling
microarray (Zhang et al. 2006a). Genome wide methylation patterns were analysed in two
methylation deficient mutant backgrounds met1 and drm1 drm2 cmt3 (ddc) as they eliminate
different methylation patterns, CG methylation and non-CG methylation (Zhang et al. 2006a). This
tool also displays small RNA signatures (Gustafson et al. 2005, Lu et al. 2005). Labelling of the
individual traces can be found in the Supplementary Table 8.1.
The Repbase Update program is a website based program, which searches repetitive sequences by
homology (Jurka et al. 2005).
The genomic sequences of 19 Arabidopsis genomes (Bur-0, Can-0, Ct-1, Edi-0, Hi-0, Kn-0, Ler-0,
Mt-0, No-0, Oy-0, Po-0, Rsch-4, Sf-2, Tsu-0, Wil-2, Ws-0, Wu-0 and Zu-0) were obtained from
http://mus.well.ox.ac.uk/19genomes/ (Gan et al. 2011) and were made searchable by Mr. John
Toubia, B.Sc. Bioinformatics (ACPFG, Adelaide, Australia) in the Batch BLAST Portal available at
the ACPFG.
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5.6.2 Analysis of AtHKT1;1 transcripts by semi-qPCR
To analyse the presence of AtHKT1;1 transcripts in more detail, gene specific primers were used in a
reverse transcription reaction to obtain gene specific cDNA, as opposed to using oligo d(T) 20 primers
to obtain total cDNA. Two AtHKT1;1 gene specific primers were designed for cDNA synthesis, one
which bound in the third exon 3′ of the second intron and a second primer which bound in the
second intron 5′ of the second intron.
cDNA synthesis was performed as described previously (section 2.5.2), with the only difference that
gene specific primers listed in Table 5.2 were used and 200 U reverse transcriptase enzyme.
Approximately 500 ng of RNA, derived from roots of 6 wk old hydroponically grown Col-0 and C24
plants subject to 7 d of ± 100mM NaCl treatment, in three biological replicates, was used for cDNA
synthesis.

Table 5.2: Primers used for AtHKT1;1 specific cDNA synthesis
Primer name

Annealing location (approximate
distance from ATG start codon)

Sequence (5′-3′)

HKT1;1-exon 3_R GATTCTTTACCCCTCGTCTTCCTAA Annealing at the end of Exon 3 (1.5 kb)
HKT1;1-exon 2_R

ATTTTGCCTTTCGGTGATTG

Annealing at the end of Exon 2 (1.2 kb)

RT-PCR was also performed as described previously (section 2.5.4) with primers listed in Table 5.3.
DNA fragments were visualised using agarose gel electrophoresis (section 2.1.2).

Table 5.3: Primer pairs used for RT-PCR using AtHKT1;1 specific cDNA
Primer name
Semi-q-HKT_Pair1
Semi-q-HKT_Pair2

Sequence (5′-3′)

Annealing location

TGGCTCTGTGTTGCTTCTTG

Amplification of 200 bp within
Exon 1

TTGAGGGATTAGGAGCCAGA
GGTTTCACTACCGGGTACA
TGGCTGTGAACTGCTTAAACC
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5.6.3 Generation of constructs for in planta analyses
To test the effects of the second intron sequence on AtHKT1;1 expression, various constructs were
designed for in planta analysis. The plasmids containing the 2.7 kb promoters (pCol-0 and pC24) in
the pCR8 vector were kindly provided by Dr. Sundstrom (University of Adelaide, Australia). The
genomic AtHKT1;1 DNA sequences were cloned as described in the following.

Table 5.4: Combination of AtHKT1;1 2.7 kb promoters and AtHKT1;1 sequences with
corresponding destination vectors for in planta analyses of the second intron and its
influence on regulating AtHKT1;1 expression
2.7 kb AtHKT1;1

AtHKT1;1 sequence

Destination vectors

Col-0

Col-0-gDNA

pMDC100nosT

Col-0

C24-gDNA

pMDC100nosT

C24

Col-0-gDNA

pMDC100nosT

C24

C24-gDNA

pMDC100nosT

Col-0

Col-0 intron

pMDC107 (GFP) and pMDC162 (GUS)

Col-0

C24 intron

pMDC107 (GFP) and pMDC162 (GUS)

C24

Col-0 intron

pMDC107 (GFP) and pMDC162 (GUS)

C24

C24 intron

pMDC107 (GFP) and pMDC162 (GUS)

promoter

5.6.3.1 Template DNA to amplify genomic AtHKT1;1 sequences
To amplify the Col-0 AtHKT1;1 genomic sequence, total genomic plant DNA was purified from leaf
material as described in section 2.4 and used as a template in PCR reactions.
Sundstrom (2011) was unable to determine the full genomic AtHKT1;1 sequence from C24 plant
genomic DNA. A Bacterial Artificial Chromosome (BAC), ATC24016B6 (obtained from Professor
June Nasrallah (Cornell University, Ithaca, NY, USA)), containing the C24 genomic sequence was
utilised to determine the C24 genomic AtHKT1;1 sequence (Sundstrom 2011). To clone the full
length genomic region of AtHKT1;1 in the present thesis, this BAC clone was obtained from Dr.
Sundstrom and used as template for PCR reactions. BAC plasmid DNA was purified following the
protocol below:
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A single colony of the BAC clone was used to inoculate 10 mL of LB with chloramphenicol (12.5 µg
mL-1) and the solution incubated at 37 °C o/n. The cell pellet from this bacterial culture was
resuspended in 200 µL of P1 (re-suspension solution from Qiagen, Chadstone Centre, Australia,
Cat. #19051). The cells were lysed by the addition of 400 µL of 1 % (w/v) SDS/0.2 M NaOH and
incubated on ice for 5 min. Cell debris was precipitated by addition of 300 µL of neutralisation buffer
P3 (Qiagen, Cat. #19053) and a further incubation of 10 min on ice. After centrifugation at 16,000 g
for 15 min at 4 °C, nucleic acids were precipitated by the addition of 550 µL of 100% (v/v)
isopropanol to the remaining supernatant. A pellet of nucleic acid was formed by centrifugation for
5 min at 16,000 g in a bench top centrifuge. The pellet was washed with 70% (v/v) ethanol and air
dried. The plasmid DNA was resuspended in 30 µL of MQ-water and used for subsequent PCR
amplification of the C24 AtHKT1;1 fragments.

5.6.3.2 PCR amplification of Col-0 and C24 AtHKT1;1 gDNA
A number of different PCR conditions were tested to determine the optimal conditions for
amplification of the Col-0 and C24 genomic DNA. The following polymerases were tested as
recommended by the manufacturer’s instructions: Elongase® (Life TechnologiesTM, Mulgrave,
Australia, Cat. #10480010,), Phusion® High-Fidelity DNA Polymerase (New England Biolabs,
Ipswich, MA, USA, Cat. #M0530), FailSafeTM PCR Test kit (EPICENTRE® Biotechnologies, Madison,
WI, USA, Cat. #FSP995), Platinum® Pfx DNA polymerase (Life TechnologiesTM, Mulgrave, Australia,
Cat. #11708013), Phire Hot Start II DNA polymerase (Thermo Scientific, Wilmington, DE, USA, Cat.
#F-122) and FastStart High Fidelity PCR System (Roche, Castle Hill, Australia, Cat. #03553426001).
Annealing temperatures between 50 °C to 60 °C were tested in 2 °C increments. Amplification of the
full sequence in one single PCR using the above mentioned polymerases was not successful;
therefore a different cloning strategy was applied. The sequence was divided into smaller fragments,
which contain at either side unique restriction sites that occur naturally in the AtHKT1;1 sequence for
ligation of the fragments in the correct order to obtain the full length AtHKT1;1 gDNA. The advantage
is that the smaller fragments are less likely to incorporate sequence errors during amplification and
can be sequenced separately before ligation. The Col-0 gDNA was divided into two fragments and
the C24 gDNA was divided into three fragments. Again, a number of PCR conditions were tested to
obtain the DNA fragments without sequence errors. The use of various Failsafe TM buffers have
shown to be most successful for these PCR amplifications. Different FailSafeTM buffers contain
varying amounts of MgCl2 and FailSafe PCR enhancer.
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The general workflow to obtain full length AtHKT1;1 gDNA fragments is depicted in Figure 5.2 and
described below:
1) Primer design using Primer 3 and Netprimer (section 2.1.1) with unique restriction sites that occur
naturally in the AtHKT1;1 sequence for ligation of the fragments; 2) amplification of DNA fragments
using PCR (section 2.1.1); 3) analysis of PCR products using agarose gel electrophoresis
(section 2.1.2); 4) purification of PCR products from agarose gel (section 2.1.3); 5) addition of an Aoverhang to PCR fragments to enable TA-cloning (section 2.1.4) into pCR8 vectors; 6) TA-cloning of
PCR fragments into the pCR8 vector (section 2.1.4); 7) transformation of pCR8 vector containing
DNA fragments into TOP10 cells and colony analysis by extracting plasmid DNA, restriction digest
and agarose gel electrophoresis (sections 2.1.7, 2.1.8 and 2.1.2); 8) sequencing of positive clones
with primers GWI and GWII, which anneal on the pCR8 vector either side of the inserted DNA
fragment, if necessary additional sequencing using gene specific primers to ensure sequence is
without errors (section 2.1.11); 9) digest of correct fragments using desired restriction enzymes and
separation of fragments using agarose gel electrophoresis, followed by purification; 10) fragment
ligation and 11) transformation of the vector into TOP10 cells, colony selection and sequence
analysis (from step 7 onwards). After completion, the correct genomic AtHKT1;1 DNA fragments
were in Gateway® enabled vectors that can be used for LR reactions to obtain destination vectors
(section 2.1.10).

119

Chapter 5: The role of the second intron in AtHKT1;1 expression

Figure 5.2: Diagram illustrating workflow for cloning of AtHKT1;1 genomic DNA fragments.
Depicted is the workflow of constructing the full length AtHKT1;1 genomic DNA from C24. The Col-0
AtHKT1;1 gDNA was generated similarly but only using two fragments. Details regarding individual
steps can be found in the text.
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Once the full length genomic DNA or intron fragments with the correct sequence were obtained, they
were ligated behind the AtHKT1;1 promoter sequence in pCR8 (Figure 5.3). For this, 1) the pCR8
vectors containing the AtHKT1;1 gene sequence and promoter sequence were digested using the
restriction enzyme XhoI. The fragments were separated using agarose gel electrophoresis and
purified as described previously (sections 2.1.2 and 2.1.3). 2) The desired DNA fragments were then
ligated (section 2.1.9), transformed into TOP10 cells and colonies were selected for restriction digest
analysis. As indicated in Figure 5.3 also the plasmid backbone contains an XhoI restriction site,
which is undesirable as it is therefore possible for the fragments to ligate in an undesired orientation.
Unfortunately, it was not possible to use another restriction enzyme so restriction digestion of the
ligated promoter::gene pCR8 constructs was performed to identify those plasmids with the incorrect
assembly and these were excluded. 3) Positive clones were selected and sequenced to ensure all
fragments were present in the correct order and orientation using GWI and GWII (section 2.1.11).

Figure 5.3: Diagram illustrating cloning strategy to ligate AtHKT1;1 promoter fragments with
gene fragments.
Fragments were generated using XhoI restriction digest and then ligated to the final entry vector.
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Once the desired AtHKT1;1 promoter and AtHKT1;1 gene sequence were in the pCR8 vector, they
were recombined into the desired destination vector by LR recombination (section 2.1.10) as outlined
in Figure 5.4.
The destination vectors pMDC107 and pMDC162 were available as laboratory stocks, originating
from Curtis and Grossniklaus (2003), while pMDC100nosT vector was modified by Sundstrom
(2011). pMDC107 and pMDC162 contain a GFP and GUS reporter gene, respectively, downstream
of a Gateway enabled cloning site which can be used to insert a desired gene promoter to test its
activity. The vector pMDC100nosT does not contain a promoter for driving the expression of a gene
of interest. It only contains a nosT sequence downstream of the Gateway® enabled entry site which
allows the termination of the transcript of an inserted gene of interest. pMDC100nosT therefore
allows the expression of a gene of interest under the control of a promoter of interest. As indicated,
all three vectors are Gateway® enabled, allowing the insertion of the gene of interest from a pCR8
entry vector by LR recombination (section 2.1.10). These vectors also contain the required genes for
amplification in A. tumefaciens (section 2.3), mediate expression and transgene selection in
Arabidopsis (section 2.3.4).

122

Chapter 5: The role of the second intron in AtHKT1;1 expression

Figure 5.4: Diagram illustrating the recombination of the AtHKT1;1 promoter and gene
sequences from the pCR8 vector into the desired destination vector.
Gateway® recombination sites are marked in black boxes and mediate the replacement of the ccdB
gene, which facilitates negative selection in bacteria, with the DNA sequence of interest, in this case
the AtHKT1;1 promoter and gene sequences (indicated by orange dashes).
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5.7

Results
5.7.1 Identifying regulatory elements in the second intron of AtHKT1;1

Intron mediated enhancement (IME) has been identified in a number of genes in Arabidopsis. Genes
with known IME have often been described as having overrepresentation of short nucleotide
sequence repeats in their first introns. The two known sequences are (1) GATCTG (Morita et al.
2012, Rose et al. 2008) and (2) CGATT (Parra et al. 2011). While (1) GATCTG was not present in
the AtHKT1;1 genomic DNA sequence of Col-0 or C24, (2) CGATT was present in the second intron
in both Col-0 and C24. In C24, the motif was found approximately 30 bp upstream of the 1.6 kb
insertion, which is hypothesised to be involved in regulating AtHKT1;1 expression. Since the motif is
present in both ecotypes’ AtHKT1;1, there is not an overrepresentation of the sequence, and the
motif is located in the second intron, it seems unlikely that IME is causing the lack of AtHKT1;1
expression in C24 roots. However, this mechanism cannot be excluded without empirical testing.
Another mechanism that is known to regulate gene expression is non-sense mediated decay (NMD).
The degradation of transcripts by NMD containing PTCs has not yet been described to be tissue
specific, which would make this mechanism unlikely to be the cause for the lack of AtHKT1;1
expression in the root of C24 plants. However these mechanisms have been primarily studied in the
mammalian and yeast system and studies have not yet analysed tissue specificity of NMD in plants.
Unfortunately, no additional information is available to judge if NMD may be responsible for the
decay of AtHKT1;1 transcript in C24 roots and, therefore, this mechanism cannot be excluded.
The lack of AtHKT1;1 transcript in roots of C24 may result from insufficient addition of poly(A)sequence to the end of the RNA transcript. The AtHKT1;1 transcript sequence of Col-0 and C24 was
not determined in this study, which would enable the quantification of the actual AU content,
however, the AT content of AtHKT1;1 was determined on the basis of the genomic DNA (Table 5.5).
The AT-content of the AtHKT1;1 second intron is higher in Col-0 (80 %) compared to C24 (70 %),
while the 1.6 kb insertion in the second intron in C24 is even lower (65 %). It has been previously
reported that the average AU-content of introns in Arabidopsis is approximately 70 % (Ko et al.
1998), which is similar to the AtHKT1;1 AT content. AU rich sequences in the intron close to the 3′end of transcripts have been linked to alterations in poly(A)-signals, inhibiting the addition of the
poly(A)-tail in mammals (Tian et al. 2007). Yet, it does not appear that an unusually high AU content
is present in the second intron of the AtHKT1;1 transcript which may interfere with the addition of a
poly(A)-tail. However, the intron region in C24 appears to have repetitive elements, which may in
turn lead to alternate folding of the transcript, which may interfere with addition of the poly(A)
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sequence. Therefore, this mechanisms cannot be excluded to be causing the lack of AtHKT1;1
transcript in C24 roots.

Table 5.5: AT-content of AtHKT1;1 genomic Col-0 and C24 DNA fragments located towards
the 3′ end of the gene
Fragment of genomic DNA (approximate length)

~ % AT content

Full length Col-0 second intron (~ 0.8 kbp)

80

Full length C24 second intron (~ 2.4 kb)

70

DNA insertion in second intron of C24 (~ 1.6 kb)

65

Col-0 third exon (~ 0.2 kb)

55

C24 third exon (0.2 kb)

52

Studies and mechanisms described in the current literature did not lead to conclusive evidence
whether or not AtHKT1;1 expression in C24 roots is controlled by IME, NMD or insufficient poly(A)sequence addition. Therefore, bioinformatics databases were consulted.

5.7.2 Bioinformatics analysis of the genomic DNA sequence, in particular the
second intron
5.7.2.1 Col-0 AtHKT1;1 contains transposable elements in the second intron
To investigate if the regulation of AtHKT1;1 is influenced or controlled by elements in the genomic
DNA, particularly elements present in the second intron, a range of databases containing sequence
and transcript data were consulted. TAIR was searched for AtHKT1;1, At4G10310, to obtain
information concerning the ecotype Col-0 (Figure 5.5). A subset of the database was selected
containing the desired information (referred to as tracks) for AtHKT1;1. As expected, the predicted
gene model confirmed AtHKT1;1 is composed of three exons and two introns. Interestingly, analysis
of the database indicated the presence of a large transposable element, ATHPOGON1 in the second
intron of the Col-0 AtHKT1;1 gene (Figure 5.5 Track 1, A). Two smaller transposable elements,
ATREP11 and BRODYAGA1, were also identified within the second intron (Figure 5.5 Track 3, B).
Additionally, a number of small RNA binding sites were identified in the region of the large
transposable element (Figure 5.5 Tracks 4-6, C). To investigate whether the region of the genome
containing AtHKT1;1 is subject to methylation, the SIGnAL Arabidopsis Methylome Mapping Tool
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was used (Figure 5.6). It should be noted that the methylation status was determined in floral tissue
and methylation may be different in shoot or root tissue. Little methylation was found in the genomic
region of AtHKT1;1; however, strong methylation was detected in the promoter region, approximately
2.4 kb upstream of the AtHKT1;1 start codon (Figure 5.6 Track 2, A). Within the AtHKT1;1 promoter
(approximately 3 kb to 6 kb upstream of the AtHKT1;1 start codon) there were also a large number of
small RNA binding sites (Figure 5.6 Track 3, B), along with a smaller number in the second intron
(2.5 kb to 3.4 kb in the AtHKT1;1 genomic sequence) (Figure 5.6 Track 3, C).

5.7.2.2 Insertion in the second intron in C24 corresponds to transposon SIMPLEHAT2
Since the second intron in Col-0 contains a large transposable element, the additional sequence
present in C24 was subjected to a BLAST search to investigate if the insertion is a transposable
element itself. The query was subject to a BLAST search using the tool blastn in the nucleotide
database of Arabidopsis thaliana and optimising for highly similar sequences (megablast). A
graphical overview of BLAST results indicates the similarity of sequences identified (Figure 5.7 A).
The length and position of the identified sequences (lines in red) are presented relative to the query
sequence (numbered red line at the top). The colour of the bands indicates that the identified
sequences have a high bit score, which is a normalised measurement of sequence similarity. The
table underneath contains a list of identified loci that have a similar sequence to the second intron of
AtHKT1;1 in C24 (Figure 5.7 B). It provides a brief description of the identified loci, for example on
which chromosome the sequence was identified and the E-value. The E-value indicates how likely it
is that this sequence alignment would be obtained by chance, the smaller the E-values the less likely
the sequences are similar by chance. The column headed “Ident” indicates the percent identity of the
match of the sequences and the “Accession” column leads to experimental details in which the
sequence was identified. These BLAST results were used to investigate if the sequence has been
annotated elsewhere in the genome.
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Tracks included are (1) At4g10310 locus (AtHKT1;1), (2) the gene model indicating three exons (solid blue box) and two introns (lines
between boxes), (3) natural transposons annotated from TAIR and a variety of external sources including TIGR and the Quesneville
group (Buisine et al. 2008) highlighting the (A) ATHPOGON1 transposon and (B) ATREP11 and BRONDYAGA1 transposons; and
tracks (4), (5) and (6) display small RNA binding sites identified by different sources as indicated, highlighted with (C).

Figure 5.5: ATHKT1;1 Col-0 genomic region displayed in gbrowser with additional information.
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Track (1) indicates the genomic region, with exons in green: At4g10310 (ATHKT1;1) is in the middle of the window, the upstream gene At4g10300 to
the left and the downstream gene At4g10320 to the right. Tracks in (2) indicate the methylated DNA regions as determined by mCIP and MBD with two
methylation deficient mutant backgrounds met1 and drm1 drm2 cmt3 (ddc) (Zhang et al. 2006a). In (3) indicating small RNA binding sites from ASRP
(Gustafson et al. 2005) or MPSS databases (Lu et al. 2005, Nakano et al. 2006). The white shaded area is marked by the program and only indicates
the middle of the analysis window. (A) highlightes methylated region upstream of HKT1;1, also highlighted are(B) small RNA binding sites found (B)
upstream of ATHKT1;1 and (C) small RNA binding sites in the second intron of ATHKT1;1.

Figure 5.6: Methylation and small RNA signatures in Col-0 ATHKT1;1, identified using The SIGnAL Arabidopsis Methylome Mapping Tool.
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Figure 5.7: Results of a BLAST search (blastn) in the Arabidopsis thaliana nucleotide
selection using the 1.6 kb intron sequence that is present in C24 AtHKT1;1, but not in Col-0.
(A) Graphical overview of results and (B) list of results with corresponding E-values, % identity and
Accession. Further details are provided in the text (5.7.2.2).
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The BLAST search identified a number of highly similar sequences to the second intron of AtHKT1;1
in C24. The first result in the list suggests that a sequence is present on Arabidopsis (Col-0)
chromosome 5 that is highly similar to the insertion in the second C24 intron (Figure 5.7). The
sequence on chromosome 5 corresponding to the C24 insertion is in position 24818790 –
24819893 bp, upstream of the gene At5g61770. The sequence is annotated as At5TE89325, a
SIMPLEHAT2 transposon (Figure 5.8). A number of other similar sequences in the list of BLAST
returns (Figure 5.7) were investigated and were also found to be SIMPLEHAT2 transposons. From
the annotation in TAIR, it can be seen that the SIMPLEHAT2 transposon contains a large number of
binding sites for small RNAs (Figure 5.8). Only one of the references for small RNA binding sites as
described by Gustafson et al. (2005), was included in Figure 5.8 due to space limitations; however,
the other two sources, Lister et al. (2008) and Gregory et al. (2008), showed a similar distribution of
small RNA binding sites. All RNA binding sites in the SIMPLEHAT2 transposon were annotated to be
bound by the same RNA class - small RNA 131. Methylation of this region was analysed using
SIGnAL, however, only weak methylation was detected in the region of At5TE89325. The results
from SIGnAL complemented the results from TAIR by indicating that a large number of small RNA
binding sites have been identified (Figure 5.9).
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Figure 5.8: SIMPLEHAT2 region, At5TE89325, on Chromosome 5, displayed in gbrowser with
additional information.
Tracks included are (1) At5TE89325 genomic region, (2) the protein coding model, (3) natural
transposons annotated from TAIR and a variety of external sources including TIGR and the
Quesneville group (Buisine et al. 2008), (4) small RNA binding sites identified by the ASRP.
Highlighted regions are the (A) SIMPLEHAT transposon and (B) small RNA binding sites.
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132

Track (1) indicates the genomic region, with exons in green. Tracks in (2) indicate the methylated DNA regions as determined by mCIP and MBD with two
methylation deficient mutant backgrounds met1 and drm1 drm2 cmt3 (ddc) (Zhang et al. 2006a). In (3) indicating small RNA signatures from ASRP
(Gustafson et al. 2005) or MPSS databases (Lu et al. 2005, Nakano et al. 2006). Highlighted are (A) small methylation signatures and (B) small RNA
binding sites in the SIMPLEHAT2 transposon region.

Figure 5.9: Methylation and small RNA signatures in the genomic region of At5TE89325, SIMPLAHAT2 (approximate position marked in figure),
containing SIMPLEHAT2, identified using The SIGnAL Arabidopsis Methylome Mapping Tool.
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To further determine whether the insertion in the second intron can be attributed to the transposon
SIMPLEHAT2, the Repbase Update program was utilised with the full length Col-0 and C24
AtHKT1;1 sequences as query sequences (Figure 5.10 to Figure 5.12). The Col-0 sequence
returned eight predicted repetitive regions across the length of the gene, with most of them having a
size of less than 100 bp (Figure 5.10). The largest transposable element, with the highest score, is
ATHPOGON1 in the second intron, which was also annotated in the TAIR database, displayed in
Figure 5.5. Again, the transposable element SIMPLEHAT2 was identified as being in the region of
the insertion in the second intron in the C24 AtHKT1;1 (Figure 5.11 and Figure 5.12). Interestingly,
there were not many similarities between repeat elements within the C24 and Col-0 AtHKT1;1 genes
(Figure 5.11). Besides the repeats Copia-66_Aly-I and ATHPOGON1, there is no conformity
between Col-0 and C24.

Figure 5.10: Repbase Update output for the full length 3.6 kb Col-0 AtHKT1;1 sequence.
The gene AtHKT1;1 model was added to the figure to locate repeat element in relation to the exonintron-structure of AtHKT1;1. The heat map indicates in blue the sequences without repeat elements
and in red repeat elements that are listed with the corresponding number in the table below. The first
two columns (From/To) indicate the position of the repeat element in the AtHKT1;1 sequence in bp
from the ATG start codon, followed by (Name) the name of the repeat element and (From/To) which
part of the sequence of the repeat element matches the AtHKT1;1 sequence. (Class) refers to the
transposon class as specified in the repeat annotation and (Dir) indicates the direction, ‘d’ for direct
and ‘c’ for complementary. (Sim) contains a value for similarity (with value 1 meaning identical) and
(Score) is the alignment score obtained from BLAST.
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Figure 5.11: Repbase Update output for the full length 5.4 kb C24 AtHKT1;1 sequence.
Details as in Figure 5.10. Additionally, in the AtHKT1;1 gene graphic, the 1.6 kb insertion present in
the second intron is marked in orange colour.

Figure 5.12: Repbase Update output for the sequence corresponding to the 1.6 kb insertion in
the second intron of the C24 sequence.
Table references as in Figure 5.10.
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The annotation of SIMPLEHAT2 provided by the Repbase Update database is shown in Figure 5.13.
It is a class II, non-autonomous DNA transposon of the hAT superfamily. SIMPLEHAT2 siRNA was
linked to AGO4 and AGO6, two components in the RISC, which again is involved in methylation of
target genes and slicing of transcripts (Qi et al. 2006, Zheng et al. 2007). The discussion section
contains further information on possible mechanisms of how SIMPLEHAT2 may be involved in
regulating AtHKT1;1 gene expression.

Figure 5.13: Annotation of SIMPLEHAT2 provided by the Repbase Update database.
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5.7.2.3 Other Arabidopsis ecotypes do not contain insertions in the second intron
To analyse the AtHKT1;1 gene composition of other ecotypes, sequence information of 19 ecotypes
were obtained from Gan et al. (2011) and made searchable using BLAST by Mr. John Toubia, B.Sc.
Bioinformatics (University of Adelaide, Australia). The AtHKT1;1 genes were then identified by
performing a BLAST search using the Col-0 AtHKT1;1 sequence as a query. The sequences were
extracted from the dataset and aligned (Figure 5.14). The alignment shows in black the highly
conserved sequences, with the lighter grey regions indicating areas of polymorphisms. Alignment
analysis indicates that only C24 contains a 1.6 kb insertion in the second intron (Figure 5.14 bottom
panel). The high shoot Na+ accumulating, low AtHKT1;1 expressing ecotype Tsu-1 is highlighted in
the alignment (purple arrow), but it does not contain the 1.6 kb transposon in the second intron.
Interestingly however, it appears that a number of ecotypes do not contain a sequence of
approximately 500 bp in the first intron, marked with an orange box in Figure 5.14. C24, Bur-0, Can0, Ct-1, Rsch-4, Tsu-0, and Zu-0 all contain the 500 bp region (indicated by light grey bars in the
alignment), while the ecotypes Edi-0, Hi-0, Kn-0, Ler-0, Mt-0, No-0, Oy-0, Po-0, Sf-2 Wil-2, Ws-0,
Wu-0 do not contain this sequence (indicated by a single line in the alignment) (Figure 5.14). The
ecotype Col-0 also contains the 500 bp sequence, but is not included in the alignment. An alignment
of the C24 and Col-0 sequence can be found in the supplementary material (Supplementary
Figure 8.8). Information regarding Na+ accumulation and natural habitats is available from Baxter et
al. (2010) and was compared for the available ecotypes sequenced (Table 5.6). With the exception
of Ws-0, all ecotypes that do contain the 500 bp fragment in the first intron contain a high leaf Na +
content of more than 700 mg/kg, while ecotypes that no not have the 500 bp fragment in the first
intron have a lower leaf Na+ content of under 700 mg/kg. However, no clear correlation between the
presence or absence of the 500 bp sequence in the first intron with habitat proximity to saline areas
could be identified.
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Table 5.6: Comparison of the presence of a 500 bp fragment in the first intron (sequencing
data by Gan et al. (2011)) to corresponding leaf Na+ data and distance to saline areas from
Baxter et al. (2010)
Ecotype

Presence of 500 bp
Leaf Na+ (mg/kg)
sequence in first intron

Distance to saline
area (km)

Mt-0

N

406

39.1

Edi-0

N

542

4.3

Oy-0

N

563

2.7

Hi-0

N

610

n.d.

Wil-1

N

659

n.d.

Can-0

Y

703

4.1

Rsch-4

Y

751

433.4

Col-0

Y

914

n.d.

Ct-1

Y

951

10.9

Ws-0

N

1418

n.d.

Ts-1

Y1

2504

13.5

Bur-0

Y

2958

14.8

Tsu-1

Y

High1

Close1

C24

Y

High1

n.d.

1

data from Rus et al. (2006)
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Figure 5.14: Alignment of genomic AtHKT1;1 sequences from 19 Arabidopsis ecotypes to the
C24 AtHKT1;1 sequence.
The sequence alignment was divided into two parts for appropriate illustration, the top panel contains
the first part of the alignment up to the end of exon 2, the bottom panel contains the remaining
alignment from intron 2 to the end. Two ecotypes of particular interest, C24 and Tsu-1, are marked
with a purple arrow and the polymorphisms in the first intron are marked with an orange box. The
identity score is presented above the alignment (high identity in green colour and lower identity in
red). C24 sequence was obtained from Sundstrum (2011), all other sequences from Gan et al.
(2011)
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5.7.3 Analysis of AtHKT1;1 transcripts by semi-qPCR
To determine if there are differences in alternative splicing between Col-0 and C24, gene specific
RT-PCR was performed using primers for different regions of the AtHKT1;1 coding sequence. cDNA
synthesis had previously been performed using an Oligo d(T)20 primer to obtain cDNA from all mRNA
containing poly(A)-tails. However, if the poly(A)-tail is not present in C24 AtHKT1;1 transcripts in the
root, for instance due to differences in splicing or RNA folding, these transcript would not be detected
by regular RT-PCR. This may explain the observed qRT-PCR results in other studies where little
AtHKT1;1 expression was detected in the roots of C24 (Jha et al. 2010, Sundstrom 2011). RNA was
derived from roots of 6 wk old hydroponically grown Col-0 and C24 plants subjected to 7 d of
± 100mM NaCl treatment (labelled control and salt). The location of the gene specific primers used
for cDNA synthesis and subsequent RT-PCR analysis are indicated in Figure 5.15.

Figure 5.15: Diagram of gene specific RT-PCR on AtHKT1;1 transcripts.
AtHKT1;1 specific cDNA was produced using primers AtHKT1;1-exon 2_R and AtHKT1;1-exon3_R
(indicated in blue), while the subsequent PCR reaction was performed using Semi-q-HKT_Pair1,
resulting in a 200 bp fragment, and Semi-q-HKT_Pair2, resulting in a 150 bp fragment of DNA
(primer pairs indicated in green).

AtHKT1;1 transcripts were detected in samples of cDNA derived from roots of Col-0 plants (control
and salt treated), while no transcripts were detected for cDNA derived from C24 roots (Figure 5.16).
Specifically, bands are visible in two out of three replicates of control and salt treated Col-0 samples,
where a fragment of exon 1 was amplified in cDNAs (Figure 5.16 A). Weaker bands were visible in
samples corresponding to Col-0 salt treated plants with cDNA generated using AtHKT1;1-exon3_R
(Figure 5.16 A). No bands were displayed in samples derived from C24 (Figure 5.16). The primer
pair used to amplify a fragment in exon 2 (150 bp) also displays primer dimers, which may be visible
as shadows in the lower part of the images. However, PCR products were clearly distinguishable on
the agarose gel. Bands for amplicons of exon 2 are visible in images corresponding to Col-0 control
and salt treated cDNA samples generated using AtHKT1;1-exon3_R, while only one band is visible
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in Col-0 cDNA generated using AtHKT1;1-exon2_R (2nd biological replicate under salt stress;
Figure 5.16B). No bands are visible in any C24 samples (Figure 5.16 B).

Figure 5.16: Agarose gel images of RT-PCR on AtHKT1;1 specific cDNA.
(A) Primer set Semi-q-HKT_Pair1 was used to amplify a 200 bp fragment in the first exon of
AtHKT1;1 cDNA. (B) Primer set Semi-q-HKT_Pair2 was used to amplify a 150 bp fragment in the
second exon of AtHKT1;1 cDNA. cDNA was generated using a primer that annealed in the third exon
(HKT1;1-exon3_R) or one that anneals in the second exon (HKT1;1-exon2_R). (L) Ladder
represents fragment with a size of 200 bp. Agarose gel images of three biological replicates were
rearranged to facilitate suitable labelling.

5.7.4 Generation of expression vectors for in planta analyses
To test if the AtHKT1;1 genomic sequence, in particular the second intron of C24, influences
AtHKT1;1 expression levels in planta, a number of constructs were designed. Although various
polymerases and amplification variables were tested, amplification of the full length Col-0 or C24
AtHKT1;1 gDNA without sequence errors was not successful. Therefore, a different approach was
taken, in which the Col-0 and C24 gDNA was amplified in two and three fragments, respectively, and
the fragments ligated to form the full length gDNA. Primers were designed that enable the
amplification of the fragments and subsequent ligation (Table 5.7). The primer sequence contained
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restriction sites that occur naturally and only once in AtHKT1;1 to enable digest and ligation.
Amplification of the fragments was proving to be difficult and a variety of annealing temperatures,
combination of polymerases and buffers were tested for optimal, error-free amplification. The final
conditions that were used to amplify the fragments are listed in Table 5.8.
Table 5.7: Primers used to amplify the AtHKT1;1 genomic sequence from Col-0 and C24.
Underlined nucleotides indicate restriction sites used to ligate fragments using XhoI. NNNN
are random nucleotides that were included to facilitate restriction digest.
Fragment
name

Primer name

Sequence (5′-3′)

AtHKT1-gene_F1

ACCGACTCGAGAACTAAAATGGACA

AtHKT1_Col_1st _R

NNNNTTAATTAATGGTTAATATAGATATAT

Col-0 HKT
2nd half

AtHKT1_Col_2nd_F

NNNNTTAATTAAGGAACCTACAAGAGAATG

AtHKT-gene_R1

NNNCTGCAGTTAGGAAGAGGGGTAAAG

C24 HKT

AtHKT1-gene_F1

ACCGACTCGAGAACTAAAATGGACA

1st third

AtHKT1_C24_1st_R

NNNNGCTAAGCTGATTAATTGGTG

C24 HKT

AtHKT1_C24_2nd_F

NNNNGCTTAGCAATTGAAAGC

2nd third

AtHKT_C24_2nd_R

NNNGGGACTAGTGTAAAAAATGAC

C24 HKT

AtHKT1_C24_3rd_F

NNNNACTAGTCCCAACTCGG

3rd third

AtHKT-gene_R1

NNNCTGCAGTTAGGAAGAGGGGTAAAG

AtHKT_Intron_F

NNNNCTCGAGACCGAAAGGCAAAATCTAC

AtHKT_Intron_R

ACCATCGATGATATCCA

AtHKT_Intron_F

NNNNCTCGAGACCGAAAGGCAAAATCTAC

AtHKT_Intron_R

ACCATCGATGATATCCA

Col-0 HKT
1st half

Col-0 intron
C24 intron
1obtained

from Sundstrom (2011)
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Product
size (bp)
2100
1500
1600
1700
2150
1200
2700

Chapter 5: The role of the second intron in AtHKT1;1 expression

Table 5.8: PCR setup and cycling conditions to amplify AtHKT1;1 genomic DNA and intron
fragments. Part (A) shows the general PCR mix and cycling conditions. Components varying
between amplifications are marked in bold and indicated with “X”; refer to (B) for the specific
conditions used for amplifying each DNA fragment.

The DNA fragments obtained by PCR (Figure 5.17 and Figure 5.18) were purified, an A-overhang
was added to the fragments and they were ligated into pCR8 for amplification in E.coli. Correctness
of constructs was ensured by sequencing. The fragments “C24 HKT 3rd third” (Figure 5.17) and “C24
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intron” (Figure 5.18) were particularly difficult to amplify, as they contain a large number of repetitive
sequences, compromising the polymerase’s fidelity. These repetitive regions also complicated the
analysis of sequencing reactions, as the sequencing outputs were usually short. To obtain the full
Col-0 and C24 gDNA, the desired DNA fragments (Figure 5.17 A and B, respectively) were
subjected to restriction digest with the indicated enzymes and were ligated.

Figure 5.17: Amplified DNA fragments of the (A) Col-0 gDNA and (B) C24 gDNA.
Illustrated are the DNA fragments used for ligation to obtain the full length AtHKT1;1 gDNA.
Restriction sites used for the ligation process are indicated. Images are not to scale, fragment sizes
are indicated on the right hand side.
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Figure 5.18: Amplified DNA fragments containing the second intron of Col-0 and C24.
Images are not to scale, fragment sizes are indicated on the right hand side and the location of the
insertion in the C24 intron is marked. XhoI restriction sites required for ligation to the promoter
fragments are indicated.

The two plasmids containing DNA fragments forming Col-0 AtHKT1;1 gDNA (Figure 5.17 A) were
successfully ligated and were verified to contain the correct sequence. This plasmid was further
processed for recombination with the destination vector as will be outlined below. However, ligation
of the three DNA fragments comprising of the C24 AtHKT1;1 gDNA (Figure 5.17 B) into the pCR8
entry vector was not successful. The expected sizes after BsrGI restriction digest of the pCR8 vector
containing the C24 gDNA sequence are 1.6 kb, 2.7 kb and 3.7 kb. However, one of the DNA bands
was consistently sized below 1.5 kb, at approximately 1.3 kb. Figure 5.19 shows a representative
example of a restriction digest obtained for C24 gDNA, the shorter than expected size for the third
fragment - 200 bp of the sequence is absent. Sequencing of a number of clones from different
ligation reactions elucidated that part of the repetitive region in the second intron (towards the 3′ end
of the intron) was absent from all. The initial three C24 DNA fragments were retested using both
restriction digests and sequencing which confirmed that they originally contained the expected
nucleotide sequence prior to ligation. A number of different DNA ligation conditions were trialled to
ensure it was not the interaction between fragments that prohibited correct ligation. Variations on the
ligation protocol included: shortening the ligation time from 1 h to 15 min, extending of the ligation
time to 2 d, incubating the ligation at different temperatures (21 °C, 25 °C and 4 °C), different ratios
of the three DNA fragments and different DNA ligases. Unfortunately, for reasons unknown, it was
not possible to obtain the correct clone containing full length C24 gDNA.
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Figure 5.19: Representative agarose gel image of a BsrGI restriction digest of the pCR8
plasmid containing C24 AtHKT1;1 gDNA.
The image of the digest did not show the expected restriction fragments with sizes of 1.6 kb, 2.7 kb
and 3.7 kb. (L) Molecular weight ladder in bp as reference.

Subsequently, GeneScript (Piscataway, NJ, USA) was used to artificially synthesis the full length of
the AtHKT1;1-C24 gene, including the long second intron. GenScript, likewise, reported difficulties in
synthesising the sequence, and had to change the restriction sites anticipated for cloning.
Eventually, after several attempts GeneScript were able to provide a full length version of the C24
AtHKT1;1 gene. However, even after multiple attempts it was not possible to transfer the synthesised
gene sequence into the pCR8 vector by restriction digest and ligation within the time frame of the
PhD candidature.

While the C24 AtHKT1;1 gDNA fragments were not successfully ligated, the Col-0 AtHKT1;1 gDNA
had been successfully ligated and the correct sequence was obtained. This Col-0 gDNA sequence
was now cloned behind the AtHKT1;1 promoter as presented in the cloning strategy in Figure 5.3.
While it was not possible to clone the full gDNA sequence of C24 AtHKT1;1 it was possible to clone
the complete sequence of the second intron from both Col-0 and C24 behind the AtHKT1;1 promoter
using the same strategy presented in Figure 5.3. The AtHKT1;1 promoter was fused to both the
gDNA and second intron sequences by digesting the pCR8 vectors containing the desired
sequences with the restriction enzyme XhoI. The fragments were then purified and ligated. After
verification of correct fragments and orientation, the promoter::gene combinations were recombined
into the destination vectors required for in planta analysis. The vectors containing the AtHKT1;1
gDNA were recombined into pMDC100nosT vectors that enable expression of the AtHKT1;1 gDNA
in planta and the constructs containing the second intron were recombined to pMDC107 and
pMDC162 for visualisation of GFP fluorescence and GUS activity. Table 5.9 lists the completed
destination vectors and sizes of fragments expected by restriction digest shown in Figure 5.20.
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Table 5.9: List of constructs in final destination vector with corresponding enzyme for control
digests and fragment pattern.
Restriction enzyme and resulting sizes of

#

Final destination vector description

S1

pCol-0::Col-0-gDNA in pMDC100nosT

XhoI 6.8+4.8+2.8+0.9

S3

pC24::Col-0-gDNA in pMDC100nosT

XhoI 6.8+5.0+2.8+0.9

S5

pCol-0::Col-0intron in pMDC107 (GFP)

XhoI 9.6+2.1+1.1+1.0

S6

pCol-0::C24intron in pMDC107 (GFP)

XhoI 9.6+2.6+2.1+1.1

S7

pC24::Col-0intron in pMDC107 (GFP)

XhoI 9.6+2.1+1.1+1.0

S9

pCol-0::Col-0intron in pMDC162 (GUS)

EcoRI 9.0+3.8+2.2

S10

pCol-0::C24intron in pMDC162 (GUS)

EcoRI 9.0+5.4+2.2

fragments for control digest (in kb)

Figure 5.20: Images of agarose gels after restriction digests of fully cloned destination
vectors listed in Table 5.9.
The labelling corresponds to the numbering in Table 5.9. Images were taken from different gels and
sizes of images were adjusted to fit the (L) molecular weight ladder showing fragment sizes in bp as
reference.

The completed destination vectors were transformed into A. tumefaciens for Arabidopsis
transformation (section 2.3). Again, difficulties were experienced in recombining the vector
containing the C24 intron fragment into destination vectors. An overview in Table 5.10 illustrates
which constructs were successfully completed, recombined into destination vectors, transformed into
A. tumefaciens and subsequently transformed into Arabidopsis (section 2.3).
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Table 5.10: Overview of vectors constructed, the generation of the required destination
vector, and the success of transforming the destination vector into A. tumefaciens and
Arabidopsis.
In
A.tumefaciens

In
Arabidopsis

pMDC100nosT ✓

✓

✓

pCol-0::C24-gDNA X

pMDC100nosT X

X

X

S3

pC24::Col-0-gDNA ✓

pMDC100nosT ✓

✓

✓

S4

pC24::C24-gDNA X

pMDC100nosT X

X

X

S5

pCol-0::Col-0intron ✓

pMDC107 (GFP) ✓

✓

✓

S6

pCol-0::C24intron ✓

pMDC107 (GFP) ✓

✓

✓

S7

pC24::Col-0intron ✓

pMDC107 (GFP) ✓

✓

✓

S8

pC24::C24intron ✓

pMDC107 (GFP) X

X

X

S9

pCol-0::Col-0intron ✓

pMDC162 (GUS) ✓

X

X

S10

pCol-0::C24intron ✓

pMDC162 (GUS) ✓

X

X

S11

pC24::Col-0intron ✓

pMDC162 (GUS) X

X

X

S12

pC24::C24intron ✓

pMDC162 (GUS) X

X

X

#

Vector construct

S1

pCol-0::Col-0-gDNA ✓

S2

Destination vector

✓: stage completed, X: stage not completed

Unfortunately, the in planta analysis was not completed within the candidature due to time constrains
and the cloning difficulties outlined above.
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5.8

Discussion
5.8.1 Transposable elements present in AtHKT1;1 sequence

The aim of this chapter was to investigate the genomic sequence of AtHKT1;1. The particular focus
was the second intron, which contains a 1.6 kb insertion in the C24 ecotype. This insertion was
hypothesised to regulate AtHKT1;1 expression, resulting in the lack of AtHKT1;1 expression in C24
roots.
The Col-0 AtHKT1;1 genomic sequence contains a number of transposable elements (Figure 5.5
and Figure 5.10) with one of them, ATHPOGON1, being the target of small RNAs. The mode of
action of small RNAs are predominantly mediating methylation and/or slicing. As this genomic area is
not methylated (Figure 5.6), the small RNAs may cause some degradation of the AtHKT1;1
transcript, resulting in overall low expression levels of AtHKT1;1 in Col-0 as previously reported (Jha
et al. 2010), particularly when compared to other important salt tolerance genes, such as AVP1. In
C24, the 1.6 kb insertion in the second intron has been identified as a SIMPLEHAT2 transposon
(Figure 5.7, Figure 5.8, Figure 5.11 and Figure 5.12). A SIMPLEHAT2 transposon on chromosome 5,
which has a high identity to the sequence found in the C24 AtHKT1;1 intron, is the target of a large
number of small RNAs (Figure 5.8 and Figure 5.9), implying the transposon found in the C24
AtHKT1;1 intron may also be the target of small RNAs. Only minor methylations have been identified
in SIMPLEHAT2 on chromosome 5 (Figure 5.9). Small RNAs may mediate the degradation of
transcripts, resulting in reduced AtHKT1;1 protein production. This could explain the phenotypic
difference in Na+ accumulation between Col-0 and C24. Tissue specificity of small RNA mediated
silencing has not been researched intensely yet, as most research is focussed on the aerial parts of
the plant. However, it has been shown that small RNA mediated silencing is altered in the pollen
tissue, regulated through gene expression encoding for small RNA interacting proteins (Slotkin et al.
2009). Furthermore, grafting experiments show that siRNA can move from the root to the shoot, and
vice versa, and cause methylation (Molnar et al. 2010). A similar mechanism may be mediating root
specific silencing of AtHKT1;1 expression in C24. It is also possible that tissue specific expression of
AtHKT1;1 is caused by the methylation present in the promoter region (Figure 5.6), the region in
which small RNA binding sites have been identified previously (Baek et al. 2011). It has been
reported that there is a positive correlation between methylated regions in the promoter sequence
and tissue specific expression patterns, and also between methylated areas in the gene region and
high expression levels of the gene (Zhang et al. 2006a). Future research should test the C24
AtHKT1;1 gene and promoter regions for the presence of methylation to investigate whether the
SIMPLEHAT2 transposon or other regions are methylated. The methylation status can be
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determined gene specific using bisulfite genomic DNA sequencing in combination with PCR, as has
been used previously for AtHKT1;1 in Col-0 by Baek et al. (2011). For instance methylation of a
small RNA binding site has been identified by Baek et al. (2011) and was further analysed using
promoter::GUS experiments. A number of different AtHKT1;1 promoter fragments, ± the small RNA
binding site, were fused to GUS for expression analysis in stable Col-0 transformants; however, it
cannot be judged from the images showing whole seedlings if tissue specificity is affected.
Microscope images showing a cross section of the root of these transgenic promoter::GUS lines may
be suitable to investigate tissue specificity.
To determine if differences in alternative splicing between Col-0 and C24 led to undetectable
AtHKT1;1 transcripts, other parts of the AtHKT1;1 transcript were used for RT-PCR analysis
(Figure 5.16), but no fragments were PCR amplified from gene specific cDNA that was obtained from
C24 root samples. Fragments were amplified from Col-0 gene specific cDNA, serving as a positive
control (Figure 5.16). It may be that either the C24 AtHKT1;1 is not transcribed at all, or that the
transcripts are rapidly degraded below the detection limit. It is also possible that alternative splicing
of the first intron is influencing the transcript. This could be tested by performing additional gene
specific RT-PCR, where cDNA synthesis is performed with a primer that is located closer to the 5′
end of the gene, upstream of the first intron.
SIMPLEHAT2 matches abundant small RNAs that are associated with AGO4 and AGO6, which are
components of the silencing complex RISC (Qi et al. 2006, Zheng et al. 2007). In the ago6 and ago4
mutants, a reduction in methylation in the SIMPLEHAT2 locus has been detected, suggesting that
RdDM is mediated by small RNAs that are associated with AGO4 and AGO6 (Qi et al. 2006, Zheng
et al. 2007). AGO4 also comprises a catalytic domain mediating slicing of target RNA, which in turn
produces siRNAs (Qi et al. 2006), hence having the potential to silence target gene expression. This
may be an explanation for silencing of AtHKT1;1 in C24. To verify the involvement of small RNAs
associated with AGO4 or AGO6 in the silencing of AtHKT1;1, it could be tested if AtHKT1;1
transcripts are present in the ago6 and ago4 single and in the ago6 ago4 double mutants in the C24
background. The single mutants ago6 and ago4 and the double mutant ago6 ago4 in the C24
background may be generated by T-DNA insertion or by crossing the characterised and available
T-DNA insertion mutants (Zheng et al. 2007) with the C24 background, followed by backcrossing to
obtain both the ago mutant genotype and the C24 AtHKT1;1 allele in the same line. A knock down
approach using an RNAinterference may not be suitable, since the AGO genes share some
sequence similarity which may enhance the effect of unwanted siRNA mediated RNAinterference on
other AGO transcripts. The presence of the AtHKT1;1 transcript could then be tested in the ago
mutants as described earlier using gene specific RT-PCR. Furthermore, AtHKT1;1 transcripts could
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be tested in an AGO4-DDH mutant (Qi et al. 2006), which is deficient in activity of the catalytic
domain involved in slicing of the target RNA in a similar way as described above. Since similarities
between C24 and Tsu-1 have been identified, such as Na+ accumulation and lack of AtHKT1;1
expression in the root, it was hypothesised that Tsu-1 may also contain the 1.6 kb transposon in the
second intron, but a comparison of the genomic DNA did not suggest that the transposon is present
in Tsu-1. Also, the comparison of AtHKT1;1 genomic DNA sequences of 18 other ecotypes did not
indicate that these contain the SIMPLEHAT2 transposon in the second intron. Therefore, this
transposon does not appear to be conserved in AtHKT1;1 and in other ecotypes the expression of
AtHKT1;1 may be influenced by other control elements.

5.8.2 Cloning of the AtHKT1;1 sequences, containing transposable elements,
prove difficult
To get in planta evidence that the C24 intron is responsible for the lack of AtHKT1;1 expression in
C24 roots, constructs were designed to test in planta AtHKT1;1 and GUS/GFP reporter gene
expression.
Unfortunately, it was not possible to obtain the full list of constructs and transform these into
Arabidopsis for analysis (Table 5.10). The identified transposon in the second intron of the C24
AtHKT1;1 sequence is comprised of highly repetitive sequences, which have caused difficulties in
both the traditional cloning approach and synthesis by a commercial provider, GenScript. GenScript
is used regularly by other groups at the ACPFG and has been known to deliver accurate gene
synthesis products and no problems had been experienced before with the synthesis of other genes.
Since both approaches had difficulties during cloning the C24 AtHKT1;1 genomic DNA sequence,
there appears to be an inherent problem with this specific sequence of DNA. Furthermore, it cannot
be excluded that additional problems are caused by the transposon once the constructs are
transformed into plants. If more time was available, the full list of constructs would be completed
using the cloned sequence by GenScript. Additional drawbacks in obtaining transformed plants were
a number of growth chamber break downs that led to loss of plant material. Surveillance systems
have been installed in the growth rooms that should reduce the risk of losing plant material due to
breakdowns in the future.
An approach using transient expression in Arabidopsis root protoplasts was considered, however
these were not carried out as important constructs for comparison were missing, such as the full
length C24 gDNA sequence and destination vectors containing the C24 intron sequence.
Furthermore, difficulties using a root protoplast system would be expected as expression under
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control of pCol-0 and pC24 has been shown to be predominantly located in the stele (chapter 4),
presumably limiting the success rate of detecting the signal.

5.9

Conclusion

It was possible to sequence, clone and identify the 1.6 kb insertion in the second intron of C24 as a
SIMPLEHAT2 transposon. This transposon may be involved in methylation of the AtHKT1;1 DNA
and degradation of the transcript RNA, possibly resulting in undetectable AtHKT1;1 expression in
C24 roots. The in planta analyses were incomplete as major difficulties in the cloning procedure were
experienced. With the now synthesised C24 genomic AtHKT1;1 sequence by GenScript, it should be
possible to complete the cloning processes and obtain stably transformed Arabidopsis for evaluation
of GFP/GUS and AtHKT1;1 transgene expression.
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6.1

Introduction

The following chapter has been prepared for submission to the peer reviewed journal FEBS letters
and is attached in the required submission format. The research described in this chapter has been
conducted at The University of Cambridge, United Kingdom, in collaboration with Dr. Alex Webb, and
was funded by the Barr Smith Travel Scholarship for Agriculture, the Brenda Nettle Award and by the
Waite Research Institute.
The focus of previous chapters was to further analyse the role and control of AtHKT1;1 from Col-0
and C24. The ecotypes had become of interest because C24 accumulates more Na + in the shoot
compared to Col-0 and a major QTL had been identified over the genomic region containing
AtHKT1;1 (Roy et al., unpublished). Additionally, other observations had been made, including that
despite accumulating more Na+, the C24 ecotype has an increased salt tolerance index, based on
shoot dry weight (Jha et al. 2010). C24 also appeared to have a reduced response to salt stress, as
it does not change the gene expression of some salt responsive genes, hence it had been suggested
that C24 might not be able to detect salt (Jha et al. 2010). In this chapter the reduced
responsiveness of C24 is studied further. In this chapter, an assay using Aequorin based
bioluminescence, was developed to compare the responses in the stress inducible calcium signalling
pathways of Col-0 and C24 seedlings when exposed to salt stress. Excitingly, C24 was found to be
missing part of the calcium signature observed in the salt responsive plant Col-0. This suggests that
C24 does not detect the ionic component of salt stress, potentially providing a suitable screening
methodology for the identification of yet unknown components in the early stages of the salt
signalling pathway.

6.2

Aequorin bioluminescence to measure cytosolic free calcium
concentrations [Ca2+]cyt

Aequorin mediates bioluminescence and originates from the jellyfish Aequorea victoria. The protein,
Apo-aequorin, is approximately 22 kDa in size and contains three EF-hand loops; it binds the
prosthetic group, coelenterazine, with oxygen to form functional Aequorin (Charbonneau et al. 1985,
Kendall and Badminton 1998). Binding of calcium ions to the EF-hand loops of the protein induces
oxidation of coelenterazine to coelenteramide and emission of blue light, with a wavelength of
max = 470 nm (Kendall and Badminton 1998). This photon emission can be monitored using a variety
of techniques and equipment, allowing the indirect detection of Ca 2+. The system can be used in
plants, for instance by using transgenic lines constitutively expressing Apo-aequorin and external
application of coelenterazine, allowing the detection and quantification of cytosolic free calcium
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concentration [Ca2+]cyt without imposing toxic effects on the plant (Knight et al. 1991). The double
logarithmic relationship between [Ca2+]cyt and the remaining Aequorin at completion of the
experiment allows the determination of the quantity of [Ca2+]cyt at any point in time (Knight et al. 1996
and references therein). The total remaining Aequorin can be determined by addition of excess Ca2+,
which discharges the system and values for [Ca2+]cyt can be obtained using an empirically derived
calibration equation optimised for the system (Knight et al. 1996 and references therein).

6.3

Luminometer setup

A purpose-built luminometric setup was employed for the detection of photons that are emitted when
calcium is bound by Aequorin (Figure 6.1). Apo-aequorin expressing Arabidopsis seedlings, grown
on plates (Figure 6.1 A), were carefully placed into cuvettes and fully immersed into the base
solution supplemented with 10 µM coelentrazine overnight for reconstitution of functional Aequorin
(Figure 6.1 B). To determine the plant Ca2+ response to a variety of stimuli the cuvette was inserted
into the brass chamber, which allowed the detection of photons in a light tight surrounding
(Figure 6.1 C). A test solution containing different nutrients, ions and osmotica can be applied
directly through an inlet tube to the cuvette using a syringe with needle (indicated by the arrow,
Figure 6.1 C). The luminometer can then be used to record the amount of total light being emitted
from the plant.
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Figure 6.1: Image of purpose-built luminometer setup.
(A) Apo-aequorin expressing Arabidopsis seedlings were grown on plates for 13 d to 15 d before (B)
placing them o/n into cuvettes containing base solution supplemented with 10 µM coelentrazine for
reconstitution of functional Aequorin. (C) The cuvette containing the seedling was placed into the
light tight brass housing for detection of photons by a photon multiplier tube (Electron tubes, UK). In
picture (C) in the bottom left is the cooling device to maintain the equipment temperature at -21 °C
and on top a CT2 time module to process photon counts. Test solutions were applied to the cuvette
through the inlet tube using a syringe with needle, indicated with a white arrow.

Two base solutions, in which the Arabidopsis seedlings were placed for reconstitution and
measurements, were tested. Both solutions have been tested in a previous study and their simple
composition has been deemed suitable for Aequorin bioluminescence measurements (Tracy et al.
2008): A hyperpolarising solution containing 1 mM CaCl2, 0.1 mM KCl, 5 mM 2-(N-morpholino)ethansulfonic acid (MES), adjusted to pH 5.5 with NaOH; and a depolarising solution containing
1.4 mM CaCl2, 20 mM KCl, 5 mM MES, adjusted to pH 5.5 with NaOH. The overall trend between
the two base solutions was comparable, with depolarising solution having slightly more distinct peaks
(alterations of [Ca2+]cyt in hyperpolarising solution are depicted in Supplementary Figure 8.9);
therefore, presented data is focused on depolarising solution. Stress stimuli such as NaCl induce a
depolarisation of the plasma membrane and depolarisation activated Ca 2+ channels are thought to
be involved in stress signal transduction (Cakirlar and Bowling 1981, Shabala et al. 2003, White
2000). The use of a depolarising base solution may increase the open probability of depolarisationactivated Ca2+ permeable channels, therefore enhancing [Ca2+]cyt peaks.
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6.4

Imaging of Aequorin bioluminescence

In the luminometer setup, the whole Arabidopsis seedling is exposed to the stimulus and therefore
Aequorin bioluminescence may be detected from all tissues. To evaluate which tissue specifically
responds to NaCl treatment, images of seedlings were taken using an ICCD225 photon-counting
camera system (Photek, Hastings, UK) (Figure 6.2). For this, plants were grown vertically on
½ strength MS plates in a 12 hr light/dark cycle for 10 d. The seedlings were sprayed with
depolarising solution supplemented with 10 µM coelentrazine and incubated overnight for Aequorin
reconstitution. The plate with seedlings was placed into the imaging chamber, imaging commenced
and the treatment solution was applied after approximately 30 seconds using a syringe that
connected to the plate from the outside of the imaging chamber. A volume of 30 mL was applied to
ensure the plate was fully covered and seedlings were submerged in the treatment solution. The
software Photek IFS32 (Photek, Hastings, UK) was used for image acquisition and processing.
Most of the bioluminescence was detected in the root and the leaf tips (Figure 6.2). Only very little
photons were detected when only base solution was applied, indicating that a touch response has
only a minor influence (Figure 6.2 A). In response to 200 mM NaCl, photons were first emitted
around the root tip, then the signal migrated towards the shoot and after approximately one minute,
photon emission was also detected from leaf tips (Figure 6.2 B, video not shown). In response to
400 mM sorbitol, which has the same osmotic strength as 200 mM NaCl, it appeared that photons
were detected in all parts of the root at the same time (Figure 6.2 C). No substantial differences
between Col-0 and C24 bioluminescence were detected using the imaging system. This is likely due
to the substantially reduced sensitivity of the photon counting camera detection system compared to
the luminometer setup (section 6.3).
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Figure 6.2: Representative images of aequorin bioluminescence of 10 d old Col-0 and C24
Arabidopsis seedlings in response to (A) base solution, (B) 200 mM NaCl and (C) 400 mM
sorbitol.
Images are overlays of the bright field image and the 8-bit false-colour image representing
cumulative photon density over 200 s. Colour scale is arbitrary, cold colours (blue and green)
indicate low photon counts and warm colours represent high photon counts. Bioluminescence
images were taken using a photon counting imaging system (Photek, Hastings, UK). Scale bar
indicates 1 cm.

6.5

Detecting the calcium signature using a plate reader

In this chapter it is suggested that the difference in Col-0 and C24 calcium signatures might offer a
suitable screening methodology for QTL analysis in a Col-0xC24 mapping population in order to
identify genes that are important in the early salt signalling pathway. The luminometer setup is not
suitable for a high throughput screening as manual handling is necessary (approximately 5 min per
sample) and only one seedling can be measured at a time. Use of a 96-well plate reader based
system for high throughput screening is suggested instead, as it allows the automated measurement
of dozens of samples without substantial manual handling and measurements to run over night.
A plate reader setup was tested to evaluate the response of Col-0 and C24 seedlings in response to
NaCl (Figure 6.3). For the plate reader assay, plants were grown on ½ strength MS plates
horizontally in a 12 hr light/dark cycle. 13 d to 15 d old seedlings were taken off the plate with forceps
and placed carefully in to a 96-well plate – the roots had been carefully wound together to facilitate
the transfer. Seedlings were submerged in 100 µL of depolarising solution supplemented with 10 µM
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coelentrazine and incubated overnight. The plate reader recorded photon counts every 4 s and
187.5 mM NaCl was applied to the wells after 30 s (Figure 6.3).
For both ecotypes, an immediate increase in [Ca2+]cyt can be observed after stimulus application
(Figure 6.3). For C24, the signal declines, while for Col-0 a secondary rise in [Ca2+]cyt is detected.
This type of signature corresponds to what can be detected using the luminometer (see following
manuscript). However, as discussed in the manuscript, it is necessary to obtain measurements with
high temporal resolution, ideally every second, as the first peak is very narrow and occurs
immediately after application of the treatment. The temporal variability in the secondary rise in
[Ca2+]cyt, as observed in Col-0 seedlings, results in large error bars when the average of the
individual traces is displayed (Figure 6.3), therefore in the manuscript the data from individual plants
is presented and not averaged. Preliminary experiments have been performed using the plate reader
system and it may provide a promising methodology for screening a ColxC24 mapping population.
However, further optimisation is required with regards to temporal resolution of measurements and
NaCl concentration, optimal to detect secondary elevations in [Ca 2+]cyt. Further work on developing
analysis software that can automatically detect the second peak in Ca2+ in the Col-0 background is
also required.

Figure 6.3: Response of Apoaequorin expressing Col-0 and C24 seedlings to 187.5 mM NaCl
in a plate reader system.
Treatment was applied at time point 0. Traces represent the mean of 6 seedlings, error bars
represent ±SEM, n=6
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6.6

Calcium signature in response to CaCl2 stimulus

Figure 6.7 in the following manuscript points towards potential components in the salt signalling
pathway that may be altered between Col-0 and C24. Hence 150 mM CaCl2 was also tested on
Apoaequorin expressing Arabidopsis as a stimulus to obtain more information regarding the role of
Ca2+ in the process of how the calcium signature is formed in Col-0 and C24. Interestingly, besides
the first general response peak, a second increase in [Ca2+]cyt can be observed in Col-0 between 90
and 120 s after stimulus application (Figure 6.4 A). The overall shape of the response appears very
similar in all individual traces. In C24 however, no additional peaks to the first general response peak
are observed (Figure 6.4 B). This suggests that components of the calcium dependent signalling
network may be altered in C24. Both CaCl2 and NaCl are chloride salts, however, the response to
CaCl2 appears different to NaCl induced alterations in [Ca 2+]cyt, making it unlikely that Cl- is the main
ion provoking the alterations. This can be further tested by using other chloride salts, such as KCl,
MgCl2 and RbCl. The manuscript provides a model of the early stages of the salt signalling pathway
(Figure 6.7). Depicted are potential calcium stores from which Ca2+ may be released into the cytosol.
The difference in Ca2+ response between the two ecotypes to CaCl2 may be that Ca2+ is released
from different compartments in C24 or the activation of calcium conductances is altered between
Col-0 and C24.

Figure 6.4: Luminometric measurements of whole Arabidopsis seedlings, constitutively
expressing Apoaequorin subjected to CaCl2 stimulus.
Alterations of [Ca2+]cyt induced by 150 mM CaCl2 in Apoaequorin expressing (A) Col-0 and (B) C24 in
depolarising solution. Each panel contains data from six representative individual seedlings. Stimulus
was applied at time point 0.

To determine the compartments from which Ca2+ is released into the cytosol, inhibitory substances,
targeting calcium conductances, have been employed in previous studies in the ecotype Col-0
160

Chapter 6: Comparing NaCl induced alterations in the cytosolic free calcium concentration ([Ca 2+]cyt) in Col-0 and C24

(Knight et al. 1997, Tracy et al. 2008). However, results were inconclusive due to a lack of specificity
of inhibitors influencing a number of channels/transporters or having undetectable effects (Tracy et
al. 2008).
Further experiments should include the thorough testing of other Na +- and Cl-- salts to obtain further
information regarding Na+ and/or Cl- specificity in [Ca2+]cyt alterations. Also, other Arabidopsis
ecotypes should be tested to determine the extent of phenotypic variation. Other ecotypes may have
even more contrasting calcium signatures in response to NaCl or other stimuli offering a valuable
genetic resource for gene discovery.
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Abstract
A common feature of stress signalling pathways are alterations in cytosolic free
calcium ([Ca2+]cyt), allowing the specific and rapid transmission of stress signals,
including salinity stress in plants. Here, we used an Aequorin based
bioluminescence assay to compare the calcium signatures of the salt responsive
Arabidopsis ecotype Col-0 to the non-responsive ecotype C24. We show that C24
lacks the salt specific component of the calcium signature compared to Col-0. This
phenotypic variation could be exploited as a screening methodology for the
identification of yet unknown components in the early stages of the salt signalling
pathway.
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Highlights
-

NaCl induces specific alterations in cytosolic free calcium [Ca2+]cyt

-

Ecotype C24 lacks salt specific component of calcium signature compared
to Col-0

-

Aequorin bioluminescence as a tool to dissect the NaCl signalling pathway
is proposed

Introduction
Worldwide approximately 20 % of the irrigated agricultural land is affected by soil
salinity (FAO 2008). This leads to a significant decrease in crop yield, ultimately
impacting revenue and food security. In many crop species salinity stress is
predominantly due to high levels of sodium chloride (NaCl) in the soil. NaCl will
hereby be referred to as salt.
Plant salinity stress can be categorised into two phases, the initial shoot ion
independent osmotic stress and the later ionic stress (Munns and Tester 2008).
Osmotic stress occurs as soon as the plant encounters salt in the soil and results
in an immediate reduction in the shoot growth rate (Munns and Passioura 1984).
Ionic stress is caused by the accumulation of ions such as Na+ and Cl- in the
cytosol of cells in the shoot and results in the inhibition of cellular processes and
induces premature leaf senescence. Plant responses to the osmotic component of
salt stress occur in the shoot prior to the accumulation of toxic concentrations of
ions in cells. This suggests that a signalling pathway exists whereby perception of
salt at the root/soil interface is communicated to the shoot, before the onset of
ionic stress.
Currently, the transmission of NaCl induced stress signals in plants is only partially
understood. In both animal and plant signalling pathways, calcium ions (Ca 2+) play
an

important

role as second messengers, mediating the response

to

developmental and environmental stimuli. Ca2+ is involved in a variety of plant
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signalling pathways such as abiotic stress responses (Kudla et al. 2010, McAinsh
and Pittman 2009), control of stomatal aperture (Allen et al. 2001, Ng et al. 2001)
and interactions with pathogenic and symbiotic microorganisms (Ma and Berkowitz
2007, Oldroyd et al. 2009). It has been hypothesised that alterations in the
cytosolic free Ca2+ concentration ([Ca2+]cyt) follow a spatial and temporal pattern
(referred to as calcium signature), inducing a stimulus specific response (Allen et
al. 2001, Dodd et al. 2010, McAinsh and Pittman 2009). This hypothesis is further
supported by Whalley and Knight (2013) who used electrical stimulation to induce
a variety of different calcium oscillations and could link those oscillations to
specific changes in gene expression.
Changes in [Ca2+]cyt have also been linked to the salt stress signalling pathway.
Immediate increases of [Ca2+]cyt can be observed when a plant is challenged with
NaCl (Kiegle et al. 2000, Knight 2000, Knight et al. 1997, Tracy et al. 2008). This
elevated [Ca2+]cyt can be perceived by calcium sensing proteins such as Calcium
dependent protein kinases (CDPKs), Calmodulines (CaM), calcineurin B-like
proteins (CBLs) and Calmodulin-like proteins (CMLs) (Batistič and Kudla 2012,
Kudla et al. 2010). In Arabidopsis thaliana several components of a signalling
pathway for salt stress have been identified by the characterisation of salt overly
sensitive (sos) mutants (Wu et al. 1996, Zhu 2000). NaCl-initiated increases in
[Ca2+]cyt are detected by Salt Overly Sensitive 3 (SOS3; AtCBL4) and the binding
of Ca2+ facilitates the interaction of SOS3 with SOS2 (CBL-interacting protein
kinase 24, AtCIPK24) (Halfter et al. 2000, Zhu 2000). This complex has been
shown to activate the Na+/H+-antiporter SOS1 by phosphorylation, resulting in the
transport of Na+ out of the cell and the reduction of [Na+]cyt (Quintero et al. 2002,
Shi et al. 2000). Early speculations arose that SOS1 could possibly act as a
sensorforNaClduetotheprotein’slongC-terminus and other characteristics (Zhu
2002), however no evidence supporting this hypothesis has been put forward.
It appears that many rapidly responding genes are common to different abiotic
stress treatments, while genes that are expressed differently at later time points
appear stress specific (Kilian et al. 2007). Interestingly, a study examining the
expression profiles of salt responsive genes in different ecotypes of Arabidopsis
identified the ecotype C24 as being less responsive to salt stress when compared
to Col-0 (Jha et al. 2010). A possible explanation for this finding is that the ecotype
C24 has an alternate or defective Ca2+ signalling pathway (Jha et al. 2010). Given
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that changes in expression levels of salt responsive genes are downstream of the
salt signalling pathway, how salt stress is initially perceived by plant cells and the
initiation of intracellular signalling pathways, require further investigation. One
possibility is to investigate the stress activated calcium signalling pathway, which
generates stress specific calcium signatures, given that Ca2+ is known to play a
key role in the early stages of the salt stress response.
Calcium signatures can be analysed using the Aequorin bioluminescence reporter
system. Apo-aequorin encodes for a precursor protein that is localised in the
cytosol and forms functional Aequorin when supplemented with the prosthetic
group, coelentrazine (Montero et al. 1995). In this system, cytosolic Ca2+ binds to
Aequorin, leading to the emission of photons that can be measured using a
luminometer, thereby giving an indication of total [Ca2+]cyt present at any given
time. It has been used previously to measure increases in [Ca 2+]cyt to analyse the
response of Arabidopsis seedlings to abiotic stresses such as drought, cold and
salt stress (Kiegle et al. 2000, Knight et al. 1997, Tracy et al. 2008, Zhu et al.
2013).
Here we show that the analysis of calcium signatures in response to salt stress
might offer an opportunity to further investigate components of the salt signalling
pathway. We provide evidence that calcium signatures evoked by salt treatment
vary between the responsive ecotype Col-0 and the less-responsive ecotype C24.
In addition, the importance of the temporal aspect of alterations in [Ca 2+]cyt will be
discussed.

Material and Methods
Plant material and growth conditions
Luminometric experiments were performed using the Arabidopsis thaliana
ecotypes Col-0 and C24 expressing APOAEQUORIN under control of the CaMV35S promoter (Knight et al. 1991). Seeds were surface sterilised with 70 % (v/v)
ethanol and sown onto petri dishes containing ½ strength MS (Duchefa, Harlem,
Netherlands) supplemented with 0.8 % (g/v) Bacto agar (Becton, Dickson and
Company, Sparks, MD, USA) (adjusted to pH 5.7 with KOH). The plates were
incubated horizontally in a growth chamber under 12/12 h light/dark regime, at
22°C and 80 µM m-2 s-1 light intensity.
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Measurement of [Ca2+]cyt
Seedlings were grown for 13 d to 15 d and developmentally alike seedlings were
placed into luminometer cuvettes (51 mm high × 12 mm diameter, Sarstedt,
Leicester, UK) containing 300 µL reconstitution solution [1.4 mM CaCl2, 20 mM
KCl, 5 mM 2-(N-morpholino)-ethansulfonic acid (MES) and 10 µM coelentrazine
(Prolume, Pinetop, AZ, USA), adjusted to pH5.5 with NaOH]. The experiments
were conducted in this depolarising base solution because of its simple
composition, as described previously (Tracy et al. 2008), and its ability to impose a
membrane potential similar to that of MS growth solution, -40 mV for depolarising
base solution and -55 mV for MS (Maathuis and Sanders 1993). Treatment
solutions consisted of base solution (1.4 mM CaCl2, 20 mM KCl, 5 mM MES)
supplemented with the nominated amount of NaCl or sorbitol. Ca 2+ activity in NaCl
containing treatment solutions was maintained by addition of CaCl 2 as determined
using

the

programme

Visual

MINTEQ

(version

3.0,

http://www2.lwr.kth.se/English/OurSoftware/ Vminteq/). The osmolarity of solutions
was measured using a Wescor 5520 Vapour Pressure Osmometer (Logan, UT,
USA)followingthemanufacturer’sinstructions.Theosmolarityofsorbitolsolutions
was adjusted to the osmolarity of NaCl solutions.
The setup of the luminometer and conversion of photon counts into [Ca 2+]cyt has
been described elsewhere (Kiegle et al. 2000, Knight et al. 1997). Briefly, the
luminometer cuvette was placed into a purpose-built brass housing connected to a
photon multiplier tube (Electron tubes, UK), (kept at -21°C) and a CT2 time module
to process photon counts. Data were recorded in one second intervals using the
P10232 photon counting package (version 1.0.2) by Electron tubes. An inlet in the
sample housing allowed the injection of solutions using a light tight syringe.
Calibration was performed by discharging all remaining Aequorin within the plant
by the addition of 2 M CaCl2 (in 20 % (v/v) ethanol) thereby allowing the
conversion of photon counts into values of [Ca 2+]cyt. The following empirically
derived equation was used for conversions: pCa = 0.332588(-log k) + 5.5593,
where k is the quotient of luminescence counts per second over total
luminescence counts (Knight et al. 1996).
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Data analysis
Statistical analysis was performed on at least three biological replicates, error bars
indicate the standard error of the mean (S.E.M.). Statistical significance was
determinedusingStudent’st-test, * P<0.05 and ** P<0.01.

Results and Discussion
Many processes in the plant are rapidly altered upon addition of salt to the roots,
including the activation/deactivation of genes and proteins. Previous research
identified the Arabidopsis thaliana ecotype C24 as not substantially changing the
expression of several key salt responsive genes and, therefore, appears less
responsive to salt treatment as compared to the ecotype Col-0 (Jha et al. 2010). It
was hypothesised that C24 has a dysfunctional or alternate salt signalling
pathway. To investigate the early stages of this pathway, we compared the
calcium signatures of Col-0 and C24 using the Aequorin bioluminescence reporter
system. Luminometric measurements were performed on whole Col-0 and C24
seedlings constitutively expressing Apoaequorin using a luminometer with high
sensitivity and high temporal resolution.
NaCl triggers a distinct calcium signature
When

Apoaequorin

expressing

Col-0

and

C24

were

challenged

with

200 mM NaCl, 400 mM sorbitol or cold (9 C), an instantaneous increase in
[Ca2+]cyt of similar magnitudes could be observed for both ecotypes (Figure 6.5).
This signal quickly declined within a few minutes to a base level. Treatment with
200 mM NaCl resulted in a peak with a magnitude of 800±39 nM and 855±66 nM
[Ca2+]cyt in Col-0 and C24, respectively (Figure 6.5 A and D). The same strength of
osmotic stress was imposed using 400 mM sorbitol resulting in peak magnitudes
of 737±58 nM and 750±50 nM [Ca2+]cyt in Col-0 and C24, respectively (Figure 6.5 B
and E). Cold treatment was used to compare the response to a different abiotic
stress; it also resulted in an instantaneous increase in [Ca 2+]cyt with magnitudes of
1052±52 nM and 914±93 nM [Ca2+]cyt in Col-0 and C24, respectively (Figure 6.5 C
and F). For all stress treatments tested, there are no significant differences in the
magnitude of the first peak between ecotypes. These results are broadly in
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agreement with previous research (Kiegle et al. 2000, Knight et al. 1997, Tracy et
al. 2008).
The magnitudes of the initial NaCl and sorbitol induced [Ca 2+]cyt increase are
dependent on stimulus strength. The amplitudes of the first peak increases with
increasing concentrations of NaCl and sorbitol, but were not significantly different
between ecotypes (data not shown). The amplitude of the first peak was
determined over 13 NaCl and sorbitol concentrations in Col-0 and C24, ranging
between 0 to 1 M NaCl and respective sorbitol concentrations of 0 to 2 M (data not
shown in manuscript, but are in thesis supplementary material, Supplementary
Figure 8.9). Over this range of concentrations, the amplitudes of sorbitol induced
peaks are smaller than those of NaCl induced peaks. This suggests that the NaCl
response is partially due to the osmotic and partially due to the ionic component of
NaCl treatment. This is in agreement with other studies in which a small number of
selected NaCl and sorbitol concentrations were tested (Kiegle et al. 2000, Knight
et al. 1997, Tracy et al. 2008, Zhu et al. 2013). The correlation between stimulus
strength and amplitude of the first [Ca2+]cyt peak indicates that touch response is
not the major contributor to [Ca2+]cyt increases.
Col-0 and C24 have different calcium signatures in response to NaCl
Interestingly, there is a pronounced difference in NaCl induced [Ca2+]cyt alterations
between Col-0 and C24 (Figure 6.5 A and D). While the calcium signatures for salt
treated Col-0 seedlings are biphasic, the signatures in C24 only contain the initial
peak. Comparison of individual [Ca2+]cyt traces of NaCl treated Col-0 seedlings
indicate that the secondary rises in [Ca2+]cyt all have a similar amplitude, which is
always smaller than the first peak (Figure 6.5 A). Notably, the timely occurrence of
the secondary rise in [Ca2+]cyt differs in individual seedlings (Figure 6.5 A); therefore,
[Ca2+]cyt traces were not averaged as this would mask the biphasic appearance.
To test whether differences in [Ca2+]cyt alterations were significant between Col-0
and C24, the secondary rises in [Ca2+]cyt were compared, assessing the bimodal
characteristics. For the purpose of determining values of peak amplitudes, the first
peak was defined as the local maximum that occurs within the first 30 seconds
after stimulus onset, while the second peak was defined as the local maximum
that occurs beyond 30 seconds after stimulus application. The amplitude of the
168

Chapter 6: Comparing NaCl induced alterations in the cytosolic free calcium concentration ([Ca 2+]cyt) in Col-0 and C24

second peak is significantly different between the ectypes Col-0 and C24 when
challenged with 200 mM NaCl, with values of 656±60 nM [Ca2+]cyt and 383±46 nM
[Ca2+]cyt, respectively (Figure 6.6 A). To analyse whether this characteristic only
occurs at 200 mM NaCl, a further 12 different NaCl concentrations (0 M to 1 M)
were tested and the amplitudes of the second peak for each [NaCl] is depicted in
Figure 6.6 B. The described differences in amplitude of the second peak occur over
a wide range of [NaCl], and this difference is significant for all concentrations up to
800 mM NaCl (Figure 6.6 B).
It has previously been suggested by Tracy et al. (2008) that the second peak is
NaCl specific, as it does not occur when the same strength of osmotic stress is
applied using sorbitol. The presented results support this hypothesis by displaying
the biphasic characteristics of NaCl induced [Ca2+]cyt alterations and monophasic
sorbitol induced [Ca2+]cyt alterations for the Col-0 ecotype (Figure 6.5 A and B). The
hypothesis is further supported by taking into account that another abiotic stress,
cold treatment, also induces monophasic [Ca2+]cyt alterations (Figure 6.5 C).
Previous research has focussed on describing [Ca2+]cyt alterations predominantly
based on the amplitude of the first peak and signatures were often averaged
(Kiegle et al. 2000, Knight et al. 1997, Tracy et al. 2008, Zhu et al. 2013).
Secondary peaks would have been masked by averaging the signature due to the
variability of the time of occurrence. The bimodal characteristics of NaCl-induced
[Ca2+]cyt increases in Col-0 seedlings were also not detected using an imaging
based screening system, where luminescence values of 100 seedlings were
integrated over a 40 s period (Zhu et al. 2013); this would restrict the detection of
secondary peaks. When analysing events that are related to single cell
oscillations, such as circadian oscillations in guard cells, not only the time
resolution is important, but also the spatial resolution of Aequorin bioluminescence
needs to be considered. Signals received from whole seedlings might not
represent oscillation events that occur on a single cell level for reasons such as
overlapping oscillations and delays in response (Dodd et al. 2006, Plieth 2010).
However, when analysing salt signalling based on the Aequorin bioluminescence
system, the focus lies on observing the transmission of signals in the whole
seedling, with an emphasis on resolving the temporal resolution of the [Ca 2+]cyt
signature.
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What might cause the difference in calcium signatures between Col-0 and
C24?
NaCl induced calcium signatures in Col-0 and C24 seedlings are substantially
different as measured using the Aequorin bioluminescence system. The observed
differences provide evidence that the early stages of the salt signalling pathway
differ in these ecotypes. The salt signalling pathway is triggered by a NaCl
stimulus and initiates a signalling cascade, which results in the influx of Ca 2+ into
the cytosol and thereby forming the calcium signature (Figure 6.7). This calcium
signature is then thought to encode for the stimulus specific response.
Consequently, the salt sensor, the signalling molecules, the calcium influx system
or a yet unidentified component could be dysfunctional or absent in C24, leading
to an altered calcium signature and thus reducing the responsiveness of C24 as
measured by gene expression.
Details related to the components of the early salt signalling pathway are not well
understood. The very first step of the pathway, the perception of NaCl stress,
remains elusive. From observations such as immediate salt specific responses in
form of calcium oscillations and salt specific activation of gene expression, it can
be assumed that a sensor that perceives salt stress exists. So far, the molecule
acting as a sensor, for instance a protein, has not been identified and it remains
speculative if it might be membrane bound or located in the cytosol. C24 could be
missing the function of the salt sensor. This is one possibility, considering the
calcium signature in C24 seedlings only forms the first peak, which could be
attributed to the general stress response, which is also present during osmotic and
cold stress. A dysfunctional salt sensor could result in the absence of the
secondary, salt specific, calcium peak.
The next step in the signalling pathway is transmission of the stress signal from
the sensor to effectors. While such transmitting signalling molecules, for instance
inositol trisphosphate, have been well studied in animal systems (Martin 1998),
their identity in signalling cascades in plants is not well understood (Munnik and
Testerink 2009). Inositol phosphates have been found to rapidly increase upon salt
and osmotic stress and they were also linked to calcium signalling events (DeWald
et al. 2001, Takahashi et al. 2001). Inositol phosphates could therefore serve as
molecules transmitting the salt stress signal from the sensor to effectors such as
calcium channels (DeWald et al. 2001). Alterations in inositol phosphates or other
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signalling molecules in C24 could result in altered or non-activation of the salt
specific calcium influx system, resulting in an altered calcium signature.
The calcium influx system is crucial to form calcium signatures. Ca 2+ enters the
cytosol from compartments such as the vacuole, the endoplasmic reticulum (ER)
and mitochondria or across the plasma membrane (PM). A review by Hetherington
and Brownlee (2004) provides comprehensive details on different types of calcium
channels, their subcellular location and potential role in calcium signalling. The
molecular identity of calcium channels mediating the salt response, however, is
vastly unknown. NaCl induced [Ca2+]cyt changes are potentially mediated by Ca2+
entry via the plasma membrane and from the vacuole through inositol phosphate
activated calcium channels (Knight et al. 1997, Muir and Sanders 1997). The
tonoplast localised transporter TPC1 was a candidate for NaCl induced Ca 2+
release, but analysis of tpc1-2 mutants suggests that it is not the major contributor
to NaCl, cold and osmotic stress induced [Ca2+]cyt alterations (Ranf et al. 2008).
C24 has, at least in parts, a functioning calcium influx system, as alteration in
[Ca2+]cyt are not completely abolished in response to other stress stimuli. However,
it is possible that the influx system from a certain compartment is dysfunctional.
For example, a bimodal [Ca2+]cyt response has been analysed in tobacco cell lines
treated with distilled water, inducing a hypo-osmotic shock (Cessna et al. 1998). In
this study the use of inhibitors identified that the first [Ca2+]cyt peak is originating
from external Ca2+ pools and the second peak from internal compartments
(Cessna et al. 1998). These tobacco cell lines also show a bimodal response to
salt and hyper-osmotic stress with mannitol (Pauly et al. 2001). Inhibitor studies on
NaCl stressed Arabidopsis seedlings, however, are inconclusive. The inhibitor
gadolinium chloride had significant effects on the amplitude of [Ca 2+]cyt increases
in Col-0 seedlings, suggesting that calcium influx occurs at least in parts across
the PM, however, a long incubation time was necessary to obtain effects and
therefore other inhibitory effects could influence the measurements (Knight et al.
1997, Tracy et al. 2008). Also neomycin significantly reduced [Ca2+]cyt increases,
suggesting a role for inositol phosphate activated calcium channels (Knight et al.
1997, Tracy et al. 2008). The molecular identity of the calcium influx system that
mediates NaCl induced [Ca2+]cyt alterations remains to be investigated. If it is
hypothesised that a bimodal response might occur due to activation of different
calcium influx systems, such as influx across the PM results in the first peak and
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calcium from the vacuole forms the second peak, C24 might lack the latter influx
system, causing only a monophasic response. The comparison of Col-0 and C24
might offer a genetic tool to yield insights into the molecular identity of such a
calcium influx system.
Any of the three main stages in the early signalling pathway that are depicted in
Figure 6.7 offer an explanation for the differences in calcium signatures in Col-0 and
C24. However, the molecular identity of the salt sensor, signal transmission
molecules and the calcium influx systems are poorly understood and it cannot be
excluded that a completely different mechanism is underlying these differences in
[Ca2+]cyt alterations. On the other hand, it is of great advantage that the genomes
of Col-0 and C24 have been fully sequenced (Cao et al. 2011), making a genetic
approach a useful tool to investigate the early stages of the salt signalling
pathway.
Can calcium signatures of Col-0 and C24 be used as a genetic tool to dissect
salt signalling?
Previous work has shown a difference in salt induced gene expression between
Col-0 and C24 seedlings, with C24 showing little response to salt stress (Jha et al.
2010). Here, we show that differences in NaCl induced responses between the
two ecotypes occur earlier in the salt detection pathway as indicated by the lack of
a NaCl-specific secondary Ca2+ peak in C24. Therefore, the hypothesis of a
dysfunctional or alternate salt signalling pathway in C24 is maintained.
The herein used luminometer is highly sensitive, providing reproducible calcium
signatures and importantly, the photon counts can be calibrated to obtain values of
[Ca2+]cyt. However, it only allows the measurement of one seedling at a time and is
therefore not suitable for high throughput genetic screenings. An imaging based
system, allowing for high throughput, has recently been used to screen
Apoaeqorin

expressing

T-DNA

mutants

for

increased

and

decreased

luminescence upon H2O2 and NaCl treatment to identify novel candidate genes
involved in the signalling pathway (Pan et al. 2012). However, there were issues
with the identification of false positives and problems with varying amounts of
aequorin within each transgenic plant. Using a system similar to what is described
in the study here, with a high temporal resolution and the ability to calibrate the
total amount of Aequorin in a plant, gives an opportunity to further dissect these
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Ca2+ signalling pathways. This method of luminometric measurements with high
throughput capabilities can be performed in a 96-well plate reader with the
appropriate emission filter and an injection capacity. A high temporal resolution is
recommended to allow the detection of rapid [Ca 2+]cyt changes and to permit
detection of the secondary peak with its variability in temporal occurrence. A high
throughput genetic screen of a Col-0 x C24 population, based on the Aequorin
bioluminescence system, could lead to the identification of yet unknown
components in the early stages of the salt signalling pathway.
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Figures and legends

Figure 6.5: Luminometric measurements of whole Arabidopsis seedlings,
constitutively expressing Apoaequorin.
Alterations of [Ca2+]cyt induced by (A) 200 mM NaCl, (B) 400 mM sorbitol or (C)
9 °C cold treatment in ecotype Col-0 and (D) 200 mM NaCl, (E) 400 mM sorbitol or
(F) 9 °C cold treatment in ecotype C24. Each panel contains data from three to six
representative individual seedlings. Stimulus was applied at time point 0.
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**

Figure 6.6: Amplitude of second [Ca2+]cyt peak in response to [NaCl] treatment.
Col-0 and C24 seedlings constitutively expressing Apoaequorin treated with (A)
200 mM NaCl and (B) a range of NaCl concentrations. Each point represents the
average peak height of the second [Ca2+]cyt peak of three replicates, error bars
indicate the standard error of the mean (S.E.M.). Asterisk indicates the
significance based on a T-test. With *: p<0.05 and **: p<0.01.
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Figure 6.7: Formation of NaCl induced [Ca2+]cyt alterations.
A NaCl stimulus is perceived by the plant, probably by a sensor protein, and
initiates the signalling cascade. The molecules transmitting the signal could be
inositol phosphates, which then activate the calcium influx system. Ca2+ enters the
cytosol from vacuolar stores, the endoplasmic reticulum or across the plasma
membrane and subsequent alterations in [Ca2+]cyt can be measured using the
Aequorin bioluminescence system. Characteristic calcium signatures are depicted
in the panel on the right hand side. The calcium signature in Arabidopsis ecotype
Col-0 is biphasic, while it is monophasic in C24. The question marks point to
potential stages in the salt signalling pathway that could cause the difference in
calcium signatures between Col-0 and C24. Further details are provided in the
text.
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7.1

Introduction

In the previous chapter alterations in [Ca2+]cyt of Col-0 and C24 seedlings were analysed in response
to NaCl, sorbitol and cold treatment. While in Col-0 the [Ca2+]cyt alterations in response to NaCl were
biphasic, they were monophasic in C24 seedlings. It has been hypothesised that the cause for
differences in the calcium signature between the ecotypes lies in the early stages of the signalling
pathway. This difference provides a unique opportunity to identify the as yet unknown components
involved in the early detection of NaCl at the cell membrane. To identify the genetic cause for the
difference in sensing response it was proposed to use a forward genetics approach. However, to
analyse the calcium signature between Col-0 and C24 using a forward genetic approach such as
QTL mapping, a transgenic Col-0 × C24 mapping population, which contains the reporter gene
Apoaequroin would be required. To generate such a mapping population a homozygous Col-0 or
C24 plant for the Apoaequorin gene would have to be crossed with the reciprocal parent. From the
F1 offspring, only plants containing Apoaequorin would be selected for selfing to generate the next
generation. This process would be repeated until a recombinant inbred population would be
produced (usually 7-8 selfing events). Unfortunately it would not be possible to transform pre-existing
Col-0 × C24 recombinant inbred lines (RILs) with Apoaequorin, due to the different integration sites
of Apoaequorin potentially having an effect on aequorin fluorescence and plant response.
Generating a mapping population containing Apoaeqorin would require a large amount of time and
would not be feasible in the time scale of this thesis. Hence, another phenotyping assay was
considered to utilise an existing Col-0 × C24 mapping population that is available in the laboratory.
It had previously been observed that in addition to differences in the calcium signature between
Col-0 and C24, C24 also appeared to have a reduced response to salt stress, as it does not change
the gene expression of salt responsive genes (Jha et al. 2010). In this chapter the reduced
responsiveness of C24 as measured by reduced induction of salt responsive genes is studied further
to determine if a robust assay measuring expression profiles of salt responsive genes could be used
as a phenotype for QTL analysis in a Col-0 × C24 mapping population. The aim of this study was to
assess the altered responsiveness of C24, and to consequently set up a screening assay for a QTL
analysis of a Col-0 × C24 mapping population. The basics of QTL mapping are introduced below.

7.2

QTL mapping

Quantitative trait loci (QTL) are genomic regions linked to a specific phenotypic trait (Sax 1923,
Thoday 1961). QTL analyses are commonly carried out on mapping populations produced from a
cross between two parents which are known to be different in respect to a certain trait or phenotype
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(bi-parental mapping). The aim is to discover the genomic sequence associated with the variation
and from there to identify the underlying gene important for the phenotype. This approach is called
forward genetics, because the gene is identified on the basis of an observed phenotype.
Another mapping approach is genome wide association (GWA) mapping or genome wide
association study (GWAS); here, a population consisting of individuals of the same species that are
not related to each other are studied for phenotypic variation and genetic loci linked to that trait
identified. A useful population can be established using Arabidopsis, because of its large number of
natural accessions. For instance a salinity study using 300 Arabidopsis accessions was recently
performed and identified the AtHKT1;1 locus to be linked to shoot Na+ content (Baxter et al. 2010).
For a comprehensive review on GWAS in Arabidopsis see Korte and Farlow (2013). A brief
comparison of advantages and disadvantages of both mapping approaches is given in Table 7.1
Table 7.1: Comparison of advantages and disadvantages of GWAS and mapping using biparental RILs in Arabidopsis
Mapping approach

Advantages

Disadvantages

GWAS

- Arabidopsis collections usually
readily available.

- Dense marker map is required.

- 1,300 accessions have been
genotyped for 250,000 SNPs.
- Very fine mapping resolution
Mapping using RILs

- Inbred lines allow the repeated
testing of the population.
- The effect of rare variants is
enhanced, because only two parents
are used, facilitating detection of
locus.

- If phenotype is caused by rare
variant of an allele, or small
phenotypic effects are caused, there
may be difficulties in detecting the
locus.
- Mapping resolution is dependent on
amount of recombination occurred
during crossing.
- Only allelic diversity segregating
between the parents can be assayed.

Although it is possible that a GWAS approach would have been successful in identifying important
parts in the salt signalling pathway, a bi-parental QTL mapping approach was considered for this
project for two main reasons. If the non-responsiveness to salt that was observed in C24 is caused
by a missing salt sensor, it is possibly a rare variant in Arabidopsis. Therefore GWAS is not an ideal
approach to detect this variant. Also, the desired trait had already been observed between Col-0 and
C24 and a Col-0 × C24 mapping population had been produced previously (Törjék et al. 2003, Törjék
et al. 2006), which was available in the laboratory.
There are a vast number of studies, which use QTL analysis on bi-parental populations to identify
loci important for a large range of phenotypes. A number of QTL related to salt tolerance have
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already been identified - Table 7.2 shows a selection of QTL for salinity tolerance traits identified in
species other than Arabidopsis by bi-parental mapping.
Table 7.2: List of QTL analyses for salinity tolerance on bi-parental mapping populations in
species other than Arabidopsis.1
Species
Barley (Hordeum ssp.)

Rice
(Oryza ssp.)

Wheat (Triticum ssp.)

Reference
(Ellis et al. 2002, Ellis et al. 1997, Mano and Takeda 1997,
Nguyen et al. 2013, Rivandi et al. 2011, Shavrukov et al. 2010,
Xu et al. 2012a, Xue et al. 2009, Zhou et al. 2012)
(Alam et al. 2011, Ammar et al. 2009, Bonilla et al. 2002, Cheng
et al. 2012, Ghomi et al. 2013, Gong et al. 2001, Haq et al.
2010, Koyama et al. 2001, Lee et al. 2007, Lin et al. 2004,
Prasad et al. 2000, Thomson et al. 2010, Tian et al. 2011, Wang
et al. 2012a, Wang et al. 2012b, Zhang et al. 1995)
(Byrt et al. 2007, de León et al. 2011, Genc et al. 2013, Genc et
al. 2010, Lindsay et al. 2004, Ma et al. 2007, Quarrie et al.
2005, Xu et al. 2013b, Xu et al. 2012b)

Citrus grandis and Poncirus
trifoliata

(Tozlu et al. 1999a, Tozlu et al. 1999b, Tozlu et al. 2002)

Mimulus guttatus

(Lowry et al. 2009)

Soybean (Glycine max)

(Ha et al. 2013, Hamwieh et al. 2011, Hamwieh and Xu 2008,
Tuyen et al. 2010, Tuyen et al. 2013)

Tomato
(Solanum ssp.)

(Asins et al. 2010, Villalta et al. 2008)

Cucumber (Cucumis sativus)

(Kere et al. 2013)

Chickpea (Cicer arietinum)
Medicago trunculata
1

(Vadez et al. 2012)
(Arraouadi et al. 2012, Arraouadi et al. 2011)

List includes selected studies only.

Arabidopsis is a good organism to perform QTL analyses due to the ease of generating mapping
populations and the ease to design new markers as the genome of multiple ecotypes has now been
sequenced. A vast number of QTL analyses have been performed in Arabidopsis for different abiotic
stresses, such as salt, drought, light and temperature; a comprehensive review was carried out by
Lefebvre (2009). QTL analyses regarding salinity tolerance traits in Arabidopsis have for example
been performed by (Buescher et al. 2010, DeRose-Wilson and Gaut 2011, Quesada et al. 2002, Ren
et al. 2010, Roy et al. 2013).
These examples show that QTL analysis is a successful method, but for the approach to work, there
are several key factors required: 1) A measurable, quantifiable phenotype; 2) two accessions or
closely related species which can interbreed to produce a large number of mapping lines; 3) The
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ability to differentiate between the DNA of the two parents using DNA markers and the ability to
locate those markers on either a genetic or physical map; and 4) a strong QTL analysis algorithm to
identify the loci significantly linked to the desired phenotype. These factors are briefly described
below.

7.2.1 Phenotype for QTL analysis
QTL analysis is based on evaluating phenotypes in a population. The investigated phenotype must
be heritable and measurable as a quantitative phenotype using interval numbering. Many
morphological phenotypes such as height, grain number (Xiao et al. 1995), fruit size (Frary et al.
2000) or floral characteristics, such as petal or sepal length (Juenger et al. 2000), to name just a few,
have been used to identify QTL and underlying genes. Morphological data were initially used in
these experiments, as they are easy to access and easy to measure quantitatively. For studies in
salinity tolerance phenotypes such as shoot Na+ concentration (Shavrukov et al. 2010) and biomass
(Genc et al. 2010) are often used. Recently, expression QTL (eQTL) mapping has been used to
identify important loci. eQTL mapping makes use of large amounts of transcriptional data as the
quantitative phenotype to compare with the genetic map. Particularly the use of microarray data has
been shown useful for eQTL studies, and is not just limited to plants (Doerge 2002, Gibson and Weir
2005, Jansen and Nap 2001, Schadt et al. 2003). Large sets of microarray data from Arabidopsis
and barley have been used for eQTL analysis for a variety of traits (Keurentjes et al. 2007, Potokina
et al. 2008, West et al. 2007). The variation in gene expression between organisms, ecotypes and
species is abundant, heritable and can be complex (Brem and Kruglyak 2005, Brem et al. 2002,
Morley et al. 2004, Schadt et al. 2003), giving numerous opportunities to study transcript abundance,
that do not have to result in a morphological measurable phenotype.

7.2.2 Mapping populations for QTL analysis
QTL analysis also relies on a good quality mapping population. Recombinant inbred lines (RILs), F 2,
doubled haploid lines and backcrossed inbred lines can be used as mapping populations (Yano
2001). A broad list of recombinant inbred lines and F2 populations for Arabidopsis are listed by the
Institut

National

de

la

Recherche

Agronomique,

France

(Sennesal,

http://dbsgap.versailles.inra.fr/vnat/). RILs are widely used for QTL mapping as this kind of mapping
population is considered to be most useful. Members from the same recombinant inbred line are
genetically identical, thereby allowing comparison of the exact same genotype in different treatments
as well as the opportunity to repeat experiments and multiply seed material. RILs are produced by
crossing two parent ecotypes, followed by the creation of inbred lines from the resulting F 1 through
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single line decent, so that the marker-QTL linkage is in linkage disequilibrium (Kearsey 1998).
Linkage disequilibrium describes the non-random association of genes (alleles), which leads to the
observation that some gene- (allele-) combinations are seen more or less frequently than expected
when randomly inherited (Li 1955). It is important when producing a RIL population to have a large
number (hundreds) of individual lines. The more lines in the population, the more chances of
recombination in the genome are possible and the more precise the QTL can be mapped to the
location of the gene of interest.
To link the phenotype observed in the plant to regions in the genome, a set of genetic markers is
required. Individual organisms and species all differ slightly in their genomic sequence. Genetic
markers which recognise these differences can be used to distinguish between the genomes of two
individuals (Tanksley 1983). For QTL analysis, genetic markers are used to identify the parental
origin of the genomic region in the individuals of the RIL. A genetic map can then be made of each
individual, identifying from which parent the fragments of DNA came from. The most commonly used
genetic markers for Arabidopsis are DNA markers, which occur as insertion/deletions (indels), single
nucleotide polymorphisms (SNPs) or simple sequence repeats (SSRs). High resolution melt PCR
(Liew et al. 2004) or Kompetitive Allele Specific PCR (KASP) (Semagn et al. 2013) are fast and
efficient technologies to detect for differences like SNPs in DNA sequences. Other approaches
include cleaved amplified polymorphic sequence (CAPS) and derived cleaved amplified polymorphic
sequence (dCAPS) markers. These allow SNPs to be identified as a result in a loss or gain of a
restriction enzyme recognition site in a PCR amplified DNA fragment (Konieczny and Ausubel 1993,
Neff et al. 1998). Simple sequence repeats (SSR) are PCR amplified and distinguished by the size of
the PCR fragment (Litt and Luty 1989) and allele-specific primer-PCR (ASP-PCR) uses primers that
amplifies DNA parent specific (Hirotsu et al. 2010). Other markers such as random-amplified
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP) and restriction fragment
length polymorphisms (RFLP) are known, but not adequate for this purpose as random sequences
are amplified (Collard et al. 2005), resulting in the whole DNA being examined instead of obtaining
information for a specific genomic region.
To design markers, the genomic data of a species is determined using, for example, DNA libraries or
deriving information from related species (Liu 1997). This information is used to design markers, to
neutral regions of DNA which are polymorphic between the parents analysed. Recombination
frequencies of the analysed markers are subsequently used to determine the order of markers and
generate linkage maps (Collard et al. 2005). For Arabidopsis, the genome sequence of a number of
accessions has been determined and genome wide SNP analyses have been performed for most
accessions, allowing the straightforward generation of SNP markers (Törjék et al. 2003). Markers
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based on SNPs are simple to use, but have the disadvantage that the sequence information of the
DNA region needs to be known before the markers can be designed. In the case of Arabidopsis, the
SNPs of many accessions are known (Clark et al. 2007), enabling the design of new markers without
the need for re-sequencing.

7.2.3 Detection of QTL with computer programs
The amount of data processing which is necessary for QTL identification is vast; therefore, the
analysis is done by computer programs, which may use three different analysis methods: singlemarker analysis, simple interval mapping and composite interval mapping, which are outlined by Liu
(1998) and Doerge (2002). The difference between the methods lies in the algorithm used to map
the QTL and in their precision and ability to detect a QTL. Single-marker analysis is the simplest
method and simply compares the phenotype with the genotype at that marker. It has the advantage
that information regarding the position of the marker on the genetic map or its relation to other
markers is not required. The disadvantage is that if the gene responsible for the desired phenotype is
some distance between markers then a QTL may not be detected. Simple interval mapping (SIM) is
statistically more powerful, as it tests for QTL in multiple analysis points between adjacent markers.
This has the advantage over single marker analysis as it can detect QTL, which are some distance
between markers, however, the disadvantage is that the order of markers along a chromosome
(linkage group) must be known. Composite interval mapping (CIM) is a more powerful version of
SIM, however, it also includes markers in other positions of the genome in the analysis to take into
account the influence of other genomic regions on the plant phenotype. This further improves the
detection of QTL and often results in more narrow defined intervals than those observed with SIM.
As with SIM, CIM requires the location of markers on a linkage map for the analysis to take place.
Two programs commonly used for QTL mapping are MapManagerQTX (Manly et al. 2001) and
WinQTLCartographer (Wang et al. 2010). The graphic visualisation of the QTL analysis is similar for
both programs – a graph with the distance along the chromosome plotted against the level of
significance that the region on the chromosome is significantly related to the phenotype of the plant.
In more recent years the open-source software package R has been commonly used, due to its
flexibility and ability to handle complex mapping population structures, such as advanced
backcrossed double haploid populations.
Two scores are commonly used to evaluate a QTL, both of which are a statistical estimate of the
region of DNA in question being associated with the phenotype by chance. First, the likelihood of the
ratio statistic (LRS) and, second, the logarithm of odds (LOD), which is LOD = LRS ÷ 4.6 (Liu 1997).
The LOD depends on the possibility of recombination and is therefore dependent on the genome
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size and the type of mapping population (van Ooijen 1999). A genome-wide significance level of 5 %
(p= 0.05) is usually applied which results in a threshold LOD of 2.1-2.5 for a typical Arabidopsis
recombinant inbred mapping population (Lisec et al. 2009).
In addition to indicating regions of DNA significantly linked to the observed phenotype, QTL mapping
programs also give other useful information (Manly and Olson 1999):
1) The additive effect contains information about the parent from which the QTL comes from.
Depending on whether the value is positive or negative the trait is caused by one or the other parent.
Accordingly, the additive effect can be expressed as:
[(mean of occurrence allele parent one) – (mean of occurrence allele parent two)] /2 (Manly and
Olson 1999).
2) The heritability (H) of the trait, which is defined as the ratio of genotypic and phenotypic variance
and describes the genetic influence on the phenotype.
3) The % phenotypic variation describes how much of the phenotype is explained by the QTL in
question. One or more QTL can be obtained along the chromosomes from the analysis.

7.2.4 Fine mapping of the QTL interval
The outcome of a QTL analysis is the identification of an interval on the genome, spanning from a
few hundred to thousands of genes. To identify the candidate gene, this interval needs to be
narrowed down, which is done by further analysing the DNA region in that interval by introducing
more parent specific markers. Key to the success of fine mapping is having mapping lines with
recombination across the QTL interval. As a 1 centi Morgan (cM) genetic distance is essentially a 1%
chance of having a recombination event within that interval, mapping populations in the region of 400
RILs are often required to fine map to genetic distances of 0.25 cM. For Arabidopsis, a large number
of

genes

are

already

annotated

(The

Arabidopsis

Information

Resource

database

(www.arabidopsis.org)), potentially facilitating the selection of candidate genes from a large interval if
further fine mapping is not possible, due to having insufficient lines. If the interval has be narrowed
down further, it may be necessary to produce more RILs or to backcross selected RILs to one of the
parents in order to obtain near isogenic lines (NILs), which ideally introduces more recombination in
the interval of interest. Further phenotyping and genotyping would be required. This systematic
decrease in genetic distance is done until a candidate gene within that interval can be selected,
which is likely to be the gene responsible for the observed trait.
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7.3

Chapter aims

The aims of this chapter are to 1) develop a screening assay based on alterations in gene
expression to determine whether C24 is non-responsive when compared to Col-0 after salt
application; 2) develop an assay which allows the fast, robust and reliable screening of a mapping
population to perform QTL analysis.
Approach 1: Analysing changes in the transcription levels of salt responsive genes
- Identification of candidate genes expression is up- or down-regulated upon salt
treatment
- Performing salt stress experiments in soil, on MS plates and in hydroponics and test
candidate genes with semi-qPCR
Approach 2: Analysing germination of Col-0 and C24 on saline MS media
Approach 3: Analysing root growth when in contact with salt
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7.4

Material and methods
7.4.1 Salt stress application in soil grown plants

To evaluate the changes in gene expression that are induced by a short salt stress in soil grown
Col-0 and C24, plants were grown for 5 wk in soil without fertilizer as described in section 2.2.4.
Watering was discontinued 3 d prior to salt treatment to ensure the soil moisture is low, but the soil
contains enough moisture to avoid drought stress. The treatment was applied by flooding the tray
containing the pots, with 0 mM, 50 mM, 100 mM or 150 mM NaCl. After exactly 24 h, three of the last
fully expanded leaves were removed from the plant using tweezers and collected in 10 mL tubes.
The tubes were snap frozen in liquid nitrogen and stored at -80 °C until required (section 7.4.5).

7.4.2 Salt stress application for plants grown on MS-plates
Three different methods of exposing Arabidopsis to salt stress on plates containing ½ strength MSagar (MS-plates) were tested. 1) to determine the change in gene expression upon salt stress, plants
were transferred as 2 wk old seedlings onto MS-plates supplemented with salt; 2) to compare the
germination rate between ecotypes, seeds were directly placed onto MS-plates containing various
amounts of NaCl; and 3) to compare the growth of roots when growing towards NaCl containing MSmedia, seedlings were grown on MS-plates for 10 d, then the bottom half of the plate was replaced
with MS-agar containing various amounts of NaCl. The three methods are described in further detail
below:

7.4.2.1 Transfer of Arabidopsis seedlings onto MS-plates containing NaCl
Col-0 and C24 plants were grown for 2 wk vertically on MS-plates in a short day growth room (see
section 2.2.3). To apply the salt treatment, seedlings were carefully removed from the plate with bent
tipped tweezers, to avoid tissue damage, and positioned on MS-plates supplemented with or without
150 mM NaCl and 1.725 mM CaCl2. The addition of CaCl2 is necessary to maintain Ca2+ activity
which is reduced by the presence of Na+. The required amount of additional Ca2+ was calculated
using Visual MINTEQ 2.30 (KTH, Department of Land and Water Resources Engineering,
Stockholm,

Sweden,

http://www.lwr.kth.se/English/OurSoftware/vminteq/download.html).

This

method of transfer was chosen, as opposed to using nylon mesh or similar techniques, to allow
direct contact of the roots with the salt containing media. Accordingly, plates had to be placed
vertically to allow roots to grow on the agar surface without penetrating the agar. The entire shoot
and root were collected after 24 hours of salt treatment in 2 mL microcentrifuge tubes, snap frozen in
liquid nitrogen and stored at -80 °C until required (section 7.4.5)
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7.4.2.2 Germination of Arabidopsis on MS-plates containing NaCl
Col-0 and C24 seeds were germinated on MS-plates, supplemented with 0, 25, 50, 75, 100, 125 and
150 mM NaCl (7.5.2) and the appropriate amount of CaCl2 to maintain Ca2+ activity (section 7.4.2.1).
Plates were placed into a short day growth room and germination was evaluated after 7 d. For each
NaCl concentration, 20 to 50 seeds were sown.

7.4.2.3 Growth of roots towards NaCl containing media
Surface sterilised seeds of Col-0 and C24 were placed onto MS-plates (section 2.2.3) and incubated
vertically in a short day growth room. Seedlings were imaged using a scanner 4 d after germination.
A NaCl gradient was generated by removing the media in the bottom half of the plate with a spatula
(diagonally across the plate) and replacing it with ½ strength MS-agar supplemented with 0 mM,
50 mM, 100 mM or 150 mM NaCl and the appropriate amount of CaCl2 (section 7.4.2.1) (Figure 7.1).
Plates were returned to the growth chamber and growth phenotypes were recorded 12 d after
germination for Col-0 and 14 d after germination for C24. For each NaCl concentration and ecotype,
two plates with each 10 seedlings were assessed.

Figure 7.1: Diagram of Arabidopsis root growth assay on salt.
Arabidopsis seedlings were grown vertically on MS-agar for 4 d after germination, then the bottom
half of the agar was removed using a spatula and replaced with MS-agar containing 0, 50, 100 or
150 mM NaCl and the appropriate amount of CaCl2. Plants were grown for further 12 to 14 d before
evaluating root growth towards the NaCl containing area.
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7.4.4 Assessing Col-0 and C24 using hydroponics
Col-0 and C24 were grown hydroponically as described previously (section 2.2.4). 100 mM NaCl salt
stress was applied by dissolving the desired amount of NaCl and CaCl 2 (section 7.4.2.1) in 500 mL
of growth solution, which was taken out of the tank, and poured back into the tank under stirring. The
salt treatment was applied 1 h after the light cycle commenced. The last fully expanded leaf was
removed and snap frozen in liquid nitrogen for RNA analysis. Roots were washed in 10 mM MgSO4
to remove nutrient solution and contaminating salt, dried for exactly 3 sec between paper towels and
snap frozen in liquid nitrogen for RNA analysis. Samples for RNA analysis were taken at 0, 30 min,
12 h, 24 h and 2 d after stress application. RNA extraction and cDNA synthesis were performed as
described previously (section 2.5) and qPCR as described below (section 7.4.5).

7.4.5 Processing of samples with semi-qPCR or qPCR
Tissue samples, collected as described above (7.4.1, 7.4.2 and 4.5.1), were used for RNA extraction
(section 2.5.1), followed by cDNA synthesis (section 2.5.2). A very important step during cDNA
synthesis for qPCR is to ensure RNA is present in equal amounts. This will reduce the variation
between samples, i.e. in transcript abundance of control genes such as Actin2 and improves
reliability of semi-qPCR. This was done by determining the concentration of RNA using agarose gel
electrophoresis and spectrophotometry using a NanoDrop instrument (Thermo Fisher Scientific
Australia Pty Ltd., Scoresby, Australia).
Semi-qPCR and qPCR were performed as described previously (section 2.5.3 and 2.5.4) with
primers listed in Table 7.3. An example of a semi-qPCR image is presented in Figure 7.2. From this
image the band intensities were measured using the image analysis program GIMP 2.6.11 GNU
Image Manipulation Program (www.gimp.org). An example of pixel analysis is presented in
Figure 7.3. The result section will show values of normalised band intensities. These values are
obtained by dividing the band intensity corresponding to the gene of interest by the band intensity
corresponding to the control gene at a given PCR cycle where band intensities increase linearly.
Therefore, this window of linear increase in band intensity had to be determined for every gene of
interest and treatment separately.
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Figure 7.2: Example of agarose-gel image resulting from semi-qPCR of transcripts of cDNA
derived from salt treated Col-0 and C24 shoot tissue.
Amplified fragments correspond to transcripts of Actin2 and LTI/Cor78 with different PCR cycles as
indicated by the numbers below the bands. This is a subset of the image used for analysis presented
in Figure 7.3.

Figure 7.3: Example of semi-qPCR analysis of transcript of cDNA derived from salt treated
Col-0 and C24 shoot tissue.
Col-0 and C24 seedlings were grown on MS plates for 2 wk before transfer onto plates containing
MS- agar ±150 mM NaCl. Shoot tissue was used for cDNA synthesis analysed by semi-qPCR. PCR
products of (A) Actin2 and (B) LTI/Cor78 transcripts, derived from a range of cycle numbers, were
subject to gel electrophoresis. Values for band intensities were extracted from the obtained agarose
gel image using the image analysis program GIMP 2.6.11. Background signals were subtracted.
Sample legends 1-3: Samples derived from Col-0 seedlings with control treatment, 4-6: Samples
derived from Col-0 seedlings with 150 mM NaCl treatment, 7-9: Samples derived from C24 seedlings
with control treatment and 10-12: Samples derived from C24 seedlings with 150 mM NaCl treatment.
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7.5

Results
7.5.1 Transcription analyses of salt responsive genes

7.5.1.1 Identification of candidate genes
The aim of this section was to identify candidate genes from the literature that are up- or downregulated during salt treatment and are appropriate to be used in a screening assay for a mapping
population using semi-qPCR. The transcript abundance of genes, differentially expressed during salt
stress, is being used as a marker to evaluate the salt responsiveness of the two ecotypes Col-0 and
C24.
Previously, the expression of a number of genes (AtAVP1, AtNHX1, AtSOS1 and AtHKT1;1) were
found to be substantially changed in the ecotype Col-0, but not in C24 (Jha et al. 2010). These
genes were initially used to test for responsiveness and the list was extended to other candidate
genes from the literature (Table 7.3). The primer pairs were chosen towards the 3′ end of the open
reading frame and located on either side of an intron (intron spanning) so that if contaminating gDNA
was present, a larger fragment was amplified. Alternatively one of the primers was located over an
exon-intron-exon boundary, meaning that the primer cannot anneal to genomic DNA because of the
presence of the intron - the primer can still anneal to cDNA since introns are not present.
The gene analysis tool Genevestigator (Zimmermann et al. 2004) was used to investigate the salt
responsiveness of candidate genes. A selected subset of Genevestigator results is presented in
Figure 7.4. It contains information from a microarray study by Kilian et al. (2007) where the
Arabidopsis ecotype Col-0 was grown hydroponically for 18 days before application of 150 mM NaCl;
root and shoot samples were then collected at six time points over an 24 h period and used for
microarray analysis using an Affymetrix ATH1 (22 K) chip (Kilian et al. 2007). The 24 hour time point
is depicted in Figure 7.4 for the candidate genes in Table 7.3. The Genevestigator “Sample tool” was
used to display gene expression strength under the tested conditions. Besides illustrating the fold
change in gene expression it also indicates the overall level of expression (low, medium or high).
This provides information that can be incorporated into semi-qPCR analysis. For instance, a gene
with low expression will need a higher number of PCR cycles to be visible on an agarose gel as
compared to a gene with high expression.
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Table 7.3: List of genes and corresponding primers that were used for semi-qPCR and qPCR
to test for salt responsiveness. Source describes whether the primers were already available
at the ACPFG or had to be designed using Primer 3
Gene
locus

Other
name

At1g78920

AtAVP1

At2g01980

AtSOS1

At5g27150

AtNHX1

At4g10310

AtHKT1;1

Primers (forward (FW) and reverse (RV))

Source

Reference

FW: GCAGCTCTTAAGATGGTTGAA

ACPFG qPCR
Database

(Jha et al.
2010)

ACPFG qPCR
Database

(Jha et al.
2010)

ACPFG qPCR
Database

(Jha et al.
2010)

ACPFG qPCR
Database

(Jha et al.
2010)

designed using
Primer 3

(Kreps et al.
2002)

designed using
Primer 3

(Takahashi et
al. 2004)

designed using
Primer 3

(Takahashi et
al. 2004)

ACPFG qPCR
Database

(Roy et al.
2008)

RV: AGAGGTGTGAGCATGACAAGG
FW: CTGCTTGCTACATTTCTGCTG
RV: TGCTTCCTCTCCTTCCTTTTC
FW: ACTCATAAGCTACCTATTACCG

At5G52310

LTI/Cor78

RV: GGTCTCGAGTTACTAAGATCAGG
AGGGTTTCTC
FW: TGCAAACTGCGGATTTGTCC
RV: TGAGCAAAACCAAGAAGCAAGG
FW:
CAAAGTTACTGATCCCACCAAAGAAG
RV: CGGCGAATCCTTACCGAGAA
FW: GCTGAGCCAGCGGACTTTGT

At1g78070

RV: CGAGTGGTTTCGCTTCCTGTT

At5g15970

Kin1

At3g18780

Actin2

FW: TATAAACCATTAAGCCCACATCTC
RV: TCCTTCACGAAGTTAACACCTC
FW: TGAGCAAAGAAATCACAGCACT
RV: CCTGGACCTGCCTCATCATAC
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AtAVP1, At2g01980 is AtSOS1, At5g27150 is AtNHX1, At4g10310 is AtHKT1;1, At5G52310 is LTI/Cor78, At1g78070 has no other name and
At5g15970 is Kin1.

The selected reference study by Kilian et al. (2007) used 18 d old hydroponically grown Col-0 (wt) seedlings, for treatment with 0
mM NaCl as control (con) or 150 mM NaCl (salt). Shoot (sho) and root (roo) samples were analysed separately. Full circles indicate
the signal is “present” and empty circles indicate the signal in close to the background and therefore called “absent”. At1g78920 is

Figure 7.4: Output of Genevestigator analysis for candidate genes using the built in application “Sample”.
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7.5.1.2 Testing candidate genes in salt stressed plants grown in soil
A number of salt responsive candidate genes were identified from the literature (section 1.3.1). To
confirm whether these genes were similarly salt responsive in the experimental setup in this study, a
short NaCl treatment time of 24 hours was chosen for the experiments. A longer NaCl treatment time
could result in accumulation of Na+ in the shoot and root tissue, initiating other effects such as ionic
stress, which will compound issues with analysis. In the chapter 4 it was shown that after only 2 d of
NaCl treatment, Na+ is accumulating in the plant (section 4.6.1).
The aim of this chapter is to develop an easy and robust screening assay, and the assessment of
soil grown plants allows for reasonable high throughput analysis of a mapping population and easy
handling. A favourable method to evaluate transcript abundance is semi-qPCR, because of its low
cost compared to qPCR. However, for optimal semi-qPCR performance a large difference in
transcript abundance between treatments and also between ecotypes is desirable. NaCl treated soil
grown plants were subject to semi-qPCR analysis using primers for the two genes AtSOS1
(Figure 7.5) and AtAVP1 (Figure 7.6). The band intensity is representative of transcript abundance of
the analysed gene. For Col-0, transcript levels of AtSOS1 are lower at 0 mM NaCl as compared to
NaCl treated samples (Figure 7.5). For C24, AtSOS1 levels do not appear to change substantially
(Figure 7.5). When AtAVP1 expression is analysed, transcript abundance only increases marginally
after salt treatment for both ecotypes. Since no clear difference in transcript levels was observed
using semi-qPCR, qPCR was performed validating that expression levels of AtAVP1 did not change
substantially (Figure 7.7). The gel image (Figure 7.8) illustrates transcript abundance of other
selected genes after 150 mM salt treatment in Col-0 and C24. Transcript levels of the control gene
Actin2 appear equal in both treatments, but no substantial difference in transcript abundance of other
genes can be observed when comparing salt treated Col-0 and C24 plants.
The differences in expression levels for AtAVP1 and AtSOS1 were inconclusive in soil grown Col-0
and C24 plants treated with NaCl for 24 h. QPCR results obtained for AtAVP1 transcript abundance
are not consistent with semi-qPCR results, indicating that that this system is not suitable for use as a
screening assay and another method of salt stress was considered, where plants are grown on
plates containing MS-agar and are transferred onto media supplemented with NaCl.
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Figure 7.5: AtSOS1 transcript abundance using semi-qPCR, in soil grown Col-0 and C24
plants subjected to 24 h of 150mM NaCl.
AtSOS1 transcript abundance determined from Col-0 (light grey bars) and C24 (dark grey bars) soil
grown plants treated with NaCl for 24 h using semi-qPCR. Data presented correspond to the band
intensity of the PCR product present at cycle 29, normalised with the band intensity corresponding to
the abundance of Actin2 transcripts. Presented are data for one biological replicate.

Figure 7.6: AtAVP1 transcript abundance using semi-qPCR, in soil grown Col-0 and C24
plants subjected to 24 h of 150mM NaCl.
AtAVP1 transcript abundance determined from soil-grown Col-0 (light grey bars) and C24 (dark grey
bars) plants treated with NaCl for 24 h using semi-qPCR. Data presented correspond to band
intensity of PCR product present at cycle 27, normalised with band intensity corresponding to
abundance of Actin2 transcripts. Presented are data for one biological replicate.
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Figure 7.7: AtAVP1 transcript abundance using qPCR, in soil grown Col-0 and C24 plants
subjected to 24 h of 150mM NaCl.
QPCR analysis of AtAVP1 expression in soil-grown Col-0 (light grey bars) and C24 (dark grey bars)
plants under control treatment (0 mM NaCl) and salt treatment (150 mM NaCl) for 24 h. Error bars
indicate SD of three biological replicates.

Figure 7.8: Gel image of semi-qPCR on samples derived from soil-grown Col-0 and C24 plants
treated with 150 mM NaCl for 24 h.
Transcript levels tested for genes indicated above the corresponding bands. No substantial
difference in transcript levels of NaCl treated Col-0 and C24 plants visible.

7.5.1.3 Testing candidate genes in salt stressed plants grown on MS agar plates
Results from the previous section (7.5.1.2) have shown that the treatment of soil grown plants with
up to 150 mM NaCl for 24 h did not lead to a conclusive results regarding induction of gene
expression in Col-0 or C24. The advantage of using MS-agar plates for application of salt stress is
that the roots come in direct contact with the media containing NaCl immediately upon transfer. It
also allows the analysis of root and shoot tissue for induction of salt responsive genes, as opposed
to soil grown plants, where the use of root tissue would involve thorough cleaning, which may impact
root RNA integrity.
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QPCR analysis for the four genes AtAVP1, AtSOS1, AtHKT1;1 and LTI/Cor78 was performed on
root and shoot samples of control and salt treated seedlings (Figure 7.9). No substantial differences
in AtAVP1 gene expression (Figure 7.9 A) are visible when comparing control and salt treatments in
Col-0 and C24 in the shoot and root. Gene expression for AtSOS1 (Figure 7.9 B) is doubled in Col-0
shoot samples after NaCl treatment but does not change substantially in C24. Expression of
AtHKT1;1 (Figure 7.9 C) is substantially decreased in Col-0 and C24 shoot samples after NaCl
treatment. It has to be noted that overall expression levels of AtHKT1;1 (Figure 7.9 C) are very low
and values around 500 copy numbers per µL of cDNA are within background levels. Expression of
LTI/Cor78 (Figure 7.9 D) is substantially different in Col-0 and C24 shoot and root in response to salt
treatment. While expression levels under control conditions are below 20,000 transcripts per µL of
cDNA, they are over 900,000 transcripts per µl in Col-0 shoots after salt treatment.

Figure 7.9: QPCR analysis on root and shoot samples of plate grown Col-0 and C24 plants
treated with ± 150 mM NaCl for 24 h.
Control treated Col-0 (light grey) and C24 (dark grey) plants (0 mM NaCl) and salt treated plants
(150 mM NaCl) were tested for expression of AtAVP1 (A), AtSOS1 (B), AtHKT1;1 (C) and LTI/Cor78
(D). Error bars indicate SD of three biological replicates.
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A substantial induction of LTI/Cor78 expression can also be found using semi-qPCR on Col -0 shoot
samples ±150 mM NaCl treatment (Figure 7.10). The difference between three salt treated Col-0
and C24 seedlings is substantial, but not significant, based on a t-test with three biological replicates
that resulted in a p-value of 0.0505.
Given the large responsiveness of LTI/Cor78 expression in Col-0 after salt treatment, this gene was
used to test a subset of a Col×C24 mapping population for their salt responsiveness.

Figure 7.10: LTI/Cor78 transcript abundance using semi-qPCR, in plate grown Col-0 and C24
plants subjected to 24 h of 150mM NaCl.
LTI/Cor78 transcript abundance in plate-grown Col-0 (light grey) and C24 (dark grey) shoot, as
determined using semi-qPCR, in plants treated with ± 150 mM NaCl. Data presented correspond to
band intensity of PCR product present at cycle 33, normalised with band intensity corresponding to
abundance of Actin2 transcripts. Error bars indicate S.E.M., n=3.

7.5.1.4 Expression analysis of the candidate gene LTI/Cor78 in a subset of a Col-0 × C24
mapping population
The gene LTI/Cor78 was identified as a candidate gene to compare the responsiveness of Col-0 and
C24 (section 7.5.1.3), when the plants were subject to 24 h of salt stress on MS-plates and transcript
analysis was performed with semi-qPCR. To investigate the genomic locus conferring the nonresponsiveness trait in C24, a forward genetic approach was considered. A F 10 Col-0 × C24 mapping
population is available consisting of 209 Col-0 × C24 and 214 C24 × Col-0 recombinant inbred lines,
genotyped using 110 evenly distributed framework single nucleotide polymorphism (SNP) markers
(Törjék et al. 2003, Törjék et al. 2006). Both populations are referred to as Col × C24 mapping
population. NaCl induced LTI/Cor78 expression was analysed on a subset of this mapping
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population to determine if this provides a suitable, robust screening assay to perform QTL analysis
on the entire mapping population.
A subset of the mapping population containing 30 lines was selected based on the following two
criteria: selected lines should have a proportion of 50% of the markers from the Col-0 parent and
50% from the C24 parent; and, for each of the 110 loci 15 plants should have the Col-0 genotype
and 15 lines should have the C24 genotype.
Out of the subset, four lines were randomly selected, grown on MS-plates, treated with 150 mM NaCl
and analysed for changes in LTI/Cor78 gene expression using semi-qPCR as suggested by the
previous section (7.5.1.3). This experiment was repeated several times in the same growth room.
Two independent experiments are presented in Figure 7.11. The three biological replicates of salt
treated lines are presented separately to illustrate the large variation observed. No difference in
LTI/Cor78 expression can be observed between the parental lines Col-0 and C24, which is in
contrast to the previous findings in section 7.5.1.3. The variation in LTI/Cor78 expression is
especially large in salt treated C24 seedlings (Figure 7.11 B). To obtain information wether the
variation seen with semi-qPCR analysis is due to weaknesses in the method, qPCR was performed
on selected lines of the Col×C24 population. A large difference between biological replicates can be
observed (Figure 7.12). When results of semi-qPCR (Figure 7.11 B) are compared with the same
samples from qPCR analysis (Figure 7.12), it suggests that there is no consistency between results.
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Figure 7.11: LTI/Cor78 transcript abundance using semi-qPCR, in plate grown Col-0, C24
plants and four lines of the Col × C24 RIL population subjected to 24 h of 150mM NaCl.
LTI/Cor78 transcript abundance determined from Col-0, C24 and four lines of the Col-0 × C24 RIL
population after control treatment (dark grey) or 150 mM NaCl (light grey), using semi-qPCR. Three
biological replicates for salt treated plants are displayed individually for two independent experiments
(A and B). Data presented are normalised with Actin2 transcript abundance.
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Figure 7.12: LTI/Cor78 transcript abundance determined using qPCR from four lines of the
Col × C24 RIL population after treatment with 150 mM NaCl.
LTI/Cor78 transcript abundance of three biological replicates for salt treated plants is displayed
individually. Data presented are normalised with Actin2 transcript abundance.

The subset of the mapping consisting of 30 lines was analysed using semi-qPCR and qPCR. The
qPCR results are presented in Figure 7.13. The three biological replicates for salt treated samples
are displayed separately to illustrate the variation. The LTI/Cor78 transcript number for control
samples was consistently low; however, the variation within the same lines in salt treated samples is
substantial (Figure 7.13).
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Figure 7.13: Transcript levels of LTI/Cor78 as determined by qPCR on cDNA derived from 30
lines of the Col × C24 mapping population grown on MS-plates.
LTI/Cor78 transcript abundance in 30 lines of the Col × C24 mapping population subject to control
treatment (dark gray bars) and NaCl treatment, three replicates (light gray bars) of. Error bars
represent standard error derived from technical replicates of the qPCR experiment, not from
biological repeats, these are displayed individually.

7.5.1.5 Testing candidate gene expression in salt stressed plants grown in hydroponics
Although LTI/Cor78 transcript abundance in salt treated Col-0 and C24 plants on MS-agar plates had
been considered suitable to set up a screening assay, the previous section clearly indicates there is
great variability in LTI/Cor78 transcript abundance between biological replicates,. Another approach
using hydroponically grown Col-0 and C24 plants was tested. The main advantage of this system is
that plants are grown under transpiring conditions and the application of salt is very even with
minimal disturbance to the system. While not as high throughput as plate grown plants, hydroponic
plants are exposed to fresh air and a constant air movement, which should make them less prone to
a touch response, unlike plants grown on agar plates. 5 wk old hydroponically grown Col-0 and C24
plants were exposed to 100 mM NaCl (section 2.2.4, and 4.5.1). Root and shoot samples were
collected at 5 time points (0, 30 min, 12 h, 24 h and 2 d) and subject to qPCR analysis
(section 7.4.5). Again, the genes AtAVP1, AtSOS1, AtHKT1;1 and LTI/Cor78 were analysed. The
analyses show that transcript levels of all four genes are altered upon NaCl treatment in Col-0 and
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C24. For AVP transcript abundance, values in the root and shoot are quite variable for the control
treatment, however when salt treated, a clear increase of transcript levels can be seen in the shoot
for C24 and Col-0, while transcript levels in the root initially increase within 12 h to 24 h after
treatment and decline after 2 d (Figure 7.14 A). For AtSOS1, transcripts levels under control
conditions seem variable in C24 shoots, but stable over time in the Col-0 shoot and the C24 and
Col-0 root tissue (Figure 7.14 B). After salt stress, AtSOS1 transcript levels appear to be generally
higher compared to the control treatment, more so in Col-0 than C24 (Figure 7.14 B). AtHKT1;1
transcript levels are variable in C24 and Col-0 shoots under control conditions (Figure 7.14 C).
AtHKT1;1 transcript levels do not change in C24 shoots, and in Col-0 are first increased, then
decline. As expected, no AtHKT1;1 transcripts were observed at all in C24 roots, while transcript
levels increase in Col-0 roots with salt treatment (Figure 7.14 C). LTI/Cor78 transcript levels are
consistently low under control conditions in both ecotypes. For Col-0, a clear increase in LTI/Cor78
transcript levels can be observed in the shoots and the roots after NaCl treatment (Figure 7.14 D). In
contrast, C24 transcript levels remain low in the C24 shoot and are only substantially increased in
the root 12 hours after NaCl treatment (Figure 7.14 D).
Overall, it is difficult to determine a trend for changes in transcript abundance from the displayed
data. It appears that for Col-0, transcript levels of most of these genes are substantially altered within
12 h after salt treatment. For C24, changes in transcript levels can be observed, however the
changes are not consistent. Consequently, the time points were grouped and a statistical analysis
performed only examining the effect of NaCl treatment on expressions levels in the root and the
shoot of both ecotypes (Figure 7.15). The boxplots display the transcript abundance of the indicated
genes. The second and third quartiles of the data are displayed by the box, while the line inside the
box represents the median. Outliers are displayed as a cross or circle. The letters (a, b or ab) above
the boxes indicate the significance at the 0.05 level determined using the Student-Newman-Keuls
test. The statistical analysis shows that no significant difference can be found in C24 between the
control and NaCl treatment for any of the genes or tissues analysed (Figure 7.15). In contrast, a
number of significant differences comparing the control and NaCl treatment are identified for Col-0
(ANOVA, p = 0.05). For six out of the eight comparisons, a significant increase in transcript
abundance was found between Col-0 control and NaCl treatment, for AtAVP1 in the root, AtSOS1 in
the shoot, AtSOS1 in the root, AtHKT1;1 in the root, LTI/Cor78 in the shoot and LTI/Cor78 in the root
(Figure 7.15). Contrastingly, for C24 no significant differences were found comparing the control and
NaCl treatment (Figure 7.15).

202

Chapter 7: Analysing the NaCl-induced response in Col-0 and C24

While there were promising genes that could be used to measure salt responsiveness the lack of
robustness of the assay and the variation was a concern. A secondary concern with this approach is
the assumption that there is a difference between Col-0 and C24 which would be seen by gene
expression. Therefore, there is a danger in selecting a gene to perform the analysis which is biased
towards a response in Col-0 and not C24, compromising the neutrality of the experiment. For
example the selecting of LTI/Cor78 and SOS1 for use in a plate based system for screening for salt
responsiveness (because these genes show a response in Col-0 and not C24 after salt application)
and not selecting AtHKT1;1 (which showed a response in both ecotypes). Therefore, other methods
were investigated to look for potential differences between Col-0 and C24 and their response to salt.
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Figure 7.14: Transcript analysis of hydroponically grown Col-0 and C24 plants subjected to
± 100 mM NaCl using qPCR.
Hydroponically grown Col-0 and C24 plants, 5 wk old, were subject to control treatment (in light grey
bars) or 100 mM NaCl treatment (in dark grey bars). Root and shoot samples were collected at 5
time points (0, 30 min, 12 h, 24 h and 2 d) and were subject to RNA extraction, followed by cDNA
synthesis and qPCR. Transcript abundance of (A) AtAVP1, (B) AtSOS1, (C) AtHKT1;1 and (D)
LTI/Cor78 were determined in the shoot and root tissue for both ecotypes. Data are normalised with
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Actin2 transcript abundance, and error bars represent the standard error with n=3 biological
replicates.

Figure 7.15: Boxplot analysis of transcript data that derived from hydroponically grown Col-0
and C24 plants subjected to ± 100 mM NaCl
Boxplots of qPCR data for ecotype (Col-0 and C24) and salt treatment (NaCl and control) sampletimes were grouped. Outliers are marked with a green cross and far outliers with blue circle.
Significance at the 0.05 level between groups is indicated by orange letters above the plots and was
determined using ANOVA statistical analyses with Genstat and the Student-Newman-Keuls test.
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7.5.2 Testing for differences in the germination rate of Col-0 and C24
In the previous section, expression levels of salt responsive genes were tested to obtain a robust
and simple assay to screen a Col × C24 mapping population (section 7.5.1). Unfortunately this was
not possible. A different approach to evaluate the salt responsiveness was tested by assessing the
germination rate of Col-0 and C24 on NaCl. A previous study had identified a variation in germination
rate between 96 Arabidopsis ecotypes when germinated on media containing high concentrations of
NaCl (DeRose-Wilson and Gaut 2011); this could provide a robust and simple screening assay. In
this study, germination of Col-0 and C24 was evaluated 7 d after sowing. A seed was considered
germinated when it was at or beyond Arabidopsis growth stage 0.7 - hypocotyl and cotyledon
emergence (Boyes et al. 2001). Col-0 germinated 1-2 d earlier than C24 under the tested conditions.
The number of plants germinating on ½ strength MS with NaCl were compared to the number of
plants germinating on ½ strength MS without addition of NaCl and presented as a percentage. For
both ecotypes, the relative germination rate decreases on media with increasing amount of NaCl,
however there are no substantially differences between Col-0 and C24 (Figure 7.16).

Figure 7.16: Germination rate (%) after 7 days of Col-0 and C24 seedlings on MS-plates
supplemented with the indicated amount of NaCl, as compared to 0 mM NaCl control.

7.5.3 Root growth towards media containing NaCl
The germination rate of Col-0 and C24 on NaCl containing media is not substantially different
between the two ecotypes; hence it is not a suitable trait as a proxy for salt responsiveness
(section 7.5.2). To investigate whether root growth towards NaCl is different for Col-0 and C24, a
simple plate assay was tested. The hypothesis being that the roots which sense s an area containing
NaCl will deflect in order to avoid this area (Galvan-Ampudia and Testerink 2011). In this case if
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Col-0 is salt responsive and C24 is salt numb, the roots of Col-0 would deflect, while roots of C24
continue to grow into the salt.
A method to evaluate how roots avoid salinity was previously described by Galvan-Ampudia and
Testerink (2011); a version of this assay was used here for Col-0 and C24. Seedlings were placed
about 1 cm from the top of the plate and incubated vertically to encourage root growth on the surface
of the media across the plate. Germination of C24 is 1 to 2 d delayed and root growth is slower as
compared to Col-0, hence the ecotypes were placed on separate plates. The area containing NaCl
was not placed perpendicular to the root axis, but diagonally to allow the roots to change growth
direction while still following gravity. The bottom part of the plate was replaced with media containing
0, 50, 100 or 150 mM NaCl, however no consistent deflections in root growth could be observed
throughout the incubation period (Figure 7.17). The top panel in Figure 7.17 displays the seedlings at
day of treatment, 4 d after germination (DAG), and the panel underneath represents the seedlings
after 12 d incubation for Col and 14 d incubation for C24. The white dashed line indicated the
boundary between the normal ½ strength MS media and the media supplemented with the indicated
amount of NaCl. Root growth was monitored every day, but no avoidance of the area containing
NaCl could be observed (Figure 7.17). A moderate reduction in lateral roots could be observed for
Col-0 where the roots got in contact with increasing amount of NaCl. For C24, lateral roots were not
pronounced in the elongation zone in control or NaCl conditions.
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Col-0 and C24 seeds were grown on MS-plates. Plates were placed vertically and 4 d after germination (top panel), the media in bottom
half of the plate was replaced with solid ½ strength MS containing either 0 mM, 50 mM, 100 mM or 150 mM NaCl. White dashed line
marks the interface where agar was replaced. Images in the bottom panel were taken 14 d after germination. Scale bar = 10 mm.

Figure 7.17: Root growth of Col-0 and C24 towards MS media containing NaCl.

Chapter 7: Analysing the NaCl-induced response in Col-0 and C24

Chapter 7: Analysing the NaCl-induced response in Col-0 and C24

7.6

Discussion
7.6.1 Are changes in transcript levels of salt responsive genes a useful tool to
investigate the salt responsiveness of Col-0 and C24?

7.6.1.1 Identification of candidate genes
Several candidate genes were identified that are differentially expressed in response to salt
treatment (Table 7.3). The programme Genevestigator contains 8600 samples with over 100 tissue
types and 2100 experimental conditions for Arabidopsis (as of May 2013), making it a useful tool to
gather additional information on gene expression of a particular gene. For example, gene expression
of LTI/Cor78 is strongly up-regulated in the shoot by multiple stresses such as cold, salt, drought and
ABA (Yamaguchi-Shinozaki and Shinozaki 1994). Generally, gene expression data obtained from
microarrays correlate well with qPCR expression data, but this is not always the case (Dallas et al.
2005), hence a variety of candidate genes were selected for testing in the systems described here.
Genevestigator illustrates microarray data only, therefore care needs to be taken when translating
these results to a technique such as qPCR or semi-qPCR.

7.6.1.2 Changes in transcript levels of salt responsive genes are not suitable for a screening
assay with soil grown plants
Establishing a screening assay in soil has a number of advantages. It is suitable for high-throughput
phenotyping, while allowing non-sterile conditions and minimal handling. It also permits quick
application of the stress solutions and sample collection. However, watering plants with 50 mM,
100 mM or 150 mM NaCl for 24 h did not result in a substantial induction of salt responsive genes in
Col-0 or C24 (Figure 7.5, Figure 7.6 and Figure 7.7.). Changes in gene expression may not have
been detected, because the plants may not have been exposed to elevated salt levels. Various
factors influence if soil grown plants experience salt stress, such as soil conductivity, soil
composition and water availability to the plant (Rengasamy 2006). The uptake of NaCl-solution from
the tray is dependent on soil conductivity; the stress solution may not have been taken up equally
across the tray and consequently the plants were not exposed to increased and equal concentrations
of salt. The effect of NaCl could also be reduced due to Na + attaching to soil particles and not
moving freely through the soil solution to interact with the plant root. Furthermore, if enough residual
water was available to the plant, the applied salt solution might not have been effective - the salt was
diluted to a level that does not affect the plant. To ensure plants are salt stressed, the NaCl-solution
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should be applied based on the water holding capacity of the soil. However, this requires watering to
weight for every pot, which is not desirable for a screening assay on a mapping population as it is
labour intensive and time consuming, therefore not suitable for high throughput. Additionally, it would
have been possible to lengthen the exposure to salt, but this might inhibit detection of the early
response, as ionic stress occurs when NaCl accumulates in the plant within 2 d (section 4.6.1). Two
QTL studies using soil grown plants were exposing the plants to 5 wk of NaCl stress to obtain a
salinity tolerance phenotype that is based on the accumulation of Na + in the shoot (Galpaz and
Reymond 2010, Roy et al. 2013). Alternatively, extremely high concentrations of salt (300 mM NaCl)
could have been applied, but this is unrealistic and likely to induce osmotic shock responses.

7.6.1.3 Substantial changes in LTI/Cor78 expression in response to salt stress are observed
in Col-0, but not in C24 when plants are grown on MS plates
Soil grown plants did not display salt induced changes in gene expression after 24 h of salt treatment
and are therefore not suitable for a screening assay. However, plants grown on plates containing ½
MS media showed promising results. Northern Blot analysis had previously shown that in Col-0
seedlings grown on MS-plates, AtSOS1 and LTI/Cor78 are up regulated under salt (Shi et al. 2000)
and other QTL studies have also used MS-plates to measure salt tolerance related phenotypes such
as fresh and dry weights, root length and germination rate (DeRose-Wilson and Gaut 2011, Galpaz
and Reymond 2010, Quesada et al. 2002, Ren et al. 2010).
Although AtAVP1 transcript abundance did not change upon salt treatment in both ecotypes,
AtHKT1;1 and AtSOS1 transcript abundance changed in Col-0 by factors 3 and 2, respectively, and
in C24 only by factors 2 and 1.5, respectively. Interestingly, substantial changes in LTI/Cor78
expression were observed in the shoot of Col-0, but are not as pronounced in C24 (Figure 7.9). The
transcript abundance under control conditions was very close to the background signal, making it a
suitable candidate gene to assess salt responsiveness. Also semi-qPCR analysis of the same
samples suggests that the overall trend is comparable to qPCR analysis (compare Figure 7.9 D with
Figure 7.10). Transcript levels of LTI/Cor78 in Col-0 salt stressed shoot samples were twice as high
as in the corresponding C24 samples (Figure 7.10). Determining LTI/Cor78 transcript levels using
semi-qPCR, appeared to be a promising screening methodology for a mapping population. Also
desirable is that the growth of Arabidopsis on MS plates is reasonably high-throughput and semiqPCR analysis is an affordable technique.
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7.6.1.4 Limitations of the MS-agar plate screening method
Further independent experiments were performed to ensure the screening assay is robust and
substantial differences in LTI/Cor78 expression between Col-0 and C24 are consistent. The same
experimental setup on MS-plates was used and a few randomly selected lines of a Col-0 × C24
mapping population were included to get a preliminary indication for their LTI/Cor78 transcript
abundance. LTI/Cor78 transcript abundance was analysed with semi-qPCR in a further two
independent experiments (Figure 7.11). In the first repeat, no difference between the accessions
Col-0 and C24 was detected (Figure 7.11 A), while in the second repeat, the variation of LTI/Cor78
transcript abundance was so high in C24, that no trend could be recognised. The variation between
biological replicates in the four selected lines of the mapping population was also substantial. To
verify that the same trend can be observed with qPCR, the same cDNA samples derived from the
four lines of the mapping population after salt treatment, depicted in Figure 7.11 B, were analysed
(Figure 7.12). The qPCR results did not resemble semi-qPCR results suggesting major issues with
the assay (comparing Figure 7.11 B with Figure 7.12).
The observed variation in LTI/Cor78 gene expression may have occurred due to a number of factors.
The variation between biological replicates may have been caused by (1) inconsistencies in salt
application, (2) the timing of sampling procedure, (3) limitations in the detection method or (4) other
environmental factors.
(1) Inconsistencies in salt application could have occurred when seedlings were transferred onto MS
plates containing 100 mM NaCl. Although care was taken that roots are in full contact with the
media, some parts of roots may have lifted off the agar, potentially not inducing salt stress and
therefore not resulting in consistently increased LTI/Cor78 expression.
(2) The timing of taking samples has an impact on gene expression levels. In C24, for example, a
substantial increase in LTI/Cor78 expression was observed after 12 h, but not after 24 h of salt
stress (Figure 7.14). Rapid changes in LTI/Cor78 expression have been previously observed during
salt stress (Liu et al. 1998) and if these rapid changes of expression occur within the sampling
timespan, they could cause the observed variation in transcript levels.
(3) The method to detect changes in LTI/Cor78 expression was semi-qPCR. The use of a method
like semi-qPCR in a screening assay requires that a substantial difference in gene expression is
present, otherwise the differences will not be detected and results will not be reliable. The great
variation between qPCR and semi-qPCR results led to doubts if semi-qPCR is a suitable method to
obtain reliable, quantitative data for QTL analysis. Throughout the entire semi-qPCR process a
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number of factors influence the accuracy of the assay itself. For instance, it is critical to use equal
amounts of good quality RNA for cDNA synthesis to reduce variation that occurs in fidelity of the
reverse transcriptase enzyme during the cDNA synthesis process and to reduce variation in Actin2
transcripts between samples, because they are used for normalisation (Stahlberg et al. 2004). Also
the gel loading procedure needs to be kept precise due to its susceptibility to errors during pipetting.
Another source of variation in the assay originates from the gel imaging procedure. Uneven
distribution of UV light for visualisation or variation in image capture leads to alterations in pixel
counts by the imaging processing software. The variation that could occur due to pipetting errors
during cDNA synthesis and PCR setup can be minimised by effective use of master mixes and
automated pipetting, and also the background on the agarose gel can be reduced by using
appropriate loading dyes such as Orange G in 15 % (w/v) of ficoll. Previous studies investigating
eQTL have utilised large sets of microarray data (Keurentjes et al. 2007, West et al. 2007); QTL
studies utilising semi-qPCR alone to obtain expression data from an Arabidopsis mapping population
have not been described previously. Problems with semi-qPCR could be avoided by using another
method of detecting transcript abundance, such as Northern Blot analysis, which had been
previously used to determine SOS1 and LTI/Cor78 expression during salt stress over a range of time
points (Shi et al. 2000). However, Northern Blot analysis would not be suitable for a high throughput
screen required for QTL mapping.
(4) During both experiments that are depicted in Figure 7.11, issues were experienced with growth
conditions - the growth rooms were overheating to temperatures greater than 28 °C, exposing the
plants to additional stress. LTI/Cor78 is not only responsive to salt stress but also to other stresses
such as cold, drought and ABA (Yamaguchi-Shinozaki and Shinozaki 1994). Although YamaguchiShinozaki and Shinozaki (1994) reported that heat stress alone does not influence LTI/Cor78
expression, the combination of salt and heat stress may have influenced LTI/Cor78 expression
levels. The temperature rise would not have been equal throughout the growth room, potentially
resulting in the great variation between biological replicates. However, in the subset of 30 lines of the
Col×C24 mapping population (Figure 7.13), the LTI/Cor78 transcript number for control samples was
consistently low, suggesting that heat stress alone is not responsible for the increase in LTI/Cor78
transcript abundance. A potential influence due to heat stress was avoided in subsequent
experiments by changing to a growth room in another facility.
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7.6.1.5 Salt stress in hydroponically grown Col-0 and C24 plants indicate that Col-0 is salt
responsive, but a salt response in C24 is not significant
Hydroponically grown Col-0 and C24 plants were salt stressed with 100 mM NaCl and root and shoot
tissue was analysed at 5 time points (0, 30 min, 12 h, 24 h and 2 d) for gene expression using qPCR.
Analysed genes were AtAVP1, AtSOS1, AtHKT1;1 and LTI/Cor78. The pairwise comparison of
control and NaCl treated samples for each gene, tissue and time point separately (Figure 7.14) was
inconclusive, with both ecotypes showing some response to NaCl treatment. However, the grouped
analysis, when only analysing the effect of NaCl or control treatment on the ecotype, it stands out
that for most genes and in both the root and the shoot, a significant difference can be identified
between control and NaCl treatment in Col-0, while in C24 no significance was observed at all
(Figure 7.15). It appears plausible to select the candidate gene LTI/Cor78 at the time point 24 h after
NaCl treatment for a screening assay. At this time point a clear difference in expression was
observed for Col-0, but not for C24. Unfortunately, due to time limitations during my PhD
candidature, semi-qPCR was not performed on these samples and the subset of the mapping
population was not tested using the hydroponics system. Nevertheless, this hydroponics system
could provide a suitable screening methodology for the Col×C24 mapping population and does not
suffer from the same concerns about a touch response as the plate-based assay. The hydroponics
system has previously been used successfully for QTL analysis regarding salinity tolerance (Alam et
al. 2011, Ellis et al. 2002, Genc et al. 2010, Hamwieh and Xu 2008, Nguyen et al. 2013, Rivandi et
al. 2011).

7.6.2 Germination on MS plates containing NaCl is not different between Col-0
and C24
A recently published study had successfully used germination and seedling growth as phenotypic
traits to map genomic regions conferring salinity tolerance using the QTL approach and association
mapping (DeRose-Wilson and Gaut 2011). QTL analysis was performed on the two RIL populations
Col × Ler and Cvi × Ler, and association mapping using 96 accessions for which over 240,000 SNPs
are available, including the two accessions Col-0 and C24 (DeRose-Wilson and Gaut 2011). Several
QTL were obtained and expression analysis using the Affymetrix ATH1 microarray was used to
narrow the number of candidate genes (DeRose-Wilson and Gaut 2011). While a reduction in
germination rate on NaCl can be an indicator for salt tolerance, there is no evidence that germination
is linked to a salt signalling pathway. Hence, a difference in germination rate was not an expected
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phenotype, but could have provided a robust and easy screening method. Col-0 and C24 were both
referred to as having a low germination rate at 150 mM NaCl (DeRose-Wilson and Gaut 2011),
which was confirmed in this study. No substantial differences in germination rate on different NaCl
concentrations were observed (Figure 7.16); it is therefore not a suitable screening method for this
QTL analysis.

7.6.3 Root growth towards salt is not different in Col-0 and C24
When a plant experiences salt stress, the roots tissue is the first to be affected by salt exposure. An
assay has been introduced by Galvan-Ampudia and Testerink (2011), in which roots deflect from
their normal vertical growth in order to avoid an area containing NaCl. However, in the assay
performed here, no change in root growth in response to NaCl was observed for Col-0 or C24
(Figure 7.17). The growth medium was not supplemented with sucrose as it may influence root
growth and enhances the formation of lateral roots (Xu et al. 2013a). The use of Bacto-agar as a
gelling agent and vertical incubation of the plates allowed the roots to grow on the surface, which
may have reduced the contact surface of the roots with the agar and therefore NaCl. A larger effect
on root growth may be visible if the roots would be allowed to grow through the agar and not on top.
This may be achieved by using other gelling agents such as Phytagel TM (Sigma-Aldrich, Castle Hill,
Australia), which has a reduced viscosity, and incubate the plates on an angle, as opposed to
vertical. It may have been necessary to increase the NaCl concentration to levels of 200 mM NaCl or
more to obtain a detectable effect. Due to insufficient preliminary results and time restrictions this
assay was not further investigated.

7.6.4 Is C24 an ecotype that is non-responsive to salinity as opposed to Col-0,
which is responsive?
Differences in transcript levels of salt responsive genes were clearly detected between Col-0 and
C24. However, under the different growth conditions tested, C24 does display some change in
transcript levels to a certain extend and in some cases physically behaves in the same manner as
Col-0 e.g. similar response in germination and root growth. This is particularly clear from
hydroponically grown plants where changes in the expression of some genes were observed. It still
remains to be further investigated whether the difference in transcript levels can be linked back to
alterations in the signalling pathway between Col-0 and C24. Transcriptional analyses are
inconclusive.
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Different scenarios provide plausible explanations for the differences observed on a transcriptional
level. Scenario 1: both Col-0 and C24 are responsive to salt, but the timing of altering gene
expression is different. Hence, changes in gene expression appear different between Col-0 and C24,
because analysed sampling points were limited. Scenario 2: C24 responds to either only the osmotic
or only the ionic component of NaCl stress. Therefore, a transcriptional response is detectable, but it
is either reduced or the pattern of expression is different as compared to Col-0. To further investigate
scenario 1, a time series with smaller sampling intervals could be performed. Here, 30 min, 12 h,
24 h and 2 d after salt treatment were evaluated and a trend was visible that C24 initially increased
expression of salt responsive genes, but levels then declined, whereas Col-0 continued to have
increased expression levels for most of the genes. The analysis of samples in smaller intervals and
over a longer total stress duration may provide more information about the timely resolution of the
salt response. The time difference in transcriptional salt stress response could then be linked to
alterations in the signalling pathway or transcriptional regulators. To further investigate scenario 2,
experiments should be performed with a stress that only induces osmotic stress, such as using
mannitol or sorbitol. Then changes in expression could be compared between the osmotic and NaCl
stress.
The initial hypothesis was that C24 is less responsive to salt because it has an altered salt signalling
pathway. It has to be reconsidered if assessing the transcriptional response is a valid tool to
investigate the salt responsiveness in C24. The signalling pathway described in the introduction,
section 1.5, indicates that after the plant perceives salt stress, the signal is transduced by means of a
second messenger (Ca2+) to effectors, which include transcription factors and other regulatory
elements that mediate the transcriptional change of salt responsive genes. In this chapter, this
change in transcription was measured, which is far downstream in the signalling cascade. The
previous chapter identified differences in the calcium signature between Col-0 and C24. These
alterations in [Ca2+]cyt are indicative of processes that involve the early stages of the salt signalling
pathway. The biphasic calcium signature in Col-0 compared to the monophasic calcium signature in
C24 in response to NaCl indicates a difference between the ecotypes. However, it remains
inconclusive if the altered Ca2+ signature has indeed an effect on transcriptional regulation and if
assessing the changes in the transcriptional response is therefore a suitable measure for this
difference in response.
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7.7

Conclusions

The salt responsiveness of Col-0 and C24 was evaluated using three approaches: by assessing the
changes in gene expression of salt responsive genes, by analysing the germination rate on NaCl and
by evaluating the root growth towards salt. The latter two approaches showed that the germination
rate of both Col-0 and C24 decreases at the same rate on increasing concentrations of NaCl and the
root growth on different NaCl containing media appeared only minor affected by increasing
concentrations of NaCl for both ecotypes. However the analysis of changes in gene expression of
salt responsive genes revealed that Col-0 and C24 plants grown on MS media and in hydroponics
display a different response to NaCl stress. In particular one of the salt responsive genes, LTI/Cor78,
displayed substantially increased transcript levels under NaCl stress in Col-0, but not in C24. An
attempt was made to use this difference in LTI/Cor78 expression on MS-plates as a screening
methodology on a Col-0/C24 mapping population to perform QTL analysis. However, results were
inconclusive as variation between biological replicates was high. The screening should be repeated
in a hydroponics setup, as it showed salt stress induced significant differences for gene expression
in Col-0, but not in C24.
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8.1

Review of thesis aims and hypotheses

Soil salinity is a major abiotic stress affecting plant performance worldwide, including Australia. The
osmotic and ionic stresses that soil salinity imposes on plants result in reduced growth, decreased
photosynthesis and ultimately lead to premature leaf senescence and yield losses. A number of
approaches have been taken to sustain crop growth on saline soils, such as improved farming
practices and the development of improved crop varieties. One approach to increase a plant’s
salinity tolerance is to reduce the amount of Na+ the plant accumulates in the shoot, particularly the
photosynthetic active parts, to decrease the detrimental effects of Na + on metabolism. These
improved crop varieties may be developed by conventional breeding using natural variation or by
genetic modification. A thorough understanding of the processes and genes involved in plant salinity
tolerance will help to inform both approaches. Two important steps in a plant’s response to soil
salinity are the detection of the salt stress and also the control of key regulators of ion transport.
However, while these processes are subject of abundant research, substantial questions remain
unanswered. The HKT family of genes encode ion transporters and have been shown to play a role
in plant salinity tolerance in a number of species. However, questions still remain about their
regulation, particularly the transcriptional and post-transcriptional regulation. Furthermore, while it is
known that plants respond to salinity stress, by upregulating genes and performing post-translational
modifications of key proteins etc., and that plants respond differently to the osmotic stress and Na +
specific components of salt stress, there are still questions as to how a plant tissue/cell detects Na+
before it builds up in the cytosol. Therefore, one aim of this thesis was to investigate the control and
regulation of AtHKT1;1 in two Arabidopsis ecotypes with different AtHKT1;1 expression patterns. The
second aim of this work was to develop a high throughput assay in Arabidopsis for measuring the
early plant response to salt – an assay that would be suitable for a forward genetics study to identify
novel components of the salt signalling pathway.

8.2

AtHKT1;1 has Na+- and potentially K+- transport activities and regulation
of AtHKT1;1 expression is complex
8.2.1 Na+ and K+ transport activities of AtHKT1;1

AtHKT1;1 is the only gene belonging to the HKT transporter family in Arabidopsis (Uozumi et al.
2000). It has been shown that the encoded protein AtHKT1;1 is localised in the root stele and is likely
to be involved in the retrieval of Na+ from the xylem vessel, thereby preventing Na+ from
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translocating to the shoot tissue (Davenport et al. 2007, Møller and Tester 2007, Rus et al. 2006,
Sunarpi et al. 2005). So far, studies in the Xenopus oocyte and yeast expression system for
AtHKT1;1 from the ecotype Ler only showed Na+ transport activity (Uozumi et al. 2000). Here, the
AtHKT1;1 coding sequences of the two Arabidopsis ecotypes Col-0 and C24 were used for
heterologous expression in Xenopus oocytes and yeast (chapter 3). Na+ transport activity was
detected in both systems for both genes (Figure 3.6). Interestingly, it appeared that oocytes
expressing either the Col-0 or C24 AtHKT1;1 also displayed currents in the presence of K+
(Figure 3.6), with results from AtHKT1;1 expression in yeast suggesting the C24 AtHKT1;1
transporter may also mediate K+ transport.

8.2.2 Expression patterns of AtHKT1;1 are ecotype specific
In Col-0, AtHKT1;1 expression can be detected in the root and the shoot tissue. In C24, however,
AtHKT1;1 expression cannot be detected in the root, while it is present in the shoot (Jha et al. 2010,
Sundstrom 2011). Consequently, a variety of promoter::GFP transgenic lines were analysed for the
spatial patterns of GFP expression, to test if the lack of expression is controlled by the promoter
region (chapter 4). This study identified GFP expression in all transgenic lines in the stelar tissue
(Figure 4.8 to Figure 4.11). This result suggests that firstly, the Col-0 and C24 2.7 kb promoter
sequences mediate stelar specific expression in both the Col-0 and C24 backgrounds and secondly,
that the lack of AtHKT1;1 expression in C24 is not attributable to elements contained within the
2.7 kb promoter, in particular not by the 150 bp region just upstream of the AtHKT1;1 start codon, as
hypothesised by Sundstrom (2011). Instead it is hypothesised that elements in the genomic
AtHKT1;1 sequence are involved in regulating AtHKT1;1 expression, particularly those in the second
intron of the gene, where the C24 AtHKT1;1 has a 1.6 kb insertion that is not present in the Col-0
AtHKT1;1. This study identified the 1.6 kb insertion to be highly similar to a SIMPLEHAT2
transposon (Figure 5.11), which is often methylated in Col-0 and the target of small RNAs. In a
similar way, the corresponding insertion in the C24 AtHKT1;1 intron may result in methylation and/or
being the target of small RNA-mediated transcript degradation. Constructs were designed to test if
the genomic DNA, in particular the second intron, regulates gene expression using promoter::gDNA
and promoter::intron::GFP/GUS transgenic lines. Unfortunately, due to difficulties in cloning the
genomic DNA of C24, transgenic lines were not completed during this candidature. The C24
genomic DNA was eventually synthesised by a commercial provider, which should facilitate future
cloning attempts.
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8.2.3 C24 as a model for alternative salinity tolerance mechanism?
It has been described above that the ecotype C24 accumulates more Na + in the shoot, and that this
increase is probably caused by the lack of AtHKT1;1 expression in the root. Interestingly, despite
accumulating more Na+ in the shoot, C24 is slightly more salt tolerant than Col-0. This would suggest
that C24 has other mechanisms that mediate salt tolerance. One other mechanism could be an
increased tissue tolerance, where the Na+ is compartmentalised, for instance into the vacuole. This
suggestion is supported by the observation that compatible solutes such as proline are more
abundant in C24 compared to Col-0 (Korn et al. 2008), which could potentially enable the increased
Na+ content in the vacuole. The compartmentalisation of Na + into the vacuole may enable the plant
to retain a large K+ to Na+ ratio in the shoot cytosol, therefore maintaining photosynthetic activity.
The question remains if C24 gains an evolutionary advantage from lacking AtHKT1;1 expression in
the root, while retaining AtHKT1;1 expression in the shoot. This study provided evidence that K +
transport may occur through the C24 AtHKT1;1. If it is thermodynamically possible, would the C24
AtHKT1;1 mediate K+ transport from the shoot xylem sap into the shoot tissue to maintain higher K+
to Na+ ratio than Col-0? Further research could include measurements of the Na+ and K+ content in
the shoot cytosol and vacuoles of C24 and C24 hkt knock-out mutants under control, salt stress and
potentially K+ limiting conditions. If a larger K+ to Na+ ratio is present in the shoot cytosol of C24
plants as opposed to C24 hkt knock-out plants, this might explain why C24 retained AtHKT1;1
expression in the shoot.
Another example of ecotypes that lack AtHKT1;1 expression in the root are Ts-1 and Tsu-1. Both
ecotypes have an increased shoot Na+ content but also are more salt tolerant than Col-0 (Rus et al.
2006). It has been suggested that Na+ exclusion may not be the only salt tolerance mechanism in
Arabidopsis (Jha et al. 2010, Møller and Tester 2007). Accordingly, C24, Tsu-1 and Ts-1 may
possess great tissue tolerance or other tolerance mechanisms. A broad study on 349 Arabidopsis
ecotypes using GWAS only identified AtHKT1;1 as the sole loci underlying shoot Na+ accumulation
(Baxter et al. 2010). It is possible that other alleles that confer both salinity tolerance and high shoot
Na+ content are rare alleles (different mechanisms used by different ecotypes) and therefore were
not identified using GWAS. To further dissect the tolerance mechanism in C24, Tsu-1 and TS-1, it
may be possible to perform a QTL analysis on a Col-0 × C24 (or Col-0 × Tsu-1 or Col-0 × Ts-1)
mapping population, where the shoot Na+ content and the salinity tolerance index are combined. It is
interesting that low AtHKT1;1 expressing, high shoot Na+ accumulating Arabidopsis ecotypes are
found in regions of saline soils – such as coastal regions or areas which were inland seas (Baxter et
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al., 2010). High expressing AtHKT1;1, low Na+ accumulating ecotypes were not found in those
coastal regions. This suggests there has been evolutionary pressure on Arabidopsis to not exclude
shoot Na+ in saline environments, which is of interest given the poor salinity tolerance of Arabidopsis
(Møller and Tester 2007, Munns and Tester 2008). What remains to be explored is whether the high
Na+ accumulating Arabidopsis survive in these higher saline soils by other tolerance mechanisms,
such as tissue tolerance of Na+, or whether they avoid the high concentrations of salt in the soil by
only growing when salt levels are low – for example during the wet winter months. A detailed study is
required, to test whether the regulation of genes, like AtHKT1;1, is responsible for these ecotypes to
grow in high saline areas or if it is a simple avoidance mechanism that helps the plant survive.
From studies utilising a broad range of plant species, it has been demonstrated that a number of
genes are involved in mediating salinity tolerance, such as genes that encode for transport proteins
enabling the translocation of ions, or genes that encode regulatory proteins. These genes are
differentially expressed when a plant is exposed to salt stress in order to coordinate the response.
For a plant to respond effectively to salt stress, it needs to be able to sense the salt, transmit the
signal of salt stress and then activate effective responses.

8.3

NaCl induced responses in Col-0 and C24

When a plant is exposed to salt stress, salt tolerance mechanisms are activated, which include the
activation of transport proteins and the alteration of gene expression to allow the plant to maintain
relatively low Na+ levels in the cytosol, thereby maintaining cellular functions. It is thought that
alterations in cytosolic calcium concentrations ([Ca2+]cyt) mediate part of the signal transduction and
are an early component of the signalling pathway. However, while some key components of the
signalling pathways are already known (Batistič and Kudla 2012) the proteins responsible for the
initial detection of Na+ are yet to be elucidated. Here, it was shown that the two ecotypes Col-0 and
C24 appear to respond differently to salt stress (chapter 6): NaCl-induced [Ca2+]cyt alterations were
found to be biphasic in Col-0, while the alterations in C24 appear monophasic (Figure 6.5).
Monophasic Ca2+ signatures were also induced by osmotic stress in form of sorbitol or cold
treatment in both Col-0 and C24 (Figure 6.5). It was proposed that the biphasic signature, which is
induced by NaCl in Col-0, represents a NaCl-ion-specific response, while the monophasic response
may be a general stress response. Thus, while C24 can detect other stresses, it apparently does not
detect either the Na+ or Cl- ions. This differing Ca2+ signature is proposed to have implications in the
salt signalling pathway and it is therefore hypothesised that by comparing the salt response of Col-0
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and C24, it would enable the identification of components of the salt signalling pathway. A QTL
mapping approach was proposed to test for the differences in responsiveness in Col-0 and C24.
Unfortunately an Aequorin containing mapping population of Col-0 and C24 would be required for a
forward genetics approach to identify the salt sensor using this assay, as it is based on measuring
the bioluminescence in response to NaCl stimuli. However, now that differences in salt detection
between Col-0 and C24 have been demonstrated, a different phenotyping approach was developed
that allows QTL analysis of a previously generated and genotyped Col-0 × C24 mapping population
(Törjék et al. 2008). Therefore, numerous approaches to assay the differences in responsiveness in
Col-0 and C24 were tested (chapter 7). This study showed that changes in gene expression are
more pronounced in Col-0, than in C24. A setup, in which hydroponically grown plants were exposed
to salt stress, appeared suitable for screening of a mapping population. This study has provided a
screening tool for a QTL mapping approach; however, the mapping population is yet to be assessed.
While this QTL screening methodology based on NaCl induced transcriptional changes may lead to
the identification of components in the early signalling pathway, it is not an ideal methodology.
Monophasic alterations in [Ca2+]cyt in C24 were evoked by NaCl, sorbitol and cold, indicating that the
ecotype does respond to stress, but the response does not vary with changing stresses. In Col-0 on
the other hand, biphasic alterations in [Ca2+]cyt were induced by NaCl and monophasic alterations
when sorbitol or cold stress were imposed. It was hypothesised that C24 does not respond to the
ionic component of NaCl and therefore lacks a biphasic response. However, it has to be considered
that a transcriptional response was indeed observed in C24, despite it being not as pronounced as in
Col-0. It may therefore also be plausible that NaCl stress is perceived by C24, but differently
compared to Col-0. It is possible, that Col-0 perceives NaCl immediately, causing alterations in
[Ca2+]cyt, which transmit the NaCl stress signal and ultimately, inducing transcriptional changes. In
C24 on the other hand, NaCl stress may be perceived later, once it has entered the cell, therefore
only monophasic alterations in [Ca2+]cyt are induced, which in turn also lead to transcriptional
changes, but these changes may have a different timely occurrence or changes may be milder
compared to Col-0.
In conclusion, a clear difference in NaCl response was seen between Col-0 and C24 when
assessing NaCl induced [Ca2+]cyt alterations. This difference in response was not as clear when
transcriptional changes were assessed. The reasons for this discrepancy remain speculative,
however, using a forward genetic approach as proposed here may assist to decipher the genetic
cause for the difference in NaCl response between Col-0 and C24.
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8.4

Future investigations - understanding the HKT transporter family

While AtHKT1;1 is an intensively researched gene, there are still gaps in our understanding of its (1)
function in the shoot, (2) regulation and (3) role in salinity tolerance in Arabidopsis and (4) role of the
HKT family in salinity tolerance in other plant species.
(1) The function of AtHKT1;1 in Arabidopsis roots is likely to be the retrieval of Na+ from the xylem,
thereby preventing the translocation of Na+ to the shoot (Hauser and Horie 2010, Horie et al. 2009,
Waters et al. 2013). However, the role of AtHKT1;1 in the shoot is still unclear. It had been proposed
that AtHKT1;1 may be involved in recirculation of Na+ in the phloem sap (Berthomieu et al. 2003),
however, subsequent experiments with radioactive tracers did not link AtHKT1;1 to shoot to root
transport of Na+ (Davenport et al. 2007). Future research may utilise the ecotype C24 to investigate
the role of AtHKT1;1 in the shoot. Since C24 lacks expression of AtHKT1;1 in the root, it may be
possible to elucidate the function in the shoot by generating C24 lines that lack AtHKT1;1 expression
in the shoot, for instance by T-DNA insertion, RNA-interference or CRISPR/Cas, and then comparing
the resulting phenotype to that of the C24 wild type. For instance, if AtHKT1;1 from C24 is involved in
the retrieval of K+ to maintain a higher K+/Na+ ratio in the shoot, it would be expected that the K +
content in the shoot would be decreased in the C24 hkt knock out lines compared to the wild type.
On the other hand, if AtHKT1;1 is involved in the recirculation of Na+ from the shoot to the root, the
C24 hkt knock out lines would have an even further increased Na+ content in the shoot compared to
the wild type while the phloem sap would have a decreased Na + content.
(2) This study investigated the regulation of AtHKT1;1 expression, and demonstrated that while the
promoter directed stelar-specific expression, other signals within the second intron appear to be
important and may be responsible for the lack of AtHKT1;1 expression in C24 roots. This study
demonstrates that the regulation of gene expression is complex and involves more than just the
promoter sequence. As shown in chapter 5, epigenetic regulation through transposons, methylation
and small RNAs appears to influence spatial and temporal expression patterns. It is important to be
aware of this complex network of regulation when analysing the potential function and role of a gene,
but also when utilising genes for genetic engineering.
The further examination of the regulation of AtHKT1;1 expression may also lead to the discovery of
regulatory elements present in the DNA, which can be used as engineering tools to customise
expression of other genes of interest. Several features of AtHKT1;1 expression may be useful for the
engineering of transgenic plants with specific expression patterns. For instance, AtHKT1;1
expression in Col-0 is very low and has been found to be located predominantly in the root stele,
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which may be beneficial for the expression of other genes encoding transporters or proteins that
generally have a low expression such as transcription factors. It may also for example benefit other
transporters such as the PEZ1. Pez1 encodes for a transport protein that is localised in the stele and
is involved in the transport of protocatechuic acid, which in turn leads to mobilisation of iron, which is
important for plant nutrition (Ishimaru et al. 2011). While knock out lines of pez1 show an iron
deficiency phenotype, the over expression of Pez1 leads to iron toxicity (Ishimaru et al. 2011). The
stele specific- and low level- expression mediated by the AtHKT1;1 promoter may be beneficial to
drive Pez1 expression to obtain sufficient mobilisation of nutritional iron for optimal growth of the
plant. Current research focuses on the identification and use of promoters to drive tissue and
temporal specific expression for applied research, for instance for the development of improved crop
varieties (Lightfoot et al. 2013). Particularly, this is the case because constitutive expression of
genes has been shown to be of disadvantage for several but not all salinity tolerance traits (Jacobs
et al. 2007, Møller et al. 2009, Møller and Tester 2007, Plett and Møller 2010). Further details and
examples of pyramiding different genes and traits are discussed below.
HKT1;1 may not only be regulated on the gene expression level, but also on the protein level via
posttranslational modifications. While posttranslational modifications of AtHKT1;1 have not been
directly described in the literature, evidence suggest some regulation/activation occurs in the
presence of Na+ (Xue et al. 2011). Future studies may endeavour to use affinity chromatography to
find binding proteins and analyse the phosphorylation status. Expression of AtHKT1;1 fused to a tag
in planta could allow affinity chromatography and subsequent purification of the AtHKT1;1 protein
fusion. The plants, from which the recombinant AtHKT1;1 protein is purified, would be subjected to
different stresses to obtain a higher fraction of activated protein. The produced AtHKT1;1 protein
could then be used in a pull down experiment using a plant extract to identify protein/protein
interactions. This approach has been used in plants primarily to confirm protein/protein interactions
(Kepinski 2009, Ueki et al. 2011). However, examples from the mammalian system include the
identification of novel binding partners of the Huntingtin Yeast Two-Hybrid Protein K (HYPK)- a
protein that is involved in Huntington’s disease (Choudhury et al. 2012) or the identification of novel
protein/protein interactions for the Amyloid precursor protein intracellular domain (AICD)- a protein
involved in Alzheimer’s disease (Chakrabarti and Mukhopadhyay 2012). In case of AtHKT1;1, once
the protein is produced and purified, it could be subjected to mass spectrometry to identify the
phosphorylation and/or the glycosylation status of the protein. This would allow gaining further
insights into the HKT regulation and may inform the generation of salinity tolerant plants.
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Furthermore, it has been described that reactive oxygen species (ROS) are involved in homeostasis
of Na+ in the shoot and it was speculated that ROS may mediate activation of AtHKT1;1 (Jiang et al.
2012). ROS are involved in the signalling pathway of abiotic stresses such as salt stress (Pitzschke
et al. 2006). Since ROS are possibly involved in salt signalling and potentially indirectly affect
AtHKT1;1, it is difficult to directly test for the involvement of ROS in AtHKT1;1 activation on the
protein level in planta. It would be possible to expose AtHKT1;1 expressing protoplasts, which are
described by Xue et al. (2011), to ROS and evaluate if Na+ transport properties are altered using
electrophysiological techniques. To determine if AtHKT1;1 expression is induced by ROS, AtHKT1;1
expression could be assessed in ROS deficient mutants described by (Jiang et al. 2012).
(3) While it has been demonstrated that AtHKT1;1 plays a role in salinity tolerance in Arabidopsis,
the mechanisms by which it confers salinity tolerance have not been shown directly. Constitutive
expression of AtHKT1;1 in Arabidopsis plants led to a severe decrease in salinity tolerance, possibly
due to the enhanced uptake of Na+ in the root via AtHKT1;1 caused by mis-expression of AtHKT1;1
outside of the stelar cells (Møller et al., 2009). In contrast, the cell specific expression of AtHKT1;1 in
the stele, using an enhancer trap system, increased the salinity tolerance compared to
corresponding wild type plants (Møller et al. 2009). The enhancer trap system mediates strong and
stele specific expression of AtHKT1;1. The increased salinity tolerance in these plants may be due to
storage of the retrieved Na+ in cortical cells, which have a large vacuole for storage of Na+ (Møller et
al. 2009).
(4) Arabidopsis contains only one HKT gene, in contrast to other plant species. Wheat and rice
contain 11 and 7 HKT family members, respectively (Garciadeblás et al. 2003, Huang et al. 2008).
While a number of HKT proteins have been characterised using heterologous expression systems,
more work is yet to be done to bring together transport characteristics, expression patterns and
regulation of these different HKTs to decipher the physiological role and importance of HKT
transporters in salinity tolerance and to determine whether they play a role in K + nutrition. It has been
hypothesised that the variety of HKT transporters with slightly different transport characteristics and
with different spatial and temporal expression patterns may enable the plant to direct complex ion
movements in order to maintain growth under stress conditions (Ben Amar et al. 2013). For example
in rice, the interplay between expression pattern and transport efficiency of OsHKT1;4 and
OsHKT1;5 in the two varieties Nipponbare and Pokalli influences the level of salt tolerance (Cotsaftis
et al. 2012). Further research investigating the in planta role could be performed on an HKT-wide
spectrum as indicated by (Horie et al. 2007). Analysis of HKT expression patterns could include
tissue and cell type specific in situ PCR (Munns et al. 2012) under stress conditions such as salt
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stress and K+ starvation. By comparing the structural features using molecular modelling, the
transport activity may be deciphered (Cotsaftis et al. 2012), and could be further examined using
heterologous or in vitro expression systems (Shadiac et al. 2013). The field of characterising plant
transport proteins is rapidly developing and new technologies are available, such as the in vitro
production of proteins and their analysis using nanodiscs in artificial membranes to determine
transport characteristics (Shadiac et al. 2013). The advantage of in vitro systems is that endogenous
transport systems in the Xenopus oocyte or yeast expression system do not influence the transport
properties. The in planta characterisation of some HKTs has proven difficult, since no phenotype is
observable in some single knock-out lines (Horie et al. 2011, Yao et al. 2010). This may be due to
functional redundancy of some HKTs or possibly, because under the tested conditions, they are not
physiologically relevant. The combined knock-out using T-DNA insertion or knock down using RNA
interference may reduce the effect of redundancy in HKTs function and reveal part of their
physiological relevance. Some HKTs may not be directly involved in salt tolerance, but potentially
play a role in Na+/K+ nutrition under saline and/or K+ starving conditions (Horie et al. 2007). This
hypothesis was formed, since the gene expression of some HKTs, particularly members of class 2, is
upregulated under K+ starving conditions and it appears that nutritional Na+ is taken up into K+
starved roots (Horie et al. 2007). The sensing of stress, in particularly salt stress, and specific
changes of gene expression in response to detection of salt stress is valuable evidences to
determine the pathway a gene is involved in.
What still remains to be examined is why do monocots have two different sub-families of HKTs, as
defined by the amino acid sequence, while dicots only have one sub-family. The classification is also
generally linked to the proteins ability to transporter either Na+ or Na+ and K+. What was the
evolutionary pressure that resulted in monocots maintaining two sub-families of HKTs while dicots
only have one – predominately the Na+ transporting HKTs? In addition, why do some family 1 HKTs
in dicots have the ability to transport K+ (Ali et al. 2012), is this a re-evolution of the protein’s ability to
transport K+ as a nutrient?

8.5

Future investigations – Understanding the response of plants to salinity
stress

This work was investigating the early stages of salt detection. The components and regulation of a
proposed salt signalling pathway are vastly unknown, yet it appears that a number of salt responsive
genes are regulated by this proposed pathway, enabling the plant to manage salt stress and
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complete its life cycle. For instance, when a plant is exposed to salt stress, the stress signal is
perceived by the plant and a signalling cascade is activated. This signalling cascade may result in
activation of transporters, such as AtHKT1;1, which allows the plant to limit the amount of Na+ taken
up into the shoot, or mechanisms important in the plant’s response to the shoot ion-independent
aspect of salt stress. As introduced above, this activation of AtHKT1;1 may be on a transcriptional
level by increasing gene expression or on a posttranslational level, for example by phosphorylation.
AtHKT1;1 activation has not been directly linked to the Ca 2+-mediated salt signalling pathway, that
has been described in this work, although it has been suggested in several articles (for example,
(Zhu 2002)). However, one can imagine that the increase in cytosolic calcium, which activates
calcium binding proteins, such as kinases, may phosphorylate AtHKT1;1 for activation or activate
transcription factors that induce AtHKT1;1 expression. Experiments to decipher the AtHKT1;1
activation could be similar to what has been described above; the production of recombinant
AtHKT1;1 in planta, fused to a tag, could allow for affinity chromatography, which in turn could allow
to pull down binding partners. These binding partners may facilitate phosphorylation or other
modifications, which may be determined using mass spectrometry.
One major objective of future investigations may be to decipher how salt is sensed. It is unclear if a
‘salt sensor-protein’ exists, but the identification of how salt is sensed may enable the manipulation
of how, when or how much a plant will respond to salt stress – a process important in improving yield
of crop plants grown in saline environments. Also, the identification of other components of the
salinity tolerance pathway may offer the opportunity to manipulate a whole cascade of salt
responsive genes. For example the protein kinase CIPK16, a signalling component that is not
directly involved in Na+ transport or building up an electrochemical gradient to energise Na +
transport, has been found to improve a plants salinity tolerance when overexpressed in Arabidopsis,
barley (Roy et al. 2013), rice and wheat (Roy et al., unpublished). CIPK16 may be involved in a
signalling cascade or in activating transporters that mediate salt tolerance, therefore potentially
affecting a range of salt tolerance mechanisms.
The identification of components of the early signalling pathway, potentially the sensor, will not only
increase our general understanding of plant biology, but this knowledge may be transferred to other
stress signalling pathways. When a plant responds to an environmental stress, physiological
responses occur in an attempt for the plant to survive and/or complete its life cycle. C24 may be
missing a component of the early salt signalling pathway, leading to the reduced responsiveness of
C24 to NaCl (see chapter 6). It is yet to be investigated if this reduced responsiveness is directly
correlated to the increased salinity tolerance of C24. C24 does not appear to have a reduced growth
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or shows other severe stress symptoms, despite not responding to salt as much as Col-0 does. The
question remains if the reduced responsiveness may actually be beneficial – if a crop plant is made
“numb” to salt, would it be able to produce more yield? The most important feature for a farmer is a
plant’s ability to produce a crop, not necessarily how salt tolerant it is. If the salt sensor could be
identified and knocked out in a crop plant such as wheat, it would be interesting to investigate
whether this can improve yield in the field. One could also imagine that if a plant is grown solely for
biomass production (fuel or food), it may be beneficial to use a plant that is non-responsive to
reduced nitrogen in the soil, for instance. The plant is under care of humans (farmers), and therefore
is taken care of when nutrient levels are too low. A plant that is non-responsive to low nitrogen levels
would not reduce its biomass production in an attempt to survive or complete its life cycle. The plant
would not invest into reproductive growth or decrease growth, thereby potentially producing more
biomass while possibly reducing fertiliser requirements.

8.6

Future investigations –Improving crop plants

While Na+ exclusion is one of the main focuses to improve salinity tolerance, it is likely that a
combination of osmotic tolerance, tissue tolerance and Na + exclusion will yield a maximum of plant
salinity tolerance (Rajendran et al. 2009). The manipulation of single genes has been shown to
improve the salt tolerance of plants, however, it is likely that a combination of genes is necessary to
yield substantial improvements. This not only includes salinity tolerance, but also traits such as
drought tolerance and disease resistance. This approach of introducing multiple genes or genetic loci
is also known as gene pyramiding.
In cereals, a number of HKT transporters have been identified that have been linked to improving
salinity tolerance (James et al. 2011, James et al. 2012, Lindsay et al. 2004, Munns et al. 2012, Ren
et al. 2005). One example are the wheat loci Nax1 and Nax2, with the underlying genes TmHKT1;4
and TmHKT1;5, that have been introduced into durum and bread wheat varieties by conventional
breeding to improve crop salinity tolerance in areas of high salinity by excluding Na + from the
photosynthetic active parts of the shoot (Byrt et al. 2007, James et al. 2011, Munns et al. 2012).
However, plants did not perform better under low or moderate salinity, presumably because they
were suffering more from the osmotic effects of salt stress. Osmotic stress is not well understood,
although it already affects the plant in the presence of moderate salt levels in the soil (Roy and
Tester 2012). Loci conferring osmotic tolerance are currently being identified (Tilbrook et al.,
unpublished). Breeding lines, such as those of durum and bread wheat, which contain the HKT gene
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from Triticum monococcum, may be used for gene pyramiding. The lines containing HKT show
improved yield under high salt, and loci may be introduced that confer osmotic tolerance, to increase
performance under a range of salt stress conditions. Further improvements to plant yield may be
possible by not only introducing loci conferring ionic and osmotic tolerance, but also by introducing
tissue tolerance traits. For instance, vacuolar Na+/K+-H+ antiporters (family of NHX transporters)
have been linked to improving tissue tolerance (Apse et al. 1999, Bassil et al. 2012). Other desirable
traits concerning abiotic or biotic stresses such as drought tolerance, rust resistance or frost
tolerance may be used in this gene pyramiding approach to obtain the desirable traits and improved
plant varieties.
Proof-of-concept experiments for gene pyramiding have been performed for example in tobacco. The
concurrent and constitutive expression of genes encoding for a vacuolar pyrophosphatse from wheat
(TVP1) and a wheat Na+/K+-H+ antiporter (TNHXS1) increase the salinity tolerance of transgenic
tobacco more than the single-gene transformants, as measured by plant height, plant weight and
root length (Gouiaa et al. 2012). It may be possible to improve the salinity tolerance of a plant even
further by using cell type specific expression.
Based on previous research, there is a general understanding of which tissues of the plants may be
able to tolerate more Na+ than other parts. For instance the photosynthetic active parts of the plants
should have a low Na+ content (high K+ to Na+ ratio) and are particularly sensitive to salt stress, while
it appears that root cortex cells, for instance, are less affected by high Na +, because Na+ is stored in
large vacuoles. Computational approaches, where ion fluxes are modelled within the plant, may be
used to inform which transporter should be expressed in which cell type for optimal ion distribution.
The modelling of the complex ion movements within a plant is attracting much attention from
bioinformatics research (Foster and Miklavcic 2013). Modelling, together with biological approaches
may help to engineer solute transport within the plant to ultimately improve the performance of a crop
plant. The biological approach to engineer solute transport within a plant may be possible by
modifying the selectivity of existing transporters.
With the increased understanding on how selectivity and activity of transporters is determined,
directed manipulation of these characteristics may help to design ion fluxes within plants. For
instance, the salt tolerant Arabidopsis relative Thellungiella salsuginea contains an HKT allele that is
highly similar to the AtHKT1;1 allele. Interestingly, TsHKT1;2 has 79.2 % amino acid sequence
identity to AtHKT1;1 but has been found to have predominantly K+ transport properties (Ali et al.
2012). With the understanding of the structure and functional relationship of transporters, it may be
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possible that alteration of a few amino acids lead to altered ion selectivity (Waters et al. 2013),
allowing the directed manipulation of solute distribution in the plant to benefit growth and ultimately
yield. Once the important residues have been identified, transporter genes could be subject to sitedirected mutagenesis, leading to an altered protein structure. These transporters could then be first
analysed in heterologous or in vitro expression systems for selectivity and affinity of transport and
then used for in planta studies. The directed manipulation of ion transport properties in planta may
offer another tool to customise plant traits. The advantage of manipulating existing transporter’s ion
selectivity is that the regulatory mechanisms such as phosphorylation, protein/protein interactions
and expression patters are potentially not affected by the manipulations. This would facilitate a
targeted approach that may be more likely to yield success than other approaches, where promoter
fragments and regulatory elements are artificially combined in an attempt to generate specific
expression.
Conventional breeding is currently the preferred method in generating crops with improved traits that
are intended for human consumption. Breeding is accepted by the public and release of the
improved lines is not restricted by legislation to the extent that genetic engineered plants are.
However, genetic engineering allows the introduction of new traits from different species and
therefore extends the repertoire of genes available for improvement. For instance loci conferring
insect or herbicide resistance are possible (Sharma et al. 2004), such as the Bt-cotton (Perlak et al.
2001), or engineering of crops with elevated nutritional value, such as golden rice (Mayer et al.
2008). There are crucial factors for genetic engineering to be accepted by the public for human
usage. It is expected to have a precise understanding of the introduced genes, the gene products
and the product’s distribution within the plant. It is therefore vital to better understand the gene’s
regulation, identify promoters and other regulatory elements to precisely define the temporal and
spatial expression patterns of transgenes used (Møller and Tester 2007, Tester and Langridge
2010).
Research into plant salinity tolerance and the future generation of more salt tolerance varieties is of
major importance for the production of food for the increasing global population. It is important to
maintain yield and plant growth on the continually increasing area of salt affected farmland. Ideally, it
may be possible to grow salinity-tolerant crops on soil that would not be productive otherwise, for
example by utilising irrigation agriculture with partially desalinised water. In arid areas, rainwater and
access to fresh water is often limited, however salt water from the ocean may be partially desalinised
and used for irrigation agriculture.
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8.7

Concluding remarks

In this study, the detection of NaCl by plants and the subsequent regulation of salinity tolerance were
investigated. It was shown that the regulation of AtHKT1;1 is complex, and is not solely determined
by the corresponding promoter region. Bioinformatics analysis of the second intron of AtHKT1;1 in
C24 demonstrated the presence of a SIMPLEHAT2 transposon-like sequence of 1.6 kb in size. This
SIMPLEHAT2 transposon-like sequence may cause the lack of AtHKT1;1 expression in C24 roots by
yet unknown mechanisms. Tissue specific targeting of small RNAs may cause methylation of the
transposon region and therefore lead to inactivation of AtHKT1;1 transcription or AtHKT1;1 transcript
may be degraded by small RNAs that target the transcript. This lack of AtHKT1;1 expression has
been linked to an increased accumulation of Na+ in the shoot. The results presented here suggest
that in addition to Na+ transport, AtHKT1;1 may also potentially play a role in K + transport, although
this function is yet to be definitively confirmed. It was shown that NaCl induced alterations in
cytosolic free calcium are different between C24 and Col-0, with C24 appearing to lack part of the
signature, leading to the hypothesis that C24 has a reduced responsiveness to NaCl. This was
further confirmed by analysing changes in the expression levels of salt responsive genes. An
approach was presented for subsequent QTL analyses to identify the locus that is conferring the
reduced responsiveness in C24, potentially allowing the identification of novel components in the salt
signalling pathway.
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Each panel (A to H) contains representative traces of currents of water injected oocytes (in the top half of the panel) in
response to the applied voltage protocol (indicated in the bottom half of each panel) in bathing solutions containing varying
amounts of Na+ and K+. Amount of is indicated by 50, 30, 10 and 1 Na+ or K+ and refers to 50 mM, 30 mM, 10 mM and 1 mM
Na+ and K+ respectively.

Supplementary Figure.8.1: Representative traces of water injected oocytes.
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Each panel (A to H) contains representative traces of currents from AtHKT1;1-Col injected oocytes (in the top half
of the panel) in response to the applied voltage protocol (indicated in the bottom half of each panel) in bathing
solutions containing varying amounts of Na+ and K+. Amount of is indicated by 50, 30, 10 and 1 Na+ or K+ and
refers to 50 mM, 30 mM, 10 mM and 1 mM Na+ and K+ respectively.

Supplementary Figure 8.2: Representative traces of AtHKT1;1-Col injected oocytes.
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Each panel (A to H) contains representative traces of currents of AtHKT1;1-C24 injected oocytes (in the top half of
the panel) in response to the applied voltage protocol (indicated in the bottom half of each panel) in bathing solutions
containing varying amounts of Na+ and K+. Amount of is indicated by 50, 30, 10 and 1 Na+ or K+ and refers to 50 mM,
30 mM, 10 mM and 1 mM Na+ and K+ respectively.

Supplementary Figure 8.3: Representative traces of AtHKT1;1-C24 injected oocytes.
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Supplementary Figure 8.4: A topology model of (A) AtHKT1;1 Col-0 and (B) AtHKT1;1-C24.
The topology was predicted by TopPred v2 and phosphorylation sites using NetPhos v2 (Blom et al.
1999). Predicted phosphorylation sites in the cytosolic loops are marked in green colour. The black
arrow indicates the predicted phosphorylated site S384 in AtHKT1;1-Col-0, which is absent in
AtHKT1;1-C24. The topology map was drawn with TOPO (http://www.sacs.ucsf.edu/cgi-bin/opentopo2.py).
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Supplementary Figure 8.5: Na+ content of (A) shoot and (B) root of NaCl treated transgenic
lines containing promoter::cDNA constructs.
Independent transgenic lines displayed separately. Figure is in addition to Figure 4.13. Transgenic
lines in the C24 background are presented in dark grey bars and transgenic lines in the Col-0 gl1
hkt1-4 background are presented in light grey bars. Green dashed line indicates the mean of the Null
background ecotype. Values are mean±SEM (n=3-5).
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Supplementary Figure 8.6: Vector map of an expression vector containing the 2.7 kb
AtHKT1;1 promoter upstream of the GFP coding sequence to investigate AtHKT1;1 promoter
activity in planta.
The T-DNA cassette inserted into the plant genome commences at the right border (RB), and
contains the 2.7 kb AtHKT1;1 promoter, GFP gene (mgfp6), bacterial nopaline synthase terminator
(nos terminator), Cauliflower Mosaic Virus 35S promoter (CaMV35S), hygromycin resistance gene
(hygR), Cauliflower Mosaic Virus 35S 3′ UTR polyA signal (A35S) and left border sequence (LB).
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Supplementary Figure 8.7: Vector map of an expression vector containing the 2.7 kb
AtHKT1;1 promoter upstream of the AtHKT1;1 cDNA sequence to investigate AtHKT1;1
transgene activity in planta.
The T-DNA cassette inserted into the plant genome commences at the right border (RB), and
contains the 2.7 kb AtHKT1;1 promoter, AtHKT1;1 cDNA, bacterial nopaline synthase terminator
(nos terminator), Cauliflower Mosaic Virus 35S promoter (CaMV35S), neomycin phosphotransferase
resistance gene mediating kanamycin resistance (NptII), Cauliflower Mosaic Virus 35S 3′ UTR polyA
signal (A35S) and left border sequence (LB).
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Supplementary Table 8.1: Detailed legend description for Methylome tracks (adopted from
http://signal.salk.edu/NOTE_methylome.html)
Legend item
mCIP col/met1 BU

Description
signal: posterior probability of HMM by TileMap (significantly higher signal in
wild type when the wild type methylated DNA is used as probe data
compared to methylated DNA in met1 mutant.); sample: enriched DNA by
methyl cytosine antibody; tissue: whole plant tissue (aerial part); plant: wild
type and met1 mutant (columbia background)

mCIP met1/col BU

signal: posterior probability of HMM by TileMap (significantly higher signal in
met1 mutant when the mutant methylated DNA is used as probe data
compared to wild type methylated DNA.); sample: enriched DNA by methyl
cytosine antibody; tissue: whole plant tissue (aerial part); plant: met1 mutant
and wild type

mCIP col/ddc BU

signal: posterior probability of HMM by TileMap (significantly higher signal in
wild type when the wild type methylated DNA is used as probe data
compared to methylated DNA in ddc mutant); sample: enriched DNA by
methyl cytosine antibody; tissue: whole plant tissue (aerial part); plant: wild
type and ddc triple mutant (columbia background)

mCIP ddc/col BU

signal: posterior probability of HMM by TileMap (significantly higher signal in
ddc mutant when the mutant methylated DNA is used as probe data
compared to wild type methylated DNA.); sample: enriched DNA by methyl
cytosine antibody; tissue: whole plant tissue (aerial part); plant: ddc triple
mutant and wild type

mCIP col BU/UB

signal: posterior probability of HMM by TileMap (up in enriched DNA by
methyl cytosine antibody ); sample: enriched DNA by methyl cytosine
antibody and un-bounded DNA fraction by the antibody; tissue: whole plant
tissue (aerial part); plant: wild type (columbia)

mCIP met1 BU/UB

signal: posterior probability of HMM by TileMap (up in enriched DNA by
methyl cytosine antibody ); sample: enriched DNA by methyl cytosine
antibody and un-bounded DNA fraction by the antibody; tissue: whole plant
tissue (aerial part); plant: met1 mutant (columbia background)

mCIP ddc BU/UB

signal: posterior probability of HMM by TileMap (up in enriched DNA by
methyl cytosine antibody ); sample: enriched DNA by methyl cytosine
antibody and un-bounded DNA fraction by the antibody; tissue: whole plant
tissue (aerial part); plant: ddc triple mutant (columbia background)

HMBD col BU/UB

signal: posterior probability of HMM by TileMap (up in enriched DNA by
methylcytosine-binding domain of the human MeCP2 protein (MBD));
sample: enriched DNA by MBD and un-bounded DNA fraction by MBD;
tissue: whole plant tissue (aerial part); plant: wild type (columbia)
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Exon 3

Exon 3

Supplementary Figure 8.8: Alignment of genomic DNA of AtHKT1;1-Col-0 and AtHKT1;1-C24.
Sequence alignment performed using Clustal W v2.1. Start and end of the each AtHKT1;1 exon are
marked with black arrows. The first codon, ATG, is the start codon of AtHKT1;1 and the last codon,
TAA, is the stop codon.
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Supplementary Figure 8.9: Luminometric measurements of 13 d to 15 d old whole
Arabidopsis seedlings, constitutively expressing Aequorin, in hyperpolarising base solution.
Alterations of [Ca2+]cyt induced by 150 mM NaCl, in ecotype (a) Col-0 and in (b) C24. Each panel
contains data from four representative individual seedlings. Stimulus was applied at time point 0.

Supplementary Figure 8.10: Amplitude of the first [Ca2+]cyt peak from luminometric
measurements of Col-0 and C24 in response to [NaCl] and [sorbitol] treatment.
The 13 d to 15 d old Col-0 and C24 seedlings constitutively expressing Apoaequorin were treated
with a range of NaCl and corresponding similar osmotic strength of sorbitol concentrations. Each
point represents the average peak height of the first [Ca 2+]cyt peak of three replicates, error bars
indicate the standard error of the mean (S.E.M.).
This is the end of the thesis! If you can honestly say you read this book cover-to-cover, please
contact me, I want to get to know you! You deserve acknowledgement and Schoko-bons!
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