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ABSTRACT

By the year 2050, it is estimated that more than 50% of the arable land worldwide will be too
saline to sustain the growth and productivity of many crop plants. Soil salinisation threatens
food security because it reduces crop yield and quality. Therefore, to increase food
production for the growing population, we need to improve crop salt tolerance. To do this,
we need a better understanding of inherent plant molecular responses to salt stress in order

to engineer crops with enhanced salt tolerance.

Previously, our group has shown that in Arabidopsis, salt-specific genes are enriched in the
gene ontology term “response to auxin stimulus”, and auxin levels increase under saline
conditions. Nitrilase 2 was identified as the biosynthetic gene possibly responsible for these
changes in auxin accumulation as AtNit2 expression was elevated specifically under saline

conditions. Additionally, AtNit2 overexpression lines were more salt tolerant.

As AtNit2 is a candidate for enhancing plant growth under saline conditions to improve salt
tolerance, it is important to understand how this gene is regulated and this was the main aim
of this research project. The AtNit2 promoter region was analysed and five MYELOBLASTOSIS
(MYB) transcription factor (TF) binding sites were identified. Interestingly, two MYB TFs were
upregulated specifically in response to salt in our experiments. These two TFs, AtMYB2 and
AtMYB30 were functionally characterised in Arabidopsis to investigate whether they might
be upstream of AtNit2 in the plant salt stress response pathway. Overexpression of AtMYB2
in Arabidopsis did not lead to altered AtNit2 expression or biomass production under saline
conditions, nor was binding of AtMYB2 to the AtNit2 promoter observed in a yeast one-hybrid
(Y1H) assay, suggesting that it may not be involved in AtNit2 regulation. Although AtMYB30
did not bind directly to the AtNit2 promoter in the Y1H assay, AtMYB30 overexpressing plants
were more salt tolerant and showed increased expression of AtNit2 under control and saline
conditions. An atmyb30 T-DNA mutant line also showed a reduction in salt tolerance,
however AtNit2 was still upregulated under saline conditions in the atmyb30 T-DNA mutant
lines. Overall, this data indicates that AtMYB30 might play an indirect role in AtNit2

regulation.

To identify TFs that can bind to the AtNit2 promoter, a YIH TF library screen approach was
used. Six TFs were identified: HOMEOBOX PROTEIN 34 (AtHB34), HOMEOBOX PROTEIN 24



(AtHB24), HOMEOBOX PROTEIN 28 (AtHB28), HIGH MOBILITY GROUP BOX PROTEIN 9
(AtHMGB9), GLABRA 2 (AtGL2), and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 7
(AtSPL7). Two of these TFs were further characterised: AtHMGB9 and AtSPL7. Reporter assays
in Arabidopsis mesophyll protoplasts showed that AtHMGB9 was able to bind to and
negatively regulate AtNit2 promoter activity in planta. However, athmgb9 mutant lines
displayed only slightly increased AtNit2 expression under saline conditions. While
transfection of protoplasts with AtSPL7 did not lead to changes in AtNit2 promoter:reporter
activity, atspl7 lines showed slightly increased AtNit2 expression indicating that AtSPL7 may
play a role in negatively regulating AtNit2 expression but may require other co-factors to do

so in planta.

To determine whether Nit2 regulation is also important for maize salt tolerance, preliminary
analysis of the maize Nit2 homolog, ZmNit2, showed that ZmNit2 expression was induced in
response to salt in both root and shoot tissue in a dose-dependent manner, implying that
auxin might play a role in salt tolerance across different plant species. Overexpressing ZmNit2
was sufficient to increase salt tolerance of two-week old Arabidopsis plants, indicating that
ZmNit2 may play a role in the maize response to salt stress early in development and
therefore suggests that genes identified in Arabidopsis may be appropriate targets for

manipulation in crop plants, such as maize.

Overall, this study provides novel insights into the regulation of AtNit2 by identifying several
TFs that may bind to and regulate AtNit2 expression. It also shows that ZmNit2 is able to
improve Arabidopsis salt tolerance and indicates a potential role in improving maize salt

tolerance.
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CHAPTER 1: INTRODUCTION

1.1. The global impact of soil salinisation

As the global population increases exponentially, it is important to increase food production
to meet the food demands of the expected population. By 2050, a 50% increase in global food
production is required to ensure food security (Chakraborty & Newton, 2011). A variety of
plants are extremely important as food and energy sources worldwide and are subject to yield
losses primarily due to abiotic stresses (Munns & Tester, 2008; Reynolds & Tuberosa, 2008).
Unfortunately, due in large part to climate change and poor agricultural practices, the
frequency and severity of these abiotic stresses is increasing, and this is detrimentally
affecting yields. Climate change has resulted in shifts in temperatures and weather patterns,
often resulting in extreme temperatures, drought, and soil salinisation. These abiotic stresses
are particularly devastating as they affect a wide range of plant physiological and biochemical
processes, such as osmotic and ionic homeostasis, and nutrient uptake (Wang, Vinocur &
Altman, 2003). Therefore, to ensure food security, generating more stress-resistant crop
plants is important. Through conventional plant breeding techniques more stress-tolerant
varieties of different crop plants have become available. However, conventional breeding is
too slow and the success rate is not sufficient to meet the increased food demands (Gong et
al., 2015). Therefore, other molecular mechanisms to improve abiotic stress tolerance are
becoming more important, such as marker-assisted selection, genome editing, and genetic

engineering.

Soil salinity, one of the abiotic stresses negatively affecting global crop productivity, is
characterised by soils with an electrical conductivity of saturated soil extract (ECe) above
4 dS.m™. This is approximately equivalent to 40 mM NaCl, with NaCl being the most soluble
and abundant salt responsible for soil salinity (Chinnusamy, Jagendorf & Zhu, 2005; Munns &
Tester, 2008). Soil salinisation occurs through both natural means, such as wind- and rain-
mediated deposition of oceanic salts, and man-made processes, such as irrigation with poor
quality water (Gupta & Huang, 2014; van Zelm, Zhang & Testerink, 2020). It is estimated that
high salinity affects 20% of total cultivated land and 33% of irrigated agricultural land
worldwide, which is responsible for producing around a third of the global crop supply (Athar

& Ashraf, 2009; Rengasamy, 2010). The estimated economic impact of soil salinity on irrigated



land has been extrapolated to exceed 27 billion USS per year (Qadir et al., 2014). By the year
2050, it is estimated that more than 50% of the arable land worldwide will be salinized (Jamil
etal.,, 2011). As most crop plants are salt-sensitive glycophytes, improving plant salt tolerance
is extremely important for ensuring food security. Even moderate salinity (EC 4-8 dS.m™) can
reduce crop yields by 50-80% depending on the species (Panta et al., 2014). Progress in
breeding for salt-tolerant crops has been hindered by a lack of understanding of the molecular
basis of salt tolerance. Therefore, investigating how salinity affects plant growth and
development, and how plants respond to salinity at a molecular level, is the first step in

producing more salt-tolerant crop plants (Chinnusamy, Jagendorf & Zhu, 2005).

1.2. The impact of salinity on plant growth and development

Broadly speaking, salinity inhibits plant growth in two main phases: quickly during an ion-
independent phase when the salt concentration begins to build up in the soil surrounding the
plant root, and later during an ion-dependent phase once NaCl has accumulated to toxic levels

within the plant shoot.

During the ion-independent phase, an osmotic stress occurs when a build-up of sodium ions
(Na*) in the environment results in the osmotic strength of the soil being greater than that
inside the root cell. AlImost immediately, this osmotic gradient drives water out of the cytosol
of the plant cells (Shabala & Cuin, 2008). Water loss from the cytosol hinders normal cellular
metabolism. To prevent this, water is moved from the vacuole into the cytosol, resulting in a
reduction in cell turgor and decreased root and shoot elongation. Additionally, the osmotic
potential of the plant is decreased and therefore water uptake is inhibited, thereby also
reducing the uptake of important growth-limiting nutrients (Thompson et al., 1997; Shabala
& Cuin, 2008). To prevent further water loss, plants rapidly close their stomata, resulting in a
loss of photosynthetic activity and an increase in reactive oxygen species (ROS) due to over-
reduction of the electron transport chain (Munns & Termaat, 1986; Yang & Guo, 2018). As a
result of these changes, there is a rapid reduction in the shoot growth rate as there is a
reduction in the rate at which growing leaves expand and new leaves emerge (figure 1.1-A).
This has been recorded in numerous plants, including rice (Yeo et al., 1991), maize, (Cramer
& Bowman, 1991) and wheat and barley (Passioura & Munns, 2000). The same changes occur

when plants are exposed to polyethylene glycol (PEG), mannitol or KCl, illustrating that this



phase is not salt-specific (Yeo et al., 1991; Chazen, Hartung & Neumann, 1995). In roots, there
are also rapid and transient reductions in primary and lateral root growth rates after NacCl
exposure that are similar to those seen with KCl and mannitol, indicating that in roots these
effects are also due to sudden changes in water potential (Frensch & Hsiao, 1994; Julkowska
et al., 2017; Rodriguez et al., 1997). Therefore, this osmotic stress imposed by salt is not
specific to salinity stress as similar osmotic stress is imposed by other abiotic and biotic
stresses, such as drought and temperature stress. However, during this ion-independent
phase there are also rapid responses to salinity stress which are salt-specific, involving Na*
sensing and signalling before Na* has accumulated to toxic levels. Research has shown that
during this phase, Ca?* and ROS waves trigger downstream cascades to elicit systemic
molecular responses in target organs, and may contribute to whole-plant stress tolerance

(Choi et al., 2014; Al-shareef & Tester, 2019).

Once osmotic homeostasis is restored, usually after no longer than a day (Passioura & Munns,
2000; Munns, 2002), growth is resumed at a lower rate (figure 1.1-B) with root growth

recovering significantly better than shoot growth.

When growth resumes, plants will resume water uptake and thus Na* and Cl ions will be taken
up by the cell (Munns, 1993). This second growth reduction phase, which is ion-dependent,
takes place after several days or weeks (depending on the type of plant) of continued salt
exposure once Na* and Cl ions have entered the transpiration stream. In salt-sensitive plants,
this results in a further reduction in the shoot growth rate (figure 1.1-C), primarily due to Na*
accumulation. This is because of the physiochemical similarity between Na* and the essential
element K*, with Na* competing with K* for binding sites on proteins involved in key metabolic
processes such as protein synthesis, ribosome functions, and enzymatic reactions
(Marschner, 1995). There are over 50 cytoplasmic enzymes that require K* as a co-factor and
can be inhibited by Na*, making Na* accumulation detrimental (Marschner, 1995).
Additionally, Na* competitively inhibits K* uptake, further decreasing cytosolic K* levels
(Assaha et al., 2017). Furthermore, increased ROS levels, due to stomatal closure, enhances
K* efflux through ROS-activated non-selective cation channels (NSCCs) (Wu, 2018). Overall,
the decrease in K*, along with increased cellular Na*, results in reduced K*/Na* ratios during
this ion-dependent salinity stress — interrupting many metabolic processes. If Na* continues

to be taken up, and eventually reaches toxic levels, this leads to senescence, primarily in older



leaves which are no longer expanding and diluting the ions to non-toxic levels like younger
growing leaves do (Munns & Tester, 2008). If older leaves are dying faster than new leaves
emerge, the whole plant will not have enough photosynthetic capacity to maintain
carbohydrate levels necessary for the new leaves to grow and the plant will eventually die

(Munns & Tester, 2008; Roy, Negrao & Tester, 2014).

More salt-tolerant plants are better able to respond to this ion-dependent phase of salinity

stress and are better able to maintain shoot growth under saline conditions (figure 1.1-D).
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Figure 1.1: Reduction in plant shoot growth rate under saline conditions

A schematic showing the two phases of plant shoot growth reduction caused by salinity stress. During
the first phase, shoot growth is rapidly reduced because of the osmotic stress caused by the saline
solution outside of the plant roots (A). Once osmotic homeostasis is regained via osmotolerance
mechanisms, growth resumes at a reduced rate (B). During the second shoot growth reduction phase,
a more gradual decrease in shoot growth is observed when Na* and Cl ions have accumulated to toxic
levels in the leaves which imposes an ionic stress in salt-sensitive plants (C). Salt-tolerant plants are

better able to maintain growth during this second phase (D). Adapted from Munns (2005).



1.3. Plant responses to salinity stress

Plant responses to accumulation of Na* in the soil initiate within seconds (Julkowska &
Testerink, 2015). In order to recover plant growth, plants employ three main strategies: 1)
osmotolerance, 2) sodium ion exclusion, and 3) tissue tolerance mechanisms. Osmotolerance
is a response to the ion-independent osmotic stress imposed by salinity whilst tissue
tolerance mechanisms only occur during the ion-dependent phase of salinity and sodium ion
exclusion likely occurs throughout the salinity stress period (Munns & Tester, 2008). These
three mechanisms of salinity tolerance can be employed simultaneously by different species,
depending on many factors such as the duration of stress, salt concentration and plant growth
stage (Roy, Negrao & Tester, 2014). Osmotolerance will be discussed briefly below, whilst the

latter two responses which are salt-specific will be discussed in section 1.4.

1.3.1. Osmotolerance

Osmotolerant plants are better able to maintain shoot and root growth under saline
conditions whilst also maintaining stomatal conductance (Algahtani et al., 2019). There are
several osmotolerance mechanisms that plants employ, including 1) accumulation of
compatible osmolytes, 2) regulation of ROS levels , 3) membrane rearrangement to maintain
cell membrane integrity and correct for the loss of turgor induced by osmotic stress, and 4)

hormonal regulation of growth and development.

Compatible osmolytes are low molecular weight organic compounds that lower the osmotic
potential in the cytoplasm, whilst not impacting metabolic reactions, in order to balance the
osmotic potential inside and outside of the cell to prevent water loss and enhance turgor
pressure and cell expansion (Park, Kim & Yun, 2016). Examples of osmolytes include the
nitrogen-containing solutes proline and glycine betaine, simple sugars such as sucrose and
raffinose, complex sugars (e.g. trehalose), and sugar alcohols (e.g. sorbitol and mannitol) (Al-
shareef & Tester, 2019). During salinity stress these osmolytes can also function as protein
osmoprotectants, signalling molecules, and as antioxidants to reduce oxidative stress under
saline conditions (Cheong & Yun, 2007). Several enzymes involved in controlling the rate of
compatible osmolyte production have been shown to alter salinity tolerance. For example,
overexpressing the A-pyrroline-5-carboxylate synthetase (P5CS) gene, the rate-limiting

enzyme involved in plant proline biosynthesis, increases salinity tolerance in Arabidopsis



(Chen et al., 2013). However, synthesis of compatible osmolytes is energetically costly to
plants, often resulting in decreased plant growth (Munns & Tester, 2008; Al-shareef & Tester,

2019).

In order to reduce ROS accumulation following stomatal closure, plants implement several
antioxidant mechanisms including enzymatic ROS-scavengers such as superoxide dismutase
(which coordinates the transfer of electrons to oxygen acceptors other than water), catalase
and various peroxidases, as well as the production of non-enzymatic ROS-scavenging
compounds (e.g. ascorbic acid) (Apel & Hirt, 2004; Park, Kim & Yun, 2016). As ROS waves also
function in stress signalling, maintaining the correct balance of ROS is important in the plant

response to salinity stress.

Osmotic stress perception results in production of second messengers such as Ca?* (Knight,
Trewavas & Knight, 1997). Increased cytosolic Ca?* activates many phosphoprotein cascades
involved in downstream signalling. One of these cascades results in the accumulation of
abscisic acid (ABA), a hormone involved in osmotic stress responses including the regulation
of guard cells to close stomata to prevent further water loss, and cellular dehydration
tolerance by upregulating expression of genes encoding dehydration tolerance proteins (Zhu,
2002). Osmotic stress triggers activation of SNF1-related protein kinase 2s (SnRK2s) in both
ABA-dependent and -independent manners. The aforementioned osmotic stress-induced
accumulation of ABA activates subclass Il SnRK2 kinases, while subclass | SnRK2s are activated
in an ABA-independent pathway under osmotic stress. These SnRK2s play an important role
in ABA signal transduction and in regulating downstream gene expression responses by
activating ABA-responsive element binding factor (AREB/ABF) transcription factors in the

nucleus to induce expression of stress-responsive genes (Zhao et al., 2020).

Additionally, to conserve water and decrease Na* uptake, plants increase their root to shoot
biomass ratio as a reduction in leaf growth relative to root growth lowers plant water use

efficiency (WUE) (Munns & Tester, 2008).

While osmotic stress responses are important to investigate, the above only touches briefly
on osmotic stress sensing and responses (refer to Zhao et al., (2020) and van Zelm et al. (2020)
for detailed reviews). The work in our lab group focusses on investigating salt-specific plant

responses to salinity stress and these will be discussed in more detail.



1.4. Salt-specific responses to salinity stress

1.4.1. Na* transport

Despite decades of research, the mechanisms whereby Na* enters roots and is transported
throughout plants is still not well understood (Isayenkov & Maathuis, 2019). It is thought that
Na* enters the root epidermal cells through either plasma membrane (PM)
transporters/channels, or through “leakage” into the root from the apoplast (Essah,
Davenport & Tester, 2003). Once inside the root epidermis, the Na* ions are transported
radially through the concentric layers of root tissue (epidermis, cortex and endodermis)
before being loaded into the xylem for transport to the shoot (Barberon & Geldner, 2014).
lon movement through these layers can occur via three different pathways: 1) through
cellular connections (symplastic), 2) through the cell wall (apoplastic), and 3) cell-to-cell
through transcellular pathways (Chinnusamy, Jagendorf & Zhu, 2005). The deposition of an
apoplastic barrier, such as the Casparian strip, limits apoplastic Na* transfer across root cells
into the xylem, thereby ensuring a higher selectivity for ion movement both into and out of

the stele (Apse & Blumwald, 2007).

Many different PM channels/transporters are thought to play a role in Na* uptake and
transport, as well as during plant salinity stress response mechanisms. Examples of these
include the aforementioned non-selective cation channels (NSCCs), as well as high-affinity K*
channels (HKTs), voltage-independent channels (VIC), intracellular Na*/H* exchangers (NHXs),
low-affinity K* channels, and aquaporins (Essah, Davenport & Tester, 2003; Assaha et al.,
2017; Yang & Guo, 2018). Although the role of each transporter and the pattern of transporter
gene expression can vary within species under different growth environments, these different
transporters are thought to work in conjunction to mediate Na* uptake and transport (Apse
& Blumwald, 2007). Figure 1.2 shows a simplified schematic of the location of the main plant
Na* transporters identified to date, and in which direction they transport Na* ions, with

further information about each family of transporters described thereafter.
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Figure 1.2: A schematic showing possible Na* transport routes in plants

Sodium (Na*) is taken up and moved through the root via transporters including NSCCs, SOS1 (an NHX
family member) and HKTs, loaded into the xylem and moved up the transpiration stream into the
shoot. The Na* ions which reach the shoot tissue are either compartmentalised into vacuoles (grey)
via tonoplast-based Na*/H* exchangers from the NHX family, or transported back to the root via
transporters such as HKT1. In the root, Na* is either compartmentalised into vacuoles or excreted back
into the soil via transporters such as SOS1. The NHX family of transporters are fuelled by the plasma
membrane ATPase (PM-ATPase) and vacuolar ATPase (V-ATPase) that actively pump H* in the opposite
direction. Black arrows show the direction of Na* (or K* or H*) movement through transporters. Blue
arrows represent Na* entry sites and routes through cell walls (apoplastic pathway). Red arrows
represent Na* entry sites and cytoplasmic routes through plasma-membranes (symplastic pathway).

Adapted from Feki et al. (2015), Isayenkov & Maathuis (2019) and van Zelm et al. (2020).




1.4.1.1. Non-selective cation channels (NSCCs)

Generally, NSCCs, which include cyclic nucleotide-gated channels (CNGCs) and glutamate
receptor-like channels (GLRs) (Demidchik, Essah & Tester, 2004), are thought to be the main
transporters of Na* into plant roots under high soil salinity conditions (Tester & Davenport,
2003; Horie & Schroeder, 2004). These NSCCs are regulated by different salt-induced signals
(such as Ca?*, 3’,5’-cyclic guanosine monophosphate (cGMP), and ROS), and are permeable to
mono- and divalent cations, such as Na*, K* and Ca?* (Wang et al., 2013). The selectivity of
CNGCs for Na*™ and K* is variable, with some more selective for one over the other, and some

equally permeable to both (Apse & Blumwald, 2007).

1.4.1.2. High affinity K* transporters (HKTs)

In plants, two roles for HKTs exist; as Na*-selective uniporters (HKT1 subfamily), and as Na*/K*
symporters (HKT2 subfamily) (Horie & Schroeder, 2004). Members of the HKT family have
been shown to play important roles in plant salinity tolerance mechanisms. For example, the
most studied member of subfamily 1, Arabidopsis AtHKT1;1 (the only member of the HKT
family in Arabidopsis), has been shown to play various roles in shoot Na* exclusion. Several
lines of evidence exist which show that AtHKT1;1 is involved in long-distance Na* transport;
by facilitating shoot-to-root transport of Na* by loading Na* into the phloem stream and by
unloading Na* from the xylem into xylem parenchymal cells (Sunarpi et al., 2005). Berthomieu
et al. (2003) reported that an athkt1;1 mutant showed decreased Na* concentration in the
phloem sap, increased Na* in the aerial organs, and decreased Na* in the roots compared to
WT plants, implying that AtHKT1;1 might play a role in Na* recirculation from shoots to roots
by loading shoot Na* into the phloem and unloading it into the roots. Another study
demonstrated, via immunoelectron microscopy using anti-AtHKT1;1 antibodies and an
AtHKT1;1-GUS reporter line, that AtHKT1;1 is targeted to the plasma membrane in xylem
parenchyma cells (in leaves). This study also showed that three athktl1;1 loss-of-function
mutants had higher Na* content in the xylem sap, indicating that AtHKT1;1 is important in the
process of removing excess Na* from the xylem (Sunarpi et al., 2005). Transgenic Arabidopsis
plants overexpressing AtHKT1;1 in the root cells surrounding the xylem showed a significant
reduction in shoot Na* and increased salinity tolerance (Mgller et al., 2009). However, when
this gene is constitutively expressed it results in detrimental effects, implying that AtHKT1;1

might have another function in Arabidopsis (Rus et al., 2001). This same study showed that



two athkt1;1 mutants displayed reduced Na* accumulation compared to WT plants, implying
that AtHKT1;1 might also play a role in Na* uptake from the soil (Rus et al., 2001). A more
recent study supports this idea, showing that AtHKT1;1 mediates low-affinity Na* uptake in
Arabidopsis under external conditions of 2.5 mM K* (Wang et al., 2015). While there is still
contention over this role of AtHKT1;1 in Na* uptake, it is clear that AtHKT1;1 is crucial for the
regulation of Na* homeostasis under saline conditions. Orthologues of AtHKT1;1 have been
identified in many crop plants including rice (OsHKT1;5), wheat (TmHKT1;5-A and TaHKT1;5-
D), and maize (ZmHKT1;2), where similar functions in shoot Na* exclusion are observed (Ren
et al., 2005; Byrt et al., 2014; Zhang et al., 2023). This indicates that this is a widely used salt
tolerance mechanism in monocot plants that has been conserved across evolution. Moreover,
HKT1;5 has actually been identified as a salt tolerance determinant by quantitative trait locus
(QTL) analysis in rice (Ren et al. 2005), wheat (Byrt et al., 2007), and barley (Hazzouri et al.,
2018). Field trials have also shown that transferring TmHKT1,;5-A into bread wheat reduced
leaf Na* accumulation by 30%, further showing the importance of this HKT1 subfamily in Na*

exclusion mechanisms of salinity tolerance (James et al., 2011).

In terms of Na* uptake from the soil, it is more widely accepted that only HKT2 subfamily
members, also present in many monocots, are involved in mediating Na* uptake. For example,
rice OSHKT2;1, which is localised to the PM of the root epidermis, mediates Na* uptake in low
K*, low Na* (<2 mM) conditions and down-regulation of this gene was shown to improve the

tolerance of rice to salinity (Horie et al., 2007).

1.4.1.3. Intracellular Na*/H* exchangers (NHXs)

The main role of NHXs is in exchanging Na* (or K*) for H* across the tonoplast or plasma
membrane in roots and shoots to improve salinity tolerance (Bassil et al., 2011). These
transporters are driven by the proton electrochemical gradient generated by H*-ATPases and
pyrophosphatases (H*-PPases), meaning that this mechanism of salinity tolerance is
energetically expensive and comes at a cost to other plant processes (Munns et al., 2020).
These NHXs are often located on vacuolar membranes and are thought to compartmentalise
Na* (which will be discussed in more detail later). The Arabidopsis NHX antiporter AtNHX1
was the first plant NHX homolog to be cloned and characterised in vacuolar Na* sequestration

(Gaxiola et al., 1999). In Arabidopsis, overexpression of AtNHX1 increases salt tolerance and
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Na* accumulation in shoot tissue under saline conditions (Apse et al., 1999). Heterologous
expression of AtNHX1-5 in yeast mutants lacking endosomal vacuolar antiporters was able to
rescue the salt sensitivity of the yeast mutant, thus indicating that these NHXs play a role in
vacuolar transport of Na* to improve salinity tolerance (Aharon et al., 2003). Furthermore,
tobacco plants overexpressing the cotton GhNHX1 gene show enhanced salinity tolerance
(Wu et al., 2004). Despite the earlier belief that NHXs were only involved in Na*/H* exchange,
evidence has emerged that NHX1 and NHX2 proteins may also operate as K*/H* exchangers,
playing a role in vacuolar potassium homeostasis because of their equal affinity for K* (Jiang,
Leidi & Pardo, 2010; Maathuis, Ahmad & Patishtan, 2014). A study showed that Arabidopsis
nhx1 nhx2 double mutants had decreased vacuolar K* content, impaired osmoregulation, and
compromised turgor generation for cell expansion compared to WT plants under saline
conditions (Barragan et al., 2012). Additionally, Bassil et al. (2011) took a reverse genetics
approach in Arabidopsis to show that AtNHX1 and AtNHX2 maintain vacuolar K* and, in the
process, regulate the vacuolar pH and facilitate cell expansion. Another study showed that
overexpression of the tomato LeNHX2 enhanced salt tolerance by improving vacuolar K*
compartmentalisation, resulting in a higher K*/Na* ratio and thereby decreasing Na* toxicity
(Rodriguez-Rosales et al., 2008). Taken together, these data show that the tonoplast localised

NHXs seem to be important for intracellular Na* and K* transport in various plant species.

Another NHX protein that has been well characterised is Salt-Overly-Sensitive-1 (SOS1)/NHX7,
a Na*/H* exchanger shown in SOS1::GFP transgenic Arabidopsis to localise to the PM rather
than the tonoplast (Shi et al., 2002). SOS1 was identified in a mutant screen for Arabidopsis
lines unable to maintain root growth under saline conditions, where the sos1 mutant was
found to be over 20 times more sensitive to Na* compared to WT plants (Ding & Zhu, 1997).
This NHX is important for Na* ion exclusion, discussed in more detail in section 1.4.2.1 (Ji et

al., 2013).

1.4.2. Salinity response mechanisms

In most plant species, Na* appears to reach a toxic concentration before Cl~ does, and so the
main plant responses to this ion-dependent salinity stress are Na*exclusion back into the soil,
compartmentalisation of Na* into the vacuole, and K* retention in the cytosol. Additionally,

leaf morphology is altered as leaves become thicker, with a smaller surface area, in order to
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increase nitrogen and chlorophyll concentration per unit area to improve photosynthesis

(James et al., 2002).

1.4.2.1. Na* ion exclusion

In order to reduce Na* levels, plants employ ion exclusion mechanisms which include:
1) minimising Na* uptake from the soil into root cells, 2) maximising Na* efflux from root cells
into the soil, 3) reducing Na* loading into the root xylem, 4) increasing Na* retrieval from the
xylem into root cells, and 5) transport of Na* away from the shoot tissue back to the root by

maximising phloem loading.

The Salt-Overly-Sensitive (SOS) pathway, involving the SOS1 plasma membrane Na*/H*
exchanger mentioned previously, plays an important role in mediating many of these
processes. In this pathway, high extracellular Na* leads to elevated Ca®* (Knight, Trewavas &
Knight, 1997) which is sensed by the SOS3 Ca?*-binding protein. The SOS3 protein undergoes
a conformational change upon Ca?* binding which leads to it interacting with and activating
S0OS2, a serine/threonine protein kinase (Ji et al., 2013). This SOS3-S0S2 complex promotes
recruitment of SOS2 to the PM, leading to SOS2-mediated phosphorylation of SOS1 (Zhu,
2002). Once phosphorylated, SOS1 is activated and increases Na* extrusion from root
epidermal cells at the root-soil interface (figure 1.2), thereby reducing the net Na* uptake (Qiu
et al., 2003). Therefore SOS1 , which has been shown to localise to the root epidermis using
SOS1::GUS reporter lines, offers the first line of resistance to Na* accumulation, by extruding
Na* back into the soil (Shi et al., 2002). This importance is evident when comparing
Arabidopsis (a glycophyte) and its salt-resistant relative Thellugiella salsuginea (a halophyte),
where the salt-resistant T. salsuginea has enhanced expression of SOS1 in both leaves and
roots compared to Arabidopsis. When ThSOS1 is knocked-out, T. salsuginea is as susceptible
as Arabidopsis to high salinity, with high accumulation of Na* in the shoot tissue (Oh et al.,
2009). This also highlights the evolutionary conservation of this salt tolerance mechanism.
Additionally, under severe salt stress, SOS1 is proposed to function in unloading Na* from
shoot tissue into the root xylem to reduce Na*accumulation and damage in leaves that might
be caused by exceeding the capacity of Na* sequestration in leaf cell vacuoles (Shi et al., 2002).
This study showed that a sos1 mutant had decreased Na* accumulation in the shoot under

mild NaCl conditions (25 mM) compared to WT plants. Conversely, under high NaCl conditions
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(100 mM), the sos1 mutant had increased Na* content in the shoot compared to WT, while
also displaying increased Na* content in the xylem sap compared to WT. Taken together,
these results led the researchers to propose a mechanism whereby, under mild salinity, SOS1
functions in the PM to load Na* into the xylem in roots for its transfer and storage in leaf
mesophyll vacuoles, and to extrude Na* from the shoot by loading it into the xylem, whilst
under high salinity it functions to retrieve Na* from the xylem to extrude back into the soil

(Shi et al., 2002).

Additionally, the aforementioned Casparian strip can play a role in restricting Na* transport
from the cortical cells into the stele (Apse & Blumwald, 2007). Casparian strips can be formed
in both the endo- and exodermis (Kreszies, Schreiber & Ranathunge, 2018). Importantly,
Arabidopsis lacks the ability to form an exodermis, meaning that it only has the endodermal

Casparian strip to act as a barrier against Na* (Nawrath et al., 2013).

1.4.2.2. lonic tissue tolerance

Despite ion exclusion mechanisms, continued exposure to Na* will eventually mean that Na*
will start accumulating in the cytosol of plant cells. To reduce cytosolic Na* and ensure
adequate K*/Na* ratios for correct enzyme functioning, plants compartmentalise Na* within
vacuoles (known as ionic tissue tolerance) (Munns & Tester, 2008). This is mainly achieved by
activation of the tonoplast NHXs (Apse et al., 1999; Blumwald, 2000), energised by the
vacuolar H*-ATPase (V-ATPase) and pyrophosphatase (V-PPase) (Fukuda et al., 2004). The SOS
signalling pathway, discussed previously, is thought to play an indirect role in this process. A
study using Arabidopsis tonoplast vesicles in ion transport assays showed that Na*/H*
exchange via AtNHX1 were greatly reduced in a sos2 mutant, whilst addition of constitutively
active recombinant SOS2 protein to these vehicles was able to promote Na*/H* exchange (Qiu
et al., 2004). Evidently, control of the SOS pathway is important in enabling plants to prevent
Na* toxicity by both limiting Na* accumulation in shoot tissue, and compartmentalising Na*

into vacuoles.
1.4.2.3. K* retention in the cytosol
As mentioned previously, K* is an essential macronutrient in plants, important in many

enzymatic reactions. Additionally, K* plays an important role in osmotic adjustment and
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turgor generation, regulation of membrane electric potential, and cytoplasmic pH
homeostasis. It is the most abundant inorganic cation in plants, making up almost 10% of their
dry weight (White & Karley, 2010). As Na* is physiochemically very similar to K*, controlling
the K*/Na* ratio is important for salt tolerance. In addition to shuttling Na* away from the
cytosol using the mechanisms described previously, plants also respond to salt stress by
employing strategies to retain K*in the cytosol. Studies have shown that barley and wheat
cultivars that are able to retain or increase cytoplasmic K* in their mesophyll cells are more
salt tolerant (Wu et al., 2013). In fact, the ability to maintain K*/Na* ratios is one of the

distinguishing factors between salt tolerant and salt sensitive genotypes (Wu et al., 2015).

Retention of optimal cytosolic K* levels during salt stress can be achieved by increasing root
K* uptake, increased loading of K* into the xylem for transport to the shoot, and inhibition of
cytosolic K* efflux (Assaha et al., 2017). At the root-soil interface, K* uptake is mediated by
high affinity K* uptake (HAK) or low affinity K* uptake (LAT). Here, HAK is modulated by the
KT/HAK/KUP family of K* transporters, and LAT is mediated by members of the shaker family
of K* channels (e.g. AKT1) (Gierth & Maser, 2007). When conditions become saline, this causes
Na*-induced membrane depolarisation which prevents KT/HAK/KUP and AKT1 channels from
moving K* into the cell. In order to prevent this, PM Na*/H* exchangers (e.g., SOS1) maintain
a stable membrane potential to improve K* uptake (Assaha et al., 2017). Additionally, other
NHXs such as NHX1 and NHX2 maintain adequate K*/Na* ratios by maintaining vacuolar K*
content as described previously. The PM H*-ATPase also plays a role in cytosolic K* retention,

which will be discussed further in section 1.7.3.

1.4.2.4. CI tolerance

Although not as widely researched due to Cl" ions reaching toxic levels after Na* in most plant
species, plants do have mechanisms to tolerate increased Cl" ion uptake under saline
conditions. Despite Cl" being an essential nutrient in plants, involved in regulating enzymatic
activity, turgor, and pH levels; ClI" can also be toxic to plants if allowed to over-accumulate as
Cl-competes with major macronutrients such as nitrate (NOs’) for uptake from the soil, which
is an important source of nitrogen for plants (Tyerman, 1992; Marschner, 1995; Xu et al.,
1999; White & Broadley, 2001). As with Na*, key aspects of Cl tolerance include reducing net

CI" xylem loading, intracellular CI- compartmentalisation, and greater efflux of Cl- from roots
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back into the soil (Teakle & Tyerman, 2010). A network of predicted Cl transporters exists
that could play a role in these processes; including cation-chloride cotransporters (CCCs),
chloride channels (CLCs), aluminium-activated malate transporters (ALMTs) and nitrate
excretion transporters (NAXTs) (Teakle & Tyerman, 2010). The rate-limiting step in CI
accumulation, the transfer of ClI- from the root symplast to the xylem apoplast (which
antagonises NOs™ delivery to the shoots), is regulated under drought and saline conditions by

abscisic acid (ABA), and is multigenic (Cubero-Font et al., 2016; Li et al., 2016).

1.5. Tools we use to study plant stress responses

The previous sections described the impact of salinity stress on plants and how the plant
responds to both the ion-independent and ion-dependent components of salinity stress. The
following section will describe some of the tools that are used by researchers in order to

investigate how plants respond to stresses.

1.5.1. Arabidopsis as a model plant

Arabidopsis thaliana (Arabidopsis) is a small diploid plant in the Brassicaceae family and has
been the model organism for research in plant science since the 1980s for a number of
reasons (Meinke et al., 1998). Arabidopsis is easy to grow in petri dishes, in culture or in soil;
is small in size, has a short life cycle, and the large amount of £0.5 mm seeds produced allows
for the rapid growth of many plants in a relatively small area (Meinke et al., 1998). It also
undergoes self-fertilisation to produce multiple progeny and can easily be cross-fertilised by
applying pollen to the stigma surface, allowing for easy generation of new genotypes. The
Arabidopsis genome is organised in five chromosomes and was the first plant genome to be
fully sequenced (The Arabidopsis Genome Initiative, 2000). Many different ecotypes
(accessions) have been collected from natural populations distributed throughout Europe,
Asia and North America, and are available for experimental analysis. A large multinational
initiative, the A. thaliana 1001 Genomes Project, aims to sequence 1001 different Arabidopsis
accessions (Weigel & Mott, 2009). As part of this project, many online tools are freely
available for progressing Arabidopsis and plant research (https://1001genomes.org).
Numerous optimised methods exist to easily mutagenize and transform Arabidopsis, allowing
for efficient development of mutants, overexpressor and other genetically modified plant

lines for functional characterisation of candidate genes in planta. Additionally, commercially
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available mutants exist for almost all Arabidopsis genes (Alonso et al., 2003). Despite
Arabidopsis itself not being an important crop plant, it has proven invaluable in the research
of other economically important plants as there can be conservation of function of
orthologues of Arabidopsis genes, meaning that often genes in crop plants have been
identified, classified and characterised based on their sequence similarity and known function
in Arabidopsis (Bolle, Schneider & Leister, 2016). For example, the Arabidopsis defence
signalling gene NONEXPRESSOR OF PR GENES 1 (AtNPR1) was used to genetically engineer
disease-resistance in tomato plants (Lin et al., 2004). Stephenson et al. (2019) also showed
that by elucidating key regulators in Arabidopsis fruit patterning, they were able to translate
this knowledge into oilseed rape (Brassica napus) to adjust the seed pod-opening process to

significantly reduce seed loss, thereby increasing yield.

In terms of salt stress, Arabidopsis is a salt-sensitive glycophyte as it cannot complete its life
cycle when exposed to constant conditions of 100 mM NacCl or more (Cackett et al., 2022).
Compared to its salt-tolerant halophytic relative, Thellungiella halophila, there are very few
genomic differences, indicating that salt tolerance is more likely as a result of changes in the
transcriptome during growth under saline conditions (Kant et al., 2006). To this point,
researchers showed that many genes known to be induced by abiotic stress in Arabidopsis
exhibit higher levels of expression in T. halophila under unstressed conditions, suggesting
that constitutive expression of conserved stress responsive genes forms a basis for the salt
tolerance of T. halophila (Taji et al., 2004). Additionally, analysis of Arabidopsis and
T. halophila transcript profiles has shown that 60% of stress-regulated genes are differentially
regulated between the two species, with T. halophila transcript intensities suggesting stress-
anticipatory preparedness in T. halophila (Gong et al., 2005). Thus, if we can determine how
important salt tolerance genes are regulated in Arabidopsis, we might be able to engineer

plants that anticipate and respond quicker to stress.

1.5.2. Transcriptome profiling

Transcriptomic profiling offers a snapshot into the genome-wide gene expression at a
particular time point. The advantage of this is being able to determine which genes are being
expressed, and to what level this occurs, offering insight into processes being carried out in

the organism at the time of sampling. Microarrays are commonly used for quantitative
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transcriptomic profiling as they are high-throughput, relatively cheap, and easy to perform
(Baginsky et al., 2010). This technology involves binding an array of thousands to millions of
known nucleic acid fragments to a solid surface which is then bathed with cDNA, synthesised
from RNA isolated from a study sample (such as cells or tissue). Complementary base pairing
between the sample and the chip-immobilized fragments produces light through fluorescence
as the cDNAs are labelled with a fluorescent dye. This fluorescence is then detected using a
specialized scanner (Bednar, 2000; Xiang & Chen, 2000). Microarrays manufactured by
Affymetrix and Agilent are most commonly used in Arabidopsis (Redman et al., 2004; Busch
& Lohmann, 2007). Another method that has become very popular for transcriptomic
profiling is RNA sequencing (RNA-Seq), which was formerly more often used in non-model
organisms, or for transcript discovery and genome annotation (Wang, Gerstein & Snyder,
2009; Baginsky et al., 2010). These methods are commonly used as an initial screen to identify

interesting genes being differentially expressed.

1.6. Transcriptomic changes during the salt-specific, ion-dependent stress response

To date, few studies have differentiated between transcriptomic responses imposed by each
of the ion-independent and ion-dependent components of salinity stress (Shavrukov, 2013),
and typically, plants have been treated with high concentrations of NaCl, or with low NaCl
concentrations but for very short periods of time (Abogadallah, 2010; Tang et al., 2011; Goyal
et al., 2016; Li et al., 2019). As previously described, the salt-specific component of salinity
stress (ion-dependent component) is only induced after a gradual accumulation of Na* ions
within shoot tissue, days to weeks after exposure to NaCl. This means that these sorts of
experiments would only have imposed an ion-independent osmotic stress (or even an osmotic
shock resulting in plasmolysis) on the plants, failing to mimic natural exposure to salinity
stress (Munns, 2002). Manipulation of genes identified in these analyses would not be specific
to salinity stress and might detrimentally interfere with the plant response to other important
stresses, such as drought or temperature stress (Shavrukov, 2013). For example, Tang et al.
2011 exposed Arabidopsis to 300 mM NaCl for only 30 minutes and looked at candidate gene
expression. This type of stress would not occur naturally and is not physiologically relevant.
In order to avoid inducing osmotic shock, whilst ensuring that both of the expected salt stress
responses are induced, plants should either be exposed gradually to increasing NaCl

concentrations over a period of days, or be exposed once-off to low concentrations of NaCl
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(Shavrukov, 2013). Studies have been conducted using these techniques in various plants,
such asrice (Wanget al., 2018), wheat (Luo et al., 2019), and Arabidopsis. One of these studies

in Arabidopsis was conducted recently by our group (Cackett, 2019; Cackett et al., 2022).

In the study by Cackett et al. (2022), Arabidopsis seeds were sown onto media in petri dishes
containing low, physiologically relevant concentrations of NaCl (0 mM, 50 mM, 75 mM, 100
mM and 125 mM NacCl) as well as iso-osmolar concentrations of sorbitol (0 mM, 100 mM, 150
mM, 200 mM and 250 mM sorbitol) and grown for two weeks (early development
microarray). Microarray analysis was performed for transcriptome profiling, and genes
differentially expressed in response to NaCl treatment, but not sorbitol, were classified as
salt-specific; presumably responding to the ion-dependent component of salt stress. Overall,
2519 genes showed a salt-specific increase in expression, and 2272 genes showed a salt-
specific decrease in expression. To determine what processes these salt-specific genes might
be involved in, a gene ontology (GO) enrichment analysis was performed on genes
differentially regulated by at least 2-fold. Interestingly, the GO term “response to auxin
stimulus” was significantly enriched, with 25 genes annotated as such, including several
SMALL AUXIN-UPREGULATED RNAs (SAURs). Furthermore, a microarray was performed later
in development on plants grown hydroponically for two weeks in untreated control
conditions, and then grown for a further two weeks in 0, 50, 75 or 100 mM NaCl treatments
(later development microarray) (Cackett, 2019). Again, genes differentially expressed under
saline conditions were enriched in the “response to auxin stimulus” GO term (Cackett, 2019).
The fact that this term was consistently enriched in the salt stress responsive transcriptome
of Arabidopsis at different developmental stages suggests that auxin may be important in
modulating salt-specific growth adaptations to salinity stress at different stages of growth and

developmental (Cackett et al., 2022).

1.7. Auxin and its role in the plant response to salt stress

1.7.1. The role of auxin in plant growth

Despite being the first plant growth hormone to be identified some 100 years ago, auxin
metabolism, biosynthesis and signalling are still not fully understood (Abel & Theologis, 2010).
Indole-3-acetic acid (IAA), the most predominantly occurring auxin, plays an important role in

many aspects of plant growth and development, including organogenesis, general plant

18



architecture, vascular development, senescence, and environmental and stress responses
(Woodward & Bartel, 2005; Zhao, 2010). Accumulation of auxin plays a role in cell division
and elongation through initiation of signal transduction pathways that result in altered levels
and activation of proteins involved in plant growth, such as EXPANSINS which are cell wall-
loosening proteins that promote cell elongation (Majda & Robert, 2018). Studies testing the
effects of exogenous auxin on plant growth have shown that auxin has both growth
promoting and inhibiting functions (Collett, Harberd & Leyser, 2000). Specifically, auxin
promotes cell elongation in shoot tissue, initiates lateral root formation, increases
gravitropism and phototropism, and promotes cell division in the cambium. Conversely, auxin
inhibits the development of lateral buds and the elongation of primary roots (Collett, Harberd
& Leyser, 2000). Evidently, the control and localisation of auxin accumulation is vital during

plant development.

1.7.2. Auxin biosynthesis

Generally, plants have two different pathways for auxin biosynthesis, one that is tryptophan-
dependent (TD), and one that is tryptophan independent (TI) (figure 1.3) (Woodward & Bartel,
2005). In the Tl pathway, IAA is synthesised directly from indole, whereas in the TD pathway
indole is first converted into L-tryptophan (L-Trp) (Normanly, Cohen & Fink, 1993). Both the
Tl and TD pathways are involved in maintaining auxin homeostasis (Di et al., 2016). Of the
two, the TD pathway has been extensively studied and is known to contain four different
pathways which result in IAA synthesis from L-Trp, named after the main intermediate in each
pathway: the indole-3- acetamide (IAM) pathway, the indole-3-pyruvic acid (IPyA) pathway,
the tryptamine (TAM) pathway, and the indole-3-acetaldoxime (IAOx) pathway (Woodward
& Bartel, 2005). In the IAOx pathway, L-Trp is converted into IAOx, which is then converted
either into IAM or indole-3-acetonitrile (IAN), both of which are then finally converted into
IAA. Specifically, IAN is converted into IAA by the AtNIT1-3 family of enzymes (Bartling et al.,

1992). These TD pathways, with the associated enzymes, are shown in figure 1.3.
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Figure 1.3: IAA biosynthesis from indole via the tryptophan-dependent (TD) pathway

The TD pathway of indole-3-acetic acid (IAA) biosynthesis has four routes named after their
intermediates. These are the indole-3- acetamide (IAM) pathway, the tryptamine (TAM) pathway, the
indole-3-pyruvic acid (IPyA) pathway, and the indole-3-acetaldoxime (IAOx) pathway, shown in red,
orange, green and blue, respectively. Solid arrows refer to reactions with identified enzymes, and
dashed arrows refer to unidentified/unconfirmed reactions. The enzymes involved are written next to
the relevant arrow. CYP79B2.3, CYTOCHROME P450 FAMILY 79B2.3; IAN, indole-3-acetonitrile; NIT1-
3, NITRILASE 1-3; AMI1, AMIDASE 1; TAA1, TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1;
TAR2, TRYPTOPHAN AMINOTRANSFERASE RELATED 2; YUC1-11, YUCCA 1-11; IAAIld, indole-3-
acetaldehyde; AAO1-4, ARABIDOPSIS ALDEHYDE OXIDASE 1-4. Adapted from Cackett et al. (2022).

1.7.3. Auxin-induced cell expansion via the acid growth mechanism

When exposed to auxin, plant cells pump protons into the apoplast at an enhanced rate,
resulting in decreased apoplastic pH which activates cell wall-loosening processes that
promote cell expansion — known as acid growth (Rayle & Cleland, 1992). This acid growth
mechanism is initiated by the auxin-mediated activation of the PM H*-ATPase, by promoting
phosphorylation of the penultimate threonine residue (Thr®*’) of the AHA2 H*-ATPase isoform
(Rudashevskaya et al., 2012; Takahashi, Hayashi & Kinoshita, 2012). Normally, a type 2C

protein phosphatase (PP2C-D) interacts with the PM H*-ATPase and dephosphorylates its
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Thr®#’ residue, negatively regulating pump activity. The interaction of these two proteins was
shown in planta in tobacco using a bi-molecular fluorescence complementation assay (BiFC),
where AHA2 and PP2C-D were shown to interact with one another at the PM (Spartz et al.,
2014). Additionally, these researchers isolated yeast PMs and subjected them to 14-3-3 far-
western gel blot analysis and ATP hydrolysis assays. Using these methods, they showed a

significant reduction in Thr%%’

phosphorylation in membranes prepared from cells
coexpressing PP2C-D, as well as a reduction in vanadate-sensitive ATPase activity. Taken
together, these results illustrated that PP2C-D is able to negatively regulate the AHA2 H*-

ATPase by dephosphorylating Thr®*’ (Spartz et al., 2014).

In response to elevated IAA levels, certain SAUR proteins accumulate and interact with the
PP2C-D phosphatase, inhibiting its activity. Therefore, the PM H*-ATPase remains
phosphorylated at Thr®*” and is active, pumping H* out of the cytoplasm into the apoplast,
thereby lowering apoplastic pH (Spartz et al., 2014). This mechanism was largely elucidated
by Spartz et al. (2014) where they showed, via immunoblot analysis with a a-Thr®*’? antibody,
that SAUR19 overexpression increased the phosphorylation status of this Thr®*’ residue on
the PM H*-ATPase. They also showed that the PM H*-ATPase activity increased in SAUR19
overexpressing plants, by measuring the vanadate-sensitive ATP hydrolytic activity present in
PM fractions prepared from the overexpressor (OE) line compared to WT, with the SAUR19
OE displaying a 20-35 % increase in ATPase activity (Spartz et al., 2014). They also showed, via
yeast two-hybrid analysis, that SAUR19 is able to directly interact with PP2C-D, and via in vitro
phosphatase assays, that SAUR19 inhibits PP2C-D phosphatase activity. Additionally, they
showed that SAUR9, SAUR40, and SAUR72 were also able to inhibit PP2C-D phosphatase
activity (Spartz et al., 2014).

The auxin-induced decrease in apoplastic pH activates the aforementioned EXPANSINs (EXPs)
(Rayle & Cleland, 1970; Cosgrove, 1993; Hager, 2003). The changes to the cell wall induced by
EXPs promotes wall loosening, hydration and swelling which leads to cell expansion and
growth (Majda & Robert, 2018). Additionally, the increased proton efflux into the apoplast
creates a proton motive force (PMF) which increases solute uptake to increase turgor

pressure, which also drives cell expansion and growth.
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1.7.4. The link between auxin and salt stress

As previously discussed, salinity stress results in many changes in plant growth and
physiology. It is therefore unsurprising that auxin has previously been linked to salt stress.
Several studies have analysed IAA modulation of plant growth in response to NaCl. Jung &
Park (2011) showed a possible role for auxin in ensuring seed germination only under
favourable conditions, by demonstrating that addition of exogenous IAA suppressed
germination rates of Arabidopsis seeds in saline environments, but not under normal growth
conditions. However, in another study, priming seeds with IAA increased germination rates
of both a salt-sensitive and salt-tolerant wheat variety under salt stress (Igbal & Ashraf, 2007),
indicating that there are possible differences in the role of auxin in germination under salt

stress in different plant species.

The transcript levels of auxin biosynthetic genes and metabolite levels of IAA have also been
measured following salt stress in different plant species. Jiang & Deyholos (2006) performed
a microarray analysis on Arabidopsis roots following exposure to 150 mM NacCl, and found
upregulation of two auxin biosynthetic genes, AtNit1 and AtNit2. Additionally, an Arabidopsis
line overexpressing another auxin biosynthetic gene, AtYUC3, showed reduced germination
in high salt environments compared to WT plants, indicative of elevated auxin levels (Jung &
Park, 2011). Treatment with NaCl has been shown to significantly reduce IAA concentration
in rice leaves (Prakash & Prathapasenan, 1990). However, NaCl treatment has been reported
to slightly increase IAA concentration in tomato shoots, but reduce IAA concentration in

tomato roots (Dunlap & Binzel, 1996).

The involvement of auxin in altering tissue specific growth through the acid growth
mechanism relies on auxin transport and redistribution throughout the plant. Interestingly,
auxin transport has also been shown to change under saline conditions. Polar auxin transport,
the main method by which auxin is transported through root tissue, is altered under saline
conditions (Korver, Koevoets & Testerink, 2018). This is attributed to changes in activity of the
PIN-FORMED (PIN) family of auxin efflux carriers. PIN1, PIN3 and PIN7 are down-regulated
under saline conditions, thereby reducing auxin levels and causing a reduction in root
meristem growth in Arabidopsis (Liu et al., 2015). This salt-mediated inhibition of root growth
occurs as the root meristem size is reduced by nitric oxide (NO)-mediated modulation of auxin

levels, involving the reduction in aforementioned PIN expression, as well as the stabilisation
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of auxin-resistant 3 (AXR3)/indole-3-acetic acid 17 (IAA17), reducing auxin signalling (Liu et
al., 2015). It has also been reported that short-term salt treatments cause changes in auxin
distribution, oxidation of the cytosol and decrease in the number of root apical meristem cells
(Jiang et al., 2016; Tognetti, Bielach & Hrtyan, 2017). Halotropism is another example of PIN-
mediated changes in auxin levels that results in altered root growth under saline conditions.
In this process, roots are able to actively redistribute auxin in the root tip by PIN2, allowing
roots to bend in order to avoid high concentrations of salt in the growth medium and grow

towards more favourable environments (Galvan-Ampudia et al., 2013).

1.7.4.1. Increased auxin biosynthesis via Nitrilase 2 in salt-stressed Arabidopsis

Interestingly, in our research group, IAA metabolite levels were measured by LC-MS/MS in
Arabidopsis plants grown under the same conditions as described previously for the early
development microarray analysis in section 1.6 (Cackett et al., 2022). This study showed that
IAA levels are significantly elevated in plants grown under saline conditions, compared to
plants grown in iso-osmolar sorbitol and untreated plants (Cackett et al., 2022). Additionally,
the levels of three IAA intermediates, IAM, IPyA and IAN, were elevated in plants grown under
saline conditions compared to the untreated controls. However, only the concentration
pattern of IAN mirrored the observed changes in IAA levels in NaCl and sorbitol (Cackett et

al., 2022).

Notably, the expression of three auxin biosynthetic genes, Nitrilase 1 (AtNit1), Nitrilase 2
(AtNit2), and YUCCA4 (AtYUC4) increased in plants grown under saline conditions early in
development, with significantly different expression patterns in plants grown on iso-osmolar
sorbitol. The expression of AtNit2 showed the greatest alteration in expression in plants
grown under saline conditions compared to the other auxin biosynthetic genes, with an eight-
fold induction under 125 mM NaCl conditions (Cackett et al., 2022). Furthermore, only AtNit2
was significantly induced in shoot and root tissue in response to NaCl later in development,
indicating that it may be involved in salt stress responses throughout development (Cackett,
2019). During auxin biosynthesis, AtNIT2 hydrolyses IAN into IAA (figure 1.3) (Normanly et al.,
1997). Taken together, these results suggest that IAA biosynthesis is increased in response to
NaCl at different developmental stages, via the hydrolysis of IAN to IAA by AtNIT2.

Additionally, Arabidopsis lines overexpressing AtNit2 (35S::AtNit2) showed enhanced survival
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and plant growth in the presence of NaCl, but not iso-osmolar sorbitol. This AtNit2
overexpressor also had increased IAA levels and decreased IAN compared to WT plants in
response to salt stress; indicating elevated IAN turnover into IAA (Cackett et al., 2022).
Overall, this data indicates that AtNit2 is likely involved in the salt stress response through
increasing IAA levels in planta, and this might be responsible for modulating growth in

response to salt stress.

1.7.4.2. The disputed role of plant nitrilases

Nitrilase enzymes catalyse the hydrolysis of nitriles to the corresponding carboxylic acid and
ammonia, and have been identified and characterised in plants, fungi, and bacteria (Howden
& Preston, 2009). Plant nitrilases were first described in 1964 when a nitrilase enzyme was
extracted from barley leaves, and found to convert IAN to IAA (Thimann & Mahadevan, 1964).
In Arabidopsis, three nitrilase genes, AtNit1-3, are located next to each other on chromosome
three, with another nitrilase gene, AtNit4, located on chromosome five. These four
Arabidopsis nitrilase genes were identified by screening an Arabidopsis cDNA library (Bartling
et al.,, 1992; Bartel & Fink, 1994). Phylogenetic analysis of the four Arabidopsis nitrilase
sequences indicates that AtNit1-3 are paralogs of one another as a result of gene duplication,
with AtNit1 and AtNit2 arising from the most recent duplication event (appendix figure 6.1)
(Abu-Zaitoon, 2014). These three nitrilase genes are therefore referred to as the AtNitl
family, with the AtNit4 gene forming its own branch separate from the AtNitl family
(Janowitz, Trompetter & Piotrowski, 2009). Studies have shown that AtNIT4 has a high
specificity for B-cyanoalanine, an intermediate in the cyanide detoxification pathway, and an

extremely low specificity for IAN (Piotrowski, Schonfelder & Weiler, 2001).

As previously stated, the AtNIT1-3 enzymes hydrolyse IAN into IAA during the Trp-dependent
auxin biosynthesis pathway (Bartling et al., 1992). However, there has been contention over
this role, with some studies indicating that these enzymes are involved in cyanide
detoxification and glucosinolate catabolism (Piotrowski, 2008). Vorwerk et al. (2001)
measured the substrate specificity of recombinant AtNit1, AtNit2, and AtNit3 using an assay
based on the detection of ammonia released during the reaction. This study showed that all
three Arabidopsis nitrilases do convert IAN to IAA, but with a lower velocity and affinity when

compared to other substrates, including phenylpropionitrile which results from glucosinolate
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breakdown (Vorwerk et al., 2001). Glucosinolates are amino acid-derived metabolites which
act as defence compounds against pathogen and herbivore attack (Janowitz, Trompetter &
Piotrowski, 2009). During glucosinolate catabolism, toxic compounds are produced; such as
isothiocyanates and nitriles (Rask et al., 2000), with isothiocyanates being more predominant
(Janowitz, Trompetter & Piotrowski, 2009). Pathogen attack and wounding, which would
result in increased glucosinolate catabolism and thus nitriles, have been shown to induce
AtNit2 expression (Grsic-Rausch et al., 2000) — hence AtNIT2 could function to detoxify the
nitriles produced during pathogen responses. The problem with the analysis by Vorwerk et al.
(2001) is that it is based on recombinant enzyme activity in in vitro enzyme assays, meaning

that some regulation or modification that might be important in planta might be missing.

Several studies have supported the role for AtNIT2 in auxin biosynthesis. Schmidt et al. (1996)
showed that tobacco plants transformed with AtNit2 were able to convert IAN into IAA, whilst
untransformed plants were unable to catalyse this reaction. Shortly thereafter, a study
showed that transgenic Arabidopsis overexpressing AtNit2 had increased turnover of
exogenous IAN, and sensitivity to the auxin effects of IAN (i.e., altered auxin-related growth
phenotypes including root and hypocotyl elongation) (Normanly et al., 1997). Grsic et al.
(1998) showed that AtNit2 overexpressing plants had increased free IAA levels, whilst an
antisense knock-down line had 75% less IAA compared to WT. Additionally, they showed that
AtNit2 expression increased by 21-fold following IAN application (Grsic et al., 1998). More
recently, a study showed that a nit2 RNA interference (RNAi) plant line had reduced
responsiveness to IAA, increased tolerance to exogenous IAN, and a reduced total IAA pool,
but no significant changes in free IAN or IAA (Lehmann et al., 2017). In agreement with this,
Cackett et al. (2022) showed that AtNit2 overexpressing lines produce more IAA, as

mentioned previously.

As many other plant species have homologs of AtNIT4, some studies have stated that the
primary role of plant nitrilases is in cyanide detoxification (Piotrowski, 2008). Additionally,
some studies have stated that the IAOx pathway of auxin biosynthesis, involving IAN
hydrolysis to IAA, is specific to the Brassicaceaes, as the NIT1-3 family of enzymes is only
present in this family (Lehmann et al., 2017). However, other studies have indeed shown the
presence of NIT1-3 homologs in different plant species and shown that these are involved in

IAA biosynthesis. Two maize nitrilases have been identified, ZmNIT1 and ZmNIT2, and tested
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to determine substrate specificity. While ZmNIT1 showed no specific turnover of the 18
nitriles tested, ZmNIT2 was able to hydrolyse a number of substrates, excluding B-
cyanoalanine but including IAN (Park et al., 2003; Mukherjee et al., 2006), with its IAN
turnover ten times higher in comparison with AtNIT1-3 (Vorwerk et al., 2001). Additionally, a
study showed that ZmNit2 is expressed in auxin-synthesising tissues such as maize kernels,
and showed that ZmNIT2 hydrolyses IAN to IAA by demonstrating that zmnit2 transposon
insertion mutants could not convert exogenous IAN to IAA as in WT plants (Kriechbaumer et
al., 2007). Additionally, they showed that zmnit2 mutants had inhibited root growth in young
seedlings, and accumulated less IAA conjugates in maize kernels and roots tips, suggesting a
substantial contribution of ZmNIT2 to total IAA biosynthesis in maize (Kriechbaumer et al.,
2007). Homologs of the AtNIT1-3 family have also been discovered in sorghum, with the
SbNIT4A homolog forming a heterocomplex with SbNIT4B2 to hydrolyse IAN (Jenrich et al.,
2007). This is important as it means that the model proposed by our group below in
Arabidopsis (figure 1.4) might also be relevant in important crop plants such as maize and

sorghum.

1.8. A model for the proposed salt-induced modulation of growth by auxin

Several studies have shown that when the activity of the PM H*-ATPase is constitutively
activated, plants are more salt tolerant (Gévaudant et al., 2007; Janicka-Russak et al., 2013;
Wang et al., 2013; Bose et al., 2015), indicating that further work into investigating this could
be fruitful in improving crop salt tolerance. It is proposed that this could be due to the
increased PMF increasing K* retention in the cytosol via KT/HAK/KUP high affinity K*
transporters, and by improving Na* extrusion via Na* antiporters such as SOS1 (Falhof et al.,
2016; De Souza Miranda et al., 2017). Additionally, enhanced cell expansion could have a

diluting effect on Na* ions accumulated in the cytoplasm.

Interestingly, multiple SAUR genes, including AtSAUR9 (which has been shown to inhibit PP2C-
D phosphatase activity — described earlier), were upregulated in a salt-specific manner in the
Arabidopsis early and later development microarrays previously described, indicating that
there may also be salt-induced changes in PM H*-ATPase activity throughout development.
Additionally, certain EXPs, such as AtEXP11, were also upregulated in a salt-specific manner,

indicating that the acid growth mechanism is likely being activated in Arabidopsis to promote
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expansion growth under saline conditions (Cackett et al., 2022). Furthermore, several SAURs
and EXPs were differentially expressed in the 35S::AtNit2 line under saline conditions, but not
in the WT (Cackett, 2019). Taking what is known from the literature about auxin-related
mechanisms, combined with the changes in gene expression that we have observed, our
research group has proposed a mechanism in Arabidopsis whereby salt-induced auxin
accumulation modulates plant growth, as shown in figure 1.4. In this model; NaCl results in
IAA accumulation (by increasing IAA synthesis from IAN, through induction of AtNit2).
Elevated IAA results in upregulation of SAUR proteins, which in turn inhibit PP2C-D, allowing
phosphorylation of Thr®*” and thereby increasing PM H*-ATPase pump activity, resulting in
decreased apoplastic pH and increased turgor pressure. This activates EXPANSINS, increasing
cell expansion and enhancing growth in saline conditions. Furthermore, the decreased
apoplastic pH provides the PMF for the energy-dependent movement of Na* by transporters,
such as SOS1, improving Na* exclusion and thereby preventing ion toxicity during salt stress.
This PMF also enhances K* uptake into the cell, improving K*/Na* ratios and improving salt

tolerance.
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Figure 1.4. The proposed model for how salt-induced auxin accumulation could modulate plant growth under saline conditions

In the absence of NaCl, IAA biosynthesis is not induced, leaving PP2C-D free to dephosphorylate Thr®*” on the PM H*-ATPase, rendering the pump inactive and

resulting in low extracellular [H*]. NaCl exposure upregulates AtNit2, increasing IAA biosynthesis and IAA levels in the cytoplasm, inducing the expression of SAURs.

SAUR proteins inhibit PP2C-D and thereforeThr®*’ remains phosphorylated and the PM H*-ATPase pump is activated. This decreases the apoplastic pH, which

activates EXP activity and results in overall cell expansion. Increased H* pumping into the apoplast also hyperpolarises the membrane which could affect the

activity of voltage-dependent ion transporters and also provides increased H* availability for H symporters and antiporters. Adapted from Cackett (2019)




1.9. AtNit2 regulation

The basis for the whole salt response pathway hypothesised above starts with AtNit2
upregulation. As AtNit2 mRNA transcript levels are increased specifically under saline
conditions (Cackett et al., 2022), it is likely that AtNit2 gene expression is being regulated at
the level of transcription. Currently, very little information about AtNit2 regulation has been
published in the literature. A few studies have previously linked AtNit2 expression to other
plant stress responses. For example, AtNit2 has been shown to be upregulated under drought
(Rasheed et al., 2016), sulphur deprivation (Kutz et al., 2002), and Clubroot biotrophic attack
(Grsic-Rausch et al., 2000). Additionally, AtNit2 has been reported be induced in response to
exogenous application of the stress-related hormones abscisic acid (ABA) (Bohmer &

Schroeder, 2011) and jasmonic acid (JA) (Sasaki-Sekimoto et al., 2005).

Despite being next to each other on chromosome 3, and performing the same function in IAN
hydrolysis to produce IAA, the predicted promoter regions of the AtNitl1, AtNit2 and AtNit3
genes are highly divergent in size and nucleotide sequence (Hillebrand, Bartling & Weiler,
1998). In a study conducted by Hillebrand, Bartling & Weiler (1998), 800 bp upstream of the
AtNit2 translation start site were analysed. They identified the elements of a putative minimal
promoter for general transcription factor (GTF) binding in this region, including a CCAAAT box

at -173 bp, and a TATA box either at -125 bp (TATTA) or at -142 bp (TATAAT).

Two studies have investigated regulation of AtNit2 by a NAM/ATAF/CUC (NAC) family TF,
AtATAF2. Huh et al. (2012) showed that 1) AtATAF2 expression was induced by IAN treatment,
2) AtNit2 induction by IAN treatment was reduced by 2-fold in an atataf2 mutant, 3)
35S::AtATAF2 plants had abnormal developmental phenotypes, such as dwarfism, and had
increased AtNit2 expression compared to WT plants, 4) atataf2 plants had 30% increased
primary root elongation compared with WT plants, although this wasn’t nearly as drastic as
in atnit1-3 mutants, and that the atataf2 plants had 0.5-fold repression of AtNit2 expression
compared to WT. To show that these effects were as a result of direct binding of AtATAF2 to
the AtNit2 promoter, they conducted transient transactivation assays in Arabidopsis
protoplasts and showed that AtATAF2 induced expression of the AtNit2 promoter-driven GUS
reporter gene. They confirmed this in vitro using an electrophoretic mobility shift assay
(EMSA) which revealed binding of AtATAF2 to the AtNit2 promoter at a position between -

117 and -82. These authors concluded that AtATAF2 acts as a positive regulator of AtNit2
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expression by binding directly to its promoter. However, in a more recent study, Nagahage et
al. (2018) showed that AtATAF2 significantly repressed luciferase reporter gene expression
driven by the same sized AtNit2 promoter in Arabidopsis protoplasts, contradicting the finding
by Huh et al. (2012). Other studies have shown that overexpression of AtATAF2 both increases
and decreases expression of certain pathogenesis-related genes under different conditions
(Delessert et al., 2005; Wang, Goregaoker & Culver, 2009). Thus, it is possible that AtATAF2
both upregulates and downregulates the expression of some target genes (including AtNit2)
in response to different environmental conditions. As AtNit2 induction by IAN was not
completely lost in the atataf2 mutant line (Huh et al., 2012), this implies that other TFs must
play a role in AtNit2 regulation during auxin biosynthesis. However, no other TFs have been

characterised for regulation of AtNit2.

1.10. Research objectives of this project

As the auxin biosynthetic gene, AtNit2, is upregulated specifically in response to NaCl, and
AtNit2 overexpressing Arabidopsis plants show improved growth and K*/Na* ratios under
saline conditions that are not seen in response to osmotic stress alone, we propose that this
gene is a candidate for improving plant growth under saline conditions to improve plant salt
tolerance (Cackett et al., 2022). Whilst the downstream effects of AtNit2-induced IAA
accumulation on modulating plant growth are being uncovered by others in our group, it is
important to also have a thorough understanding of its transcriptional regulation. Therefore,
the main aim of this research project was to investigate the regulation of AtNit2 by identifying
TFs (other than AtATAF2) that are able to regulate its expression. To understand gene
regulatory pathways, many different methods need to be used in combination. With this in
mind, this project had four objectives to uncover potential AtNit2 regulation: 1) to analyse
the AtNit2 promoter to identify potential TF binding sites which might indicate what
family/families of TFs regulate the expression of this gene, 2) to identify salt-responsive TFs
within these families and determine whether altered expression of these TFs results in
changes in AtNit2 expression and/or salt tolerance, 3) to use yeast-one-hybrid analysis to
identify TFs that are able to bind to the AtNijt2 promoter, and 4) to validate any such TF-DNA
interactions in planta. The first two of these objectives are covered in chapter 2, with the

latter two objectives investigated in chapter 3.
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Another aim of this study was to determine whether this work being conducted in Arabidopsis
with regards to AtNit2 and its potential role in the plant salt stress response is relevant to an
economically important crop plant, maize. In chapter 4, a preliminary analysis of the maize

NIT2 homolog was conducted in order to investigate this.
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CHAPTER 2: FUNCTIONAL CHARACTERISATION OF ATMYB30 AND ATMYB2 IN
THE REGULATION OF NITRILASE 2

2.1. INTRODUCTION

2.1.1. Regulation of gene transcription

Gene regulation is the process used to control the timing, location and degree to which genes
are expressed. The overall activity of a gene is determined by transcription, mMRNA processing,
mRNA transport from the nucleus to the cytoplasm, translation, and sometimes also post-
translational modifications of the protein. A variety of mechanisms can play a role in altering
gene transcription, including chemical modification of DNA, and regulatory proteins. As
previously mentioned, Arabidopsis has very little genomic differences compared to its salt-
tolerant relative, Thellungiella halophila, and genes involved in the salt response in
Arabidopsis are highly expressed in T. halophila in unstressed conditions, indicating that salt
tolerance is more likely as a result of changes in the transcriptome (Kant et al., 2006). This
means that it is vital that we understand how genes involved in salt tolerance are regulated

in order for us to engineer more salt tolerant crop plants.

2.1.1.1. Chromatin-related regulatory proteins

The basic state for transcription in eukaryotes is restrictive, as a result of the packing of the
DNA into chromatin, blocking the recognition of the promoter DNA by the basic transcription
machinery (Kornberg, 1999). Therefore, chromatin remodelling/modification is necessary for
transcription, and plays a role in the way that transcription factors are able to interact with
promoter DNA (Riechmann, 2002). Chromatin-related regulatory proteins fall into two main
classes. The first includes proteins that covalently modify histones, such as histone acetylases
and deacetylases. Generally, histone acetylation is associated with transcribed chromatin,
whereas deacetylation is associated with repression (Riechmann, 2002). The second class
contains chromatin remodelling protein complexes that hydrolyse ATP to either move, eject
or restructure nucleosomes. For example, the Switch/Sucrose Non-Fermentable (SWI/SNF)
complex remodels chromatin structure by destabilising histone-DNA interactions, allowing
easier access to the chromatin (Clapier et al., 2017). Thereafter, transcription factors are able

to access the DNA in order to alter transcription levels.
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2.1.1.2. Transcription factors

Transcription factors (TFs) are proteins which control the rate of transcription by binding to
promoter DNA upstream of the gene’s translation start site, at specific sites called
transcription factor binding sites (TFBSs)/cis-regulatory motifs. Genes are regulated by TFs to
ensure that they are expressed in the desired cells, at the correct time, and to the appropriate
degree. They can work alone, or in a complex with other TFs to promote (as an activator) or
block (as a repressor) the recruitment of RNA Polymerase Il (RNA Pol Il) to the promoter, the

enzyme responsible for transcribing DNA into mRNA.

2.1.1.2.1. General transcription factors

The general transcription machinery is comprised of general transcription factors (GTFs) that
recognise the promoter sequence and recruit RNA Pol I, a multi-subunit enzyme that initiates
transcription (Cramer, Bushnell & Kornberg, 2001). These GTFs include transcription factor IIA
(TFHA), TFUB, TFID, TFIIE, TFIIF, and TFIIH. These GTFs carry out various functions, including
positioning RNA Pol Il on the promoter (TFIIB) and unwinding the DNA (TFIIH). The TFIID multi-
subunit complex contains the TATA-box binding protein (TBP) and several TBP-associated
factors (TAFs) required for promoter recognition (Green, 2000). These GTFs bind to the core
promoter sequence, a region of about 70 bp flanking the transcription start site (TSS),
containing the TATA box which is a T/A-rich sequence usually located 25-35 bp upstream of
the TSS (Molina & Grotewold, 2005).

2.1.1.2.2. Activators and repressors

The main class of proteins associated with changes in gene transcription levels are sequence-
specific DNA-binding TFs that act either as 1) activators of transcription, thereby increasing
gene expression, or 2) repressors of transcription, thereby decreasing gene expression. These
TFs are responsible for the selectivity in gene regulation, and are often themselves expressed
in a temporal, tissue- or cell-type specific, or stimulus-dependent manner. However, this is
not always the case as TF activity can also be regulated by other means such as post-
translational modifications (PTMs) (Riechmann, 2002). TFs are modular proteins comprised
of distinct, functionally separable domains such as DNA-binding domains (DBD) which provide
DNA sequence specificity, and activation domains (AD) with contain binding sites for other

proteins such as transcriptional coregulators. Most known TFs are grouped into families based
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on their DNA binding domain (Luscombe et al., 2000). In order to alter RNA Pol Il activity, and
thus the rate of transcription, TFs can interact directly with different components of the
general transcription machinery and with coactivators/corepressors, affecting complex
formation, as well as with chromatin remodelling complexes to alter accessibility of DNA

(Riechmann, 2002).

2.1.1.3. Investigating specific TF-gene regulatory relationships

Determining which TFs are responsible for regulation of a particular gene of interest (GOI) is
a complex process. Many computational tools are available to assist with inferring gene
regulatory networks in various organisms, including Arabidopsis (reviewed in Mercatelli et al.,
2020). To identify specific TF-gene regulatory relationships, a variety of analyses need to be

conducted.

Co-expression analyses take data from diverse experimental conditions and determine if one
gene is regulated with the same pattern as another, therefore inferring some functional
relationship (Zhang & Horvath, 2005). However, since correlation does not imply direct
causation, this method is only useful as a preliminary approach in obtaining an initial list of
candidate TFs. For example, if a particular GOl is co-expressed with a TF then it may be that
the TF regulates that GOI, but further investigations are required. Additionally, as mentioned

previously, TF activity might not be transcriptionally regulated.

Another method useful in narrowing down potential regulators of a GOl is by analysing its
promoter sequence since specificity of TF binding is based on the interaction between the TF
DBD and specific TFBSs present in promoter DNA. In Arabidopsis, there is on average one gene
per 4.5 kb of DNA with the gene length (exons plus introns) being approximately 2 kb and the
other ~2.5 kb containing the intergenic region. Genome-wide, transposons account for ~20%
of intergenic DNA in Arabidopsis, resulting in an average of 2 kb of DNA encompassing both
the 5’ and 3’ regions of a particular gene (The Arabidopsis Genome Initiative, 2000).
Additionally, in Arabidopsis, TFBSs are enriched in the 200 bp upstream of the TSS of stress-
responsive genes (Zou et al., 2011). As such, analysing the first 1 kb upstream of the GOl in
Arabidopsis is usually sufficient to identify the TFBSs important in gene regulation
(Riechmann, 2002). In eukaryotes, TFBSs are usually 5 to 15 bp long (Riechmann, 2002; Yu,

Lin & Li, 2016). As TF families are grouped based on their DNA binding domain, this also means
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that TFs within a particular family bind to similar TFBSs. This means that if a TFBS, known to
be a target of a certain family of TFs, is present in the promoter of the GOI, one can infer that
one or more TFs from that family may bind to regulate expression of that gene . However,
many large TF families exist and many/all TFs from certain families may bind the same
consensus motif, so identifying a particular TFBS doesn’t provide information on exactly which
TF binds in that promoter region. For example, evidence has shown that multiple TFs
belonging to the WRKY family bind to a section of DNA called the W-box, that has a consensus
sequence of TTGAC(C/T) (Eulgem et al., 2000). If a promoter of a GOl contains a W-box
element, this indicates that one or more WRKY TFs may be able to bind to and regulate its
expression, however exactly which ones, and under what circumstances, would take further
investigation. By analysing the promoter sequence of a GOI, one can identify TFBSs that are
known targets of certain TF families, thereby narrowing down potential regulators. However,
specific TFBS for most TFs are still unknown, posing a significant limitation to this method.
Additionally, as this method relies on predictions, it is more useful to identify direct TF-

promoter interactions, which can also lead to the identification of new TFBS.

Many different methods exist to identify direct TF-DNA interactions. These assays are
generally either DNA-driven, where the specific DNA sequence is probed with multiple
proteins, or protein-driven where a specific TF is probed with multiple DNA sequences to
determine what DNA sequences can be bound by that TF. Examples of assays that identify TF-
DNA interactions include yeast one-hybrid (Y1H) assays (which will be discussed further in
chapter 3) which are the main method used to identify TF binding to a known DNA sequence
in vivo, EMSAs that are used in vitro to narrow down specific TFBSs, and chromatin
immunoprecipitation (ChIP) assays that are used to identify different genes that a particular
TF is able to bind to in planta. When the TF-DNA interaction is not discovered in planta, it is
important to do a second validation step to confirm the interaction occurs in planta and to
uncover how that TF regulates transcription of that specific GOI. This can be very difficult as
TFs may need to be present in a complex to alter transcription, or, as mentioned, may only
be active in certain cell- or tissue types, or under certain environmental conditions (Mercatelli
et al., 2020). The same TF could even form part of different complexes to have different

effects on promoter activity under different conditions.
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Another method to uncover TF-gene regulatory relationships is by analysing gene expression
following alteration of TF activity (e.g., by knocking out or overexpressing the TF). This can
infer genes which may be regulated by that TF, although changes in gene expression could be
due to direct or indirect mechanisms. Evidently, a combination of different approaches is

necessary in investigating gene regulation at the level of transcription.

2.1.2. Chapter aims
The aim of this chapter was to functionally characterise two putative AtNit2 regulators by
analysing whether knock-out and overexpression of these TFs results in changes in AtNit2

expression and/or salt tolerance.

2.2. MATERIALS AND METHODS

2.2.1. Chemical and stock solutions

The TRIzol” Reagent (#15596018), SuperScript™ Il Reverse Transcriptase (#18080093),
Gateway™ BP Clonase™ Il Enzyme Mix (#11789020), Gateway™ LR Clonase™ Il Enzyme Mix
(#11791020), GeneRuler 1 kb Plus DNA Ladder (#M1331) and GeneRuler Low Range DNA
Ladder (#SM1193) were all purchased from Thermo Fisher Scientific (Massachusetts, USA).
The RNeasy® Mini Kit (# 74104) and RNase-Free DNase set (#79254) were purchased from
Qiagen (Hilden, Germany). The KAPA SYBR® FAST Universal gPCR Kit (# SFUKB) and KAPA Taq
ReadyMix PCR kit (#KK1006) were purchased from Merck (Darmstadt, Germany) and the
KAPA HiFi HotStart ReadyMix PCR kit (#7958927001) was purchased from Roche (Basel,
Switzerland). Super-Therm DNA Polymerase PCR kit (#JMR-801) was obtained from
Separation Scientific SA (Pty) Ltd (Johannesburg, South Africa). The 1 kb (#NO468S) and 100
bp (#NO467S) Quick-Load® DNA ladders were purchased from New England Biolabs
(Massachusetts, USA). The Wizard® SV Gel and PCR Clean-Up System (#A9281) was purchased
from Promega (Wisconsin, USA). The Zyppy™ Plasmid Miniprep Kit (catalogue no. D4036) was
from Zymo Research (California, USA). Phyto agar (product no. P1003.100) was purchased
from Duchefa Biochemie B.V. (Haarlem, Netherlands). All plant nutrient (PN) media
components, most antibiotics and the glufosinate ammonium (catalogue no. 45520) were

obtained from Merck (Darmstadt, Germany).
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2.2.2. Arabidopsis seed stocks

Two different atmyb30 T-DNA knock-out lines were obtained. The GABI-KAT 022F04 line
(atmyb30-1/myb30-1) was obtained from Dr Susana Rivas at the French National Centre for
Scientific Research (Rosso et al., 2003; Raffaele, Rivas & Roby, 2006) and the SALK_027644C
line (atmyb30-2/myb30-2) was obtained from Dr Yanhai Yin at lowa State University (Li et al.,
2009). The Arabidopsis wild type Col-0 ecotype was used as the background to generate the
35S::AtMYB30, 35S::AtMYB2 and 35S empty vector (EV) lines described in this chapter. The
Col-0 seeds were obtained from A/Prof Robert Ingle (University of Cape Town, South Africa).

All Arabidopsis seeds were stored at 4°C.

2.2.3. Arabidopsis growth in soil

Arabidopsis seeds were vernalised for at least 48 hours at 4°C before being grown on soil
made up of a 1:1 mixture of peat (Jiffy Products, International AS, Norway) and vermiculite.
The soil mixture was used to fill Arabaskets which were placed inside Aratrays on top of
Araflats (Arasystems, Ghent, Belgium). Plastic wrap was used to cover the newly sown seeds
for one week to ensure optimal humidity for germination and seedling establishment.
Seedlings were fertilised with Phostrogen® All Purpose Plant Food (Bayer CropScience Group,
Hertfordshire, UK) on the day that the plastic wrap was removed, one week after sowing.
Thereafter the plants were watered, as required, from the bottom by adding water to the
Araflats. Once plants grown in soil for seed bulking purposes had bolted, they were covered
with Aracons consisting of Arabases and Aratubes (Arasystems, Ghent, Belgium) to prevent
cross fertilisation. Watering ceased after seeds had been set and siliques had started drying.

Seeds were harvested from individual plants once the entire plant was completely dry.

2.2.4. Arabidopsis growth on media

2.2.4.1. Arabidopsis seed sterilization

Arabidopsis seeds were surface sterilised by shaking for 5 min in 70% (v/v) EtOH. After the
EtOH was aspirated off, the seeds were incubated in a bleach solution containing 10% (v/v)
household bleach, 0.02% (v/v) Triton-X for 10 min with continuous shaking. Subsequently, the

seeds were washed five times in sterile dH,0 with shaking during each wash step for at least
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1 min. Lastly, the seeds were resuspended in 0.1% (w/v) phyto-agar and stored at 4°C in the

dark for vernalisation.

2.2.4.2. Plant nutrient (PN) media

Arabidopsis was grown in liquid or solid PN media, containing 5 mM KNOs3, 2 mM
MgS04.7H,0, 2 mM Ca(NOs)2.4H;0, 0.5 mM FeNaEDTA and 1X micronutrients (70 uM H3BOs,
14 uM MnS04.H,0, 0.5 uM CuS04.5H,0, 1 uM ZnS04.6H,0, 0.2 LM Na;Mo04, 10 uM NaCl and
0.01 uM CoCl,.6H,0). For solid media, 7% (w/v) phyto agar was added. After autoclaving, KPO4
buffer (pH 5.5) was added to a final concentration of 2.5 mM (Haughn & Somerville, 1986).

2.2.5. Arabidopsis growth conditions

All Arabidopsis plant growth was carried out in a plant growth room under standard
conditions (100 pE.m™2.s? light intensity, 16-hr light/8-hr dark, 22°C, 50-60% relative
humidity).

2.2.6. Arabidopsis phenotyping in saline conditions

2.2.6.1. Early development in saline conditions

Seeds were sterilised and grown in 90 mm petri dishes on PN-agar (7% w/v) supplemented
with 0, 50, 75, 100 or 125 mM NaCl or iso-osmolar concentrations of sorbitol (100, 150, 200
or 250 mM). For each plant line being analysed; four plates were set up per treatment, with
50 seeds sown onto each plate using a sterile glass Pasteur pipette. After 14 days, the number
of surviving seedlings per plate was counted and the total mass of seedlings per plate was
recorded by carefully removing all the surviving seedlings using forceps and weighing them
on a mass balance. A seedling was deemed to have survived if it had developed true leaves
and remained green. The mass per plant values (total mass of seedlings removed from plate

divided by number of surviving seedlings) were calculated and analysed using Microsoft Excel.

2.2.6.2. Later development in saline conditions
The Araponics hydroponic growth system was used (Araponics, Liege, Belgium). Seeds were
sterilised as in 2.2.4.1, sown onto seed holders filled with 0.7% agar, and placed into the

Araponics high density support on top of the Araponics tray. The tray was filled with %
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strength PN media and changed weekly for 3 weeks. During the first week, the seedlings were
covered with a transparent lid to increase humidity for germination. After three weeks, the
seedlings were transferred into low density supports on top of trays filled with % strength PN
supplemented with or without 75 mM NacCl for one week. Plants of the different lines being
analysed were included in the same hydroponics box. Depending on the number of genotypes
being analysed, this resulted in 4-6 seedlings per genotype per treatment combination. The
root and shoot mass were recorded for each plant. The average shoot and root mass per plant

per treatment for each genotype was calculated and analysed using Microsoft Excel.

2.2.7. Plasmid DNA purification
High quality plasmid DNA was isolated using the Zyppy™ Plasmid Miniprep Kit (Zymo

Research, USA) according to the manufacturer’s instructions.

2.2.8. Arabidopsis genomic DNA extraction

Arabidopsis gDNA was extracted from leaf tissue from 4 week old (soil grown) plants or whole
14 day old seedlings (from petri dishes) based on the method of (Edwards, Johnstone &
Thompson, 1991) with some minor alterations. A single seedling or leaf was homogenised in
250 pl extraction buffer (200 mM Tris HCl pH 7.5, 250 mM NacCl, 25 mM EDTA pH 8.0 and
0.5% (w/v) SDS) in a 1.5 mL microcentrifuge tube and heated at 60°C for 10 min. The DNA was
extracted by adding an equal volume of chloroform, mixing well and then centrifuging at
10 000 x g for 10 min. The aqueous phase was then transferred into a new microcentrifuge
tube. The DNA was precipitated by adding 1/10 volume 3 M sodium acetate pH 5.6 and 2 x
volume ice cold 100% (v/v) EtOH and incubating at -20°C for at least 1 hour. The DNA was
pelleted by centrifugation at 10 000 x g for 10 min after which the pellet was washed in 70%
(v/v) EtOH and the centrifugation repeated. The EtOH was aspirated off and the pellet allowed
to air dry before being resuspended in 50 pL TE buffer (10 mM Tris HCI pH 8.0 and 1 mM
EDTA, pH 8.0). All DNA was stored at -20°C.
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2.2.9. RNA extraction and cDNA synthesis

2.2.9.1. RNA extraction

Total RNA was extracted from plant tissue using TRIzol® Reagent (Thermo Fisher Scientific,
Massachusetts, USA). Plant tissue was harvested, and flash frozen immediately in liquid
nitrogen. Following salt assays, whole surviving seedlings were pooled (to a mass of ~100 mg)
in triplicate for each NaCl concentration for RNA extraction. For control and lower NaCl and
sorbitol concentrations these samples would have come from three separate petri dishes, but
for the higher NaCl and sorbitol concentrations seedlings were pooled across plates to get
enough tissue. For assessing gene expression in transgenic lines, pools of 15-25 whole
surviving seedlings from PN plates (to a total mass of ~100 mg), or three whole leaves from
different plants grown in soil were used. The exact samples for each experiment are described
in the results section (2.3). For each sample, approximately 100 mg of plant tissue was
homogenised in 1 mL TRIzol in a 1.5 mL microcentrifuge tube using miniature steel balls
(Bearing Man Group, Cape Town, South Africa) and a paint shaker (SO-10m shaker, Fluid
Management, USA) for four minutes. Following homogenisation, total RNA was extracted
according to the manufacturer’s guidelines (Thermo Fisher Scientific, Massachusetts, USA).
The extracted RNA was resuspended in 87.5 L nuclease-free H;0 and incubated in a heating

block for 10-15 min at 60°C until fully resuspended. All RNA was stored at -80°C.

2.2.9.2. DNase treatment and RNA clean up

Extracted RNA was DNase-treated using the RNase-Free DNase set (Qiagen, Germany)
according to the manufacturer’s instructions. Subsequently, a clean-up was performed using
the RNeasy® Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions.
Following RNA binding and subsequent washing of the column membrane, the column was
placed into a clean 1.5 mL microcentrifuge tube and 30 pL of RNase-free H,O was added
directly to the spin column membrane followed by centrifugation for 1 min at 8000 x g to
elute the RNA. The elution step was repeated into the same microcentrifuge tube with
another 30 pL of RNase-free H,0 to ensure complete elution of the RNA from the spin column

membrane.
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2.2.9.3. Determining RNA quantity and quality

The RNA quantity and quality were analysed using a NanoDrop™ ND-1000 spectrophotometer
(Thermo Fisher Scientific, Massachusetts, USA). The concentration was determined by
measuring the optical density of the samples using a wavelength of 260 nm, where an OD2s0
of 1 equates to 40 pg.mL?! for RNA. To assess the quality of the RNA, the ratio of the
OD260/0D2go was analysed where an absorbance ratio of >1.8 was considered high enough
quality to use for downstream applications. The RNA quality was further assessed by analysing
the rRNA bands after gel electrophoresis. For this, 1 pg RNA was run on a 1% (w/v) agarose
gel as described in 2.2.13. If clear rRNA bands were seen with no smearing, the RNA was

considered high enough quality for downstream applications.

2.2.9.4. cDNA synthesis

For samples determined to have adequate quantity and quality, 1 ug RNA was reverse
transcribed into first-strand cDNA using the SuperScript™ Il Reverse Transcriptase kit
(Thermo Fisher Scientific, Massachusetts, USA) according to the manufacturer’s instructions.
Briefly, 1 ug of RNA was denatured at 65°C for 5 min together with 500 ng oligo(dT) primers
and 2 mM dNTPs (Kapa Biosystems, Cape Town, South Africa) in a total volume of 13 uL. After
denaturing, samples were snap cooled at 4°C for at least 1 min. To each sample, 1X First-
Strand buffer, 5 mM dithiothreitol (DTT) and 200 U SuperScript™ Il reverse transcriptase
enzyme was added and mixed by pipetting. Samples were then incubated at 25°C for 5 min,
60°C for 1 hour and then 70°C for 15 min. All heating/cooling steps were performed in a Gene
Amp PCR system 2700 (Applied Biosystems™, Foster City, USA) or the SimpliAmp™ Thermal

Cycler (Applied Biosystems™, Foster City, USA).

2.2.10. Primer design

Primers were designed and evaluated using NCBI Primer-BLAST software
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and DNAMAN software (version 4.1.2.1,
Lynnon BioSoft, USA). Where possible, primers for gPCR were designed such that at least one
of the primers spanned an exon-exon junction so that amplification would only be possible
from cDNA templates to avoid detecting any genomic DNA contamination. Primers for

Gateway’ cloning were designed based off recommendations in the Gateway” Technology
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manual (publication no. MAN0000282, Invitrogen™ by Life Technologies™, Thermo Fisher

Scientific, Massachusetts, USA).

2.2.11. DNA and cDNA amplification by Polymerase Chain Reaction (PCR)

All PCRs were performed in the Gene Amp PCR system 2700 (Applied Biosystems™, Foster
City, USA) or in the SimpliAmp™ Thermal Cycler (Applied Biosystems™, Foster City, USA).
Three different Taq polymerases were used, depending on the primers and purpose of the
PCR. These were the Super-Therm Taq Polymerase kit, the KAPA Taq ReadyMix PCR kit, and
the KAPA HiFi HotStart ReadyMix PCR kit. The primers used are listed in Table 2.1 along with
the specific Tag used, the annealing temperature (Ts) and the amplicon sizes. The PCR
amplifications were performed in 20 pl reaction volumes. For all PCRs using plasmid DNA, 10
ng of template was used. For all colony PCRs, a small amount of a single bacterial colony was
added using a sterile 10 uL pipette tip. When Arabidopsis DNA was being amplified, 1 uL was

used as template.

2.2.11.1. Super-Therm Taq Polymerase kit

The Super-Therm Taq Polymerase kit (Separation Scientific (Pty) Ltd, Johannesburg, South
Africa) was used for general PCRs (including genotyping, primer optimisation, etc.). Typically,
the reaction consisted of 1 x reaction buffer, 2 mM MgCl,, 250 uM dNTPs and 400 nM of each
primer. Amplification conditions included an initial DNA denaturation step at 94°C for 5 min,
followed by 30-40 cycles of denaturation at 94°C for 15 sec, primer annealing at T, for 30 sec
and elongation at 72°C (allowing 30 sec per 1 kb amplified). A final elongation step was

included at 72°C for 10 min.

2.2.11.2. KAPA Taq ReadyMix PCR kit

The KAPA Tag ReadyMix PCR kit (Merck, Germany) was used for general PCRs (including
genotyping, primer optimisation, etc.). Typically, the reaction consisted of 1 x KAPA Taq
ReadyMix (with MgCl, at 1.5 mM) and 400 nM of each primer. Amplification conditions
included an initial DNA denaturation step at 95°C for 3 min, followed by 30-40 cycles of
denaturation at 95°C for 30 sec, primer annealing at T, for 30 sec and elongation at 72°C,

allowing 1 min per 1 kb amplified. A final elongation step was included at 72°C for 2 min.
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2.2.11.3. KAPA HiFi HotStart ReadyMix PCR kit

The KAPA HiFi HotStart ReadyMix PCR kit (Roche, Switzerland) was used for PCRs to generate
products with a low error rate for downstream applications including cloning and sequencing.
Typically, the reaction consisted of 1 x KAPA HiFi HotStart ReadyMix (with MgCl, at 2.5 mM)
and 300 nM of each primer. Amplification conditions included an initial DNA denaturation
step at 95°C for 3 min, followed by 30-40 cycles of denaturation at 98°C for 20 sec, primer
annealing at Ta for 15 sec and elongation at 72°C, allowing 30 sec per 1 kb amplified. A final

elongation step was included at 72°C for 2 min.

2.2.12. Gene expression analysis by RT-qPCR

For all RT-qPCR experiments, the KAPA SYBR® FAST Universal qPCR kit (Merck, Germany) was
used according to the manufacturer’s guidelines, without the addition of 50 x ROX High/Low.
Experiments were conducted using a Corbett Rotor-Gene 6000 HRM Real Time PCR machine
(Qiagen, Germany) using the following parameters: one cycle at 95°C for 3 min followed by
40 cycles of 95°C for 3 sec, 60°C for 20 sec and 72°C for 1 sec. A final elongation step was
included at 72°C for 90 sec. Three technical replicates of each of the three biological replicates
were performed for all the RT-gPCR experiments. Quality control and analyses were
performed using the Rotor-Gene 6000 Series Software Version 1.7. Runs were deemed
successful if a single peak was observed in the melt curve, indicating a single product was
being amplified. A standard curve made using serially diluted cDNA (comprising off all the
samples in a particular experiment), with an efficiency between 0.9 and 1.1 and an R? value
greater than 0.97 was considered sufficient for further analyses. The RT-gPCR data was
exported to Microsoft Excel for analysis whereby the calculated concentrations/expression
values, extrapolated from the RT-qPCR standard curve, were normalized by dividing the
calculated concentration of the gene of interest by the calculated concentration of the A.

thaliana MONENSIN SENSITIVITY1 (AtMON1, AT2G28390) reference gene (Hong et al., 2010).

2.2.13. Visualisation of nucleic acids by gel electrophoresis

To visualise the results of an end-point PCR, DNA fragments were separated by agarose gel
electrophoresis. The DNA samples in 1 x loading buffer (diluted from 6X stock solution: 0.25%
(w/v) bromophenol blue, 40% (w/v) sucrose) were loaded onto 1-2% agarose gels (w/v) (1%

for amplicons > 500 bp, 2% for amplicons < 500 bp) made up in 1X Tris-Acetate (TAE) buffer
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(40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8.0), containing 0.16 pg/mL ethidium bromide
(EtBr) and electrophoresed in the same 1X TAE running buffer. A DNA ladder was included in
each gel to determine the size of the amplicons. Electrophoresed DNA fragments were
visualised and photographed on a short wavelength (310 nM) Gel Doc™ XR UV
transilluminator (Bio Rad Laboratories, UK). For excision of DNA bands from an agarose gel,

visualisation was performed with a long wavelength (365 nM) UV transilluminator.

2.2.14. DNA purification from PCR products

The PCR products or DNA fragments excised from an agarose gel were purified using the
Wizard® SV Gel and PCR Clean-Up System (Promega, USA) according to the manufacturer’s
guidelines. DNA was eluted in 30 pL nuclease-free H,0 when purified from gel slices instead

of 50 uL as recommended in the manual.

2.2.15. Determination of DNA quantity and quality

Purified plasmid DNA and DNA purified from PCR products and agarose gels was assessed for
guantity and quality using a NanoDrop™ ND-1000 spectrophotometer (Thermo Fisher
Scientific, Massachusetts, USA). The concentration of the DNA was determined by measuring
the optical density of the samples using a wavelength of 260 nm where an OD2so of 1 equates
to 50 ug.mL* for double stranded DNA. To assess the quality of the DNA, the ratio of the
OD260/0D2so was analysed as the ODasgpis indicative of protein contamination. An absorbance

ratio of 21.8 was considered to be high enough quality to use for downstream applications.

2.2.16. DNA sequencing and analysis

DNA sequencing was performed on an ABI3730x| DNA analyser (Applied Biosystems™, Foster
City, USA) at the Central Analytical Facility at Stellenbosch University, South Africa. The
sequence data obtained was then analysed using Chromas (version 2.33, Technelysium Pty
Ltd, Australia) and DNAMAN (version 4.1.2.1, Lynnon BioSoft, USA) software. The primers

used for sequencing are listed in table 2.1.
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2.2.17. Gateway Cloning Technology

2.2.17.1. Gateway vectors used

To generate an overexpression clone, two Gateway-compatible vectors were used. The
pDONR™221 donor vector was obtained from Thermo Fisher Scientific (Massachusetts, USA)
and the pB2GW?7 destination vector (Karimi, Inzé & Depicker, 2002) was obtained from The
Vlaams Instituut voor Biotechnologie (VIB) Centre for Plant Systems Biology affiliated with

Ghent University (Ghent, Belgium).

2.2.17.2. BP recombination reactions

The coding sequences (CDS) of AtMYB30 and AtMYB2 were amplified using primers
containing flanking attB sites (table 2.1) and purified. A BP recombination reaction was
performed to transfer the AtMYB30 or AtMYB2 CDS respectively from the attB PCR product
to the pDONR™221 donor vector (containing attP sites) to create a pDONR™221-AtMYB30
and pDONR221™-AtMYB2 entry clone. The BP recombination reaction was performed using
the Gateway’ BP Clonase Il enzyme mix according to the manufacturer’s instructions (Thermo
Fisher Scientific, Massachusetts, USA). Specifically, 150 ng of pDONR221 and 50 fmol of PCR
product were added. For attB1-AtMYB2-attB2 with a size of 883 bp, this equated to 29 ng of
DNA, and for attB1-AtMYB30-attB2 with a size of 1033, this was 36 ng. After completion of
the BP reaction, 2 uL of the reaction product was transformed into competent E. coli DH5a.
The entry clones contained the AtMYB30 or AtMYB2 CDS respectively, flanked by attlL sites
and M13 primer binding sites. The M13 primers (found in table 2.1) were used for sequencing
PCR-confirmed entry clones to ensure that the CDS was correctly amplified with no base

changes, and that the attl sites were formed correctly on either side of the CDS.

2.2.17.3. LR recombination reactions

A LR recombination reaction was used to transfer the AtMYB30 and AtMYB2 CDS from a
sequence-verified pDONR™221-AtMYB30 and pDONR221™-AtMYB2 entry clone respectively
to the pB2GW?7 destination vector (containing attR sites) to create the pB2GW7-AtMYB30 and
pB2GW7-AtMYB2 expression clones. The LR recombination reaction was performed using the
Gateway”’ LR Clonase |l enzyme mix according to the manufacturer’s instructions (Thermo

Fisher Scientific, Massachusetts, USA). For each LR Clonase reaction, 150 ng of pB2GW7
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plasmid DNA was added. For each entry vector, 1 uL of purified plasmid DNA was added, equal
to 140 ng for the pDONR221-AtMYB2 entry vector, and 110 ng for the pDONR221-AtMYB30
entry vector. Subsequently, 2 uL of the resulting LR recombination reaction product was
transformed into competent E. coli DH5a. The expression clones contained the AtMYB30 or
AtMYB2 CDS respectively, downstream of the Cauliflower Mosaic Virus (CaMV) 35S promoter.

The presence of the insert was confirmed by PCR analysis.

2.2.18. Bacterial work in Escherichia coli

2.2.18.1. E. coli growth

E. coli was cultured in Luria-Bertani (LB) medium (Sambrook, Fritsch & Maniatis, 1989)
supplemented with appropriate antibiotics for plasmid selection. Solid media contained 1.5%
(w/v) agar. The antibiotics used for selection include kanamycin (50 pg/mL), used for entry
clone screening, and spectinomycin (100 ug/mL), used for expression clone screening. E. coli
was cultured at 37°C overnight without shaking for plates and with shaking at 80 rpm for liquid

cultures.

2.2.18.2. Preparation of chemically competent E. coli

A5 mL LB culture of E. coli DH5a was incubated at 37°C with shaking overnight. The following
day, 2 mL was sub-cultured into 250 mL LB media supplemented with 20 mM MgSO4 and
incubated at 37°C with shaking until reaching an ODeoo of 0.4 to 0.6. Cells were pelleted by
centrifugation at 5000 x g for 5 min at 4°C, and then resuspended in 100 mL ice-cold
transformation buffer 1 (TFB1) (30 mM potassium acetate, 100 mM RbCl, 10 mM CaCl,.2H,0,
50 mM MnCl,.4H,0, 15 % (v/v) glycerol, pH 5.8). The cells were incubated for 5 min in TFB1
before the centrifugation step was repeated. The pelleted cells were then resuspended in 10
mL ice-cold transformation buffer 2 (TFB2) (10 mM MOPS, 10 mM RbCl, 75 mM CaCl,.2H,0,
15% (v/v) glycerol, pH 6.8) and incubated on ice for 60 min. Cells were then divided into 100
uL aliquots in microcentrifuge tubes and immediately frozen in liquid nitrogen. The cells were

stored at -80°C.
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2.2.18.3. Transformation of competent E. coli

In a microcentrifuge tube, 2 uL of BP or LR reaction sample, or 150 ng plasmid DNA of known
concentration was mixed with 50 uL of competent E. coli cells and incubated on ice for 30
min. The cells were then heat shocked at 42°C for 45 sec and immediately returned to ice for
2 min. Thereafter, 950 pL room temperate LB was pipetted into the mixture before it was
incubated at 37°C with shaking at 80 rpm for 90 min. The cells were then plated onto selective
LB-agar media as described in 2.2.18.1 and grown overnight at 37°C. Competent cells without
the addition of plasmid DNA were used as a control for antibiotic selection. Transformants
were screened by colony PCR (as described in 2.2.11) and overnight cultures were prepared,
from which glycerol stocks of the positive transformants were generated by combining 500

uL of overnight bacterial culture with 500 uL 50% (v/v) glycerol. These were stored at -80°C.

2.2.19. Bacterial work in Agrobacterium tumefaciens

2.2.19.1. Agrobacterium growth

The A. tumefaciens GV3101 strain (Holsters et al., 1980) was cultured in Luria-Bertani (LB)
medium (Sambrook, Fritsch & Maniatis, 1989) supplemented with appropriate antibiotics for
bacterial and plasmid selection. Solid media contained 1.5% (w/v) agar. The antibiotics used
for selection included gentamycin (15 pg/mL) and rifampicin (150 pg/mL), used for selection
of A. tumefaciens GV3101, as well as spectinomycin (100 pug/mL) for selection of the pB2GW?7
expression clone. Unless otherwise stated, liquid Agrobacterium cultures were incubated for
two days at 30°C with shaking at 80 rpm, whereas cultures on LB-agar were incubated at 30°C

for 2-3 days without shaking.

2.2.19.2. Preparation of chemically competent Agrobacterium

A single colony of A. tumefaciens GV3101 was inoculated into 10 mL yeast extract peptone
(YEP) media (1% w/v peptone, 1% w/v yeast extract, 0.5% w/v NaCl) supplemented with
100 pg/mL rifampicin and incubated overnight at 30°C with shaking at 80 rpm. The following
day, 2 mL was sub-cultured into 50 mL fresh YEP media with antibiotic selection. This was
incubated at 30°C with shaking until an ODeggo of 0.5 to 1.0 was reached. The culture was then
chilled on ice before the cells were pelleted by centrifugation at 3000 x g for 5 min at 4°C. The

supernatant was discarded before the cells were resuspended in 1 mL ice-cold 20 mM
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CaCl.2H;0. Cells were then divided into 100 pL aliquots in microcentrifuge tubes and

immediately frozen in liquid nitrogen. The cells were stored at -80°C.

2.2.19.3. Transformation of competent Agrobacterium

Plasmid DNA (25 puL = 4 pg for pB2GW7-AtMYB2, 3.7 pg for pPB2GW7-AtMYB30, 5 ug for
pB2GW?7) was added to 100 ulL of frozen competent A. tumefaciens cells. The mixture was
then incubated in a water bath at 37°C for 5 min to both thaw and heat shock the cells.
Thereafter, 900 puL room temperature LB was pipetted into the mixture before incubation at
30°C with shaking for 6 hours. The cells were then plated onto selective LB-agar media and
incubated at 30°C for 2-3 days until colonies appeared, as described in 2.2.19.1. Competent
cells without the addition of plasmid DNA were used as a control for antibiotic selection.
Transformants were screened by colony PCR (as described in 2.2.11) and overnight cultures
were prepared, from which glycerol stocks of the positive transformants were generated.

These were stored at -80°C.

2.2.20. Floral-dip transformation of Arabidopsis plants

Agrobacterium-mediated stable transformation of Arabidopsis is based on the floral dip
method described by Clough and Bent (1998). During this process, the region between the
left and right border of the expression construct are transferred randomly into the

Arabidopsis genome.

2.2.20.1. Plant preparation

For each construct to be dipped, 25 Arabidopsis Col-0 plants were grown on soil until the
development of primary bolts, at about four weeks. These were clipped at the base of the
rosette to promote secondary bolt development. The plants were then left until they
displayed the maximum number of flowers with no siliques, which took approximately 10

more days.

2.2.20.2. Agrobacterium preparation
Successfully transformed A. tumefaciens (pB2GW7-AtMYB2/pB2GW7-AtMYB30) stored as a
glycerol stock was streaked onto selective LB-agar and grown at 30°C for 3 days. A single

colony was then inoculated into 5 mL selective LB liquid media and incubated at 30°C with
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shaking at 80 rpm for 2 days. Thereafter, the entire 5 mL culture was used to inoculate a large-
scale culture of 500 mL selective LB liquid media which was incubated overnight with shaking
at 30°C. Cells were harvested by centrifugation at 3500 x g for 15 min at room temperature
and resuspended in 250 mL 5 % (w/v) sucrose containing 0.05% Silwet L-77 surfactant (Lehle
Seeds, Round Rock, USA). The same procedure was followed for A. tumefaciens (pB2GW?7) to

create an empty vector control in the Arabidopsis Col-0 ecotype.

2.2.20.3. Floral dip

The aerial parts of the plants were submerged in the Agrobacterium cell-suspension for
approximately 15 seconds. The dipped plants were then placed on their sides in trays lined
with tissue paper, covered in plastic wrap, and left overnight in the growth room. The next
day, the plants were uncovered and placed upright. Plants were watered from below, and

covered with aracons, and allowed to set seed before drying down.

2.2.20.4. Isolation of transformed lines

The T1 seed was collected from the dipped To plants, surface sterilised and plated on PN-agar
(as described in 2.2.4) supplemented with 10 pg/mL glufosinate ammonium (GFSA). Using the
floral-dip method, the expected transformation efficiency was 0.01, meaning that 1/100 T1
seeds were expected to be transgenic and be able to grow on GFSA. As such, 100 seeds were
plated on PN media with 10 pg/mL GFSA for each T1 line, for each genotype. Transformed
individuals, containing the Bialaphos acetyltransferase (Bar) gene from the pB2GW?7 vector,
are resistant to GFSA, the main active compound of the Basta herbicide. Seedlings on PN
media served as a control to check germination efficiency. After 11-14 days, resistant
individuals were identified and transplanted onto soil. When the plants were 4 weeks old, a
leaf sample was taken for DNA extraction and PCR analysis to confirm the presence of the Bar

gene. Confirmed transformants were allowed to grow to maturity and self-fertilise.

The T2 seed from the T1 plants was then collected and surface sterilised before screening on
GFSA and PN (control) plates to determine the segregation ratios. Fifty seeds were plated on
each type of media, in duplicate, for each line. After 11-14 days, four of the GFSA-resistant T2
seedlings, which could be heterozygous or homozygous transgenic, were transplanted onto

soil. The screening was repeated in the subsequent T3 generation to identify homozygous
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transgenic lines having 100% resistance to GFSA. For each identified potentially homozygous
line, 20 seedlings were harvested randomly off the untreated PN plates, to confirm
homozygosity by PCR. A line was determined to be homozygous if 1) the same number of
seedlings survived on the PN plates and the GFSA plates by observation of the development
of true leaves, as well as a lack of visual yellowing associated with GFSA-induced plant death,
and 2) all 20 of the seedlings from untreated PN plates tested positive for a PCR product using
the P35S forward and AtMYB30 or AtMYB2 reverse primers respectively or the Bar primer

pair (in the case of the empty vector control lines) (table 2.1).

2.2.21. Analysis of early development microarray data

Previous transcriptomics data from our group was analysed for changes in expression of the
genes of interest to this project. For this, data from a microarray experiment conducted by
Dr Lara Donaldson at King Abdullah University of Science and Technology (KAUST) was
obtained (Cackett et al., 2022). In this experiment, Arabidopsis Col-0 was grown for two weeks
in petri dishes on PN-agar (6% w/v) supplemented with 0, 50, 75, 100 or 125 mM NaCl or iso-
osmolar concentrations of sorbitol (0, 100, 150, 200 or 250 mM sorbitol). The experiment was
conducted three times to get three independent biological replicates with each sample being
a pool of approximately 50 seedlings. The RNA from these seedlings was extracted and
submitted to the genomics facility at KAUST where they performed a microarray experiment
using the Arabidopsis (V4) Gene Expression Microarray, 4x44k microarray chip by Agilent
Technologies (California, USA). The microarray data was quantile normalised by Carlo
Cannistraci. During this project, this dataset was used for candidate gene expression analysis
using Microsoft Excel, whereby the average normalised counts and associated standard errors
were calculated from the independent biological replicates for each treatment. This data was

then used to plot graphs in Microsoft Excel.

2.2.22, Statistics

All statistical analyses were performed using TIBCO® Statistica™ version 13.5 software or
Microsoft Excel. For most experiments, one-way analysis of variance (ANOVA) tests were
performed in Statistica, and significantly different mean values identified by Fisher’s least
significant difference (LSD) post-hoc analysis. Letters were added to the relevant graphs to

indicate significant differences as determined by ANOVA. When only two values were being
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compared, two-tailed homoscedastic t-tests were performed in Microsoft Excel. Where linear
relationships were observed and scatter plots were used, Microsoft Excel was used to test for
significant differences in the regression slopes. For all analyses, p-values < 0.05 were

considered significant.

2.2.23. Bioinformatics

2.2.23.1. TFBS identification and visualisation

The Athena analysis suite (http://www.bioinformatics2.wsu.edu/Athena) (O’Connor, Dyreson
& Wyrick, 2005), The Arabidopsis Gene Regulatory Information Server (AGRIS; https://agris-
knowledgebase.org/AtcisDB/) (Davuluri et al., 2003) and the Plant Cis-acting regulatory
Element database (PLACE) (https://www.dna.affrc.go.jp/PLACE/?action=newplace) (Higo et
al., 1999) were used for identification and visualisation of cis-regulatory promoter elements,

including TFBS, in the Nitrilase 2 promoter.

2.2.23.2. Transcription factor identification from gene lists
The Plant Transcription factor & Protein Kinase Identifier and Classifier (iTAK;
http://itak.feilab.net/cgi-bin/itak/online_itak.cgi) (Zheng et al., 2016) was used to identify

transcription factors present in the list of genes upregulated > 2-fold.
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Table 2.1: The primers used in this chapter. F: forward primer, R: reverse primer

Primer name Primer sequence (5’-3’) . Refer.e nce AE\‘\pllCOh Function PCR kit Ta
(if applicable) size (bp)
gAtNit2 F CTCCCGCCACTCTAGAAAAG : o .
gAtNit2 R AATAGCAGAAGCATGGTACTTGC Cackett, 2019 185 RT-gPCR | SYBR®FAST | 60°C
gAtMYB30 F CAGACAAGGCGATGGCGATA R .
gAtMYB30 R GCTTTCTCTCAAGGGTTTCTGGGT 201 RT-gPCR | SYBR®FAST | 60°C
gAtMYB2 F CAATCCTAGTCAACTTCGTCTC o .
gAtMYB2 R AATCTTCGACCACCTATTGCC 209 RT-gPCR | SYBR®FAST | 60°C
AtMON1 F CAGACAAGGCGATGGCGATA Hong et al., a4 RT-gPCR SYBR® FAST 60°C
AtMON1 R GCTTTCTCTCAAGGGTTTCTGGGT 2010 PCR Super-Therm | 55°C
AtMYB30 FLF ATGGTGAGGCCTCCTTGT gDNA: 1414 )
AtMYB30 FL R TCAGAAGAAATTAGTGTTTTCATCC cDNA: 972 PCR Kapa RM > ¢
AtMYB30-attB1 F | ggggacaagtttgtacaaaaaagcaggcttcATGGTGAGGCCTCCTTG* 1033 Clonin Kapa HiFi 72°C
AtMYB30-attB2 R ggggaccactttgtacaagaaagctgggtcTCAGAAGAAATTAGTGTTTTCATCC* & Kapa RM 55°C
AtMYB2-attB1 F ggggacaagtttgtacaaaaaagcaggcttcATGGAAGATTACGAGCG* 283 Clonin Kapa HiFi 72°C
AtMYB2-attB2 R ggggaccactttgtacaagaaagctgggtcTTAATTATACGAATACGATGTCG* & Kapa RM 50°C
M13 F GTAAAACGACGGCCAG nvitrogen ) Seauencin ) )
M13 R CAGGAAACAGCTATGAC g q &
bar F AAGTCCAGCTGCCAGAAACC Dr Lara . .
bar R GAACTGACAGAACCGCAACG Donaldson 733 Genotyping | Kapa RM >7¢
Dr Lara
P35S F AATATCGGGAAACCTCCTCG .
D 1 i
AtMYB30-attB2 R | ggggaccactttgtacaagaaagctggetc TCAGAAGAAATTAGTGTTTTCATCCH /82:5:22 450 Genotyping | Kapa RM 3¢
Dr Lara
P35S F AATATCGGGAAACCTCCTCG .
D 1 i

AtMYB2-attB2 R | ggggaccactttgtacaagaaagctgggtc TTAATTATACGAATACGATGTCG* /ggji'gd:gg 300 Genotyping | Kapa RM 3¢

* attB sequences are shown in lowercase letters
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2.3. RESULTS

2.3.1. Identification of candidate transcription factors

2.3.1.1. Identification of TFBS in the Nitrilase 2 promoter

In order to determine what TFBS are contained within the AtNit2 promoter, the putative
promoter region, 1 kb upstream from the AtNit2 translation start site, was analysed in silico
using a combination of Athena (O’Connor, Dyreson & Wyrick, 2005) and PLACE (Higo et al.,
1999). Table 2.2 shows that there were 12 predicted TFBS identified. Notably, five
MYELOBLASTOSIS (MYB) TFBS were present in this region, and these are represented
schematically in figure 2.1, and are shown in the promoter sequence in appendix figure 6.2.
Additionally, the IBOXCORE motif is involved in binding of MYB factors of light-regulated
genes in tomato (Czemmel et al., 2009) and may be an additional site at which MYB TFs can
bind to the AtNit2 promoter. Overall, this analysis suggests a potential role for one or more

MYB TFs in AtNit2 regulation.

Table 2.2: TFBS present in 1 kb upstream of AtNit2

a5 per AehenafPLACE Mot sieinpaiNicz 0 ey St
MYB1AT (A/T)AACCA TAACCA 1 +
MYB2AT/MYB2CONSENSUSAT (T/C)AAC(T/G)G TAAC(T/G)G 2 +
MYB4 binding site A(A/C)C(A/T)A(A/C)C ACCAAAC 1 +
MYBCOREATCYCB1 AACGG AACGG 1 +
GAREAT (GA-responsive element) TAACAA(A/G) TAACAAA 1 +
IBOXCORE GATAA GATAA 1 +
TATABOX2 TATAAAT TATAAAT 1 +
TATABOX3 TATTAAT TATTAAT 1 +
TATABOX5 TTATTT TTATTT 1 +
GATABOX TGATAA TGATAA 1 +
WBOXNTERF3 TGAC(C/T) TGAC(C/T) 2 -

Bellringer/replumless/

+
pennywise BS1 IN AG AAATTAAA AAATTAAA 2
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Figure 2.1: Schematic showing the presence of MYB binding sites in the AtNit2 promoter

In this schematic, the AtNit2 promoter positive strand is shown as a black line with the coding
sequence indicated by a white box with a black outline. The translation start site (ATG) is labelled as
+1 and all sites are labelled relative to this position. The MYB1AT binding site (red) is present at
position -89 in the AtNit2 promoter, with the MYB2CONSENSUSAT sites (blue), the MYBCOREATCYCB1
(yellow) site and the MYB4 binding site (green) present at positions -167, -733, -824 and -995

respectively.

2.3.1.2. Analysis of TFs upregulated in response to NaCl early in development

As the MYB TF superfamily is very large (198 genes) and functionally diverse (Yanhui et al.,
2006; Dubos et al., 2010), it was important to narrow down a list of candidate MYB TFs for
further characterisation. Although TFs can regulate gene expression in response to certain
conditions and not themselves be transcriptionally regulated, an easy way of narrowing down
candidate MYB TFs that might regulate AtNit2 expression under saline conditions was to focus
on TFs upregulated > 2-fold in response to NaCl from the microarray. This list of genes was
searched using iTAK (Zheng et al., 2016) for known TFs and the results can be seen in appendix

table 6.1.

Of the 406 genes upregulated > 2-fold in response to NaCl, 28 were identified to be TFs.
Unsurprisingly, many of these TFs belong to families which are known to regulate genes in
response to abiotic stress, such as the WRKY, bZIP, ERF/AP2 and MYB families. Notably,
AtATAF2 was not differentially regulated under saline conditions. Interestingly, only two MYB
TFs were upregulated under saline conditions, AtMYB2 (AT2G47190) and AtMYB30
(AT3G28910). These TFs were selected for further analysis due to 1) AtMYB2 and AtMYB30
being able to potentially bind the MYB TFBS in the AtNit2 promoter, 2) previous research

showing that AtMYB2 regulates the expression of salt- and dehydration-responsive genes

54




(Yoo et al., 2005), and 3) previous research showing that AtMYB30 is a direct target of BRI1-
EMS-SUPPRESSOR 1 (BES1) and that together they regulate genes induced by brassinosteroids
which cooperate with auxin to promote cell expansion and elongation (Nemhauser, Mockler
& Chory, 2004; Walcher & Nemhauser, 2012). Specifically, AtMYB2 is able to bind to the
‘MYB1AT’ motif (TAACCA) (Yu et al., 2012) and ‘MYB2AT’ binding site (TAACTG) (Urao et al.,
1993), both present in the promoter region of AtNit2. AtMYB30 has been shown to bind to
multiple different variations of (C/T)A(A/C)C(T/C/A)A(C/A)C (Jinno et al., 2019), including
A(A/C)CAAAC (Liet al., 2009; Liao, Zheng & Guo, 2017). Notably, the ‘MYB1AT” motif (TAACCA)
and the ‘MYB4 binding site’ motif (A(A/C)C(A/T)A(A/C)C) would conform to this and are both

present in the promoter of AtNit2.

In order to validate the microarray showing that these TFs increase in expression in response
to NaCl, Arabidopsis Col-0 was grown for two weeks in petri dishes on control PN-agar, or
PN-agar supplemented with 50, 75, 100 or 125 mM NacCl, or iso-osmolar concentrations of
sorbitol (100, 150, 200 or 250 mM sorbitol) to mimic the growth of the plants used in the
microarray experiment (Cackett et al., 2022). After two weeks, RT-gPCR was used to analyse

AtMYB2, AtMYB30 and AtNit2 gene expression using the gPCR primers listed in table 2.1.

Figure 2.2A shows that in the microarray experiment, AtMYB2 expression was significantly
higher in all NaCl treatments, and 150, 200 and 250 mM sorbitol, compared to the untreated
control. Additionally, the expression of AtMYB2 was higher in 125 mM NacCl than in the lower
NaCl concentrations. Similarly, figure 2.2B shows that in the RT-gPCR experiment, AtMYB2

expression was highest in the 125 mM NaCl treatment.

Figure 2.2C shows that AtMYB30 expression was upregulated in the microarray experiment,
specifically in response to increasing concentrations of NaCl, in a dose-dependent manner.
The fold change induction of AtMYB30 was significantly higher in all NaCl concentrations
compared to the untreated control, and iso-osmolar sorbitol treatments. This result was not
validated in the RT-qPCR experiment in figure 2.2D as there was no significant difference

between any of the treatments and the control.

Because we were unable to confirm the salt specific expression of AtMYB30, RT-gPCR was
also used to validate AtNit2 expression in the same samples to ensure that the plants were

responding in the same way to salt as in the original microarray. Figure 2.2E shows that AtNit2
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gene expression was significantly upregulated in a dose-dependent manner in response to

NaCl, but not sorbitol in the microarray, and figure 2.2F shows that this was validated by RT-

qPCR.

Overall, the microarray results suggest that AtMYB2, AtMYB30 and AtNit2 are

upregulated in a dose-dependent manner under saline conditions. The RT-gPCR experiments

were only able to validate that AtNit2 expression, and that AtMYB2 is upregulated in response

to 125 mM NaCl. However, as AtMYB30 is known to be an auxin response gene, the role of

both AtMYB2 and AtMYB30 in the plant response to salt stress was further characterised

using a functional genetics approach.
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Figure 2.2: The expression of AtMYB2, AtMYB30 and AtNit2 in Arabidopsis Col-0 plants

exposed to NaCl early in development

Gene expression was determined in Arabidopsis Col-0 seedlings grown in petri dishes on control PN-
agar and PN supplemented with different concentrations of NaCl or iso-osmolar sorbitol for two
weeks. Genes include: AtMYB2 (A and B), AtMYB30 (C and D), and AtNit2 (E and F). The RT-qPCR
experiments (B, D and F) were used to validate the results obtained from the microarray (A, C and E).
All results are shown as an average fold change relative to the untreated control. The average was
calculated from three independent biological samples. Different letters on the graphs indicate
significant differences (p < 0.05) in mean fold change values as determined by Fisher LSD post-hoc
analysis following a one-way ANOVA. Error bars indicate standard error. Black bar: untreated control,
grey bars: NaCl treatments, white bars: sorbitol treatments. The RT-gPCR results for each gene were

normalised to the AtMON1 reference gene.
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2.3.2. Generation of homozygous AtMYB2 and AtMYB30 overexpressing lines

2.3.2.1. The AtMYB2 and AtMYB30 overexpression constructs

Overexpression of AtNit2 in Arabidopsis improves salt tolerance as its growth is less inhibited
by saline conditions and it has improved ion homeostasis (Cackett et al., 2022). To determine
whether an increase in AtMYB2 or AtMYB30 expression alters expression of AtNit2, and/or
affects Arabidopsis salt tolerance, stably transformed Arabidopsis lines overexpressing each

MYB transcription factor were generated.

Gateway Cloning Technology was used to clone each of the AtMYB2 and AtMYB30 coding
sequences (CDS) into the pDONR™221 entry vector. After PCR confirmation and sequencing
using the CDS flanking M13 primers (table 2.1), the AtMYB2 and AtMYB30 CDS was
transferred into the pB2GW?7 Arabidopsis expression vector, downstream of the constitutive
Cauliflower Mosaic Virus 35S promoter, creating pB2GW7-AtMYB2 (figure 2.3A) and
pB2GW7-AtMYB30 (figure 2.3B) respectively. These constructs were transformed into E. coli
DH5a and colonies were screened from selection plates using colony PCR. Sequence-

confirmed plasmid DNA was then transformed into Agrobacterium.

A Sacl (1)

Bar P35S

Spel (1058)

AtMYB2 CDS
(822 bp)

SpR
T35S
HindIll (2202)

pB2GW7-AtMYB2
10055 bp

Clal (5456)
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B Sacl (1)

Bar P355 Spel (1058)

AtMYB30 CDS
(972 bp)

SpR
pB2GW7-AtMYB30 HindIIl (2352)

10205 bp

Clal (5606)

Figure 2.3: Map of pB2GW7-AtMYB2 and pB2GW7-AtMYB30 generated via Gateway cloning
Expression of the A) AtMYB2 and B) AtMYB30 coding sequence (CDS) is driven by the constitutive
Cauliflower Mosaic Virus 35S promoter (P35S) and terminated by the 35S terminator sequence (T35S).
Antibiotic selection of the plasmid in positive E. coliand A. tumefaciens transformants is made possible
by the spectinomycin resistance gene (SpR). The bialaphos acetyltransferase gene (Bar) confers
resistance to glufosinate ammonium which allows for selection of positive Arabidopsis transformants.
The region between the left border and right border inserts randomly into the Arabidopsis genome
via Agrobacterium-mediated floral-dip transformation. The primers used for selection of bacterial
transformants and transgenic Arabidopsis lines are shown by arrows inside the vector and are

described in Table 2.1.

2.3.2.2. Transformation of Arabidopsis with pPB2GW7-AtMYB2 and pB2GW7-AtMYB30

The pB2GW7-AtMYB2 and pB2GW7-AtMYB30 plasmids were transformed into
Agrobacterium and a colony PCR was conducted on six colonies that grew on selective media
using the 35S promoter forward primer and the AtMYB2 or AtMYB30 attB2 reverse primer

respectively (table 2.1, figure 2.3). Additionally, the pB2GW?7 vector was transformed into

59



Agrobacterium as an empty vector (EV) control. A colony PCR was conducted on these

colonies using the Bar primer pair.

Figure 2.4 shows that all Agrobacterium colonies and the positive control for each expression
vector respectively had a single, defined amplicon at approximately the correct size of 1300
bp for AtMYB2 (figure 2.4A) and 1450 bp for AtMYB30 (figure 2.4B), confirming that these
expression vectors had been successfully transformed into Agrobacterium. There were no
bands seen in the H;O no template controls, as expected. All Agrobacterium colonies
transformed with EV DNA showed a band at the correct size for the Bar gene (figure 2.4C).
The faint bands in some colonies could be due to not picking up enough bacterial sample to
add to the PCR reaction tube. The presence of faint upper bands at approximately 1 kb and
1.5 kb could be caused amplification of Agrobacterium DNA by the Bar primer pair as these
bands are not seen in the positive control which contains pB2GW7-ZmNit2 plasmid DNA
(chapter 4, section 4.4.3.1). A single Agrobacterium colony was selected for each (sample 1)

to be used for Arabidopsis transformation.

A pB2GW7-MYB2

pB2GW7-MYB30

pB2GW7 EV

w MW + 1 2 3 4 5 6 7 8 9 10 H,0




Figure 2.4: PCR confirmation of successful Agrobacterium transformations with pPB2GW7-
AtMYB2, pB2GW7-AtMYB30 and pB2GW7 empty vector

A colony PCR was performed on colonies from A. tumefaciens transformed with A: pB2GW7-AtMYB2,
using the P35S forward primer and AtMYB2 attB2 R primer with an expected amplicon size of 1300
bp, B: pPB2GW7-AtMYB30, using the P35S forward primer and AtMYB30 attB2 R primer with an
expected amplicon size of 1450 bp, and C: empty pB2GW?7 vector, using the Bar primer pair with an
expected amplicon size of 733 bp. A no template H,0 negative control PCR reaction was included in
each case, with pB2GW7-AtMYB2 #1, pB2GW7-AtMYB30 #1 and pB2GW?7 #1 plasmid DNA (sequence
verified after cloning into E. coli) used as a template in each positive control (+) respectively. The MW

marker included is the New England Biolabs Quick-Load® 1 kb DNA ladder.

After confirming positive Agrobacterium transformation with the expression clones,
Agrobacterium-mediated floral-dip transformation of Arabidopsis Col-0 ecotype was
performed. Glufosinate ammonium (GFSA) selection plates were used to isolate transgenic
individuals from seeds collected from the transformed plants (T1 generation). Seedlings
which were able to survive for 11 days on the selection plates (e.g., figure 2.5) were

transferred onto soil.

on
ve
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Figure 2.5: Example of a T1 seedling selected for analysis off of a GFSA selection plate

Seeds collected from the first transgenic generation (T1) of the 35S::AtMYB2, 35S::AtMYB30 and
35S EV lines were screened for survival on PN-agar supplemented with 10 pg/mL glufosinate
ammonium (GFSA). Seedlings were grown for 11 days before any healthy, potentially transgenic,
seedlings were identified and transferred to soil. The seedling circled in red is an example of a seedling
that would be taken forward for analysis. The other seedlings on the selection plate which show visual
bleaching and no true leaf development are indicative of the GFSA-induced plant death exhibited by
wild-type seedlings which do not contain the Bar gene. From each transformed plant, 100 seeds were

sown for selection.

Once the seedlings had established properly on soil, one leaf per line was harvested for DNA
extraction and PCR analysis to confirm the presence of the transgene. Figures 2.6 and 2.7
show that several transgenic lines were isolated in the T1 generation for the 35S EV,

35S::AtMYB2 and 35S::AtMYB30 Arabidopsis genotypes respectively.

Figure 2.6A shows that six transgenic 35S EV (Col-0) lines were isolated as they contained a
specific band amplified at the expected size, the same as the positive control, using the Bar
primer pair. One line (#20) contained no amplicon, but the other six lines with Bar

amplification were selected for further analysis.

Figures 2.6B and 2.7A show that five transgenic 35S::AtMYB2 lines were isolated that
contained both the Bar gene (Fig 2.12B) and the AtMYB2 coding sequence downstream of the
35S promoter (Fig 2.7A). Only one line (#5) produced an amplicon in the Bar PCR but not in
the gene-specific PCR and thus was not taken forward; the other five produced a specific band

at the expected size in both PCRs and were therefore selected for further analysis.

Figures 2.6C and 2.7B show that 10 transgenic 35S::AtMYB30 lines were isolated that
contained both the Bar gene (Fig 2.6C) and the AtMYB30 coding sequence downstream of the
35S promoter (Fig 2.7B). As all 10 seedlings had a specific band amplified at the expected size
in both PCRs, all lines were selected for further analysis. All of the selected lines were then

allowed to grow to maturity to self-fertilise and produce the next T2 generation.
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A 35S EV B 35::MYB2
Mw 5 6 11 14 15 19 20 1 5 6 8 14 22 MW

1000
700

35::MYB30

MW 2 5 6 12 13 15 16 17 23 24 + Col-0 H,0

Figure 2.6: Bar PCR confirmation of EV, 355::AtMYB2 and 35S::AtMYB30 Arabidopsis lines

A PCR was performed on DNA extracted from potentially transgenic Arabidopsis plants using the Bar
primer pair with an expected amplicon of 733 bp. A: Seven potential 35S EV lines. B: Six potential
35S::AtMYB?2 lines. C: Ten potential 35S5::AtMYB30 lines. No template (H,0) and Col-0 negative control
PCR reactions were included with sequence-verified pB2GW7-AtMYB2 plasmid DNA used as a positive

control (+). The MW marker included is the Thermo Scientific GeneRuler 1 kb Plus DNA Ladder.

A 35::MYB2

MW 1 5 6 8 14 22 + H,0

B 35::MYB30
MW 2 5 6 12 13 15 16 17 23 24 + H,0

1500
1000
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Figure 2.7: Gene-specific PCR confirmations of 355::AtMYB2 and 35S::AtMYB30 Arabidopsis
lines

A PCR was performed on DNA extracted from potentially transgenic Arabidopsis plants using the P35S
forward primer and a gene-specific reverse primer. A: Six potential 355::AtMYB2 lines were evaluated
using the AtMYB2 attB2 reverse primer with an expected amplicon size of 1300 bp. Sequence-verified
pB2GW7-AtMYB2 plasmid DNA was used as a positive control (+). B: Ten potential 355::AtMYB30 lines
were evaluated using the AtMYB30 attB2 reverse primer with an expected amplicon size of 1450 bp.
The pB2GW7-AtMYB30 #1 plasmid DNA was used as a positive control (+). A no template H,O negative
control PCR reaction was included in both. The MW marker included is the Thermo Scientific

GeneRuler 1 kb Plus DNA Ladder.

2.3.2.3. Confirmation of AtMYB2 and AtMYB30 overexpression

In the T2 generation, GFSA screening was used to identify lines which gave an approximate
3:1 ratio of transgenic (heterozygous or homozygous) to WT, which would indicate a single
transgene insertion (appendix table 6.2). Several transgenic seedlings (which were either
heterozygous or homozygous) per line were picked and transferred to soil. Another round of
GFSA screening in the T3 generation led to identification of homozygous transgenic lines
which were then transferred to soil for expression analysis, and to collect seed for future
phenotyping experiments. For each of the homozygous 35S::AtMYB2, 35S::AtMYB30 and EV
lines, six leaves (two leaves from three transferred plants per line) were pooled to form a
single tissue sample for RNA extraction and subsequent cDNA synthesis. RT-gPCR was
performed using the AtMYB2, AtMYB30 and AtMON1 reference gene qPCR primers listed in
table 2.1. The AtMYB2 and AtMYB30 expression values were normalised to AtMON1, and the

results are presented in figure 2.8A and B respectively.

Figure 2.8A and B show that AtMYB2 and AtMYB30 expression levels in the EV lines were
comparable to Col-0 WT, therefore indicating that these EV lines are appropriate for
downstream analyses. The EV lines 6.3 and 15.1 were selected for further analysis as they had

the best germination frequencies and the most seeds available.

Additionally, figure 2.8A shows that all three 35S::AtMYB2 lines analysed showed higher
AtMYB2 levels than the EV lines, and that the expression varied between lines. This was

expected due to the nature of Arabidopsis floral-dip transformation, where the transgene is
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inserted randomly into the Arabidopsis genome. This means that the transgene DNA could
have integrated near to or far from transcriptional activating elements or enhancers, or
different regulatory elements or epigenetic markers, which would lead to variable expression
levels. Two overexpressor lines were selected to be carried forward based on having the

highest AtMYB2 expression — lines 14.3 and 22.2.

Similarly, figure 2.8B shows that all four 35S::AtMYB30 lines analysed showed higher
AtMYB30 levels than the EV lines, with varying expression levels between lines. Lines 2.3, 16.2
and 23.2 were selected for further analysis. The reason for taking three lines forward in this
genotype was due to line 2.3 having a visible dwarf phenotype in older seedlings (appendix
figure 6.3) that we thought might interfere with subsequent assays. As this line had the
highest AtMYB30 expression, it was still carried forward for possible use in downstream

phenotyping, however lines 16.2 and 23.2 were analysed first.
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Figure 2.8: AtMYB2 and AtMYB30 gene expression in homozygous T3 plants

Arabidopsis plants were grown on PN-agar supplemented with 10 pug/mL GFSA for 11 days then
transferred onto soil for two weeks. Tissue from two leaves of three plants were harvested and pooled
for RNA extraction and cDNA was synthesised for RT-qPCR gene expression analysis. Expression of A:
AtMYB2 and B: AtMYB30 are shown relative to the AtMON1 reference gene. Col-0 WT Arabidopsis

was included as a control.

For each of the selected lines, ten seedlings were harvested from PN-agar plates and used in
DNA extractions and PCR to confirm homozygosity. For the 35S EV lines, PCR was conducted
using the Bar primer pair (figure 2.9A). For the 355::AtMYB2 and 35S::AtMYB30 lines, PCR was
conducted using the 35S promoter forward primer and the gene-specific attB reverse primer
respectively (figure 2.9B and C). All ten of the seedlings from each line for each genotype
contained the specific transgene product and no amplicon was obtained in Col-0 WT or the
H,0 negative controls. Along with the phenotype on selection plates (data not shown), this

data indicates that these lines are all homozygous and therefore could be further analysed.

A 355EV 6.3
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B 355::MYB214.3

MW + HO 1 2 3 4 5 6 7 8 9 10

C 355::MYB302.3
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Figure 2.9: PCR confirmation of EV, 355::AtMYB2 and 35S::AtMYB30 homozygosity in the T3

generation

A PCR was performed on DNA extracted from ten seedlings grown on PN plates used for screening T3
lines that were potentially homozygous for each genotype. A: The two EV lines were evaluated using
the Bar primer pair with an expected amplicon size of 733 bp with pB2GW7-AtMYB2 plasmid DNA as
the positive control (+). B: The two 35S::AtMYB2 lines were evaluated using the P35S forward primer
and AtMYB2 attB2 reverse primer with an expected amplicon size of 1300 bp with pB2GW7-AtMYB2
plasmid DNA as the positive control (+). C: The three 35S5::AtMYB30 lines were evaluated using the

P35S forward primer and AtMYB30 attB2 reverse primer with an expected amplicon size of 1450 bp



with pB2GW7-AtMYB30 plasmid DNA as the positive control (+). Col-O0 WT DNA and a no template H;0
PCR reaction were used as negative controls in all PCRs. The MW marker included is the New England

Biolabs Quick-Load® 1 kb DNA ladder.

To be sure that these lines were indeed homozygous, another set of T3 seeds were screened
on GFSA selection plates as before, with the same results observed where none of the lines
had any GFSA-induced bleaching or death (data not shown). Unfortunately, all seed of
35S::AtMYB30 line 2.3 had been lost and as a result, the homozygous sibling 2.1 was used for
analysis. Ten seedlings were again harvested from a single PN control plate for PCR analysis
with the same results observed as in figure 2.9 above. Additionally, the remaining tissue from
each PN plate was pooled and harvested for RNA extraction and subsequent cDNA synthesis,
and RT-gPCR gene expression analysis was performed to determine the variation in
expression in each line. The calculated concentrations of AtMYB2 and AtMYB30 respectively

were normalised to the AtMON1 reference gene.

Figure 2.10A shows that there was no significant variation in expression of AtMYB2 for each
OE line, and that both of the 355::AtMYB2 homozygous OE lines analysed showed significantly
higher AtMYB2 expression than the EV lines which had virtually no AtMYB2 expression. This

equated to around a 230-fold increase in both OE lines.

Figure 2.10B shows that there was significant variation between 35S::AtMYB30 lines 16.2 and
23.2 with the former having the significantly higher AtMYB30 expression, and that both
35S::AtMYB30 lines had significantly higher AtMYB30 expression than the EV lines. Line 16.2
showed a fold change of 4.6 while line 23.2 only had a 2.6-fold increase in AtMYB30
expression compared to the EV lines. Figure 2.10C shows that expression of AtMYB30 was
even higher in the OE line 2.1, as expected according to figure 2.8B, with a fold change of

expression of 8.7 compared to EV.
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Figure 2.10: AtMYB2 and AtMYB30 gene expression in homozygous T3 seedlings

Arabidopsis seedlings were grown on PN-agar for 11 days. Tissue was harvested and pooled for RNA
extraction and cDNA was synthesised for RT-qPCR gene expression analysis. The results are an average
of three pools of tissue (n=3). Expression of AtMYB2 (A) and AtMYB30 (B and C) is shown relative to
the AtMON1 reference gene. Panels B and C show different 355::AtMYB30 lines. Error bars indicate
standard error. Different letters on the graphs indicate significant differences (p < 0.05) in mean values

as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.
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2.3.3. Functional characterisation of AtMYB30

2.3.3.1. Validation of T-DNA insertion atmyb30 mutant lines

The Salk Institute Genomic Analysis Laboratory (SIGnAL) T-DNA Express database
(http://signal.salk.edu/cgi-bin/tdnaexpress) was used to identify lines with T-DNA insertions
within the AtMYB30 gene sequences. Plant lines GABI-KAT 022F04 (atmyb30-1/myb30-1) and
SALK_027644C (atmyb30-2/myb30-2) were chosen for further analysis as they had both
previously been characterised by other researchers who had confirmed their homozygosity
and kindly provided them to us (Raffaele, Rivas & Roby, 2006; Li et al., 2009). The T-DNA
insertion in the atmyb30-1 line is located 10 bases into the second intron and for atmyb30-2
it is in the 5’ untranslated region (UTR) of AtMYB30, 10 bases upstream of the start codon
(figure 2.11). These insertion sites have been confirmed using PCR analysis and sequencing

(Raffaele, Rivas & Roby, 2006; Li et al., 2009).

gAtMYB30 primers
— - —
5’ UTR | 1l 3’ UTR
| " " AtMYB30
gene
atmyb30-2 atmyb30-1

Figure 2.11: Sites of T-DNA insertion in the atmyb30-1 and atmyb30-2 lines

The T-DNA insertion for atmyb30-1 (purple triangle) is 10 bp into the second intron. The T-DNA
insertion for atmyb30-2 (pink triangle) is 10 bp upstream of the AtMYB30 start codon, in the 5’ UTR.
Exons, as annotated by TAIR, are depicted by black boxes, whereas UTR/introns are depicted as black

lines. The red arrows represent the qAtMYB30 primer set.

To confirm that the atmyb30-1 and atmyb30-2 lines obtained were indeed mutants with
knocked-out expression of AtMYB30, two different methods were used. Firstly, 50 seeds from
each line, as well as Col-0 as a control (as these lines were generated in the Col-0 background),

were grown on PN-agar plates. After two weeks, seedlings from each plate were pooled for
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RNA extraction and subsequent cDNA synthesis. An end-point PCR using primers which
amplified the full-length AtMYB30 coding sequence (AtMYB30 FL F and R) was performed and
showed no amplification in the atmyb30-1 and atmyb30-2 mutants (figure 2.12A) whereas
there was amplification of the AtMYB30 sequence in the Col-0 control, as expected. A PCR
using the AtMON1 reference gene primers was used to confirm the integrity of the cDNA and
shows a band for each of the samples, confirming that the lack of a product in the AtMYB30

PCR is not due to poor RNA quality or inadequate cDNA synthesis (figure 2.12B).
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Figure 2.12: A PCR confirming that there is no full-length AtMYB30 expression in the
atmyb30-1 and atmyb30-2 lines

A: PCR was performed on cDNA from Col-0, atmyb30-1 and atmyb30-2 using AtMYB30 full-length gene
primers (AtMYB30 FL F and R) with an expected amplicon size of 972 bp. B: PCR was performed on the
same samples using the AtMON1 reference gene primers, with an expected amplicon size of 244 bp,
confirming integrity of the cDNA. H,O was used as the template in the negative control reactions. The

MW marker is the New England Biolabs Quick-Load® 100 bp DNA ladder.

A quantitative RT-qPCR experiment was also conducted using the gAtMYB30 F and R primers
to confirm that no AtMYB30 mRNA was being produced in the two mutant lines. This forward
primer spans across the end of exon 2 and the beginning of exon 3 and the reverse primer
binds in exon 3 (figure 2.11). As can be seen in figure 2.13, there is a negligible amount of
AtMYB30 mRNA in both T-DNA mutant lines, as expected. These values calculated to a fold
change reduction relative to Col-0 of 250- and 52.6-fold respectively for atmyb30-1 and
atmyb30-2, indicating that these lines are indeed null mutants. Therefore, both lines were

taken forward for phenotypic characterization.
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Figure 2.13: Analysis of AtMYB30 expression in the atmyb30-1 and atmyb30-2 lines

Seeds from each Arabidopsis line were grown on PN-agar plates and after two weeks seedlings from
each line were pooled for RNA extraction, cDNA synthesis and RT-gPCR analysis. gPCR was performed
on the cDNA from Col-0, atmyb30-1 and atmyb30-2 pooled samples. These results show AtMYB30
expression relative to the AtMON1 reference gene. As there was only one pooled sample per

genotype, no statistical analysis was performed.

2.3.3.2. Phenotypic characterisation of 355::AtMYB30 and atmyb30 lines

2.3.3.2.1. Growth of 35S::AtMYB30 plants exposed to saline conditions early in
development

To determine whether overexpressing AtMYB30 had an impact on plant growth in in saline
conditions, 35S EV and 35S::AtMYB30 plants were germinated and grown for two weeks on
petri dishes containing PN-agar (control) and PN-agar supplemented with different
concentrations of NaCl or iso-osmolar concentrations of sorbitol. Initially, the 35S::AtMYB30
lines 16.2 and 23.2 were used. The average mass per plant of the three lines was compared

for each treatment to identify any phenotypic differences in their growth.

Figure 2.14A shows that the biomass production of all three plant lines decreased significantly
in all NaCl and sorbitol treatments (except 50 mM NaCl), in a dose-dependent manner,

compared to the untreated control for each line — as expected. Additionally, the
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35S::AtMYB30 lines appeared to have significantly lower average plant mass than the EV line

under untreated conditions and low concentrations of NaCl and sorbitol.

To account for the difference in the average plant mass between the lines in untreated
conditions, the mass per plant was plotted relative to the untreated control for each line and
the data is shown in figure 2.14B. Here, it is evident that the AtMYB30 OE lines were
significantly more tolerant of salinity stress as they both experienced a reduced loss in plant
mass compared to the EV line. This can be clearly seen in figure 2.14C where under saline
conditions the rate of biomass decrease is significantly less in both OE lines compared to the
EV, as indicated by the gradient of the slope. There were no significant differences between

the EV line and the OE lines under sorbitol conditions.

Additionally, 35::AtMYB30 line 2.1 was phenotyped only under saline conditions, and, as in
figure 2.14B, no phenotype was observed for either OE line in sorbitol. Appendix figure 6.4
shows that the results were consistent with those seen in figure 2.14. Overall, this data
indicates that higher levels of AtMYB30 expression may correspond with an enhanced salinity

tolerance due to less inhibition of growth under saline conditions.
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Figure 2.14: Growth of 35S::AtMYB30 plants exposed to saline conditions early in

development

The EV and 35S::AtMYB30 plants were germinated and grown for two weeks on petri dishes containing

untreated PN-agar (control) and PN-agar supplemented with the indicated concentrations of NaCl and

sorbitol. A: The average mass per plant of each line. B: The average mass per plant plotted relative to

the control (0 mM) for each line. Error bars indicate standard error. Different letters on the graphs
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indicate significant differences (p <0.05) in mean values as determined by a one-way ANOVA with
Fisher LSD post-hoc analysis. C: The mass per plant is plotted as a regression analysis for NaCl
conditions. The results show four replicates for each treatment with 50 seeds sown per plate (n=4).
The experiment was repeated three times with comparable results. Each slope was compared
statistically to one another to determine any significant differences and the results are shown in the

bottom left corner with an asterisk indicating statistical significance.

2.3.3.2.2. Growth of atmyb30 plants exposed to saline conditions early in development
To determine what impact knocking out AtMYB30 has on salinity tolerance, Col-0 and the

atmyb30 mutant lines were phenotyped under saline conditions.

Figure 2.15A shows that the average mass per plant decreases significantly with each
increasing NaCl or sorbitol treatment for each line respectively, indicating that both stresses
impose a dose-dependent inhibition on plant growth, as expected. The average mass per
plant of both atmyb30 mutant lines was comparable under most treatment conditions and
these mutant lines had significantly lower average plant mass than the WT Col-0 line under

almost all treatment conditions.

When the differences in average plant mass in untreated conditions were considered by
plotting each genotype relative to its untreated control (figure 2.15B), growth of the atmyb30-
2 mutant does appear to be more inhibited by salt as the average mass per plant is
significantly lower than the WT lines in all NaCl concentrations. This is not specific to salt,
however, as the average plant mass relative to untreated is also significantly lower in the
atmyb30-2 line in 150, 200 and 250 mM sorbitol treatments. The same is not true for

atmyb30-1 as there was no significant difference to WT.

Overall, the atmyb30 lines showed that knock down of AtMYB30 resulted in significantly
smaller seedlings under all conditions, and a greater degree of growth inhibition under saline
conditions than WT (only in atmyb30-2). Despite this being a weak phenotype, this data
supports our hypothesis that AtMYB30 might play a role in the plant response to salinity

stress.
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Figure 2.15: Growth of atmyb30 plants exposed to saline conditions early in development

Arabidopsis seedlings were germinated and grown for two weeks on petri dishes containing untreated
PN-agar (control) and PN-agar supplemented with the indicated concentrations of NaCl and sorbitol.
A: The average mass per plant. B: The average mass per plant plotted relative to the control (0 mM)
for each line. The results are an average of four replicates for each treatment with 50 seeds sown per

plate (n=4). The experiment was repeated three times with comparable results. Error bars indicate
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standard error. Different letters on the graphs indicate significant differences (p <0.05) in mean

values as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.

2.3.3.2.3. Growth of 35S::AtMYB30 and atmyb30 plants exposed to saline conditions later
in development

Since the plant response to salt is different at different developmental stages, 35S EV 15.1,
355::AtMYB30 2.1, 35S::AtMYB30 16.2 and myb30-2 plants were phenotyped under saline
conditions later in development in order to determine whether the altered salt tolerance seen
in AtMYB30 mis-expressing plants is developmental stage specific. Plants were grown
hydroponically in % strength PN media for three weeks, then transferred onto % strength PN
media supplemented with or without 75 mM NaCl for a further week. The 35S EV line was
used as the WT control for both the 355::AtMYB30 and atmyb30-2 lines. At the end of the
experimental period, the shoot and root mass of each plant was recorded to determine the

average per plant for each line in each treatment.

Figure 2.16A shows that the average shoot mass was significantly lower in all genotypes in
75 mM NaCl compared to untreated conditions, as expected. The only line that showed any
significant difference was the 35S::AtMYB30 2.1 line which had a significantly lower average
shoot mass than the other genotypes in both the untreated and saline conditions. When
plotting the average shoot mass relative to the untreated control for each genotype
respectively (figure 2.16B), there was no significant difference between either OE line, myb30-
2, and the EV control under saline conditions, indicating that mis-expression of AtMYB30 does

not have a significant impact on shoot salt tolerance of older plants grown in 75 mM NaCl.

Figure 2.16C shows that the average root mass was significantly lower in all genotypes in
75 mM NaCl compared to untreated conditions, as expected. Again, 355::AtMYB30 line 2.1
had a significantly lower average root mass than the other genotypes in both the untreated
and saline conditions. Considering the relative data, figure 2.16D shows that the only line with
a change in salt-induced inhibition of root mass was AtMYB30 OE line 16.2 as it had a
significantly lower average root mass relative to untreated in 75 mM NaCl compared to the

EV line.
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Overall, there was no consistent effect of AtMYB30 mis-expression on plant growth in saline

conditions later in development. This contrasted with the data seen early in development

(figures 2.14 and 2.15), indicating that AtMYB30 might play different roles in salinity tolerance

at different developmental stages in Arabidopsis.
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Figure 2.16: The average shoot and root mass of EV, 355::AtMYB30 and myb30-2 plants after

one week of salt treatment later in development

The 35S EV, 35S5::AtMYB30 and atmyb30 plants were grown hydroponically in % strength PN media

without salt stress for three weeks. Plants were then transferred onto PN media supplemented with

0 or 75 mM NaCl and grown under saline conditions for a further week. A: The average shoot mass

per plant. B: The average shoot mass plotted relative to the control (0 mM) for each genotype. C: The

average root mass per plant. D: The average root mass plotted relative to untreated for each




genotype. The results are an average of five plants for each treatment for the EV and myb30-1
genotypes, and four plants/treatment for the 35S::AtMYB30 lines (n>4). Error bars indicate standard
error. Different letters on the graphs indicate significant differences (p <0.05) in mean values as

determined by a one-way ANOVA with Fisher LSD post-hoc analysis.

2.3.3.2.4. AtNit2 gene expression analysis in 355::AtMYB30 and atmyb30 plants

To determine whether mis-expressing AtMYB30 is accompanied with changes in AtNit2 levels,
tissue was collected from the 0 and 100 mM NaCl plates from the experiments reported
previously (section 2.3.3.2.1 and 2.3.3.2.2) and RT-gPCR gene expression analysis was

performed.

Figure 2.17A shows that AtNit2 expression was significantly higher in all genotypes under
saline conditions compared to untreated control conditions, as expected. Both of the
AtMYB30 OE lines had a significantly higher AtNit2 expression in untreated conditions
compared to EV. This was mimicked in saline conditions, although this difference was not

significant for AtMYB30 OE line 2.1.

Figure 2.17B shows that there was no significant differences in AtNit2 expression between
Col-0 and the atmyb30 KO lines under control conditions, but both KO lines had significantly

higher AtNit2 expression under saline conditions compared to Col-O0.

Overall, this data indicates that altering AtMYB30 expression does lead to changes in AtNit2
expression, although AtMYB30 mis-expression does not directly correlate with these changes,

indicating that AtMYB30 alone is not responsible for regulating AtNit2 gene expression.
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Figure 2.17: Expression of AtNit2 in 355::AtMYB30 and atmyb30 lines under saline
conditions

Arabidopsis seedlings were grown on PN-agar or PN-agar supplemented with 100 mM NacCl for two
weeks. Tissue was harvested and pooled for RNA extraction and cDNA was synthesised for RT-qPCR
gene expression analysis. The results are an average of three pools of tissue (n=3) for the
A: 35S::AtMYB30 lines, and B: atmyb30 lines. Expression of AtNit2 is shown relative to the AtMON1
reference gene. Error bars indicate standard error. Different letters on the graphs indicate significant
differences (p < 0.05) in mean values as determined by a one-way ANOVA with Fisher LSD post-hoc

analysis.

2.3.4. Functional characterisation of AtMYB2

2.3.4.1. Growth of 35S::AtMYB30 plants early in development under saline conditions

To determine whether overexpressing AtMYB2 had an impact on plant growth in salt early in
development, 35S EV and 35S::AtMYB2 plants were germinated and grown for two weeks on
petri dishes containing untreated PN-agar (control) and PN-agar supplemented with differing
concentrations of NaCl or iso-osmolar concentrations of sorbitol. The average mass/plant of
the EV and two AtMYB2 OE lines was compared for each treatment to identify any phenotypic

differences in their growth.

Figure 2.18 shows that increasing NaCl and sorbitol concentrations inhibits plant growth, as

expected. However, there are no significant differences observed between the average plant
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mass in any treatments between the genotypes, except in 50 mM NaCl where 35S::AtMYB2
line 14.3 has a significantly lower average mass/plant than EV. This experiment was repeated
three times, with comparable results, showing no significant differences in average plant mass
between the genotypes. This indicates that overexpressing AtMYB2 in Arabidopsis does not

lead to any biomass changes early in development in response to saline conditions.
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Figure 2.18: Growth of 35S::AtMYB2 plants exposed to saline conditions early in
development

The EV and 35S::AtMYB2 plants were germinated and grown for two weeks in petri dishes containing
untreated PN-agar (control) and PN-agar supplemented with the indicated concentrations of NaCl and
sorbitol. The average mass per plant of the 35S EV line and 35S::AtMYB2 lines 14.3 and 22.2 are plotted
as an average of four replicates for each treatment with 50 seeds sown per plate (n=4). The
experiment was repeated three times with comparable results. Error bars indicate standard error.
Different letters on the graphs indicate significant differences (p < 0.05) in mean values as determined

by a one-way ANOVA with Fisher LSD post-hoc analysis.
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2.3.4.2. AtNit2 gene expression analysis in 355::AtMYB2 plants

To determine whether overexpressing AtMYB2 resulted in any change in AtNit2 gene
expression in untreated conditions, RT-qPCR gene expression analysis was conducted. As can
be seenin figure 2.19, there was no significant differences between either of the 355::AtMYB2
lines and EV.

As no change in AtNit2 gene expression was observed in AtMYB2 OE lines, and no growth
phenotype was observed when exposed to saline conditions early in development. These lines
were not further characterised. Additionally, no atmyb2 KO lines were phenotyped in this

project for the same reasons.
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Figure 2.19: AtNit2 gene expression in homozygous 355::AtMYB2 lines

Arabidopsis seedlings were grown on PN-agar for 11 days. Tissue was harvested and pooled for RNA
extraction and cDNA was synthesised for RT-qPCR gene expression analysis. The results are an average
of three pools of tissue (n=3). Expression of AtNit2 is shown relative to the AtMON1 reference gene.
Error bars indicate standard error. Different letters on the graphs indicate significant differences

(p £0.05) in mean values as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.
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2.4. DISCUSSION

2.4.1. AtMYB2 and AtMYB30 were identified as transcription factor candidates

As a first approach to identify candidate TFs that could be involved in regulating auxin
biosynthesis via AtNit2, bioinformatics analyses identified TFBS present in the 1 kb upstream
of the AtNit2 ATG translation start site (table 2.2). Interestingly, five of the TFBS identified
were MYB binding sites (figure 2.1 , appendix figure 6.2). When looking at the list of TFs
upregulated > 2-fold under saline conditions alongside AtNit2 in the early development
microarray (appendix table 6.1), two MYB TFs were identified, AtMYB2 and AtMYB30.
Additionally, AtMYB30 was included in the list of salt-specific genes with the enriched GO
term “response to auxin stimulus” in the microarray (Cackett et al., 2022). The microarray
data for these TFs in figure 2.2 shows that they were induced in response to NaCl.
Unfortunately, only AtMYB2 expression in 125 mM NacCl was validated by qPCR (figure 2.2B).
As this data came from two different experimental set ups (i.e., not the same RNA), this could
be due to a number of reasons such as differences in the conditions that the plants were
grown under (different lights, different growth chambers, etc), differences in the Col-0 seed

stocks, and different times of day that the tissue was harvested.

Both AtMYB2 and AtMYB30 have previously been found to play a role in abiotic stress
responses. Urao et al. (1993) showed that AtMYB2 expression was induced by short-term
treatment of 250 mM NaCl over a 24 hour period. Furthermore, MYB2 has been shown to
regulate expression of salt- and dehydration-responsive genes in Arabidopsis, such as the
proline biosynthetic enzyme P5CS1 (A-pyrroline-5-carboxylate synthase 1), which confers
salt tolerance by facilitating proline accumulation (Yoo et al., 2005). AtMYB2 has also been
shown to play an important role in ABA-dependent gene expression under drought and salt
stress by activating transcription of RESPONSIVE TO DESICCATION 22 (RD22), an important
dehydration-responsive gene (Abe et al., 2003). Recently, MYB30 has been shown to
participate in salt tolerance in Arabidopsis following SUMOQylation by the small ubiquitin-like
modifier E3 ligase SIZ1. These researchers determined that once SUMOIlyated, MYB30 is able
to bind to the promoter of AOX1a (alternative oxidase 1a; involved in alternative respiration
and cellular redox homeostasis) and upregulate its expression in response to salt stress (Gong
et al., 2020). Furthermore, AtMYB30 has been previously linked to auxin in plants. Li et al.
(2009) showed that MYB30 can directly interact with BES1 and increase induction of SAUR15
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expression (one of the “response to auxin” genes from the early development microarray
analysis) and other genes induced by brassinosteroids, plant hormones which work together
with auxin to promote cell expansion and elongation (Nemhauser, Mockler & Chory, 2004;
Walcher & Nemhauser, 2012). Altogether, these results led us to select MYB2 and MYB30 for

characterisation under saline conditions, using a functional genetics approach.

2.4.2. Phenotypic analysis of atmyb30 and 35S::AtMYB30 plants

2.4.2.1. Altering expression of AtMYB30 affects plant growth early in development

Overexpression of AtNit2 in Arabidopsis improves salt tolerance as its growth is less inhibited
by saline conditions and it has improved ion homeostasis (Cackett et al., 2022). To determine
whether altered AtMYB30 levels effects AtNit2 expression and/or salt tolerance,
35S::AtMYB30 and atmyb30 T-DNA mutant lines were phenotyped. An important factor to
consider however is that both the AtMYB30 KO and OE lines were in the Col-0 background as
was the original microarray, but the AtNit2 OE was in the No-O background. Different
Arabidopsis ecotypes have different salinity tolerances, with Col-0 known to be more salt
tolerant than No-0 (Cackett, 2019). This indicates that the salt response in both ecotypes

might be slightly different.

An opposite phenotype was observed between the OE lines and a single KO line (atmyb30-2)
under saline conditions early in development, as would be expected. Figure 2.15 shows that
knocked out expression of AtMYB30 resulted in significantly smaller seedlings under all
conditions, which were less salt tolerant — as observed by a greater degree of growth
inhibition under saline conditions than WT. However, this phenotype was only observed in
the atmyb30-2 line and not in atmyb30-1 (figure 2.15B). The reason for the difference in the
degree of inhibition between the two KO lines is unlikely to be because of differences in
AtMYB30 expression, as both were validated to be knock-outs (figure 2.13). Therefore, this
could be due to one of the lines having an additional T-DNA insertion, possibly causing
disruption to another gene and therefore giving a different phenotype. It is known that in the
Arabidopsis T-DNA insertion mutant collection, the true number of inserts per line is unknown
(O’Malley, Barragan & Ecker, 2015). Therefore, a third atmyb30 mutant line should be
characterised to confirm the salt sensitivity phenotype. Previously, Gong et al. (2020)

screened a pool of T-DNA insertion mutants for lines that displayed altered seedling growth
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on 125 mM NaCl and identified an atmyb30 mutant as being salt-sensitive. In this experiment,
seeds were germinated and grown in petri dishes on media with or without 125 mM NaCl for
10 days. The atmyb30 mutant line displayed smaller seedlings with a significantly repressed
rate of cotyledon greening by saline conditions compared to WT Col-0. Additionally, they
showed that shoot and root growth of the atmyb30 line was significantly suppressed under
saline conditions compared with WT (Gong et al., 2020). This atmyb30 mutant has a T-DNA
insertion within exon one, different to the two mutants used in our analyses, and could

therefore be obtained for analysis using our experimental set up.

The 35S5::AtMYB30 lines displayed a significantly reduced degree of growth inhibition (i.e.,
maintained growth better) under saline conditions compared to the EV control (figure 2.14),
indicating that they were more salt tolerant and that AtMYB30 could play a role in maintaining
plant growth in response to salt stress. Interestingly, the AtMYB30 OE lines displayed a
significantly lower average plant mass compared to the EV under untreated conditions,
indicating that overexpression of AtMYB30 had a detrimental impact on plant growth in
untreated environments, but a beneficial role in response to high concentrations of NacCl
(figure 2.14). There is precedent for this as there have been numerous examples showing that
constitutive expression of genes encoding transcription factors, ion transporters or
biosynthetic proteins can lead to undesirable phenotypes, especially under non-stressed
conditions (Karakas et al., 1997; Sheveleva et al., 1997; Kasuga et al., 1999; Cortina & Culiafiez-
Macia, 2005; Hmida-Sayari et al., 2005; Sudrez, Calderdn & lturriaga, 2009), however this was
not seen for the AtNit2 OE in the early development salt assays (Cackett et al., 2022). As
AtMYB30 is proposed to be a positive regulator of programmed cell death associated with
plant disease resistance, by modulating salicylic acid (SA) levels and SA-associated gene
expression, (Vailleau et al., 2002; Raffaele, Rivas & Roby, 2006) it is also possible that in the
absence of salt stress, the overexpression of AtMYB30 might lead to accelerated cell death,
as seen by Raffaele et al. (2006). In future, it would be interesting to test whether driving
overexpression of AtMYB30 expression under the control of a stress-inducible promoter, or
multiple copies of its own promoter, would lead to a more desirable phenotype where there
is less of a penalty under untreated conditions and salt tolerance is improved (Zhu et al., 1998;
Kasuga et al., 1999; Garg et al., 2002; Su & Wu, 2004; Vendruscolo et al., 2007). To investigate

whether the role AtMYB30 plays in the salt response early in development is due to changes
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in auxin levels, assays looking at auxin-related growth phenotypes such as root and hypocotyl

elongation could be conducted using the OE and KO lines under control and saline conditions.

To investigate whether the altered growth phenotypes in the AtMYB30 OE and KO lines was
developmental stage specific, the same lines were tested later in development. Figure 2.15A
and C show that there was again a growth penalty observed for overexpressing AtMYB30
under untreated conditions, however this difference was only significant for AtMYB30 OE line
2.1. No significant differences in average shoot or root mass were seen between the EV line
and atmyb30-2 KO line under untreated and saline conditions, indicating that knocking out
AtMYB30 does not influence plant growth under this experimental set up. Overall, the degree
of inhibition of shoot and root growth were not altered in the AtMYB30 OE or KO lines
compared to the EV control, indicating that AtMYB30 might not play a role in the response to
salinity stress later in development. Differences between the two developmental stages could
be due to differences in the role that AtMYB30 plays in the salt stress response at different
stages of development as it has been shown that the Arabidopsis salt stress transcriptome is
different at different developmental stages (Cackett, 2019), or could be due to other factors
present in the different experimental set ups (e.g., less transpiration occurring in plate assays
compared to hydroponics). Additionally, this early development salt assay is confounded by
germination. Under unfavourable environmental conditions, ABA accumulates and results in
seed dormancy and inhibits seeds from germinating (Okamoto et al., 2006). As many ABA
mutants escape germination under stress without being truly stress tolerant, we should
conduct germination assays on ABA to confirm that we are not looking at ABA mutants.
Ideally, growth in salt should be measured for the same plants over multiple time points (e.g.,
using advanced phenomics to look dynamically at growth under saline conditions) to account
for differences in growth rate, as measuring at a single time point may mean that we have

assumed plants that are growing slower are more sensitive to salinity.

Overall, these results indicate that AtMYB30 plays a role in the salt stress response early in
development, as 355::AtMYB30 lines are more salt tolerant and the atmyb30-2 KO line is less

salt tolerant at this developmental stage.
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2.4.2.2. Altered AtMYB30 expression leads to changes in AtNit2 expression

Based on the finding that the atmyb30-2 KO and AtMYB30 OE lines had opposite phenotypes
in terms of salt tolerance, we would expect that if AtMYB30 is involved in AtNit2 regulation,
we would see opposite changes in AtNit2 levels between the OE and KO lines, compared to
WT. It is evident from the 355::AtMYB30 lines that increasing expression of AtMYB30 leads
to modest increases in expression of AtNit2 in untreated plants, which persists under saline
conditions (figure 2.17A). However, this difference is small compared to the salt-induced
upregulation of AtNit2 expression. It is important to note, however, that the AtMYB30 OE
lines phenotyped did not have very high overexpression of AtMYB30 which could be why no
drastic change in phenotype or AtNit2 expression was seen. This could be because of selection
against high AtMYB30 expression given the dwarf phenotype seen in the line with the highest

AtMYB30 expression (appendix figure 6.3).

Meanwhile, both atmyb30 KO lines showed a modest increase in AtNit2 expression under
saline conditions, but not in untreated (figure 2.17B). Overall, this data indicates that AtNit2
induction under saline conditions is maintained irrespective of whether AtMYB30 is
overexpressed or knocked out. This result was unexpected as it has previously been shown
that when AtNit2 is overexpressed in Arabidopsis, it is associated with improved plant growth
in saline conditions (Cackett et al., 2022). Thus, we had hypothesised that the atmyb30-2 line
which showed more growth inhibition in saline conditions, might have lower AtNit2
expression. The result seen in figure 2.17B could be due to the redundancy in the MYB
transcription factor family and could mean that knocking out AtMYB30 alone is not sufficient
to prevent the salt-induced upregulation of AtNit2. It is still unclear whether any R2R3-type
MYB genes are completely unique and functional redundancy is thought to mask the effects
of mutations in MYB genes (Stracke, Werber & Weisshaar, 2001). Additionally, if AtMYB30
plays a role in AtNit2 induction under saline conditions, there may be mechanisms in place to
alter expression/activity of other TFs to induce AtNit2 expression which may be more efficient
and result in higher AtNit2 levels compared to WT. This result also indicates that small
increases in AtNit2 expression (such as that seen between Col-0 and the atmyb30 lines in 100
mM NaCl) are not sufficient to improve salt tolerance, as these lines were significantly smaller
than Col-0 under saline conditions (figure 2.15). However, it is also possible that knocking out

AtMYB30 expression could negatively alter expression of other genes important in the plant
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salt stress response, therefore outweighing any gain in increased AtNit2 expression. As
previously mentioned, Gong et al. (2020) showed that AtMYB30 positively regulates AtAOX1a
expression under saline conditions to maintain redox homeostasis. When AtMYB30
expression was knocked out, AtAOX1a expression was decreased and plants were more
sensitive to salt stress (Gong et al., 2020). Looking at the atmyb30-2 line alone, we could
conclude that the decrease in salinity tolerance could be as a result of knocking out this
AtAOX21a pathway, and that plants lacking this might upregulate AtNit2 under saline
conditions in an attempt to improve salt tolerance. However, the fact that the AtMYB30 OE
lines were more salt tolerant and expressed elevated AtNit2 levels under both untreated and
saline conditions indicates that AtMYB30 might play a role in regulating AtNit2 independent

of any role in AtAOX1a regulation.

2.4.3. 355::AtMYB2 plants show no alteration of salt tolerance or AtNit2 expression

35S::AtMYB2 plants were generated and showed no significant difference in average plant
mass compared to the EV control line in our salt stress assay (figure 2.18). As previously
mentioned, researchers have shown that AtMYB2 regulates expression of the proline-
synthesising enzyme P5CS1 which confers salt tolerance by facilitating accumulation of
proline that acts as a compatible osmolyte to confer osmotolerance (Yoo et al., 2005).
Additionally, the rice MYB2 homolog, OsMYB2, has been shown to play a role in tolerance to
salt, cold, and dehydration stress (Yang, Dai & Zhang, 2012). In this study, OsMYB2 OE plants
were more salt tolerant and accumulated more soluble sugars and proline, and decreased
levels of H,0,, compared to WT plants under saline conditions. Therefore, it is surprising that
overexpressing AtMYB2 in Arabidopsis did not lead to any changes in salt tolerance. However,
this result does not necessarily mean that changing levels of AtMYB2 does not lead to changes
in Arabidopsis growth under saline conditions, as we only measured phenotypic changes after
two weeks on specific concentrations of NaCl. Additionally, these assays were conducted in
tissue culture which is an engineered environment with limitations including lack of humidity
control and condensation from transpiration. Phenotyping on soil or in hydroponics under
saline conditions could be performed to assess whether there are any salt-related
phenotypes. Additionally, more subtle phenotypes can be investigated such as changes in
root bending using halotropism plate assays. Proline levels should also be analysed in the

AtMYB2 OE lines in future.
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Previous evidence has shown that AtMYB2 protein represses the formation of axillary
meristems by inhibiting expression of REGULATOR OF AXILLARY MERISTEMS 1 (AtRAX1) in
response to environmental stresses (long-day, salt and dehydration) so that plants can
undergo a shorter vegetative development stage under environmental stresses (Jia et al.,
2020). As auxin is involved in apical dominance by suppression of axillary bud growth, low
auxin levels are required at the shoot apex to enable axillary bud/meristem growth. It is
therefore also possible that AtMYB2 could repress the formation of axillary meristems by
increasing the accumulation of auxin through regulation of AtNit2. However, expression of
AtNit2 was not significantly altered by AtMYB2 overexpression (figure 2.19), indicating that
increasing AtMYB2 expression alone is not able to cause changes in AtNit2 expression.
Nevertheless, AtMYB2 might still play a role in regulating AtNit2 under saline conditions and
this can be measured in future. Additionally, overexpression of a negative regulator may not
lead to any phenotypic changes as this could lead to stronger repression of the gene while
mutant lines would lift repression and thus may reveal a phenotypic effect. Therefore, atmyb2
mutant lines should be characterised to determine whether knocking out AtMYB2 leads to
any changes in AtNit2 expression. This was not conducted during this project as atmyb2 T-
DNA insertion lines ordered from NASC (SALK 045455 and SALK_043075) were never
received, and the seeds of the two atmyb2 mutant lines described by Guo & Gan (2011) had
lost their viability. Unfortunately, these T-DNA insertion lines came from the University of
Wisconsin Arabidopsis Knockout Facility which no longer distribute seeds. As previously
mentioned, the MYB TF family is large, therefore there is a risk of functional redundancy

within the family so KO lines may not provide a phenotype.

2.4.4. Summary

The results from this chapter indicate that AtMYB30 may play a positive role in regulation of
AtNit2 and the Arabidopsis salt stress response. Two Arabidopsis lines overexpressing
AtMYB30, and one atmyb30 knockout line, were less or more sensitive to salt stress early in
development respectively, in accordance with the increased salt tolerance of the AtNit2 OE.
There was no change in average plant mass of AtMYB2-overexpressing lines compared to
wild-type empty vector lines after two weeks on various concentrations of NaCl or sorbitol,
indicating that increasing AtMYB2 expression alone is not sufficient to improve salt tolerance

under these conditions. There may be other MYB TFs which play a role in AtNit2 regulation,

89



that aren’t transcriptionally regulated under saline conditions, that can be characterised in
future. However, this family is large and narrowing down other MYB candidates is difficult.
Therefore, it was necessary to use another method to identify other TFs that might play a

role in AtNit2 regulation.
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CHAPTER 3: IDENTIFICATION OF POTENTIAL NITRILASE 2 REGULATORS

3.1. INTRODUCTION

The current knowledge of AtNit2 regulation is limited. Whilst the previous chapter took a
targeted approach to identify potential regulators, here we report on a method of
investigating AtNit2 regulation based on an unbiased approach. To do this, we wanted to
identify all Arabidopsis transcription factors (TFs) with the ability to bind to the AtNit2
promoter that could potentially act as regulators of AtNit2 to alter its expression under saline

conditions, or indeed under any conditions.

3.1.1. The yeast one-hybrid (Y1H) assay

Generally, TFs are composed of at least two domains: an activation domain (AD) and a DNA-
binding domain (DBD). Binding of TFs to specific sites/motifs in gene promoters occurs via
their DBD, while the AD mediates RNA polymerase Il recruitment (Lee & Young, 2000). Many
properties of transcriptional regulation, such as the modular nature of the DBD and AD, were
first demonstrated with the yeast GAL4 protein (Ma & Ptashne, 1987). The observations that
the AD of the GAL4 TF is separable from its DBD, and that these functional domains can be
fused to heterologous proteins, forms the basis of the Y1H assay (Sadowski & Ptashne, 1989),

one of the most popular methods of investigating protein-DNA interactions (PDI) in vivo.

The Y1H assay is based on two main components, shown in figure 3.1. These are, 1) an
expression construct that encodes a fusion between a TF of interest and a yeast transcription
AD (such as the GAL4 AD), and 2) a reporter construct containing DNA of interest upstream
of a minimal promoter for the AD (e.g., the GAL4 minimal promoter) and an easily detectable
reporter gene (Reece-Hoyes & Marian Walhout, 2012). The hybrid protein is commonly
referred to as the “prey”, while the DNA of interest is called the “bait”. Both constructs are
transformed into suitable yeast strains and if the TF binds the DNA in the milieu of the yeast
nucleus, the AD induces reporter gene expression. One of the main limitations of this assay is
that the yeast AD activates reporter activity regardless of whether the TF is an activator or
repressor, therefore the Y1H assay only reports on the physical PDI (Reece-Hoyes & Marian
Walhout, 2012). Additionally, “sticky” proteins with promiscuous DBD often give false positive

results. Importantly, there may be a constraint on bait size that is linked to the distance over
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which a prey can activate reporter expression, most commonly thought to be about 400 bp

(Ouwerkerk & Meijer, 2011).

Transcription

TF AD

v

Prey expressmn
contract Bait DNA

/

Minimal
promoter

Bait reporter
construct

Figure 3.1: A schematic of the basic components of the Y1H assay

A prey expression construct includes an activation domain (AD) fused to a TF of interest. The bait
reporter construct contains the bait DNA (usually a promoter fragment) cloned upstream of a minimal
promoter and a reporter gene. If the TF is able to interact with the bait DNA, the AD is brought into

proximity of the minimal promoter and reporter gene activity is activated.

Two of the most common reporter assays in the Y1H system make use of auxotrophic yeast
mutants or colorimetric markers (e.g. the LacZ reporter gene) (Reece-Hoyes & Marian
Walhout, 2012). A gene enabling amino acid production can be used as a reporter gene in a
relevant auxotrophic yeast strain, and one of the most common genes used for this purpose
is HIS3, the product of which, imidazoleglycerol-phosphate dehydratase, is the enzyme which
catalyses the sixth step of histidine production (Glynn et al., 2005). For high-throughput
screening, the use of auxotrophic yeast mutants is advantageous as many transformants can
be screened simultaneously and only those with reporter activity (indicating PDI) will grow on
media lacking that amino acid. Importantly, the activity of HIS3 can be inhibited by adding
3-amino-1,2,4-triazole (3AT) to the growth media, a competitive inhibitor of the HIS3 gene
product which therefore decreases histidine production (Joung, Ramm & Pabo, 2000). This
also enables us to distinguish ‘strong’ and ‘weak’ PDI phenotypes based on how much 3AT

the PDI can withstand. Advances have been made in developing high-throughput methods of
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Y1H screening using either TF-centered assays, where a library of bait reporter constructs is
screened, or DNA-centered, where a prey library is screened against a DNA bait
(Reece-Hoyes & Marian Walhout, 2012). In Arabidopsis specifically, a comprehensive prey TF
library has been developed combining the TFs predicted from four independent databases
(PINTFDB:  http://plIntfdb.bio.unipotsdam.de, DATF: http://datf.cbi.pku.edu.cn, DBD:
http://www.transcriptionfactor.org, and REGIA Consortium: http://www.jicgenome-

lab.co.uk) (Pruneda-paz et al., 2014).

3.1.2. Transient reporter gene assays in Arabidopsis mesophyll protoplasts

As the Y1H system is unable to provide information on 1) whether PDI occurs in planta, 2) the
in vivo conditions under which these TFs may bind, and 3) the type of regulatory effect
(activation or repression), other methods are necessary for investigating this following the
Y1H assay. Commonly, transient reporter transactivation/transrepression assays in plant cells
are used, which test the ability of individual TFs to alter promoter activity (either positively or
negatively) by measuring reporter gene activity. This transient gene expression system is a
powerful tool for rapid gene functional analysis (Abel & Theologis, 1994). This is a low-
throughput assay which relies on the identification of candidate TFs from previous data. In
this assay, plant cells are transfected with three vectors; 1) containing a reporter gene under
the control of the promoter DNA of interest, 2) containing the candidate TF under the control
of a constitutive promoter, and 3) containing a different reporter that can be used for
normalisation of transfection efficiency (Reece-Hoyes & Marian Walhout, 2012). Once
normalised, the reporter activity controlled by the promoter of interest can be compared
across samples transfected with different candidate TFs and control vector to determine

whether the TF is able to alter the promoter activity.

Arabidopsis mesophyll protoplasts are a common system for transient reporter assays in
planta as DNA, RNA and protein delivery into the cell is relatively simple (Yoo, Cho & Sheen,
2007). Protoplasts are plant cells that have had their cell walls removed by mechanical,
chemical or enzymatic means. Agrobacterium-mediated gene delivery, particle
bombardment and treatment of protoplast-plasmid mixtures with polyethylene glycol or
electroporation are most commonly used to transfect protoplasts (Davey et al., 2005). One of

the main advantages of this system is that the plant protoplasts maintain many of the same
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physiological responses and cellular activities as intact plants and therefore it is possible to
investigate conserved aspects of plant signalling mechanisms (Sheen, 2011). Therefore, this
system is a popular method for validating Y1H interactions and determining whether

identified TFs are able to activate or repress reporter (and therefore promoter) activity.

Luciferase is one of the most widely used reporters, and various forms exist; including firefly
luciferase (LucF) from Photinus pyralis, and renilla luciferase (LucR) from the sea pansy Renilla
reniformis (Matthews, Hori & Cormier, 1977; De Wet et al., 1985). Although both LucF and
LucR are bioluminescent reporters, they possess different enzyme structures and substrate
requirements, making it possible to selectively distinguish between the luminescent reactions
for each enzyme (Sherf et al., 1996; McNabb, Reed & Marciniak, 2005). This forms the basis
for the Dual-Luciferase® Reporter Assay System (Promega, USA) which is commonly used in
transactivation assays in protoplasts. In this assay system, LucF is coupled to the candidate
promoter and LucR is driven by a constitutive promoter on another (control) vector. LucF
activity therefore reports on promoter activity and LucR activity is used to normalise LucF
activity, to account for transfection efficiency. This relies on two assumptions, 1) that if the
LucR vector has been successfully transfected into a cell then the LucF vector has also been
(McNabb, Reed & Marciniak, 2005), and 2) that the expression of LucR is unaffected by co-

transfected vectors or experimental treatments (Ho & Strauss, 2004).

3.1.3. Chapter aims

The aim of this chapter was to identify Arabidopsis transcription factors which are capable of
binding directly to the AtNit2 promoter using Y1H analysis, and to validate a selection of these
using transient reporter assays in Arabidopsis protoplasts. Thereafter, the aim was to
characterise the selected transcription factors by analysing whether knock-out of these TFs

affects plant growth in saline conditions, and expression of Nit2.
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3.2. MATERIALS AND METHODS

3.2.1. Chemical and stock solutions

All yeast strains and most media components were obtained from Clontech, a division of
Takara Bio (California, USA). The yeast nitrogen base without amino acids and 3-amino-1,2,4-
triazole (3AT) were obtained from Merck (Darmstadt, Germany). Zymolyase was obtained
from Zymo Research (California, USA). The Dual-Luciferase® Reporter Assay System (E1910),
PureYield™ Plasmid Midiprep System (A2492) and 1 kb DNA ladder (G5711) were obtained
from Promega (Wisconsin, USA). The Cellulase R10 and Macerozyme R10 were obtained from
Yakult Pharmaceutical Industry Co., Ltd. (Tokyo, Japan). The Bioline BioMix™ Red Polymerase
Mix (BIO-25006) and Bioline 1kb HyperLadder™ (BIO-33053) were obtained from Meridian
Bioscience (Ohio, USA).

3.2.2. Yeast one-hybrid screening
The Y1H experiment was performed in Professor Katherine Denby’s lab at the University of

York, according to the screening protocol described by Hickman et al. (2013).

3.2.2.1 Generating “bait” yeast

Four overlapping AtNit2 promoter fragments of approximately 400 bp (figure 3.3, appendix
figure 6.2) were amplified by PCR to add attB sites using the primers in table 3.1 as described
in chapter 2, section 2.2.11.3. These fragments were then transferred via BP recombination
into pDONR™/Zeo (Invitrogen) as described in chapter 2, section 2.2.17.2. Following PCR
confirmation and sequencing using the M13 primers, the promoter fragments were
transferred into the Gateway converted pHISLeu2GW vector (Hickman et al., 2013) via LR
recombination reaction as in chapter 2, section 2.2.17.3. The resulting constructs each
contained the respective promoter fragment upstream of the GAL4 minimal promoter and
the HIS3 reporter gene and allow for Leu-selection of yeast growth. Yeast strain Y8930 (MAT«)

(Clontech) was transformed with the pHISLeu2GW-promoter clones to generate bait strains.

3.2.2.2. The “prey” TF library
The prey library consisted of 1956 Arabidopsis TFs fused to an N-terminal GAL4 activation
domain (GAL4_AD) in pDEST™22 (Invitrogen), and has been described previously (Pruneda-

paz et al.,, 2014). This vector allows for Trp-selection of yeast growth. This library was
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previously transformed into yeast strain Y8800 (MATa) (Clontech) and stored in 96-well
format as glycerol stocks at -80°C with each well containing yeast transformed with a different

TF.

3.2.2.3. Yeast growth

Saccharomyces cerevisiae yeast was grown either on complete yeast extract peptone
dextrose (YPDA) media (1% (w/v) yeast extract, 2% (w/v) bacto peptone, 2% (w/v) glucose,
65 mM adenine) or synthetic defined (SD) media (2% (w/v) glucose, 0.5% (w/v) (NH4)2SOa,

0.34% (w/v) yeast nitrogen base) supplemented with specific amino acid dropout (DO) mixes

as below:
SD-Leu: 0.69 g/L amino acid DO-Leu
SD-Trp: 0.74 g/L amino acid DO-Trp
SD-Leu/-Trp: 0.64 g/L amino acid DO-Leu/-Trp

SD-Leu/-Trp/-His: 0.62 g/L amino acid DO-Leu/-Trp/-His
For solid yeast media in petri dishes, 2% (w/v) agar was included. Yeast cultures were
incubated at 30°C. Liquid cultures were incubated with shaking on an orbital shaker at 200

rpm.

3.2.2.4. Yeast transformation

A small-scale transformation protocol was followed to transform yeast strain Y8930 with the
pHISLeu2GW-promoter constructs. A 10 mL overnight yeast culture was grown in YPDA. The
following day, 1 mL of culture was centrifuged at 250 x g for 5 minutes, and the supernatant
was removed. The cells were resuspended in 1 mL 0.1 M LiAc. The cells were again pelleted
by centrifugation and resuspended in fresh 1 mL 0.1 M LiAc. The cells were then incubated in
a 30°C water bath for 1 hour. During this time, a DNA mix was prepared containing 3 uL of
purified plasmid DNA, 4 pL of 2mg/ml salmon sperm carrier DNA (sigma D1626) (that had
been boiled for 10 minutes and then put on ice for 5 minutes), and 290 uL 50% PEG 3350. This
DNA/PEG mix was pre-heated to 30°C. Once the yeast cells had finished incubating, 100 pL of
cell suspension was added to the DNA/PEG mix and this was incubated for a further 50 min
in the water bath at 30°C. Thereafter, the cells were heat shocked at 45°C for 15 min in
another water bath. The cells were then pelleted at 550 x g for 15 min. The supernatant was

carefully removed and the cells were resuspended in 200 puL sterile H20. The cell suspension
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was then spread on SD-Leu (SD media supplemented with all amino acids except leucine)

selection plates and these were incubated until positive transformants appeared.

3.2.2.5. Library screening for interactors with pooled bait strains

Working cultures of the bait strains were prepared by inoculating a small amount of
pHISLeu2GW (hereafter referred to as just pHISLeu2) yeast into 5 mL of SD-Leu media in
50 mL centrifuge tubes. Simultaneously, working cultures of the Y1H library were prepared
by inoculating 5 pL of the frozen glycerol stock into 200 puL of SD-Trp media (SD media
supplemented with all amino acids except tryptophan) in a round-bottom 96-well plate. These
cultures were incubated overnight at 30°C, with shaking at 75 rpm on an orbital shaker, until
an ODeoo of 0.4 — 0.9 was reached (mid-log phase). Thereafter, the yeast strains were mated
on YPDA media. This was done by pipetting 3 uL spots of the library yeast onto YPDA media
in a 150 mm diameter petri dish, using an 8-channel pipette in the same layout as the library
plate. After the spots were dry, 3 uL of the bait strain yeast was pipetted on top of each spot
and allowed to dry. For the initial library screening, the four bait strains containing the four
different promoter fragments were pooled together in order to save time. Each bait strain
yeast was also spotted individually on the media to ensure all four were growing correctly. A
positive control was included (Harvey et al., 2020). The plates were incubated overnight at
30°C. The following day, if all spots had grown correctly, the yeast was replicated by pressing
the plate onto sterile velvet cloth thereby transferring the yeast in the same configuration as
on the plate. Next, the selection plates were pressed onto the yeast print, starting with the
most stringent selection plate (usually SD-Leu/-Trp/-His + 1 mM 3AT) and then followed by
the least stringent plate (SD-Leu/-Trp). These selection plates were included as media lacking
leucine and tryptophan would only allow successfully mated diploid yeast to grow, thereby
validating that all the TF library yeast were mated with the bait yeast. On the media
additionally lacking histidine, only yeast with interaction between the TF and promoter would
have grown as the HIS3 reporter gene had been activated by bringing the GAL4_AD into
proximity of its minimal promoter. The addition of 3AT in these selection plates was to control
leaky expression of the HIS3 gene by acting as a competitive inhibitor of the HIS3 gene
product. These selection plates were then incubated overnight at 30°C. The next day, the
selection plates were cleaned by pressing them to individual sterile velvets in order to remove

any spots of dead yeast that may interfere with the results. Thereafter, the selection plates
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were incubated at 30°C for 2-5 days, until clear growth of the positive control was seen. Each

plate was then photographed and TFs with positive yeast growth were recorded.

3.2.2.6. Rescreening of interactors with individual bait strains

Once all the library plates had been successfully screened, the identified TFs that showed
growth (indicating interaction) in the initial screening were rescreened against each individual
promoter fragment bait strain, as well as an empty vector control in order to determine which
interactions were real, and with which promoter fragment each TF was interacting. In this
pairwise screening, a selection plate -Leu/-Trp/-His + 10 mM 3AT was also included. This
pairwise screening was repeated three times. These plates were photographed and the

growth for each TF was then scored as either:

- no growth
+ little growth (a few spots)
++ medium growth

+++  strong growth.

3.2.2.7. Identification of interacting TFs

Although each well location (i.e., row letter A-H, column number 1-12, e.g., D5) for each
library 96-well plate (numbered 1-21) in the TF library has been mapped to a specific TF, the
identity of each interacting TF was validated to ensure no contamination or mixing of yeast
had occurred. To do this, a small aliquot of yeast cells was harvested from the -Leu/-Trp/-His
+ 3AT selection plates (thereby ensuring the interacting TF is present in the sample) and
resuspended in 15 pL lysis buffer (0.1 M NaPOQa, pH 7.4, 1U zymolyase). The samples were
then incubated for 15 min at 37°C followed by 5 min at 95°C in a thermocycler. The samples
were then cooled to 10°C and 50 L sterile H,0 was added to each. The yeast lysate was then
centrifuged at 1000 x g for 10 minutes to pellet the yeast cell debris. For each sample, 2 uL of
the yeast lysate was used in a PCR reaction with the pDEST22 F and R primers that bind in the
pDEST22 vector on either side of the TF (table 3.1). These PCRs were conducted using the
Bioline BioMix™ Red Polymerase Mix. Amplification conditions included an initial DNA
denaturation step at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 30 sec,
primer annealing at 55°C for 30 sec and elongation at 72°C for 2 min. A final elongation step

was included at 72°C for 5 min. The resulting products were electrophoresed and visualised
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on 1% TAE agarose gels using EtBr. The amplicon sizes were compared to those predicted for
the TFs, and the gel-excised PCR products (as in chapter 2, section 2.2.14) were sequenced

(as in chapter 2, section 2.2.15) using the pDEST22 primers to confirm the TF identity.

3.2.2.8. Isolation of pDEST22 vector DNA containing the interacting TFs

In order to isolate the pDEST22 vectors containing the relevant TFs for downstream use,
plasmid DNA was extracted from the E. coli version of the TF library. To do this, 5 L of the
E. coli library glycerol stock for each TF was inoculated into 5 mL LB + 100 pg/mL ampicillin
and incubated overnight with shaking at 37°C. Thereafter, plasmid purification was performed
using the NucleoSpin® Plasmid Miniprep Kit (Macherey-Nagel, USA), according to the
manufacturer’s instructions. The resulting plasmid DNA was amplified using the pDEST22
primers to confirm the amplicon sizes (as in section 3.2.2.7) and sequencing was conducted,

as before, to confirm the identity of the TFs.

3.2.3. Analysis of microarray data

Data from two microarray experiments was obtained from Dr Lee Cackett and Dr Lara
Donaldson (Cackett, 2019; Cackett et al., 2022). These datasets were used to analyse
expression of the identified TFs from the Y1H assay under saline conditions using Microsoft
Excel, whereby the average normalised counts and associated standard errors were
calculated from the independent biological replicates for each treatment/tissue
type/genotype. This data was then used to plot graphs in Microsoft Excel. One-way analysis
of variance (ANOVA) tests were performed in Statistica as described in chapter 2, section

2.2.22.

3.2.3.1. Arabidopsis early development salinity microarray

The early development microarray is described in chapter 2, section 2.2.21.

3.2.3.2. Arabidopsis later development salinity microarray

Previous transcriptomics data from our group was analysed for changes in expression of the
genes of interest to this project. Data from a second microarray experiment was obtained
from Dr Lee Cackett. For this later development microarray experiment, Arabidopsis Col-0

was grown hydroponically in untreated % strength PN for two weeks after which the plants
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were transferred onto % strength PN media supplemented with 0, 50, 75 or 100 mM NacCl for
two weeks (Cackett, 2019). The experiment was repeated three times to obtain three
biological replicates. Each shoot sample was a pool of 3-6 leaves from three different plants,
while root samples were comprised of the entire root system from 2-3 plants pooled together.
RNA was extracted from the root and shoot tissue respectively and sent to the University of
York where Dr Lee Cackett performed the microarray experiment using SurePrint G3 Custom
GE 8x60K (Agilent, Santa Clara, USA) microarray slides designed by the Vicki Buchanan-
Wollaston group at the University of Warwick based on target transcripts from TAIR10. The
microarray data was normalised by Stuart Meier using the quantile between arrays
normalisation method from the Limma R package (Ritchie et al., 2015; Cackett, 2019). During
this project, this dataset was used for candidate gene expression analysis using Microsoft
Excel, whereby the average normalised counts and associated standard errors were
calculated from the independent biological replicates for each treatment. This data was then

used to plot graphs in Microsoft Excel.

3.2.4. Transient reporter assays in Arabidopsis protoplasts

3.2.4.1. Reporter assay vector preparation

The promoter-reporter vector: The full length of DNA upstream of the AtNit2 translation start
site encompassing the four fragments used in the Y1H screening (1368 bp) was amplified to
add attB primers and transferred into pDONR221 via BP recombination reaction as in
chapter 2, section 2.2.17.2. Sequence-verified promoter DNA was then transferred into
pGWL7 via LR recombination as in chapter 2, section 2.2.17.3. In this vector, the AtNit2
promoter is upstream of the firefly luciferase gene, LucF. It contains an ampicillin resistance
gene for selection in E. coli. This vector will be hereafter referred to as PAtNit2::LucF (figure

3.2A).

The TF effector vectors: The AtHMGB9 and AtSPL7 coding sequences (CDS) were transferred
from the pDEST22 vectors into a modified pUC19 vector, pUC19-35S-Rfa-35S5-sGFP (Li et al.,
2012), using Gateway Cloning Technology (see chapter 2, section 2.2.17). Briefly, the TF was
transferred from the pDEST22 vector via BP recombination into pDONR221. Following PCR

and sequence verification, the TF was transferred into the pUC19 vector via LR recombination.
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Constitutive transcription of the TF cloned into the Reading Frame Cassette A (Rfa) as well as
sGFP are driven by independent CaMV 35S promoters. The vector contains an ampicillin
resistance gene for selection in E. coli. The vector was donated by Professor Steven Hussey
(University of Pretoria). These vectors will be hereafter referred to as pUC19-HMGB9 and
pUC19-SPL7 respectively (figure 3.2B).

Empty vector control: pUC19-355-NOS-35S-sGFP (abbreviated as pUC19-EV; figure 3.2C) was
created by removing the Rfa sequence of the pUC19-35S-Rfa-35S-sGFP through LR
recombination with a self-ligated pCR8®/GW/TOPO® vector. A CaMV 35S promoter

constitutively expresses sGFP. This vector was also donated by Professor Steven Hussey.

Renilla Luc transfection control vector: The pBS-35S-Ala-LucR vector (abbreviated as pLucR;
figure 3.2D) constitutively expresses LucR from the Renilla luciferase gene LucR which is
driven by the CaMV 35S promoter. It contains an ampicillin resistance gene for selection in E.
coli. This was used as a control vector for transfection efficiency. This vector was donated by

Professor Albrecht von Arnim (University of Tennessee).
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Figure 3.2: Schematic representation of the four vectors used in the transfection of

Arabidopsis protoplasts

A: Reporter vector containing the AtNit2 promoter upstream of LucF. B: Vector which constitutively
expresses both GFP and the relevant candidate TF, AtHMGB9 or AtSPL7. C: An “empty vector” which
constitutively expresses GFP but lacks any TF. D: Vector which constitutively expresses LucR. “35S5”

indicates the position of the constitutive CaMV 35S promoter.

3.2.4.2. Bulk plasmid DNA extractions

High quality plasmid DNA was isolated using the PureYield Plasmid Midiprep System
(Promega, USA) according to the manufacturer’s instructions. The extracted plasmid DNA was
concentrated using a Savant™ Speedvac® Plus to ensure a high enough concentration for

transfection (~2 ug/uL).

3.2.4.3. Arabidopsis mesophyll protoplast isolation

Arabidopsis mesophyll protoplasts were isolated and transformed according to a published
protocol (Yoo, Cho & Sheen, 2007), with a few amendments. Briefly, Arabidopsis Col-0 was
grown for 3-4 weeks in a plant growth room under short photoperiod, low light conditions
(50-75 pE.m2.s? light intensity, 12-hr light/12-hr dark, 22°C, 50-60% relative humidity).
Twenty well-expanded, healthy leaves (true leaf numbers five, six or seven) were removed
and cut into 0.5-1 mm strips using a sharp scalpel blade and submerged in 10 pL enzyme
solution (20 mM MES (pH 5.7), 0.4 M mannitol, 20 mM KCl, 10 mM CaCl,, 0.1% (w/v)BSA,
1.5% (w/v) cellulase R10, 0.4% (w/v) macerozyme R10) in a petri dish. The enzyme solution
was infiltrated into the leaf strips using a vacuum for six minutes, twice. Digestion was
continued in the dark at room temperature for three hours, without shaking. The rest of the

protocol was followed without any amendments.

3.2.4.4. Protoplast transfection
A DNA-PEG-calcium transfection was performed according to the protocol by Yoo, Cho &
Sheen (2007). For each experiment, ten transfections were performed. Each vector

combination below was transfected in triplicate, with one “No DNA” control included. The
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vectors were added in the ratio 5:4:1 of TF effector : promoter reporter : pLucR transfection
control.
The vector combinations included:

e pUC19-EV + PAtNIt2::LucF + pLucR

o pUC19-HMGB9 + PAtNit2::LucF + pLucR

e pUC19-SPL7 + PAtNit2::LucF + pLucR
The transfections were performed for 15 minutes and stopped by dilution with 400 uL W5
solution (2 mM MES (pH 5.7), 154 mM NaCl, 125mM CaClz, 5 mM KCl). The protoplast mixture
was then centrifuged at 100 x g for 2 min and the supernatant was removed. Thereafter the
transfected protoplasts were incubated for 21 hours (based on a time trial conducted by
Jessica Proctor (2020)) in 1 mL W5 solution in six-well plates coated with 5% (v/v) foetal calf

serum.

3.2.4.5. Microscopy

Fluorescent microscopy was used to evaluate protoplast viability and confirm transfection
had occurred, using a Nikon Ti-E Inverted fluorescent microscope and NIS Elements Software
(Nikon Instruments Inc., Tokyo, Japan). The TexasRed filter was used to visualise chlorophyll
autofluorescence, and the FITC filter was used to visualise GFP fluorescence. Protoplast
concentration was determined using a MultiCount10™ disposable counting slide (#MC100,
Immune Systems Ltd., UK) under an Olympus CH20 compound microscope (model

#CH20BIMF200).

3.2.4.6. Dual-luciferase reporter (DLR) assays

Reporter assays were performed using the Promega Dual-Luciferase Reporter Assay System
according to the manufacturer’s instructions. Briefly, the protoplasts were harvested by
centrifugation at 100 x g for 2 min in round-bottom 2 mL microcentrifuge tubes. The
harvested protoplasts were then lysed in 150 uL passive lysis buffer (PLB) according to the
protocol provided, and the resulting lysate was used in the DLR assay to measure LucF and
LucR activity. A GloMax® Explorer Multimode Microplate Reader (Promega, USA) with dual
injectors was used to perform the DLR assay, using the standard DLR assay parameters
recommended by the manufacturer. The resulting LucF readings were normalised to the LucR

readings to account for transfection efficiency. Microsoft Excel was used to analyse the data
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and two-tailed homoscedastic t-tests were performed to determine any statistical differences

(p £0.05).

3.2.5. Characterisation of T-DNA insert lines

3.2.5.1. Homozygous T-DNA mutant lines

An athmgb9 T-DNA insertion line (SALK_076225C) was obtained from the Nottingham
Arabidopsis Stock Centre (NASC). A homozygous atsp/7 T-DNA insertion line (SALK_125385C)
was kindly provided by Toshiharu Shikanai (Kyoto University, Japan) (Yamasaki et al., 2009).
Both of these T-DNA lines were created in the Col-0 background. The athmgb9 was verified
as being homozygous by randomly extracting DNA from 14 seedlings and performing two
different PCR analyses as designed using the Salk Institute Genomic Analysis Laboratory
(SIGnAL) T-DNA Primer Design tool (http://signal.salk.edu/tdnaprimers.2.html). The first PCR
was performed using a gene-specific primer pair flanking the T-DNA insertion site and the
second was performed using the gene-specific forward primer with a SALK T-DNA specific
reverse primer contained with the T-DNA insertion (table 3.2). Thereafter, RNA extraction and
cDNA synthesis were performed according to chapter 2, section 2.2.9, and the lack of full
length mRNA product was confirmed by PCR using the full length (FL) gene primers in
table 3.2, according to chapter 2, section 2.2.11.2. To confirm that the cDNA was viable, a PCR
was also conducted using the Actin 2 (AtAct2, AT3G18780 ) primer pair.

3.2.5.2. Phenotyping in saline conditions

Mutant lines were phenotyped early in development in saline conditions following the same
method as in chapter 2, section 2.2.6.1, however only with NaCl and not sorbitol as a
preliminary analysis. Tissue was harvested from the untreated and 100 mM NacCl plates and
RNA extraction and cDNA synthesis were performed according to chapter 2, section 2.2.9.
Gene expression analysis was then conducted by RT-qPCR as in chapter 2, section 2.2.12,
using the AtHMGB9, AtSPL7 and AtNit2 gPCR primers listed in table 3.2. The AtMON1

reference gene was used (Hong et al., 2010).
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Table 3.1: The primers used for the Y1H and DLR assays. F: forward primer, R: reverse primer

Reference

Amplicon

Primer name Primer sequence (5’-3’) . ) ) Function PCR kit Ta
(if applicable) | size (bp)
M13 F GTAAAACGACGGCCAG . .
M13 R CAGGAAACAGCTATGAC Invitrogen ) Sequencing ) )
pDEST22 F TATAACGCGTTTGGAATCACT ) o .
pDEST22 R AGCCGACAACCTTGATTGGAGAC Invitrogen ; PCR BioMixRed | 55°C
PAtNit2/1-attB1 F | ggggacaagtttgtacaaaaaagcaggcttcAATCTCACGGTTTACCGCAG* ) . i
PAtNit2/1-attB2 R | ggggaccactttgtacaagaaagctgggtcTTTTTCTGTTTTAACTTGAGCTTTAG* 433 Cloning Kapa HiFi ¢
PAtNit2/2-attB1 F | ggggacaagttigtacaaaaaagcaggcttcGGTAGAACGAGTTTGGGTCG* ] . i
PAtNit2/2-attB2 R | ggggaccactttgtacaagaaagctgggtcTTAATCTGCGATACACCGTG* 458 Cloning Kapa Hii ¢
PAtNit2/3-attB1 F | ggggacaagttigtacaaaaaagcaggcttcCTTTTAAATTGATTGGAATTATAAATC* ) . .
PAtNit2/3-attB2 R | ggggaccactttgtacaagaaagctgggtcTTCATCCGTGGTATACCAT* 460 Cloning Kapa Hii ¢
PAtNit2/4-attB1 F | ggggacaagtttgtacaaaaaagcaggcttcCAGCCATTTTACCAAATAAATACTCAAGH ) N .
PAtNit2/4-attB2 R | ggggaccactttgtacaagaaagctgggtcCGTCTTACCATCTAATCTAGTTTGGT* 460 Cloning Kapa HiFi ¢
pHISLeu2GW F GATGTGCTGCAAGGCGATTAA Hickman et
al.,2013

PAtNit2 int F AATCTCACGGTTTACCGCAG
LucR GTCGCTTCCGGATTGTTTA +1600 PCR Supertherm 54°C
P35S F AATATCGGGAAACCTCCTCG Dr Lara .
AtHMGBPFLR | CTAAAAAGCCTTGCCGTTTGTC Donaldson +1400 PCR Kapa RM 3¢
P35S F AATATCGGGAAACCTCCTCG Dr Lara .
AtSPL7 FLR TCAAATTTTGTGTACCAATCTCATTCGG Donaldson +2800 PCR Kapa RM 3¢
AtHMGBP FL F ATGTCATCGGACAACGAATCG .
GFPR GTCCTCCTTGAAGTCGATGC +3200 PCR Kapa RM > ¢
AtSPL7 FLF ATGTCTTCTCTGTCGCAATCG 44600 PCR Kapa RM s5eC
GFPR GTCCTCCTTGAAGTCGATGC

* gttB sequences are shown in lowercase letters
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Table 3.2: The primers used for athmghb9 and atspl7 Arabidopsis mutant characterisation. F: forward primer, R: reverse primer

Reference

Amplicon

Primer name Primer sequence (5’-3’) (i applicable] size (bp) Function PCR kit Ta

gAtHMGBI F AAGCAAGACAGTCCGATTTTTAG
gAtHMGBI R AACACTCCTCCAACTTCCCTC SIGnAL 1088 Genotyping Kapa RM >5°C
gAtHMGBO F AAGCAAGACAGTCCGATTTTTAG
SALK T-DNA BP GCGTGGACCGCTTGCTGCAACT SIGnAL +700 Genotyping | Kapa RM 55°C
AtHMGB FL F ATGTCATCGGACAACGAATCG 1019 . apa RV e
AtHMGB9 FL R CTAAAAAGCCTTGCCGTTTGTC
AtSPL7 FLF ATGTCTTCTCTGTCGCAATCG 7406 och A o
AtSPL7 FLR TCAAATTTTGTGTACCAATCTCATTCGG
GAtHMGBI F TCACGAGGAGGGGAGGTTAC
GAtHMGBI R TGTGAAACTCGACGAACCTTGA 305 RT-qPCR SYBR®FAST | 60°C
GAtSPL7 F TGCCAGAGATTATGTGGGCG \o3 RT-PCR oare Fast | 6o
GAtSPL7 R AAAAGACACGAGAAACCGGC

AtNit2 F CTCCCGCCACTCTAGAAAAG
ZAtNitZ R AATAGCAGAAGCATGGTACTTGC CaCksct)tzgt 7 185 RT-gPCR SYBR®FAST | 60°C
AtMON1 F CAGACAAGGCGATGGCGATA Hong et al., - RT-PCR ware FasT | eoc
AtMON1 R GCTTTCTCTCAAGGGTTTCTGGGT 2010
AtAct2 F AGTGGTCGTACAACCGGTATTGT Ingle et al., 2 R (apa RM o
AtAct2 R CATGAGGTAATCAGTAAGGTCACGT 2015
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3.3. RESULTS

3.3.1. Y1H screening to identify TFs that bind to the AtNit2 promoter

3.3.1.1. Preparation of promoter fragment vectors for Y1H analysis

Four overlapping AtNit2 promoter fragments (figure 3.3, appendix figure 6.2) were amplified
and cloned into pHISLeu2GW using Gateway Cloning Technology. Hereafter the vectors
containing the fragments will be designated as pHISLeu2-PAtNit2/X, where X is the number

of the promoter fragment.

Nitrilase 2 promoter

-1368 -1066 -719 -372 ,ﬁ'{G

Figure 3.3: A schematic showing the four overlapping AtNit2 promoter fragments used in
the Y1H assay

The four promoter fragments (grey) are labelled as 1-4 with fragment 1 being closest to the translation
start site (ATG). In this schematic, the AtNit2 promoter is shown as a black line with the coding

sequence indicated by a white box with a black outline.

The generated pHISLeu2 vectors containing the various promoter fragments were
transformed into E. coli and colony PCRs were performed using the pHISLeu2 forward primer
and the relevant promoter attB2 reverse primer (table 3.1) to confirm transformation with
the correct promoter fragment. Figure 3.4 shows the results of each colony PCR where it is
evident that all four tested colonies for each fragment contain an amplicon of the correct size
(+ 500 bp as vector F primer binds upstream of the att site), with no amplification seen in the
H>0 no template controls. Plasmid DNA was extracted, sequenced, and sent to the University
of York where | completed the Y1H experiments. Here, each plasmid was transformed into

S. cerevisiae yeast Y8930 (MATa).
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A pHISLeu2-PAtNit2/1 B pHISLeu2-PAtNit2/2

MW 1 2 3 4 H),0 MW 1 2 3 4 H,0

C pHISLeu2-PAtNit2/3 D pHISLeu2-PAtNit2/4

MW 1 2 3 4 H,O0 b MW 1 2 3 4 H,0
bp p

700 [ 700
soof el

288
Figure 3.4: PCR confirmation of successful generation of pHISLeu2-promoter vectors
A colony PCR was performed on colonies from E. coli transformed with A: pHISLeu2-PAtNit2/1, B:
pHISLeu2-PAtNit2/2, C: pHISLeu2-PAtNit2/3, and D: pHISLeu2-PAtNit2/4. The pHISLeu2 forward
primer was used, with the fragment-specific attB2 reverse primer, with expected amplicon sizes of
1 500 bp. A no template H,0 negative control PCR reaction was included in each case. The MW marker

included is the New England Biolabs Quick-Load® 100 bp DNA ladder.

3.3.1.2. Test to confirm no autoinduction by promoter fragment constructs

To determine whether the pHISLeu2-PAtNit2 constructs capable of autoinduction, each “bait”
yeast was tested with “prey” yeast transformed with pDEST22 empty vector and five random
TFs from the library plate 7. Figure 3.5A shows that on YPDA complete media, each yeast
strain was able to grow individually, but on SD-Leu/-Trp plates no yeast could grow as

expected, validating that the amino acid selection was working.

Figure 3.5B shows the results from the autoinduction test, where the “bait” and “prey” yeast
were spotted on top of each other on YPDA and then replicated onto selective media. It is
evident from the results on SD-Leu/-Trp media that mating had occurred between all yeast
tested as growth was observed. The yeast transformed with the transcription factor from
plate 7, well G9, mated with all of the “bait” yeast strains became pink in colour, indicating
that this yeast strain had picked up a mutation and had become auxotrophic for adenine
(Weng & Nickoloff, 1997), but this colour change was not relevant to our experiment. On the
SD-Leu/-Trp/-His + 1 mM 3AT plates, no induction of the HIS3 reporter gene was observed

with pDEST22 EV or any of the TFs tested, indicating that there was no autoinduction of the
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HIS3 gene, and that these “bait” promoter yeast strains could be used in a TF library screening.
Yeast from a previous yeast two-hybrid (Y2H) experiment (Harvey et al., 2020) were included
as a positive control. This study showed that the ‘TPL’ binding domain (BD) was able to
interact with activation domain (AD) ‘21’, and when these yeast strains are mated it results in
growth on SD-Leu/-Trp/-His + 3AT. As growth was seen in this positive control on the selection

plate, it indicates that the media was correctly made and that the negative results seen with

my promoter fragments were valid.
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Figure 3.5: Test for autoinduction of HIS3 gene in promoter “bait” yeast

A: Y8930 (mating type a) yeast transformed with the pHISLeu2-PAtNit2/1-4 vectors (“bait”) and Y8800
(mating type a) yeast transformed with pDEST22 containing different TFs from the library (“prey”)
were grown on YPDA complete media overnight. The following day, they were replicated onto SD-
Leu/-Trp and incubated for four days to confirm that all yeast was viable and not able to grow on
selective media without being mated. B: The “bait” and “prey” yeast strains were mated on YPDA
media and grown overnight. Thereafter, the yeast was replicated onto selective media and allowed to
grow for four days (with cleaning of the plate the day after replication to remove any dead transferred
yeast). SD-Leu/-Trp was used to test for mating, and SD-Leu/-Trp/-His + 1 mM 3AT media was used to

test for HIS3 induction. pBD-TPL x pAD-21 was included as the positive control for HIS3 induction.

3.3.1.3. Y1H library screening using pooled promoter “bait” strains

The “bait” yeast strains transformed with each of the four pHISLeu2-AtNit2 promoter
fragments were cultured and pooled for the initial screening of the 21 library “prey” yeast 96-
well plates. The results showing the screening of library plate 7 are shown in figure 3.6 as a

representation of what the library screening looked like.

1 2 3 45 6 7 89 101112 1 2 3 456 7 8 9101112

T O M m o 0O m >

YPDA -Leu/-Trp -Leu/-Trp/-His

Pos. control +1mM 3AT

3 4 56 7 8 9 1011 12

I O m m OO w >

Figure 3.6: Y1H screening of library plate 7

The Y8930 (mating type a) yeast transformed with the pHISLeu2-PAtNit2/1-4 vectors (“bait”) was
pooled and spotted on top of Y8800 (mating type a) yeast transformed with pDEST22 containing
different TFs from the library (“prey”) plate 7 and were grown on YPDA complete media overnight.

The following day, the yeast was replicated onto SD-Leu/-Trp and SD-Leu/-Trp/-His + 1 mM 3AT and
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incubated for four days at 30°C until clear growth of the positive control (TPL+21) was seen. Two
“prey” yeast strains from plate 7, wells G4 and D11, were able to mate with the AtNit2 promoter “bait”
yeast and grow on selective media, indicating that the TFs these yeasts contain are able to interact
with one or more of the promoter fragments. pBD-TPL x pAD-21 was included as the positive control

for HIS3 induction.

Eleven TFs were identified as potential interactors of one or more of the AtNit2 promoter
fragments from the screening of the 21 library plates. These TFs are listed in table 3.3.
Notably, neither of the MYB TFs characterised in chapter 2, nor AtATAF2, showed any binding
to the AtNit2 promoter fragments tested in the Y1H experiment, despite the fact that the
predicted TFBS fall within the 1368 bp promoter region tested. Additionally, no other TFs
matched up to the predicted TFBS in table 2.2.

Table 3.3: The identity of the 11 TFs able to bind to the AtNit2 promoter fragments

. | | .
Gene name/description Gene accession Clone location TF family
number (plate-well)
GeBP, GL1 Enhancer Binding Protein,
STKR1, Storekeeper Related 1 AT4G00270 07-b1l GeBP
HB34, Homeobox protein 34,
ZHDS9, Zinc Finger Homeodomain 9 AT3628320 07-Go4 ZF-HD
HB24, Homeobox protein 24,
ZHD6, Zinc Finger Homeodomain 6 AT2G18350 08-G05 ZF-HD
HB28, Homeobox protein 28,
ZHD7, Zinc Finger Homeodomain 7 AT3G50890 10-A01 ZF-HD
DNA-bIndlhg 'storekeeper protein-related ATAG00390 10-HO7 GeBP
transcriptional regulator (DbSPR1)
HMGB9, High mobility group box protein with
AT1G76110 12-E03 ARID
ARID/BRIGHT DNA-binding domain-containing protein
DNA-bIndlhg 'storekeeper protein-related ATAG25210 12-F07 GeBP
transcriptional regulator (DbSPR2)
TCP20, Teosinte Branched 1, Cycloidea,
AT3G27010 15-G05 TCP
PCF (TCP)-domain Family Protein 20
TCP3, Teosinte Bran'ch'ed 1, Cycloidea and AT1G53230 16-A03 TP
PCF Transcription Factor 3
GL2, Glabra 2 AT1G79840 19-G09 HB
SPL7, Squamosa Promoter Binding Protein-like 7 AT5G18830 19-G10 SBP
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Information on the “gene name/description” associated with each gene accession number is reported according
to TAIR (https://www.arabidopsis.org/). Information on the TF families were obtained from
http://pIntfdb.bio.uni-potsdam.de. ~ GeBP:  glabrous-enhancer-binding  protein, ZF-HD:  zinc-finger
homeodomain, ARID: AT-rich interaction domain, TCP: teosinte branched1/cincinnata/proliferating cell factor,
HB: homeobox, SBP: SQUAMOSA promoter-binding protein.

3.3.1.4. Pairwise screening of AtNit2 promoter fragments with each interacting TF

In order to ensure that these interactions observed in the library plate screenings were
specific to the AtNit2 promoter, and to determine to which promoter fragment the TF is able
to bind, a pairwise screening approach was taken whereby each of the TFs (and the pDEST22
EV control) was tested with each of the promoter fragments individually, as well as the
pHISLeu2 empty vector. This was repeated three times with comparable results, with the
results from one of the pairwise screenings shown in figure 3.7 and summarised in appendix

table 6.3.

Figure 3.7A shows that all yeast transformants were viable and able to grow on complete
YPDA media. Each yeast strain was spotted individually (labelled as -) to ensure that the
growth seen was not from only one of the two yeast strains spotted on each coordinate. All
mating occurred successfully, as indicated by growth of all mated yeast on SD-Leu/-Trp (figure

3.78B).

The results in figure 3.7C illustrate the importance of adding 3AT to the SD-Leu/-Trp/-His
media to reduce leaky HIS3 expression, as all pDEST22-TF yeast mated with pHisLeu2 EV were
able to mate and grow when 3AT was not added. Therefore, only the results from yeast on

selective media containing 3AT were considered.

Figure 3.7D shows that the interaction between two of the TFs, DbSPR1 and TCP3, was not
observed in the pairwise screening. This was not necessarily unexpected as these TFs had
shown very little growth in the initial library screening and were included to confirm whether
this interaction was real. Additionally, the interactions with three of the TFs, GeBP, DbSPR2
and TCP20 were seen to be non-specific, as these TFs were also able to cause HIS3 induction
of the pHISLeu2 EV. The other six TFs showed specific interactions with one or more of the

AtNit2 promoter fragments.
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Overall, no TFs were found that interacted with the first AtNit2 promoter fragment 1, closest
tothe ATG translation start site. The HB34 TF bound to AtNit2 promoter fragment 3, and HB24
was able to bind to fragments 2-4, indicating that there must be at least two TFBS at which
this TF can bind within the promoter, although binding was strongest with fragments 3 and 4.
It appears as though HB28 bound most strongly to AtNit2 promoter fragment 4, with some
binding in fragments 2 and 3. Additionally, HMGB9 was able to bind strongly to promoter
fragment 2, with some binding with fragments 3 and 4 as well. Both GL2 and SPL7 bound
specifically to AtNit2 promoter fragment 4. The results for these TFs which bound specifically
to the AtNit2 promoter are summarised in table 3.4.
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Figure 3.7: Results of the pairwise screening of interacting TFs with each AtNit2 promoter
fragment

Interactions between the TFs identified in the Y1H library screen and the AtNit2 promoter fragments
were tested in a pairwise Y1H screen. All yeast grew on non-selective YPDA media (A) and controls
were included showing that each yeast strain could grow individually (labelled as -). All yeast spots
where “bait” and “prey” yeast strains were spotted on top of each other grew on SD-Leu/-Trp media
(B) indicating mating had occurred successfully. Binding was assessed by yeast growth on selective
SD-Leu/-Trp/-His media (C) with the addition of 1 mM (D) or 10 mM 3AT (E). pBD-TPL x pAD-21 was

included as the positive control for HIS3 induction. The full TF names are listed in table 3.3.

Table 3.4: TFs that bound specifically to the AtNit2 promoter in the Y1H pairwise screening

Gene name Gene accession TF family Coding sequence  Promoter fragment
number (bp) bound
HB34 AT3G28920 ZF-HD 939 3
HB24 AT2G18350 ZF-HD 789 2,3&4
HB28 AT3G50890 ZF-HD 750 2,38&4
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HMGB9 AT1G76110 ARID 1017 28&4

GL2 AT1G79840 HB 2244 4

SPL7 AT5G18830.1 SBP 2406 4

Where more than one promoter fragments were bound, the fragment with the most growth (indicating highest
reporter gene activity) is labelled in red. ZF-HD: zinc-finger homeodomain, ARID: AT-rich interaction domain,
TCP: teosinte branchedl/cincinnata/proliferating cell factor, HB: homeobox, SBP: SQUAMOSA promoter-
binding protein.

To confirm the identity of the interacting TFs, yeast was harvested from the selection plates
and cell lysate was used in a PCR with the pDEST22 F and R primers (table 3.1), which bind on
either side of the TF insertion and the results are shown in figure 3.8A. As can be seen, the
amplicons were all £ 400 bp larger than the predicted size of each TF CDS listed in table 3.4,
as expected based on where the primers bind on either size of the insertion. In the EV, the
band size is based on the size of the chloramphenicol resistance (Cm®) gene and ccdB suicide
gene present in between the attR sites in the vector. The second band present in the HB34

sample was not present when the PCR was repeated (appendix figure 6.5).

The pDEST22-TF plasmids were extracted from the E. coli version of the TF library and PCR
was performed again to confirm the TF identities. Figure 3.8B shows that the results were
comparable to the band sizes seen in the yeast lysate samples (figure 3.8A), indicating that
the correct plasmid DNA had been extracted from the E. coli library. These PCR products were

sequenced and confirmed the TF identities.

Overall, the Y1H experiment identified six TFs that have not previously been shown to bind to
the AtNit2 promoter or be involved in AtNit2 regulation. These are HB34, HB24, HB28,
HMGBY, GL2, and SPL7.
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Figure 3.8: PCR confirmation of the TFs present in the interacting yeast “prey” strains and
E. coli version of the TF library

A PCR was performed using the pDEST22 primer pair on A: yeast lysate samples from the interacting
yeast on selective media, B: plasmid DNA extracted from the E. coli version of the TF library. The
amplicons in both PCRs were expected to be + 400 bp larger than the size of the relevant TF CDS which
are listed at the bottom of the top gel image. A no template H,O negative control was included in both

PCRs. The MW marker included is the Bioline 1kb HyperLadder™.

3.3.2. Gene expression analysis of the interacting TFs under saline conditions

To investigate whether any of these TFs that are able to bind to the AtNit2 promoter are salt-
responsive, their expression was analysed under saline conditions using the available
microarray data (Cackett, 2019; Cackett et al., 2022). This was also done to see how the
expression of these TFs corresponds to AtNjt2 expression in the same datasets, where AtNit2
was significantly upregulated in a dose-response manner in response to saline conditions

early in development (figure 2.2E) and later in development primarily in shoot tissue (Cackett,
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2019). To allow easy comparison, the AtNit2 expression in the later development microarray

is plotted in appendix figure 6.6.

Figure 3.9A shows that AtHB34 is salt-responsive as AtHB34 expression was significantly
higher under saline conditions than untreated. Later in development, it appears as though
AtHB34 expression is predominantly expressed in shoot tissue and decreases slightly in
response to 100 mM NacCl (figure 3.9B). Overall, AtHB34 does appear to be slightly salt

responsive, but its function may depend on developmental stage.

Figure 3.9C shows that AtHB24 expression was slightly decreased in response to all NaCl
concentrations except 125 mM NaCl early in development. Similar to AtHB34, AtHB24 was
also predominantly expressed in shoot tissue later in development and decreased slightly in
response to 100 mM NaCl (figure 3.9D). This indicates that AtHB24 expression is marginally

salt-responsive.

Figure 3.9E shows that AtHB28 displays a small dose-dependent increase in expression under
saline conditions early in development. However, later in development AtHB28 expression
decreased in shoot tissue (where it was more predominantly expressed) under high salinity
(100 mM NacCl) (figure 3.9F) and remained the same in root tissue. This indicates that AtHB28

might play a different role in response to salinity at different developmental stages.

Figure 3.9G shows a pronounced negative relationship between AtHMBG9 expression and
salinity early in development as AtHMGB9 expression decreases in a dose-dependent manner
in response to NaCl, opposite to that seen with AtNit2. The same trend was not seen with
sorbitol, indicating that this change in AtHMGB9 expression was specific to the ionic
component of salinity stress. Later in development, AtHMGB9 was predominantly expressed

in shoot tissue where it was downregulated in response to 100 mM NacCl figure 3.9H).

Similarly, AtGL2 expression showed a strong negative relationship specifically under NaCl
conditions early in development (figure 3.91), opposite to that seen with AtNit2. However, no
change in AtGL2 expression in either root or shoot tissue was seen later in development
(figure 3.9J). This indicates that AtGL2 may only play a role in the response to salinity early in

development.
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Figures 3.9K and L show that neither salinity nor osmotic stress significantly alter AtSPL7

expression early or later in development.

Although some of these TFs were salt-responsive and some weren’t, this does not necessarily
mean that they are more or less important in AtNit2 regulation, as a TF is able to regulate
gene expression under certain conditions without itself being differentially regulated.
However, this data does seem to hint at a possible role of AtHMGB9 and AtGL2 in the plant

response to salt stress.
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Figure 3.9: Microarray expression of the six potential AtNit2 regulators from the Y1H screen
In the early development microarray (A, C, E, G, | and K), gene expression was determined in
Arabidopsis Col-0 seedlings grown in petri dishes on control PN-agar and PN supplemented with
different concentrations of NaCl or iso-osmolar sorbitol for two weeks (black bar: untreated control,
grey bars: NaCl treatments, white bars: sorbitol treatments). The results are shown as an average fold
change relative to the untreated control. The later development microarray (B, D, F, H, J and L) was
performed on Arabidopsis Col-0 seedlings grown hydroponically for two weeks in untreated control
conditions then transferred to media containing the indicated concentrations of NaCl for a further two
weeks (blue bars: root, green bars: shoot). Genes include: AtHB34 (A and B), AtHB24 (C and D), AtHB28
(Eand F), AtHMGB9 (G and H), AtGL2 (1 and J), and AtSPL7 (K and L). Error bars indicate standard error.
Different letters on the graphs indicate significant differences (p < 0.05) in mean fold change values as

determined by Fisher LSD post-hoc analysis following a one-way ANOVA.

3.3.3. Validation of interactions identified in the Y1H assay

Two TFs were selected for validation in two different ways: first, using transient reporter
assays in Arabidopsis mesophyll protoplasts to determine whether the TF can bind to and
alter the activity of the AtNit2 promoter in planta, and second through characterisation of
T-DNA insertion mutants for changes in growth under saline conditions and alteration of
AtNit2 expression. For this, AtHMGB9 and AtSPL7 were selected. The former was selected
based on its expression in the two microarray experiments (figures 3.9G and H), and the latter

was selected as atspl7 T-DNA mutants had previously been characterised by other
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researchers who were able to supply them to us as confirmed homozygous lines (Yamasaki et

al., 2009).

3.3.3.1. Transient reporter assays in Arabidopsis mesophyll protoplasts

The full length AtNit2 promoter that spanned the four fragments used in the Y1H experiment
was cloned into the pGWL7 reporter vector, upstream of the firefly luciferase gene, LucF.
After transformation into E. coli, a colony PCR showed amplification of the correct size
product in all four colonies using the PAtNit2 internal forward primer and the Luc reverse
primer (appendix figure 6.7A). Each of the TFs were cloned into a modified pUC19 vector to
form pUC19-HMGB9 and pUC19-SPL7 which were thereafter transformed into E. coli. Colony
PCR was conducted using the 35S forward primer and the AtHMGB9 or AtSPL7 full length
reverse primer respectively and showed amplicons of the expected sizes (appendix figure 6.7B

and C).

Following plasmid DNA midiprep, these PCRs were repeated on the purified plasmid DNA to
ensure the correct plasmid DNA was present in the samples to be used for protoplast

transfection.

Lane 1 of figure 3.10 shows the correct size PCR product (1.6 kb) from pGWL7-PAtNit2
amplified with the PAtNit2 internal forward primer and the Luc reverse primer, confirming

that the AtNit2 promoter is in this vector, upstream of LucF.

Figure 3.10 lanes 2 and 3 show the results of PCR amplification of the pUC19-HMGB9 and
pUC19-SPL7 vectors using the 35S forward primer and AtHMGB9 or AtSPL7 full length reverse
primer respectively. The correct sized amplicons were seen, 1.4 kb for AtHMGB9 and 2.8 kb
for AtSPL7. This confirms that these TFs are present in the plasmid DNA downstream of the
35S promoter. Additionally, to confirm that GFP is present in these vectors to be used as a
method of verifying protoplast transfection using fluorescent microscopy, PCRs were
conducted on these two vectors using the appropriate AtHMGB9 or AtSPL7 full length forward
primer with the GFP reverse primer. The results in figure 3.10 lanes 4 and 5 show amplification
of the correct size products, 3.2 kb for AtHMBG9 and 4.6 kb for AtSPL7. These results

confirmed correct plasmid DNA preparation.

121



Figure 3.10: PCR confirmation of purified pGWL7-PAtNit2, pUC19-AtHMGB9 and pUC19-
AtSPL7 vectors

PCRs were performed on purified midi-prepped plasmid DNA as follows; lane 1: pGWL7-PAtNit2, using
the PAtNit2 internal forward primer and the Luc reverse primer with an expected amplicon size of 1.6
kb, lane 2: pUC19-AtHMG9, using the P35S forward primer and AtHMGB9 FL reverse primer with an
expected amplicon size of 1.4 kb, lane 3: pUC19-AtSPL7, using the P35S forward primer and AtSPL7 FL
reverse primer with an expected amplicon size of 2.8 kb, lane 4: pUC19-AtHMG9, using the AtHMGB9
FL forward primer and GFP reverse primer with an expected amplicon size of 3.2 kb, and lane 5:
pUC19-AtSPL7, using the AtSPL7 FL forward primer and GFP reverse primer with an expected amplicon
size of 4.6 kb. A no template H,O negative control PCR reaction was included in each case and are
shown in wells 6-10. The expected amplicon sizes are shown in white at the bottom of the gel image.

The MW marker included is the Promega 1 kb DNA ladder.

Arabidopsis mesophyll protoplasts were isolated and viewed under a microscope to verify
that the protoplasts were intact and of the correct size of + 50 um. Appendix figure 6.8
confirms this. After the protoplasts were diluted to the correct working concentration,
transfection was performed. Figure 3.11 shows a representation of Arabidopsis protoplasts
of the correct size, expressing GFP from the pUC19 empty vector seen under a fluorescent

microscope, confirming successful transfection.
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Figure 3.11: Arabidopsis protoplasts expressing GFP

Representative images of successfully transfected protoplasts. A: Chlorophyll autofluorescence, seen
using the TexasRed filter, B: Cells expressing GFP from the effector vector, seen using the FITC filter,

and C: Overlay of images A and B.

Once transfected, the protoplasts were incubated for 21 hours to allow time for expression
of the TF, binding of the TF to the AtNit2 promoter and Luc reporter activity. Protoplasts were
then lysed and used in a dual luciferase reporter assay to measure LucF and LucR activity
simultaneously. The LucF activity was then normalised to the constitutively produced LucR
activity to account for transfection efficiency. The whole process of isolating protoplasts,
transfection and the DLR assay was repeated twice with near identical results. The results

from both assays are combined and shown in figure 3.12.

It is evident that AtHMGB9 expression significantly reduces LucF activity from the AtNit2
promoter reporter compared to the EV control, indicating that AtHMB9 is a negative regulator
of AtNit2 promoter activity and thus AtNit2 expression. This also confirms the Y1H result that
AtHMGBS is able to bind directly to the AtNit2 promoter DNA. There was no significant
difference in AtNit2 promoter activity when protoplasts were transfected with pUC19 EV or
pUC19-AtSPL7, indicating that AtSPL7 is not able to alter AtNit2 promoter activity in this

experimental set up.
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Figure 3.12: AtNit2 reporter assay to investigate regulation by AtHMBG9 and AtSPL7

Arabidopsis mesophyll protoplasts were isolated and co-transfected with three vectors: a
PAtNiIt2::LucF reporter vector, a vector constitutively expressing LucR, and an effector vector which
constitutively expresses both GFP and AtHMGB9/AtSPL7 or an “empty vector” which expresses GFP
but lacks an effector gene. LucF activity was measured 21 hours after transfection and normalised to
the LucR activity for each transfection. Values shown are mean values * standard error from six
biological repeats (two experiments performed in triplicate) (n=6). The p-value shown is from a two-

tailed homoscedastic t-test.

3.3.3.2. Characterisation of athmgb9 mutants

3.3.3.2.1. Isolation of a homozygous athmgbh9 mutant line

An athmgb9 T-DNA insertion line (SALK_076225C) was obtained from NASC. The T-DNA
insertion site was predicted to be in the promoter region of AtHMGB9, the location of which
is shown in figure 3.13. Initially the seeds were planted on soil and allowed to self-fertilise to
bulk up the seed. This generated 14 parental plant lines from which DNA was extracted to
screen for homozygous T-DNA mutants. A PCR-based method was used for screening whereby
primers were designed to distinguish between wild type (WT) and mutant alleles. Gene-

specific primers (shown in blue in figure 3.13), that lie on either side of the predicted T-DNA
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insertion site, would only amplify the WT allele. Due to the T-DNA insertion being
approximately 6000 bp, the region is too large to PCR amplify when a mutant allele is present.
Mutant alleles are identified by a separate PCR in which a T-DNA specific reverse primer
(orange in figure 3.13) and the gene specific forward primer was used. The two separate PCRs
were performed on DNA from the 14 parental plants. All 14 plants showed no product in the
PCR for the WT allele (figure 3.14A) but did show an amplicon of the expected size in the PCR
for the mutant allele (figure 3.14B), indicating that all plants tested were homozygous for the
T-DNA insertion in AtHMGBS9. Additionally, one of the PCR products from the PCR for the
mutant allele was sequenced and confirmed the site of the T-DNA insertion, 165 bp upstream

of the AtHMGB9 translation start site.

HMGBS LMGBO .
reverse primer
folrward phulds
primer
— | 1l 11 [\ \' 3’ UTR HMGB9
I 1 ]| v \' Vi >
gene
athmghb9 - - —_
HMGBSY F HMGB3 R gPCR primer
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Figure 3.13: Site of T-DNA insertion in the athmgb9 line

The T-DNA insertion for athmgb9 (orange triangle) is in the AtHMBG9 promoter. Exons, as annotated
by TAIR, are depicted by white boxes, whereas introns are depicted as black lines. The red arrows
represent the AtHMGB9 qPCR primer set. The gene-specific primers for genotyping PCRs are shown in

blue, and the SALK T-DNA border primer (BP) is shown in orange.
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Figure 3.14: PCR confirmation of athmgbh9 homozygosity

Fourteen athmgb9 plants were screened by PCR to confirm homozygosity. A: There was no product
from any of the athmgb9 plants using the AtHMGB9 gene-specific primer set that had an expected
amplicon size of 1088 bp. B: The AtHMGB9 forward primer and SALK T-DNA reverse primer reported
the presence of the T-DNA insertion in all 14 mutant plants (expected amplicon size: 529 - 829 bp),
confirming that the plants were all homozygous. Col-0 DNA was included as a positive and negative

control for the respective PCRs. The MW marker included is the Promega 1 kb DNA ladder.

To confirm that there was no full length AtHMGB9 mRNA being produced, RT-PCR was used.
Leaves were harvested from three different athmgb9 plants, as well as Col-0 as a control (as
these lines were generated in the Col-0 background), and RNA extraction and subsequent
cDNA synthesis were performed. A PCR using primers which amplified the full-length
AtHMGB9 coding sequence (AtHMGB9 FL F and R) was performed and showed reduced
amplification in the mutants compared to Col-0. However, there was a small amount of
AtHMGB9 expression present in the mutants, indicating that this T-DNA line is a knock-down
mutant rather than a null mutant (figure 3.15A). A PCR using the AtAct2 reference gene
primers was used to confirm the integrity of the cDNA and shows a band for each of the
samples (figure 3.15B), confirming that the lighter product in the AtHMGB9 PCR is not due to
poor RNA quality or inadequate cDNA synthesis. Overall, this indicates that this athmgb9 line
has knocked-down expression of AtHMGBSI.
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Figure 3.15: PCR to evaluate AtHMGB9 expression in the athmgb9 T-DNA mutant line

A: PCR was performed on cDNA from three mutant and Col-0 plants using AtHMGB9 full-length gene
primers (AtHMGB9 FL F and R) with an expected amplicon size of 1017 bp. B: PCR was performed on
the same samples using the AtAct2 reference gene primers, with an expected amplicon size of 138 bp,
confirming integrity of the cDNA. H,0 was used as the template in the negative control reactions. The

MW marker included is the Promega 1 kb DNA ladder.

3.3.3.2.2. Growth of athmgb9 plants exposed to salinity early in development

To determine whether knock-down of AtHMGB9 expression has an impact on plant growth in
in saline conditions, Col-0 and athmgb9 plants were germinated and grown for two weeks on
petri dishes containing PN-agar (control) and PN-agar supplemented with 100 mM NaCl. The
average mass/plant of the two lines was compared for each treatment to identify any
phenotypic differences in their growth. This experiment was repeated three times, with four

technical replicates each, and the results were consistent.

Figure 3.16A shows that the biomass of the athmgb9 mutant was significantly lower than WT
Col-0 under both untreated and saline conditions, and that biomass was significantly reduced
in both genotypes under saline conditions. To account for the difference in the average plant
mass between the lines in untreated conditions, the mass per plant was plotted relative to
the untreated control for each line and the data is shown in figure 3.16B. Here, it is evident
that the athmgb9 line shows a significantly lower average plant mass relative to Col-0 under

saline conditions, indicating that this line has decreased salt tolerance compared with Col-0.
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This experiment was repeated once with the full range of NaCl concentrations and the same

trend was seen (appendix figure 6.9).
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Figure 3.16: Growth of athmgb9 plants exposed to salinity early in development

Col-0 and athmgb9 plants were germinated and grown for two weeks on petri dishes containing
untreated PN-agar (control) and PN-agar supplemented with the indicated concentrations of NaCl.
A: The average mass per plant of each line. B: The average mass per plant plotted relative to the
control (0 mM) for each line. Error bars indicate standard error. For each treatment, the results show
four replicates combined from three independent experiments with 50 seeds sown per plate (n=12).
Different letters on the graphs indicate significant differences (p < 0.05) in mean values as determined

by a one-way ANOVA with Fisher LSD post-hoc analysis.

3.3.3.2.3. Gene expression in the athmgbh9 mutant line

To determine whether knocking down AtHMGB9 expression is accompanied by changes in
AtNit2 mRNA levels, tissue was collected from Col-0 and athmgb9 plants that had been
germinated and grown for two weeks on petri dishes containing PN-agar (control) and PN-

agar supplemented with 100 mM NaCl.

Figure 3.17A firstly confirms that AtHMGB9 expression is decreased under saline conditions

in WT Col-0, as previous seen in the microarray data (figure 3.9G). Additionally, it can be seen
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that AtHMGB9 expression is indeed knocked down under both control and saline conditions

in the athmgb9 mutant line compared with Col-0.

Figure 3.17B shows that AtNit2 expression is not significantly different under control
conditions between WT Col-0 and the athmgb9 mutant, however AtNit2 expression is slightly
but significantly higher in the athmgb9 mutant than Col-0 in 100 mM NaCl. Overall, this data

indicates that AtHMGB9 might be partially regulating AtNit2 under saline conditions.
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Figure 3.17: Expression of AtNit2 and AtHMGB9 in Col-0 and athmgb9 lines under saline

conditions

Arabidopsis seedlings were grown on PN-agar (control) or PN-agar supplemented with 100 mM NaCl
for two weeks. Tissue was harvested and pooled for RNA extraction and cDNA was synthesised for RT-
gPCR gene expression analysis. A: AtHMGB9 expression. B: AtNit2 expression. The results are an
average of three pools of tissue (n=3). Expression of each gene is shown relative to the AtMON1
reference gene. Error bars indicate standard error. Different letters on the graphs indicate significant
differences (p < 0.05) in mean values as determined by a one-way ANOVA with Fisher LSD post-hoc

analysis.
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3.3.3.3. Characterisation of atsp/7 mutants

3.3.3.3.1. Identification of a homozygous atsp/7 mutant line

A homozygous atspl7 T-DNA insertion line (SALK_125385C) was kindly provided by Toshiharu
Shikanai (Kyoto University, Japan) (Yamasaki et al., 2009). These researchers showed that this
line was homozygous for the T-DNA insertion, and that the T-DNA insertion site was in the

fifth intron, as shown in figure 3.18.
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Figure 3.18: Site of the T-DNA insertion in the atspl7 line
The T-DNA insertion for atspl7 (blue triangle) is in the fifth intron in the AtSPL7 gene. Exons, as
annotated by TAIR, are depicted by black boxes, whereas introns are depicted as black lines. The red

arrows represent the AtSPL7 gqPCR primer set.

To confirm that there was no full length AtSPL7 mRNA being produced, RT-PCR was used.
Leaves were harvested from three different atspl/7 plants, as well as Col-0 plants as a control
(as these lines were generated in the Col-0 background), and RNA extraction and subsequent
cDNA synthesis were performed. An end-point PCR using primers which amplified the full-
length AtSPL7 coding sequence (AtSPL7 FL F and R) was performed and showed no
amplification in the mutants (figure 3.19A) whereas there was amplification of the AtSPL7
sequence in the Col-0 controls, as expected. A PCR using the AtAct2 reference gene primers
was used to confirm the integrity of the cDNA and shows a band for each of the samples
(figure 3.19B), confirming that the lack of a product in the AtSPL7 PCR is not due to poor RNA
quality or inadequate cDNA synthesis. Overall, this indicates that this line has knocked-out

expression of AtSPL7.
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Figure 3.19: PCR confirming that there is no full-length AtSPL7 expression in the atspl7 T-
DNA mutant line

A: PCR was performed on cDNA from three mutant and Col-0 plants using AtSPL7 full-length gene
primers (AtSPL7 FL F and R) with an expected amplicon size of 2406 bp. B: PCR was performed on the
same samples using the AtAct2 reference gene primers, with an expected amplicon size of 138 bp,
confirming integrity of the cDNA. H,0 was used as the template in the negative control reactions. The

MW marker included is the Promega 1 kb DNA ladder.

3.3.3.3.2. Growth of atspl7 plants exposed to salinity early in development

To determine whether knocking out AtSPL7 expression has an impact on plant growth in
saline conditions, Col-0 and atp/7 plants were germinated and grown for two weeks as
described previously. The average mass/plant of the two lines was compared for each
treatment to identify any phenotypic differences in their growth. This experiment was

repeated three times, with four technical replicates each, and the results were consistent.

Figure 3.20A shows that biomass was significantly reduced in both genotypes under saline
conditions, as expected. It also shows that no significant differences were seen between the
WT Col-0 and atspl7 lines under untreated conditions, but that the atspl/7 plants were
significantly smaller than Col-0 on 100 mM NaCl. However, when plotting the mass per plant
relative to the untreated control for each line, it is evident that the Col-0 WT and atsp/7 line
display the same degree of growth inhibition under 100 mM NaCl conditions (figure 3.20B).
To determine whether different NaCl concentrations have any impact, this experiment was
repeated once with various NaCl concentrations (figure 3.20C). Here, it is evident that only
under high NaCl concentrations is there a significant difference between the salt tolerance of

WT and atspl7, with the biomass of the mutant being more inhibited under 125 mM NaCl
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than WT. Overall, this data indicates that the atsp/7 mutant does not show any pronounced

differences in growth compared to WT under low NaCl conditions but might be more sensitive

to salinity under high concentrations of NaCl (but this needs confirming).

Figure 3.20: Growth of atspl7 plants exposed to salinity early in development
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Col-0 and atspl7 plants were germinated and grown for two weeks on petri dishes containing

untreated PN-agar (control) and PN-agar supplemented with the indicated concentrations of NaCl.

The average mass per plant of each line is plotted, with the error bars indicating the standard error.

A: The average mass per plant of each line. B: The average mass per plant plotted relative to the

control (0 mM) for each line. For each treatment, the results show four replicates combined from
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three independent experiments with 50 seeds sown per plate (n=12). Different letters on the graphs
indicate significant differences (p <0.05) in mean values as determined by a one-way ANOVA with
Fisher LSD post-hoc analysis. C: The average mass per plant of each line on varying NaCl
concentrations. The results show four replicates for each treatment with 50 seeds sown per plate
(n=4). Asterisks represent statistical differences between the lines as determined from a two-tailed

homoscedastic t-test (p < 0.05).

3.3.3.3.3. Gene expression in the atsp/7 mutant line

To determine whether knocking down AtSPL7 expression is correlated with changes in AtNit2
levels, tissue was collected from Col-0 and atspl/7 plants that had been germinated and grown
for two weeks on petri dishes containing PN-agar (control) and PN-agar supplemented with

100 mM NaCl.

Figure 3.21A firstly confirms that AtSPL7 is indeed knocked out under both control and saline
conditions in the atsp/7 mutant line. This data also shows that AtSPL7 is slightly upregulated
in Col-0 under 100 mM NaCl compared to untreated conditions, as previously seen in the

microarray (figure 3.9K).

Figure 3.21B shows that AtNit2 expression is significantly upregulated in Col-0in 100 mM NaCl
compared to untreated conditions, as expected. Interestingly, AtNit2 expression was
significantly higher in the atsp/7 KO line in both untreated and saline conditions, compared to

Col-0.

Overall, this data indicates that decreasing AtSPL7 expression might lead to increased AtNit2
expression, implying that AtSPL7 might be negatively regulating AtNit2 under both untreated
and saline conditions. However, since AtSPL7 could not significantly transactivate or
transrepress the AtNit2 promoter in the protoplast transactivation assays (figure 3.12), this

increased AtNit2 expression is likely an indirect effect of long-term AtSPL7 loss-of-function.
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Figure 3.21: Expression of AtNit2 and AtSPL7 in Col-0 and atspl7 lines under saline

conditions

Arabidopsis seedlings were grown on PN-agar (control) or PN-agar supplemented with 100 mM NacCl
for two weeks. Tissue was harvested and pooled for RNA extraction and cDNA was synthesised for RT-
gPCR gene expression analysis. A: AtSPL7 expression. B: AtNit2 expression. The results are an average
of three pools of tissue (n=3). Expression of each gene is shown relative to the AtMON1 reference
gene. Error bars indicate standard error. Different letters on the graphs indicate significant differences

(p £0.05) in mean values as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.

3.4. DISCUSSION

3.4.1. Y1H analysis identified six TFs with the ability to bind the AtNit2 promoter DNA

A yeast one-hybrid assay was used to screen a TF library (Pruneda-paz et al., 2014) to identify
TFs that are able to bind directly to fragments of the AtNit2 promoter (Col-0 ecotype). This
method is useful as an unbiased, high-throughput screen for identifying protein/DNA binding
but is unfortunately prone to false-negative results as many TFs may not be able to bind in
isolation or may require binding at a fixed distance from the transcription start site (TSS)
(Hickman et al., 2013). Additionally, TFs may require post-translational modifications (PTMs)
to be active that do not occur in yeast (Fuxman Bass, Reece-Hoyes & Walhout, 2016). These
are some of the disadvantages of using the Y1H to screen for interactions between plant TFs

and promoters, as performing a reporter assay in yeast cells as opposed to plant cells may
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decrease the likelihood that the results obtained mirror what happens in planta. For instance,
no interaction was detected between AtATAF2 and the AtNit2 promoter, but AtATAF2 has
been shown to bind directly to the AtNit2 promoter in a previous study where they used an
electrophoretic mobility shift assay (EMSA) as well as in transient protoplast transactivation
assays (Huh et al., 2012). This also means that the lack of interaction between AtMYB30 or
AtMYB2 and the AtNit2 promoter in the Y1H does not disprove the hypothesis that they may
be regulators of AtNit2, especially seeing as though previous research has shown that
AtMYB30 needs to be SUMOlyated by AtSIZ1 before it is able to bind to the AtAOX1a
promoter and upregulate AtAOX1a gene expression in response to salt stress (Gong et al.,
2020). Nevertheless, six TFs that had never previously been linked to AtNit2 were identified
that bound specifically to one or more of the AtNit2 promoter fragments. These were AtHB34,

AtHB24, AtHB28, AtHMGB9, AtGL2, and AtSPL7 (table 3.4).

3.4.2. The homeobox (HB)/zinc finger-homeodomain (ZF-HD) TFs

Three of the identified TFs, AtHB34, AtHB24, and AtHB28, belong to the homeobox (HB) TF
family and contain a homeodomain (HD). The HD is a 60-amino acid DNA-binding domain (BD)
found in many transcription factors (Tan & Irish, 2006). About 100 HD-encoding genes have
been identified In Arabidopsis, belonging to a few different classes (Chan et al.,, 1998;
Riechmann, 2002). Previous research has shown that the members of each class share both
sequence similarity and play related roles in planta, although the role of the ZF-HD TFs has
not been as extensively characterised as the other HD classes (Tan & Irish, 2006). The ZF-HD
class is made up of 14 TFs, AtHB21-34. Tan & Irish (2006) showed through Y2H analysis that
most of the members of the ZF-HD family heterodimerize with other members of the family
and some are able to homodimerize. Each of the three ZF-HD proteins identified in our Y1H
screen were shown to strongly interact with at least three other members of the TF family,
however not with each other. They were also unable to homodimerize. The same researchers
also showed through loss-of-function mutants that a subset of these genes have redundant
functions, including AtHB34 which seems to be redundant with AtHB23 and AtHB30 (Tan &
Irish, 2006). This data implies that even though AtHB24, AtHB28 and AtHB34 were the only
ZF-HD TFs that directly interacted with the AtNit2 promoter DNA in the Y1H analysis, there
may be other members of this family that heterodimerize with these TFs for them to effect

any change on transcriptional regulation. Additionally, there may be redundancy between the
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three ZF-HD TFs that do bind to the AtNit2 promoter, and therefore only one or two, but not

all three may be necessary for appropriate AtNit2 regulation.

The results of the pairwise Y1H experiment with each of the interacting TFs (figure 3.7)
suggests that all three ZF-HD TFs are able to bind to AtNit2 promoter fragment 3, suggesting
that this fragment may contain a conserved ZF-HD binding site. As AtHB24 and AtHB28 are
also able to bind fragments 2 and 4, it is likely that there are at least three ZF-HD motifs in the
AtNit2 promoter. The canonical binding site for most HD proteins is NNATTA (Fraenkel et al.,
1998; Connolly, Augustine & Francklyn, 1999), with 34 sites conforming to this sequence
across all four fragments of the AtNit2 promoter. To explicitly map the binding sites of these
TFs, EMSAs or ChIP-gPCR can be conducted in future. Surprisingly, DAP-seq data in the Plant

Cistrome Database (http://neomorph.salk.edu/dap web/pages/index.php; O’Malley et al.,

2016) has shown binding of AtHB13 to the AtNit2 promoter, but no other ZF-HD TFs (see

appendix figure 6.9).

Interestingly, AtHB34 and AtHB28 were slightly upregulated under saline conditions early in
development (figure 3.9A & E) but appeared to slightly decrease under saline conditions later
in development (figure 3.9B & F), indicating that their function may depend on developmental
stage. AtHB24 expression appeared to follow the same trend later in development
(figure 3.9D) but was slightly downregulated under saline conditions early in development
(figure 3.9C). Overall, none of these ZF-HD TFs were particularly salt-responsive meaning that
they may not play a role in the salt stress response, but could play a role under other
conditions, or that PTMs may be responsible for altering their activity under certain
conditions. These TFs were not selected for further analysis in this project due to the
redundancy present in the family. Their ability to bind to the AtNit2 promoter in planta should

be assessed in future work.

3.4.3.GL2

Of the six TFs identified in the Y1H screening, AtGL2 is the best characterised. AtGL2 is part of
the homeodomain-leucine zipper (HD-Zip) class of HD proteins, and is generally considered
to be a negative regulator of root hair growth and development and has also been linked with
controlling development of the seed coat and mucilage (Di Cristina et al., 1996; Masucci et

al., 1996; Ohashi et al., 2002; Han et al., 2020). It has been shown to act as both a
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transcriptional activator and repressor of various genes (Di Cristina et al., 1996; Ohashi et al.,
2002; Tominaga-Wada et al., 2009). Salinity has been shown to decrease CG methylation of
the GL2 gene body, associated with reduction in AtGL2 expression (Beyrne, lusem & Gonzalez,
2019) — consistent with our findings that AtGL2 showed a strong dose-dependent decrease in
expression early in development under saline conditions (figure 3.91), however no change in
expression was seen later in development (figure 3.9J). This data suggests that if AtGL2 is
involved in AtNit2 regulation, it may be acting as a repressor early in development as its

expression pattern is opposite to that of AtNit2.

The GL2-gene-specific recognition sites are known as L1 boxes, with a sequence of
TAAATG(C/T)A (Abe, Takahashi & Komeda, 2001). The AtGL2 protein has been shown to bind
to L1-box DNA through Y1H analysis (Tominaga-Wada et al., 2009). Notably, the only motif
conforming to this L1-box is a TAAAATG motif on the negative strand of the AtNit2 promoter
fragment 4, which in the pairwise Y1H screening showed strong interaction with AtGL2.
Future research can be conducted to test the interaction between AtGL2 and the AtNit2
promoter in planta and determine whether AtGL2 is able to negatively or positively alter
AtNit2 promoter activity. Arabidopsis mutants with AtGL2 KO and OE exist and would be
interesting to characterise for their salt tolerance and AtNit2 expression, but we have been

unable to access these.

3.4.4. HMGB9

AtHMGB9 belongs to the group of Arabidopsis high mobility group B proteins which also
includes AtHMGB10, AtHMGB11 and AtHMGB15. This subfamily is classified as ARID/HMG
proteins due to containing two DNA binding domains: an N-terminal AT-rich interaction
domain (ARID), and a C-terminal HMG-box domain. Hansen et al. (2008) showed that these
ARID/HMG TFs are widely expressed in Arabidopsis and localise mainly in nuclei, and that
AtHMGB9 binds specifically to A/T-rich DNA. Multiple studies have shown that AtHMGB9 is
more highly expressed in leaves, flowers, and seedlings compared to roots and seeds (Hansen
et al., 2008; Roy et al., 2016), which is consistent with our findings that AtHMGB9 is more
highly expressed in shoot tissue than root tissue (figure 3.9H). AtHMGB9 shares a 43% amino
acid sequence identity with AtHMGB15, a TF that plays an important role in regulating gene

expression during pollen tube growth (Xia et al., 2014). However, until recently, this was the
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only study to show a physiological role for any of these ARID/HMG proteins. Recently, the
promoter region of AtHMGB15 was analysed and a number of stress responsive cis regulator
elements (CREs) were identified. The same study showed that expression of AtHMGB9 was
induced by cold stress, and that AtHMGB15 bound to the A(A/C)ATA(A/T)(A/T) motif in DNA
binding and footprinting assays (Mallik et al., 2020). Notably, in the pairwise Y1H screening
(figure 3.7), AtHMGB9 bound specifically to fragments 2 and 4 of the AtNit2 promoter — two
regions containing an AAATAAA motif. Moreover, fragment 2 which showed stronger
interaction with AtHMGB9 (as indicated by growth in 10 mM 3AT) contains two of these
motifs, whereas fragment 4 only contains one. Interestingly, The Plant Cistrome Database

(http://neomorph.salk.edu/dap web/pages/index.php; O’Malley et al., 2016), containing

DAP-seq data from Arabidopsis seedlings, does not include a peak for AtHMGB9 upstream of
AtNit2 (see appendix figure 6.9). However, it does show that the top motif for AtHMGB9 is
A(A/T)TTAAT, a region present multiple times in the AtNit2 promoter tested. Therefore, there

may have just not been binding of AtHMGB9 to the promoter under their conditions tested.

Our findings show that AtHMGB9 expression decreased in a dose-dependent manner early in
development under saline conditions (figure 3.9G) and later in development in shoot tissue
(figure 3.9H). These results were opposite to those for AtNit2, suggesting that AtHMGB9 may
act as a negative regulator of AtNit2 expression. Figure 3.12 shows that AtHMGB9
transrepresses AtNit2 promoter activity in planta, confirming this hypothesis that AtHMGB9
is able to repress AtNit2 expression. However, athmgb9 lines showed only a slight increase in
AtNit2 expression under saline conditions (figure 3.17B) which suggests that AtHMGB9 may
only be partially regulating AtNit2 under saline conditions. Additionally, AtNit2 expression
was not altered in the athmgb9 mutant in control conditions, implying that AtHMGB9 might
not regulate AtNit2 expression under control conditions, or that another TF is responsible for
maintaining AtNit2 expression at a baseline level under control conditions, i.e., there could
be another AtNit2 repressor able to keep AtNit2 expression stable in untreated conditions
when AtHMGB9 is knocked down, or an activator that ensures AtNit2 is expressed irrespective
of AtHMBGS9. Interestingly, athmgb9 knock-down lines showed slightly decreased salt
tolerance (despite slightly higher AtNit2 expression) (figure 3.16) implying that AtHMGB9
could be responsible for other important processes in the salt-stress response besides

regulating AtNit2 gene repression. These lines should be analysed later in development to
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identify any changes in AtNit2 expression or salt tolerance as AtHMGB9 expression is

decreased in response to 100 mM NaCl later in development (figure 3.9H) .

3.4.5. SPL7

Previous research has shown that AtSPL7 is a transcriptional activator of many genes involved
in copper (Cu) homeostasis (e.g. copper transport proteins) in Arabidopsis (Yamasaki et al.,
2009; Araki et al., 2018; Busoms et al., 2021), and it has been shown to be upregulated by
abscisic acid (ABA) (Carrid-Segui et al., 2016) and Cu-deficiency (Yamasaki et al., 2009). The
role of AtSPL7 in copper deficiency has been extensively investigated, but no potential role in

auxin biosynthesis via AtNit2 has been investigated.

Yamasaki et al. (2009) showed that the SQUAMOSA promoter binding protein (SBP) domain
of AtSPL7 binds to GTAC motifs in the miR398 promoter in vitro. Interestingly, two GTAC
motifs exist in the AtNit2 promoter, however these are in fragments 1 and 2, whereas AtSPL7
interacted specifically with fragment 4 of the AtNit2 promoter. More recently, a study showed
that AtSPL7 can bind to various motifs with the only conserved nucleotides being a central
TAC (Weirauch et al., 2014), of which there are 20 in the AtNit2 promoter across all four
fragments. Further research will need to be conducted if the exact binding site of AtSPL7 in

the AtNit2 promoter is to be determined.

Previous work has shown that AtSPL7 mRNA accumulates mainly in roots (Yamasaki et al.,
2009), consistent with our findings (figure 3.9L). Notably, AtNit2 is more highly expressed in
shoot tissue (Cackett, 2019). The analysis of AtSPL7 expression from the microarray data
shows that AtSPL7 is not significantly altered under saline conditions early or later in
development (figure 3.9K &L), besides for a slight decrease early in development in the
highest NaCl concentration tested (125 mM). However, other data obtained showed that
AtSPL7 was slightly upregulated in response to 100 mM NaCl in Col-0 (figure 3.21B). Overall,
it appears as though AtSPL7 expression is not particularly salt responsive. However, this does
not mean that AtSPL7 does not play a role in AtNit2 regulation as the transcript level of AtSPL7
may not need to be altered to affect its activity. Instead, post-transcriptional/translational
modifications or processes may be occurring to activate this TF, and differential binding with

other co-factors may be involved in modulating AtSPL7 activity under different conditions.
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We showed that AtSPL7 did not alter AtNit2 promoter activity in transient reporter assays in
vivo (figure 3.12), indicating that AtSPL7 does not bind to the AtNit2 promoter in Arabidopsis
mesophyll protoplasts, or that binding of AtSPL7 alone is not sufficient to alter AtNit2
promoter activity. This implies that AtSPL7 may only be able to alter AtNit2 promoter activity
under certain conditions, or in certain tissues/cell types, or with certain co-factors, as earlier
predicted. Specifically, as AtSPL7 is primarily expressed in root tissue (figure 3.9L), it may only
be able to alter promoter activity in this tissue type. This protoplast reporter assay should also
be repeated with different incubation times to determine if this makes any difference.
Interestingly, atspl7 KO plants showed increased AtNit2 expression under both control and
saline conditions early in development (figure 3.21B), but this was not associated with any
consistent changes in salt tolerance (figure 3.20). The magnitude of AtNit2 upregulation was
less than 2-fold, and this therefore shows that small changes in AtNit2 expression are not able
to improve salt tolerance. This data does however imply that AtSPL7 might be important in
negatively regulating AtNit2 expression, but not specifically under saline conditions. Further
work should be conducted to investigate what conditions, co-factors or post-
transcriptional/translational modifications may be necessary for AtSPL7 to regulate AtNit2

activity.

3.4.6. Summary

The results presented here are the first to show that AtHB24, AtHB28, AtHB34, AtHMGB9,
AtGL2 and AtSPL7 are able to bind directly to the AtNit2 promoter in yeast. Furthermore,
AtHMGBS9 is able to bind to and negatively regulate AtNit2 promoter activity in planta,
implying that AtHMGB9 is a negative regulator of AtNit2. However, athmgb9 mutant lines
displayed only slightly increased AtNit2 expression under saline conditions, and were slightly
less salt tolerant, indicating that other regulators must exist to maintain AtNit2 expression.
When transiently overexpressed in Arabidopsis mesophyll protoplasts, AtSPL7 was unable to
alter AtNit2 promoter activity, but atspl/7 lines showed slightly increased AtNit2 expression,
indicating that AtSPL7 may play a role in negatively regulating AtNit2 expression but may
require other co-factors. This slight increase in AtNit2 expression was not associated with any
changes in salt tolerance, suggesting that AtNit2 expression needs to be more highly
upregulated to increase salinity tolerance. Overall, it seems as though multiple TFs may play

roles in AtNit2 regulation under different conditions.
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CHAPTER 4: FUNCTIONAL CHARACTERISATION OF THE MAIZE NITRILASE 2
HOMOLOG UNDER SALINE CONDITIONS IN ARABIDOPSIS

4.1. INTRODUCTION

4.1.1. Maize

Maize (Zea mays) is one of the most important crop plants globally and is grown under a wide
spectrum of soil and climatic conditions. Based on tonnage, maize is the most produced staple
crop worldwide, with 1162352997 tonnes produced in 2020 (http://www.fao.org/faostat). To
put this into perspective, wheat was the second-most produced staple crop, with 35% less
produced. The main reason for this is the versatility of maize, as it provides essential raw
material for food, livestock feed, pharmaceuticals, and other industrial products. While
significant advances have been made in improving maize since domestication, advancements
in yield and stress tolerance are still needed in order to address the food demand from

increasing population sizes under changing climates (Gong et al., 2015).

Although maize is categorised as being moderately sensitive to salt stress (Maas et al., 1983;
Chinnusamy, Jagendorf & Zhu, 2005), there is a wide intraspecific genetic variation observed
for salt tolerance (Mansour et al., 2005). This large genotypic variation for salt tolerance
makes maize a good candidate for integrating tolerance characteristics through conventional
breeding strategies in order to develop more salt tolerant plant lines, or through transgenic
approaches which are much faster than conventional breeding and can be used to engineer
more salt tolerant maize with less undesirable side effects, but rely on the identification of
candidate genes (Gosal, Wani & Kang, 2010; Hoopes et al., 2019). Thus far, several countries
have been receptive to advances in crop genetic engineering, including growing genetically
modified (GM) maize. One example of GM maize is the commercially available
DroughtGard™, produced by Monsanto, that has an insertion of the Cold shock protein B
(CspB) gene from Bacillus subtilis that confers enhanced drought tolerance (Eisenstein, 2013).
This GM maize line is currently being grown in several countries, including Nigeria, the United
States of America, Canada and Japan (“GM Approval Database - MON-8746@-4", 2022),

indicating that there is already precedent to accept GM maize.

141



In maize, salinity induces many different resistance mechanisms similar to those employed in
Arabidopsis (Farooq et al., 2015). Of particular interest, more naturally salt tolerant maize
varieties are thought to maintain growth under saline conditions according to the acid growth
theory (Hager, 2003). In contrast to the salt-sensitive maize hybrid Pioneer 3906, the salt-
resistant hybrid SR 03 maintained plasma membrane H* pumping and had reduced apoplastic
pH in the presence of 100 mM NaCl (Pitann, Zérb & Miihling, 2009). This indicates that our
hypothesis in Arabidopsis whereby AtNit2 upregulation in saline conditions increases active
auxin accumulation and auxin-mediated activation of the plasma membrane H*-ATPase to

improve salt tolerance, might also be relevant in maize.

4.1.2. Maize nitrilases

As previously introduced, nitrilase proteins are found throughout the plant kingdom and
possession of nitrilase genes is thought to be the ancient state in higher plants (Piotrowski,
2008). There are two nitrilase genes in maize, ZmNit1 and ZmNit2, which are co-orthologs of
AtNit1-4. This is evident in the phylogenetic tree in appendix figure 6.1 which shows that
AtNit1-4 duplicated and diversified after the monocot-dicot split. However, ZmNIT2 has been
shown to hydrolyse IAN to IAA, with an efficiency up to 20 times higher than AtNIT1/2/3
(Vorwerk et al., 2001; Park et al.,, 2003; Mukherjee et al., 2006). Furthermore, ZmNit2 is
expressed in maize tissues that show auxin-synthesising activity, such as kernels and primary
root tips (Jensen & Bandurski, 1994). Additionally, zmnit2 knockout mutants also accumulate
significantly less IAA conjugates in kernels and primary root tips where nitrilase protein and
IAN are present (Kriechbaumer et al.,, 2007). Conversely, ZmNIT1 has shown no specific
turnover of IAN and instead has only been implicated in B-cyanoalanine hydrolysis during
cyanide detoxification (Park et al., 2003; Mukherjee et al., 2006; Kriechbaumer et al., 2007)
which makes it functionally homologous to AtNIT4. To date, ZmNit2 has not be implicated in

the maize response to salt stress.

4.1.3. Chapter aims

The overall objective of this chapter was to determine whether our work in Arabidopsis is
relevant to maize. To this end, there were three main aims; 1) to determine the effect that
salinity has on growth and development of a South African maize variety, Kalahari Early Pearl,

and to determine whether the maize homolog of AtNit2 is upregulated under saline
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conditions, 2) to generate Arabidopsis lines overexpressing the maize Nit2 homolog and
determine whether it is able to phenocopy AtNit2 by improving salt tolerance, and 3) to

investigate whether the maize Nit2 homolog may be regulated similarly to AtNit2.

4.2. MATERIALS AND METHODS

4.2.1. Maize seed stock
Zea mays L. commercial white maize variety Kalahari Early Pearl (KEP) seeds were obtained

from Kirchhoffs (Johannesburg, South Africa).

4.2.2. Maize seed sterilisation

Maize seeds were surface sterilised by submerging in 100% (v/v) ethanol (EtOH) for 1 min,
followed by shaking for 30 sec after which the EtOH was aspirated off. Thereafter, the seeds
were submerged in 50% (v/v) commercial bleach, 0.1% (v/v) Triton-X 100 for 15 min followed
by shaking for 1 minute before the bleach mixture was aspirated off. The sterilised seeds were
then washed five times in sterile dH20 with shaking for 30 sec between each wash. Following
the last wash, the seeds were covered in sterile dH,0 and left for 1 hour after which the seeds
were removed and allowed to dry overnight on sterile filter paper, in a petri dish sealed with

parafilm.

4.2.3. Hoagland’s complete nutrient solution

Maize was grown hydroponically using a modified Hoagland’s solution containing 1 mM
KH2POs, 6 mM KNOs3, 4 mM Ca(NO3),.4H,0, 2 mM MgS04.7H,0, 0.05 mM FeNaEDTA and
micronutrients (46 pM H3BOs, 9.11 pM MnS04.H20, 0.77 pM ZnS04.7H,0, 0.32 uM
CuS04.5H;0 and 0.103 uM NazMo004.2H;0) (Hoagland & Arnon, 1950). All Hoagland’s solution

components were obtained from Merck (Darmstadt, Germany)

4.2.4. Maize phenotyping in saline conditions

Maize was grown hydroponically using a modified version of the Arabidopsis Araponics
System described in section 2.2.6.2 (Araponics SA, Belgium). The system was modified in
order to accommodate the size of the maize seeds and subsequent growth. A seed holder

system was made consisting of 50 mL plastic conical-bottomed centrifuge tubes that were cut
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in half at the 25 mL mark as well as at the base such that there was a hole large enough for
the maize roots to grow through into the media. A small piece of rockwool was added to the
bottom of each tube followed by 2 cm of vermiculite, onto which a sterilised maize seed was
placed. The 1.8 L boxes were filled with Hoagland’s solution and the homemade seed holder
placed on top of the boxes, such that the bottom of the tubes containing the rockwool were
submerged. Lids covered the system for four days to increase the humidity for germination.
On the fifth day, five seedlings of the same size were randomly transferred onto fresh
Hoagland’s solution supplemented with 0, 75, 150, 225 or 300 mM NacCl. An air pump (Rena
Air 300) was used to aerate the media from this point onwards. On day 14, after nine days of
growth in control or saline conditions, root and shoot tissue was weighed. Additionally, tissue
from the second leaf or from the root of three plants in each treatment were harvested and
pooled for RNA extraction. Three independent biological experiments were conducted to
obtain three biological replicates. All growth was carried out in a controlled growth room at

27°C, 50-60% relative humidity and a 12-hr light (200 umol.m2.s1)/12-hr dark cycle.

4.2.5. Identification of maize gene homologs

The BLAST tool on the National Centre for Biotechnology Information (NCBI) website
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to identify maize homologs of the two
putative transcription factors characterised in the previous chapter, AtHMGB9 and AtSPL7. A
protein-protein BLAST (BLASTp) search was conducted to query the respective Arabidopsis
protein sequence against the Zea mays non-redundant protein sequence database.
Thereafter, a reciprocal BLASTp search was performed to query the protein sequence of the
best match/top hit from maize against the Arabidopsis database.. The available literature was

also consulted in order to determine the correct homologs.

4.2.6. Maize RNA extraction and cDNA synthesis

Shoot and root tissue from the hydroponically grown maize were harvested and frozen
immediately in liquid nitrogen. The tissue was ground in liquid nitrogen using a mortar and
pestle after which approximately 100 mg of ground tissue was added to 1 mL TRIzol reagent.
Subsequent RNA extraction, DNase treatment, quality determination and cDNA synthesis

were carried out as described in chapter 2, section 2.2.9.
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4.2.7. Maize gene expression analysis by RT-qPCR

RT-gPCR was performed on the maize shoot and root cDNA as described in chapter 2, section
2.2.12, using the primers listed in table 4.1. The annealing temperature used for all primers
was 60°C. Maize membrane protein PB1A10.07c (ZmMEP, GRMZM2G018103) was used as a
reference gene (Manoli et al., 2012). The data generated was analysed using the Rotor-Gene
software and Microsoft Excel, and statistical analyses were conducted in Statistica as

described in chapter 2, section 2.2.22.

4.2.8. Arabidopsis seed stocks and growth

The Arabidopsis wild type No-0 ecotype was used as the background to generate the
35S::ZmNit2 and 35S empty vector lines described in this chapter. The No-0 seeds were
obtained from Bonnie Bartel (Rice University, Houston, Texas). All Arabidopsis seeds were
stored at 4°C. All Arabidopsis plant growth was carried out in a plant growth room under
standard conditions (100 pmol.m2.s? light intensity, 16-hr light/8-hr dark, 22°C, 50-60%

relative humidity).

4.2.9. Cloning of the ZmNit2 overexpression vector

To generate a ZmNit2 overexpression clone, Gateway Cloning Technology was used, following
the same protocols and workflow as in chapter 2, section 2.2.17. The ZmNit2 coding sequence
was amplified from Zea mays B73 cDNA. In the BP recombination reaction, 150 ng of
pDONR221 and 50 fmol (37.9 ng) of attB1l-ZmNit2-attB2 PCR product were added. The
resulting BP recombination reaction product was transformed into chemically competent
Escherichia coli DH5a and the resulting entry clones were confirmed by PCR and sequencing.
A LR recombination reaction was then used to transfer the ZmNit2 CDS into the pB2GW7
destination vector to create a pB2GW7-ZmNit2 expression clone containing the ZmNit2 CDS
downstream of the CaMV 35S promoter. The presence of the insert was confirmed by PCR
analysis. The pB2GW7-ZmNit2 vector was transformed into Agrobacterium as in chapter 2,

section 2.2.19.3.

4.2.10. Transient 355::ZmNit2 expression in tobacco
The pB2GW7-ZmNit2 expression clone as well as EV were transiently expressed in Nicotiana

benthamiana tobacco plants using the method as described by Regnard et al. (2010). Briefly,
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Agrobacterium transformed with each vector were grown up overnight at 30°C with shaking
at 200 rpm in induction medium comprising selective LB and 10 mM MES 4-morpholineethane
sulfonic acids (pH 5.6) supplemented with 20 uM acetosyringone. Cells were pelleted at
1000 x g, resuspended in infiltration medium (10 mM MES, 10 mM MgCl, (pH 5.6), 200 uM
acetosyringone) and diluted in infiltration medium to an ODsgo of 0.5. After incubation at 22°C
for two hours, cells were vacuum infiltrated into 4-week-old N. benthamiana plants grown in
a plant growth room under standard conditions (60-80 pmol.m2.s? light intensity, 16-hr
light/8-hr dark, 22°C). After three days, tissue was collected for 1) RNA extraction and cDNA

synthesis to validate transient expression by PCR, and 2) for leaf disc salt assays.

4.2.11. Leaf disc salt assays and chlorophyll analysis
A method was adapted from Sanan-Mishra et al. (2005) whereby leaf discs of 0.8 cm diameter
were excised from plant leaves and floated in 3 mL solution of PN media (control) or PN
supplemented with 100, 200 or 300 mM NaCl for three days. Thereafter, the leaf discs were
transferred into 3 mL 80% (v/v) acetone and incubated at 4°C in the dark for seven days for
chlorophyll extraction. The chlorophyll a and b content were determined
spectrophotometrically by taking absorbance readings of the extracted solutions at 663 nm
and 646 nm and using the following calculations:

e Chla=1(12.21 x A663) —(2.81 x A646) for 1 ml 80% (v/v) acetone

e Chlb=(20.13 x A646) — (5.03 x A663) for 1 ml 80% (v/v) acetone

4.2.12. Transformation and isolation of 355::ZmNit2 lines

The pB2GW7-ZmNit2 expression vector, as well as EV (transformed into A. tumefaciens in
chapter 2, section 2.2.19.3), were transformed into Arabidopsis (No-O ecotype) using the
Agrobacterium-mediated floral-dip transformation protocol as in chapter 2, section 2.2.20.
Transformed lines were isolated on PN-agar supplemented with 10 pg/mL glufosinate
ammonium (GFSA) as described in chapter 2, section 2.2.20.4. To confirm the presence of the
transgene, PCR analysis was conducted as in chapter 2, section 2.2.11 and the resulting
products were analysed using gel electrophoresis as in chapter 2, section 2.2.13. To confirm
ZmNit2 overexpression, Arabidopsis RNA extraction, DNase treatment, quality determination
and cDNA synthesis were carried out as described in chapter 2, section 2.2.9. Thereafter, gene

expression analysis was performed as in chapter 2, section 2.2.12. The data generated was
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analysed using the Rotor-Gene software and Microsoft Excel, and statistical analyses were

conducted as described in chapter 2, section 2.2.22.

4.2.13. Phenotyping 35S::ZmNit2 plant growth under saline conditions
Arabidopsis phenotyping under saline conditions was performed both early and later in
development as in chapter 2, section 2.2.6. This was done in such a way to mimic the

experiments done on 35S::AtNit2 plants as closely as possible.

4.2.14. Maize Nit2 promoter analysis
PLACE (https://www.dna.affrc.go.jp/PLACE/?action=newplace) (Higo et al., 1999) was used
for identification and visualisation of cis-regulatory promoter elements, including TFBS, in the

ZmNit2 promoter region 1kb upstream of the translation start site (ATG).

147



Table 4.1: The primers used for cloning, genotyping and gene expression analysis. F: forward primer, R: reverse primer

Primer name Primer sequence (5’-3’) . Refer.e nee A!'npllcon Function PCR kit Ta
(if applicable) size (bp)

ZmMEP F TGTACTCGGCAATGCTCTTG Manoli et al., o .
ZmMEP R TTTGATGCTCCAGGCTTACC 2012 203 RT-qPCR SYBR® FAST 60°C
ZmNit1 F GACGATGACTATGTGCAGACCTAA Park et al., o .
ZmNit1 R CAATCTCGTCCAATCCATGTATA 2003 204 RT-qPCR SYBR® FAST 60°C
ZmNit2 F CGCTGTATGGTAAAGGTATTGAG o .
ZmNit2 R AGATGGAGAAATGATAACGCTG 233 RT-qPCR SYBR® FAST 60°C
ZmARID6 F GAGGTGTAGAGGATAAGGAGCGATA o .
ZmARID6 R TGACAGCAGCATATCATCTTGGCT 170 RT-qPCR SYBR® FAST 60°C
ZmSBP11F AGGGGGAGGTTGGAAGATCA o .
ZmSBP11 R CCCTCCAAAGTCAGTGTTTTCAC 192 RT-qPCR SYBR® FAST 60°C
EFlaF TGGGCCTACTGGTCTTACTACTGA Lin et al., .
EF1a R ACATACCCACGCTTCAGATCCT 2014 135 PCR Kapa RM >>C
ZmNit2-attB1 F ggggacaagtttgtacaaaaaagcaggcttcATGGCTCTCGTGACCTCG* 1147 Cloning Kapa HiFi 72°C
ZmNit2-attB2 R ggggaccactttgtacaagaaagctgggtcTCAGTAAGACTTAGTATCGATATCA* Genotyping | Super-Therm 55°C
M13 F GTAAAACGACGGCCAG Invitrogen ) Sequencin ) )
M13 R CAGGAAACAGCTATGAC & q g
Bar F AAGTCCAGCTGCCAGAAACC Dr Lara . o
Bar R GAACTGACAGAACCGCAACG Donaldson 733 Genotyping | Kapa RM >7¢
P35S F AATATCGGGAAACCTCCTCG Dr Lara . .
ZmNit2 int R GTCGGCTGTAATCAGTGCCT Donaldson 1357 Genotyping | Kapa RM 3¢
AtMONI1 F CAGACAAGGCGATGGCGATA Hong et al., a4 RT-gPCR SYBR® FAST 60°C
AtMONI R GCTTTCTCTCAAGGGTTTCTGGGT 2010 PCR Super-Therm | 55°C
AtEXP11F TTGCGGTTGATGCGTTTAG . o .
AtEXP11 R GCCGAGTAAAGATCTCCGTAAC Paul Ferrandi 118 RT-gqPCR SYBR® FAST 60°C

* attB sequences are shown in lowercase letters
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4.3. RESULTS
4.3.1. Analysis of maize plant growth and gene expression under saline conditions

4.3.1.1. Maize growth and development are inhibited under saline conditions

To assess the impact of both the ion-independent and ion-dependent phases of NaCl stress
on Kalahari early pearl (KEP) maize growth and development, a hydroponics-based assay was
used. Figure 4.1 shows that plants grown under saline conditions for nine days have reduced
number and size of leaves. Plants grown under control conditions on average have five leaves,
whilst plants grown in 75 and 150 mM NaCl had four leaves and those in 225 and 300 mM
NaCl had three leaves. This stalling of maize shoot development was associated with a change
in the root architecture as there was a reduction in primary and seminal root length as the
concentration of NaCl increased. Additionally, figure 4.1 also shows that, although maize
growth was inhibited, the plants were able to survive and grow with no senescent tissue

observed over the experimental period in all NaCl concentrations.

P il 6cm

Figure 4.1: The impact of NaCl on maize growth and development

Maize plants were grown hydroponically in Hoagland’s solution for five days then transferred onto
fresh Hoagland’s solution with or without NaCl for nine days. Letters on the plants refer to the
concentration of the NaCl treatment; A: 0 mM (control), B: 75 mM, C: 150 mM, D: 225 mM and E: 300
mM with at least three plants analysed per treatment. The photo shows a single representative

example and the whole experiment was repeated three times with consistent results.
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Figure 4.2A and B show the effect of NaCl on KEP maize shoot and root mass. Both the shoot
and root mass exhibited a dose-dependent reduction with increasing NaCl. At low doses, salt
stress appears to be more inhibitory on shoot growth than on root growth. This translated
into an increase in root:shoot ratio, as expected, however this was only significantly higher
than the control in the 150 and 225 mM NaCl treatments (figure 4.2C). Overall, NaCl

significantly reduced KEP maize shoot and root growth, as expected.
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Figure 4.2: The impact of NaCl on maize root and shoot growth
Maize plants were grown hydroponically in Hoagland’s complete nutrient solution for five days then
transferred onto Hoagland’s solution supplemented with the indicated concentrations of NaCl for nine

days. Thereafter, shoot and root fresh biomass were measured for each plant. A: The average shoot
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fresh mass. B: The average root fresh mass. C: The average root:shoot ratio. The results show data
combined from three independent experiments with three plants measured for each treatment in
each experiment (n=9). Error bars indicate standard error. Different letters on the graphs indicate
significant differences (p < 0.05) in mean values as determined by a one-way ANOVA with Fisher LSD

post-hoc analysis.

4.3.1.2. Nitrilase gene expression in maize grown under saline conditions

Maize nitrilase gene expression was analysed following salt treatment in hydroponics to
determine whether the expression of ZmNit2 or ZmNit1 follows the trend seen with AtNit2
where expression increased in a dose-dependent manner under saline conditions, primarily
in shoot tissue (appendix figure 6.6) (Cackett, 2019). Maize shoot and root tissue were
harvested separately from plants grown hydroponically on different concentrations of NaCl
and used for RNA extraction and subsequent cDNA synthesis for RT-qPCR gene expression

analysis.

Figure 4.3A shows that ZmNit2 expression increases in maize in both root and shoot tissue in
response to NaCl, in a dose-dependent manner. Figure 4.3B shows that expression of ZmNit1
does not follow a dose-dependent expression pattern under saline conditions. Overall, this
data shows that ZmNit2 is upregulated by salinity and behaves similarly to AtNit2, despite no

difference between the two tissue types being seen.

ZmNit2 relative expression

o o o o = = = =
S S [a)] [s.¢] = =] ) el co

o

ZmNit2 @ Root O Shoot B 4 - ZmNit1 E Root O Shoot

C <

w
wui
1

5]
1

bc

N
)]
1

|

_—E ab

abc

ab ab

‘-l—‘
wu
1
W
[=n
I
k

oy
o
|_|.|
ZmNit1 relative expression
= )

o
wl
1

ab ab

ab
a
T I% T T 1
0 75 150 225 300 0 75 150 25 300

[NaCl] (mM) [NaCl] (mM)

o
1

2

151




Figure 4.3: Nitrilase gene expression in maize grown under saline conditions

Maize plants were grown hydroponically in Hoagland’s solution (control) for five days then transferred
onto Hoagland’s supplemented with the indicated concentrations of NaCl for nine days. Tissue from
the second leaf or from the root of three plants in each treatment were harvested and pooled for RNA
extraction and cDNA was synthesised for RT-qPCR gene expression analysis. The results are an average
of three pooled tissue samples from independent biological experiments (n=3). A: ZmNit2 expression,
B: ZmNit1 expression. Expression of each gene is shown relative to the ZmMEP reference gene. Error
bars indicate standard error. Different letters on the graphs indicate mean values that are significantly

different (p < 0.05) as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.

4.3.2. Generation of a homozygous Arabidopsis line that overexpresses ZmNit2

4.3.2.1. The ZmNit2 overexpression construct

AtNit2 overexpressor lines show improved salt tolerance, with reduced inhibition of growth
and improved ion homeostasis relative to wild-type plants in the presence of NaCl (Cackett et
al., 2022). To test whether overexpressing ZmNit2 can also improve salt tolerance of
Arabidopsis, a ZmNit2 overexpression construct was generated and transformed into

Arabidopsis.

Gateway Cloning Technology was used to clone the Zea mays (var. B73) ZmNit2 coding
sequence (CDS) into the pDONR™221 entry vector. After PCR confirmation and sequencing
using the CDS flanking M13 primers (table 4.1), the ZmNit2 CDS was transferred into the
pB2GW?7 Arabidopsis expression vector, downstream of the constitutive Cauliflower Mosaic
Virus 35S promoter, creating pB2GW7-ZmNit2 (figure 4.4). This construct was transformed
into E. coli DH5a and colonies were screened from selection plates using colony PCR (data not
shown). Subsequently, a single positive transformant was selected for plasmid DNA extraction

and transformation into Agrobacterium.
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Figure 4.4: Map of the recombinant pB2GW?7-ZmNit2 generated via Gateway cloning

Expression of the ZmNit2 coding sequence (CDS) is driven by the constitutive Cauliflower Mosaic Virus
35S promoter (P35S) and terminated by the 35S terminator sequence (T358S). Selection of the plasmid
in positive E. coli and A. tumefaciens transformants is made possible by the spectinomycin resistance
gene (SpR). The bialaphos acetyltransferase gene (Bar) confers resistance to glufosinate ammonium
which allows for selection of positive Arabidopsis transformants. The region between the left border
and right border inserts randomly into the Arabidopsis genome via Agrobacterium-mediated floral-
dip transformation. The primers used for selection of bacterial transformants and transgenic

Arabidopsis lines are shown by arrows inside the vector and are described in table 4.1.

4.3.2.2. Transient expression in tobacco and chlorophyll content under saline conditions

The process of generating homozygous 35S::ZmNit2 Arabidopsis lines was lengthy, so for an
initial investigation, ZmNit2 was transiently expressed in tobacco. Three days after vacuum
infiltration of tobacco leaves with Agrobacterium containing the pB2GW7-ZmNit2 vector or
EV, tissue was harvested for RNA extraction and subsequent cDNA synthesis. Figure 4.5

shows the result of PCR analysis where it is evident that tobacco samples infiltrated with
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pB2GW7-ZmNit2 contained the ZmNit2 product, whereas those infiltrated with EV did not, as
expected (figure 4.5A). Figure 4.5B shows that all tobacco samples contained the EFla
reference gene, as expected, indicating that the cDNA was prepared correctly. This confirmed
that the tobacco plants were correctly transiently expressing each construct and could be

used for phenotypic analysis.

EV 35S8::ZmNit2

bp

300
200

200
100

Figure 4.5: PCR confirmation of transient expression in tobacco

Tobacco plants were vacuum infiltrated with A. tumefaciens containing 355::ZmNit2 or empty vector
(EV) and tissue was harvested for RNA extraction and cDNA synthesis. An end-point PCR was used to
confirm transient expression. A: ZmNit2 PCR with an expected amplicon of 229 bp. B: EF1a control
PCR with an expected band size of 135 bp. A no template H,O negative control PCR reaction was
included in both PCRs. The MW marker included is the New England Biolabs Quick-Load® 100 bp DNA
ladder.

The chlorophyll content of 35S::AtNit2 plants was measured following salt assays where leaf
discs of OE and WT plants were floated in PN media supplemented with various NaCl
concentrations. Figure 4.6A shows that the total chlorophyll content in the leaf discs of the
35S::AtNit2 lines were significantly higher than WT under untreated conditions as well as 100
and 200 mM NaCl. The leaf discs floated in 300 mM NacCl were fully bleached in both lines.

This data further demonstrates the salt tolerance of 35S::AtNit2 plants.
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Figure 4.6B shows that the total chlorophyll content was higher in the tobacco leaf discs
expressing ZmNit2 compared with EV under all NaCl concentrations and untreated, however
this was not significant under any treatment. However, in figure 4.6C it is evident that the leaf
discs expressing ZmNit2 remained greener and were more salt tolerant than those without
ZmNit2 expression. Interestingly, it was also apparent in both tobacco and Arabidopsis that
the leaf discs of all genotypes floated on NaCl became larger and thicker than those floated
on control media. It is thought that under saline conditions leaf morphology changes to
decrease leaf surface area in order to increase nitrogen and chlorophyll concentration per
unit area (James et al., 2002), but this result shows the opposite. This could be due to changes

in cell expansion based on our hypothesis.

Overall, this data demonstrated that overexpressing ZmNit2 warranted further investigation
as a mechanism for improving salinity tolerance, and therefore pB2GW7-ZmNit2 was

transformed into Arabidopsis.
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Figure 4.6: Chlorophyll content in AtNit2 and ZmNit2 overexpressing tissue

A: Total chlorophyll content of 3 leaf discs from 35S::AtNit2 and WT Arabidopsis controls treated with
NaCl (n = 5). B: Total chlorophyll content of 6 tobacco leaf discs transiently expressing 35S::ZmNit2 or
EV (n = 5). Error bars indicate standard error. T-tests were used to show a significant difference
between OE and WT (p < 0,05). C: Representative picture to show phenotypic differences in leaf discs
from tobacco transiently expressing 355::ZmNit2 and EV controls after 3 days of floating in PN media

supplemented with the indicated concentrations of NaCl.

4.3.2.3. Transformation of Arabidopsis with pB2GW7-ZmNit2
The pB2GW7-ZmNit2 plasmid was transformed into A. tumefaciens GV3101. A colony PCR
was conducted on ten colonies that grew on selective media using the P35S forward primer

and ZmNit2 internal reverse primer (table 2.1, figure 4.4).

Figure 4.7 shows that all ten Agrobacterium colonies and the positive control vector DNA had
an amplicon at approximately 1357 bp, as expected, confirming the successful transformation
of pB2GW7-ZmNit2 into Agrobacterium. Empty pB2GW?7 vector DNA was also previously
transformed into Agrobacterium (chapter 2, figure 2.4C) to enable generation of an empty
vector (EV) Arabidopsis line to be used as the background control in downstream phenotyping
assays. A single Agrobacterium colony was selected (sample 1) to be used for Arabidopsis

transformation.

pB2GW7-ZmNit2

3 4 5 6 7 8 9 10 H,0

Figure 4.7: PCR confirmation of A. tumefaciens transformations with pPB2GW7-ZmNit2
A colony PCR was performed on ten colonies from A. tumefaciens transformed with pB2GW7-ZmNit2
using the P35S forward primer and ZmNit2 internal reverse primer with an expected amplicon size of

1357 bp. A no template H,O negative control PCR reaction was included with sequence-verified
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pB2GW7-ZmNit2 plasmid DNA used as a template in the positive control (+). The MW marker included
is the New England Biolabs Quick-Load® 1 kb DNA ladder.

After confirming positive Agrobacterium transformation with the generated expression clone,
Agrobacterium-mediated floral-dip transformation of Arabidopsis (No-O ecotype) was
performed with both pB2GW7-ZmNit2 and pB2GW?7 EV. The No-0 ecotype was used as the
background for these lines as the 35S::AtNit2 line was generated in the No-0 background,
enabling us to compare these lines. GFSA selection plates were used to isolate transgenic
individuals from seeds collected from the transformed plants (T1 generation). Seedlings

which were able to survive for 11 days on the selection plates were transferred onto soil.

Once the seedlings had established properly on soil, one leaf per line was harvested for DNA
extraction and PCR analysis to confirm the presence of the transgene insertion. Figures 4.8
and 4.9 show that several transgenic lines were identified in the T1 generation for both the
35S::ZmNit2 and 35S EV (No-0) Arabidopsis genotypes respectively. Figure 4.8 shows that 13
transgenic 355::ZmNit2 lines were isolated that contained both the Bar gene (figure 4.8A) and
the ZmNit2 coding sequence downstream of the 35S promoter (figure 4.8B) as all 13 seedlings
had a specific band amplified of the same size as the positive control pB2GW7-ZmNit2 plasmid
DNA.

Similarly, figure 4.9 shows that all six 355 EV (No-0) seedlings that were able to grow on GFSA
were verified by PCR analysis as they all contained the Bar PCR product (figure 4.9A), but no
PCR product using the 35S forward primer and ZmNit2 reverse primer (figure 4.9B). This result
is significant in confirming that the EV transformed Arabidopsis plants are indeed missing the
ZmNit2 coding sequence downstream of the 35S promoter but do contain the pB2GW7
backbone and can thus be used as a background control in downstream phenotyping. All of
these lines were then allowed to grow to maturity to self-fertilise and produce the next T2

generation
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Figure 4.8: PCR confirmation of 355::ZmNit2 Arabidopsis transformations

A PCR was performed on DNA extracted from 13 potentially transgenic Arabidopsis plants transformed

with pB2GW7-ZmNit2 using A: the Bar primer pair with an expected amplicon of 733 bp, and B: the

P35S forward

A no template H,0 negative control PCR reaction was included with pB2GW7-ZmNit2 #2 plasmid DNA

used as a posi

primer and ZmNit2 internal reverse primer with an expected amplicon size of 1357 bp.
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Figure 4.9: PCR confirmation of 35S EV Arabidopsis transformations

A PCR was performed on DNA extracted from six potentially transgenic Arabidopsis plants
transformed with pB2GW?7 EV using A: the Bar primer pair with an expected amplicon of 733 bp, and
B: the P35S forward primer and ZmNit2 internal reverse primer with an expected amplicon size of
1357 bp. A No-0 wild-type (WT) DNA sample and a no template H,O PCR reaction were included as
negative controls with pPB2GW7-ZmNit2 #2 plasmid DNA used as a positive control (+) in both. The
MW markers included are the New England Biolabs Quick-Load® 1 kb DNA ladder (MW?) and the
Quick-Load® 100 bp DNA ladder (MW?).

4.3.2.4. Confirmation of ZmNit2 expression

In the T2 generation, GFSA screening was used to identify lines which gave an approximate
3:1 ratio of transgenic (heterozygous or homozygous) to WT, which would indicate a single
transgene insertion (appendix table 6.4). Several transgenic seedlings were transferred to soil
to collect seed for future genotyping experiments. Another round of GFSA screening in the T3
generation led to identification of homozygous transgenic lines, which had 100% growth on
selective media, which were then transferred to soil to collect seed for gene expression
analysis and future phenotyping experiments. For each of the homozygous 355::ZmNit2 and
35S EV lines, two leaves from three of the transferred seedlings were pooled to form a single
tissue sample for RNA extraction and subsequent cDNA synthesis. Expression of ZmNit2 was
determined by gPCR, relative to the AtMON1 reference gene. Figure 4.10 shows that no
ZmNit2 expression was detected in the EV lines as expected, indicating that they are suitable

for downstream use.

Variable levels of ZmNit2 were observed in the 35S5::ZmNit2 lines, as expected. Three
overexpressor lines were selected to be carried forward based on having the highest ZmNit2
expression — lines 2.2, 9.3 and 16.2. Additionally, EV lines 2.1 and 3.1 were selected for further
analysis as they had the best germination frequencies and the most seeds available for

subsequent use.
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Figure 4.10: ZmNit2 gene expression in homozygous T3 plants

Arabidopsis plants were grown on PN-agar supplemented with 10pug/mL GFSA for 11 days then
transferred onto soil for two weeks. Tissue from two leaves of three plants were harvested and pooled
for RNA extraction and cDNA was synthesised for RT-qPCR gene expression analysis. Expression of

ZmNit2 is shown relative to the AtMON1 reference gene. No-0 WT Arabidopsis is included as a control.

For each of the selected lines, ten seedlings were harvested from PN-agar plates and used in
DNA extractions and PCR to confirm homozygosity. For the 35S::ZmNit2 lines, PCR was
conducted using the 35S promoter forward primer and ZmNit2 internal reverse primer and
the results are shown in figure 4.11A. For the 35S EV lines, PCR was conducted using the Bar
primer pair (figure 4.11B). All ten of the seedlings from each line contained the specific
transgene product, which, along with the growth on selection plates, indicates that these lines

are all homozygous and could be further analysed.
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A No-0 35S::ZmNit2 2.2 35S::ZmNit2 9.3

MW + HO 1 2 1 2 3 4 5 6 7 8 910 1 2 3 4

kb

1,5
1,0

35S5::ZmNit2 9.3 35S5::ZmNit2 16.2

MW 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

B No-0 355EV 2.1

MW+ HO 1 2 1 2 3 4 5 6 7 8 9 10 MW

MwVW 1 2 3 4 5 6 7 8 9 10 MW

Figure 4.11: PCR confirmation of 355::ZmNit2 homozygosity in the T3 generation

A PCR was performed on DNA extracted from ten seedlings off PN plates from T3 lines that were
potentially homozygous for A: ZmNit2, using the P35S forward primer and ZmNit2 internal reverse
primer with an expected amplicon size of 1357 bp, and B: EV, using the Bar primer pair with an
expected amplicon of 733 bp. No-O0 WT DNA and a no template H,O PCR reaction were used as
negative controls with pB2GW7-ZmNit2 #2 plasmid DNA used as a positive control (+) in both PCRs.
The MW marker included is the New England Biolabs Quick-Load® 1 kb DNA ladder.

To be sure that these lines were indeed homozygous, another set of T3 seeds were screened
on GFSA selection plates as before, with the same results observed where none of the lines

had any GFSA-induced bleaching or death (data not shown). Ten seedlings were again
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harvested from a single PN control plate for PCR analysis with the same results observed as
in figure 4.11 above. Additionally, the remaining tissue from each PN plate was pooled and
harvested for RNA extraction and subsequent cDNA synthesis and RT-qPCR gene expression
analysis to determine the level of variation in expression of ZmNit2 between plants in each

line.

Figure 4.12 shows that there was some variation between each line and that each of the
35S8::ZmNit2 homozygous OE lines selected showed significantly higher ZmNit2 expression
than the EV lines which had no ZmNit2 expression, as expected. The actual values of the
ZmNit2 expression relative to AtMON1 were lower than those previously seen in figure 4.10
which could be due to the fact that the tissue used was from a different developmental stage.
Previously, 355::ZmNit2 line 2.2 appeared to have the highest ZmNit2 expression but in this
experiment it appears to have significantly lower expression than lines 9.3 and 16.2. Lines 2.2

and 16.2 were chosen for phenotypic characterisation.
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Figure 4.12: ZmNit2 gene expression in homozygous T3 seedlings

Arabidopsis seedlings were grown on PN media for 11 days. Tissue was harvested and pooled for RNA
extraction and cDNA was synthesised for RT-qPCR gene expression analysis. The results are an average
of three pools of tissue (n=3). Expression of ZmNit2 is shown relative to the AtMON1 reference gene.
Error bars indicate standard error. Different letters on the graphs indicate significant differences

(p £0.05) in mean values as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.
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4.3.3. Phenotypic characterisation of 355::ZmNit2 Arabidopsis plants

4.3.3.1. Growth of 35S::ZmNit2 plants exposed to saline conditions early in development

To determine whether overexpressing ZmNit2 had an impact on plant growth in salt early in
development, 355 EV and 355::ZmNit2 plants were germinated and grown for two weeks on
petri dishes containing untreated PN-agar (control) and PN-agar supplemented with differing
concentrations of NaCl or iso-osmolar concentrations of sorbitol. The average biomass of the
three lines was compared for each treatment to identify any phenotypic differences in their

growth.

Figure 4.13A shows that the average mass per plant of each line was inhibited in a dose-
dependent manner under saline conditions, as expected. The average plant mass of both
ZmNit2 OE lines were comparable under all treatment conditions. Notably, the 35S::ZmNit2
lines showed a lower plant mass than the EV line in untreated conditions, indicating a growth

penalty for expressing the maize gene.

To account for the difference in the average plant mass between the lines in untreated
conditions, the mass per plant was plotted relative to the untreated control for each line and
the data is shown in figure 4.13B. Here, it is evident that the ZmNit2 OE lines sustained growth
better under saline conditions compared to the EV control, which is further depicted in figure
4.13C. Statistical analyses comparing each of the slopes showed that there was no significant
difference between the two OE lines, and that both OE lines had a significantly less steep
gradient than the EV line. This same trend is seen in sorbitol conditions (data not shown),
indicating that ZmNit2 might improve osmotic stress tolerance. Overall, this data indicates

that Arabidopsis lines overexpressing ZmNit2 are more tolerant of salt and sorbitol.
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Figure 4.13: Growth of 35S::ZmNit2 plants exposed to saline conditions early in
development

The EV and 355::ZmNit2 plants were germinated and grown for two weeks on petri dishes containing
untreated PN-agar (control) and PN-agar supplemented with the indicated concentrations of NaCl and
sorbitol. A: The average mass per plant of each line. B: The average mass per plant plotted relative to
the control (0 mM) for each line. Error bars indicate standard error. Different letters on the graphs
indicate significant differences (p <0.05) in mean values as determined by a one-way ANOVA with
Fisher LSD post-hoc analysis C: The mass per plant is plotted as a regression analysis for NaCl
conditions. The results show four replicates for each treatment with 50 seeds sown per plate (n=4).
The experiment was repeated three times with comparable results. Each slope was compared
statistically to one another to determine any significant differences and the results are shown in the

bottom left corner with an asterisk indicating statistical significance.

4.3.3.2. Growth of 355::ZmNit2 plants exposed to saline conditions later in development

To determine whether overexpressing ZmNit2 has an impact on plant growth in saline
conditions later in development (comparable to the effect seen by overexpressing AtNit2),
35S EV, 355::ZmNit2 16.2, and 35S::AtNit2 plants were grown hydroponically in % strength PN
media for three weeks, then transferred onto % strength PN media supplemented with or

without 75 mM NaCl for a further week. The 35S EV line was used as a control for both the
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35S::ZmNit2 and 35S::AtNit2 lines. At the end of the experimental period, the shoot and root
mass of each plant was recorded to determine the average per plant for each line in each

treatment.

Figure 4.14A shows that the average shoot mass was significantly lower in all three genotypes
in 75 mM NaCl compared to untreated conditions, as expected. There was no significant
difference in average shoot mass between the genotypes in untreated conditions. However,
the 35S::AtNit2 genotype showed a significantly higher average shoot mass in 75 mM NacCl
compared to the EV and 355::ZmNit2 line which were not significantly different to each other.
This means that the 35S::AtNit2 plants show reduced salt inhibition of growth, as expected,
whereas the 355::ZmNit2 line experienced the same salt-induced inhibition of shoot growth
as the EV control. Overall, this shows that overexpressing ZmNit2 does not have the same

effect in improving salt tolerance later in development as overexpressing AtNit2 does.

Figure 4.14B shows that none of the genotypes tested displayed any growth phenotypes in
response to 75 mM NaCl compared to untreated conditions, and there was no significant
difference in average root mass between any of the genotypes under both untreated and 75
mM NaCl conditions. This experiment should be repeated with increased NaCl concentrations

that inhibit root growth in order to determine if there are any differences between the

genotypes.
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Figure 4.14: The average shoot and root mass of EV, 355::ZmNit2 and 35S::AtNit2 plants
after one week of salt treatment later in development

The 35S EV, 355::ZmNit2 and 35S::AtNit2 plants were grown hydroponically in % strength PN media
without salt stress for three weeks. Plants were then transferred onto PN media supplemented with
0 or 75 mM NaCl and grown under saline conditions for a further week. A: The average shoot mass
per plant B: The average root mass per plant. The results are an average of six plants for each
treatment for the EV and 35S::ZmNit2 lines and four plants for the 35S::AtNit2 line (n24). Error bars
indicate standard error. Different letters on the graphs indicate significant differences (p < 0.05) in

mean values as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.

4.3.3.3. AtEXP11 expression analysis in 355::ZmNit2 plants

While overexpression of ZmNit2 was sufficient to increase salt tolerance in terms of relative
biomass production in seedlings (figure 4.13), it did not do so in older plants (figure 4.14), in
contrast to 35S::AtNit2 where enhanced tolerance was seen at both developmental stages
(Cackett, 2019). In addition to these phenotypes, 35S::AtNit2 also displays elevated
expression of EXPANSIN 11 (AtEXP11, AT1G20190), which is thought to function in plant cell
expansion. In order to better understand whether expression of ZmNit2 can phenocopy that

of AtNit2, AtEXP11 expression was analysed in the ZmNit2 transgenics.

Arabidopsis No-0 WT, 35S::AtNit2, 35S EV and 35S::ZmNit2 seeds were germinated and grown
for 14 days on PN-agar, in triplicate. After two weeks, seedlings were pooled for each line
from three separate plates for RNA extraction and subsequent cDNA analysis. RT-gPCR was

used to analyse AtEXP11 gene expression relative to AtMON1.

Figure 4.15 shows that AtEXP11 expression is significantly higher in the 35S::AtNit2 line
compared to the No-0 WT background as well as the 355 EV and 355::ZmNit2 lines. This same
increase in AtEXP11 expression is not seen when the maize Nit2 gene is overexpressed, as the
35S::ZmNit2 line shows no significant difference in AtEXP11 expression compared to the 35S
EV line. This indicates that ZmNit2 might not be able to perform the same function in

Arabidopsis as AtNit2, to cause AtEXP11 upregulation.
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Figure 4.15: AtEXP11 gene expression in 355::ZmNit2 and 35S::AtNit2 lines

Arabidopsis seedlings were germinated and grown on PN media for 14 days. Tissue was harvested and
pooled for RNA extraction and cDNA was synthesised for RT-qPCR gene expression analysis. The
results are an average of three pools of tissue (n=3). Expression of AtEXP11 is shown relative to the
AtMONI1 reference gene. Error bars indicate standard error. Different letters on the graphs indicate
significant differences (p < 0.05) in mean values as determined by a one-way ANOVA with Fisher LSD

post-hoc analysis.

4.3.4. Investigating ZmNit2 regulation

4.3.4.1. ZmNit2 promoter analysis

Although ZmNit2 was not able to directly phenocopy AtNit2 in Arabidopsis, it does seem like
ZmNit2 plays a role in the response to salt stress, and 35S::ZmNit2 plants were more salt
tolerant early in development. As a preliminary investigation into whether the work we are
doing in Arabidopsis to uncover AtNit2 regulation is relevant to maize, 1 kb of promoter DNA
upstream of the ZmNit2 translation start site was analysed in silico using PLACE to identify the

predicted TFBS present in this region.

Table 4.2 lists the common TFBS present in both Nit2 promoters, as well as other MYB TFBS
present in the ZmNit2 promoter region that are predicted in the PLACE database. Notably, six

different predicted MYB TFBS are present on the positive strand in this region (shown in figure
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4.16), even more than the five present in the AtNjt2 promoter. This suggests that one or more

MYB TFs might play a role in ZmNit2 regulation.

Table 4.2: TFBS present in 1 kb upstream of ZmNit2

Binding site name Motif Site in Site in PZmNit2 I:boz;i::rse;nm Strand
as per PLACE PAtNit2? of ZmNit2
MYBPZM CC(A/T)ACC CCAACC 2 +
MYBCOREATCYCB1 AACGG 4 AACGG 2 +/-
MYBCORE C(A/T/G/C)GTT(A/G) C(C/G)GTTG 2 +
MYB2CONSENSUSAT (T/C)AAC(T/G)G 4 CAACGG 1 -
MYB4 binding site A(A/C)C(A/T)A(A/C)C v ACCAAAC 1 +
IBOXCORE GATAA 4 GATAA 1 +
TATABOX3 TATTAAT 4 TATTAAT 2 +/-
TATABOX5 TTATTT 4 TTATTT 2 -
WBOXNTERF3 TGAC(C/T) v TGACC 1 +

Note: One of the MYBCORE sites is in the same location but on the opposite strand to the
MYB2CONSENSUSAT/MYBCOREATCYCB1 site (which is at the same location on the negative strand)

ATG
+1_>
MYB4
I I I —|-— - ZmNit2 e
-1000 MYBPZM
500 bp

Figure 4.16: Schematic showing the presence of MYB binding sites in the ZmNit2 promoter
In this schematic, the ZmNit2 promoter positive strand is shown as a black line with the coding
sequence indicated by a white box with a black outline. The translation start site (ATG) is labelled as
+1 and all sites are labelled relative to this position. The MYBCORE binding sites (orange) are present
at positions -27 and -110 in the ZmNit2 promoter, with the MYBPZM sites (red) present at positions
-127 and -747. The MYBCOREATCYCB1 (yellow) site and the MYB4 binding site (green) present at

positions -239 and -845 respectively.
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This promoter region was also manually searched for motifs similar to those in Arabidopsis to
which the TFs identified in the Y1H experiment are proposed to bind to. The ZmNit2 promoter
region contains multiple NNATTA sites which is the canonical binding site for most
homeodomain proteins (Tan & Irish, 2006), indicating that maize homeodomain proteins
might also be able to bind to the ZmNit2 promoter. Additionally, the putative binding site for
HMGBY, AAATAAA, is also present in the ZmNit2 promoter and may indicate that a homolog
of HMGB9 is able to bind to the ZmNit2 promoter and regulate its expression. There is also a
GTAC motif present in the ZmNit2 promoter which is predicted to be the binding site for
SQUAMOSA promoter binding proteins in Arabidopsis (Yamasaki et al., 2009), implying that

the SPL7 homolog in maize may be able to bind to the promoter of ZmNit2.

4.3.4.2. Maize TF homolog gene expression

To determine whether homologs of two of the TFs identified in the Y1H experiment are
similarly regulated in maize under saline conditions, the maize homologs of AtHMGB9 and
AtSPL7 were identified and their expression was analysed following salt treatment as in

section 4.3.1.3.

4.3.4.2.1. AtHMGB9 homolog

When the Arabidopsis HMGB9 protein sequence was queried against the maize protein
database, the top hit returned was ZmARID6 (GRMZM2G024976). When the reciprocal
BLASTp was performed, the Arabidopsis HMGB15 and HMGB9 proteins were identified as the
top two hits, with AtHMGB15 having a slightly higher percentage identity (46.77%) than
AtHMGB9 (40.89%). However, AtHMGB15 and AtHMGB9 are paralogs of one another, sharing
a 43% amino acid sequence identity, so this was not surprising (Xia et al., 2014). Very little is
known about ZmARID6 but it has been annotated as a nuclear DNA binding transcription
factor, with the same ARID domain as AtHMGB9. Therefore, ZmARID6 gene expression was

analysed.

Figure 4.17A shows that ZmARID6 increased significantly in the root tissue under saline
conditions, and significantly decreased in the shoot tissue under saline conditions.
Additionally, ZmARID6 expression varied significantly between the root and shoot tissue.

Under untreated and low NaCl conditions, ZmARID6 was expressed more in the shoot tissue
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and this spatial expression was reversed under high NaCl conditions with a significantly higher
ZmARID6 expression in 300 mM NacCl in the root tissue. This data indicates that ZmARID6 is
differentially regulated under saline conditions in different tissue types. This data is similar to
that seen in the Arabidopsis later development microarray where AtHMGB9 expression
decreased in the shoot tissue under high NaCl conditions (figure 3.9H), indicating that
ZmARID6 may be regulated similarly by saline conditions in maize shoot tissue compared to
AtHMGB9. Additionally, ZmARID6 shows an opposite expression pattern in shoots compared
to ZmNit2 (figure 4.3A), indicating that it is possible that it plays a role in ZmNit2 repression
in shoot tissue. However, in root tissue ZmARID6 is upregulated under saline conditions
similarly to ZmNit2. Overall, this data indicates that ZmARID6 may play a role in ZmNit2
regulation, but this role might be different in different tissue types and needs further

investigation.

4.3.4.2.2. AtSPL7 homolog

When the Arabidopsis SPL7 protein sequence was queried against the maize protein
database, the top hit returned was ZmSBP11 (GRMZM2G109354; Zm00001eb349730). When
the reciprocal BLASTp was performed, AtSPL7 was the top hit and therefore ZmSBP11

expression was analysed under saline conditions.

Figure 4.17B shows that there was no significant differences in ZmSBP11 expression in either
tissue type under saline conditions and that there were no differences in expression levels
between the two tissue types. This data is comparable to that seen in figure 3.9L where
AtSPL7 was shown to not differ under saline conditions in either tissue type in the later
development microarray, indicating that ZmSBP11 and AtSPL7 may be similarly regulated
under saline conditions. Although this data does not correspond to the upregulation of
ZmNit2 seen in figure 4.3A, the lack of regulation of AtSBP11 expression under saline

conditions does not mean that it does not play a role in ZmNit2 regulation.
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Figure 4.17: ZmARID6 and ZmSBP11 gene expression in maize grown under saline conditions
Maize plants were grown hydroponically in Hoagland’s solution (control) for five days then transferred
onto Hoagland’s supplemented with the indicated concentrations of NaCl for nine days. For each
treatment, tissue from the second leaf or from the root of three plants were harvested and pooled for
RNA extraction and cDNA was synthesised for RT-qPCR gene expression analysis. The results are an
average of three pooled tissue samples from independent biological experiments (n=3). A: ZmARID6
expression, B: ZmSBP11 expression. Expression of each gene is shown relative to the ZmMEP reference
gene. Error bars indicate standard error. Different letters on the graphs indicate mean values that are

significantly different (p < 0.05) as determined by a one-way ANOVA with Fisher LSD post-hoc analysis.

4.4. DISCUSSION

4.4.1. Salt stress negatively impacts the growth and development of the white maize
variety, Kalahari Early Pearl

Maize is considered to be more sensitive to salt stress when compared to other important
crops such as barley, cotton or sorghum, and it has been shown to be most sensitive to salinity
during the vegetative growth stage (Maas et al., 1983). However, there is wide intraspecific
genetic variation for salt resistance that exists within maize (Mansour et al., 2005). To date,
no data have been shown analysing the change in growth or development of the Kalahari
Early Pearl maize variety in response to saline conditions, presumably as it is only

agriculturally relevant in Southern Africa.
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Our findings here indicate that KEP shoot and root growth and development are inhibited by
salinity as shoot and root fresh mass were significantly decreased in a dose-dependent
manner, with low NaCl concentrations having more of an impact on shoot mass than root
mass (figure 4.2). Moreover, this reduction in fresh mass was not due to a reduction only in
leaf size, but to a complete stalling of plant development as illustrated by the reduction in
leaf number (figure 4.1). Previous studies have shown that maize shoot growth is strongly
inhibited during the first phase of salinity stress. One such studied exposed six day old
seedlings to different NaCl treatments for 15 days in hydroponics, and saw that 150 mM NacCl
was able to reduce fresh mass by 50-60% compared to untreated plants (Mansour et al.,
2005). In another study, two maize lines with differing sensitivity to salt showed a 45-60%
reduction in fresh weight in 100 mM NaCl treatment, with the salt-sensitive Pioneer 3906
variety having the higher percentage of fresh mass inhibition (Pitann, Kranz & Miihling, 2009).
Szalai and Janda (2009) showed a 30% and 55% reduction in shoot and root fresh mass
respectively in two-week old maize plants grown in media with 100 mM NacCl for a further
seven days compared to those in control conditions. These results are comparable to ours
seen in figure 2.2 where 150 mM NaCl resulted in approximately a 50% inhibition of shoot
fresh mass when five day old KEP maize seedlings were exposed to saline conditions for a
further nine days. However, in order to draw any conclusions as to whether KEP is a salt-
sensitive or salt-tolerant maize variety, further experiments with a higher number of
biological replicates should be conducted as well as experiments alongside maize lines with
known salt phenotypes, such as the aforementioned salt-sensitive Pioneer 3906 variety and

the more salt-tolerant SRO3 variety (Pitann, Schubert & Miihling, 2009).

Salt stress also increased the root:shoot ratio in KEP, as expected (figure 4.2C). However, this
increase was only significantly different from untreated in 150 and 225 mM NaCl conditions.
This increased root growth compared to shoot growth under saline conditions correlates with
previous studies, as this would allow for improved water and nutrient uptake and increased
pumping of Na* back into the soil (Munns & Tester, 2008). As this increased root:shoot ratio
was not observed under the highest NaCl concentration, this may indicate that KEP may not
be salt tolerant under high salinity stress. Overall, these results illustrate how salinity slows

KEP maize shoot and root growth early in development.
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To further evaluate KEP salt tolerance in future, further phenotyping should be done to

determine, for example, Na* and K* content, chlorophyll concentration and yield productivity.

4.4.2. ZmNit2 increases in maize in response to salinity

Arabidopsis microarray assays have shown that AtNit2 is significantly upregulated in response
to NaCl early (figure 2.2E) and later in development (appendix figure 6.6), with a significantly
higher induction in the shoot tissue compared to root tissue later in development (Cackett,
2019; Cackett et al., 2022). Expression of ZmNit2 showed a dose-dependent increase in both
root and shoot tissue with increasing NaCl concentrations (figure 4.3), although this was only
significant in 225 and 300 mM NaCl compared to untreated. However, the relative ZmNit2
expression was not significantly different between the root and shoot tissue at any tested
NaCl concentration, differing from that seen in Arabidopsis. Analysis of expression of the
other maize nitrilase, ZmNit1, showed no significant dose-dependent changes. This data
agrees with the literature that ZmNit2 is a homolog of AtNit2 (Park et al., 2003). Although
ZmNit2 has been shown to be upregulated in maize tissues that show auxin-synthesising
activity (Jensen & Bandurski, 1994), this is the first time ZmNit2 expression has been
measured under saline conditions in maize. Overall, these results suggest that ZmNit2
upregulation occurs in KEP under saline conditions in both root and shoot tissue, in a dose-
dependent manner, suggesting that ZmNit2 may play a role in the maize salinity stress

response.

4.4.3. Overexpressing AtNit2 and ZmNit2 improves chlorophyll retention

It is known that salt-tolerant species maintain photosynthesis better and show increased or
unchanged chlorophyll content under salinity conditions, whereas chlorophyll levels decrease
in salt-sensitive species, suggesting that this parameter can be considered a biochemical

marker of salt tolerance in plants (Stepien & Johnson, 2009; Ashraf & Harris, 2013).

The chlorophyll content of 35S::AtNit2 leaf discs was significantly higher than WT under
untreated and saline conditions (figure 4.6A), indicating that 35S::AtNijt2 plants have a higher
chlorophyll content and are more tolerant under saline conditions. Similarly, tobacco plants
transiently expressing ZmNit2 had a higher chlorophyll content than leaves infiltrated with

the EV construct (control) under control and saline conditions, although this difference was
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not statistically significant (figure 4.6B). However, when looking visually, it was apparent that
the EV leaves became more yellow and senesced faster under saline conditions than the
leaves expressing 35S5::ZmNit2 (figure 4.6C). Overall, this indicates that increased AtNit2 and
ZmNit2 expression both result in increased chlorophyll content in plants. The role of auxins in
chlorophyll induction has previously been reported in algae and plants (Salazar-Iribe & De-la-
Pefia, 2020), and therefore the increased auxin biosynthesis in 35S::AtNit2 plants could result
in the increased chlorophyll content that we see in these lines. By this hypothesis, it is possible
that ZmNIT2 is also able to induce auxin accumulation in the tobacco leaves, resulting in the

increased chlorophyll content that we observed.

4.4.4. Overexpressing ZmNit2 in Arabidopsis improves salt tolerance, but only early in
development

To determine whether ZmNit2 is able to phenocopy AtNit2, Arabidopsis lines overexpressing
ZmNit2 were generated. The resulting homozygous transgenic 355::ZmNit2 plants displayed
varying levels of ZmNit2 expression, while, as expected, no expression was detected in WT
No-0 and the 35S EV lines (figures 4.10 and 4.12). The variable levels of ZmNit2 observed in
the OE lines was expected due to the nature of Arabidopsis floral-dip transformation where
the transgene is inserted randomly into the Arabidopsis genome. This means that the
transgene DNA could have integrated near to or far from transcriptional activating elements
or enhancers, or different regulatory elements or epigenetic markers, which would lead to

variable expression levels (Gelvin, 2003).

Salt assays early and later in development were used to assess the phenotype of 355::ZmNit2
plants in order to compare to 35S::AtNit2 lines. In early development assays, both ZmNit2 OE
lines tested maintained growth significantly better under both NaCl and sorbitol conditions,
as measured by average plant fresh mass compared to the EV control line (figure 4.13). This
result indicates that the ZmNit2 OE lines were more tolerant to saline conditions. This result
is comparable to that seen in 35S::AtNit2 plants which have been shown to survive and grow
better under saline conditions compared to WT No-0 (Cackett et al., 2022). However, the
ZmNit2 OE lines suffered a growth penalty under control conditions which is not unexpected
as there have been numerous examples showing that constitutive expression of genes

encoding transcription factors, ion transporters or biosynthetic proteins can lead to
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undesirable phenotypes, especially under non-stressed conditions (Karakas et al., 1997;
Sheveleva et al., 1997; Kasuga et al., 1999; Cortina & Culiafiez-Macia, 2005; Hmida-Sayari et
al., 2005; Sudrez, Calderén & lturriaga, 2009). This growth penalty in untreated conditions
was also seen in the root and shoot biomass of the 35S::AtNit2 line later in development
(Cackett, 2019), and therefore it appears that constitutively overexpressing both AtNit2 and

ZmNit2 has detrimental effects on plant growth in the absence of stress.

Plants further along in development did not display the same phenotype under 75 mM as
there was no significant difference in shoot (figure 4.14A) mass between the EV and
35S::ZmNit2 lines. This differed from the phenotype seen in 355::AtNit2 plants which showed
significantly higher shoot biomass production compared to the EV. The difference in root
biomass under saline conditions between the genotypes could not be assessed as 75 mM NaCl
was not high enough to alter root growth of any of the genotypes (figure 1.14B). In future,

this experiment should be repeated with a range of NaCl concentrations.

Overall, this indicates that ZmNit2 overexpression in Arabidopsis was able to reduce the salt-
and sorbitol-induced inhibition of growth early in development but did not have any affect

later in development.

4.4.5. ZmNit2 overexpression does not alter AtEXP11 expression

Plants overexpressing AtNit2 show significant induction of AtEXP11 expression compared to
WT Arabidopsis (No-0) (Cackett, 2019), as confirmed in figure 4.15. AtEXP11 is part of the
family of a-EXPANSINS responsible for cell wall loosening — a process activated following
auxin-induced apoplast acidification by the plasma membrane H* ATPase (Barbez et al., 2017).
This induction of AtEXP11 was not seen in 355::ZmNit2 plants (figure 4.15), indicating that
overexpressing ZmNit2 does not result in the same downstream affects as AtNit2 and that
ZmNit2 is therefore unable to directly phenocopy AtNit2. However, there are multiple EXP
genes, and analysis of other genes downstream of Nit2 could prove fruitful in determining
how ZmNit2 overexpression is able to improve salt tolerance in Arabidopsis. Additionally,

auxin levels should be measured in these lines.
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4.4.6. ZmARID6 and ZmSBP11 could be candidates to investigate ZmNit2 regulation

AtHMGB9 was identified as a putative repressor of AtNit2 in chapter 3 and shows a
downregulation of expression in Arabidopsis shoot tissue in response to salinity in the later
development microarray as well as a decrease in two week old seedlings in the early
development microarray under saline conditions (figures 3.9G and H). Similarly, the identified
maize homolog, ZmARID6, was downregulated in KEP maize shoot tissue under saline
conditions (figure 4.17A). However, in Arabidopsis there was no change in AtHMGB9
expression in the root tissue in the later development microarray under saline conditions, but
it does appear that ZmARID6 expression is induced in maize root tissue under high salinity.
This data indicates that ZmARID6 could similarly be acting as a ZmNit2 repressor in maize
shoot tissue and more work should be done to investigate this if ZmNit2 proves fruitful as a

candidate for improving maize salt tolerance.

ZmSBP11 showed no significant change in expression in either KEP maize root or shoot tissue
under saline conditions (figure 4.17B), mimicking that seen for AtSPL7 in both the early and
later development Arabidopsis microarrays where there was no significant change in AtSPL7
expression under saline conditions (figures 3.9K and L). If further work in Arabidopsis shows
that AtSPL7 plays a role in ZmNit2 regulation, further work can be done to characterise the

role that ZmSBP11 may play in ZmNit2 regulation.

4.4.7. Summary

The South African maize variety, Kalahari Early Pearl, showed significant reductions in growth
and development in both roots and shoots under saline conditions. The maize AtNit2
homolog, ZmNit2, was induced by NaCl in both root and shoot tissue in a dose-dependent
manner, and initial promoter analysis indicates that this gene may be similarly regulated to
AtNit2. Overexpressing ZmNit2 was sufficient to increase salt tolerance of Arabidopsis plants
early in development, as observed by a decreased inhibition of growth under saline
conditions, and larger plants under 125 mM NaCl conditions. However, no altered phenotype
was observed later in development in response to 75 mM NaCl treatment. Overall, these
results indicate that ZmNit2 may play a role in the maize response to salt stress and validate
that the work we are conducting in Arabidopsis is at least partly relevant to important crop

plants such as maize. Further work needs to be conducted in this regard, including measuring
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auxin levels in the 35S::ZmNit2 Arabidopsis lines, and characterisation of maize ZmNit2

overexpressing and null mutant lines for changes in salt tolerance and auxin accumulation.
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CHAPTER 5: FINAL DISCUSSION AND SUGGESTIONS FOR A WAY FORWARD

To engineer crops with enhanced salt tolerance, we need a better understanding of inherent
plant molecular responses to salt stress. Our group has previously identified AtNit2 as a
candidate for enhancing plant growth under saline conditions to improve salt tolerance
(Cackett et al., 2022). Thus, it is important to understand how this gene is regulated, and
therefore investigating the regulation of AtNit2 was the main aim of this research project.
Additionally, this study aimed to investigate whether this work being conducted in
Arabidopsis, a model plant not agriculturally important, is transferrable or relevant to maize,
an important crop plant. As far as we know, this is the first time an unbiased approach was
taken to identify potential AtNit2 regulators and the first time any candidate TF regulators of
AtNit2 (other than AtATAF2) were characterised in Arabidopsis. It is also the first time a role
for ZmNIT2 in salinity tolerance has been proposed. The main empirical and functional
findings of this study are presented in detail in chapters 2-4. The aim of this final chapter is
not only to highlight key findings in the context of the other literature, but to also
acknowledge some caveats and limitations of aspects of this study, while also presenting

some suggestions for a way forward.

5.1. AtNit2 regulation

5.1.1. Identifying potential regulators of AtNit2 through promoter analysis

In silico analysis of the AtNit2 promoter sequence revealed the presence of five different MYB
TFBS in the 1 kb of DNA upstream of the AtNit2 translation start site (table 2.2; appendix
figure 6.2), suggesting that one or more MYB TFs may be able to bind to and regulate AtNit2
promoter activity. The first limitation to this lies in predicting the size of the gene promoter.
Previous research has found that analysing the first 1 kb upstream of a gene translation start
site in Arabidopsis is usually sufficient to identify the TFBS important in gene regulation
(Riechmann, 2002), but there may be sites further upstream than this in the case of AtNit2
that were not considered in this analysis. In fact, there is 2649 bp of DNA upstream of the 5’
UTR of AtNit2 before a long-noncoding RNA region (AT3G06765.1), with ~5 kb of DNA
upstream of that before the first neighbouring gene (AT3G44290; see appendix figure 6.9)),

meaning that the promoter region of AtNit2 could actually span a much larger size. Indeed,
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publicly available DAP-seq data in the Plant Cistrome Database (http://neomorph.
salk.edu/dap_web/pages/index.php; O’Malley et al., 2016) reveals many TFBS upstream of
AtNit2, with most further away than the 1368 bp tested in the Y1H experiment (see appendix
figure 6.9). There could also be enhancer regions tens or hundreds of kb from the AtNit2 locus,
that may be important for AtNit2 regulation which were not considered. Another caveat to
this analysis is the fact that many TFBS are still unknown, meaning that many more TFBS could
be present in the promoter region that are yet to be annotated. Additionally, most TFBS in
the databases have been annotated based on experimental data from a single experiment,
rather than compiling data from a diverse range of sources. For example, in the analysis of
the AtNit2 promoter region, the BS for AtATAF2 was not identified, but a paper has been
published showing where this site is located (Huh et al., 2012). Many computational tools are
available that analyse promoter DNA and predict TF binding based on a single source showing
a specific TF bound to a particular section of DNA in a particular experiment in vitro, but it
doesn’t necessarily mean that that TF can actually bind to that particular promoter region in
planta, or that other TFs can’t bind that region. Subsequently, despite the in silico analysis
identifying multiple MYB TFBSs in the putative AtNit2 promoter region, one is unable to
determine which of the large family of MYB TFs (if any) can bind to the AtNit2 promoter

region, and in what context, without actually testing for protein-DNA interaction in vivo.

As a preliminary approach to obtain some candidate TFs, the list of salt-specific genes
upregulated early in Arabidopsis development was queried for any MYB TFs. Interestingly,
two MYB TFs were significantly upregulated under saline conditions in the early development
microarray; AtMYB30 and AtMYB2 (figure 2.2). However, Y1H analysis did not identify any
direct binding of any MYB TFs to the AtNit2 promoter DNA. This is in line with predictions
from the Plant Cistrome Database (http://neomorph.salk.edu/dap_web/pages/index.php;
O’Malley et al., 2016) where the only MYB TF predicted to bind upstream of AtNit2 is
AtMYB119 and this falls outside of the promoter region tested in the Y1H experiment (see
appendix figure 6.9). This does not exclude AtMYB30 or AtMYB2 from being able to regulate
AtNit2 expression in planta as they may require post-translational modifications (PTMs) to be
active that do not occur in yeast or may need to form part of a complex with another

Arabidopsis TF. Additionally, they could play a role in indirectly regulating AtNit2 by regulating
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another gene upstream of AtNit2 in the salt stress response or may only bind the AtNit2

promoter under specific conditions or at certain developmental stages.

5.1.2. AtMYB30 may indirectly positively regulate AtNit2 during the Arabidopsis salt stress
response

Arabidopsis 355::AtMYB30 OE lines maintained growth better under saline conditions early in
development (figure 2.14), while the atmyb30-2 mutant line displayed a greater degree of
growth inhibition under saline conditions than WT (figure 2.15). However, phenotyping of
another atmyb30 mutant line should be performed as the two T-DNA mutant lines
phenotyped in this study displayed slightly different results, with the atmyb30-1 line not
showing any significant difference in biomass compared to WT early in development (figure
2.15). In a recent study by Gong et al. (2020), a different atmyb30 mutant was shown to be
more sensitive to 125 mM NaCl, in agreement with our data for atmyb30-2. No changes in
salt tolerance were seen in either the atmyb30-2 or 355::AtMYB30 lines later in development
(figure 2.15). This data indicates that AtMYB30 may play a positive role in the Arabidopsis salt
stress response early, but not later in development. However, these phenotyping assays later
in development should be repeated with more salt concentrations to determine whether any
changes are seen in response to higher salinity. Previously, Mabuchi et al. (2018) showed that
an atmyb30 mutant line had significantly longer roots than WT, and an AtMYB30 OE line had
significantly shorter roots than WT under H,0, (ROS) conditions, indicating that AtMYB30
regulates root cell elongation in response to ROS. It would therefore be interesting to analyse
root elongation and architecture under saline conditions in the AtMYB30-misexpressing lines
compared to WT, given that salinity stress leads to ROS accumulation and given the role of
auxin in root responses to salinity stress (e.g., halotropism). Other auxin-related growth
phenotypes, such as hypocotyl elongation, can also be tested in these lines, and IAA
metabolite levels should be measured to understand the role of AtMYB30 in auxin-mediated
plant growth. These analyses should also be conducted in the AtMYB2 OE lines. Prior to this,
the copy number of the transgene insertions should be assessed in all stable transformants,
using Southern blot analysis or digital droplet (dd)PCR for example, to ensure a single
insertion into the Arabidopsis genome (Gtowacka et al., 2016). Single insertions are desirable

in order to ensure segregation in a Mendelian fashion and to prevent gene silencing (Collier et
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al., 2017). Additionally, multiple copies may have more effect both in terms of overexpression

of the GOI as well as in terms of interfering with native genes at the site of insertion.

Interestingly, expression of AtNit2 was significantly higher in the AtMYB30 OE lines compared
to the EV control line in both untreated and saline conditions (figure 2.17A). The atmyb30
mutant lines did not display opposite results but instead also showed elevated AtNit2
expression compared to WT, although only under saline conditions (figure 2.17B). If AtMYB30
was the main regulator of AtNit2 expression in response to salt stress, acting only as either a
direct activator or repressor, we would expect that the OE and KO lines would have opposite
phenotypes; the fact that AtNit2 expression is upregulated under saline conditions in both
lines indicates that AtNit2 regulation in the salt stress response is complex and there must be
other mechanisms in place to ensure AtNit2 induction under saline conditions. A major
limitation to this project was only analysing gene expression at one time point after stress
imposition for two weeks. As TF expression is usually altered after short exposure to stress
conditions, and usually TF expression precedes target gene expression (Vom Endt, Kijne &
Memelink, 2002), earlier time points would be particularly relevant to include in a future time
course experiment. For example, in maize a time course was used for gene expression
profiling with samples collected at 0, 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 120 and 168 h after 100
mM NaCl treatment (Luo et al., 2021). As a result, many TFs that play a role in the salt stress
response may not have been identified in our group’s salinity stress transcriptomic
experiments. Overall, these results are the first to indicate that AtMYB30 might play a role in
regulating AtNit2, although determining how and when, and whether this is important in the

Arabidopsis salt stress response, requires further analyses.

Recently, AtMYB30 was linked to the Arabidopsis salt stress response for the first time (Gong
et al., 2020). These researchers found that AtMYB30 plays a regulatory role in Arabidopsis salt
tolerance by directly binding to and regulating AtAOX1a expression, thereby maintaining
cellular redox homeostasis through enhanced alternative respiration. They showed this direct
binding via three E1-like motifs (ACCAAAC) using Y1H analysis in vivo, and ChIP-qPCR in planta.
They found that AtMYB30 needs to be SUMOlyated by AtSIZ1 before it is able to bind to the
AtAOX1a promoter to upregulate its gene expression, and that when this SUMOlyation is
abolished, plants are more sensitive to salt stress (Gong et al., 2020). Interestingly, despite

the El-like motif being present in the AtNit2 promoter region (within fragments 3 and 4),
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designated as ‘MYB4 binding site’ in table 2.2 and appendix figure 6.2, no binding was
observed in our Y1H. It is possible that no direct binding was seen between AtMYB30 and the
AtNit2 promoter in the Y1H screening because AtMYB30 needs to be SUMOIlyated prior to
DNA binding. To assess whether AtMYB30 can bind to the AtNit2 promoter using a different
method, EMSA can be conducted. Additionally, an anti-AtMYB30 antibody can be obtained
for ChIP-gPCR or ChIP-Seq under control and saline conditions which would determine
whether AtMYB30 occupancy of the AtNit2 promoter changes under saline conditions. In
future, a more thorough investigation into the post-translational modification of AtMYB30
and AtMYB?2 is also needed. Various in silico tools exist to predict PTM domains (reviewed in
Audagnotto & Dal Peraro, 2017) which can be used as a first approach. Following this, PTM-
antibody specific immunoprecipitation and western blot analysis can be used to confirm any

predicted PTM. The results from this can then inform further protein-DNA interaction studies.

5.1.3. AtHMGB9 and AtSPL7 are putative repressors of AtNit2

In order to identify other TFs which may play a role in regulating AtNit2 expression, a Y1H
analysis was used. Six different TFs were identified that showed specific binding with one or
more sections of the AtNit2 promoter: AtHMGB9, AtSPL7, AtGL2, AtHB34, AtHB24 and
AtHB28 (table 3.4). As far as we can tell, this is the first time that any of these TFs have been
linked to AtNit2. Importantly, we don’t exclude the importance of other TFs (that may not
have been present in our TF library or were unidentifiable in the Y1H system) in transcriptional
regulation of AtNit2, either under saline conditions or other conditions. As previously
discussed, ascertaining the size of the full promoter region is difficult, so it is possible that
some important TFs were not identified in this analysis as they may be further upstream of
AtNit2 than what | tested. Thus, the Y1H should be repeated with more promoter fragments
further upstream of AtNit2 than 1368 bp. Interestingly, none of the TFs identified in the Y1H
screen were shown to bind in the DAP-seq experiment in the Plant Cistrome Database
(http://neomorph.salk.edu/dap_web/pages/index.php; O’Malley et al., 2016). Additionally,
AtATAF2 which has been shown to bind in the 117 bp region upstream of AtNit2 (Huh et al.,
2012) was not shown to bind under the conditions used in this DAP-seq experiment.
Conversely, the TFs able to bind to the AtNit2 promoter in this published DAP-seq experiment,
such as AtREM19 (see appendix figure 6.9), which do fall within the promoter region tested,

were not shown to bind in the Y1H experiment. This highlights how different TFs may only
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bind in certain contexts and shows how important it is to determine under what conditions
the TFs identified in the Y1H experiment may regulate AtNit2. In future, one possible way to
determine the region of DNA containing the AtNit2 regulatory elements is to perform an assay
for transposase accessible chromatin with high-throughput sequencing (ATAC-seq) on plants
grown under untreated and saline conditions to determine which regions of chromatin (and
thus which TFBS) become more accessible during salinity stress. The regions that become
more accessible under saline conditions upstream of AtNit2 would likely contain important
sites for binding of TFs during the salt-induced upregulation of AtNit2. These regions can then

be used if the Y1H is repeated.

Based on our findings and previous literature, we hypothesise that AtHMBG9 binds to the
AAATAAA motif present in the AtNit2 promoter region within the two fragments that
interacted via Y1H. To confirm this, the protoplast reporter assays can be repeated using a
version of the AtNit2 promoter with mutations in the AAATAAA sites to determine whether
these are necessary for AtHMGB9 to alter AtNit2 promoter activity. Additionally, EMSAs
could be performed with sections of the promoter DNA containing these sites as well as with
these sites mutated. Our findings showed that AtHMGB9 expression is inhibited under saline
conditions (figure 3.17B), and that athmgb9 knock-down lines show slightly increased AtNit2
expression under saline conditions (figure 3.17A). In line with this, reporter assays in
Arabidopsis mesophyll protoplasts showed that AtHMGB9 is able to repress AtNit2 promoter
activity in planta (figure 3.12). Taken together, these results indicate that AtHMGB9 is a direct
repressor of AtNit2. However, athmgb9 knock-down lines showed slightly decreased salt
tolerance (figure 3.16) implying that AtHMGB9 might be responsible for other important
processes in the salt-stress response other than AtNit2 regulation. To elucidate these, it would
be interesting to obtain anti-AtHMGB9 antibody to perform a ChIP-seq analysis to determine
which other DNA regions AtHMBG9 is able to bind to. Another TF identified by the Y1H,
AtSPL7, appears to play a role in negatively regulating AtNit2 transcription as AtNit2 was
slightly, but significantly, higher in an atsp/7 mutant line under control and saline conditions
(figure 3.21A). However, AtSPL7 did not alter AtNit2 promoter activity in untreated
Arabidopsis mesophyll protoplasts (figure 3.12). This indicates that AtSPL7 may need to bind
in combination with other co-factors to repress AtNit2 promoter activity or may only play a

role in AtNit2 regulation under certain conditions. To test this, it would be interesting to
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optimise a transient reporter assay in protoplasts under saline conditions. In future, EMSAs
and ChIP-gPCR can be used as additional ways to test if AtSPL7 is able to directly bind the
AtNit2 promoter DNA, especially if a ChIP-gPCR can be performed under saline conditions. It
would also be interesting to perform a pull-down assay with AtSPL7, or a yeast two-hybrid, to
identify which other TFs AtSPL7 is able to bind to. If other TFs are identified that form a
complex with AtSPL7, these can be tested in the protoplast reporter assays to assess whether

AtNit2 promoter activity is altered.

As AtHMGB9 and AtSPL7 are both potential repressors of AtNit2, it would be interesting to
see whether overexpressing these genes prevents the salt-induced upregulation of AtNit2
seen in Arabidopsis. However, as both of these TFs presumably regulate many genes, this
makes mutant/OE analysis very complex. One way to prevent off-target effects is to
overexpress these genes under multiple copies of the endogenous promoter. It is also
possible that AtHMGB9 and/or AtSPL7 may only play a role in AtNit2 regulation under
different conditions and may not play a role in the salt-stress response at all. In future, this
should be explored by analysing expression of these TFs, as well as the other TFs identified in

the Y1H and AtNit2, under various conditions and at different developmental stages.

5.1.4. Investigating the role of AtHB34, AtHB24, AtHB28, and AtGL2 in AtNit2 regulation

The same experiments to validate TF-DNA binding in planta should be conducted for these
TFs as were performed for AtHMGB9 and AtSPL7. As previously mentioned, it is likely that the
ZF-HD TFs act in the form of heterodimers with other members of the family (Tan & Irish,
2006). Thus, AtHB34, AtHB24 and AtHB28 should be tested in protoplast reporter assays
alone, and in different combinations. For the same reason, T-DNA insertion mutants for each
TF should be obtained, and different combinations of mutant lines should be cross-fertilised
and double and triple mutants isolated. This will enable us to phenotype lines lacking each TF
alone and in various combinations to test if any show alteration in AtNit2 expression and salt
tolerance. The aforementioned researchers also showed that AtHB34 may be redundant with
AtHB23 and AtHB30 (Tan & Irish, 2006), so including these TFs in these analyses might also be
necessary to obtain a phenotype. Based on this proposed redundancy, it would also be
interesting to test whether overexpressing only one/two of these TFs might be sufficient to

alter AtNit2 expression and/or salt tolerance.
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Of the six TFs identified in the Y1H screening, AtGL2 is the best characterised. Previous
research has shown that AtGL2 expression is downregulated by salinity stress (Beyrne, lusem
& Gonzalez, 2019) which was consistent with our findings (figure 3.91). This data suggests that
if AtGL2 is involved in AtNit2 regulation, it may be acting as a repressor early in development
as its expression pattern is opposite to that of AtNit2. Based on the Y1H data and the available
literature, we hypothesise that AtGL2 binds to the L1-box in the AtNit2 promoter (TAAAATG)
(which did not come up in the in silico promoter analysis as it was missing from the database).
This should be tested using EMSAs with both the WT promoter region and a promoter with a
mutation in this L1-box. If reporter assays in Arabidopsis protoplasts show that AtGL2 alters
AtNit2 promoter activity, this can also be repeated with the mutated promoter to determine
whether this change in activity is abolished. Additionally, it would be interesting to obtain
atgl2 mutants and AtGL2 overexpressing lines to test whether either have altered AtNit2

expression and/or IAA levels, and to determine whether this impacts plant salinity tolerance.

Additionally, the role of AtATAF2 in AtNit2 regulation needs to be further investigated. To do
this, atataf2 mutant (Huh et al., 2012) should be obtained and characterised to determine if
they lose the NaCl-induced AtNit2 upregulation seen in WT plants. AtATAF2-misexpressing
lines should also be characterised for auxin-related phenotypes such as changes in hypocotyl
or root elongation, and changes in IAA metabolite levels. Despite not binding in our Y1H
experiment, previous research has shown binding of AtATAF2 to the AtNit2 promoter (Huh et
al., 2012), so it would be interesting to test this TF in our hands in protoplast reporter assays,
EMSAs, and ChIP-gPCR. Additionally, other TFs are predicted to have binding sites within the
region upstream of AtNit2 and these should be investigated in future studies. For example, in
the Plant Cistrome Database, multiple NAC domain TFs are predicted to bind upstream of

AtNit2 as well as AtREM19 (see appendix figure 6.9).

5.1.5. When and where is AtNit2 produced?

Arabidopsis reporter lines for AtNit2 should be generated in order to investigate when and
where AtNit2 is produced. At the beginning of this research project, this was one of the aims.
However, two different lines with the LucF gene downstream of different sized AtNit2
putative promoter sequences (1 kb and ~1.3 kb) in two different reporter vectors (pBGWL7

and pART27) were generated, and neither was able to successfully report on AtNit2 promoter
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activity. It is possible that more transgenic lines need to be screened to identify a line with
proper reporter activity, or perhaps a longer region of DNA upstream of AtNit2 needs to be
used. The aforementioned ATAC-seq should be able to inform this. A different reporter, such
as GFP, could also be used. Additionally, a GUS reporter line could be used to determine
AtNit2 localisation throughout the salt stress response. If a successful reporter line is
generated, mutations could also be introduced in specific TFBS to provide information on
where and when that particular TF binds and regulates AtNit2 expression. The AtNit2 reporter
line could also be crossed with a TF mutant line, such as athmgb9, to further characterise how

the TF regulates AtNit2 expression.

5.1.6. Determining the important regulatory regions for modulating the salt stress response
The aforementioned ATAC-seq experiment would provide insight into regulatory regions
throughout the genome which are important for modulating the salt stress response This
experiment can be paired with an RNA-seq analysis at several time-points to determine
whether any changes in chromatin accessibility are associated with changes in gene
expression. This will enable identification of other important salt stress responses and
potential candidates for engineering salt tolerance. Increasing the copy number of regions
that become more accessible under saline conditions upstream of important genes, e.g.,
AtNit2, could result in overexpression only under saline conditions which may mitigate the
negative impact that overexpression of AtNit2 has on root and shoot growth in untreated

control conditions.

5.2. ZmNIT2 may play a role in the maize salt stress response

Expression of the maize AtNit2 homolog, ZmNit2, was upregulated in the white maize variety
Kalahari Early Pearl (KEP) in both root and shoot tissue in response to high NaCl treatments
(figure 4.3). It would be interesting to repeat salt phenotyping experiments with maize plants
grown for different lengths of time to determine whether ZmNit2 is upregulated by salinity at
different developmental stages. Although AtNit2 is more highly expressed in Arabidopsis
shoot tissue than in root tissue later in development (appendix figure 6.6), there was no

significant difference in expression of ZmNit2 between these tissue types in maize under the
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conditions tested (figure 4.3), indicating that it might play a common role in the salt stress

response in both tissue types and might have some different functions than AtNIT2.

As there is wide intraspecific genetic variation for salt resistance within maize (Mansour et
al., 2005), it would be interesting to analyse the growth of multiple varieties under saline
conditions to assess how tolerant each one is to salinity stress. Thereafter, ZmNit2 gene
expression levels can be compared between them to determine whether there is a link

between the level of ZmNit2 expression and degree of salt tolerance.

Researchers have shown that ZmNIT2 hydrolyses IAN to IAA (Park et al., 2003). Therefore, it
is possible that maize plants grown under high NaCl conditions may induce ZmNit2 expression
to alter IAA levels, in an effort to maintain plant growth during salt stress. To investigate this
further, ZmNIT2 protein expression and activity, and IAA metabolite levels, should be
measured in maize grown under saline conditions. Critically, a limitation in the work
presented in chapter 4 is that ZmNIT2 may exhibit different functions during heterologous
expression in Nicotiana or Arabidopsis, and therefore analysis of a maize zmnit2 mutant and
characterisation of a maize transgenic line overexpressing ZmNit2 should also be performed
to assess whether altering ZmNit2 expression in maize leads to any changes in salt tolerance.
In order to definitively determine whether ZmNIT2 can phenocopy AtNIT2, it would be useful
to complement an Arabidopsis atnit2 mutant with ZmNit2 under the control of the native
AtNit2 promoter. If this complementation could restore the WT phenotype then this would
indicate that ZmNIT2 is functionally the same as AtNIT2. However, previous work on two
different atnit2 T-DNA mutant lines, and one atnit2 RNAi line (with knocked down expression
of all three AtNitl family genes) has been unable to identify any phenotypic changes
compared to WT under saline conditions, meaning that there would be no known salt
phenotype to test for complementation (Cackett et al., 2022). However, the atnit2 RNAi line
does have less total I1AA levels (Lehmann et al., 2017), so if ZmNit2 was transformed into this
line we could investigate whether this is altered. Additionally, more atnit2 mutant lines should
be phenotyped, and they should be further characterised under saline conditions for different
phenotypes such as halotropism, in order to identify a line with a measurable phenotype to

be used in the complementation test.

As a preliminary analysis, ZmNit2 was overexpressed in Arabidopsis. This 35S::ZmNijt2

Arabidopsis line maintained growth better under saline conditions early in development and
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had a higher fresh mass in 125 mM NaCl than EV (figure 4.13). Therefore, IAA metabolite
levels should be measured in order to determine if this line is accumulating more I1AA
compared to the empty vector control under saline conditions, and thus may be responsible
for modulating its growth. Different auxin-related phenotypes, such as hypocotyl elongation,
could also be examined in the 35S::ZmNit2 Arabidopsis line. Despite AtEXP11 expression not
being upregulated in the ZmNit2 OE in the same manner as it is in the AtNit2 OE (figure 4.15),
this does not exclude the possibility that the ZmNit2 OE line may have altered expression of
other genes proposed to act downstream in modulating growth in response to auxin.
Therefore, the transcriptome of the ZmNit2 OE could be analysed to see what is altered that
might help it tolerate salt better compared to the EV control. Additionally, this can be
compared to the transcriptomic changes in the AtNit2 OE line to identify conserved genes

that would presumably then represent core components of the plant salinity response.

Should it be determined that ZmNit2 is a candidate for improving maize salt stress tolerance,
it would be useful to express it under the control of different stress-inducible promoters, such
as the rd29A promoter (Kasuga et al., 1999; Qiu et al., 2012), or multiple copies of its own
promoter, to test which works best in improving salt tolerance without the negative growth
penalties seen in control conditions when constitutively expressing ZmNit2 (figure 4.13) and
AtNit2 (Cackett, 2019). Furthermore, if the aforementioned suggestions for identifying
important TFBS for AtNit2 induction under saline conditions to improve salt tolerance are
followed, and similar regulation of ZmNit2 is discovered, a promoter region could be
engineered containing multiple copies of these TFBS. In this way, maize could be engineered

to respond more robustly to salinity.

5.3. CONCLUSION

Overall, this study provides novel insights into the regulation of AtNit2 by identifying several
TFs that may bind to and regulate AtNit2 expression. We propose that AtMYB30 may act as a
positive regulator of AtNit2 expression, though indirectly, and AtHMGB9 may act directly as
a negative regulator. This study also shows that expression of Nitrilase 2 in response to salt
stress is conserved in maize, and ZmNit2 is able to improve Arabidopsis salt tolerance, thus
indicating a potential role for ZmNit2 in engineering improved maize salt tolerance. In future,

it will be important to understand the regulation of Nit2 in the context of auxin-mediated salt
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tolerance, and to understand the context under which the TFs identified in this study regulate

AtNit2.
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CHAPTER 6: APPENDIX
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Appendix figure 6.1: Distribution of nitrilases within the plant kingdom (Abu-Zaitoon, 2014)

A phylogenetic analysis of plant nitrilases performed by Abu-Zaitoon (2014). Bold line branches
indicate that the bootstrap values are less than 95%. The specific Arabidopsis and maize nitrilases of

interest in this project are indicated with red arrows.
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Appendix figure 6.2: The annotated AtNit2 promoter

The full AtNit2 promoter sequenced used in the transient reporter assays, with the promoter fragments used

in the Y1H experiment annotated in green. The MYB TFBS are annotated in red. The positions of the TFBS are

annotated relative to the ATG translation start site.
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Appendix table 6.1: Transcription factors in the salt-specific gene list upregulated 2 2-fold

Fold change in

Gene accession number Gene name/description TF family
response to NaCl

AT1G19350 BRI1-EMS-SUPPRESSOR 1 (BES1) BES1 2.47
AT1G31140 GORDITA (GOR) MADS-MIKC 7.30
AT1G51700 DOF ZINC FINGER PROTEIN 1 (DOF1) C2C2-Dof 2.20
AT1G59530 BASIC LEUCINE-ZIPPER 4 (bZIP4) bzIP 6.45
AT1G68800 BRANCHED 2 (BRC2) TCP 3.41
AT1G68880 BASIC LEUCINE-ZIPPER 8 (bZIP8) bzIP 2.66
AT1G75430 BEL1-LIKE HOMEODOMAIN 11 (BLH11) HB-BELL 4.37
AT2G18490 GA- AND ABA-RESPONSIVE ZINC FINGER (GAZ) C2H2 7.90
AT2G22200 ETHYLENE RESPONSE FACTOR 56 (ERF56) ERF/AP2 2.16
AT2G28610 PRESSED FLOWER (PRS) HB-WOX 2.83
AT2G42830 SHATTERPROOF 2 (SHP2) MADS-MIKC 3.83
AT2G46400 WRKY DNA-BINDING PROTEIN 46 (WRKY46) WRKY 5.42
AT2G47190 MYB DOMAIN PROTEIN 2 (MYB2) MYB 2.95
AT3G17010 REPRODUCTIVE MERISTEM 22 (REM22) B3 2.46
AT3G28857 PACLOBUTRAZOL RESISTANCE 5 (PRE5) bHLH 2.32
AT3G28910 MYB DOMAIN PROTEIN 30 (MYB30) MYB 2.31
AT3G50510 LOB DOMAIN-CONTAINING PROTEIN 28 (LBD28) LOB 2.93
AT4AG18170 WRKY DNA-BINDING PROTEIN 28 (WRKY28) WRKY 2.68
AT4G18890 BES1/BZR1 HOMOLOG 3 (BEH3) BES1 4.37
AT4G25490 C-REPEAT/DRE BINDING FACTOR 1 (CBF1) ERF/AP2 490
AT5G01380 Homeodomain-like superfamily protein Trihelix 3.39
AT5G04150 bHLH101 bHLH 2.94
AT5G13330 RELATED TO AP2 6L (RAP2.6L) ERF/AP2 3.09
AT5G15160 BANQUO 2 (BNQ2) bHLH 2.38
AT5G22570 WRKY DNA-BINDING PROTEIN 38 (WRKY38) WRKY 7.20
AT5G26170 WRKY DNA-BINDING PROTEIN 50 (WRKY50) WRKY 3.34
AT5G27810 MADS-box transcription factor family protein MADS-M-type 2.99
AT5G39860 PACLOBUTRAZOL RESISTANCE1 (PRE1) bHLH 3.36

Information on the “gene name/description” associated with each gene accession number is reported
according to TAIR (https://www.arabidopsis.org/). The values in the “fold change in response to NaCl”
column are the greatest fold changes seen for each gene across the four NaCl treatments, relative to the
untreated control. Information on the TF families were obtained from http://plIntfdb.bio.uni-potsdam.de.
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Appendix table 6.2: Segregation ratios of the T2 Arabidopsis EV, 35S::AtMYB2, and
35S::AtMYB30 lines (Col-0 BG)

Genotype Line PN % GFSA % Transgenic %

32 98 306,3

90 80 88,9

11 86 64 74,4
&V 14 92 92 100,0

15 74 58 78,4
19 62 66 106,5

56 40 71,4

34 28 82,4

358::AtMYB2 8 76 44 57,9
14 90 56 62,2

22 76 58 76,3

56 36 64,3

72 68 94,4

92 60 65,2
12 46 58 126,1

13 78 0 0,0

35S::AtMYB30 s i e 73.7
16 76 64 84,2

17 74 68 91,9

23 68 56 82,4

24 70 66 94,3
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35S5::AtMYB302.3 35S5::AtMYB3023.2

Appendix figure 6.3: Dwarf phenotype of 355::AtMYB30 line 2
Seeds of 355::AtMYB30 lines 2.3 and 23.2 were planted on soil and allowed to grow for 4 weeks. Both

genotypes were given the same amount of water and growth conditions.

195



, O 355EV B . O 355 EV
O 355:MYB30 2.1 ' D 355:MYB302.1
94 I, h §
B 355::MYB30 16.2 ) B 355::MYB30 16.2
g 1 - o
# g g
4 i hi = =
= =T eh Sog -
g Q
.E_ 6 - I & E —i— f f
& 54 f of 506 - e [F]
2 e o
g : : .
2 3 - c ¢ g0,4 -
b b 3 a
2 - a %
s 02
N Hl ﬂ
0 . . 0 ‘
0 50 75 100 125 0 50 75 100 125
[NaCl] (mMm) [NaCl] (mMm)
C 12 o EV
® 355::AtMYB30 16.2
10 ® 355::AtMYB30 2.1
o
E s
-
c . .
. oy
S g O C
(7] [ ] LTI
a R? =0,9760
%] Ty, ) . X
2 i R? = 0,8973
S 2 l R2 =0,9441
2 - EVvs OF 16.2: p < 0,0005* H"*'
EV vs OF 2.1: p < 0,0005*
OE162vsOE2.1:p>0,5
O T T T 1
0 25 50 100 125
[NaC] (mM)

Appendix figure 6.4: Growth of additional 355::AtMYB30 plants exposed to saline conditions

early in development

Empty vector (35S EV) and 35S::AtMYB30 plants were germinated and grown for two weeks on petri

dishes containing untreated PN-agar (control) and PN-agar supplemented with the indicated

concentrations of NaCl. A: The average mass per plant of each line. B: The average mass per plant

plotted relative to the control (0 mM) for each line. Error bars indicate standard error. Different letters

on the graphs indicate significant differences (p < 0.05) in mean values as determined by a one-way

ANOVA with Fisher LSD post-hoc analysis. C: The mass per plant is plotted as a regression analysis for

NaCl conditions. The results show four replicates for each treatment with 50 seeds sown per plate

(n=4). The experiment was repeated three times with comparable results. Each slope was compared

statistically to one another to determine any significant differences and the results are shown in the

bottom left corner with an asterisk indicating statistical significance.
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Appendix table 6.3: Summary of yeast growth indicative of TF interaction with the AtNit2
promoter fragments in the pairwise Y1H screen

. . Specific
TF —Leu/-Trp/-His + 1 mM 3AT  -Leu/-Trp/-His + 10 mM 3AT interaction?
1,2 & EV +++
GeBP 3&4+ } )
HB34 3 +++ - v
HB24 2,3 84 +++ 384 +++ v
2+
4 +++
HB28 2 ++ 4+ 4
3+
DbSPR1 - - -
HMGB9 2 &4 +++ 2 +++ v
3+ 4+
DbSPR2 1,2 &EV +++ i )
4 ++
EV +++
TcP20 1,2,3 &4 ++ ) )
TCP3 - - -
GL2 4 +++ 4 +++ v
SPL7 4 +++ 4+ v

On each selection plate, yeast growth is scored as +: little growth (a few spots) , ++: medium
growth, or +++: strong growth. Where no growth is seen with the pHISLeu2 EV, the interaction is

designated as specific with a tick.
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Appendix figure 6.5: PCR confirmation of the TFs present in the interacting yeast “prey”
strains and E. coli version of the TF library

A PCR was performed using the pDEST22 primer pair on Y: yeast lysate samples from the interacting
yeast on selective media, P: plasmid DNA extracted from the E. coli version of the TF library. A no
template H,0 negative control was included. The MW marker included is the NEB Quick-Load® 1 kb
DNA ladder.
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Appendix figure 6.6: AtNit2 expression in the later development microarray
The later development microarray was performed on Arabidopsis Col-0 seedlings grown
hydroponically for two weeks in untreated control conditions then transferred to media containing

the indicated concentrations of NaCl for a further two weeks (blue bars: root, green bars: shoot). Error
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bars indicate standard error. Different letters on the graphs indicate significant differences (p < 0.05)

in mean fold change values as determined by Fisher LSD post-hoc analysis following a one-way ANOVA.

A pGWL7-PAtNit2
1 2 3 4 HO MW

2,0
1,5

1,0

B pUC19-HMGB9 C pUC19-SPL7
MW 1 2 3 4 H,O MW 1 2 3 4 H,0

kb

Appendix figure 6.6: PCR confirmation of successful E. coli transformations with pGWL7-
PAtNit2, pUC19-AtHMGB9 and pUC19-AtSPL7

Colony PCRs were performed on colonies from E. coli transformed with the following:
A: pGWL7-PAtNit2, using the PAtNit2 internal forward primer and the Luc reverse primer with an
expected amplicon size of 1.6 kb, B: pUC19-AtHMG9, using the P35S forward primer and AtHMGB9 FL
reverse primer with an expected amplicon size of 1.4 kb, and C: pUC19-AtSPL7, using the P35S forward
primer and AtSPL7 FL reverse primer with an expected amplicon size of 2.8 kb. A no template H,0
negative control PCR reaction was included in each case. The MW marker included is the Promega

1 kb DNA ladder.
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Appendix figure 6.7: Intact Arabidopsis mesophyll protoplasts
Representative image showing successful isolation of intact Arabidopsis mesophyll protoplasts of the

correct size of £ 50 um in diameter. The image was taken under bright-field settings.
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Appendix figure 6.8: Growth of athmgb9 plants exposed to salinity early in development

Col-0 and athmgb9 plants were germinated and grown for two weeks on petri dishes containing
untreated PN-agar (control) and PN-agar supplemented with the indicated concentrations of NaCl.
A: The average mass per plant of each line. B: The average mass per plant plotted relative to the
control (0 mM) for each line. Error bars indicate standard error. The results show four replicates for
each treatment with 50 seeds sown per plate (n=4). Asterisks represent statistical differences between

the lines as determined from a two-tailed homoscedastic t-test (p < 0.05).

Appendix table 6.4: Segregation ratios of the T2 Arabidopsis EV and 35S::ZmNit2 lines

(No-0 BG)
Genotype Line PN % GFSA % Transgenic %
2 40 28 70
3 52 32 62,5
4 42 28 66,7
5 38 22 57,9
6 58 35 60,3
7 26 22 84,6
35S8::ZmNit2 8 38 26 68,4
9 36 12 33,3
10 28 24 85,7
11 24 15 62,5
12 54 43 79,6
13 44 35 79,5
16 40 23 57,5
1 92 76 82,6
2 96 70 72,9
355 FV 3 90 74 82,2
i} 68 54 79,4
5 84 40 47,6
7 76 64 84,2
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Appendix figure 6.9: Anno-J Networked Genome Browser screenshot showing DAP-seq data from the region surrounding AtNit2

The region surrounding the AtNit2 gene (AT3G44300) is shown in the Anno-J Networked Genome Browser version X (21.3.30) with the DAP-seq data from

O’Malley et al. (2016) (http://neomorph.salk.edu/aj2/pages/hchen/dap_ath_pub_models.php). The AtNit2 gene is indicated by the black arrow. The next

gene upstream of AtNit2 (AT3G44290) is ~8 kb away (represented by the blue arrow). The 1368 bp region upstream of AtNit2 used in this study is represented

by the pink arrow. DAP-seq peaks are indicated by green boxes, with the inner red line representing the TF binding motif.
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