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ABSTRACT

By the year 2050, it is estimated that more than 50% of the arable land worldwide wolbbe
saline to sustain the growthnd productivity of many crop plantSoil salinisatiothreatens

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 afherent plant molecular respons¢o salt stressn order

to engineer crops with enhanced salt tolerance.

Previously, our group has shown that in Arabidopsis;sgatific genes are enriched in the

3SyS 2yia2ft23e GSNY aNBalLkyasS (2 |dzEAy &aiGAyd
conditions. Nitrilase2 was identified as the biosynthetic gene possibly responsible for these
changes in auxin accumulation AfNit2 expression was elevated specifically under saline

conditions. AdditionallyAtNit2 overexpressiorines were more salt tolemnt.

AsAtNit2 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. Th&tNit2 promoter region was analyseand 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 twdé\iMrgB2and
AtMYB30were functionally characterised inr@bidopsis to investigate whether they might

be upstream ofAtNit2 in the plant salt stress response pathway. OverexpressidgktidiyB2

in Arabidopsis did not lead to altere&tNit2 expression obiomass production under saline
conditions nor was bindingf0AtMYB2 to theAtNit2 promoterobservedn ayeastone-hybrid
(Y1H) assaysuggesting that it may not bavolved inAtNit2 regulation. Although AtMYB30

did not bind directly to theAtNit2 promoter in the Y1H assa&tMYB30overexpressing plants
were more salt tolerant and showed increased expressiofthlit2 under control and saline
conditions. Anatmyb30 T-DNA mutant line also showed a reduction in salt tolerance,
howeverAtNit2 was still upregulated under saline conditeom theatmyb30T-DNA mutant
lines. Overall, this data indicates that AtMYB30 might play an indirect rol&tNt2

regulation.

To identify TFs that can bind to tWgNit2 promoter, a Y1H TF library screen approach was
used. Six TFs were identifiddOME@OX PROTEIN g&tHB34) HOMEOBOX PROTEWN



(AtHB24),HOMEOBOX PROTEIB (AtHB28)HIGH MOBILITY GROUP BOX PRQITEIN
(AtHMGB9), GLABRA 2 (AtGL2), &8Q@UAMOSA PROMOTER BINDING PROKEIN
(AtSPL7)Two of these TFs were further characterised: AtHM&RDALSPL7. Reporter assays
in Arabidopsis mesophyll protoplasts showed thtHMGB9 was able to bind to and
negatively regulateAtNit2 promoter activity in planta. However, athmgb9 mutant lines
displayed only slightly increasedtNit2 expression under sale conditions. While
transfection of protoplasts with AtSPL7 did not lead to changéghit2 promoter:reporter
activity, atspl7lines showed slightly increasédNit2 expression indicating that AtSPL7 may
play a role in negatively regulatidgNit2 expression but may require other €actors to do

soin planta

To determine whetheNit2 regulation is also important for maize salt tolerance, preliminary
analysis of the maizNit2 homolog,ZmNit2,showed thatZmNit2expressiorwas induced in
responseto salt in both root and shoot tissue in a dedependent manner, implying that
auxin might play a role in salt tolerance across different plant spe@erexpressingmNit2

was sufficient to increase salt tolerance of tmeek old Arabidopsis plants,ditating 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 progesnovelinsights into the regulation oAtNit2 by identifying several
TFs that may bind to and regulafgNit2 expression. It also shows thZmNit2is able to
improve Arabidopsis salt tolerance and indicates a potential role in improving maize salt

tolerance.
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CHAPTER 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 thexpected populationBy2050, a 50% increase in global food
production is requiredo ensure food securityChakraborty & Newton, 2011 varig¢y of

plants are extremely important as food and energy sources worldwide and are subject to yield
losses primarily due to abiotic stresgddunns & Tester, 2008; Reynolds & Tuberosa, 2008)
Unfortunately, duein large part to climate changand poor agricultural practiceshe
frequency and severity ofhese abiotic stresses is increasingnd this is detrimentally
affecting yields. Climate change has resulted in shifterimperaturesand 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
processessuch as osmotic and ionic homeostasis, and nutrigsteke (Wang, Vinocur &
Altman, 2003) Therefore, to ensure food security, generating more stressstant crop
plants is important. Through conventional plant breeding techniques more stoéssnt
varieties of different crop plants have mue available. Howeveconventional breeding is

too slow and the success rate is not sufficismtneet the increased food demangd&ong et

al., 2015) Therefore, other molecular mechanisms to improve abiotic stress toleramee
becoming more importantsuch as maer-assisted selection, genome editing, and genetic

engineering

Soil salinity one of the abiotic stresses negatively affecting global crop productisty,
characterisedby soils with & electrical conductivity of saturated soil extract (E@bpve
4dSm. Thisis approximately equivalent to 40 mM Na@ith NaCl beinghe most soluble
and abundansalt responsible for soil salinif{¢hinnusamy, Jagendorf & Zhu, 2005; Munns &
Tester, 2008) Soil salinisation occurs through both natural means, such as @il rain
mediated deposition of oceanic salts, and mraade processes, such as irrigation with poor
quality waer (Gupta & Huang, 2014; van Zelm, Zhang & Testerink, 2020 estimated that
high salinity affects 20% of total cultivatddnd and 33% of irrigated agricultural land
worldwide, which is responsible for producing around a third of the global crop sypgiyar

& Ashraf, 2009; Rengasamy, 201 estimated economic impact of soil salinity on irrigated



land has been extrapolated #xceed?7 billion US$ per yedQadir et al., 2014 By the year
2050, it is estimated that more than 50% of the arable land worldwide will be salitiaedl

et al., 2011)As most crop plants are sakensitive glycophytes, improving plant salt tolerance

is extremely important for ensuring food securiBven noderate salinitf EC4-8 dSm™) can
reduce crop yields by 580% depending on the speci¢Banta et al., 2014)Progress in
breeding for saltolerant crops has been hindered la 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 Jasehe first step in

producing more saltolerant cropplants(Chinnusamy, Jagendorf & Zhu, 2Q05)

1.2. Theimpact of salinity on plant growthand development

Broadly speaking, salinity inhibits plant growth in two main phagagkly duringan ion
independent phas&hen the salt concentration begins to build up in the soil surrounding the
plant root, and later durin@n iondependent phase once NaCl has accumulated to toxic levels

within the plant shoot

During the iorindependent phasean osmoticstress occurs wan abuild-up of sodium ions
(Na") in the environmentresults in theosmotic strength of the solbeinggreater than that
inside the root cellAlImost immediatelythis osmotic gradient drives water out of the cytosol
of the plant cell{Shabala & Cuin, 20Q8)ater loss from the cgtol hinders normal cellular
metabolism. To prevent this, water is moved from the vacuole into the cytosol, resulting in a
reduction in cell turgor and decreasedot and shootelongation Additionally, theosmotic
potential of the plant is decreased antdrefore water uptake is inhibited, thereby also
reducing the uptake of important growthmiting nutrients(Thompson et al., 1997; Shabala
& Cuin, 2008)To prevent further water loss, plantapidlyclose their stomataresulting in a
lossof photosynthetic activity and an increase in reactive oxygen species (RO8) over
reduction of the electron transport chaifMunns & Termaat, 1986; Yang & Guo, 20B8)a
result of these changeshere isa rapid reduction in the shoot growth rates there is a
reduction in the rate at which growing leaves expand and new leaves en{égyee 1.1A).
This has been recorded in numerous plants, including(e® et al., 1991)maize,(Cramer

& Bowman, 1991and wheat and barlegPassioura & Munns, 20Q0jhe same changebccur

when plants are exposed tpolyethylene glycol (PEG), mannitol or KClI, illustrating tiat



phaseisnot saltspecifiq(Yeo et al., 1991; Chazen, Hartung & Neumann, 1995pots, there
are also rapid and transient reductionspnmary and lateral roogrowth rates after NaCl
exposure that are similar to those seen with KCI and mannitol, indicating that is tioese
effects are also due to sudden changes in water pote(fisdnsch & Hsiao, 1994ulkowga
et al., 2017 Rodriguez et al., 1997Therefore, thisosmotic stress imposed by sadt not
specific to salinitystressas similar osmotic stress is imposed by other abiotind biotic
stresses such as drought antemperature stressHowever, durig this iorindependent
phase there are also rapid responses to salinity stress whickad¥specific, involing Na*
sensing and signalling befoMa" hasaccumulated to toxic levels. Research has shown that
during this phase, Caand ROSwvaves trigger downstream cascadéas elicit systemic
molecular responses in target organs, and may contribute to wptasat stress tolerance
(Choietal., 2014 f maKI NBSST )3 ¢SaiSNE HAMD

Once osmotitiomeostasis is restoredisuallyafter no longer than a dajPassioura & Munns,
2000; Munns, 2002)growth is resumed at a lower rate (figure 1B} with root growth

recovering significantly better than shoot growth.

Whengrowthresumes plants will resume water uptake and thus*dad Clions will be taken

up by the cel(Munns, 1993) Thissecondgrowth reductionphase, which is icdependent,

takes place after severalgisor weeks(depending on the type of plant) of continued salt
exposure onc&la and Clions havesntered the transpiation stream. In saksensitive plants,

this results in a further reduction in the shoot growth rate (figure-C)lprimarily due to Na
accumulation This isecause of the physiochemicamilaritybetween Naandthe essential
element K, with Na competing with Kfor binding siteon proteins involvedn key metabolic
processes such as protein synthesis, ribosome functions, and enzymatic reactions
(Marschner, 1995)There are over 50 cytoplasmic enzymes that requileska cefactor and

can be inhibited by Na making N& accumulation detrimental(Marschner, 1995)
Additionally, Na" competitively nhibits K" uptake, further decreasing cytosoli€" levels
(Assaha et al., 2017lrurthermore, increased ROS levels, due to stomatal closure, enhances
K" efflux through RO@ctivatednon-selective cation channeltNGCQgWu, 2018) Overall,

the decrease iK', along with increased dalar N&, results in reduced ¥Na* ratios during

this iondependent salinity stress interrupting many metabolic processd§ Na continues

to be taken up, and eventually reaches toxic levéisleads to senescengprimarily in older



leaves whichare no longer expanding and diluting ti@nsto non-toxic levels likesounger
growing leaves d@Munns & Tester, 2008)f older leaves areydng faster than new leaves
emerge, the whole plant will not have enough photosynthetic capacity to maintain
carbohydrate levels necessary for the new leaves to gaad the plant will eventually die

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

More salttolerant plants are btter able to respond to this icdependent phase of salinity

stress and are better able tmaintainshootgrowth under saline conditions (figure 101).
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Figure 1.1: Reduction in plant shoot growth rate under saline conditions

A schematic showing thevo phases of plant shoot growth reduction caused by salinity stress. During
the first phase, shoot growth ipidly reduced because of thesmotic stress caused by the saline
solution outside of the plant root§A). Once osmotic homeostasis is regaingd osmotolerance
mechanismsgrowth resumes at a reduced rat8)(During the secondhoot growth reductiorphase,

a more gradual decrease in shoot growth is observed v&rand Ct ions have accumulatett toxic
levels in the leaves which imposes anifostressn saltsensitive plantg0). Salttolerant plants are

better able to maintain growth during this second phdB% Adapted from Munng2005)



1.3. Plant responses t@alinity stress

Plant responses t@ccumulation ofNa" in the soil initiate within secondéJulkowska &
Testerink, 2015)In order to recover plant growttplants employ three main strategel)
osmotolerance?) sodium ion exclusion, arg) tissue tolerance mechanisms. Osmotolerance

is a response to thaon-independent osmotic stess imposed by salinitywhilst tissue
tolerance mechanissonly occur duringhe ion-dependentphaseof salinityand sodium ion
exclusion likely occurs throughout the salinity stress pefddnns & Tester, 2008 hese

three mechanisms of salinity tolerancan 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, 201@smotolerance will be discussbdefly below, whilst the

latter two responsesvhich are sakspecificwill be discussed in section 1.4.

1.3.1. Osmotolerance

Osmotolerant plants arebetter able to maintain shoot and root growth under saline
conditions whilst also maintaining stomatal conductaridéjahtani et al., 2019 There are
several osmotolerance mechanisms that plants employ, includipgaccumulation of
compatible osmolytes2)regulation ofROS levels3) membrane rearrangemertb maintain
cell membrane integrity and correct for the loss of turgor induced by osmotic staess4)

hormonal regulation of growth and development

Compatible osmolytes are low molecular weight organic compotimaislower 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 lasd enhance turgor
pressure and cell expansiqRark, Kim & Yun, 2016fExamples of osmolytes include the
nitrogen-containing solutes proline and glye betaine,simplesugars such as sucrose and
raffinose,complex sugars (e.g. trehalose), asujar alcohols (e.g. sorbitahd mannito) (! f m
shareef & Tester, 20)9During salinity stress these osmolytes edsofunction as protein
osmoprotectants, sigalling molecules, and as antioxidants to reduce oxidative stress under
saline conditions(Cheong & Yun, 2007everal enzymes involved in controlling the rate of
compatible osmolyte production have beahown to alter salinity tolerance. For example,
overexpressing thenp-pyrroline5-carboxylate synthetasg¢P5C¥ gene, the ratdimiting

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



(Chen et al., 2013). However, synthesis of compatible osmolytes is energetimstlly to
plants, often resulting in decreased plant growth (Munns & Tester, 200814 K NS ST 3
2019.

In order to reduce ROS accumulation following stomatal closure, plants implement several
antioxidant mechanismsicludingenzymatic ROScavengrs such asuperoxide dismutase
(which coordinatsthe transfer of electrons to oxygen acceptors other than wateatalase

and various peroxidases, as well as the production of-ermrymatic ROScavenging
compounds (e.g. ascorbic ac{@pel & Hrt, 2004 Park, Kim & Yun, 20L&s ROS waves also
function in stress signalling, maintaining the correct balance of ROS is important in the plant

response to salinity stress.

Osmoticstress perception results in production of second messengers such?ag@ight,
Trewavas & Knight, 1997ncreased cytosolic €activates many phosphoprotein cascades
involvedin downstream signallingOne of these cascades results in the accumulation of
abscisic acid (ABA), a hormone involved in osmotic stress respiociedingthe regulation

of guard cells toclose stomata to prevent further water lgsand cellular dehydteon
tolerance by upregulating expression of genes encoding dehydration tolerance prains
2002) Osmotic stress triggers activation 8NFirelated protein kinase 26SnRK2s) in both
ABAdependent and-independent mannersThe aforementionedosmotic stressnduced
accumulation of ABA activategtxclass Il SnRK2 kinasehile subclass | ShnRK2s are activated
in an ABAndependent pathway under osmotic stress. These SnRkKgsan important role

in ABA signal transduction and in regulating detveam gene expression responses by
activating ABAesponsive element binding factor (AREB/AB&Npscription factorsin the

nucleus to induce expression of stregesponsive gene&hao et al., 2020

Additionally, toconserve water and decrease Nagptake,plants increase their root to shoot
biomass ratiocas 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 investigdie,above only touches briefly
on osmotic stress sensing and responsefef to Zhao et al.(2020 andvan Zelm et al. (2020)
for detailed revievg). The work in our lalgroup focusses on investigatisgltspecificplant

responseso salinity stres&nd these will be discussed in more detalil



1.4. Saltspecific responses tealinity stress

1.4.1. Na' transport

Despite decades of research, the mechanisms wherebyeht&rs roots and is transported
throughout plants is still not well understodtsayenkov & Maathuis, 2019j is thought that
Na" enters the root epidermal cells through either plasma membrane (PM)
transporters/channels2 NJ G KNR dzZ3K &t S+ 11 3S¢ Ay d@Essah,KS
Davenport & Tester, 20030nce inside the root epidermis, the Nians are transported
radially through the concentric layers of roosdue (epidermis, cortex and endodermis)
before being loaded into the xylem for transport to the sh@gBarberon & Geldner, 2014)
lon movement through these layers can occur via three different payiswa) through
cellular connections (symplastic) through the cell wall (apoplasticand 3) celtto-cell
through transcellular pathway&Chinnusamy, Jagendorf & Zhu, 2008)e deposition of an
apoplastic barrier, such as the Casparian strip, limits apoplastitradesfer across root cells
into the xylem, thereby ensuring a higher selectivity for ion movement both amid out of
the stele (Apse & Blumwald, 2007)

Many different PM channels/transporters are thought to play a role irt datake and
transport, as well as during plant salinity stress response mechaniEranples of these
includethe aforementionedhon-selective cation channelsiECQsas well asigh-affinity K
channels (HKS), voltageindependent channels (VIC), intracellular/f exchangers (NHsX
low-affinity K channels, and aquaporin&Essah, Davenport & Tester, 2003; Assaha et al.,
2017; Yan& Guo, 2018)Although the role of each transporter and the pattern of transporter
gene expression can vary within species under different growth environméete different
transporters are thought to work in conjunction to mediate*Nigtake and tanspot (Apse

& Blumwald, 2007)Figure 1.2 shows a simplified schematitheflocation ofthe mainplant

Na" transporters identified to date, and in which direction théwnsport Na" ions, with

further information about eacliamily oftransportersdescribed thereafter
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Figure 1.2: A schematic showing possible*ansport routes in plants

Sodium (N3 istaken up andnoved through the root via transporters including NSETsSTan NHX
family member)and HKS, loadedinto the xylem and moved up the transpiration stream into the
shoot. The Naions which reach the shoot tissue are either compartmentalised into vacuoles (grey)
via tonoplastbased N&H* exchangers from the NHX familyr transported back to the root via
transporters such as HKTIn the root, Nais either compartmentalised into vacuoles or excreted back
into the soil via transporters such as SOBieNHXfamily of transportersare fuelled bythe plasma
membrane ATPase (RMTPase) and vacuolar ATPaséWasethat actively pumpH*in the opposite
direction Black arrows show the direction of N@r K or H) movement through transporter8lue
arrows represent Naentry sites and routes through cell walls (apoplastic pathwBgd arrows
represent Naentry sites and cytoplasmic rout¢hrough plasmamembranes (symplastic pathway).
Adapted from Feki et a{2015) Isayenkov & Maathui€2019)andvan Zelm et al. (2020)




1.4.1.1. Nonselective cation channels (NSCCs)

Generally, NSCCs, which includelic nucleotidegated channel{CNGCs) andlutamate
receptorlike channel§ GLRs|Demidchik, Essah & Tester, 200d0e thought to be the main
transporters of Nainto plant roots under high soil salinity conditiofiBester & Davenport,
2003; Horie & Schroeder, 2004hese NSCCs are regulated by differentisdliced signals
(such as G4 3¢b&xyclic guanosine monophosphate (cGMP), and)RfDE are permeable to
mono- and divalent cations, such as N& and C&' (Wang et al., 2013)The selectivity of
CNGCs for Nand K is variable, wittsome more selective for one over the other, and some

equally permeable to botkApse & Blumwald, 2007)

1.41.2. High affinity Ktransporters (HKTSs)

In plants, two roles for HKTs exist; as-Nealective uniporters (HKT1 subidy), and as N&K*
symporters (HKT2 subfamilghlorie & Schroeder, 2004Members of the HKT family have
been shown to play important roles in plant salinity tolerance mechanisms. For exahmple, t
most studied member of subfamily 1, Arabidopsis AtHKTtbd only member of the HKT
family in Arabidopsis)as been shown to play various rolasshoot N& exclusion Several
lines of evidence exist which show that AtHKT1;1 is involved indst@nce Natransport;

by facilitating shootto-root transport ofNa* by loadingNa' into the phloem streanmand by
unloadingNa'" from the xylem into xylem parenchymal cdl&unarpi et al., 2005Berthomieu

et al. (2003)reported thatan athktl;1 mutant showed decreased Naoncentration in the
phloem sap, increased Nan the aerial organs, and decreasid' in the roots compared to
WT plantsimplying that AtHKT,1 might play a role in Niaecirculation from shoots to roots
by loading shooilNa" into the phloem and unloading it into the root#&nother study
demonstrated, via immunoelectron microscopy usimnttAtHKT]1 antibodies and an
AtHKT11-GUSreporter line, that AtHKT1 is targeted to the plasma membrane in xylem
parenchyma cells (in leaves)his study also showed that thresthktl;1 lossof-function
mutants had higher Niecontent in the xylem & indicating that AtHKT1is important in the
process of removing excess™iam the xylem(Sunarpi et al., 2005 ransgenic Arabidopsis
plants overexpressingtHKT1;1in the root cells surrounding the xylem showed a significant
reduction in shoot Naand increased salinity toleran¢Mgller et al., 2009)However, when
this gene is constitutively expressed it results in detrimental effects, implying that AtHKT1;1

might have another functiom ArabidopsigRuset al., 2001) This same study showetthat



two athktl;1 mutants displayed reduced Naccumulation compared to WT plants, implying
that AtHKT11 might alsoplay a role in Nauptake from the soi[Rus et al., 2001)A more
recent study supports this idea, showing thHKT1;1 mediates lowaffinity Na uptake in
Arabidopsis under external conditions of 2081 K* (Wang et al., 2015While there is still
contention over this role of AtHKT1;1 in"Ngotake it is clear that AtHKT1;1 is crucial for the
regulation of Nahomeostasis under saline conditiar@rthologues of AtHKT1;1 have been
identified in many crop plants including ricestdKT1;5), wheat (TmHKTB%nd TaHKT1:5

D), and maize (ZmHKTZ1,@)here similar functions in shoot Naxclusion are observe@Ren

et al., 2005; Byrt et al., 2014; Zhang et al., 20Z8)s indicateshat this is a widely used salt
tolerance mechanism in monocot plariteat has been conserved across evolutibforeover,
HKT1;5 haactuallybeen identified as a salt tolerance determinant by quantitative trait locus
(QTL) analysis rice (Ren et al. 2005), wheat (Byrt et al., 2007), and barley (Hazzouri et al.,
2018). Field trials have also shown that transferfimgHKT1 ;%\ into bread wheatreduced

leaf N& 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 Nauptake from the soil,tiis more widely accepted that only HKT2 subfamily
membersalsopresent in many monocst are involved in mediating Naptake. For example,
rice OSHKT2;Which is localised to the PM of the root epiderrmgdiatesNa” uptake in low

K*, low Nd (<2 mM)conditionsand downregulation of this gene was shown to improve the

tolerance of rice to salinitfHorie et al., 2007)

1.4.1.3. Intracellular Na/H*exchangers (NHXs)

The main role of NHXs is in exchangieg (or K) for H across the tonoplast or plasma
membranein roots and shoots tamprove salinity tolerancgBassil et al., 2011)These
transporters are driven by the proton electrochemical gradient generated"#yTiPases and
pyrophosphatases (FHPPases) meaning that this mechanism of salinity tolerance is
energetically expnsive and comes at a cost to other plant proceqéésnns et al., 2020)
These NHXs are often located on vacuolar membranes and are thought to compartmentalise
Na" (which will be discussed in more detkater). The Arabidopsis NHX antiport@tNHX1

was the first plant NHX homolog to be cloned and characterised in vacuotaeljaestration

(Gaxiola et al., 1999)n Arabidopsis, overexpressionANHX1lincreases salt tolerance and
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Na" accumulation in shoot tissue under saline conditigApse et al., 999) Heterologous
expression oAtNHX15 in yeast mutants lacking endosomal vacuolar antiporters was able to
rescuethe salt sensitivity of the yeast mutant, thus indicating that these NHXs play a role in
vacuolar transport of Nato improve salinity olerance(Aharon et al., 2003)Furthermore,
tobacco plants overexpressing the cott@hNHXIgene show enhanced salinity tolerance
(Wu et al., 2004)Despite the earlier belief that NHXs were only involveldariH* exchange
evidence has emerged that NHZAd NHX2roteins mayalsooperate as KH* exchangers
playing a role in vacuolar potassium homeostasis because of their equal affinity(foarkg,
Leidi & Pardo, 2010; Maathuis, Ahmad & Patishtan, 2044fudy showed that Arabigsis
nhx1 nhxadlouble mutantshaddecreased vacuolari€ontent, impaired osmoregulation, and
compromised turgor generation for cell expansioampared to WT plants under saline
conditions(Barragan tal., 2012) Additionally, Bassil et al. (2011) took a reverse genetics
approach in Arabidopsis to show thatMiiX1 andAtNHX2maintainvacuolar Kand, in the
process, regulate the vacuolar pH and facilitate cell expangioother study showed that
overexpression of the tomatckeNHX2enhanced salt tolerance by improving vacuoldr K
compartmentalisation, resulting in a highet/Ka* ratio and thereby decreasing N#oxicity
Ow2 RNN3IdzST 1w 2.dakén3ogethsr{ithesefdate>show that thedtonoplast localised

NHXs seem to be important for intracellular™ad K transportin various plant species

Another NHX protein that has been wdllazacterised is SafbverlySensitivel (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 screenAocabidopsis

lines unable to maintain root growth under saline conditions, where gbelmutant was

found to be over 20 times more sensitive to™tampareal to WT plant§Ding & Zhu, 1997)

This NHX is important for Neon exclusiondiscussed in more detaih section 1.4.2.1Ji et

al., 2013)

1.4 2. Salinityresponse mechaisms

In most plant species, Nappears to reach a toxic concentration before dles, and so the
main plant responses tihis iondependent salinitystress are Nexclusion back into the soil,
compartmentalisation of Nainto the vacuole, and etention in the cytosolAdditionally,

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)

1.42.1. N& ion exclusion

In order to reduce Nalevels, plants employ ion exclusion mechanisms which include:
1) minimising Nauptake from the soil into root cells, 2) maximising*W#lux from root cells
into the soil, 3) reducing Ndoading into the root xylem, 4) increasing Natrieval from the
xylem into root cells, and 5) transport obNaway from the shoot tissue ba¢# the root by

maximising phloem loading.

The SaHOverlySensitive (SOS) pathwainvolving the SOS1 plasma membraNa/H*
exchangermentioned previouslyplays an important role in mediating many of these
processesln this pathway, high extracellul&a® leads to elevated Ca(Knight, Trewavas &
Knight, 1997hich is sensed by the SOS3*@anding protein. The SOS3 protein undergoes
a conformational change upon €ainding whch leads to it interacting with and activating
SOS2, a serine/threonine protein kinggde et al., 2013)This SOSSOSZomplexpromotes
recruitment of SOS2otthe PM leading to SOS@ediated phosphorylation of SO$Zhu,
2002) Once phosphorylated, SOS1 is activatatt increases Naextrusion from root
epidermal cells at the roesoil interface (figure 1.2), thereby reducing the net Nptake(Qiu

et al., 2003) Therefore SOS1 , which has been shown to localise to the root epidermgs usi
SOS1::GUS reporter lines, offers the first line of resistancetad¢amulation, by extruding
Na" back into the soil(Shi et al., 2002)This importance is evident when comparing
Arabidopsis (a glycophyte) artd saltresistant relativerhellugiella salsugirzg(a halophyte),
where the sahresistantT. salsuginedas enhanced expression 80Sin both leaves and
roots compared to Arabidopsis. Wh@mSOSis knockeeout, T.salsugineds as susceptible
as Arabidopsis to high salinity, with high accumulatiomafin the shoot tissug¢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 unloadinfgoiia
shoot tissuanto the root xylem to reduce Naccumulatiorand damage in leaves that might
be caused by exceeding the capacity of d&uestration in leaf cell vacles(Shi et al., 2002)
This study showed that soslmutant had decreased Naccumulation in the shoot under

mild NaCl conditions (25 mM) compared to WT plants. Conversely, under high NaCl conditions
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(100 mM), thesoslmutant had increased Naontent in the shoot compared to WT, while

also displaying increased Neontent in the ylem sap compared to WT. Taken together,
these results led the researchers to propose a mechanism whereby, under mild salinity, SOS1
functions in the PM tdoad N4 into the xylem in roots for its transfer and storage in leaf
mesophyll vacuolesand to extude N& from the shoot by loading it into the xylem, whilst
under high salinity it functions to retrieve N&om the xylem to extrude back into the soill

(Shi et al., 2002)

Additionally, the aforementioned Casparian strip can play a role in restrictihgr&tesport
from the cortical cells into thetele (Apse & Blumwald, 200:AFasparian strips can be formed
in both the ende and exodermis (Kreszies, Schreiber & Ranathunge, 20l@portantly,
Arabidopsis lacks the ability to form an exodermis, meaning traily has the endodenal

Casparian strip to act as a barrier against Rdawrath et al., 2013).

1.42.2. lonic tissue tolerance

Despite ion exclusion mechanisms, continued exposure torNeventually mean that Na
will start accumulating in the cytosol of plant cell® feduce cytosolic Naand ensure
adequate R/Na* ratios for correct enzyme functioninglants compartmentalise Navithin
vacuolegknown as ionic tissue toleranc@Munns & Tester, 2008Y his ignainlyachieved by
activation of the tonoplastNHXs(Apse et al., 1999; Blumwald, 200@nergised by the
vacuolar FFATPase (MTPase) andypophosphatase (WPasejFukuda et al., 2004he SOS
signalling pathway, discussed previously, is thought to play an indirect role in this process. A
study using Arabidagps tonoplast vesicles in ion transport assays showed NedfH*
exchange via AtNHX1 were greatly reducedsnsmutant, whilstaddition of constitutively
active recombinant SOS2 protein to these vehicles was able to prddaiid* exchang&Qiu

et al., 2004) Evidently, control of the SOS pathway is important in é#nglplants to prevent
Na" toxicity byboth limiting N& accumulation in shoot tissue, and compartmentalising Na

into vacuoles.
1.42.3. K retention in the cytosol
As mentionedpreviously, Kis an essential macronutrienh plants,important in many

enzynatic reactions. Additionally, Kplays an important role irosmotic adjustment and
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turgor generation, regulation of membrane electric potential, and cytoplasmic pH
homeostasislt is the most abundant inorganic cation in plants, making up almostat@eir

dry weight(White & Karley, 2010)AsNa’ is physiochemically very similar td, iKontrolling

the K/Na*ratio is important for salt tolerance. In addition to shuttling Navay from the
cytosol using the mechanisms described previously, plants r@spond to salt stress by
employing strategies to retain*ih the cytosol. Studies have shown that barley and wheat
cultivarsthat are able toretain or increase cytoplasmic K their mesophyll cells are more
salt tolerant(Wu et al., 2013)In fact, he ability to maintain KNa' ratios is one of the

distinguishing factors between salt tolerant and salt sensitive genotgyveset al., 2015)

Retentionof optimal cytosolic Klevels during salt stress can be achieved by increasing root
K" uptake, increased loading of Kito the xylem for transport to the shoot, and inhibition of
cytosolic Kefflux (Assaha et al., 2017}t the rootsolil interface, Kuptake is mediated by
high affinity K uptake (HAK) or low affinity*Kiptake (LAT)Here,HAK is modulated by the
KT/HAK/KUP family of Kansporters, and LAT is mediated by members of the shaker family
of K channels (e.g. AKT@Gierth & Maser, 2007When conditions become saline, this causes
Na"-induced membrane depolarisation which prevents KT/HAK/KUP and AKT1 channels from
moving Kinto the cell. In order to prevent this, PMa/H* exchangersg.g.,SOS1inaintain

a stable membrane potential to improve Yptake (Assaha et al., 20L7)\dditionally, otler
NHXs such as NHX1 and NHX2 maintain adequAt@‘i¢atios by maintaining vacuolar'K
content as described previouslyhe PM FHATPase also plays a role in cytosoticekention,

which will be discussed furthém section 1.7.3.

1.42.4. Citolerance

Although not as widely researched due toi@is reaching toxic levels after Na most plant
species,plants do have mechanisms to tolerate increased ©h uptake under saline
conditions. Despite Qbeing an essential nutrient in plants, involved in regulating enzymatic
activity, turgor, and pH levels; €an also be toxic to plants if allowed to oxsscumulate as
Ctcompetes with major macronutrients such as nitrate ¢gNr uptake from the sadjwhich

is an important source of nitrogen for planf§yerman 1992; Marschner, 1995; Xu et al.,
1999; White & Broadley, 2001 swith Na', key aspects of Gblerance include reducing net

Ct xylem loading, intracellular Glompartmentalisation, and greater efflux of €bm roots

14



back into the soi(Teakle & Tyerman, 2010\ network of predicted Clransporters exist

that could play a role in these processas;luding catiorchloride cotransporters (CCCs),
chloride channels (CLCs), aluminiaotivated malate transporters (ALMTS) and nitrate
excretion transporters (NAX)I¢Teaké & Tyerman, 2010)The ratelimiting step in Cl
accumulation, the transfer of Clrom the root symplast to the xylem apoplast (which
antagonises N®delivery to the shoots), is regulated under drought and saline conditions by

abscisic acid (ABA), éis multigeniCubep-Font et al., 2016; Li et al., 2016)

1.5. Tools we use to studplant stress responses

The previous sections described the impact of salinity stress on plants and how the plant
responds to both the iofndependent and iordependent components of salty 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. Arabidopsisas a model plant

Arabidopsis thaliangArabidopsis) is a small diploid plant in tBeassicaceatamily and has

been the model organism for research in plant science since the 1980s for a number of
reasongMeinke 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 amou®t fmm seeds produced allows

for the rapid growth of many plants in a relatively small afpkeinke et al., 1998)t also
undergoes selfertilisation to produce multiple progeny and can easily be cfestlised by
applying pollen to the stigma surfacallowing for easy generation ofew genotypesThe
Arabidopsis genome is organised in five chromosomes and was the first plant genome to be
fully sequenced(The Arabidopsis Genome Initiative, 2000jany different ecotypes
(accessions) have been collected from natural populations distributed throughout Europe,
Asia and North America, and are available for experimental aisaly large multinational
initiative, theA. thalianal001 Genomes Project, aims to sequence 1001 different Arabidopsis
accessiongWeigel & Mott, 2009) As part of this project, many online tools are freely
available for progressing Arabidopsis and plant researctipg://1001genomes.oryy
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 geneglanta. Additiondly, commercially
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available mutants exist for almost all Arabidopsis gef®knso et al., 2003)Despite
Arabidopsis itself not being an important crop plant, it has proven invaluable in the research
of other economically important plants athere can be conservation of function of
orthologues of Arabidopsigenes, meaning thabften genes in crop plants have been
identified, classified and characterised based on their sequence similarity and known function
in Arabidopsis(Bolle, Schneider & Leister, 201&or example, the Arabidojgsdefence
signalling gendNONEXPRESSOR OF PR GENES 1 (Atd8&d9d to genetically engineer
diseaseresistance in tomato plantf.in 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 oilserape Brassica napygo adjust the seed po@pening process to

significantly reduce seed loss, thereby increasing yield.

In terms of salt stress, Arabidopsis is a-salisitiveglycophyteas it cannot complete its life
cycle when exposed to constant conditions of 100 mM NacCl or rf@aekett et al., 2022)
Compared to its saliolerant halophyticrelative, Thellungiellahalophila there are very few
genomicdifferences, indicating that salt tolerance is more likely as a result of changes in the
transcriptome during growth under saline conditiolkant et al., 2006)To this poinf
researchers showed that many genes known to be induced by abiotic stress in Arabidopsis
exhibit higher levels of expressionn halophilaunder unstressed conditions, suggesting
that constitutive expressin of conservedtress responsive genésrms a basis for the salt
tolerance of T. halophila(Taji et al., 2004)Additionally, analysis of Arabidopsis and
T.halophilatranscript profiles has shown that 60% of stresegulated genes are differentially
regulated between the two species, wilh halophilatranscript intensitiesuggestingtress
anticipatory preparedness if. halophilaGong et al., 2005)Thus, if we can determine how
important salt tolerance genes are regulated in Arabidopsis, wghtrbe able to engineer

plants that anticipate and respond quicker to stress.

1.5.2. Transcriptome profiling

Transcriptomic profiling offers a snapshot into the genewide 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 processeg barried out in

the organism at the time oSampling Microarrays arecommonly used forquantitative
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transcriptomic profiling as they are highroughput, relatively cheap, and easy to perform
(Baginsky et al., 2010Fhis technology involves binding an array of thousands to millions of
known nucleic acid fragments tosalid surface which is then bathed with cDNpnthesised
from RNAsolated from a study sample (such as cells or tissue). Complementary base pairing
between the sample and the chimmmobilized fragments produces light through fluorescence
as the cDNAs arlabelled witha fluorescent dye. This fluorescence is thagtected using a
specializedscanner (Bednar, 2000; Xiang & Chen, 2Q0B)icroarrays manufacturedy
Affymetrix and Agilent are most commonly used in ArabidofR®edman et i, 2004; Busch

& Lohmann, 2007)Another method that has becomeery popular for transcriptomic
profiling is RNAsequencing (RN&eq, which was formerly more often used mon-model
organisms, or for transcript discovery and genome annota{Mfang, Gerstein & Snyder,
2009; Baginsky et al., 2010hese methods are commonly used as an initial screen to identify

interesting genes being differentially expressed.

1.6. Transcriptomic changes during ttealt-specific,ion-dependentstress response

To date few studies havalifferentiated between transcriptomic responses imposed by each

of the ionindependent and iordependent components of salinity stre€Shavrukov, 2013)

and typically, plants have been treatedth high concentrations of NaCl, or with low NaCl
concentrations but for very short periods of tinfjgbogadallah, 2010; Tang et al., 2011; Goyal

et al., 2016; Li et al., 2019s previously described, the sapecific omponent of salinity
stress (pn-dependentcomponent) is only induced after a gradual accumulation ofiblas

within shoot tissue, days to weeks after exposure to NaCl. This means that these sorts of
experiments would only have imposed ian-independentosmotic stresgor even an osmotic
shock resulting in plasmolysish the plants failing to mimic natural exposure to salinity
stresg(Munns, 2002)Manipulation of genes identified in these analyses would not be specific
to salinity stress and miglatetrimentallyinterfere with the plant response to oth@mportant
stressessuch as droughor temperature stresgShavrukov, 2013)or example, Tang et al.
2011 exposed Arabidopsis to 300 mM NaCl for only 30 minutetoakdd at candidate gene
expression. This type of stress would not occur naturally and is not physiologically relevant.
In order to avoidnducing osmotic shogkvhilst ensuring that both of the expected salt stress
responses are induced, plants should either be exposed gradually to increasing NacCl

concentrations over a period of days, or be exposed esf€¢o low concentrations of NaCl
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(Shavrukov, 2013)Studies have been conducted using these techniques in various ,plants
such as ricéWang et al., 2018yheat(Luo et al., 2019 andArabidopsis. One of these studies
in Arabidopsis was conducted recently by our gré@pckett, 2019; Cackett et al., 2022)

Inthe studyby Cackett et al. (2@, Arabidopsis seeds were sown onto media in petri dishes
containing low, physiologically relevant concentrations of NaCl (0 mM,N0# mM, 100

mM and 125 mM NacCl) as well as-@&molar concentrations of sorbitol (0 mM, 100 mM, 150

mM, 200 mM and 250 mM sorbitol) and grown for two weefesarly development
microarray) Microarray analysis was performed for transcriptome profilingd ajenes
differentially expressed imesponse toNaCl treatmentbut not sorbitol were classified as
saltspecifi¢ presumablyresponding to theon-dependentcomponent of salt stress. Overall,

2519 genes showed a salpecific increase in expression, aB#72 genes showed a salt

specific decrease in expression. To determine what processes thespesaitic genes might

be involved in, a gene ontology (GO) enrichment analysis was performed on genes
differentially regulated by at least-®@Id. Interestinglf G KS Dh G SN)Y aNBaLR
stimulug ¢l a4 aAIAYATFAOlIyYyidte SYNAROKSRI gAGK wp 33
SMALL AUXINPREGULATED RNBAUR). Furthermore, a microarray was performed later

in development on plantsgrown hydroponically fotwo weeks in untreated control

conditions and then grown for a further two weeks in 0, 50, 75 or 100 mM NacCl treatments

(later development microarray(Cackett, 2019)Again, genes differentially expressed under
alLtAYyS O2yRAGAZ2Y &3 BNES S AR D@EzB R yCagkétthi2gi®¥ dz&dlE D
The fact that this term was consistently enriched in the salt stress responsive transcriptome

of Arabidopsis atifferent developmental stages suggestsat auxin may be important in
modulating sakspecific growth adaptations to salinity strestdifferent stages of growth and

developmentalCackett et al., 2022)

1.7. Auxinand itsrole 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 identifisdme 100 years ago, auxin
metabolism, biosynthesis and signalling are still not fully unders(ébel & Theologis, 2010)
Indole-3-acetic acid (IAAjhe most predominantly occurring auxiplays an important role in

many aspects of plant growth and developmemicluding organogenesisgeneral plant
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architecture, vascular development, senescenaed environmental and stress responses
(Woodward & Bartel, 2005; Zhao, 2018rcumulation of auxin plays a role in cell division
and elongation through initiation of signal transduction pathways that result in altered levels
and activationof proteins involved in plant growth, such as EXPANSINS which are cell wall
loosening proteins that promote cell elongati@Majda & Robert, 2018F5tudies teshgthe
effects of exogenous auxion plant growth have shown that auxin has both growth
promoting and inhibiting functiongCollett, Harberd & Leyser, 2000%pecifically, auxin
promotes cell elagation 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 r@@tdlett, Harberd

& Leyser, 2000Eviderly, the control andocalisationof auxin accumulation is vitaluring

plant development

1.7.2. Auxin biosynthesis

Generally, plantbave two different pathways for auxin biosynthesis, one that is tryptophan
dependent (TD), and one that is tryptophan independent (TI) (figur\W.@8pdward & Bartel,
2005) In the TI pathway, IAA is synthesised directly from indekereas in the TD pathway
indole is first converted into-tryptophan (LTrp) (Normanly, Cohen & Fink, 1998oth the

Tl and TD pathways are involved in maintaining auxin homeog@set al., 2016)Of the
two, the TD pathway has been extensively studied and is known to contain fideredi
pathways which result in IAA synthesis froffirp, named after the main intermediate in each
pathway: the indole3- acetamide (IAM) pathway, the indeRpyruvic acid (IPyA) pathway,
the tryptamine (TAM) pathway, and the indeBeacetaldoxime (IAQxpathway(Woodward

& Bartel, 2005)In the IAOx pathway, {Irp is converted into IAOx, which is then converted
either into IAM or indole-3-acetonitrile (AN), both of which are hen finally converted into
IAA Specifically, IAN is converted into IAA by the AthR8ITdmily of enzymegBartling et al.,

1992) These TD pathways, with the associated enzymes, are shown in figure 1.3.
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Figure 1.3: I1AA biosynthesis from indole via the tryptophdependent (TD) pathway

The TD pathway of indofg-acetic acid AA) biosynthesis has four routes named after their
intermediates. These are the indeBe acetamide (AM) pathway, the tryptamineTAM) pathway, the
indole-3-pyruvic acid IPyA pathway, and the indoi8-acetaldoxime IAOX pathway, shown ined,

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 arrowCYP79B2.3,YTOCHROME P450 FAMAB2.3;AN, indole3-acetonitrile;NIT L

3, NITRILASE3tL AMI1, AMIDASE TFAAL TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1,
TAR2 TRYPTOPHAN AMINOTRANSFERASE RELATEI112; YUCCA -11; IAAld, indole3-
acetaldehydeAAO14, ARABIDOPSIS ALDEHYDBASE -#. Adapted from Cackett et al. (2022).

1.7.3. Auxinrinduced cellexpansion viahe acid growthmechanism

When exposed to auxin, plant celump protons into the apoplast at an enhanced rate,
resulting in decreased apoplastH which activates cell wdthosening processethat
promote cell expansiom known as acid growtliRayle & Cleland, 1992)his &id growth
mechanisnis initiated by the auximediated activation of the PM*HATPasgby promoting
phosphorylation of the penultimate threane residue Thi®*) of the AHAM-ATPasésoform
(Rudashevskaya et aR012; Takahashi, Hayashi & Kinoshita, 20MN)rmally a type 2C
protein phosphatase (PPZAD) interacts with the PM HATPase and dephosphorylates its
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ThP*residue, negatively regulating pump activilihe interaction of these two proteins was
shownin plantain tobacco using hi-molecular fluorescence complementation as¢By~C),

where AHA2 and PPAT were shown to interact with one another at the RBJpartz et al.,

2014) Additionally theseresearchers isolated yeast PMs and subjected them t3-34ar-

western gel blot analysis and ATP hydrolysis assays. Using these methods, they showed a
significant reduction inThP*" phosphaylation in membranes prepared from cells
coexpressing PPZQ, as well as a reduction in vanadatensitive ATPase activity. Taken
together, these results illustratethat PP2eD is able to negatively regulate the AHK2
ATPasdy dephosphorylatingh®*’ (Spartz et al., 2014)

In response to elevated IAA levetgrtain SAUR proteirsccumulate and interact with the
PP2@ phosphatase inhibiting its activity. Therefore,the PM H-ATPase remains
phosphorylated at Ar®*’and is activepumpingH* out of the cytoplasm into the apoplast
thereby lowering apoplastic ptSpartz et al., 2014Yhis mechanism was largely elucidated
by Spartz et al. (201#yhere they showed, via immunoblot analysis with-&hP4’Pantibody,
that SAUR1®verexpression increased the phosphorylation status of THig*’ residueon
the PMH"-ATPaseThey also showed that the PNI-ATPaseactivity increased irtAUR19
overexpresing plants, by measuririge vanadatesensitive ATP hydrolytic activity present in
PMfractions prepared fronthe overexpressor (OE) line compared to WT, with S3#adJR19
OE displaying a 285 % increase in ATPase actif@partz et al., 2014They also showed, via
yeast twehybrid analysis, that SAUR19 is able to directly interact with f£fR2@d vian vitro
phosphatase assays, that SAUR19 inhibits FPpGosphatase activity. Additionally, they
showed that SAUR SAUR40, and SAUR72 were also able to inhibit-BR#®sphatase
activity (Spartz et al., 2014)

The auxiAnduced ccrease in apoplastic pH activatee aforementionedEXPANSINs (EXPs)
(Rayle & Cleland, 1970; Cosgrove, 1993; Hager, 2Z088)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 uptakéncrease turgor

pressurewhich also drives cell expansion and growth
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1.7 4. The link betweenauxin andsalt stress

As previously discussed, salinity stress results in many changesanh 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 toJNag &

Park (2011) showed a possible role for auxin in ensuring seed germination only under
favourable conditions, bydemonstrating that addition of exogenous IAA suppressed
germination rates of Arabidopsis seeds in saline environments, but not under hgrowth
conditions. However, in another study, priming seeds with IAA increased germination rates
of both a saksensitive and saltolerant wheat variety under salt stregigibal & Ashraf, 2007)
indicating that thereare possible differences in the role of auxin in germination under salt

stress in different plant species.

Thetranscript levels of auxin biosynthetic gersasd metabolite levels of IAA hawasobeen
measured following salt stress in different plant specig¢isng & Deyholo&@006)performed

a microarray analysis on Arabidopsis roots following exposure to 150 mM NacCl, and foun
upregulation of two auxin biosynthetic genégNitl and AtNit2. Additionally, an Arabidopsis
line overexpressing another auxin biosynthetic gefiéy UC3showed reduced germination

in high salt environments compared to WT plants, indicative of elevaiteth levelfJung &
Park, 2011)Treatment with NaCl has been shown to significantly reduce IAA concentration
in rice leavegPrakash & Prathapasenan, 1990pwever, 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 goiavth
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 roostis, is altered under saline
conditions(Korver, Koevoets & Testerink, 201Bis is attributed to changes in activity of the
PINFORMED (PIN) family of auxin efflux carriBisll PIN3and PIN7are downregulated

under saline conditions, thereby reducing auxin levels and causing a reduction in root
meristem growth in Arabidopsi&iu et al., 2015)his sakmediated inhibition of root growth
occurs as the root meristem size is reduced by nitric oxide-(h&aliated modulation of auxin

levels, involving the reductiom iaforementionedPINexpression, as well as the stabilisation
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of auxinresistant 3 (AXR3)/indolg-acetic acid 17 (IAA17), reducing auxin signalling et

al., 2015) It has also been reported that sheterm salt treatments cause changes in auxin
distribution, oxidation of the cytosol and decrease in the number of root &piegistem cells
(Jiang et al., 2016; Togmie Bielach & Hrtyan, 2017Halotropismis another example of PN
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 highoncentrations of salt in the growth medium and grow

towards more favourable environmen(&alvarAmpudia et al., 203).

1.7.4.1. Increased auxin biosynthesis via NitrilasgnZalt-stressed Arabidopsis

Interestingly, in our research group, IAA metabolite levels were measured-MSINS in
Arabidopsis plants grown under the same conditions as described previoudiye early
developmentmicroarray analysisn section 1.§Cackett et al., 20227 his study showethat

IAA levels aresignificantlyelevated in plants grown under saline conditspcompared to
plants grown in isasmolar sorbitol and untreated plan{€ackett et al., 2022Additionally,

the levels of three IAA intermediates, IAM, IPyA and IAN, were elewrapants grown under
saline conditions compared to the untreated controls. However, only the concentration
pattern of IAN mirrored the observed changes in Ik&els in NaCl and sorbit@Cackett et

al., 2022)

Notably, the expression of three auxin biosynthetic gendirilase 1(AtNitl), Nitrilase 2
(AtNit2), and YUCCA4AtYUCZ4 increased in plants grown under saline conditions early in
development, with significantly different expssion patterns in plants grown on issmolar
sorbitol. The expression @itNit2 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 mNNaCl conditiongCackett et al., 2022Furthermore, onhyAtNit2

was significantly induced in shoot and root tissue in response to NaCl later in development,
indicating that it may benivolved in salt stress responses throughout developtr{@ackett,
2019) During auxin biosynthesi&tNIT2 hydrolyses IAN into IAA (figure IN)rmanly et al.,
1997) Taken togetherthese results suggest that IAA biosynthesis is increased in response to
NaCl at different developmental stagesyia the hydrolysis of AN to IAA byAtNIT2.
Additionally,Arabidopsis lines overexpressiAgNit2 (35S::AtNit2 showed enhanced survival
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and plant growthin the presence of NaChut not iso-osmolar sorbital This AtNit2
overexpressor also had increased likefelsand decreasedAN compared to WT plants in
response to salt stressndicating elevated IAN turnover into I1Aackett et al.,, 2022)
Overall, this data indicates th#tNit2 is likely involved in thealt stress response through
increasing IAA levelsm planta and this might be responsible for modulating growth in

response to salt stress.

1.7.4.2. The disputed role of plant nitrilases

Nitrilaseenzymes catalyse the hydrolysis of nitriles to the corresponding carboxylic acid and
ammonia, and have been identified and characterised in plants, fungi, and ba¢iesmalen

& Preston, 2009)Plant nitrilases were first described in 1964 when a nitrilase enzyase w
extracted from barley leaves, and found to convert IAN to([BAmann & Mahadevan, 1964)

In Arabidopsis, three nitrilasgenes AtNit1-3, are located next to each other on chromosome
three, with another nitrilase geneAtNit4, located on chromosomedive. These four
Arabidopsis nitrilase genes were identified by screening an Arabidopsis cDNA(Hadling

et al.,, 1992; Bartel & Fink, 1994phylogenetic analysis of the four Arabidopsis nitrilase
sequences indicates thatNit1-3 are paralogs of one another as a result of gene duplication,
with AtNit1l and AtNit2 arising fron the most recent duplication event (appendix figure 6.1)
(Abu-Zaitoon, 2014 These three nitrilase genes are therefore referred to as Alitl
family, with the AtNit4 gene forming its own branch separate from ti#&Nitl family
(Janowtiz, Trompetter & Piotrowski, 2009)Studies have shown that AtNIT4 has a high
specificity for -cyanoalanine, an intermediate in the cyanide detoxification pathway, and an

extremely low specificity for IAfPiotrowski, Schonfelder & Weiler, 2001)

As previously stated, the AtNI-Blenzymedydrolyse IAN into IAduring the Trpdependent

auxin biosynthesis pathwg§artling et al., 1992However, there has been contention over
this role, with some studies indicating that these enzymes are involved in cyanide
detoxification and glucosinolate catabolisiPiotrowski, 2008) Vorwerk et al.(2001)
measured the substrate specificity of recombinatitl, 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 substratesncluding phenylpropionitrile which results from glucosinolate
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breakdown(Vorwerk et al., 2001)Glucosinolates are amino adigrived metabolites which

act as defence compounds against pathogen and herbivore affeciowitz, Trompetter &
Piotrowski, 2009)During glucosinolate catabolism, toxic compounds are produced; such as
isothiocyanates and nitriliRask et al., 2000yvith isothiocyanates being more predominant
(Janowitz, Trompette& Piotrowski, 2009) Pathogen attack and wounding, which would
result in increased glucosinolate catabolism and thus nitriles, have been shown to induce
AtNit2 expressionGrsiecRausch et al., 200@) hene 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 activiiyp mitro enzymeassaysmeaning

that some regulation or modiation that might be importanin plantamight be missing.

Several studies have supporteke role for AtNITZ2 in auxin biosynthesBchmidt et al(1996)
showed that tobacco plants transformed wi#iNit2 were able to convert IAN into IAA, whilst
untransformed plants were unable to catalyse this reactioghortly thereafter, a study
showed that transgenic Arabidopsis overexpressiNit2 had increased turnover of
exogenous IAN, and sensitivity to the auxin effects of IAN (i.e., altered-alated growth
phenotypes including root and hypocotyl elongatidiormanly et al., 1997)Grsic et al.
(1998) showed thaitNit2 overexpressing plants had increased free IAA levels, whilst an
antisense knocklown line had 75% less IAA compared to WT. Additionally, they showed that
AtNit2 expression increaseldy 21fold following IAN applicatioGrsic et al., 1998 More
recently, a study showedhat 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 IAAhmann et al., 2017)n agreement with this,
Cackett et al. (2022) showed thatNit2 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 detoxificati@otrowski, 2008)Additionally,

some studies have stated that the IAOx pathway of auxin biosynthesis, involving IAN
hydrolysis © 1AA, is specific to thBrassicaceaesas the NITA3 family of enzymess only
presentin this family(Lehmann et al., 2017 owever, other studies have indeed shown the
presence of NIT-B homologsn different plant speciesand 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
cyanoalaninebut including IAN(Park et al., 2003; Mukherjee et al., 2008jith its IAN
turnover ten times higher in comparison with AtNIZ{Vorwerk et al., 2001)Additionally, a
study showed thaZmNit2is eypressed in auxisynthesising tissues such as maize kernels,
and showed that ZmNIT2 hydrolyses IAN to IAA by demonstratingzthait2 transposon
insertion mutants could not convert exogenous IAN to IAA as in WT gglanéshbaumer et
al., 2007) Additionally, they showed thamnit2mutants had inhibited root growth in young
seedlings, and accumulated less IAA conjugates in maize kernels and roots tipstisggge
substantial contribution of ZmNIT2 to total IAA biosynthesis in m@{ziechbaumer et al.,
2007) Homologs of the AtNIT3 family have also been dmeered in sorghum, with the
SbNIT4A homolog forming a heterocomplex with SbNIT4B2 to hydrolysgdeANch et al.,
2007) This is important ast means that themodel proposed by our group below in
Arabidopsis (figure 1.4pight also be relevant ilmportant crop plantssuch as maize and

sorghum.

1.8. A model for the proposed sainduced modulation of growth by auxin

Several studies have shown that when the activity of the PM\HPase is constitutively
activated, plants are more salt tolerafGévaudant et al., 2007; JanieRassak et al., 2013,
Wang et al., 2013; Bose et al., 201iGicating that further werk into investigating this could
be fruitful in improving crop salt tolerancét is proposed that this could be due to the
increased PMF increaing K" retention in the cytosol via KT/HAK/KUP high affinity K
transporters, andoy improvingNa' extrusion va Na antiporters such as SO$alhof et al.,
2016; De Souza Miranda et al., 201&dditionally, enhanced cell expansioauld have a

diluting effect on Naions accumulated in the cytoplasm.

Interestingly, multipleSAURjenes, inaldingAtSAUR®Qwhich has been showo inhibit PP2€
D phosphatase activitydescribed earliefwere upregulated in a saipecific mannein the

Arabidopsis early and later development microarrays previously desgribdatating that
there may also ba&alt-inducedchanges in PM HATPase activitthroughout development
Additionally certainEXRB, such asAtEXP1lwere also upregulated in a sapecific manner,

indicating that the acid growth mechanism is likely being activated in Arabidopsis to promote

26



expansion growth under saline conditiof@Gacktt et al., 2022) Furthermore, severébAURS
andEXPsvere differentially expressed in tl85S::AtNitdine under saline conditions, but not
in the WT(Cackett, 2019)Taking what is known from the literature about auratated
mechanisms, combinedithh the changes in gene expression that we have observed, our
research group has proposed a mechanism in Arabidopsis wherebindadied auxin
accumulation modulates plant growth, as shown in figure 1.4. In this md&T] results in
IAA accumulation (byncreasing IAAsynthesis from IANthrough induction ofAtNit2).
Elevated AA resulsin upregulation ofSAURproteins which in turn inhibit PP20, allowing
phosphorylation of THf” and thereby increasingM H-ATPase pump activityesulting in
decreased apoplastic pH and increased turgor presstiiesactivates EXPANSINIScreasing
cell expansion angnhancinggrowth in saline conditions. Furthermoré¢he decreased
apoplastic pH provides the PMF the energydependent movement of Ndy transporters,
such as SOSimprovingNa" exclusionand thereby preventingon toxicity during salt stress.
This PMF also enhances uptake into the cell, improving*Na* ratios and improving salt

tolerance.
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Figure 1.4. The proposeahodel for how saltinduced auxin accumulation could modulate plant growth under saline conditions

In the absence of NaCl, IAA biosynthesis is not induced, leavinglPfP@€to dephosphorylate THf on the PM FtATPase, rendérg the pump inactiveand
resulting in low extracellular filH NaCkxposureupregulatesAtNit2, increasindAA biosynthesiand IAA levels the cytoplasmindudngthe expression cBAURSs
SAUR proteins inhibit PPECand thereforeTHf remainsphosphorylated and the PM*HATPase pump is activateThisdecreases thepoplastic pH, which
activateseXPactivity and results in overall cell expansion. Increaseg@umping into the apoplast alsloyperpolarises the membrane which could affect the

activity of voltagedependent ion transporters and also provides increasedvdilability for Fsymporters and antiportersddapted fromCackett(2019)
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1.9. AtNit2 regulation

The basis for the whole salt response pathway hypotheseigove stats with AtNit2
upregulation. As AtNit2 mRNA transcript levels are increased specifically under saline
conditions(Cackett et al., 2022}t is likely thatAtNit2 gene expression is being regtéd at

the level of transcription. Currently, very little information abdtNit2 regulation has been
published in the literature. A few studies have previously link&it2 expression to other
plant stress responses. For exam@é\it2 has been showto be upregulated under drought
(Rasheed et al., 201,6ulphur deprivatior{Kutz et al., 2002)and Clubroot biotrophic attack
(GrsieRausch et al., 2000Additionally AtNit2 has been reportd be induced in response to
exogenous application of the stresslated hormones abscisic acid (AB@Oohmer &

Schroeder, 2011gnd jasmonic acid (JASasakBekimoto 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 Atit1, AtNit2 and AtNit3
genes are highly divergent in size and nucleotide sequéHdiebrand, Bartling & Weiler,
1998) In a study conducted by Hillebrand, Bartling & Weiler (1998), 8Qfpbeam of the
AtNit2translation start site were analysed. They identified the elements of a putative minimal
promoter forgeneral transcription factor (GTBipding in this region, including a CCAAAT box
at-173 bp, and a TATA box either-a25 bp (RTTA) or atl42 bp (TATAAT).

Two studies have investigated regulation &Nit2 by a NAM/ATAF/CUC (NAC) fanify,
AtATAF2. Huh et gR012)showed that 1AtATAF2xpression was induced by IAN treatment,
2) AtNit2 induction by IAN treatment was reduced byfdd in an atataf2 mutant, 3)
35S:AtATAFplants had abormal developmental phenotypes, such as dwarfism, and had
increasedAtNit2 expression comparetb WT plants, 4ptataf2 plants had 30% increased
LINA Yl NE NRB2G St2y3FidAizy O2YLI NBSR ¢gAGK 2¢ LI |
in atnitl-3 mutants and thatthe atataf2 plantshad 0.5fold repression oAtNit2 expression
compared to WTTo show that these effects were as a result of direct bindifgtATAF2 to

the AtNit2 promoter, they conducted transient transactivation assays in Arabidopsis
protoplasts and showed tha&tATAF2 induced expression of theNit2 promoter-drivenGUS
reporter gene. They confirmed this vitro using anelectrophoretic mobility shift assay
(EMS)) which revealed binding oAtATAF2 to theAtNit2 promoter at a position between

117 and-82. These authors concluded thAtATAF2 acts as a positive regulatorAdNit2
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expression by binding directly to its promoter. However, in a more recent studgHdgg et
al. (2018)showed thatAtATAF2 significantly peessedluciferasereporter gene expression
driven by thesame sizedtNit2 promoter in Arabidopsis protoplastsontradicting thdinding
byHuh et al. (2012)0ther studies have shown that overexpressiodAtATAFDoth increases
and decreases expressiaf certain pathogenesiselated genesunder different conditions
(Delessert et al., 2005; Wang, Ggaeker & Culver, 2009Thus, it is possible that AtATAF2
both upregulates and downregulates the expression of some target genes (inclything)

in response to different environmental conditions. A$Nit2 induction by IAN was not
completely lost irthe atataf2 mutant line(Huh et al., 2012)hisimplies that other TFs must
play a role inAtNit2 regulation during auxin biosynthesidowever,no other TFs have been

characterised for redation of AtNit2.

1.10. Research objectives of this project

As the auxin biosynthetic gen&fNit2, is upregulated specifically in response to NaCl, and
AtNit2 overexpressing Arabidopsis plants show improved growth aidaK ratios under
saline conditions thaare not seen in response to osmotic stress alonwe, propose that this
gene isa candidate for improving plant growth under saline conditions to improve plant salt
tolerance (Cackett et al., 2022)Whilst the downstream effects oftNit2-induced IAA
accumulation on modulating plant growth are being uncovebgdthers in our groupit is
important to also hava thorough understanding of itsanscripionalregulation. Therefore,
the main aim of this research project was to investigagregulation ofAtNit2 by identifying
TFs (other than AtATAF2) that are able to regulate its expres3iomnderstandgene
regulatory pathways, many different methodged to be used in combination. With this in
mind, this project had four objectives uncover potentialAtNit2 regulation 1) to analyse
the AtNit2 promoter to identify potential TF binding sites which might indicate what
family/families of TFs regulathe expression of this gen®) toidentify saltresponsive TFs
within these families and determine whether altered expression of these TFs results in
changes iNAtNit2 expression and/or salt toleran¢e) to use yeasbone-hybrid analysis to
identify TFshat are able to bind to thétNit2 promoter, and 4)to validate anysuchTFDNA
interactionsin 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 tatermine whether this work being conducted in Arabidopsis
with regards toAtNit2 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 honologwasconducted in order to investigate this.
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CHAPTER 2: FUNCTIONAL CHARACTERISANOWYBBANDATMYBAN
THEREGULATION OFTRILASE 2

2.1 INTRODUCTION

2.1.1 Regulation of gene transcription

Gene regulation is the process used to control the timing, locatiordagdee to whiclgenes

are expressedlhe overall activity of a gene is determined by transcription, mRNA processing,
MRNA transport from the nucleus to the cytoplasm, translation, smahetimes also post
translational modifications of the proteid variety of mechanisms can play a role in altering
gene transcription, including chemical modification of DNA, and regulatory proteins. As
previously mentionedArabidopsis has very little gemic differences @ampared to its sakt
tolerant relative, Thellungiella halophilaand genes involved in the salt response in
Arabidopsis are highly expressedTlinhalophilan unstressed conditiongndicating that salt
tolerance is more likely as a rdsof changes in the transcriptom@ant et al., 2006)This
means that it is vital that we understaritbw genes involved in salt tolerance are regulated

in order forus to engineer more salt tolerant crop plants

2.1.1.1 Chromatinrelated 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 toaatevith
promoter DNA(Riechmann, 2002)Chromatiarelated regulatory proteins fall into two mai
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 repressiBrechmann, 2002)The second class
contains chromatin remodelling protein complexes that hydrolyse ATP tereitiove, eject

or restructure nucleosomes. For example, the Switch/SucroseR¢omentable (SWI/SNF)
complex remodels chromatin structure by destabilising histA interactions, allowing
easier access to the chromati@lapier et al., 2017)Thereatfter, transcription factors are able

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

Transcripion factors (TFs) are proteins which control the rate of transcription by binding to
LINEY23GSNJ 5b! dzLJAGNBFY 2F GKS 3ISySQa (NI yaf
transcription factor binding sites (TF8isregulatory motifsGenes are regulateldy TFs0

ensurethat they are expressed in the desired cells, at the correct timetaitite 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 Polymelia@&@NA Pol Itp the promoter, the

enzyme responsible for transcribing DNA into mRNA.

2.1.12.1. General transcription factors

The general transcription machineig/comprisedf general transcription factors (GTRBat
recognisehe promoter sequence and recruRNA Pol I, a musubunit enzymeéhat initiates
transcription(Cramer, Bushnell & Kornberg, 200lhese GTFs include transcription factor 1A
(TFIIA), TFIIB, TFIID, TFIIE, TFIIF, and TFIIH. These GTFs carry out variajdrfaiuctiog
positioning RNA Pol Il on the promoter (TFIIB) and unwinding the DNA (TFIIH). The TFIID multi
subunit complex contains the TABAx binding protein (TBP) and several FBB8Bociated
factors (TAFs) required for promoter recogniti@reen, 2000)These GTFs bind to the core
promoter sequence, a region of about 70 bp flanking thenscription start site(TSS)
containing the TATA box which is a Figh sequence usually located-35 bp upstream of

the TS§Molina & Grotewold, 2005)

2.1.12.2. Activators and repressors

The main class of proteins associated with changes in gene transcription levels are sequence
specific DNAinding 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 themselvesse®

in a temporal, tissueor celktype specific, or stimuludependent mannerHowever, this is

not always the case as TF activity can also be regulated by other means such-as post
translational modifications (PTMgRiechmann, 2002)Fs are modular proteins comprised

of distinct, functionally separable domains such as bikwling domains (DBD) which provide

DNA sequence specificity, and activation domains @AD) contain binding sites for other

proteins such as transcriptional cg@ators Most known TFs are grouped into families based
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on their DNA binding domaifbuscombe et al., 2000 order to alter RNA Pol Il activity, and
thus the rate of transaption, TFs can interact directly with different components of the
general transcription machinery and with coactivatomepressors affecting complex
formation, as well as with chromatin remodelling complexesalter accessibility of DNA
(Riechmann, 2002)

2.1.13. Investigating specific F§ene regulatory relationships

Determining which TFs aresponsible 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 Arabiddpsisewed in Mercatelli et al.,
2020) To identify specific Fgene regulatory relationships, a variety of analyses need to be

conducted.

Coexpression analysdake data fromdiverse experimental conditions am&termineif one

gene is regulated with the same pattern as anothéirerefore irferring some functional
relationship (Zhang & Horvath, 2005However, 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 GE@d-expressed with a TF then it may be that
the TF regulatethat GO) 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 GOI is by analysing its
promoter sequence st 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 intrbeg)gapproximately 2 kb and #h

other ~2.5 kb containing the intergenic region. Genewide, transposons account for ~20%

of intergenic DNA in Arabidopsis, resulting in an average of 2 kb oeDtbpassing both

GKS pQ YR 0Q NB3IA gifedAraBidopsis GehdméIniiabvezf 2000) I Sy ¢
Additionally, in Arabidopsis, TFE8e enriched in the 200 bp upstream thie TSSOf stress
responsive genegZou et al., 2011)As such, analysing the first 1 kb ugstm of the GOI in
Arabidopsis is usually sufficient to identify the TFBSs important in gene regulation
(Riechmann, 2002)n eukaryotes, TFBSs are usually 58dd 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 familyind to similar TFBSThis 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 expressiothat gene. However,

many large TF families exist and many/Bfis from certain familiemay bind the same
O2yasSyadza Y2G0AFX a2 ARSYGAFeAy3d | LI NIAOdzZ | N
TF bindsin that promoter region For exampleevidence has shown that multipl€Fs
belonging to the WRKY family bind to a section of DNA called thex\Mhat has a consensus
sequence of TTGAC(CABulgem et al., 2000)f a promoter of a GOI contains a-iWix
element, thisindicatesthat one or more WRKY TFs may be able ol bo and regulate its
expression, however exactly which onesd under what circumstancespuld take further
investigation. By analysing the promoter sequence of a GOI, one can identifyth&BSe
known targets of certain TF families, thereby narmogvdown potential regulators. However,
specific TFBS for most TFs are still unknown, posing a significant limttatiois method
Additionally, as this method relies on predictions, it is more useful to identifycdifé&

promoter interactions which @n also lead to the identification of new TFBS.

Many different methods existat identify direct THDNA interactions Theseassays are
generally either DNAlriven, where the specific DNA sequence is probed with multiple
proteins, or proteindriven where aspecific TF is probed witimultiple DNAsequencedo
determine what DNA sequences can be bound by thaEX&mples of assays that identify- TF
DNA interactionsnclude yeas one-hybrid (Y1H) assayghich will be discussed further in
chapter 3)whichare the main method used to identify TF binding to a known DNA sequence
in vivg EMSAsthat are usedin vitro to narrow down specific TFBSand chlomatin
immunoprecipitation (ChIP) assaymt are used to identify different genes that a particular
TF is abl¢o bind toin planta When the TEDNA interaction is not discoverad planta, it is
important to do a second validation step to confirm the interaction ocdénrglantaand
uncover how that TF regulates transcription of that specific GOI. This ceerpdifficult as
TFs may need to be present in a comglexlter transcription or, as mentioned, may only
be active in certain celor tissue types, or under certain environmental conditighiercatelli

et al., 2020) The same TF couldsen form part of different complexes to have different

effects on promoter activityinder different conditions
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Another method to uncover Fgene regulatory relationships is by analysing gene expression
following alteration of TF activity (e.g., by knoakiout 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 geregulation at the level of transcription

2.1.2. Chapter aims
The aim of this chapter was foinctionally characterise two putativAtNit2 regulators by
analysing whether knoekut and overexpression of thesEFsresults in changes iAtNit2

expression and/or salt tolerance

2.2. MATERIALS AND METHODS

2.2.1. Chemical and stock solutions

The TRIz8IReagent #15596018% > { dzLJSNJ ONX LJG n L L#18080@®HSNE S
DIFGSgleén .t [/ f2y#H%BA020. 0 OS4eens [awERzyfd2MiX a Su L
(#11791020, GeneRuler 1 kb Plus DNA Ladder (#M)381d GeneRulecow Range DNA
Ladder(#39V1193 were all purchased from Thermo Fisher Scientific (Massachusetts, USA).

The RNea®Mini Kit ¢ 74104) and RNaderee DNase se#[9254) were purchased from

Qiagen (Hilden, Germany). The KAPA ®F¥BRTUniversaPCR Kit{SFUKB) and KAPA Taq
ReadyMix PCR ki#{K1006) were purchased from Merck (Darmstadt, Germany) and the

KAPA HiFi HotStart ReadyMix PCR#i9%8927001) was purchased from Rod@Basel,
Switzerland. SupefTherm DNA Polymerase PCR kiMR801) was obtained from

Separation Scientific SA (Pty) Ltd (Johannesburg, South Afite) kb (#NO468S) and 100

bp (#NO467S) Quidload® DNA ladders were purchased from New England Biolabs
(Massachusetts, USA). The Wi£8Y Gel and PCR Clddm System#A9281) vaspurchased

from Promega\Visconsin} { ! 0 ® ¢ KS %elLJJlen tflaAYAR aAyALNSL
from Zymo Research (California, USA)yto agar (product no. P1003.100) was purchased

from Duchefa Biochemie B.V. (Haarlem, Netherlands). All plant nutrient (PN) media
components, most antibiotics and thglufosinate ammonium (catalogue no. 45520) were

obtained fromMerck (Darmstadt, Germany)
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2.2.2. Arabidopsis seed stocks

Two differentatmyb30 T-DNA knoclout lines were obtained. The GABAT 022F04 line
(atmyb30-1/myb301) was obtained from Dr Susana Rivas at the French National Centre for
Scientific ReseargiRosso et al., 2003; Raffaele, Rivas & Roby, 20@b)he SALK _0276C

line @tmyb3062/ myb302) was obtained from Dr Yanhai Yin at lowa State Univefisitgt a.,

2009) The Arabidopsis wild type Gdlecotype was used as the background to generate the
35S:AtMYB30 35S AtMYB2and 35S empty vectqiEV)lines described in this chapter. The
Col0 seeds were obtainefitom A/Prof Robert Ingle (University of Gapown, South Africa)
lff I N)oAR2LIAAA aSSRa ¢6SNB a02NBR G ne/ @

2.2.3. Arabidopsis growth in soll

| N) 0AR2LJAA&a aSSRa 6SNB OSNYylFrtAasSrR F2NJ +aG €S
made up of a 1:1 mixture of peat (Jiffy Products, InternationalNdBway) 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 gemmation and seedling establishment.
Seedlings were fertilised with Phostrogekll Purpose Plant Food (Bayer CropScience Group,
Hertfordshire, UK) on the day that the plastic wrap was removed, one week after sowing
Thereafterthe plantswere 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. \tering 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 seedwere 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) Tritdfor 10 min with continuous shaking. Subsequently, th

seeds were washed five times in sterile.@Hvith shaking during each wash step for at least
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1 min. Lastly, the seeds were resuspended in 0.1% (w/v) gdhy@ior NJ | Y

dark for vernalisation.

2.24.2. Plant nutrient (PN) media

Arabidopsis was grown in liquid or solid PN media, containing 5 mM 3KIOmM
MgSQ.7H0, 2mM Ca(NG)2.4H0, 0.5 mM FeNaEDTA andIA ONR y dzii NA 8B@ia o1 n
MN >a 4B E hn ®p 45Hh 3 de{ buBHHA { hdpMoDaloba bl / f YR
nonm  >.6H0).Rof sblid media, 7% (w/v) phyto agar was adddter autoclaving, KPO

buffer (pH 5.5) was added to a final concentration of 2.5 (Rldughn & Somerville, 1986)

2.2.5. Arabidopsis growth conditions

All Arabidopsis plant growth was carried ot a plant growth room under standard
O2 Yy RA ( A 2 na2s?! dightnimensisy, 16hr light/8-hr dark, 22C, 5060% relative
humidity).

2.2.6. Arabidopsisphenotyping in saline conditions

2.2.6.1. Early development irsaline conditions

Seeds were sterilised and grown in 90 mm petri dishes o@adN (7% w/v) supplemented

with 0, 50, 75, 100 or 125 mM NaCl or-semolar concentrations of sorbitol (100, 150, 200

or 250mM). For each plant line being analysed; four plates were set uprpatment, 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 andtthtal mass of seedlings per plate was
recorded by carefully removing all the surviving seeglliusing 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 plaatues(total mass of seedlings removed from plate

divided by number of surviving seedlingsere calculated and analysed using Microsoft Excel.

2.2.6.2. Later development irsaline conditions
The Araponics hydroponic growth system was used (Araponics, Liége, Belgium). Seeds were
sterilised as in 2.2.4,55own onto seedholders filled with 0.7%gar, 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 hurtydfor 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 NaCl for one week. Plants of the different lines being
analysed were included itné same hydroponics box. Depending on the number of genotypes
being analysed, this resulted in64seedlings 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
| A3K ljdzr t AGe LXFAaYAR 5b! glta Aaz2flaGSR dzaAAy
wSaSEFENOKZ !'{!0 I O0O2NRAY3 (2 (G§KS YI ydzFl OG dzZNB N

2.2.8. Arabidopsis genomic BA 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 metho(EdWards, Johnstone &
Thompson, 1991yith some minor alterations. A single seedling or leaf was homaegénn

250> [extraction buffer (200 mM Tris HCI pH 7.5, 250 mM NacCl, 25 mM EDTA pH 8.0 and
0.5% (W/v) SDS)ina YA ONR OSY (i NA Fdz3S §(GdzoS yR KSIGSR |
extracted by adding an equal volume of chloroform, mixing well and tentrifuging at
10000 xg for 10min. 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 incubatingiat ¢ /  &agt MJholur(iThé DNA was
pelleted by centrifugation at 1000 xg 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[TE buffer (10 mM Tris HCI pH 8.0 and 1 mM
EDTA, pH 8.0). All DNA was storeelati ¢ /| &
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2.2.9. RNAextractionand cDNA synthesis

2.2.9.1. RNA extraction

Total RNA was extracted from plant tissue using TRRedgent (Thermo Fisher Scientific,
Massachusetts, USA). Plant tissue was harvested, and flash frozen immediately in liquid
nitrogen.Followingsalt assaysayhole surviving seedlings were pool@d a mass of ~100 mg)

in triplicate for each NaCl concentran for RNA extractiorf-or 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 tissueFor assessing gene expression in transgenic lines, poolk5-@6 whole
surviving seedlings from PN plat@s a total mass of ~100 mg)r three whole leaves from
different plants grown in soil were used. The exact samples for each experiment are described
in the results section (2.3For each sample approximately 100ng of plant tissue was
homogenised in InL TRIzol in a 1.BL microcentrifuge tube using miniature steel balls
(Bearing Man Group, Cape Town, South Africa) and a paint shak&O(®Ghaker, lbid
Management, USA) for four minutes. Following homogenisation, total RNA was extracted
FOO2NRAY3 (2 GKS Y(Thedud Fishéer SdieBtidMassaActizsaRsS USAY, S a
The extracted RNA was resuspended in &7[bucleasefree HO and incubatd in a heating

block for 1015 min at 6@ until fully resuspended. All RNA was stored8tis /

2.2.9.2. DNase treatment and RNA clean up

Extracted RNA was DNaseated using the RNadéree DNase set (Qiagen, Germany)
FOO2NRAY3I (2 GKS YISaoxzFledtly,debld&updaEs perfyimeall Nsiad ( A 2 v &
the RNeasa A YA YAU O6vAlF3ASysS DSNXIyeéu | OO2NRAY3
Following RNA binding and subsequent washing of the column membrane, the cofasnn

placed into a clean 1.BL microcentrifuge tube and 36 [of RNasdree HO was added

directly to the spin column membrane followed by centrifugation for 1 mi8@Q20x g to

elute the RNA. The elution step was repeated into the same microcentrifuige with

another30> [of RNasdree HO 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

¢CKS wb! ljdzrydAade FyR |jdz £ A G &10@0Speédrophofométer 8 SR dz
(Thermo ksher Scientific, Massachusetts, USAhe o©ncentration was determined by
measuring the optical density of the samples using a wavelength of 26@iherne an Ok

2T wm Sl dzI Gnf%for RRA Ta assess 3he quality of the RNA, the ratio of the
ODeoODzgog & |yt 2aASR 6KSNB Iy | 0a2NblyOS NI GAz2
guality to use for downstream applications. The RNA quality was further assessed by analysing
GKS Nwb! o6FyRa FFFGSNI 38t St SO0NPWKagEBseA & d Cz
gel as desdoed in 2.2.13If clear rRNA bands were seen with no smearing, the RNA was

considered high enough quality for downstream applications.

2.2.9.4. cDNA synthesis

C2NJ a4l YLX Sa RSGSNX¥YAYSR (2 KI @S IwvaSipwakeiS | dz
transcribed into firsta G N YR O5b! dzaAy3d (GKS { dzLJSNJ ONR LJIG
OCKSN)Y2 CAAKSNI {OASYUGAFTAO: al aal OKdzaSiddasz ! {
Briefly, >3 2F wb! g &3 fer$ynin iogethd ith 30Qing oligo(dT) primers

and 2 mM dNTPs (Kapa Biosystems, Cape Town, South Africa) in a total volum€d &fftE3

denaturing, samples were snap cooled at 4or at least 1 min. To each samplex Eirst

Strand buffer, 5nM dithiothreitol (DT and 200 ! { dzLJSNJ ONR LJix LLL NB
enzyme was added and mixed by pipetting. Samples were then incubated ata2% min,

603 for 1 hour and then 78 for 15 min. All heating/cooling steps were performed in a Gene

Amp PCR system 2700 (Applied Biosgsy an > C2adSNJ / AGezs {10 2NJ

Cycler (AppliedBiosf SYan s C2a0GSNJ/AGez ! {!' 0o

2.2.10. Primer design

Primers were designed and evaluated using NCBI PBbhAST software
(https://lwww.ncbi.nlm.nih.gov/tools/primerblast/) 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 exaxon junction so that amplification would only be possible

from cDNA templates to avoid detiy any genomic DNA contamination. Primers for

Gatewaycloning were designed based off recommendations in the Gat&Waghnology
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YIydzt £ 0LJzf AOFGA2Y y2&®& albnannHyHI LYy@AGNR

Scientific, Massachusetts, USA).

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

lff t/wa 6SNB LISNF2NX¥SR Ay (KS DSyS !'YL) t/ w
[ AGeT {10 2NJAY (GKS {AYLX &!ISWLEwm = ¢ ICEZNNISINI // 8 C
Three different &g polymerases were usedepending on the primers and purpose of the
PCRThese were the Supdiherm Taq Polymerase kit, the KAPA Tag ReadyMix PCR kit, and

the KAPA HiFi HotStart ReadyMix PCRTkigprimers used are listed in Tali?el along with

the specific Taq used, the annealing temperatuf&) and the amplicon size§he PCR
amplifications were performed in 29 [reaction volumesFor all PCRs using plasmid DNA, 10

ng of template was used. For all colony PCRs, a small amount of a single baultamaivas

added using a sterile 19 [pipette tip. When Arabidopsis DNA was being amplified, [ilvas

used as template.

2.2.11.1. SupefTherm Taq Polymerase kit

The SupeiTherm Tag 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 Mg€50 uM dNTPs and 400/ of each
primer. Amplification conditions included an initial DNA denaturatiep sit 948 for 5 min,
followed by 3640 cycles of denaturation at 34 for 15 sec, primer annealing af for 30 sec

and elongation at 72 (allowing 30 sec per 1 kb amplifiedA final elongation step was

included at 72 for 10 min.

2.2.11.2 KAPA Tad&eadyMix PCR kit

The KAPA Taq ReadyMix PCRMdr¢k, Germany was used for general PCRs (including
genotyping, primer optimisation, etc.). Typically, the reaction consisted of 1 x KAPA Taq
ReadyMix (with Mgght 1.5 mM) and 400 nM of each primer. Amighition conditions
included an initial DNA denaturation step at395or 3 min, followed by 3@0 cycles of
denaturation at 958 for 30 sec, primer annealing at for 30 sec and elongation at 32

allowing 1 min per 1 kb amplified. A final elongation stegswcluded at 72 for 2 min.
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2.2.11.3. KAPA HiFi HotStart ReadyMix PCR kit

The KAPA HiFi HotStart ReadyMix PCR&adhe Switzerlangl was used for PCRs to generate
products with a low error rate for downstream applications including cloning and setngn
Typically, the reaction consisted of 1 x KAPA HiFi HotStart ReadyMix (wittaMgG6ImM)

and 300 nM of each primer. Amplification conditions included an initial DNA denaturation
step at 98 for 3 min, followed by 3@0 cycles of denaturation at 33 for 20 sec, primer
annealing at Ifor 15 sec and elongation at 32 allowing 30 sec per 1 kb amplified. A final

elongation step was included at 72for 2 min

2.2.12. Gene expression analysis by-8PCR

For all RQPCR experiments, the KAPA S3BRSUniversal gPCR ki¥ierck Germany was

dza SR | OO02NRAY 3 (2 (K @ithoatthe doblitiod af BNIRAXHigh/BodzA RS £ A
Experiments were conducted using a Corbett Ré@eane 6000 HRM Real Time PCR machine
(Qiagen, Germany) using ti@lowing parameters: one cycle at 95for 3 min followed by

40 cycles of 95 for 3 sec, 68 for 20 sec and 72 for 1 sec. A final elongation step was
included at 72 for 90 sec. Three technical replicates of eatthe threebiological replicatse

were performed for all the RGPCR experiments. Quality control and analyses were
performed using the RoteGene 6000 Series Software Version 1.7. Runs wesmed
successful if a single peak was observed in the melt curve, indicating a single product was
being amplified. A standard cievmade using serially diluted cDNéomprising off all the
samples in a particular experimentjth an efficiency between 0.9 and 1.1 and awvRlue
greater than 0.97 was considered sufficient for further analyses. ThgPRR data was
exported to Microsoft Excel faanalysis whereby the calculated concentrations/expression
values extrapolated from the RGPCR standard curyvevere normalized by dividing the
calculated concentratioof the gene of interest by thealculatal concentrationof the A.
thalianaMONENSIN SENSITIVIXMON1, AT2G28390) reference ge(idong et al., 2010)

2.2.13. Visualisation of nucleic acids by gel electrophoresis

Tovisualise the results ofraendpoint PCR, DNA fragments were separated by agarose gel
electrophoresisTheDNA samples in 1 x loading buffdiluted from 6X stock solutiof®.25%
(w/v) bromophenol blue, 40% (w/v) sucrose) were loaded on2%dagarose gks (w/v) (1%

for amplicons > 500 bp, 2% for amplicons < 50Prhade up in XTrisAcetate (TAE) buffer
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(EtBr) and electrophoresed in the sam¢TIAE running buffer. BNAladder was included in

each gel to determine the size of the amplicons. Electrophoresed DNA fragments were
Gradz- f AASR YR LK2G23IN}LKSR 2y | AK2NI g
transilluminator (Bio Rad Laboratories, UK). &arision of DNA bands from an agarose gel,

visualisation was performed with a long wavelength (365 bM)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 Geland PCR Cldanhd { @ adGSY ot N2YS3AFT !'{1 0 I OO02NF
guidelines. DNA was eluted in 30[nucleasefree HO when purified from gel slices instead

of 50> [asrecommendedn 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
jdzl yGAGE FyR ljdzk £ A ( &00@zspicyfaphotdbmetdr [(TYiedrBoNEshén b 5
Scientific, Massachusetts, USM)e oncentration of the DNA was determiddoy measuring

the optical density of the samples using a wavelength of 260 nm where s @R equates

to 50> Il for double stranded DNA. To assess the quality of the DNA, the ratio of the
ODsd/OD2goWas analyseds the Obxois indicative oprotein contamination. A absorbance

NFGA2 2F xmdy gl a O2yaAiARSNBR G2 6S KAIK Sy2d

2.2.16. DNA sequencing and analysis

5b! &S1dzSyOAy3a 61 & LISNF2NY¥YSR 2y +y ! . LoTonEf
City, USA) at the Central Analytical Facility at Stellenbosch University, South Africa. The
sequence data obtained was then analysed using Chrquaasion 2.33Techneysium Pty

Ltd, Australia) and DNAMAN (version 4.1.2.1, Lynnon BioSoft, USA) software. The primers

used for sequencing are listedtiable2.1.
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2.2.17. Gateway Cloning Technology

2.2.17.1. Gateway vectors used

To generate an overexpression clone, twat&vaycompatible vectors were used. The
LIShbwuruum R2Yy 2N @SOG2N) g a 200K AYSR FTNBY ¢KS
and the pB2GW?7 destination vect@i{arimi, Inzé & Depicker, 200&as 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)AiMYB30and AtMYB2 were amplified using primers

containing flankingattB sites (table 2.1) and purifiedh BP recombination reaction was
performed to transfer theAtMYB30or AtMYB2CDSespectivelyfrom the attB PCR product

G2 0KS LB hbwuHum R2at2 NAPEOE @ NI D O MWBIYRA3F A ¥ 3 LIS
and pDONR224-AtMYB2entry clone.The BP recombination reaction was performed using

the Gatewa§BP Clonase Il enzyme rapcording to the manufadzNB N &  A(YharimdNJHzO G A 2
Fisher Scientific, Massachusetts, USpgecifically150 ng of pPDONR221 and 50 fmol of PCR
product were added. FattB1-AtMYB2attB2with a size of 883 bp, this equated to 2§ of

DNA, and foattB1-AtMYB30GattB2with a size of 1033, this was 36 mgter completion of

0KS .t NBI Oidréactighproduct wa$ tra@sfbrmédKng competeri. coli5 | p b

The entry clons contained the AtMYB30or AtMYB2CDSespectivelyflanked byattL sites

and M13 primer binding site3he M13 primers (found itable2.1) were used for sequencing
PCRconfirmed entry clonedo ensure that the CDS was correctly amplified with no base

changes, and that thattL sites were formed correctly on either side of tBBS.

2.2.17.3. LR recombination reactions

A LR recombination reaction was used to transfer #&iMYB30and AtMYB2CDS from a
sequenceverifiedLJ5 h b w wAMIYYB30and pDONR224-AtMYB2entry clonerespectively

to the pPB2GW?7 destination vector (containiagRsites) to createhe pB2GW7AtMYB3and
pB2GW7AtMYB2expression clong The LR recombination reaction was performed using the
Gateway LR Clonase Il enzyme niixOO2 NRAYy 3 G2 (GKS Y I (Yheérmd Ol dzNB
Fisher Scientific, Massachusetts, US2r each LR Clonase reaction, 150 ng of pB2GW7
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to 140 ng for the pDONR22MYB2entry vector, and 110 ng for the pDONR2&MYB30

entry vector.{ dzo & S |j dzS yofithe&esultimg LR fecombination reaction product was
transformed into competenk. coli5 | p The expression cloneontained the AtMYB30or
AtMYB2CDSespectivelydownstream of the Cauliflower Mosaic Virus (CaMV) 35S promoter.

The presence of the iest was confirmed by PCR analysis.

2.2.18. Bacterial work inEscherichia coli

2.2.18.1. E. coligrowth

E. coliwas cultured in Luriertani (LB) mediun{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 kanamyciugs@l), used fo entry
clone screening, and spectinomycin (100mgy, used for expression clone screeniig.coli

gl a OdzZ G dzZNB R witlibut shaking for pl&ies hiddith Shiking at 8 rpm for liquid

cultures.

2.2.18.2. Preparation ofthemicallycompetentE coli

A5mLLB cultureoE.colb | ph gl & AyOdzol SR 4 oTte/ @GAOK &
day, 2mLwas subcultured into 250mL LB media supplemented with 20 mM MgSand
incubated at 37°C with shakingtil reachingan ORoo of 0.4 to 0.6. Cis were pelleted by
centrifugation at 5000 > ¥ 2 NJ p YA Y theniresusgendzd int 0L ice-cold
transformationbuffer 1 (TFB1§30 mM potassium acetate, 100 mM RbCI, 10 mM £A&0,

50 mM MnCl.4H0, 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
mLice-cold transformation buffer 2 TFB2 (10 mM MOPS, 10 mM RbCI, 75 mM a&i0,

15% (v/v) glycerol, pH 6.8) and incubated on ice for 60 min. Cells were then divided into 100
> [aliquots in microcentrifuge tubes and immediately frozen in liquid nitrogen. The cells were

storedaty ne/ ®
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2.2.18.3. Transformation of competenE. coli

Ina microcentrifuge tubeyt  of BP or LR reaction sampte 150 ng plasmid DNA khown
concentrationwas mixed with 50> [of competentE. colicells and incubated on ice for 30

YAYD® ¢KS OSffa 6SNB (KSy KSI (G akate€todcRforl & nHe
2 min. Thereafter, 956 [room temperate LB was pipetted into the mixture before it was
AyOdzo I 6 SR (i o080 for®G niirk Tha délls {vereyfrign dlaied onto selective

LBagar media as desbed in 2.2.18.1 and grond& @ S Ny A 3 KQomgetént aelis without

the addition of plasmid DNA were used as a control for antibiotic selection. Transformants

were screened by colony PCR (as describ@d2ril and overnight cultures were preparged

from which glycerol stocks e positive transformants were generated by combining 500

> [of overnight bacterial culture with 508 [50% (v/v) glycerol. These were storedhyatn ¢ /| @

2.2.19. Bacterial work inAgrobacterium tumefaciens

2.2.19.1. Agrobacteriumgrowth

TheA. tumefaciensGV3101strain (Holsters et al., 1980)as cultued in LuriaBertani (LB)
medium(Sambrook, Fritsch & Maniatis, 19&9)pplemented with appropriate antibiotics for

bacterial and plasmid selection. Solid media contained 1.5% (w/v) agar. The antibiotics used

for selection includd gentamycin (15g/mL) and rifampicin (150 pugil), used for selection

of A.tumefaciensgGV310] as well as spectinomycin (100 pd) for selection of thepB2GW7

expression clone. Unless otherwise statkgllid Agrobacteriuncultures were incubated for

twodayst & one/ & ASQrEm, @hkreakchltfresom LB 31 NJ 6 SNBE Ay Odzo | (0 ¢
for 2-3 dayswithout shaking.

2.2.19.2. Preparation othemicallycompetent Agrobacterium

A single colony of. tumefaciens$GV3101 was inoculated into I0L yeast extract peptone

(YEP) media (1% w/v peptone, 1% wi/v yeast extract, 0.5% w/v NaCl) supplemettted wi
100pg/mLNA FIF YLIAOAY YR Ay Odzo |l (SR 8RrghSTNgTal@iag | i o
day, 2mL was subcultured into 50mL fresh YEP media with antibiotic selection. This was
AyOdzo I SR G one/ e60h0BKo 1D Was teAcied. Thizyultird wad thyen h 5
chilled on ice before the cells were pelleted by centrifugation at 3092 NJ p YAY | nq

supernatant was discarded before the cells were resuspended nnL ice-cold 20 mM
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CaCGl.2H0. Cells were therlivided into 100> [aliquots in microcentrifuge tubes and

immediately frozen in liquid nitrogen. The cells were storedyati 6 /| &

2.2.19.3. Transformation of competenAgrobacterium

PlasmidDNAOG H p 4 |lg fof pB2GWAtMYB2 3.7 ug for pB2GWAtMYB30Q 5 ug for

pB2GW7 was added to 10& [of frozen competentA.tumefacienscells. The mixture was

GKSY AyOdzmtGSR Ay | 61 GSN) oFdK +G ote/ F2NJ
Thereafter, 900> [room temperature LB was pipetted into the mixtubefore incubation at

one/ BAGK AKF1AYy3a F2N ¢ Kti2 skNdEve LBg $nedddpd £ & ¢ S|
incubated at 3@C for 23 days until colonies appeargds described i12.2.19.1 Competent

cells without the addition of plasmid DNA were usasl a control for antibiotic selection.
Transformants were screened by colony PCR (as descrit#ed.id) and overnight cultures

were prepared from which glycerol stocks of the positive transformants were generated.

These were storeday ne / @

2.2.20. Fbral-dip transformation of Arabidopsis plants

Agrobacteriuramediated stable transformation of Arabidopsis is based on the floral dip
method described by Clough and B€®998) 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 peparation

For each construct to be dipped, 25 Arabidopsis@plants weregrown 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 theft until they
displayed the maximum number of flowers with no siliques, which took approximately 10

more days.

2.2.20.2. Agrobacteriumpreparation

Successfully transformefl. tumefaciengpB2GW7AtMYB2pB2GW7AtMYB3( stored asa

glycerol stock was streaked onto selectivedgarl YR aINB gy |0 one/ F2NJ
colony was then inoculated intomLd St SOGA GBS [ . fAljdzZAR YSRAI Iy
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shakingat 80 rpmfor 2 days. Thereafter, the entirerBLculture was usedtb inoculate a large

scale culture of 50Lselective LB liquid media which was incubated overnight with shaking

Fd one/ ® [/ Stfta 66SNB KI N$oiaib &iR at dodm t€ntpgratueh F dz3 | {
and resuspended in 250L5 % (w/v) sucrose contdimg 0.05% Silwet-L7 surfactant (Lehle

Seeds, Round Rock, USA). The same procedure was followeddarefaciengpB2GW7jo

create an empty vector control in the Arabidopsis-Calcotype.

2.2.20.3. Floral dip

The aerial parts of the plants were submerged in thgrobacteriumcellsuspension 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 groatimr: The next

day, the plants were uncovered and placed upright. Plants were watered from balwiv

covered with araconsgnd allowed to set seed before drying down.

2.2.20.4. Isolation of transformed lines

The T seed was collected from the dippedflants, surface sterilised and plated on-Bgar
(asdescribed in 2.2.4upplemented with 10 pghLglufosinate ammonium (GFSA)sing the
floral-dip method, the expected transformation efficiency was 0.01, meaning that 1/100 T1
seeds were expected to heansgenic 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 genbtgpstormed
individuals, containing th&alaphos acetyltransferag@ar) gene from the pB2GW?7 vector,
are resistantto GFSAthe main active compound of the Basta herbicide. Seedlings on PN
media served as a control to check germination efficiency. Afterldldays, resistant
individuals were identified and transplanted onto soil. When the plants wWleseeks old, a

leaf sample was taken fdDNA extraction an®CRanalysido confirm the presence of thBar

gene. Confirmed transformants were allowed to grow to maturity andfeetilise.

The T2 seed from theTl plantswas thencollected and surface sterilised beforeeening on
GFSA and P(dontrol) plates to determine the segregation ratios. Fifty seeds were plated on
eachtype of mediain duplicate, for each line. After 414 days four of the GFSAesistant R
seedlings, which could be heterozygous or homozygaassgenic, were transplanted onto

soil. The screening was repeated in thabsequentT3 generation to identify homozygous
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transgenic lines having 100% resistance to GFSA. For each identified potentially homozygous
line, 20 seedlings werdarvested randamly off the untreated PN plates, to confirm
homozygosity by PCR. A line was determined to be homozygadyishi# same number of
seedlings survived on the PN plates and the GFSA (tigtebservation of the development

of true leavesas well as a lack ofsual yellowing associated with GFi8duced plant death

and 2)all 20 of the seedlings from untreated PN platested positive for a PCR product using

the P35S forward andtMYB30or AtMYB2reverse primergespectivelyor the Bar primer

pair (in the casef the empty vector control linesjgble2.1).

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 projectror this, data frona microarray experiment conducted by

Dr Lara Donaldson &ing Abdullah University of Science and TechnolggyUS) was
obtained(Cackett et al., 2022)nthis experimentArabidopsisCol0 was grown for two weeks

in petri dishes on Pidgar (6% wi/v) supplemented with 0, 50, 75, 100 or 125 mM NaCl-or iso
osmolar concentrations of sorbitol (0, 100, 150, 200 or 250 mM sorbltoed .experiment was
conducted three times to get threiedeperdent biological replicatesith each sample being

a pool of approximately 50 seedlinghe RNA from these seedlings was extracted and
submitted to the genomics facility #AUSTWhere they performed a microarray experiment
using the Arabidopsis (V4) Gekgpression Microarray, 4x44k microarray chip by Agilent
Technologies (California, USA). The microarray data quasitile normalisedby Carlo
CannistraciDuring this project,his dataset was used for candidate gene expression analysis
using Microsoft Exdgwhereby the average normalised counts and associated standard errors
were calculated from thendependent biological replicates for each treatniehhis data was

then used to plot graphs in Microsoft Excel.

2.2.22. Statistics

All statistical analysewere performed using TIBGG (G F GA &G A Ol u GSNBRAZ2Y ™
Microsoft ExcelFor most experiments, ree-way analysis of variance (ANOM&3ts were

performed in Statisticaand significantly different mean values identified iyA & K SN a f S|
significant difference (LSPpsthoc analysisLetters 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, twetailed homoscedastictests were performed in Microsoft Egic Where linear
relationships were observed and scatter plots were used, Microsoft Excel was used to test for
significant differences in the regression slop&®r all analyses, gd I t dz8.65 wite

considered significant.

2.2.23. Bioinformatics

2.2.231. TFBSdentification and visualisation

The Athena analysis suitiet{p://www.bioinformatics2.wsu.edu/Athenpo h Q/ 2 Yy Y2 NE 5 & N.
& Wyrick, 2005)The Arabidopsis Gene Regulatory Information Server (ABRIS//agris-
knowledgebase.org/AtcisDB(Davuluri et al., 2003and the Plant Os-acting regulatory

Hement database (PLACH}tps://www.dna.affrc.go.jp/PLACE/?action=nplace (Higo et

al., 1999)were used for identification and visualisationa$regulatory promoter elements,

including TFBS, in thvitrilase 2promoter.

2.2.232. Transcription factor identification from gene lists

The Plant Transcription factor & Protein Kinase Identifier and Classifi@iTAK;
http://itak.feilab.net/cgi-bin/itak/online_itak.cg) (Zheng et al., 2016)as used to identify

OGNl YAONRLIIA2Y FI OG2NA LINBafidi Ay GKS ftArAad 27
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Table2.1: The primers used in this chaptef:forward primer, R: reverse primer

Primer name t NAYSNI aSjaeSyO0S 6pQ REsEE: ARG Function PCR kit Ta
(if applicable) size (bp)
gAtNit2 F CTCCCGCCACTCTAGAAAAG
GAINIZR AT AGOAGAAGCATOGTACTTGE Cackett, 2019 185 RTQPCR | SYBRBAST| c ne
gAtMYB3(F CAGACAAGGCGATGGCGATA
gAtMYB3®R GCTTTCTCTCAAGGGTTTCTGGGT 201 RFGPCR | SYBREAST) ¢ ne
gAtMYB2F CAATCCTAGTCAACTTCGTCTC
gAtMYBR AATCTTCGACCACCTATTGCC 209 RFGPCR | SYBRBAST| ¢ ne
AtMON1F CAGACAAGGCGATGGCGATA Hong et al., 244 RTQPCR | SYBRBAST| c ne
AtMON1R GCTTTCTCTCAAGGGTTTCTGGGT 2010 PCR | SuperTherm| pp e
AtMYB3CFL F ATGGTGAGGCCTCCTTGT gDNA: 1414 o o Kana RM ]
AtMYB3(FL R TCAGAAGAAATTAGTGTTTTCATCC cDNA: 972 P PP
AtMYB3@attB1 F | ggggacaagtttgtacaaaaaagcaggcttcATGGTGAGGCCTCCTTG* 1033 Clonin KapaHiFi | THSg
AtMYB36attB2 R | ggggaccactttgtacaagaaagctgggtcTCAGAAGAAATTAGTGTTTT 9 Kapa RM ppe
AtMYB2attB1 F | ggggacaagttitgtacaaaaaagcaggcttcATGGAAGATTACGAGCG* 883 Clonin KapaHiFi | THG®
AtMYB2attB2 R ggggaccactttgtacaagaaagctgggtcTTAATTATACGAATACGAT( 9 Kapa RM pne
M13 F GTAAAACGACGGCCAG nvitrogen ) Sequencin ] ]
M13 R CAGGAAACAGCTATGAC g q g
barF AAGTCCAGCTGCCAGAAACC Dr Lara .
bar R GAACTGACAGAACCGCAACG Donaldson 733 Genotyping|  KapaRM | p T ¢
Dr Lara

P35 AATATCGGGAAACCTCCTCG .
AtMYB36attB2 R | ggggaccactttgtacaagaaagctggi@AGAAGAAATTAGTGTTTTCA ?Sg;;dsgg 1450 Genotyping|  Kapa RM poe
P35 AATATCGGGAAACCTCCTCG Dr Lara
AtMYB2attB2 R ggggaccactttgtacaagaaagctgggtcTTAATTATACGAATACGATG ?Sg:i‘;d:sg 1300 Genotyping|  Kapa RM poe

* 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 ofTFBSn the Nitrilase 2promoter

In order to determine what TFBSe contained within theAtNit2 promoter, the putative
promoter region, 1 kb upstream from th&tNit2 translation start site, was analyséul silico
using a combination of Athena h Q/ 2 Yy 2 Nk
1999) Table 2.2 shows that there were 12 predicted TFBS identifimtably, five

MYELOBLASTOSIS (MYBBS were present in this region, and these are represented

5 & NB aPLAGKHoReNa., O | =

schematically in figure 2.1, and are shown in the promoter sequanegpendix figure &.

Additionally, the IBOXCORE motifingolved in binding of MYB factors of ligielgulated
genes in tomatqCzemmel et al., 200@nd may be an additional site at which MYBs can

bind to the AtNit2 promoter. Overall, this analysis suggests a potential role for one or more

MYB TFs iAtNit2 regulation.

Table 2.2: TFBS present in 1 kb upstreaniaflit2

Binding site name

# of sites in 1kb

as per Athena/PLACE Motif Site in ANit2 upstream ofAtNit2 Strand
MYB1AT (A/T)AACCA TAACCA 1 +
MYB2AT/MYB2CONSENSUSA  (T/C)AAC(T/G)G TAAC(T/G)G 2 +
MYB4 binding site A(A/C)C(AIT)A(AIC)C ACCAAAC 1 +
MYBCOREATCYCB1 AACGG AACGG 1 +
GAREAT (Gresponsive element) TAACAA(A/IG) TAACAAA 1 +
IBOXCORE GATAA GATAA 1 +
TATABOX2 TATAAAT TATAAAT 1 +
TATABOX3 TATTAAT TATTAAT 1 +
TATABOX5 TTATTT TTATTT 1 +
GATABOX TGATAA TGATAA 1 +

WBOXNTERF3 TGAC(CIT) TGAC(CIT) 2 T

Bellringer/replumless/ AAATTAAA AAATTAAA 5 N

pennywise BS1 IN AG
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- I atni2 -
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-1000 MYB1AT

500 bp

Hgure 2.1: Schematic showing the presence of MYB binding sites inAlMit2 promoter

In this schematic, theAtNit2 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 positidbhe MYB1AT binding site (reid)present at
position-89 in theAtNit2 promoter, with the MYB2CONSENSUSAT sites (blue), the MYBCOREATCYCBL1
(vellow) site and the MYB4 binding site (green) present at positit6g, -733, -824 and-995

respectively.

2.3.1.2. Analysis of Fsupregulated in response to NaCl early development

As the MYB TF superfamily is very large (198 genes) and functionally diwvandeii et al.,
2006; Dubos et al., 201,0f was important to narrow down a list of candidate MYB TFs for
further characterisationAlthough TFscan regulate genexpressionn response tocertain
conditionsand notthemselvesde transcriptionally regulatecan easy way of narrowing down
candidateMYB TFthat might regulateAtNit2 expression under saline conditions was to focus
on TFs upregulateg 2-fold in response to NaCl from the microarray. This list of genes was
searched using iTAKRheng et al., 2016dr knownTFsand the results can be seenappendix

table 6.1.

Of the 406 genes upregulateg2-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 Ratalds.
AtATAF2vas not differentially regulated under saline conditiohrgerestingly,onlytwo MYB

TFs were upregulated under saline conditiosMYB2 (AT2G4719D and AtMYB30
(AT3G28910). These TFs were selected for further analysis duéAtMYB2and AtMYB30

being able to potentially bind the MYB TFBS in Altit2 promoter, 2) previous research

showing thatAtMYB2regulatesthe expression of saltand dehydratiorresponsive genes
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(Yoo et al., 2005)and 3) previous research showing t#aMYB30is a direct targetof BRI
EMSSUPPRESSO@HES)andthat together they egulategenes induced byrassinosteroid
which cooperate with auxin to promote cell expansion and elongatiemhauser, Mockler
& Chory, 2004; Walcher & Nemhauser, 2012pecificallyAtMYB2is able to bind to the
Wa, . M! ¢Q Y2({uefal.012hd¥ !.0h! ¢ Q 0 A Y RA yUBo ét Al
1993) both present in the promoterregion of AtNit2. AtMYB30 has been shown to bind to

multiple different variations of(C/T)A(A/C)C(T/C/A)A(C/Aj@inno et al., 2019)including
A(A/C)CAAA(I et al., 2009; Liao, Zheng & Guo, 2@7)b 2 G 6 f 82X G KS Wa, . m! ¢
FYR GKS Wa,.n O0AYRAY3 &aaiiSepnfofratothisandeate bathk / 0/ 0O !

o ¢!

(0p))

present in thepromoter of AtNit2.

In order tovalidate the microarray showing that these TFs increase in expression in response
to NaC|] Arabidopsis Ced was grown for two weeks in petri dishes control PN-agar, or
PNagarsupplemented with 50, 75, 100 or 125 mM @Gleor isc-osmolar concentrations of
sorbitol (100, 150, 200 or 250 mM sorbitod) mimic the growth of the plants used in the
microarray experimenfCackett et al., 2022pfter two weeks, RGPCR was used to analyse

AtMYB2, AtMYB38and AtNit2 geneexpression using the gPCR primers listed in table 2.1.

Figure 2.2A shows that in the microarray experimektiylYB2expression was significantly
higher in all NaCl treatments, dri50, 200 and 250 mM sorbitol, compared to the untreated
control. Additionally, the expression &iMYB2was higher in 125 mM NaCl than in the lower
NaCl concentrations. Similarly, figure 2.2B shows that in thgHIR experimenAtMYB2

expression was ghest in the 125 mM NaCl treatment.

Figure 2.2C shows thatMYB30expression was upregulated in the microarray experiment,
specifically in response to increasing concentrations of NacCl, in addpsndent manner.

The fold change induction @&tMYB30was significantly higher in all NaCl concentrations
compared to the untreated control, and iszsmolar sorbitol treatments. This result was not
validated in the RFGPCR experiment in figure 2.2D as there was no significant difference

between any of the treatrantsand the control

Becausewe were unable to confirnthe salt specific expression étMYB30 RFqPCR was
also used to validat&tNit2 expressionn the same sampleto ensure that the plants were

responding in the same way to sak in the original microarray. Figure 2.2E shows Athlit2
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gene expression was significantly upregulated in a dteendent manner in response to

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

gPCR. Overdl, the microarray results suggest th&tMYB2, AtMYB3@nd AtNit2 are

upregulated in a dosdependent manner under saline conditions. ThegRTR experiments

were only able to validate thaktNit2 expressionand thatAtMYB2s upregulated in response

to 125mM NaClHowever, aAtMYB30is known to be an auxin response gette role of

both AtMYB2and AtMYB30in the plant response to salt stress was further characterised

using a functional genetics approach.
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Figure 2.2: The expression @itMYB2 AtMYB30and AtNit2 in Arabidopsis CeD plants

exposed to NaCl early in development

Gene expressiowas determined in Arabidopsis @keedlings growim petri dishes on control RN

agarand PN supplemented with different concentrations of NaCl oroswolar sorbitol for two
weeks Genes includeAtMYB2 (A and B), AtMYB30(C and D), and AtNit2 (Eand F. The RIgPCR

experiments B, Dand P were used to validate the results obtained from the microaridyJandE).

All results are shown as an averdgéd change relative to the untreated control. The average was

calculated from threeindependent biologicasamples.Different letters on the graphs indicate

AAIYATFAOIYH RAFTFSNBYOS:H

0L XX ndnpdo

analysis following a oneay ANOVA. Error bars indicate standard error. Black bar: untreated control,

grey bars: NaCl treatments, white bars: sorbitol treatments. ThgfROR results for each gene were

normalised to the AtMON1reference gene.
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2.3.2 Generation of homozygoustMYB2and AtMYB30overexpressing lines

2.32.1. TheAtMYB2and AtMYB30overexpression constructs

Overexpression ohtNit2 in Arabidopsis improves salt toleranas its growth is less inhibited

by saline conditions and it has improved ion homeost@Sackett et al., 20220 determine

whether an increase iIAtMYB2or AtMYB30expression alterexpressiorof AtNit2, and/or

affects Arabidopsis salt tolerancgtably transformedArabidopsis lines overexpressing each

MYB transcription factor were generated.

GatewayCloning Technology was used to claech of theAtMYB2and AtMYB30coding
sequencs (CDSntothe LI5S h b wu H H M S ¥fi@MRER @rSinatdriNaidd sequencing
using the CDS flanking M13 primers (table 2.1), Ai®YB2and AtMYB30CDS was

transferred into the pB2GW?7 Arabidopsis expression vector, downstream of the constitutive

Cauliflower Mosaic Virus 35S promoter, creating pB2G\WIYB2 (figure 2.3A) and
pB2GW7AtMYB3(Q(figure 2.3B) respectively. These constructs were transformedEntmoli

51 ph YR 02f2yASa 6SNB &aONBSYySR

confirmed plasmid DNA was then transformed imgrobacterium

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)

Figure2.3: Map of pB2GW+AtMYB2and pB2GW7AtMYB30generated via Gateway cloning
Expression of thé) AtMYB2and B) AtMYB30coding sequenceQD$ is driven by the constitutive
Cauliflower Mosai¥irus 35S promotei353 and terminated by the 35S terminator sequentag3.
Antibiotic ®lection of the plasmid in positiie. colandA. tumefaciensransformants is made possible

by the spectinomycin resistance gen8p. Thebialaphos acetyltransfase gene (Bar) confers
resistance to glufosinate ammonium which allows for selection of positive Arabidopsis transformants.
The region between thé&eft border andright border inserts randomly into the Arabidopsis genome
via Agrobacteriuramediated floraldip transformation. The primers used for selectionbaicterial
transformantsand transgenicArabidopsis lines are shown by arrows inside the vector and are

described in Tablg.1.

2.32.2. Transformation of Arabidopsis with pB2GWAtMYB2and pB2GW7AtMYB30

The pB2GWAIMYB2 and pB2GW-AtMYB30 plasmids were transformed into
Agrobacterium and a colony PCR was conducted on six colonies that grew on selective media
using the35S promoter forward primer anthe AtMYB2or AtMYB30attB2 reversegrimer
respectively @ble 2.1, figure 2.3) Additionally, the pB2GW?7 vector was transformed into
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Agrobacterium as an empty vectdeV)control. A colony PCR was conducted on these

colonies using th&arprimer pair.

Figure 2.4 shows thatlaAgrobacterium colonies and the positive control for each expression
vector respectivelfhad a single, definedmpliconat approximately the correct size @B00

bp for AtMYB2(figure 2.4A) and 1450 bp fextMYB30(figure 2.4B), confirming that these
expression vectorfiad been successfully transformed indgrobacterium There were no
bands seen in thdO no template controls, as expectedll Agrobacterium colonies
transformed with EV DNA showed a band at the correct size foBtrgene (figure 2.4C).
The faintbands 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 dandpproximately kb and

1.5 kbcould be causedmplification ofAgrobacterium DNAYy the Barprimer pair aghese
bands are not seen in the positive control which contaip82GW7ZmNit2 plasmid DNA
(chapter 4, section 4.4.3)1A single Agrobacterium colony was selected for gaeimplel)

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




Figure2.4: PCReonfirmation of successfuhgrobacteriumtransformationswith pB2GW7
AtMYB2,pB2GW7AtMYB30and pB2GW7 empty vector

A colony PCR was performed on colonies fAartumefaciensransformed withA: pPB2GW7AtMYB2
using theP35S forward primer andtMYB2attB2 R primer with an expected amplicon si#el300
bp, B: pB2GW7AtMYB30,using the P35S forward primer atMYB30attB2 R primermwith an
expected amplicon size a#50bp, andC:empty pB2GW?7 vector, using tiBarprimer pair with an
expected amplicorsize of 733 bp. A no template® negativecontrol PCR reaction was includéed
each casewith pPB2GW7AIMYB2#1, pB2GW7AtMYB30 # and pB2GW?7 #ilasmid DNAsequence
verified after cloning intd. colj used as aemplate in eaclpositive control ) respectively The MW
marker included is the New England Biolabs QLm&kd®1 kb DNA ladder

After confirming positive Agrobacterium transformation with the expression clones
Agrobacteriuramediated floraidip transformation of ArabidopsisCol0 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 daym the selection plates (e.g., figu25) were

transferred onto soil.

on
ve
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Figure2.5: Example of a T1 seedling selected for analysis off of a GFSA selection plate
Seedscollected fromthe first transgenic generation J of the 35S:AtMYB2, 35S::AtMYB3hd
35SEV lineswere screened for survival on Rigar supplemented with 10 pgnL glufosinate
ammonium (GFSASeedlings were grown fdtl days beforeany healthy, potentially transgenic,
seedlings were identified and transferred to sdthe seedling circled in red is 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 SAnduced plant deattexhibited by
wild-type seedlings which do hgeontain theBargene From each transformed plant, 1@@eds 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 transgenees 2.6 and 2.7

show that several transgenic lines were isolated in the T1 generation for38&EV,
35S:AtMYB2and 35S:AtMYB3QArabidopsis genotypes respectively.

Figure 2.6A shows that six transgeBESEV (CaD) lines were isolated as they contained a
specific band amplified at the expected size, the same as the positive control, usiBgrthe
primer pair. One line (#20) contained no amplicon, but the other six lines Bih

amplification were selectetbr further analysis.

Figures 2.6B and 2.7A show that five transge36S::AtMYBdines were isolated that
contained both theBargene (Fig 2.12B) and th¢MYBZoding sequence downstream of the
35S promoter (Fig 2.7A). Only one line (#5) produced arlieompin theBar PCR but not in

the genespecific 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 transg&iu&::AtMYB30dines were isolated that
contained both theBargene (Fig 2.6C) and th¢MYB3@oding 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 wereesgtked for further analysis. All of the selected lines were then

allowed to grow to maturity to selfertilise 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

Figure2.6: Bar PCR confirmation oEV,35S::AtMYB2and 35S::AtMYB3@rabidopsislines

A PCR was performed on DNA extracted from potentially transgenic Arabidopsis plants usiag the
primer pair with an expected amplicon of 7BB. A: Seven potentiaB5SEV linesB: Six potential
35S::AtMYB#fnes.C:Ten potentiaB5S::AtMYB3bnes. Naemplate (HO) and Col0 negative control
PCR reactiswereincluded withsequenceverifiedpB2GW7AtMY R 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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Figure2.7: GenespecificPCR confirmatiosof 35S::AtMYB2nd 35S::AtMYB3@rabidopsis

lines

A PCR was performed on DNA extracted from potentially transgenic Arabidopsis plantbei§i8§S
forward primer anda genespecific reverse primeA: Six potentiaB5S::AtMYBfnes were evaluated
using theAtMYB2attB2reverse primer with an expected amplicon sizd890bp. Sequencererified
pB2GW7AtMYR plasmid DNAvas used as a positive contre).(B: Ten potentiaB5S::AtMYB30bnes
were evaluated using th&tMYB30attB2reverse primer with an expected amplicon sizel450bp.
ThepB2GW7AtMYB3(@#1 plasmid DNAvas used as a positive contre).(Ano templateH,O negative
control PCR reactiomvas includedin both. The MW marker included is the Thermo Scientific
GeneRuler 1 kb Plus DNA Ladder

2.3.2.3.Confirmation ofAtMYB2and AtMYB30overexpression

In the T2 generationGGFSA screening was used to identify lines which gave an approximate
3:1 ratioof transgenic lfeterozygous or homozygous) to Wahich would indicate a single
transgene insertion (appendbable 6.2). Several tansgenic seedlings (which were either
heterozygous or homozygouggr linewere pickedand transferred to soilAnother round of
GFSA @eening in the T3 generation led to identification of homozygous transgenic lines
which were then transferred to sofbr expression analysisnd to collect seed for future
phenotyping experimentd=or each of the homozygo®$S:AtMYB2, 35S::AtMYB2hd EV
lines, six leavesto leavesfrom three transferredplants per line) were pooled to form a
single tissue sample for RNA extraction and subsequent cDNA synthesiP.CRTwas
performed using theAtMYB2, AtMYB3and AtMON1reference gene gPCR primers listed in
table2.1. TheAtMYB2and AtMYB3@xpression values were normalisedAtVON1,and the

results are presented ifigure 2.8A and B respectively

Figure 2.8A and B show thaAtMYB2and AtMYB30expression levels the EV linesvere
comparableto Col0 WT, therefore indicating that these EV lines are appropriate for
downstream analyses. TI8/ line$.3and15.1 were selected for further analyss they had

the best germination frequencies and the most seedslalite.

Additionally, figure 2.8A shows thatl dhree 35S:AtMYB2lines analysed showed higher
AtMYB2levels than the EV linegnd thatthe expression varied between lineShis was

expected due to the nature of Arabidopsis flodip transformation, whee the transgene is
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inserted randomly into the Arabidopsis genome. This means that the transgenec@NA
have integrated near to or far from transcriptional activating elements or enhancens
different regulatory elements or epigenetic markers, whiabwd lead to variable expression
levels. Two overexpressor lines were selected to be carried forward based on having the

highestAtMYB2expressiorg, lines14.3and22.2.

Similarly, figure 2.8B shows that all fo@6S::AtMYB3dines analysed showed higher
AtMYB3devels than the EV linewjth varyingexpressiorievelsbetween linesLines 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 lin2.3 having a visibldwarf phenotype in older seedlindappendix
figure 63) that we thought might interfere with subsequent assays. As this line had the
highest AtMYB30expression, it was stillcarried forward for possible use in downstream

phenotypinghowever linesl6.2 and 23.2were analysed first.
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Figure 2.8: AtMYB2and AtMYB30gene expression in homozygous T3 plants

Arabidopsis plants were grown on Rigar supplemented with 1Qug/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 feg/RIR gene expression analysis. Expressidn of
AtMYB2and B: AtMYB30are shownrelative to theAtMON1reference gene.Col0 WT Arabidopsis

wasincluded as a control

For each of the selected lines, ten seedlings were harvested froagBNplates and used in
DNA extractions and PCR to confirm homozygosity. FOB3B&YV lines, PORas conducted
using theBarprimer pair (figure 2.9A). For tI85S::AtMYB2and35S::AtMYB30nes, PCR was
conducted using th85Spromoter forwardprimer and the genespecificattB reverse primer
respectively (figure 2.9B and C). All ten of the seedlirgs each line for each genotype
contained the specific transgene product and no amplicon was obtained i@ @Al or the
H>O negative controls. Along with the phenotype on selection plédesa not shown)this

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

A 355EV 6.3

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

1500
1000

500

Col-0 355EV15.1
Mv 1 2 3 1 2 3 4 5 6 7 8 9 10

bp
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B 355::MYB214.3

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

C 355::MYB302.3
MW + H,0 1
1500m
1000
500
Col-0 35::MYB3016.2

bMWl

1500

1000
500

35::MYB30 23.2

1500
1000
500

Figue 2.9: PCRonfirmation of EV,35S:AtMYB2and 35S::AtMYB3®omozygosity in the T3

generation

A PCR was performed on DNA extradtedh ten seedlings grown on PN plates used for screening T3
lines that were potentially homozygous for each genotyfselhe two EV lines were evaluated using
the Barprimer pair with an expected amplicon size of 733 bp with pB2@W¥FYB2plasmid DNA as
the positive control (+)B: The two35S::AtMYBHnes were evaluated using tHR35S forward primer
and AtMYB2attB2 reverseprimer with an expected amplicon size 1800bp with pB2GW7AtMYB2
plasmid DNA as the positive control (€).Thethree 35S::AtMYB3(ines were evaluated using the
P35S forward primer andtMYB30attB2 reverseprimer with an expected amplicon size B50bp



with pB2GW7AtMYB3(plasmid DNA as the positive control @nt0 WT DNA and a no templateO
PCR reactiowere used asegative contrain all PCRsThe MW marker included is the New England
Biolabs Quickoad®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, withdhene results observed where none of the lines

had any GFSiduced bleaching or death (data not showm)nfortunately, all seed of
35S::AtMYB30ne 2.3 had been losind asa result, the homozygous sibling 2.1 was used for
analysis Ten seedlings were aip 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 RIgPQR gene expression analysas performed to determine the variation in
expression in each line. The calculated concentratiortialfy B2and AtMYB30respectively

were normalised to théA\tMON1reference gene.

Figure 2.10A shows that there was no significzariation in expression AAtMYB2for each
OE line, and that both of th&sS::AtMYBRomozygou®Hines analysed showed significantly
higher AtMYB2expression than the EV lines which had virtuallyAtilY B2expression. This

equated to around a 236ld increase in both OE lines.

Figure 2.10B shows that there was significant variation betva&si: AtMYB30nes 16.2 and

23.2 with the former having the significantly high&tMYB30expression, and that both
35S::AtMYB3(lnes had significantly highé&tMYB30expression than the EV lines. Line 16.2
showed a fold change of 4.6 while line 23.2 only had af@db increase inAtMYB30
expression compared to the EV lines. Figud®C shows that expression AIMYB30was

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 2.10AtMYB2and AtMYB30gene epressionin homozygous T3 seedlings
Arabidopsisseedlingsvere grownon PNagarfor 11 days Tissuewas harvested and poolddr RNA
extraction and cDNA was synthesised forfRTRjene expressioanalysisThe results are an average
of three pools of tissugn=3).Expressionf AtMYB2(A) and AtMYB30(B and C)s shown relative to
the AtMONZ1reference gene.PanelsB and Cshow different35S::AtMYB30nes.Eror bars indicate
standard errorDifferent letters on the graphs indicate significant differenced{p05) in mean values

as determined by a oneay ANOVA with Fisher LSD pbst analysis.

69



2.3.3 Functional characterisation aAtMYB30

2.3.3.1.Validation of T-DNA insertionatmyb30mutant lines

The Salk Institute Genomic Analysis Laboratory (SIGNADNA Express database
(http://signal.salk.edu/cgbin/tdnaexpres$ was used to identify lines withDDNA insertions
within the AAMYB30genesequencs. Plant lines GABAT 022F0&{myb30-1/ myb301) and
SALK_027644G@tinyb302/myb302) were chosen forfurther analysis as they had both
previously been characterised by other researchers who had confirmed their homozygosity
and kindly provided them to u@Raffaele, Rivas & Roby, 2006; Li et al., 20083 TDNA
insertion in theatmyb30-1 line islocated10 bases into the second intr@ndfor atmyb302
itisAy (uatBansiated region TR of AtMYB30 10 bases upstream of the start codon
(figure 2.11). These insertion sitesave beenconfirmedusingPCR analysand sequencing

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

gAtMYB30 primers
— - —
5’ UTR 1l
I ] 1]
atmyb30-2 atmyb30-1

3' UTR

AtMYB30
gene

Figure2.11: Stes of T-DNA insertion in theatmyb30-1 and atmyb30-2 lines

The TDNA insertion foratmyb301 (purple triangle) is 10 bp into the second intron. The-DNA
insertion foratmyb30-2 (pink triangle)is 10 bp upstream of theAtMYB3G3 G I NIi O2 R2y X A Y

Exons, as annotated by TAIR, are depicted by black boxes, whereas UTR/introns are depicted as black

lines. The red arrows represent th&tMYB30primer set.

To confirm that theatmyb301 and atmyb302 lines obtained were indeed mutants with
knockedout expression oAtMYB30Q two different methods were used. FirsthQ seeds from
each line, as well as Gohks a controlas these lines were generated in the-Odlackground)

were grown on Phhgar plates. After two eeks, seedlings from each plate were pooled for
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RNA extraction angubsequentcDNA synthesis. An exmbint PCR using primers which
amplifiedthe full-lengthAtMYB30codingsequence AtMYB3(FL F and R) was performed and
showed noamplificationin the atmyb30-1 and atmyb302 mutants (figure2.12A whereas
there was amplification of thé&tMYB30sequence in the Cdl control, as expectedA PCR
using theAtMON1reference gene primers was used to confirm the integrity of the cDNA and
shows a band for each oféhsamples, confirming that the lack of a product in &t&1YB30
PCR is not due to poor RNA quality or inadequate cDNA synthesis (figure 2.12B).

A T«
S O
q; ™ ™
S 3 s 2 Q
ppo= O & & I

1200

1000;
900

80

Figure2.12 APCR confirming that there is no fdléngth AtMYB30expression in the
atmyb30-1 and atmyb30-2 lines

A:PCR was performed on cDNA from-Oatmyb30-1 andatmyb302 usingAtMYB3dull-length gene
primers AtMYB3OFL F and R) with an expected amplicon size of 97R:IBER was performed on the
same samples using tigMON1reference gene primersvith an expected amplicon size of 244, bp
confirming integrity of the cDNALOwas used as the template in the negato@ntrol reactions.The
MW marker is theNew England Biolabs Quitkad®100 bpDNA ladder.

A quantitative RFgPCR experiment was alsonducted using the AAMYB30F and R primers

to confirm that noAtMYB3OMRNA 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 (figur@.11) As can be seen in figure 2.13, there is a negligible amount of
AtMYB30mRNAIn both T-DNAmutant lines as expected. These values calculated to a fold
changereduction relative to Col0 of 250- and 52.6fold respectively foratmyb301 and
atmyb302, indicaing that these lines are indeed null mutani®herefore both lines were

taken forward for phenotypic characterization.
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Figure2.13 Analysis ofAtMYB30expression in theatmyb30-1 and atmyb30-2 lines

Seeddrom each Arabidopsis line were grown on-Bdjar plates and after two weelsgedlingsrom
each line were pooled for RNA extraction, cDNA synthesis agPRR analysis. gPCR was performed
on the cDNA from Cdl, atmyb301 and atmyb302 pooled samplesThese results showAtMYB30
expression relative to theAtMONL1 reference gene. As there was only one pooled sample per

genotype no statistical analysis was performed

2.3.3.2. Phenotypic characterisation 86S::AtMYB3@nd atmyb30lines

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

To determine whether overexpressidgMYB30had an impact on plant growth im saline
conditions,35SEVand 35S::AtMYB3@lants were germinated and grown for tweeeks on
petri dishes containing PMNagar (control) and PMagar supplemented with diffegnt
concentrations of NaCl or ismsmolar concentrations of sorbitolnitially, the35S::AtMYB30
lines 16.2 and 23.2 were usethe 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 th#te biomass productionf allthree plant lines decreased significantly
in all NaCland sorbitol treatments(except 50 mM NaCl), in a dedependent manner,

compared to the untreated controfor each line ¢ as expected. Additionally, the
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35S::AtMYB30nes appeared to have significantly lower average plant mass than the EV line

under untreated conditions and low concentrations of NaCl and sorbitol.

To accoun 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 tthet AtMYB30OE lines wee
significantly more toleranof salinitystressas 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 obiomass decrease is significantly less itht©E lines compared to the

EV, as indicated by the gradient of the slope. Theeee no significant differences between

the EV line and the OE lines under sorbitol conditions.

Additionally,35::AtMYB30ine 2.1 was phenotyped only under saline conditioasd, as in
figure2.14B, no phenotype was observed for either OE line in sorbifgdendix figure &
shows that the resultsvere consistent with those seen in figure 2.Xverall, this data
indicates that higher levels @tMYB3Gexpression magorrespond with an enhanced salinity

tolerance due to less inhibition of growth under saline conditions.
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Figure 2.14. Growth 0of35S::AtMYB30plants exposed to saline conditions early in

TheEV an®5S::AtMYB3plants were germinated and grown for two weeks on petri dishes containing
untreated PNagar(control) and PMagarsupplemented with the indicated concentrations of NaCl and
sorbitol. A: The average @ss peplant of each lineB: The average mass per ptgplotted relative to

the control (0 mM) for each linéerror bars indicate standard erroDifferent letters on the graphs




indicate significant differences ¢.05) in mean values as determined by a-oveey ANOVA with
Fisher LSD pos$toc analysisC: The mass per planis plotted as a regression analysis for NaCl
conditions.The resultsshowfour replicates for each treatment with 50 seeds sown per plate (n=4).
The experiment was repeated three times with comparable resulEach slope was compared
statisticallyto one another to determine angignificantdifferencesand the results are shown in the

bottom left corner with an asterisk indicating statistical significance.

2.3.3.2.2. Growth ofatmyb30plants exposed to saline conditions early in development
To determinewhat impactknocking outAtMYB30has on salinity tolerangeColO and the

atmyb30mutant lines werephenotyped under saline conditions.

Figure 2.15A shows thatthe average mass peplant decreases significantly with each
increasing NaCl or sorbitol treatment for each line respectively, indicating that both stresses
impose a dos&lependent inhibition on plant growth, as expectecheTaverage mass per
plant of bothatmyb30mutant lineswascomparable undemost treatment conditions and
these mutant lines had significantly lower avergdant masshan the WT Ca0 line under

almost all treatment conditions

When the differences in average plant mass in untreated conditions were coedidsr
plotting each genotype relative to its untreated control (figure 2.15B), growth cétimyb30

2 mutant does appear to be more inhibited by salt as #neerage mass per plant is
significantly lower than the WT lines in all NaCl concentrations. $histispecific to salt,
however, as the average plant mass relative to untreated is also significantly lower in the
atmyb302 line in 150, 200 and 250 mM sorbitol treatmeniBhe same is not true for

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

Overall, theatmyb30 lines showed that knock down @&tMYB30resulted in significantly
smaller seedlings under all conditions, and a greater degree of growth inhibition under saline
conditions than WTanly in atmyb302). Despite this being a weagbhenotype, thisdata
supportsour hypothesis thatAtMYB30might play a role in the plant response to salinity

stress.
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Figure 2.15: Growth catmyb30plants exposed to saline conditions early in development
Arabidopsis seedlinggere germinated and grown for two weeks on petri dishes containing untreated
PNagar(control) and Phagarsupplemented with the indicated concentrations of NaCl and sorbitol.
A: The average mass per plaB: The average mass per plant plotted relatigethe control (0 mM)

for each lineThe results are an average of four replicdmseach treatment with 50 seeds sown per

plate (n=4). The experiment was repeated three times with comparable redtiter bars indicate
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standard error. Different letters on the graphs indicate significant differencesi{p05) in mean

values as determined by a owgay ANOVA with Fisher LSD pbst analysis.

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

Since tle plant response to salt is different at different developmental staG8SEV 15.1,
35S::AtMYB3@.1, 35S::AtMYB3@6.2 andmyb302 plants were phenotyped under saline
conditions later in development in order tietermine whethetthe altered salt tolerance seen

in AtMYB30 mis-expressing plantss developmental stage specific. Plants weay@wn
hydroponically in ¥ strength PN mediom threeweeks then transferred onto ¥ strength PN
media supplemented witlor without 75 mMNaCI fora further week The35SEV line was
used as the WT control for both tH85S::AtMYB3@nd atmyb302 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 eachdtment.

Figure 2.16A shows that the average shoot mass was signifidawtty in all genotypes in
75mM NaCl compared to untreated conditions, as expected. The only line that showed any
significant difference was th85S::AtMYB3@.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 wao significant difference between either OE limgb30

2,and the EV control under saline conditions, indicating thatemigression oAtMYB30does

not have a significant impact on shoot salt toleramt®lder plants grown i”5 mM NacCl.

Figure 2.16Ghows that the average root mass was significatttlyer in all genotypes in
75mM NaCl compared to untreated conditions, as expected. AGa8;:AtMYB3(0ne 2.1

had a significantly lower average root mass than the other genotypes in both the untreated
and saline condition€onsidering the relative datagtire 2.16D shows that the only line with

a change in sainduced inhibition of root mass wa&tMYB30OE line 16.2 as it had a
significantly lower average root mass relative to untreated in 75 mM Na@pared to the

EV line.
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Overall, there was no consistent effectafMYB30mis-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 thstiMYB30might play different roles in salinity tolerance

at different developmental stages in Arabidopsis.
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Figure 216: The averagshootandroot mass oEV,35S::AtMYB3@nd myb30-2 plants after

one week of salt treatment later in development

The35SEV,35S:AtMYB30and atmyb30plants 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 wigkhe averageshootmass

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

averageroot mass per plantD: The average root mass plotted relative to untreated for each

78



genotype. The results are an averagef dive plants for each treatment for the E&nd myb3061
genotypesandfour plants/treatment for the35S:AIMYB3X Ay Sa o0y xn 0 ® 9 NNENJ ol NA
error. Different letters on the graphs indicate significant difference3ip05) in mean values as

determined by a onavay ANOVA with Fisher LSD plst analysis.

2.3.3.2.4. AtNit2 gene expression analysis B6S::AtMYB3@&nd atmyb30plants

Todetermine whrether misexpressinghtMYB30s accompanied with changesAtNit2 levels
tissue was collected from th@ and 100 mM NaCl plates from the experimengported
previously (section 2.3.3.2.1 and 2.3.3.2.2nd RFgPCRgene expression analysisas

performed

Figure 2.17A shows thatNit2 expression was significantly higher in all genotypes under
saline conditions compared to untreated control conditions, as expecBumth of the
AtMYB30COE lines had asignificantly higherAtNit2 expression in untreated cotitibns
compared to EV. Thiwas mimicked in saline conditionalthough this difference was not
significant forAtMYB3Q0OE line 2.1.

Figure 2.17B shows that there was no significant differencégNlit2 expression between
Col0 and theatmyb30KO lines oder control conditions, but both KO lines had significantly

higherAtNit2 expression under saline conditions compared to-Col

Overall, thisdataindicates thataltering AtMYB30expression does lead to changesAiNit2
expression, althoughAtMYB30mis-expressiordoes notdirectly correlate withthese changes

indicatingthat AtMYB3(Qaloneis not responsible foregulatingAtNit2 gene expression.
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Figure 217: Expression ofAtNit2 in 35S::AtMYB30and atmyb30 lines under saline
conditions

Arabidopsisseedlingsvere grownon PNagar or PNagar supplemented with 100 mM NacCl for two
weeks.Tissuewas harvested and pooleidr RNA extraction and cDNA was synthesised fegfROR
gene expressioranalysis The results are an average tifiree pools of tissue(n=3) for the
A:35S::AtMYB3(lnes, andB: atmyb30lines. Expressiorof AtNit2 is shown relative to thé\tMON1
reference gene. Error bars indicate standard erfifferent letters on the graphs indicate significant
differences (PH).05) in mean values as determined by a-oveey ANOVA with Fisher LSD pbst

analysis.

2.3.4 Functional characterisation oAtMYB2

2.34.1. Growth of 35S::AtMYB3@lants early indevelopmentunder saline conditions

To determine whether overexpressidgMYB2had an impact on plant growth in salt early in
development 35SEVand 35S::AtMYBplants were germinated and grown for two weeks on
petri dishes containing untreated P&gjar(control) and PMNagarsupplemented with differing
concentrations of NaQ@Ir iscosmolar concentrations of sorbitoThe average mass/plant of
the EV and twtMYB20E lines was compared for each treatment to identify any phenotypic

differences in their growth.

Figure 2.18 shows that increasing NaCl and sorbitol concentratibitsts 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 \8b&eAtMYB2

line 14.3 has a significantly lower average mass/plaah EV. This experiment was repeated
three times, with comparable results, showing no significant differences in average plant mass
between the genotypes. This indicates that overexpressitMYB2in Arabidopsis does not

lead to any biomass changes earnydevelopment in response to saline conditions.
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Figure 2.18: Growth 0f35S:AtMYB2 plants exposed to saline conditions early in
development

TheEV anB5S:AtMYBZplants were germinated and grown for two wedhkgetri dishes containing
untreated PNagar(control) and PMagarsupplemented with the indicated concentrations of NaCl and
sorbitol. The average mass per plant of 8&&SEV line an@5S:AtMYB2ines14.3and22.2 are plotted

as an average of four replicates for each treatment with 50 seed#/n per plate (n=4). The
experiment was repeated three times with comparable resulEsror bars indicate standard error.
Different letters on the graphs indicate significant differenced{05) in mean values as determined

by a oneway ANOVA withigher LSD podtoc analysis.
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2.34.2. AtNit2 gene expression analysis Bb5S::AtMYR plants

To determine whether overexpressigtMYB2resulted in any change iAtNit2 gene
expression in untreated conditions, f§PCR gene expression analysis was conducted. As can
be seenin figure 2.19, there was no significant differences between either 85tBeAtMYB2
lines and EV.

As no change iAtNit2 gene expression was observedAtMYB2OE lines, and no growth
phenotype was observed when exposed to saline conditions early in developiiterge lines
were not further characterised. Additionally, raimyb2 KO lines were phenotyped in this

projectfor the same reasons
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Figure 219: AtNit2 gene &pressionin homozygous35S::AtMYB2ines
Arabidopsisseedlingsvere grownon PNagarfor 11 days Tissuewas harvested and poolddr RNA
extraction and cDNA was synthesised forfRTRjene expressioanalysisThe results are an average
of three pools of tissudn=3).Expressiomf AtNit2 is shown relative to thé&\tMON1reference gene.
Error bars indicate standard erromifferent letters on the graphs indicate significant differences

(p D.05) in mean values as determined by a-oveey ANOVA with Fisher LSD plost analysis.

82



2.4. DISCUSSION

2.4.1.AtMYB2 andAtMYB30 were identified as transcription factor candidates

As a first approach to identify candidate TFs that could be invoireggulating auxin
biosynthesiwia 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 , appenfigure 62). When looking at the list of TFs
dzLINJE 3 dzf foidl Siikler saline conditionslongsideAtNit2 in the early development
microarray (appendix table 6.1), two MYB TFs were identiffgdl)YB2and AtMYB30.
Additionally, AtMYB30was includedn the list of sakspecific genes with the enriched GO
terma NBa L2 yasS G2 |AdE AlyK SyOxaketiiaiRdzsP0RR) TBe microarray
data for these TFs in figure 2.2 showhat they were induced in response to NacCl.
Unfortunately, onlyAtMYB2expression in 125 mM NaCl 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 rebns such as differences in the conditions that the plants were
grown under (different lights, different growth chambers, etc), differences in theDGeled

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

Both AtMYB2and AtMYB30have peviously been found to play a role in abiotic stress
responsesUrao et al.(1993) showed thaAtMYB2expression was induced by shderm
treatment of 250 mM NacCl over a 24 hour period. Furthermore, MYB2 has been shown to
regulate expression of saland dehydratioaresponsive genes in Arabidopsis, suchhees
proline biosyntheticenzymeP5CSD kpyrroline-5-carboxylate synthase)1lwhich confers

salt tolerance by facilitating proline accumulati¢vioo et al., 2005AtMYB2has also been
shown to play an important role in ABfependent gene expression under drought and salt
stress by activating transcription &ESPONSIVE DESICCATION D22, an important
dehydrationresponsive gengAbe et al., 2003) Recently, MYB30 has been shown to
participate in salt tolerance in Arabidopsisléaving SUMOylatioty the small ubiquitinlike
modifier E3 ligas&IZ1 These researchers determined that once SUMOlyated, MYB30 is able
to bind to the promoter ofAOX1galternative oxidase lanvolved in alternative respiration

and cellular redox homeostasis) and upregulate its expression in response to sal{Gtyegs

et al., 2020) Furthermore, AtMYB30 has been previously linked to auxin in plants. Li et al.
(2009) showed that MYB3O0 cdirectly interact with BES1 and increase inductio®AtUR15
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SELINBaarzy 62yS 2F (GKS & NGiyldvgloprBentiioariaydzE A y &
analysis) and other genes induced by brassinosteroids, plant hormones which work together
with auxin to pronote cell expansion and elongatigflemhauser, Mockler & Chory, 2004;
Walcher & Nemhauser, 201Altogether, these results led us to select MY8&nd MYB30 for

characterisation under saline conditions, using a functional genetics approach.

2.4.2. Phenotypic analysis @tmyb30and 35S::AtMYB3plants

2.42.1. Altering expression oAtMYB30affects plant growth early in development
Overexpression cAtNit2in Arabidopsis improves salt toleranas its growth is less inhibited
by saline conditions and it has improved ion homeost@S&ckett et al., 2022 o deternme
whether altered AtMYB30 levels effects AtNit2 expression ankbr salt tolerance,
35S::AtMYB3@nd atmyb30 T-DNA mutant lines were phenotyped. An important factor to
consider however is that both th&tMYB30KO and OE lines were in the Oddackgroundhs
was the original microarray, but théAtNit2 OE was in the N0 background Different
Arabidopsis ecotypes have different salinity tolerances, withQCkhown to be more salt
tolerant than NoO (Cackett, 2019)This indicates that the salt response in both ecotypes
might be slightly different.

An opposite phenotype was observed betwabr OE linesand a single KO linatinyb30-2)
under saline conditions early in developmentvesuld be expectedFigure 2.15 shows that
knocked out expression oAtMYB30resulted insignificantly smaller seedlings under all
conditions, which were less salt tolerantas observed by a greater degree of growth
inhibition under saline conditions than WT. However, {biienotype was only observed in
the atmyb302 line and not inatmyb301 (figure 2.15B)The reason for the difference the
degree of inhibition between the two KO lines unlikely to be because of differences in
AtMYB30expressionas both were validad to be knoclouts (figure 2.13) Therefore, this
could be due to one of the lines having an additiondDNA insertion, possibly causing
disruption to another gene and therefore giving a different phenotype. It is known that in the
Arabidopsis IDNA insdion mutant collection, the true number of inserts per line is unknown
OhQal ffSez . I NNIThérgforea thd@fngbBEmutantimepshould be
characterisedto confirm the salt sensitivity phenotypePreviously, Gong et al. (2020)

screeed a pool of IDNA insertion mutants for lines that displayed altered seedling growth
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on 125 mM NaCl and identified atmyb30mutant as being salsensitive. In this experiment,
seeds were germinated and grown in petri dishes on media with or withoutri5NacCl for

10 days. Thatmyb30mutant line displayed smaller seedlings with a significantly repressed
rate of cotyledon greening by saline conditions compared to WI0CAtditionally, they
showed that shoot and root growtbf the atmyb30line wassignificantly suppressed under
saline conditions compared with WGong et al., 2020)Thisatmyb30mutant has a IDNA
insertion within exon one, different to the two mutants used in our analyses, and could

therefore be obtained for analysis using our exp®ental set up.

The 35S::AtMYB3(lines displayeda significantlyreduceddegree of growth inhibitior(i.e.,
maintained growth betterunder saline conditions compared to the EV control (figure 2.14),
indicating that they were more salt toleraand thatAtMYB3Ccould play a role in maintaining
plant growth in response to salt strestterestingly,the AtMYB30OE lines displayed a
significantly lower average plant mass compared to the EV under untreated conditions,
indicating that overexpression GAtMYB® had a detrimental impact on plant growth in
untreated environments, but a beneficial role in response to high concentrations of NaCl
(figure 2.14). There is precedent for this there have been numerous examples showing that
constitutive expression of emes encoding transcription factors, ion transporters or
biosynthetic proteins can lead to undesirable phenotypes, especially undestmessed
conditions(Karakas et al., 1997; Sheveleva et al., 1997; Kasuga et al., 1999; Cortina &-Culiafiez
Macia, 2005; Hmid&ayari et al., 2005; Suarez, Calderdn & Iturriaga, 2009)ever this was

not sea for the AtNit2 OE in the early development salt ass&gsickett et al., 2022As
AtMYB30 is proposed to be a positive regulator of programmed cell desgbciated with
plant diseaseresistance, by modulating salicylic acid (SA) levels ardsS#¥iated gene
expression(Vailleau et al., 2002; Raffaele, Rivas & Roby, 2066galso possible that in the
absence of salt stress, the overexpression of AtMYB30 might lead to accelerated cell death,
as seen by Raffaele et al. (2008).future, it would be interesting to test whether driving
overexpression oAtMYB30expression under the control of a stresslucible promoter or
multiple copies of its own promotewould lead to a more desirable phenotype where there

is less of a pery under untreated conditions and salt tolerance is impro{2du et al., 1998;
Kasuga et al., 1999; Garg et al., 2002; Su & Wu, 2004; Vendruscolo et al.Ta00vestigate

whether the role AtMYB30 plays in the salt response early in developimelue to changes
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in auxin levels, assays looking at atrdlated growth phenotypes such as root and hypocotyl

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

To investigate whethethe altered growth phenotypes in thatMYB300E and K@nes 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 overexpresgyB30
under untreated onditions, however this difference was only significantAtvYB300E line

2.1. No significant differences in average shoot or root mass were seen between the EV line
and atmyb302 KO line under untreated and saline conditions, indicating that knockihg ou
AtMYB3Moes not influence plant growth under this experimental set up. Overall, the degree
of inhibition of shoot and root growth were not altered in tMYB30OE or KO lines
compared tathe EVcontrol, indicating thatAtMYB30might not play a role ithe response to
salinity stress later in developmemifferences 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 developmerss it has been shown that th&rabidopsis salt stregsanscriptomeis
different at different developmental stagd€ackett, 2019)r could be due to other factors
present in the different experimental set ups (e.g., less transpiration occurring in plate assays
compared to hydroponicsAdditionally, this early development salt agsa confounded by
germination Under unfavourable mvironmental conditions, ABA accumulates and results in
seed dormancy and inhibits seeds from germinat{@famoto etal., 2006) Asmany ABA
mutants escape germination under stress without being truly stress tolenaatshould
conduct germination assays on ABA to confirm that we are not looking at ABA mutants.
Ideally, growth in salt should be measured the sameplantsover multiple time pointge.g.,

using advanced phenomics to look dynamically at growth under saline conditioasgount

for differences in growth rateas measuring at a single time point may mean that we have

assumed plants that are growing sler are more sensitive to salinity

Overall, these results indicate thatMYB30plays a role in the salt stress response early in
development, a85S::AtMYB30nesare more salt toleranandthe atmyb30-2 KO lines less

salt tolerantat this developmental stage.
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2.4.2.2. AlteredAtMYB30expression leads to changes AtNit2 expression

Based on the finding that thatmyb302 KOand AtMYB300Elineshad opposite phenotypes

in terms of salt tolerance, we would expect thaAifMYB30s involved inAtNit2 regulation,

we would see opposite changesAtNit2 levels between the OE and KO lines, compared to
WT. Itis evident from th85S::AtMYB3(0nes that increasing expression AfMYB30eads

to modestincreases in expression AtNit2 in untreated plants, which persists under saline
conditions (figure 2.17A). However, this difference is small compared to thendalted
upregulation ofAtNit2 expressionlt is important to note, however, that thé&tMYB300E
lines phenotyped did not hae very high overexpression AIMYB30which could be why no
drastic change in phenotype BitNit2 expression was seen. This could be because of selection
against higlAtMYB3(0expression given the dwarf phenotype seen in the line with the highest
AtMYB30expression (appendix figure 6.3).

Meanwhile, bothatmyb30KO lines showed a modest increaseAtlNit2 expression under
saline conditions, but not in untreatefigure 2.17B. Overall, this data indicates thAtNit2
induction under saline conditions is méiined irrespective of whetherAtMYB30 is
overexpressed or knocked oukhisresult was unexpected as it has previously been shown
that whenAtNit2is overexpressed in Arabidopsis, it is associated with improved plant growth
in saline conditiongCackett et al., 2022Yhus, we had hypothesised that taenyb302 line
which shoved more growth inhibition in saline conditionanight have lowerAtNit2
expression The resultseen in figue 2.17Bcould bedue to the redundancy in the MYB
transcription factor family and could mean that knocking Ati¥YB3C0alone is not sufficient

to prevent the sakinduced upregulation ofAtNit2. It is still unclear whether any R2fgpe
MYBgenes are comptely unique and functional redundancy is thought to mask the effects
of mutations inMYBgenes(Stracke, Werber & Weisshaar, 200Afditionally, if AtMYB30
plays a role ilAtNit2 induction under saline conditions, there may be mechanisms in place to
alter expression/activity of other TFs to indu&tNit2 expression which may be more efficient
and result in higherAtNit2 levels compared to WT. This result also indicates that small
increases iAtNit2 expression (such as that seen between-Cahd theatmyb30lines in 100

mM NaClpare notsufficient to improve salt tolerance, as these lines were significantly smaller
than ColO under saline conditions (figure 2.15). However, it is also possible that knocking out

AtMYB30expression could negatively alter expression of other genes important in the plant
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salt stress response, therefore outweighing any gain in incre#g@lit2 expression.As
previously mentioned(Gong et al. (2020) showed that AtMYB30 positively requkata®X1a
expression under saline conditions to maintain redox homeostasis. WhidhYB30
expression was knocked ouAtAOXlaexpression was decreased and plamisre more
sensitive to salt stres@Gong et al.,, 2020)Looking at theatmyb30-2 line alone, we could
conclude that the decrease in salinity tolerance could be as a result of knocking out this
AtAOX21lapathway, and that plants lacking this might upregula&é&Nit2 under saline
conditions in an attempt to improve salt tolerance. However, the fact thatAldYB300E
lines were more salt tolerant and expressed elevadNit2 levels under both untreated and
saline conditions indicates th&tMYB30might play arole in regulatingAtNit2 independent
of anyrole inAtAOX1aegulation

2.4.3.35S::AtMYBJlants show no alteration of salt tolerance oAtNit2 expression
35S::AtMYB®lants were generated and showed no significant difference in average plant
mass compared tohe EVcontrol linein our salt stress assay (figure 2.18% previously
mentioned, researchers have shown that AtMYB2 regulates expression of the proline
synthessing enzymeP5CSlwhich confers salt tolerance by facilitating accumulation of
proline that acts as a compatible osmolyte to confer osmotolera(@eo et al., 2005)
Additionally, the rice MYB2 homolo@sMYB2has been shown to play a role in tolerance to
salt, cold, and dehydration stre¢gang, Dai & Zhang, 201R) this studyOsMYB2DE plants
were more salt tolerant anédhiaccumulated more soluble sugars and proline, and decreased
levels of HO,, compared to WT plants under saline conditioberefore, it is surprising that
overexpressingtMYB2n Arabidopsis did not lead to any changes in salt tolerance. However,
this resut does not necessarily mean that changing levetdfYB2Zdoes 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 evetected 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 thare any saltrelated
phenotypes Additionally, more subtle phenotypes can be investigated such as changes in
root bending using halotropism plate assaisoline levels should also be analysed in the

AtMYB20E lines in future.
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Previous evidence has shown thAtMYB2 protein represses the formation akillary
meristemsby inhibiting expression dREGULATOR OF AXILLARY MERISTAMR3X] in
response to environmental stressé€bngday, salt and dehydrationyo that plants can
undergo a shorter vegetative development stageder environmental stresse@ia et al.,
2020) As auxin is involved in apical dominance by suppression of axillary bud growth, low
auxn 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 regulatiomAtflit2. However expression of
AtNit2 was not significantly altered b&tMYBZ2overexpression (figure 2.19), indicating that
increasingAtMYB2expression alone is not able to cause change#tiNit2 expression.
NeverthelessAtMYB2might still play a role in regulatin§tNit2 under saline conditions and

this canbe measured in futureAdditionally,overexpression of a negative regulator may not
lead to any phenotypic changesthis could lead to stronger repression of the gene while
mutant lines would lift repression and thusay reveal a phenotypic effecthereforeatmyb2
mutant linesshouldbe characterisedo determine whether knocking ouAtMYB2leads to

any changes itNit2 expression This was not conducted during this projectamyb?2 T-

DNA insertion lines ordered dm NASC (SALK 045455 and SALK 043075) were never
received, and the seeds of the tvedmyb2mutant lines described by Guo & Gan (2011) had
lost their viability.Unfortunately, theseT-DNA insertion linegame fromthe University of
Wisconsin Arabidopsis Keckout Facilitywhich no longer distribute seed#\s 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 thatMYB30may play gositive rolein regulation of
AtNit2 and the Arabidopsis salt stress response. Two Arabidopsis lines overexpressing
AtMYB30 and oneatmyb30knockout linewere less or more sensitive to salress early in
development respecti®y, in accordance witthe increased salt tolerance of th&tNit2 OE

There was no change in average plant masatMYB2overexpressing lines compared to
wild-type empty vector lines after two weeks on various concatibns of NaCl or sorbitol,
indicating that increasingtMYB2expression alone is not sufficient to improve salt tolerance

under these conditionsThere may be other MYB TFs which play a rok&tMit2 regulation,
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GKFG FNByYyQl NIy adeNsklibdicordigohsf thag carNds shazbctelis&dRn  dz
future. However, this family is large and narrowing down other MYB candidates is difficult.
Therefore,it wasnecessary taise another method tadentify other TFs that might play a

role in AtNit2 reguhtion.
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CHAPTER3: IDENTIFICATION OF POTENNIARILASEREGULATORS

3.1 INTRODUCTION

The current knowledge oAtNit2 regulation is limited. Whilst the previous chapter took a
targeted approach to identify potential regulators, here we report on a method of
investigatingAtNit2 regulation based on an unbiased approach. To do this, we wanted to
identify all Arabidopsis tmascription factors (TFs) with the ability to bind to tiA@Nit2
promoter that could potentially act as regulatorsAiiNit2to alter itsexpression under saline

conditions or indeed under any conditions

3.1.1. The yeast ondybrid (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 recruitfbeet & Young, 2000ylany
properties of transcriptional regulation, such as the modular nature of the DBD and AD, were
first demonstrated with the yeast GAL4 protéMa & Ptashne, 1987The observations that

the AD of the GAL4 TF is separable from B®Dand that these functional domains can be
fused to heterologous proteins, forsthe basis of ther 1H assafSadowski & Ptashne, 1989)

one of the most popular methods of investigating prot&NA interactions (PDih) vivo.

The Y1H assay is based on two main components, shown in figure 3.1. These are, 1) an
expression construct that encodedusion 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., ti@AL4ninimal promoter) and an easily detectable

reporter gene(ReeceHoyes & Marian Walhout, 2012Yhe hybrid protein is commonly
NEFSNNBR (2 a GKS aLINBeé¢s ¢gKAES (GKS 5b! 27
transformed into suitable yeast strains aridhie TF binds the DNA in the milieu of the yeast
nucleus, the AD induces reporter gene expression. @mnlee main limitations of this assay is

that the yeast AD activates reporter activity regardless of whether the TF is an activator or
repressor, theradre the Y1H assay only reports on the physical(RBéceHoyes & Marian

Walhout, 20129 ! RRAGA2Yy Fff e GadAoleéd LINPISAYA o6A0K

results.Importantly, there may be aonstaint 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)

TF AD Transcription

v

Prey expressmn
contract Bait DNA

/

Minimal
promoter

Bait reporter
construct

Figure 3.1: A schematic of the basic components of ¥iHassay

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 fragmalatjed 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 tHaHYsystemmake use ofiuxotrophic yeast
mutants or colorimetric markers(e.g. thelLacZ reporter gene)(ReeceHoyes & 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
isHIS3the product of wheh,imidazoleglycerephosphate dehydratasas the enzyme which
catalysesthe sixth step of histidine productio(Glynn et al., 2005)For highthroughput
screening, the use of auxotrophic yeast mutantasdgantageous as many transformants can

be screened simultaneously and only those with reporter activity (indicating PDI) wilbgrow
media lacking that amino acidmportantly, the activity oHIS3can be inhibited by adding
3-amino-1,2,4triazole (3AT}o the growth mediaa competitive inhibitorof the HIS3gene
product which therefore decreases histidine producti@doung, Ramm & Pabo, 200This
alsoenabkesdza (12 RAAUGAY3IdAEAK WAaINRYy3IQ YR WgSI{1Q

the PDI can withstanddvances have been made in developing kHigloughput methods of
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Y1H screening using either-Géntered assays, where a library of bait reporter ¢amnds is
screened, or DN#&entered, where a prey library is screened against a DNA bait
(ReeceHoyes & Marian Walhout, 2012n Arabidopsis specifically, a comprehensive prey TF
library has been developed owining the TFs predicted from four independent databases
(PInTFDB http://pIntfdb.bio.unipotsdam.de DATFE http://datf.cbi.pku.edu.cn DBD
http://www.transcriptionfactor.org and REGIA Consortiumhttp://www.jicgenome-

lab.co.uR (Prunedapaz et al., 2014)

3.1.2.Transient eporter gene assays Arabidopsis mesophyll protoplasts

As the Y1H systemusable to provide information on 1) whether PDI occdarplanta, 2) the

in vivo conditions under which these TFs may bind, and 3) the type of regulatory effect
(activation or repressionpther methods are necessary for investigating this following the
Y1H assayCommonlyfransientreporter transactivation/transrepression assays larg cells

are usedwhich test the ability of individual TFs to alter promoter activity (either positively or
negatively) by measuring reporter gene activithistransient gene expression systesia
powerful tool for rapid gene functional analygi8bel & Theologis, 1994This 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 efficiencyReeceHoyes & Marian Walhout, 2012)0nce
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 alténe promoter activity

Arabidopsis mesophyll protoplasts are a common system for transient reporter assays
plantaas DNA, RNA and protein delivery into the cell is relatively si(iYjple, Cho & Sheen,
2007) Protoplasts are plant cells that have had their cell walls removed by mechanical,
chemical or enzymatic meansAgrobacteriuramediated gene delivery, particle
bombardment and treatment of protoplagilasmid mixtures withpolyethylene glycol or
electroporationare most commonly useim transfect protoplastgDavey et al., 2005PDne of

the mainadvantages of this systemathat the plant protoplastanaintainmany of the same
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physiological responses and cellular activities as intact plants and theligfieneossibleto
investigateconserved aspects of plant signalling mechasi¢gheen, 2011)lherefore, this
system is a popular method for N@ating 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 iexisidingfirefly
luciferase (LucFydm Photinus pyralisand renilla luciferase (LucR) from the sea pdRexilla
reniformis(Matthews, Hori & Cormier, 1977; De Wet et al., 198%hough both LucF and
LucR are bioluminescent reporters, thpgssesdlifferent enzyme structures and substrate
requirements makingt possble to selectively distinguish between the luminescent reactions
for each enzymé¢Sherf et al., 1996; McNabb, Reed & Marciniak, 200Bjs forms the basis
for the DualLudferaseé®Reporter Assay System (Promega, USA) which is commonly used in
transactivation assays in protoplasts. In this assay sydteickis coupled to thecandidate
promoter andLucRis driven by a constitutive promoter on anoth@ontrol) vector. LucF
activity therefore reports on promoter activity andicR activity is used to normalise LucF
activity, to account for transfection efficiencyrhis relies on two assumptions, that if the
LucR vector has been successfully transfected into a cell thebutie vector has aldmeen
(McNabb, Reed & Marciniak, 200%)nd 2)that the expression of LucR is unaffected by co

transfected vectors or experimental treatmenido & Strauss, 2004)

3.1.3. Chapter aims

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

affects plant growth in saline conditions, and expressioNit.
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3.2 MATERIALS AND METHODS

3.2.1. Chemical and stodolutions

All yeast strains and most media components were obtained from Clontech, a division of
Takara BioQaliforniaUSA). The yeast nitrogen base without amino acids3achino-1,2,4

triazole (3AT) were obtained from MercgiDarmstadt, Germany)Zymoyase was obtained

from Zymo ReseardCalifornia, USA)he DualLuciferas®Reporter Assay System (E1910),

t dzZNB, A St Ru t f | & Y{A2R92)aandR XKib DN laddér GHTiL$) Yvere obtained

from Promega (Wisconsin, USAheCellulase R10 antlacerozyme R10 were obtained from
YakultPharmaceuticalndustryCa, Ltd. (Tokyo, Japarfhe. A 2f Ay S . A2aAExnx wSR
Mix BIO25008) YR . A2f Ay S BIQ38053 welelShtkEnéd Rrént NiEidian
Bioscience (Ohio, USA).

3.2.2. Yeast ondaybrid screening
¢KS Ml SELISNAYSY(G o61&8 LISNF2NXYSR Ay tNRFS&4a:

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

obPHPHPM DSYSNIGAy3a aolAdée &Sl ad

Four overlappinghtNit2 promoter fragmentsof approximately 400 bpfigure 33, appendix
figure 62) were amplified by PCR to adttB sites using the primers in table 3.1described

in chapter 2, section 2.2.11.3. These fragments were then transferred via BP recombination
Ay G2 LI h@pnwiroget) Si2 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 vegtickman et al., 2013)ia LR
recombination reaction as in chapter 2, section 2.2.17.3. The resulting constructs each
contained the respective promoter fragment upstream of BAL4minimal promoter and

the HISIeporter gene and allow for Leselection of yeast growthYeast strairy89304 ! ¢)h

(Clontech)was transformed with the pHIBU2GWpromoter clones to generate bastrains.

OPHDPHDPHD ¢KS GLINSE&é ¢C f AO0NFNE
The prey library @nsisted of 1956 Arabidopsigs fused to an-drminal GAL4 activation
domain(GAL4_ADn pDESi22 (Invitrogen) and has been described previou@Bruneda

paz et al., 2014)This vector allows for Tpelection of yeast growth. This library was
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previously traasformed into yeast strain Y880MATE (Clontech) and stored in 98ell
formatas glycerolstocksat ns/ 6AGK Sl OK ¢Sttt O2y Gl AyAy3a @
TF.

N

3.2.2.3. Yeast growth

Saccharomyces cerevisigeast was grown either on completgeast extract peptone
dextroe (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%(KiM)SQ,

0.34% (w/v) yeast nitrogen bass)pplemented with spefic amino acid dropou¢DO)mixes

as below:
SDLeu: 0.69 g/L amino acid DOeu
SDTrp: 0.74 g/L amino acid DOrp
SDLeulTrp: 0.64 g/L amino acid DOeulTrp

SDLeu/Trp/-His:  0.62 g/Lamino acid D@.eulTrp/-His
For solid yeast media in petri desty 2% (w/v) agar was included. Yeast cultures were
AyOdzo | SR G0 one/ ® [ AljdzA R Ordah oroizdlBShiakead OB Ay O

rpm.

3.2.2.4. Yeast transformation

A smaliscale transformation protocol was followed to transform yeast sti@930 with the
pHISLeu2GWYgromoter constructs. A 10 mL overnight yeast culture was grown in YPDA. The
following day, 1 mL of culture was centrifuged?&0 xg for 5 minutes, and the supernatant

was removed. The cells were resuspended in 1 mL 0.1 MThacells were again pelleted

by centrifugation and resuspended in fresh 1 @nL M LiAcThe cells were then incubated in

I one/ g GSNI oF K F2NIm K2dzNX» 5dzNAy 3 GKAA
purified plasmid DNA, 4 pL @mg/ml salmam sperm carrier DNA (sigma D16Z6)at had

beenboiled for 10 minutes and then put on ice for 5 minyteend290uL50% PEG 335This

DNA/PEG mixwaspfeS| G SR (G2 onse/ ® hyOS GKS e Suafd OSft €
cell suspension was added the DNA/PEG mix and this was incubated for a further 50 min

Ay GKS 6FGSNI olGK Fd one/ @ ¢KSNBFFGSNE GKS
another water bath. The cells were then pelleteds&0 xg for 15 min. The supernatant was

carefully renoved and the cells were resuspended in 200 uL stesd@. Hihe cell suspension
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was then spread on SDeu (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 mio & SELeu media in
50mL centrifuge tubes.i®ultaneously, working cultures of the Y1H library were prepared
by inoculating 5 pL of the frozen glycerol stock into 200 pL eTrgbOmedia (SD media
supplemented with all amino acids except tryptophan) in a rebottom 96-well plate. These
culturesweb Ay Odzo I 1 SR 2wialSsNakinga Koiipmloniian orbital shakeyntil

an ORooof 0.4¢ 0.9 was reached (mitbg phase). Thereafter, the yeast strains were mated
on YPDA media. This was done by pipettind- 3pots of the library yeast on¥dP[A media

in 2150 mm diametepetri dish using an &hannel pipette in the same layout as the library
plate. After the spots were dry, 3 pL of the bait strain yeast was pipetted on top of each spot
and allowed to dry. For the initial library screening, thar 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 corictly
positive control was include(Harvey et al., 2020)The plates were incubated overnight at

o n e/ fllowikg$lay, 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, @tiawrting with the

most stringent selection plate (usually -&Bu/-Trp/-His + ImM 3AT) and then followed by

the least stringent plate (SDeu/-Trp). These selection plates were included as media lacking
leucine and tryptophan would only allow succedsfuhated 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 promateid

have grownas theHIS3reporter genehad been activated by bringing the GAL4_AD into
proximity of its minimal promoter. The addition of 3AT in these selection plassso control

leaky expression of théllIS3gene by acting as a competitive inhibitor of thBS3gene
product. These selectip LI I §Sa 6SNBE (GKSy AyOdzml §SR 2 3SNJ
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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g SNBE Ay Odzo I (-Sdays/)udtil ctear grdwth Bfahdpositive 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 thdibrary 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 terd@the which
interactions were real, and with which promoter fragment each TF was interacting. In this
pairwise screening, a selection plateeu/Trp/-His + 10 mM 3AT was also included. This
pairwise screening was repeated three times. These plates whkatographed and the
growth for each TF was then scoredeidtber:

- no growth

+ little growth (a few spots)

++ medium growth

+++ strong growth.

3.22.7. Identification of interacting TFs

Although each well locatiofi.e., row letter AH, column numberl-12, e.g., D5)for each

library 96well plate (numbered 1) 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 smaliquot of yeast cells was harvested from tHeeu+Trp/-His

+ 3AT selection plates (thereby ensuring the interacting TF is present in the sample) and
resuspended in 15 pL lysis buffer (MINaPQ, pH 7.4, 1U zymolyase). The samples were

then incubated for 15myf & oT1e/ F2fft26SR 0@ p YAY G dp:
GSNBE (KSy O022f SR (2 wasadded td eadR. Tpheryeast [ysatd waS thdnf S |
centrifuged at 1000 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

. A2EAYS . A2aiEn vABplificatioh fcandfit®ndlinglRled aimitalbDNA
denaturation step at p eféor 5 min, followed by85 cycles of denaturation at® efér 30 sec,

primer annealing ap p dafr 30 sec and elongation at @2for 2 min.A final elongation step

was included at 72 for 5 min. The resulting productaere 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 thgelexcisedPCR product&as in chapter 2, section 2.2.14re sequenced
(as in chapter 2, section 2.2.18nhg 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 tlie coliversion of the TF library. To do this, 5 pL of the
E.colilibrary glycerol stock for each TF was inoculated into 5 mL LB + 100 pg/mL ampicillin
YR AyOdzol 6SR 2@0SNYAIKG gAGK akKrk{Ay3a Fd oT1e/
using the Nucleg8n® Plasmid Miniprep Kit (MacherByagel, USA), according to the
YIydzZFl OGdZNBNDR&a AyadNHzOGA2yad ¢KS NBadzZ GAy3
primers to confirm the amplicon sizes (as in section 3.2a&hd)sequencing was conducted

as beforeto 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., 2022hese datasets were used to analyse
expression of the identified TFs from the Y1H assay under saline conditions using Microsoft
Excel, whereby the average normalised dsumand associated standard errors were
calculated from the independent biological replicates for each treatntissue
type/genotype. This data was then used to plot graphs in Microsoft E®nelway analysis

of variance (ANOVAgsts were performed in Stistica as described in chapter 2, section
2.2.22.

3.2.3.1. Arabidopsis early developmesalinity microarray

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

3.2.3.2.Arabidopsis later development salinity microarray

Previais 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 experinfgat)idopsisCol0

was grownhydroponically in untreated % strength PN for two weaker which the plants
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were transferred onto ¥4 strength PN media supplemented with 0, 50, 75 or 100 mMaNacCl
two weeks (Cackett, 2019)The experiment was repeated three times tbtain three
biological replicates. Each shoot sample was a pooltfeaves from three different plants,
while root samples were comprised of the entire root system freBy#ants pooled together

RNA was extracted from the root and shoot tissue reipely and sent to the University of
York where Dr Lee Cackett performed the microarray experiment @&ingPrint G3 Custom

GE 8x60K (Agilent, Santa Clara, USisjoarray slidesdesigned by the Vicki Bucharan
Wollaston group at the University of Warwibksed on target transcripts from TAIRThe
microarray data wasnormalised by Stuart Meier using the quantile between arrays
normalisation method from the Limma R packdBéchie et al., 2015; Cleett, 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 thendependent biological replicates for datreatmert. 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

Thepromoter-reporter vector: The full length of DNA upstream of tAéNit2 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
chapter2, section 2.2.17.2. Sequenuerified promoter DNA washen transferred into
pGWL7 via LR recombination as in chapter 2, section 2.2.17.3. In this vectdxtNh2
promoter is upstream of the firefly luciferase genheicFIt contains an ampicillin resistance
gene for selection k. coli.This vector will bénereafter referred to as RINit2::LucKfigure

3.2A)

TheTFeffector vectors:TheAtHMGB%nd AtSPL¢oding sequences (CDS) were transferred
from the pDEST?22 vectors into a modified pUC19 veptd€;1935SRfa35SsGFHRLI 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 vieonfibneation.
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Constitutive transcription othe TFcloned into the Reading Frame Cassette A (Rfa) as well as
SGFP are driven by independent CaMV 35S promoférs. vectorcontains an ampicillin
resistance gene for selection i coli The vector was donatkeby Professor Steven Hussey
(University of Pretoria)These vectors will be hereafter referred to as pUEIMGB9and
pUC19SPL 7espectivelyfigure 3.2B)

Empty vector controlpUC1935SNOS35SsGFRabbreviated as pUC1BV, figure 3.2¢was
created by removing the Rfa sequence of the pUE&BBRfa35SsGFP through LR
recombination with a selligated pCR8®/GW/TOPO® vector. A CaMV 35S promoter

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

Renilla Luc transfeabin control vector:The pBS5SAlalLucR vectofabbreviated as pLUgR
figure 3.2D constitutively expresses LucR from the Renilla luciferase gec&which is
driven by the CaMV 35S promoter. It contains an ampicillin resistance gene for sele&ion in
coli. This was used as a control vector for transfection efficiency. This vector was donated by

Professor Albrecht von Arnim (University of Tennessee).

AtNit2
'promoter Gre @ TF

CDS

pUC19-TF @

A B
Renilla
GEP @ luciferase . @
pUC19
LucR
EV
C D
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Figure 3.2 Schematic representation of the four vectors used in the transfection of
Arabidopsisprotoplasts

A: Reporter vector containinthe AtNit2 promoter upstream oLuck B: Vector which constitutively

expresses both GFP atiw relevant candidate TARtHHMGBQr AtSPL7C:! y a SYLJie @S O 2 NE
constitutively expresses GFP but laeky TED: Vector which constitutively expressesicRr  a o p { €

indicates the position of the constitutive CaMV 35S promoter.

3.2.4.2. Bulk plasmid DNA extractions

High quality plasmid DNA was isolated using thareYield Plasmid Midiprep System
(PromegaUSA)accordid (2 G KS YI ydzf | TOdiednddeN iasmid DNA wadHzO ( A :
O2yOSYyiN} SR dzaAy3a | { I @Fryiun {LSSRGI Ot tt dza
transfection (~2 pg/uL).

3.2.4.3. Arabidopsis mesophyll protoplast isolation

Arabidopsis mesophyfirotoplasts were isolated and transformed according to a published
protocol (Yoo, Cho & Sheen, 200With a few amendments. Briefly, Arabidopsis-Catvas
grown for 34 weeks in a plant growth room under short photoperiod, low light conditions
(50-75 >Em2.s? light intensity, 2-hr light/12-hr dark, 22C 5060% relative humidity).
Twenty wellexpandel, healthy leaves (true leaf numbers five, six or seven) were removed
and cut into 0.81 mm strips using a sharp scalpel blade and submerged in 10 pL enzyme
solution 0 mM MES (pH 5.70.4 M mannitol, 20 mM KC] 10 mM CaC, 0.1%(w/v)BSA
1.5% (w/v)celulase R10, 0.4% (w/v) macerozyme RibOa 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 resteof th

protocol was followed without any amendments.

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

A X 4 oA

combindiA2y 06St2¢ 61 a GNIya¥fFSOGSR Ay GNRLIX AOFGS
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vectors were added in the ratio 5:4:1 of TF effector : promoter reporphrucR transfection
control.
The vector combinations included:

1 pUCI1SEV + RiNit2::LucFH pLucR

1 pUC19HMGBS+ PAtNIt2::LucH pLucR

1 pUCI19SPL#A FAtNIt2::LucH pLucR
The transfections were performed for 15 minutes and stopped by dilution with 400 pL W5
solution @ MM MES (pH 5.7154mM NaCl, 125mMaCl, 5 mM KOl The protoplast mixture
was thencentrifuged at 100 g for 2 min and the supernatant was removed. Thereafter the
transfected protoplasts were incubated f@d hours (based on a time trial conducted by
Jessica Proctq2020) in 1 mL W5 solution in sixell plates coated with 5% (v/v) foetal calf

serum.

3.2.4.5. Microscopy

Fluorescent microscopy was used to evaluate protoplast viabilitycamdirm transfection

had occurred, using ldikon T4E Inverted fluorescent microscop@d NIS Elements Software

(Nikon Instruments Inc., Tokyo, Japame TexasRedter was used to visualise chlorophyll
autofluorescence, and the FITC filter was used to visualise GFP fluoresderateplast
concentration was determined using a MultiCourtd0 RA & LJ2 & 6 f S#MT208zy (0 A y 3
Immune Systems Ltd., UK) under &lympws CH20compound microscope (model
#CH20BIMF200

3.2.4.6. Dualuciferase reporter (DLR) assays

Reporter assays were performed using the Promega-Duciferase Reporter Assay System
FOO2NRAY3 G2 GKS YI ydzFl Ol dzNB NXaere haryedtédNayizO G A 2 v
centrifugation at 100 xg for 2 minin roundbottom 2 mL microcentrifuge tubesThe

harvested protoplasts were then lysed in 150 pL 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&plorerMultimode Microplate Reader (Prorga, 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 Exezs used to analyse the data
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andtwo-tailed homoscedastictests were performedo determine any statistical differences

0L XX. ndnpo

3.2.5. Characterisation of-DNA insert lines

3.2.5.1. Homozygous-DNA mutant lines

An athmgb9 T-DNA insertion line ALK _076225Cwas obtained fromthe Nottingham
Arabidopsis Stock Centre (NASEhomozygouatspl7 T-DNA insertion linédSALK125385¢

was kindly provided byoshiharu Shikan#@Kyoto University, JapafYamasaki et al., 20Q9)

Both of these IDNA lines were created in the @background. Thathmgb9was veified

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
(SIGNnAL)-DNA Primer Design toditfp://signal.salk.edu/tdnaprimers.2.html The first PCR

was performed using a gergpecific primer pair flanking the-DNA insertion site and the
second was performed using the gesgecific forward primer with a SALKDNA specific
reverse primer contained with theDNA insertion (table 3.2)h€&reafter, RNA extraction and
cDNA synthesis were performed according to chapter 2, section 2.2.9, and the lack of full
length mRNA product was confirmday PCR using the full length (FL) gene primers in
table 3.2, according to chapter 2, section 2.2.1T.@.confirm that the cDNA was viable, a PCR
was also conducted using tiAetin 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 bgHOR as in chapter 2, section 2.2.12,
using the AtHMGB9, AtSPLand AtNit2 gPCR primers listed in table 3.2. TABMONL1

reference gene was usd#iong et al., 2010)
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Table3.1: The primers usetbr the Y1H and DLR assays forward primer, R: reverse primer

Reference

Amplicon

Primer name t NAYSN a Sdj@eSy OS opQ famiteass) | e () Function PCR kit Ta
M13 F GTAAAACGACGGCCAG Invitrogen _ Sequencing _ _
M13 R CAGGAAACAGCTATGAC
pDEST22 F TATAACGCGTTTGGAATCACT _ o
pDEST22 R AGCCGACAACCTTGATTGGAGAC Invitrogen ) PCR | BioMixRed| pp e
PAtNit2/1-attB1 F| ggggacaagtttgtacaaaaaagcaggcttcAATCTCACGGTTTACCGCAG* . .
PAtNit2/1-attB2 R| ggggaccactttgtacaagaaagctgggtcTTTTTCTGTTTTAACTTGAGCTTT 433 Cloning Kapa HiFi Ppe
PAtNit2/2-attB1 F| ggggacaagtttgtacaaaaaagcaggcttcGGTAGAACGAGTTTGGGTCG* . .
PAtNit2/2-attB2 R| ggggaccactttgtacaagaaagctgggtc TTAATCTGCGATACACCGTG* 458 Cloning | KapaHiFi | pp e
PAtNit2/3-attB1 F| ggggacaagtttgtacaaaaaagcaggcttcCTTTTAAATTGATTGGAATTATA _ .
PAtNit2/3-attB2 R| ggggaccactttgtacaagaaagctgggtcTTCATCCGTGGTATACCAT* 460 Cloning | KapaHiFi | pp e
PAtNit2/4-attB1 F| ggggacaagtttgtacaaaaaagcaggcttc CAGCCATTTTACCAAATAAATAC . -
PAtNit2/4-attB2 R| ggggaccactttgtacaagaaagctgggtcCGTCTTACCATCTAATCTAGTTT( 460 Cloning | KapaHiFi | pp e
pHISLeU2GW F | GATGTGCTGCAAGGCGATTAA H'aclkrznoalnset
PAINit2int F AATCTCACGGTTTACCGCAG 1600 PCR | Supertherm| pn
LucR GTCGCTTCCGGATTGTTTA -

P35S F AATATCGGGAAACCTCCTCG Dr Lara 1400 BCR KapaRM | poe
AtHMGBFELR | CTAAAAAGCCTTGCCGTTTGTC Donaldson | ~
P35S F AATATCGGGAAACCTCCTCG Dr Lara 2800 BCR KapaRM | poe
AtSPLFL R TCAAATTTTGTGTACCAATCTCATTCGG Donaldson | ~
AtHMGBFFL F | ATGTCATCGGACAACGAATCG +3200 oCR <opaRM | pp s
GFFR GTCCTCCTTGAAGTCGATGC *
AtSPLFL F ATGTCTTCTCTGTCGCAATCG 4500 oCR KapaRM | pp o
GFFR GTCCTCCTTGAAGTCGATGC *

* attBsequences are shown in lowercase letters
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Table3.2: The primers usedor athmgb9 and atspl7 Arabidopsis mutant characterisatiorfF: forward primer, R: reverse primer

Reference

Amplicon

Primer name t NAYSNI & SdjaeSy 0S| R°'¢ . Function PCR kit Ta
(if applicable) size (bp)

gAtHMGBF AAGCAAGACAGTCCGATTTTTAG SIGnAL 1088 enotvor < RM /
gAtHMGBR AACACTCCTCCAACTTCCCTC n enotyping | Rapa Ppe
gAtHMGBF AAGCAAGACAGTCCGATTTTTAG SIGnAL 4700 c . <a0a RM /
SALKDNABP | GCGTGGACCGCTTGCTGCAACT : * enotyping apa Ppe
AtHMGBFLF | ATGTCATCGGACAACGAATCG Lo17 oCR <o RM /
AtHMGBFLR | CTAAAAAGCCTTGCCGTTTGTC apa Ppe
AtSPLFL F ATGTCTTCTCTGTCGCAATCG p406 oCR Caom RM /
AtSPLFL R TCAAATTTTGTGTACCAATCTCATTCGG apa Ppe
GAtHMGBF TCACGAGGAGGGGAGGTTAC . RTaPCR | SYBREAST /
gAtHMGB®R TGTGAAACTCGACGAACCTTGA q cne
GAISPLF TGCCAGAGATTATGTGGGCG . nrapcr | SYBREAST /
GAISPLR AAAAGACACGAGAAACCGGC q che
GAINit2 F CTCCCGCCACTCTAGAAAAG Cackett et al.,

GAINit2R AATAGCAGAAGCATGGTACTTGC 2022 185 RFQPCR | SYBRBAST| cnel/
AtMON1F CAGACAAGGCGATGGCGATA Hong et al., » RTaPCR | SYBREAST /
AtMON1R GCTTTCTCTCAAGGGTTTCTGGGT 2010 q cne
AtACt2F AGTGGTCGTACAACCGGTATTGT Ingle et al., 138 PCR Kapa RM /
AtACt2R CATGAGGTAATCAGTAAGGTCACGT 2015 apa PpE
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3.3 RESULTS
3.3.1. Y1H screening to identify TFs that bind to th&Nit2 promoter

3.3.1.1. Preparation of promoter fragment vectors for Y1H analysis

Four overlappind\tNit2 promoter fragments (figure 3.3, appendix figure2pwere amplified

and cloned into pHISLeu2GW using Gateway Cloning Technology. Hereafter the vectors
containing the fragments will be designated @sISLeuPAtNit2/ 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 overlappidtNit2 promoter fragments used in
the Y1H assay

The four promoter fragments (grey) are labelled abswith fragment 1 being closest to the translation
start site (ATG). In this schematic, tA&Nit2 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 intoE. coliand colony PCRs were performed using theShidu2 forward primer

and the relevant promotenttB2 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 fragmeontain an amplicon of the correct size
(500 bp as vector F primer binds upstream of #tiesite), with no amplification seen in the

H>O no template controls. Plasmid DNA was extracted, sequenced, and sent to the University
of York where | completethe Y1H experiments. Here, each plasmid was transformed into
S.cerevisiag/east YB8930MAT).
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A pHISLeu2-PAtNit2/1 B pHISLeu2-PAtNit2/2

MW 1 2 3 4 H,0 by MW 1 2 3 4 H,0
pm

C pHISLeu2-PAtNit2/3 D pHISLeu2-PAtNit2/4
MW 1 2 3 4 H,0 bp MW 1 2 3 4 H,0

bp

700 I 700
—
00 | - ol - 588m

Figure 3.4: PCR confirmation of successful generation of pHIShewoter vectors

A colony PCR was performed on colonies fiencolitransformed withA: pHISLeuPAtNit2/1, B:
pHISLeuPAtNIt2/2, C. pHISLeuPAtNit2/3, and D: pHISLeuPAtNit2/4. The pHISLeu2 forward
primer was used, with the fragmeisipecificattB2 reverse primer, with expected amplicon sizes of
+500 bp.A no template KO negativeeontrol PCR reaction was includadeach caseThe MW marker

included is the New England Biolabs Qiokd®100 bpDNA ladder

3.3.1.2. Test to confirm no autoinduction by promoter fragment constructs

To determine whether the pHISLe#2tNit2 constructscapable of autoinductioh S OK & o | A
@Slhad s1a GSAGSR 6A0GK aLINBe¢ &SIad GNI yasz2Ny
TFs from the library plate 7. Figure 3.5A shows that on YPDA complete media, each yeast
strain was able to grow individually, bon SDLeu/Trp plates no yeast could grow as

expected, validating that the amino acid selection was working.

CAIdzNBE odp. aKz2ga GKS NBadz Ga FTNRY (GKS | dzi2A
were spotted on top of each other on YPDA and theplicated onto selective media. It is

evident from the results on SDeu/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 thie6 A G ¢ & S| & dpinkinichlbuhindi&atiigS O Y S
that this yeast strain had picked up a mutation and had become auxotrophic for adenine
(Weng & Nickoloff, 1997but this colour change was not relevant to our experimén the
SDLeu/Trp/-His + 1 mM 3AT platesp induction of theHIS3reporter gene was observed

with pDEST22 EV or any of the TFs tested, indicatingltbeg wasno autoinduction of the
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HSHESYSZ IyR GKIFIG GKS&aS daol AGé LINPY2GSNI @St ad

Yeast from a gevious yeast twehybrid (Y2H) experimeriHarvey et al., 202@yere included

Fa | LRaAGAGS O2yiNRt® ¢KAA &addzZReé aK2gSR (K
AYUSNY Ot 6A0GK T OGAGIGA2Y R2YFAY 6! 50 WumQx |
growth onSDLeulTrp/-His + 3ATAs growth was seen ihis positive control on the selection

plate, it indicates that the media was correctly made &mak the negativeresults seen with

my promoter fragments were valid.

A Y8930 (MATa) Y8930 (MATa)
pHISLeu2-PAtNit2 pHISLeu2-PAtNit2
f_*ﬁ
-
L 2 H aNm
22 FEeEe
o O O W w w w
(\&" 3 l-,}fi
Y - |-Leu/-Trp
, 3 9%
S a AT RS
A 0 O a0 O O
9 I I © T T g
~ M~ ™~ ~ M~ ™~ :IE
™~
L Y J L Y J
Y8800 (MATa) Y8800 (MATa)
pDEST22-TF pDEST22-TF
Y8930 (MATa) Y8930 (MATa) Y8930 (MATa)
pHISLeu2-PAtNit2 pHISLeu2-PAtNit2 pHISLeu2-PAtNit2
o NS PBD o~ e =, pBD R LI pBD
Q) B oo ny s 3 b ooy oh o —3 Q) o) o o o< —,
gees o, >g fe&eg8 . >g &8 &, > &
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S| 7-Hs
S
g & | 7-H9
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YPDA -Leu/-Trp -Leu/-Trp/-His
+1mM 3AT
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Figure 35: Test for autoinductionoHIS3A Sy S Ay LINRPY20GSNJ daol AGé¢ &St
AY8930(h GUAY 3 GeLls ho &SI ad (PANRA-F@NYBRNE AdiKo KBS 0Ll |
OYFGAY3 GelIsS o &Srkrad GNIXyaF2NN¥SR gA0K LB9{ ¢CHH
were grown on YPDA complete media overnight. The following day, they were replicated ento SD
LeulTrp and incubated for four daye confirm that all yeast was viable and not able to grow on

selective media without being mate®: ¢ KS aol Adé |yR aLINBeé¢ &Stkaid &
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). SELeu/-Trp was used to test for mating, asdLeu/Trp/-His + 1 mM 3Aiedia was used to

test for HIS3nduction. pBBTPLx pAD21 was includd as the positive control fddlS3nduction.

ododPMPod . mI fAONINB AONBSYyAy3ad dzaAy3ad LIR22f SR
¢CKS daolAGé &SlFald &adNIAya (NI yasmNaNIoBeer g A G K
fragments were cultured and pooled for the initial s6rg A y 3 2F GKS Hwm -f A 6 NI N
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.

T O M m o 0O m >

1 2 3 45 6 7 89 101112 1 2 3 456 7 8 9101112 1.2 34 56 7 89 1011 12

I O m m OO w >

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

Pos. control +1mM 3AT

Hgure 36: Y1H screening of library plate 7

TheY8930 (matingi @ LIS h 0 &SI ad (NI yarPINRMIRBSOAAKE (K0 ILA Gg
pooled and spotted on top of Y8800 (mating type a) yeast transformed with pDEST22 containing
RATFSNBY(G ¢ca FTNRY GKS fAONINEB O0aLINBeéov LXLFGS 7
The following day, the yeast was replicateuto SBLeu/-Trp and SELeu/-Trp/-His + 1 mM 3AT and
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AyOdzoF G§SR F2NJ F2dz2NJ Rreéa |4 one/ dzydAaf Of SN INE
GLINBSe¢ @Sk aild aweNBAaydD] Wekebie tddfate with thektNit2LINR2 Y2 G SNJ a6 | A
yeast and grow on selective media, indicating that the TFs these yeasts contain are able to interact

with one or more of the promoter fragmentpBDTPL x pAR21 was included as the positive control

for HIS3nduction.

Eleven TFs were identified as poteniiateractors of one or more of thé&tNit2 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 chapteoRAtATAFZhowed any binding

to the AtNit2 promoter fragments tested in the Y1H experiment, despite the fact that the
predicted TFBS fall withithe 1368 bp promoter region testedddditionally, no other TFs
matched up to the predicted TFBS in table 2.2.

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

Gene accession Clone location

Gene name/description TF family

number (plate-well)
Dlsnig Soskeener el ticooso 1007 e
oty G e e ATIGTELO 12603 ARD
Dlining Ssieene el st 2607 cenp
e prchad L O/0eR, ez 15605 7o
TCP3Teosinte Branc;hgd 1, Cycloidea and AT1G53230 16-A03 TCP
PCF Transcription Factor 3
GL2 Glabra 2 AT1G79840 19-G09 HB
SPL7Squamosa Promoter Binding Protéike 7 AT5G18830 19-G10 SBP
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LYF2NXYIFGA2Y 2y (GKS a3SyS yI YSKRSAONRLIGAZ2YE Faaz2OAl 4GSR

to TAIR (https://lwww.arabidopsis.org/).Information on the TF families were obtained from
http://pIntfdb.bio.uni-potsdam.de  GeBP  glabrousenhancerbinding protein ZFHD.  zincfinger
homeodomain ARID ATrich interactiondomain, TCP teosinte branchedXdincinnata/proliferating cell factqr
HB homeobox SBP SQUAMOSA promotdrinding protein

3.3.1.4. Pairwise screening @{tNit2 promoter fragments with each interacting TF

In order to ensure that these interactions observed in the library plate screenings were
specific to theAtNit2 promoter, and to determingéo which promoter fragment the TF is able

to bind, a pairwise screening approachasitaken whereby each of the TFs (dinel 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 pairwesscreenings shown figure 3.7 and summarised in appendix

table 63.

Figure 3.7A shows that all yeast transformants were viable and able to grow on complete
YPDA media. Each yeast strain was spotted individually (labellédt@sensure 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-ba@Drp (figure

3.7B).

The results in figure 3.7i0ustrate the importance of adding 3A® the SBLeulTrp/-His
media toreduceleakyHIS3expression, as all pPDESTPR 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 thenitial library screening and were included¢onfirm whether

this interaction was real. Additionally, the interactions with three of the TFs, GeBP, DbSPR2
and TCP20 were seen to be ngpecific, as these TFs were also able to callS&nduction

of the pHISLeu2 EV. The other six TFs showed spetgfiactions with one or more of the

AtNit2 promoter fragments.
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Y8930 (MATa)
pHISLeu2-PAtNiIt2

Overall, no TFs were found that interacted with the f&sNit2 promoter fragment 1, closest

to the ATG translation start site. The HB34 TF bouridit2 promoter fragment 3, and HB24

was able to bind to fragments-42, 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 agty 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 toAtNit2 promoter fragnent 4. The results for these TFs which bound specifically
to the AtNit2 promoter aresummarisedn table 3.4.
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Figure 3.7: Results of the pairwise screening of interacting Wkh each AtNit2 promoter

fragment

Interactions between the TFs identified the Y1H library screen and t#e¢Nit2 promoter fragments

were tested in a pairwise Y1H scredl. yeast grew on noselectiveYPDA mediad) and controls

were included showing that each yeast strain could grow individually (labelled A8 yeast spis

GKSNBE aolAlGé YR aGLINBe¢ &SI ad adNIShPguTrpmedkds & LJ2 4 i
(B) indicating mating had occurresliccessfullyBinding was assessed by yeast growth on selective
SDLeu/-Trp/-His media O with the addition of 1 mMD) or 10mM 3AT E. pBDTPLx pAD21 was

included as the positive control féflS3nduction. The full TF names are listed in table 3.3.

Table 3.4: TFs$hat bound specifically to theAtNit2 promoter in the Y1H pairwise screening

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

GL2 AT1G79840 HB 2244 4

SPL7 AT5G18830.1 SBP 2406 4

Wheremore than onepromoter fragments were bound, the fragment with the most growth (indicating highest
reporter gene activity)s labelled in redZFHD: zincfinger homeodomainARID AT-rich interaction domain,
TCP teosinte branchedldincinnatdproliferating 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 R@t the pDEST22 F and R primers (table 8vthjch bind on

either side of the TF insertion and the results are shown in figure 3.8A. As can be seen, the
amplicons were alt 400 bp larger than the predicted size of each TF CDS listed in table 3.4,
as expectedased on where the primers birngh either size of the insertionin the EV, the

band size is based on the size of thdoramphenicol resistanc€(t) gene andcdB suicide

gene present irbetween theattR sites irthe vector.The second band present in the HB34

sample was not present when th&€R wasepeated appendix figure &).

The pDESTZPF plasmids were extracted from tlte coliversion 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 extiet from theE. coliibrary. 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 inAtNit2 regulation. These ar HB34, HB24, HB28,
HMGBY9, GL2, and SPLY7.
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CAIdzNE odyY t/w O2yFANNIOGAZY 2F (0KS ¢Ca LINEB:
E. coliversion of the TF library

A PCR was performed using the pDEST22 primer pairyast lysate samples from tlieteracting

yeast on selective medi&: plasmid DNA extracted from thE. coliversion of the TF library. The

amplicons in both PCRs were expected t&BO0 bp larger than the size of the relevant TF CDS which

are listed at the bottom of the top gel iga.A no template KO negativecontrolwas includedn both

PCRsThe MW marker included ibe Bioline 1kb HyperLaddet

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 t&\tN&2 promoter are sak
responsive, their expression was analysed under saline conditions using the available
microarray data(Cackett, 2019; Cackett et al., 202Zhis was also done to see how the
expressiorof these TFs corresponds AdNit2 expressionn the same datasets, whetNit2

was significantly upregulated in a desssponse manner in response to salioenditions

earlyin developmen(figure 2.2Eand later in development primarily in shoot tiss{feackett,
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2019) To allow easy comparison, t#gNit2 expression in the later development microarray

is plotted inappendix figure 6.6.

Figure 3.9A shows thaitHB34is saltresponsive aAtHB34expression 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 00 mM NaCl (figure 3.9B). OveralitHB34does appear to be slightly salt

responsive, but its function may depend on developmental stage.

Figure 3.9C shows th#&tHB24expression was slightly decreased in response to all NaCl
concentrations except 125 mM NaCl early in development. SimilatkiB34 AtHB24was

also predominantly expressed in shoot tissue later in development and decreased slightly in
response to 100 mM &CI (figure 3.9D). This indicates ti#atHB24expression isnarginally

saltresponsive.

Figure 3.9E shows thatHB28displays amalldosedependent increase in expression under
saline conditions early in development. However, later in developrdhiB28expression
decreased in shoot tissue (where it was more predominantly expressed) higtesalinity
(200 mM NaCljfigure 3.9F) and remained the same in root tissue. This indicate#\thi&28

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

Figure 3.9G shows a pronounced negative relationship betweeiMBG9expression and
salinity early in development #adHMGB®xpression decreases in a dedependent manner
in response to NaCl, opposite to that seen wittNit2. The same trend was not seen with
sorbitol, indicating that this change IAtHMGB9expression was specific to the ionic
component of salinity stress. Later in developmekt-HiIMGB9~vas predominantly expressed

in shoot tissue where it was downregulated inpease to100 mMNacCl figure 3.9H).

Similarly,AtGL2expression showed a strong negative relationship specifically under NacCl
conditions early in development (figure 3.91), opposite to that seen MMiit2. However, no
change inAtGL2expression in eitheroot or shoot tissue was seen later in development
(figure 3.9J). This indicates thatGL2may 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 significantlyAt®etL.7

expression early or later in development.

Although some of these TFswereddl6 & L2 Y A A PS YR 42YS 6SNBy Qi =
mean thatthey are more or less important iAtNit2 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 rolateiMGB9and AtGL2in the plant

response to salt stress.
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Figure 3.9: Microarray expression of the six potentfNit2 regulators from the Y1Hcreen

In the early development microarraA( C, E, G, &nd K), gene expressiomvas determined in
Arabidopsis Cd) seedlings growiin petri dishes on control Pidgarand PN supplemented with
different concentrations of NaCl or isssmolar sorbitol for two weekgblack bar: untreated control,
grey bars: NaCl treatments, white bars: sorbitol treatmgniseresults are shown as an average fold
change relative to the untreated controlhe later development microarra3(D, F, H,dndl) was
performed on Arabidopsis GOl seedlings grown hydroponically favo weeks in untreated control
conditions then transferretb media containinghe indicated concentrations dllaCl for a furthetwo
weeks (blue bars: root, green bars: shodbenes includeAtHB34(A andB), AtHB24(CandD), AtHB28
(EandP, AtHMGB9GandH), AtGL2Z(I andJ), andAtSPLTKandLl). Error bars indicate standard error.
DIFSNByd fSGGSNARA 2y GKS 3INI LKA AYRAOFGS &AAIYATAOL
determined by Fisher LSD pdsic analysis following a ongay 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 theAtNit2 promoter in planta and second through chacterisation of
T-DNA insertion mutants for changén growth under saline conditions and alteration of
AtNit2 expression. For thisAtHMGB9and AtSPLAvere selected. The former was selected
based on its expression in the two microarray experiments @gG8r9G and H), and the latter

was selected asatspl7 T-DNA mutants had previously been characterised by other
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researchers who were able to supply them to us as confirmed homozygou¢Yiamessaki et

al., 2009)

3.3.3.1. Transient reporter assays in Arabidopsis mesophyll protoplasts

The fulllength AtNit2 promoterthat spanned the four fragentsused in the Y1H experiment
was cloned into the pGWL7 reporter vector, upstream of the firefly luciferase derce;
After transformation intoE. coli,a colony PCR showed amplification of the correct size
product in all four colonies using theAfNit2 internal forward primer and the Luc reverse
primer (appendix figure @A). Each of the TFs were cloned into a modified pUC19 vector to
form pUC1HMGBS%and pUC1SPLIvhich were thereafter transformed int&. coliColony
PCR was conducted using tB&S forward primer and th&tHMGB9or AtSPL7ull length
reverse primer respectively and showed amplicons of the expected(sizpsendix figure &B

and C).

Following plasmid DNA midiprethese 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 gRBYMif2
amplified withthe PAtNit2 internal forward primer and the Luc reverse primer, confirming

that the AtNit2 promoter is in this vectqupstream ofLucF.

Figure 3.10 lanes 2 and 3 show the results of PCR amplification of the $M3AB9%nd
pUC19SPL¥ectors using the 3S forward primer andtHMGB%r AtSPL7Tull length reverse
primer respectively. The correct sized amplicons were seen, 1.4 atHfdMGB9%nd 2.8 kb

for AtSPL7This confirms that these TFs are present in the plasmid DNA downstream of the
35S promoter. Aditionally, 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 appropriateiMGB%r AtSPLTull 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 fetHMBG9and 4.6 kb forAtSPL7These results

confirmed correct plasmid DNA preparation.
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Figure 3.10: PCR confirmation plrified pGWL7PAtNit2, pUC19AtHMGB9and pUC19
AtSPL ¥ectors

PCRwere performed onpurified midiprepped plasmid DNA as followane 1: pPGWL7PAtNiIt2, using
the PAtNit2 internalforward primer andhe Lucreverse primer with an expected amplicon size of 1.6
kb, lane 2: pUC19AtHMG9,using the P35S forward primer addHMGBY-L reverse primewith an
expected amplicon size @f4 kb lane 3: pUC19AtSPL7sing the P35S forward primer aAdiSPLTFL
reverse pimer with an expected amplicon size 28 kb,lane 4: pUC19AtHMG9 using theAtHMGB9

FL forward primer an@sFPreverse primerwith an expected amplicon size 8f2 kb, andane 5:
pUC19AtSPL7sing theAtSPLFL forward primer an@GFReverse primewith an expected amplicon
size of4.6 kh A no template KO negativecontrol PCR reaction was includéd each case and are
shown in wells 6.0. The expected amplicon sizes are shown in white at the bottom of the gel image.

The MW marker included is tHeromega 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 #ppendix figure &
confirms this. After the protoplasts were dilutedot 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 traedion.
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Figure3.11: Arabidopsisprotoplasts expressing GFP

Representative images of successfully transfected protoplAstShlorophyll autofluorescengeseen
using the TexasRed filtadB; Cells expressing GFP from the effector vecteen using the FITC filter,
andC:Overlay of images and B

Once transfected, the protoplasts were incubated 2drhours to allow time for expression

of the TF, binding of the TF to tA&Nit2 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 isolgintpplasts,
transfection and the DLR assaws repeated twice with near identical results. The results

from both assays are combined and shown in figure 3.12.

It is evident thatAtHMGBO9expression significantly reduces LucF activity from Aliit2
promater reporter compared to the EV control, indicating thaHMBOSis a negative regulator

of AtNit2 promoter activity and thug\tNit2 expression. This also confirms the Y1H result that
AtHMGBSis able to bind directly to thétNit2 promoter DNA. There was ngignificant
difference inAtNit2 promoter activity when protoplasts were transfected with puUC19 EV or
pPUC19AtSPLY indicating that AtSPL7 is not alite alter AtNit2 promoter activity in this

experimental set up
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Figure 3.12AtNit2 reporter assay tanvestigate regulation by AtHMBG9 and AtSPL7

Arabidopsis mesophyll protoplasts were isolated andtransfected with three vectors: a
PAtNIt2::LucFeporter vector, a vector constitutively expressibgcR and an effector vector which
constitutively expreses bothtGFPand AtHMGBOAISPL72 NJ |y aSYLJié OSOGBFPNE G KA
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 + stardardrom six

biological repeatgtwo experiments performed in triplicate) (n=@)he pvalue showris froma two-

tailed homoscedastictest.

3.3.3.2. Characterisation aithmgb9 mutants

3.3.3.2.1 Isolation ofa homozygousathmgb9 mutant line

An athmgb9 T-DNA insertion line SALK_0762250@vas obtained fromNASC The TDNA
insertion site was predicted to be in the promoter regionAdHMGB9 the location of which
is shown in figure 3.13nitially the seeds were planted on soil and allowed to-fetiilise to
bulk up the seed. This generatéd parental plant linesfrom which DNA was extracted to
screen for homozygousDNA mutans. A PCRased method wassedfor screeningvhereby
primers were designed to distinguish between wild ty@&T)and mutant alleles. Gene

specific primergshown in blue in figure 3.13hat lie on either side of the predictedDNA
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insertion site would only amplify theWT allele Due to the IDNA insertionbeing
approximately 6000 bp, the region is too large to PCR amplify when a mutant allele is present.
Mutant alleles are identified by a separate Pi@Rvhicha FDNA specificeverseprimer

(orange in figure 3.13ndthe gene specififorward primer was usedTlhe two separate PCRs

were performed on DNA from th&4 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), indicatititat all plants tested were homozygous for the
T-DNA insertion iPAtHMGB9 Additionally, one of the PCR products from the PCR for the
mutant allele was sequenced and confirmed the site of tHeNIA insertion, 165 bp upstream

of the AtHMGBQranslation stat site.

HMGBS LMGBO .
reverse primer
folrward phulds
primer
— [ 1l 1l [\ V' 3’ UTR HMGB9
WL 1] v \' Vi >
gene
athmghb9 - - —_
HMGBSY F HMGB3 R gPCR primer
gPCR primer

Figure 3.13Ste of T-DNA insertion in theathmgb9line

The TDNA insertion foathmgb9(orangetriangle)isin the AtHMBGQromoter. Exons, as annotated

by TAIR, are depicted lhwyhite boxes, whereas introns are depicted as black lines. The red arrows
represent theAtHMGBQPCPprimer set.The genespecific primers for genotyping PCRs are shown in
blue, and the SALKONA border primer (BP) is shown in orange.
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Figure 3.8: PCR confmation of athmgb9 homozygosity

Fourteenathmgb9plantswere screened by PCR to confirm homozygositylhere was no product
from any of theathmgb9plants using theAtHMGB9genespecific primer set that had an expected
amplicon size of 1088 bp. TheAtHMGB%Yorward primer andSALK -DNAreverseprimer reported
the presence of the -DNA insertion in all4 mutant plants (expected amplicon size: 52829 bp),
confirming that the plants were all homozygo@ol0 DNA was included as a positive and nagat

control for the respective PCRihe MW marker included is tiieromega 1 kb DNA ladder.

To confirm that thee was no full lengtiAtHMGB9MRNA being produced, PICR was used.
Leaves were harvested from three differeathmgb9plants as well as Cdl as a contro{as
these lines were generated in the @bbackground)and RNA extraction and subsequent
cDNA synthesis were performed PCR using primers which amplifiéde full-length
AtHMGB9coding sequence AtHMGBOFL F and R) was performeaid showed reduced
amplificationin the mutants compared to CeD. However, there was a smathmount of
AtHMGBSxpressiorpresentin the mutants indicatingthat this FDNA line is &nockdown
mutant rather thana null mutant (figure 3.15A. A PCR using thatAct2 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 inAtidMGB3PCR is not due to
poor RNA quality or inadequate cDNA synthesis. Oyéhadlindicates that thiathmgb9line
has knockedlown expression cAtHMGB9.
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Figure3.15 PCRo evaluate AtHMGB9expression in theathmgb9 T-DNA mutant line

A: PCR was performed on cDNA frélhmee mutant and Ce0 plantsusingAtHMGB9full-lengthgene
primers AtHMGBYL F and R) with an expected amplicon siZ®a¥ bp. B: PCR was performed on
the same samples using ti¢Act2reference gene primersvith an expected amplicon size B38bp,
confirming integrity of the cDNALOwas used as the template in the negatantrol reactions.The

MW markerincluded is the Promega 1 kb DNA ladder

3.3.3.2.2 Growth of athmgb9 plants exposed to salinity early in development

To determine whetheknockdown of AtHMGB®xpressiorhas an mpact on plant growth in
in saline conditionsgCot0 andathmgb9plants were germinated and grown for two weeks on
petri dishes containing Rigar (control) and Pidgar supplemented witi00 mM NaClThe
average mass/plant of théwo lines was compared for each treatment to identify any
phenotypic differences in their growtithis experiment was repeated three times, with four

technical replicates each, and the results were consistent.

Figure 3.16A shows th#te biomass of thathmgl® mutant was significantly lower thawT

Col0 under both untreated and saline conditions, and that biomass was significantly reduced
in both genotypes under saline condition® account for the difference in the average plant
mass between the lines in tneated 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 athmgb9line shows a significantly lower average plant mass relative t® Gotler

salire conditions indicating that this lindhasdecreased salt tolerance compared with Qol
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This experiment was repeatemhcewith the full range olNaCl concentrations and the same

trend was seen (appendix figured.
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Figure 3.16: Growtlof athmgb9 plants exposed tasalinity early in development

Col0 and athmghb9 plants were germinated and grown for two weeks on petri dishes containing
untreated PNagar(control) and PMNagarsupplemented with the indicated concentrations of NaCl
A: The average mass per plant @dch line.B: Theaverage mass per plant plotted relative to the
control (0 mM) for each lin€error bars indicate standard erroFor each treatment,ite resultsshow
four replicates combined from three independemtperiments with 50 seeds sown per plate (b2).
Different letters on the graphs indicate significant differenced{05) in mean values as determined

by a oneway ANOVA with Fisher LSD plst analysis.

3.3.3.2.3 Gene expression in thathmgb9 mutant line

To determine whether knocking dowAtHMGB9expression is accompanied by changes in
AtNit2 mRNAlevels tissue was collected fror@ol0 and athmgb9 plants that had been
germinated and grown for two weeks on petri dishes containingaBat (control) and PN

agar supplemented with00 mM NacCl.

Figure 3.17Afirstly confirms thatAtHMGBexpression is decreased under saline conditions

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

in the athmgb9mutant line compared with Céd).

Figure 3.17Bshows that AtNit2 expression is not significantly different under control
conditions between WT G@l and theathmgb9mutant, howeverAtNit2 expression is slightly
but significantly higher in thathmgb9mutant than Co in 100 mM NaClOverall, this data
indicates thatAtHMGBSmight be partially regulatingtNit2 under saline conditions.
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Hgure 3.17: Expression oAtNit2 and AtHMGB9in Cot0 andathmgb9linesunder saline

conditions

Arabidopsiseedlingsvere grownon PNagar (control) or PMgar supplemented with 100 mM NacCl
for two weeksTissuevas harvested and poolddr RNA extraction and cDNA was synthesise®F
gPCRgene expressiomnalysis A: AtHMGB9expressionB: AtNit2 expression.The results are an
average ofthree pools of tissug(n=3). Expressiorof each gends shown relative to theAtMON1
reference gene. Error bars indicate standard erRifferent letters on the graphs indicate significant
differences (PHD.05) in mean values as determined by a-oveey ANOVA with Fisher LSD pbst

analysis.
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3.3.3.3. Characterisation adtspl7 mutants

3.3.3.3.1 Identification of a homozygousatspl7 mutant line

A homozygoustspl7T-DNA insertion lindSALK125385¢was kindly provided byoshiharu
Shikana{Kyoto University, Japagyamasaki et al., 2009)hese researchers showed that this
line was homozygous for theONA insertion, andhat the T-DNA insertion site was in the

fifth intron, as shown in figure 3.18.

SPL7 F qPCR primer SPL7 R qPCR primer
—- <= —
| 1l 11} [\ \' Vi VI 3’ UTR
1 —— I | mnpvFEVv vi =1 Vi VI Vil IX X X > SPL7
Gene
atspl7

Figure 3.189te of the T-DNA insertion in theatspl7line
The TDNA insertion foratspl7 (blue triangle) is in the fifth intron in the AtSPL7gene Exons, as
annotated by TAIR, are depicted by black boxes, whereas introns are depicted as black lines. The red

arrows represent theAtSPLYPCRprimer set.

To confirm that thee was no full lengthAtSPLIMRNA being produced, FPICR was used.
Leaves wear harvested from three differerdtspl7plants as well as Cdl plantsas a control
(as these lines were generated in the -Oddackground)and RNA extraction and subsequent
cDNA synthesis were performeén endpoint PCR using primers which amplifig full-
length AtSPL7coding sequence AtSPL7FL F and R) was performed and showexl
amplificationin the mutants (figure3.19A whereas there was amplification of th&tSPL7
sequence in the Cdl controls, as expected PCR using th&tAct2referencegene 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 &8 PLPCR is not due to poor RNA
quality or inadequate cDNA synthesis. Overall, this indictitasthis line has knockedut
expression oAtSPL7.
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Figure3.19 PCR confirming that there is no fd#ngth AtSPL#&xpression in theatspl7 T-
DNA mutant line

A: PCR was performed on cDNA frahree mutant and CeD plantsusingAtSPL7full-length gene
primers AtSPLFL F and R) with an expected amplicon siZ406bp. B: PCR was performed on the
same samples using th&tAct2reference gene primerswith an expected amplicon size ©88 bp,
confirming integrity of the cDNALOwas used as the tempiain the negativecontrol reactions.The

MW markerincluded is the Promega 1 kb DNA ladder

3.3.3.3.2 Growth of atspl7 plants exposed to salinity early in development

To determine whetheknocking outAtSPL7expressionhas an impact on plant growth in
saline conditionsCol0 and atpl7 plants were germinated and grown for two weeks
described previouslyThe average mass/plant of thevo lines was compared for each
treatment to identify any phenotypic differences in thegrowth. This experiment was

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

Figure 3.28 shows thatbiomass was significantly reduced in both genotypes under saline
conditions, as expected. It alshows that no significant differences were seen between the
WT Col0 and atspl7 lines underuntreated conditions, but that theatspl7 plants were
significantly smaller than G6lon 100 mMNaCl However,when plottingthe mass per plant
relative to theuntreated control for each lingt is evident that the Ced WT andhtspl7line
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 experimant w
repeated once with various NaCl concentrations (figure 3.20C). Here, it is evidewintizat
under high NaCl concentrations is there a significant difference between the salt tolerance of

WT andatspl7,with the biomass of thenutant being more inhibitel under 125 mM NaCl
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than WT Overall, this data indicates that tlaspl7 mutant does not show any pronounced

differences in growth compared to WT undew NaCtonditions butmight be more sensitive

to salinity under high concentrations of NaCl (but theéeds confirming)
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Hgure 3.20: Growthof atspl7 plants exposed tasalinity early in development

Col0 and atspl7 plants were germinated and grown for two weeks on petri dishes containing

untreated PNagar(control) and PMNagarsupplemented with the indicated concentrations of NaCl

The average mass per plantexdch line is plotted, with the error bars indicating the standard error.

A: The average mass per plant @ch line.B: Theaverage mass per plant plotted relative tioe

control (0 mM) for each lineFor each treatment,he resultsshow four replicates combined from
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three independenexperiments withb0 seeds sown per plate (h2). Different letters on the graphs
indicate significant differences ¢.05) in mean vales as determined by a ongay ANOVA with
Fisher LSD po$ibc analysis.C: The average mass per plant of each line on varying NaCl
concentrations.The resultsshow four replicates for each treatment with 50 seeds sown per plate
(n=4).Asterisks representtatistical differences between the lines as determined franwo-tailed

homoscedastic-test (p 4{.05).

3.3.3.3.3 Gene expression in thatspl7 mutant line

Todetermine whether knocking dowAtSPL&xpression is correlated with changesAiNit2
levels tissue was collected fro@ol0 andatspl7plantsthat had beergerminated and grown
for two weeks on petri dishes containing f§ar (control) and PIdgar supplemented with
100 mM NacCl.

Figure 3.21A firstly confirms thatSPLT7s indeed knockedut under both control and saline
conditions in theatspl7mutant line. This data also shows thatiSPL7s slightly upregulated
in Col0 under 100 mM NaCl compared to untreated conditions, as previously seen in the

microarray (figure 3.9K).

Figure 3.21B shows thatNit2 expression is significantly upregulated in-Gah 100 mM NaCl
compared to untreated conditions, as expected. InterestinghgiNit2 expression was
significantly higher in thatspl7KO line in both untreated and saline caials, compared to
Col0.

Overall, this data indicates that decreas#tpPL2&xpression might lead to increasédNit2
expression, implying thaatSPLMight be negatively regulatingtNit2 under both untreated
and saline conditionsHowever, since AtSPLcould not significantly transactivate or
transrepress theAtNit2 promoter in the protoplast transactivation assays (figure 3.12), this

increasedAtNit2 expression is likelgn indirect effecof longterm AtSPLTossof-function.
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FHgure 3.21: Expression oAtNit2 and AtSPL7n Col0 andatspl7 linesunder saline

conditions

Arabidopsiseedlingsvere grownon PNagar (control) or PMgar supplemented with 200 mM NacCl
for two weeksTissuevas harvested and poolddr RNA extraction and cDNA was synthesised fer RT
gPCRyene expressioanalysisA: AtSPL&xpressionB: AtNit2 expressionThe results are an average
of three pools of tissugn=3).Expressiorof each gends shown relative to thAtMON1reference
gene.Error bars indicate standard errdifferent letters on the graphs indicate significant differences

(p >KD.05) in mean values as determined by a-oray ANOVA with Fisher LSD post analysis.

3.4. DISCUSSION

3.4.1 Y1H analysis identified six TFs with the ability to bind tA&Nit2 promoter DNA

A yeast onéhybrid assay was used to screen a TF libfRrynedapaz et al., 2014p identify

TFs that are able to bind directly to fragments of #idit2 promoter (Col0 ecotypg. This
methodis useful as an unbiased, hitfiroughput screen for identifyingrotein/DNA binding

but isunfortunately prone to falsenegative results as many TFs may betable tobind in
isolation or may require binding at a fixed distance frdahe transcription start site [S$
(Hickman et al., 2013Additionally, TFs may requipost-translational modification§PTMs)

to be activethat do not occur in yeagfFuxman Bass, ReeEmyes & Walhout2016). These

are someof 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 mirmehat happensn planta. For instance,
no interaction was detectetbetween AtATAF2 and thétNit2 promoter, but AtATAF2 has
been shown to bind directly to thAtNit2 promoter in a previous study where thieised an
electrophoretic mobility shift assay (EMS#s)well as in transient protoplast transactivation
assaygHuh et al., 2012)This also means that the lack of interaction betwe&iMYB30or
AtMYB2 and thé&tNit2 promoterin the Y1Hloes not disprove the hypothesis that they may
be regulators ofAtNit2, especially seeing as though previous research has shown that
AtMYB30 needs to be SUMOIlyated Ai51Z1 before it is able to bind tine AtAOXla
promoter and upregulatéAtAOX1lagene expression in response to salt str€Seng et al.,
2020) Nevertheless, six TFs that had never previously been linkédNa2 were identified
that bound specifically to one or more of tA&Nit2 promoterfragments. These were AtHB34,
AtHB24, AtHB28, AtHMGB9, AtGL2, and At8Rhle 3.4)

3.4.2. The homeobox (HB)/zinc finglomeodomain (ZFHD) TFs

Three of the identified TFs, AtHB34, AtHB24, and AtHB28, belong tmtheobox (HBYF
family and contain aomeodomain (HD)rheHDis a 66amino acid DNAinding domain (BD)
found in many transcription factor@an & Irish, 2006 About 100 HRencoding genes have
been identified In Arabidopsidielongingto a few different classes(Chan et al., 1998;
Riechmann, 2002Previous research has shown thaetmembers okachclassshareboth
sequence sintarity and play related roles planta although the roleof the ZFHD TFs has

not been as extensively characterised as the other HD clg§$a@s& Irish, 2006)he ZFHD

class is made up of 14 TiRdHB2134. Tan & Irish (2006) showed through Y2H analysis that
most of the members othe ZFHD family heterodimerize with other members of the family
and some are able to homodimerize. Each of the thre¢iRFproteins identified in our Y1H
screen were Isown 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 lossf-function mutants thata subset of these genes have redundant
functions including AtHB34 which seems to be redundant with AtHB23 and AtHBB0&

Irish, 2006) This data implies that even though AtHB24, AtHB28 and AtHB34 were the only
ZFHD TFs that directly interacted with t#&Nit2 promoter DNA in the Y1H analysis, there
may be other members of thimmily 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 ZFHD TFs that do bind to th&tNit2 promoter, and therefore only oner two, but not

all three may be necessary for appropri#&#Nit2 regulation.

The results of the pairwise Y1H experiment with each of itlieracting TFs(figure 3.7)
suggests that all three ZHD TFs are able to bind &iNit2 promoter fragment 3, suggesting
that this fragment may contain a conserved-AB binding site. As AtHB24 and AtHB28 are
also able to bind fragments 2 and 4, it is likely that there are at least thrétzZRotifs in the
AtNit2 promoter. The canonical binding site for most iditeins iSNNAT TA(Fraenkekt al.,
1998; Connolly, Augustine & Francklyn, 199@jh 34 sites conforming to this sequence
across all four fragments of th&tNit2 promoter. To explicitly map the binding sites of these
TFsEMSA®r ChIPgPCR can be conducted in futuBurprisingy, DAPseq data in the Plant
Cistrome Databaséhttp://neomorph.salk.edu/dap web/pages/index.pfp h Qal £ f S &

2016) has shown binding of AtHB13 to tA&Nit2 promoter, but no otherZFHD TFs (see
appendix figure 6.9).

Interestingly,AtHB34and AtHB28were 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 &,Hidicating that theifunction may depend on developmental
stage. AtHB24 expression appeared to follow the same trend later in development
(figure3.9D) but was slightly downregulated under saline conditions early in development
(figure 3.9C). Overallpne of these Z#HD TFs were particularly saéisponsive meaning that
they may not play a role in the salt stress respgnsat 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 At&lit2 promoterin plantashould

be assessed in future work.

3.4.3. GL2

Of the six TFs identified in the Y1H sciagnAtGL2 is the best characterised. AtGL2 is part of
the homeodomaideucine zipper (HiZip) 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 develpment of the seed coat and mucilad®i Cristina et al., 1996; Masucci et

al., 1996; Ohashi et al., 2002; Han et al., 2020has been shown to act as both a
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transcriptional activator and repressof various genefDi Cristina et al., 1996; Ohashi et al.,
2002; TominagaWada et al., 2009)5alinity has been shown to decrease CG methylation of
the GL2 gene body, associated with reductioAti@L2expressior(Beyrne, lusem & Gonzalez,
2019)¢ consistentwith our findings thatAtGL2showeda strong doselependent decrease in
expression early in development under saline conditions (figure, Bil®yever no change in
expression was seen later in development (figure 3 Bis data suggests that if AtGL2 is
involved inAtNit2 regulation, it may be acting as a repressor early in development as its

expression pattern is opposite to that AfNit2.

The GLzyenespecific recognition sites are known as L1 boxes, with a sequence of
TAAATG(C/T)YAbe, Takahashi & Komeda, 200Ihe AtGL2 protein has been shown to bind

to L1-box DNA through Y1H analygiBominagaWada et al., 2009)Notably, the only motif
conforming to this Lbox is a TAAAATG motif on the negative strantth@®tNit2 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 andttiie2
promoter in plantaand determine whether AtGL2 is able to negativelypositively alter
AtNit2 promoter activity. Arabidopsis mutants wittAtGL2KO and OE exist and would be
interesting to characterise for their salt tolerance aAtNit2 expression, but we have been

unable to access these.

3.4.4. HMGB9

AtHMGB9 belongs tthe 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: ateifinal ATFrich interaction
domain (ARID), and Gterminal HMGbox 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 Afith DNA. Multiple studies have shown thtHMGB9s

more highlyexpressed in leaves, flowers, and seedlings compared to roots and (s¢seusen

et al., 2008; Roy et al., 2016¥hich is consistent with our findings thAtHMGBS%s 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 growfiXia et al., 204). However, until recently, this was the
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only study to showa physiological roldor any of these ARID/HMG proteins. Recently, the
promoter region ofAtHMGB15vas analysed and a number of stress responsiseegulator
elements (CRESs) were identdieThe same study showed that expressiorAtiMGB9was
induced by cold stress, and that AtHMGB15 bound to the A(A/C)ATA(A/T)(A/T) motif in DNA
binding and footprinting assayallik et al., 202Q)Notably, in the pairwise Y1H screening
(figure 3.7), AtHMGB9 bound specifically to fragments 2 and 4 oAtiN&2 promoter ¢ two
regions containing arAAATAAAmMotif. 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 oneterestingly, The Plant Cistrome Database

(http://neomorph.salk.edu/dap web/pages/index.opfp h Qal €t £t S& SiG Ff &%

DARseq data fran Arabidopsis seedlings, does natlude a peak for AtHMGB9 upstream of
AtNit2 (see appendix figure 6.9). However, it dad®wthat the top motif for AtHMGB9 is
A(A/T)TTAARregion present multiple times in th&tNit2 promoter tested.Therefore, there

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

Our findings show thaAtHMGB%xpression decreased in a dedependent manner early in
development under saline conditions (figure 3.9G) and latet@velopment in shoot tissue
(figure 3.9H). These results were opposite to thoseAkNit2, suggesting that AtHMGBfay

act as a negative regulator oAtNit2 expression Figure 3.12 shows thaAtHMGB9
transrepresse&tNit2 promoter activityin planta canfirming this hypothesis that AtHMGB9

is able to represatNit2 expressionHowever,athmgb9lines showed only a slight increase in
AtNit2 expression under saline conditions (figure BlWhichsuggests that AAHMGB9 may
only be patrtially regulatind\tNit2 under saline conditionsAdditionally, AtNit2 expression
was not altered in theathmgb9mutant in control conditions, implying that AtHMGB9 might
not regulateAtNit2 expression under control conditions, or that another TF is responsible for
maintainng AtNit2 expression at a baseline level under control conditions, i.e., there could
be anotherAtNit2 repressor able to keeAtNit2 expression stable in untreated conditions
whenAtHMGB3s knocked dowpor an activator that ensurestNit2is expressediespective

of AtHMBG9 Interestingly, athmgb9 knockdown lines showed slightly decreased salt
tolerance (despite slightly higheAtNit2 expression)figure 3.16)implying that AtAHMGB9
could be responsible for other important processes in the salessresponse besides

regulatingAtNit2 gene repressionThese lines should be analysed later in development to
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identify any changes iitNit2 expression or salt tolerancas AtHMGB9expression is

decreased in response 0 mM NaCkater in developmentfigure 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 ArabidOfmisasaki et al.,

2009; Araki et al., 2018; Busoms et al., 202hd it has been shown to be upregulated by
abscisic acid (ABALarriéSegui et al., 201@&nd Cudeficiency(Yamasaki et al., 2009)he

role of AtSPL7 in copper deficiency has been extensively investigated, but no potential role in

auxin biosynthesis ViAtNit2 has been investigated.

Yamasaki et al. (2009) showed that the SQUAMOSA promoter binding protein (SBP) domain
of AtSPL7 binds to GTAC motifs in th&R398promoter in vitro. Interestingly, two GTAC
motifs exist in theAtNit2 promoter, however these are in fragments 1 and 2, whereas AtSPL7
interacted specifically with fragment 4 of tiAéNit2 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)f which there are 20 in thAtNit2 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 th&tSPLMRNAaccumulates mainly in roots(Yamasaki et al.,
2009) consistent with our findings (figure 3.9INotably,AtNit2 is more highly expressed in
shoot tissue (Cackett, 2019)The analysis oAtSPL7expression from the microarray data
shows that AtSPL7is not significantly altered under saline conditions early or later in
development (figure 3.9K &L), besides for a slight decrease early in developmtre
highest NaCl concentration tested (125 mM). However, other data obtained showed that
AtSPL¥vas slightly upregulated in response to 100 mM NaCl ifDGfgure 3.21B). Overall,

it appears as thougAtSPL&xpression is not particularly salt resgive. However, this does
not mean that AtSPL7 does not play a rolAtiNit2 regulation as the transcript level 8tSPL7
may not need to be altered taffectits activity. Insteadpost-transcriptional/translational
modifications or processasay beoccurring toactivatethis TF, and differential binding with

other cofactors may be involved in modulating AtSPL7 activity under different conditions.
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We showed that AtSPL7 did not al#&tNit2 promoter activityin transient reporter assayis

vivo (figure 3.12), indicating that AtSPL7 does not bind toAllit2 promoterin Arabidopsis
mesophyll protoplastsor that binding of AtSPL7 alone is not sufficient to altAtNit2
promoter activity. This implies that AtSPL7 may only be able to Atiit2 promoter activity
under certain conditionspr in certain tissues/cell typesy with certain cefactors, as earlier
predicted.Specifically, a8tSPLTs primarily expressed in root tissue (figure 3.9L), it may only
be able to alter promoter activity in thisssue typeThis protoplast reporter assay should also
be repeated with different incubation times to determine if this makes any difference.
Interestingly,atspl7 KO plants showed increas@dNit2 expression under both control and
salineconditionsearly in developmen(figure 3.2B), but this was not associated with any
consistent changes in salt tolerance (figure 3.20). The magnitud&Nif2 upregulation was
less than Zold, and this therefore shows that small changeAiNit2 expression are naable

to improve salt tolerance. This data does however imply #iBPL Mmight be important in
negatively regulating\tNit2 expressionput not specifically undesaline conditions. Further
work should be conducted to investigate what conditions, -fawtors or post
transcriptional/translational modifications may be necessary for AtSPL7 to reghikiie?

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 diyeto the AtNit2 promoter in yeast. Furthermore,
AtHMGBS9 is able to bind to and negatively regulat®it2 promoter activity in planta,
implying thatAtHMGB9is a negative regulator dhtNit2. However,athmghb9 mutant lines
displayed only slightly increag@tNit2 expression under saline conditions, and were slightly
less salt tolerant, indicating that other regulators must existrtaintain AtNit2 expression

When transiently overexpressed in Arabidopsis mesophyll protoplat$&LA was unable to

alter AtNit2 promoter activity, butatspl7lines showed slightly increasétNit2 expression,
indicating that AtSPL7 may play a role in negatively regulaihit2 expression but may
require other cefactors. This slight increaseAtNit2 expression was not asciated with any
changes in salt tolerance, suggesting th&iNit2 expression needs to be more highly
upregulated to increase salinity tolerance. Overall, it seems as though multiple TFs may play

roles inAtNit2 regulation under different conditios
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CHAPTER FUNCTIONAL CHARACTERISATION OF THENMRIRASE 2
HOMOLOG UNDER SALINE CONDITIONS IN ARABIDOPSIS

4.1 INTRODUCTION

4.1.1.Maize

Maize Zea maykis one of the most important crop plants globally and is grown under a wide
spectrum of soil and climatic conditiorBasedn tonnage, maizes the most produced staple
crop worldwide with 116235299 7onnes produced in 202(Mttp://www.fao.org/faostat). To

put this into perspective, wheat was the secemist produced staple crop, with 35% less
produced. The main reason for this is the versatility of maize, powides essential raw
material for food, livestock feed pharmaceuticals, and other indugl products While
significant advances have been mad@mproving maizesince domestication, advancements

in yield and stress tolerancare still needed in order t@ddressthe food demand from

increasing population sizemderchanging climatefGong et al., 2015)

Although maize is categorised as being moderately sensitive to salt ttass et al., 1983;
Chinnusamy, Jagendorf & Zhu, 2QGhgre is a wide intraspecific genetic variation observed

for salt tolerance(Mansour et al., 2005)This large genotypic variation for salt tolerance
makesmaizea good candidate for integrating tolerance characteristiesugh conventional

breeding strategies in order to developore salt tolerantplant lines or through tansgenic
approactes which are meh faster than conventional breeding andn be used to engineer

more salt tolerant maize with less undesirable side effects, but rely on the identification of
candidate genegGosal, Wani & Kang, 2010; Hoopes et al., 200t8)s far severalcountries

have been receptive to advances in crop genetic enginegenmadding growing genetically
modified (GM) maize. One example of GM maize is ttemmercially available
5NRdzZKUDF NRu3>X LINE RdzOSR seréion af Zh¢@Id shack protein Bl 0 K I
(GspB gene fronBacillus subtilithat confers enhanced drought talence(Eisenstein, 2083).

This GM maize line is currently being growsereralcountries including Nigeria, the United

States of America, Canada and Jagad Da ! LILINR OIMON&46@t HF 4,81 HH U

indicating thatthere is already precedent to accept GM maize.
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In maize, alinity induces many different resistance mechanisms similar to those employed in
Arabidpsis(Farooq et al., 2015)Of paticular interest, morenaturally salt tolerant maize
varieties are thought to maintain growth under saline conditions according to the acid growth
theory (Hager, 2003)In contrast to the salsensitive maize hybrid Pioneer 3906, the salt
resistant hybrid SR Q8aintained plasma membrane'Humping anchadreduced apoplastic
pHin the presence of 100 mM Na(itann, Zérb & Muahling, 20097 his indicates that our
hypothesis in Arabidopsis whereByNit2 upregulation in saline conditions increasesiae
auxin accumulation and auxmediated activation of the plasma membrané-ATPase to

improve salt tolerance, might also be relevant in maize.

4.1.2. Maizenitrilases

As previously introduced, nitrilaggroteins are found throughout the plant kingdom and
possession of nitrilase genes is thought to be the ancient state in higher gRintsowski,
2008) There are two nitrilase genes in maiZepNitland ZmNit2 which are ceorthologs 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 monoedicot split. HoweverZmNIT2as been
shown to hydrolyse IAN to IAA, with an efficiency up to 20 times higheer ANIT12/3
(Vorwerk et al., 2001; Part al., 2003; Mukherjee et al., 2006Furthermore,ZmNit2is
expressed in maize tissues that show atsynthesising activity, such as kernels and primary
root tips (Jensen & Bandurski, 1994dditionally,zmnit2knockout mutants also accumulate
significantly less IAA conjugates in kernels and primary root tips where nitpitaggin and

IAN are presen{Kriechbaumer et al., 2007 ConverselyZmNIT1lhas shown o specific
GdZNYy 2 OSNJ 2F L! b | yR Ay ail Syamvaldihedhydelysis @luriigS Sy A
cyanide detoxificatior{fPark et al., 2003; Mukherjee et al., 2006; Kriechbaumer et al., 2007)
which makes it functionally homologous &iNIT4 To date ZmNit2hasnot 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 varedghat¢i Early Pearl,

and to determine whether the maize homolog @ftNit2 is upregulated under saline
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conditions, 2) to generate Arabidopsis lines overexpressing the niit2ehomolog and
determine whether itis able to phenocopwtNit2 by improving saltolerance, and 3) to

investigate whether the maizNit2 homolog may be regulated similarly &aNit2.

4.2. MATERIALS AND METHODS

4.2.1. Maize seed stock
Zea mayd4.. commercial white maize variety Kalahari Early Pearl (KEP) seeds tanedb

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. Ttesrdhé seeds

were submerged in 50% (v/v) commercial bleach, 0.1% (v/v) £td@0 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 stegitiH,O with shaking foBO sec between each wash. Following

the last wash, the seeds were covered in sterile@ldnd 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.

4230 | 2 | skonplétR futrient solution

alATS gFa 3INRSY KERNRLRYAOIffteé& dzaAy3da I Y2RA
KRHPQ, 6 mM KNG 4 mM Ca(Ngkr.4H0, 2 mM MgS©7HO, 0.05 mM FeNaEDTA and
micronutrients (46 pM EBG, 9.11 pM MnS@HO, 0.77 pM ZnSQHO, 0.32 uM
CuS@5H0 and 0.103 pM NMoO4.2H0)(Hoagland & Arnon, 195Q) £ £ | 2 | Bttt Y RQA& ¢

componentswere obtained fromMerck (Darmstadt, Germany)

4.2.4 Maizephenotypingin saline conditions

Maize was grown hydroponically using a modified version of the Arabidopsis Araponics
Systemdescribed in section 2.2.6.Araponics SA, Belgiumlhe system was modified in
order to accommodate the size of the maize seeds and subsequent growth. A seed holder

system was made consisting of ®.plastic conicabottomed centrifuge tubes that were cut
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in half at the 25 rhmark as well as at the basach 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 Lboxeswebef t SR gAGK | 21 3t yRQa azfdzirazy |
placed on top of the boxesuch 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 seedlingsof the same sizavere randomly transferred onto fresh

| 21 3fFyRQa az2fdziAz2y &adzJJ SYSYGSR gA0K nxX T1p3
Air 300) was used to aerate the media from this point onwards. On day 14, after nine days of
growth in control orsaline conditions, root and shoot tissue was weighed. Additiortéitie

from the second leaf or from the root of three plants in each treatment were harvested and

pooled for RNA extractionThree independentbiologicalexperiments wee conductedto

obtain three biological replicatedll growth was carried out in a controlled growth room at

27°C, 50-60% relative humidity and a 4# light @ n n = > ¥&)f12hy dark cycle.

4.2.5 Identification of maizegenehomologs

The BLASTool on the National Centre for Biotechnology InformatidiNCB) website
(https://blast.ncbi.nim.nih.gov/Blast.cgiwas used to identify maize homolog$ the two
putative transcription factors characterised in the previous chapdiMGB%nd AtSPL7A
protein-protein BLAST (BLASTp) search was conducted to querggpective Arabidopsis
protein sequence against th&ea maysnon-redundant protein sequence database.
Thereatfter, a reciprocal BLASTp search was perfotmederythe protein sequence of the
best match/top hit from maize against the Arabidopsis datahad®e available literature was

also consulted in order to determine the correct homologs.

4.2.6.Maize RNAextraction and cDNA synthesis

Shoot and root issue from the hydroponically growmaize 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 tb TRinolreagent.
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 analydly RFqPCR

RTgPCR was performed on the maize shoot and rodt&Rs described in chapter 2, section
2.2.12, using the primers listed in table 4The annealing temperaturesedfor all primers

was 60C Maizemembrane protein PB1A10.07Z2ni(MEP GRMZM2G018103) was useasia
reference genéManoli et al., 2012)The data generated was analysed using RwtorGene
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 stockand growth

The Arabidopsis wild type NO ecotype was used as the background to generate the
35S:ZmNit2and 35S empty vector lines described in this chapter. Thé Needs were
obtained from Bonnie Bartel (Rice University, Houston, Texas). All Arabidopsis seeds were
stored at £C All Arabidopsis plant growth was carried out in a plant growth room under
aGF yRINR 02y RA 4 Byt dnterssity, n16hr [ighY@hr dayk, 22C 50-60%

relative humidity).

4.2.9 Cloning of theZmNit2overexpression vector

To generate ZmNit2overexpression clone, Gateway Cloning Technology was used, following
the same protocols and workflow as in chapter 2, section 2. Z&&ZmNit2coding sequence

was amplified fromZea maysB73 cDNAIn the BP recombination reactiori50 ng of
pDONR221 and 50 fmol (37.9 ng) aifBl-ZmNit2attB2 PCR product were addedhe
resulting BP recombination reaction product was transformed into chemically competent
Escherichiacoi| ph yR (KS NBadzZ GAy3a Sy iNBueting vy S a
A LR recombination reaction was then used to transfer ZneNit2 CDS into the pB2GW7
destination vector to create a pB2GWZMmNit2expression clone containing tt&MNit2CDS
downstream of the CaMV 35S promoter. The presence of the insert wasmedfby PCR
analysis.The pB2GW#ZmNit2vector was transformed into Agrobacterium as in chapter 2,

section 2.2.19.3.

4.2.10. TransienB85S::ZmNitZxpression in tobacco
ThepB2GW7#ZmNit2expression clone as well as EV were transiently expresdeitatiana

benthamianatobacco plants using the method as described by Regnard @l0) Briefly,
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Agrobacterium transformed with each vectaere grown up overnight ab rCewithshaking

at 200 rpmin induction medium comprisingelectiveLB and 10 mM MESMorpholineethane
sulfonic acids (pH 5.6) supplemented with @Bl acetosyringoneCells were pelleted at
1000x g, resuspended in infiltration mediufi0 mM MES10 mM MgG (pH 5.6) 200 pM
acetosyringongand diluted in infiltration medium to an QB of 0.5. After incubation at 2&

for two hours cells werevacuuminfiltrated into 4weekold N. benthamianglants grownn

a plant growth roomunder standard conditions (680 > Y 2 t2.¢}¥Yight intensity, 16hr
light/8-hr dark, 22C). 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 aysid
A method was adapted from Sandfishra et al. 2005)whereby leatdiscs of0.8cm diameter
were excised fronplant leavesand floated in 3 mL solution of PN media (control) or PN
supplemented with 100, 200 or 3066M NaCfor three days.Thereafter, the leaf discs were
OGNl YAFSNNBR Ayid2 o Y[ ymE: 00k@0 | OSi2yS I yR
chlorophyll extraction. The chlorophylla and b content were determined
spectrophotometricallyby taking absorbance readings of thgtracted solutionsat 663 nm
and 646 nm and using the following calculations:

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

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

4.2.12.Transformation andsolation of 35S:ZmNit2lines

The pB2GW-ZmNit2expression vector, as well as EV (transformed tdumefaciensn
chapter 2, section 2.2.19.3), were transformed into Arabidopsis(QMdaotype) using the
Agrobacteriuramediated floraldip transformation protocol as inhapter 2, section 2.2.20.
Transformed lines were isolated on fNar supplemented with 1Qug/mL glufosinate
ammonium (GFSA described in chapter 2, section 2.2.20.4. To confirm the presence of the
transgene, PCR analysis was conducted as in chaptexc@ors 2.2.11 and the resulting
products were analysed using gel electrophoresis as in chapter 2, section ZI2.£8nfirm
ZmNit2overexpression, rabidopsisRNA extraction, DNase treatment, quality determination
and cDNA synthesis were carried out asaibed in chapter 2, section 2.2 Bhereafter, gene

expression analysis was performed as in chapter 2, section 2.2.12. The data generated was
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analysed using th®otorGenesoftware and Microsoft Excel, and statistical analyses were

conducted as described in chapter 2, section 2.2.22.

4.2.13.Phenotyping35S::ZmNitdlant growth under saline conditions
Arabidopsis phenotyping under saline conditions was performed botly esard later in
development as in chapter 2, section 2.2.6. This was done in such a way to mimic the

experiments done oB5S::AtNitZlants as closely as possible.

4.2.14. MaizeNit2 promoter analysis
PLACEh(tps://www.dna.affrc.go.jp/PLACE/?action=newplad¢eligo et al., 1999)vas used
for identification and visualisation aisregulatory promoter elements, including TFBS, in the

ZmNit2promoter region 1kb upstream of the translation start site (ATG).
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Table4.1: The primers usedor cloning, genotyping and gene expression analy§isforward primer, R: reverse primer

Reference

Amplicon

Primer name t NAYSN a Sdja@eSy OS opQ (if applicable) size (op) Function PCR kit Ta
ZmMEHR- TGTACTCGGCAATGCTCTTG Manoli et al.,
ZMMERR TTTGATGCTCCAGGCTTACC 2012 203 RFGPCR | SYBREAST| ¢ ne
ZmNit1F GACGATGACTATGTGCAGACCTAA Park et al.,
ZmNit1R CAATCTCGTCCAATCCATGTATA 2003 204 RFGPCR | SYBREAST| ¢ ne
ZmNit2F CGCTGTATGGTAAAGGTATTGAG
ZmNit2R AGATGGAGAAATGATAACGCTG 239 RFGPCR | SYBREAST| ¢ ne
ZMARIDE GAGGTGTAGAGGATAAGGAGCGATA
ZMARIDR TGACAGCAGCATATCATCTTGGCT 170 RFGPCR | SYBREAST| cne
ZmSBPL1E AGGGGGAGGTTGGAAGATCA
ZmSBP1R CCCTCCAAAGTCAGTGTTTTCAC 192 RFGPCR | SYBRBAST| ¢ e
9 C N TGGGCCTACTGGTCTTACTACTGA Lin et al.,
9 C RN ACATACCCACGCTTCAGATCCT 2014 135 PCR KapaRM | pp e
ZmNit2attB1 F ggggacaagtttgtacaaaaaagcaggcttcATGGCTCTCGTGACCTCG 1147 Cloning KapaHiFi | THSg
ZmNit2attB2 R ggggaccactttgtacaagaaagctgggtcTCAGTAAGACTTAGTATCG Genotyping| SupefTherm| pp 6
M13 F GTAAAACGACGGCCAG vitrogen ] Sequencin ] ]
M13 R CAGGAAACAGCTATGAC g q g
BarF AAGTCCAGCTGCCAGAAACC Dr Lara .
BarR GAACTGACAGAACCGCAACG Donaldson 733 Genotyping|  KapaRM | p T ¢
P35 AATATCGGGAAACCTCCTCG Dr Lara .
ZmNit2int R GTCGGCTGTAATCAGTGCCT Donaldson 1357 | Genotyping|  KapaRM | poe
AtMON1F CAGACAAGGCGATGGCGATA Hong et al., a4 RFPCR | SYBRBAST| cnse
AtMON1R GCTTTCTCTCAAGGGTTTCTGGGT 2010 PCR | SuperTherm| pp &
AtEXP1E TTGCGGTTGATGCGTTTAG .
AEXPLR GCCGAGTAAAGATCTCCGTAAC Paul Ferrandi 118 RTgPCR | SYBR®AST| c neg

* attB sequences are shown in lowercase letters
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4.3. RESULTS
4.3.1. Analysis omaizeplant growth and gene expressioander saline conditions

4.3.1.1.Maize growth and development are inhibited under saline conditions

To assess the impact bbth the ionindependent and iordependent phasgsof NaClstress

on Kalahari early pearl (KEfgize growth and development, a hydroponlmssed assay was
used Figured.1 shows thaplants grown under saline conditiofisr nine dayshave reduced
number and size of leaves. Plants grown under control condiboraeragenave five leaves
whilst plants grown in75 and 150 mM NaCl had four leaves @hdse in225 and 300 mM
NaCl had three leaves. This stalling of malmmtdevelopment was associated with a change
in the root architecture as there was a reductionprimary and seminal root length as the
concentration of NaCl increased. Additionaliigure 4.1 also shows thatalthough maize
growth was inhibitedthe plants were able to survive and grow with no senescent tissue

observed ovethe experimental pend in all NaCl concentrations

Y il 6cm

Figure4.1: The impact of NaCl on maize growth and development

al AT S LIXFyda 6SNB INRBSGY KERNBLRYyAOFftt& Ay | 2 3f
freshl 2 I 3t I y R Quith i @itha#iiNa@l yor nine days. Letters on the plants refer to the
concentration of the NaCl treatmen&: 0 mM(control), B: 75 mM,C 150 mM,D: 225 mM ance 300

mM with at least three plants analysed per treatment. The photoveha single representative

example and the whole experiment was repeated three times with consistent results.
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Figure4.2A and B show theffect of NaCl on KERaize shooandroot mass. Both the shoot

and rootmassexhibited a dosalependent reduction wh increasing NaCAt low doses, salt

stress appears to be more inhibitory on shoot growth than on root growth. This translated

into an increase in root:shoot rati@s expectedhowever this was only significanthigher

than the control in the 150 and 25 mM NaCl treatmentgfigure 4.2C). Overall, NaCl

significantly reduced KEP magt®otandroot growth, as expected.
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Figure4.2: The impact of NaCl on maize root and shoot growth
al AT S LXIFyida ¢SNB 3INE g yconpet® NRiedBolufiod fortfite &laysitifen | 2 | I f |
0N YAFSNNBER 2ya2 |23t yRQa

days.Thereafter, shooaindroot freshbiomass were measured for each plart: The averagshoot
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freshmass.B: The averageoot freshmass.C. The average root:shoot ratio. The resudtsow data
combined from threeindependent experimentsvith three plants measured for each treatment in
each experiment (n=9Error bars indicate standard errdpifferent letters on the graphsdicate
significant differences (B0.05) in mean values as determined by a-eveey ANOVA with Fisher LSD

posthoc analysis.

4.3.12. Nitrilase gene expression imaize grown under saline conditions

Maize nitrilase gene expression wasalysed followingsalt treatmentin hydroponicsto
determine whether the expression @mNit2or ZmNitlfollows the trend seen wittAtNit2
where expression increased in a dasependent manner under saline conditign@imarily

in shoot tissue(appendix figure 6.6JCacketf 2019) Maize foot and root tissue were
harvestedseparatelyfrom plants grown hydroponically on different concentrations of NacCl
and used for RNA extraction arglibsequentcDNA synthesis for RIPCRyene expression

analysis.

Figure 4.3A shows th@mNit2 expression increases in maize in both root and shoot tissue in
response to NaCl, in a dogependent manner. Figure 4.3B shows that expressianuofitl
does not follow a dosdependent expression pattern under saline conditions. Overall, this
datashows thatZmNit2is upregulated by salinity and behaves similarhAthit2, despite no

difference between the two tissue types being seen
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Figure4.3: Nitrilase gene &pressionin maize grown under saline conditions

alk AT S LXlFyda 6SNB INRsYy KERNRBLRYAOIFff& Ay | 2 3fl
2y G2 1213fFyRQa &dzllLX SYSYGUSR gA0GK GKS AYyRAOIGSR
the second leabr from the root of three plants in eadreatment wereharvested and pooled for RNA

extraction and cDNA was synthesised folfRCR)ene expressioanalysis. The results are an average

of three pooled tissue samplesom independenbiologicalexperimentyn=3) A: ZmNit2expression,

B: ZmNitlexpressionExpressiomf each gends shown relative to th@mMEReference gene. Error

bars indicate standard erroDifferent letters on the graphs indicate mean values that are significantly
RAFTFSNBY G 6L X n ompay ANOYA wRIEShed NID posikRnalgstss. | 2y S

4.3.2. Generation of a homozygous Arabidopsis line that overexprezgadlit2

4.3.2.1. TheZmNit2overexpression construct

AtNit2 overexpressor lines show improved salt tolerance, with reduced inhibition of growth
and improved ion homeostasis relative to wilgbe plants in the presence of NgClackett et

al., 2022) To test whetheroverexpressingZmNit2 can also improve salt tolerance of
Arabidopsis, aZmNit2 overexpression construct was generdteand transformed into

Arabidopsis.

GatewayCloning Technology was used ¢tone the Zea mays(var. B73)ZmNit2 coding
sequenceCDSRA Yy 12 GKS LIS hbwuuHum SYGNEB GSOG2N®D ! TS
using the CDS flanking M13 primers (table 4.1), ZneNit2 CDS was transferred into the

pB2GW?7 Arabidopsis expression vectwnstream of the constitutive Cauliflowdfosaic

Virus 35S promoter, creating pB2G\MinNit2 (figure 4.4). This construct was transformed
intoE.coli51 ph I yR O02ft2yASa 6SNBE aONBSYSR FNRY asSt
shown). Subsequently, a single positive transformant was seléatg@dhsmid DNA extraction

andtransformation intoAgrobacterium
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Figure4.4: Map of the recombinant pB2GWZmNit2generated via Gateway cloning
Expression of thémNit2coding sequencedD$is driven by the constitutive Cauliflower Mosaic Virus
35Spromoter (P353 and terminated by the 35S terminator sequent8%3. Selection of the plasmid

in positiveE. coliand A. tumefaciensransformants is made possible by the spectinomycin resistance
gene SpR. Thebialaphos acetyltransferasgene(Bar) conkrsresistanceo glufosinate ammonium
which allows for selection of positive Arabidopsis transformanike region between th&eft border
andright border inserts randomly into the Arabidopsis genome &grobacteriummediated floral

dip transformation. The primers used for selection lmdicterial transformantsand transgenic

Arabidopsis lines are shown by arrows inside the vector and are descritedolerd. 1.

4.3.2.2.Transient expression in tobacco and chlorophgtintent under saline conditions
The process of generating homozyg@%S::ZmNitArabidopsis lines was lengthy, so for an
initial investigationZmNit2was transiently expressed in tobacdthree days aftevacuum
infiltration of tobacco leaves with Agrabterium containing the pB2GWzZmNit2vector or
EV, tissue was harvested for RNA extraction and subsequent sipNiesis. Figure 8.

showsthe result of PCR analysis where it is evident timdsacco samplesnfiltrated with
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pB2GW7ZmNit2contained theZmNit2product, whereas those infiltrated with EV did not, as
expected (figure 4.5A). Figure 4.5B shows that tobacco samples contained th& C m h
reference geneas expected, indicating that the cDNA was prepared correliy. confirmed
that the tobacm plants werecorrectly transiently expressingach construcand could be

usedfor phenotypic analysis

EV 35S::ZmNit2
A MW 1 2 3 1 2 3 H,0
bp
300
200

200
100

Figure 4.5: PCR confirmation of transient expression in tobacco

Tobacco plants were vacuum infiltrated with tumefaciengontaining35S::ZmNitdr empty vector
(EV)and tissue was harvested for RNA extraction and cDNA syntAesendpoint PCR was used to
confirm transient expressiorA: ZmNit2PCRwith an expected amplicon &29 bp. B: EF1 control
PCRwith an exected band sizef 135 bp. A notemplate HO negativecontrol PCR reaction was
includedin both PCRsThe MW marker included is the New England Biolabs uaakk®100 bp DNA
ladder.

The chlorophyll content a35S::AtNit2plants was measured following salt assays where leaf
discs of OEand WT plants were floated in PN media supplemented with various NacCl
concentrations. Figure 4.6A shows that the total chlorophyll content in the leaf discs of the
35S::AtNitdines were significantly higher than WT under untreated conditions as wellGas 10
and 200 mM NacCl. The leaf discs floated in 300 mM NaCl were fully bleached in both lines.
This data further demonstrates the salt tolerance3sfS:: AtNit2olants.
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Figure 4.6B shows that the total chlorophyll content was higher in the tobacco leaf discs
expressindmNit2compared 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 expressingmNit2remained greener and were more salt tolerahian those without
ZmNit2expression. 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 cortrol 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)ut this result shows the opposite. This could be due to changes

in cell expansion based on our hypothesis.

Overall, this data demonstrated that overexpressirgNit2warranted further investigation
as a mechanism for improvingalinity tolerance, and therefore pB2GWMmNit2 was

transformed into Arabidopsis.
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Figure 4.6: Chlorophyll content iAtNit2 and ZmNit2overexpressing tissue

A: Total chlorophyll content of 3 leaf discs fr@®8S::AtNitzand WT Arabidopsis controls treated with
NaCl (n = 5B: Total chlorophyll content of 6 tobacco leaf dis@nsiently expressing5S::ZmNitdr
EV(n = 5).Error bars indicate standard errorT-tests were used to show a significant difference
betweenOEandWT (p < 0,05)C:Representative picture to show phenotypic differences in leaf discs
from tobaccotransiently expressing5S::ZmNitand EV controlafter 3 dayof floating inPNmedia

supplemented with the indicated concentrations&Cl.

4.3.23. Transformation of Arabidopsis witpB2GW7ZmNit2
The pB2GW-ZmNit2plasmid was transformecdhto A. tumefacien€<sV3101A colony PCR
was conductedn ten colonies that grew on selective medising the P35S forward primer

andZmNit2internal reverseprimer ¢able 2.1, fgure4.4).

Figure 4.7 shows thatlaen Agrobacteriuncolonies and the positive control vector DNA had
an amplicorat approximately 1357 bp, as expected, confirming the successful transformation
of pB2GW7ZmNit2 into Agrobacterium Empty pB2GW?7 vectoDNA was also previously
transformed into Agrobacterium (chapter 2, figure 2.4€Enable generation o&n empty
vector (EVArabidopsis line to be used as the background control in downstream phenotyping
assays A single Agrobacteriurnolony was selecte@samplel) to be used for Arabidopsis

transformation.

pB2GW7-ZmNit2

3 4 5 6 7 8 9 10 H,0

Figure4.7: PCR confirmation oA. tumefaciendransformationswith pB2GWZZmNit2
A colony PCR was performed on ten colonies flortumefaciensransformed with pB2GW-ZmNit2
using the P35S forward primer a@dhNit2internal reverse primer with an expected amplicon size of

1357bp. A no template KD negativecontrol PCR reaction was included wiiequenceverified
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pB2GW7#ZmNit2plasmid DNA used agemplate in thepositive control ). The MW marker included
is the New England Biolabs Qulakad®1 kb DNA ladder

After confirmingpositive Agrobacterium transformation with the generated expression clone,
Agrobacteriuramediated floraidip transformation of Arabidops (No-O ecotype) was
performedwith both pB2GW7ZmNit2and pB2GW7 EVhe Ne0 ecotype was used as the
background for these lines as tl35S::AtNit2ine was generated in the N® background,
enabling us to compare these lingSFSA selection plates weused to isolate transgenic
individuals from seeds collected from the transformed plants (T1 generation). Seedlings

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

Once the seedlings had established prdpen sal, 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::ZmNitaand 35SEV (Ne0) Arabidopsis genotypes respectively. Figure 4.8 shows that 13
transgenic35S::ZmNitlines were isolated that contained both tiBargene (figure 4.8A) and

the ZmNit2coding sequence downstream of the 35S promoter (figure 4.8B) as all 13 seedlings
had aspecific band amplified of the same size as the positive copBBGW7ZmNit2plasmid

DNA.

Similarly, figure 4.9 shows that all S%SEV (Ne0) seedlings that were able to grow on GFSA
were verified by PCR analysis as they all containe@#8r®CR prduct (figure 4.9A), but no

PCR product using the 35S forward primer ZniNit2reverse 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 tl#S 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 sfftilise and produce the next T2

generation
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A 35S::ZmNit2

kb MW + 10 11 12 13 16 H,0
1,5
1,0
0,5
B 35S8::ZmNit2
kb MW + 2 3 4 5 6 7 8 9 10 11 12 13 16 H,0 kb

Figure4.8: PCR confirmation a35S:ZmNit2 Arabidopsistransformations

A PCR was performed on DNA extracted from 13 potentially transgenic Arabidopsis plants transformed
with pB2GW7ZmNit2using A: the Bar primer pair with an expected amplicon of 7Bg, andB:the

P35S forward primer andmNit2internal reverse primer with an expected amplicon size of 1357

Ano templateHO negative control PCR reactimas included with pB2GWZmNit2#2 plasmid DNA

used as a positive contrat)(in bothPCRsThe MW markeincluded is the New England Biolabs Quick
Load®1 kb DNA ladder

A 35S EV
MW + 7 No-0 H,0 MW?
kb
1,0
0,5
B 35S EV
MW1 + 7 No-0 H,0
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Figure4.9: PCR confirmation c35SEVArabidopsistransformations

A PCR was performed on DNA extracted from six potentially transgenic Arabidopsis plants
transformed with pB2GW?7 EV usiAgthe Barprimer pair with an expected amplicon of 7BB, and

B: the P35S forward primer andmNit2internal reverse primer with an expected amplicon size of
1357bp. A No-O wild-type (WT) DNA sample andha template HO PCR reaction were included as
negative controls with pB2GWZmNit2#2 plasmid DNA used as a positive cont#dlii both. The

MW markers included are the New England Biolab&klL.oad®1 kb DNA ladde(MW?) and the
QuickLoad®100 bpDNA ladderNIW?).

4.3.2.4. Confirmation ofZmNit2expression

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 tabledd. Several transgenic sdlings werdransferred to soil

to collect seed for futurgenotypingexperiments Another round olGFSA@eening in the T3
generation led to identification of homozygous transgenic ljivelsich had 100% growth on
selective mediawhich were then transferred to sotb collect seed for gene expression
analysis and future phenotyping experimenr each of thdvomozygous35S::ZmNitand
35SEV lines, two leaves from three of the transferred seedlings were pooled to form a single
tissue sample for RNA extraction and subsequent cDNA syntBepiessiorof ZmNit2was
determined by gPCRrelative to theAtMON1reference geneFigure 4.10 showthat no
ZmNit2expression was detected the EV linesas expected, indicating that they are suitable

for downstream use.

Variable levelsof ZmNit2 were observed in the35S::ZmNit2lines, as expectedThree
overexpressor lines were selected to be carried forward based on having the hyhbit2
expressiorg lines 2.2, 9.3 and 16.2dditionally,EV lines 2.1 and 3.1 were selected for further
analysisas they had the best germination frequencies and the most seeds available for

subsequent use.
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358::ZmNit2 35S EV
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Figure4.10: ZmNit2gene &pressionin homozygous T3 plants

Arabidopsis plants were grown on RNar supplemented with 10ughL GFSA for 11 days then
transferred onto soil for two weekgissue frontwo leaves of three plants welearvested and pooled
for RNA extraction and cDNA was synthesised fegfRORgene expessionanalysis Expressiorof

ZmNit2is shown relative to th&tMON1reference geneNo-0 WT Arabidopsis is included as a control.

For each of the selected lines, ten seedlings were harvested froagBNplates and used in
DNA extractions and PCR to confirm homozygosity. For38&:ZmNitZdines, PCR was
conducted using th&5Spromoter forward primer andmNit2internal reverse prer and

the results are shown in figure 4.11A. For B&5SEV lines, PCR was conducted usingBae
primer pair (figure 4.11B). All ten of the seedlings from each line contained the specific
transgene product, which, along with the growth on selectiorigdaindicates 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

Figure4.11: PCRonfirmation of 35S:ZmNit2homozygosity in the T3 generation

A PCR was performed on DNA extradtenin ten seedlings off PN plates from T3 lines that were

potentially homozygous foA: ZmNit2,using theP35S forward primer andmNit2internal reverse

primer with an expected amplicon size of 13§57, and B: EV, using théBar primer pair with an

expected amplicorof 733bp. No-O WT DNA and a no templat&O PCR reactiowere used as
negative contra with pB2GW7ZmNit2#2 plasmid DNA used as a positive cont¥pirf both PCRs

The MW marker included is the New England Biolabs Quek®1 kb DNA ladder

To be sire 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 GFSixduced 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 agBGH gne expression
analysis to determine the level of variation in expressioZmiNit2between plants in each

line.

Figure 4.12 shows that there wasmevariation between each line and that each of the
35S::ZmNitzhomozygous OE lines selected showed significantly higheit2 expression
than the EV lines which had rE&mNit2 expression, as expected. The actual values of the
ZmNit2expression relative t&\tMON1were lower than those previously seen in figur&@.
which could be due to the fact that the tissue used \fras a different developmental stage
Previously35S::ZmNit2ine 2.2 appeared to have the highe&amnNit2expression butn this
experiment it appearso have significantly lower expression than line3 &nd 16.2Lines 2.2

and 16.2 were chosen for phenotypic characterisation.

2 ZmNit2
1,8 - c g
1,6 -
1,4 -
1,2 -

0,8
0,6

ZmNit2 relative expression

0,4 -
0,2 A
a a

0 T T T T 1
2.2 9.3 16.2 2.1 3.1

L J [l J

T T
355::ZmNit2 35S EV
Genotype

Figure 4.12ZmNit2gene &pressionin homozygous T3 seedlings

Arabidopsiseedlingsvere grownon PN medidor 11days Tissuewas harvested and poolddr RNA
extraction and cDNA was synthesised forRTRjene expressioanalysisThe results are an average
of three pools of tissugn=3).Expressiomf ZmNit2is shown relative to thé&tMON1l1reference gene.
Error bars indicate standard erromifferert letters on the graphs indicate significant differences

(p >K.05) in mean values as determined by a-orey ANOVA with Fisher LSD post analysis.
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4.3.3. Phenotypic characterisation &5S::ZmNit2Arabidopsis plants

4.3.3.1. Growth of35S::ZmNitlants exposed to saline conditions early in development

To determine whether overexpressiZgnNit2had an impact on plant growth in salt early in
development,35SEVand 35S::ZmNitdlants were germinated and grown for two weeks on
petri dishes containig untreated PNagar(control) and Phagarsupplemented with differing
concentrations of NaCl or ismsmolar concentrations of sorbitolrheaverage biomassf the
three lines was compared for each treatment to identify any phenotypic differences in their

growth.

Figure 4.13A/showsthat 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
ZmNit2OE lines were comparable under all treatment conditions. Notahky/36S::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 masper plant was plotted relative to the untreated control for each line and

the data is shown in figure 4.13B. Here, it is evident tha@mNit20E lines sustained growth
better under saline conditions compared to the EV control, which is further depictiégure

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 sbrbanditions (data not shown),
indicating thatZmNit2might improve osmotic stress toleranc®verall, this data indicates

that Arabidopsis lines overexpressidmNit2are more tolerant of salt and sorbitol.
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Figure 4.13: Growth 0f35S:ZmNit2 plants exposed to saline conditions early in
development

TheEV and5S::ZmNitplants were germinated and grown for two weeks on petri dishes containing
untreated PNagar(control) and PMagarsupplemented with the indicated concentrations of NaCl and
sorbitol. A: The average mss peplant of each lineB: Theaverage mass per plant plotted relative to
the control (0 mM) for each linéerror bars indicate standard erroDifferent letters onthe graphs
indicate significant differences ¢.05) in mean values as determined by a -ovaey ANOVA with
Fisher LSD pos$ioc analysisC: The mass per planis plotted as a regression analysis for NaCl
conditions.The resultsshowfour replicates for eah treatment with 50 seeds sown per plate (n=4).
The experiment was repeated three times with comparable resulEach slope was compared
statistically to one another to determine any significant differences and the results are shown in the

bottom left caner with an asterisk indicating statistical significance.

4.3.3.2. Growth of35S::ZmNitlants exposed to saline conditions later in development
To determine whether overexpressirgmNit2 has an impact on plant growth irsaline
conditionslater in development(comparable to the effect seen by overexpressktdlit2),
35SEV,35S::ZmNitd6.2, and35S::AtNitdlantswere grown hydroponically in ¥4 strength PN
mediafor three weeks then transferred onto % strength PN media supplemented with

without 75 mMNacCIl for a further weeklThe35SEYV line was used as a control for both the
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35S::ZmNitand 35S::AtNitdines. At the end of the experimental period, the shoot and root
mass of each plant was recorded to determine the average per plant for eecimleach

treatment.

Figure 4.14A shows that the average shoot mass was significantly lower in all three genotypes
in 75mM NaCl compared to untreated conditions, as expected. There was no significant
difference in average shoot mass between the genetym untreated conditions. However,

the 35S::AtNit2genotype showed a significantly higher average shoot mass in 75 mM NacCl
compared to the EV ar®bS::ZmNitZine which were not significantly different to each other.

This means that th&85S::AtNit2plants show reduced salt inhibition of growth, as expected,
whereas the35S::ZmNit2ine experienced the same satiduced inhibition of shoot growth

as the EV control. Overall, this shows that overexpresdmfjlit2does not have the same

effect in improving salt tolerance later in development as overexpregsiNg2 does.

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

that inhibit root growthin order to determineif there are any differences between the

genotypes.

500 1 OEV [O355:ZmNit2 0O355::AtNit2 B 90 4 [OEV [355:ZmNit2 [1355::AtNit2

450 -+ C c 80
b o
@ 350 - < “
é 300 ‘F é °0
8 s 20 7 % +
2 2501 2 40 -
@ 200 - b o
W 150 - © 30 -
o a S 20

100 A a T
3: <

50 -~ ’_[—‘ 10 4

O T 1 O T
0 75 0 75
[NaCl] (mM) [NaCl] (mM)

166



Figure 4.14The averageshoot and root mass ofEV,35S::ZmNit2and 35S:AtNit2 plants

after one week of salt treatment later in development

The35SEV,35S::ZmNitaand 35S:: AtNit2plants 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 wigkhe averageshootmass

per pant B: The averageoot mass per plant. The results are an average of six plants for each
treatment for the EV an@5S::ZmNit2ines and four plants for th85S:AtNitX A Yy S 6y xn 0o ® 9 NN
indicate standard error.Different letters on the graphs indite significant differences #).05) in

mean values as determined by a eway ANOVA with Fisher LSD plost analysis.

4.3.3.3.AtEXP1Expression analysis iB5S::ZmNitdlants

While overexpressiorof ZmNit2was sufficient to increassalttolerance in terms ofelative
biomass production iseedlinggfigure 4.13, it did not do so in older plantgigure 4.14), in
contrast to35S:AtNit2 where enhanced tolerance was seen at both developmental stages
(Cackett, 2019) In addition to thesephenotypes 35S:AtNit2 also displag elevated
expression oEXPANSIN XAtEXP11AT1G2019)) whichis thought tofunction in plant cell
expansion Inorder to better understand whether expression BmNit2can phenocopy that

of AtNit2, AtEXP1Expressiorwas analysed in thémNit2transgenics.

Arabidopsis Né& WT 35S::AtNit2, 358V an®B5S::ZmNit3eeds were germinated and grown
for 14 days on Pidgar, in triplicate. After two weeks, seedlings were pooled for each line
from three separate pkes for RNA extraction and subsequent cDNA analysigPRR was

used to analys@&tEXP13ene expressiorelative toAtMON1

Figure 4.15 shows thaAtEXP1llexpression is significantly higher in ti3&S::AtNit2line
compared to the NeD WT background as Weas the35SEV an®B5S::ZmNitZines. This same
increase iIMtEXP1Expression is not seen when the mald#2 gene is overexpressed, as the
35S::ZmNit2ine shows no significant difference MIEXP1Expression compared to thgsS
EV line. This indicasethat ZmNit2 might not be able to perform the same function in

Arabidopsis aétNit2, to causeAtEXP1Llpregulation.

167



4 AtEXP11

3,5 A

T

AtEXP11 relative expression

0,5 -

0 d a d
355 EV 355::ZmNit2 No-0 35S::AtNit2

Genotype

Figure 4. 15AtEXP1Iene pressionin 35S::ZmNitzand 35S::AtNit2lines
Arabidopsiseedlingsveregerminated andyrownon PN medidor 14 days Tissuavas harvested and
pooled for RNA extraction and cDNA was synthesised fogfRIRgene expressioranalysis The
results are an average tiiree pools of tissugn=3).Expressiorof AtEXP11s shown relative to the
AtMON1reference gene Error bars indicate standard errobDifferent letters on the graphs indicate
significant differences (B.05) in mean values as determined by a-eveey ANOVA with Fisher LSD

posthoc analysis.

4.3 4. InvestigatingZmNit2regulation

4.3.4.1.ZmNit2promoter analysis

AlthoughZmNit2was not able to directly phenocotNit2 in Arabidopsis, it does seem like
ZmNit2plays a role in the response to salt stress, &x$%::ZmNitlants were more salt
tolerant early in development. As a preliminary investigation into whether the work we are
doing in Arabidopsis to uncov&tNit2 regulation is relevant to maizé, kb of promotetDNA
upstream of thezmNit2translation start site waanalysedn silicousing PLACE to identify the

predicted TFBS present in this region.

Table 4.2 lists the common TFBS present in bbth promoters, as well as other MYB TFBS
present in theZmNit2promoter region that are predicted in the PLACE databhlietably, 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 tAeNit2 promoter. This suggests that one or more

MYB TFs might play a roleAmNit2regulation.

Table 4.2: TFBS present in 1 kb upstreanZofNit2

Binding site name Motif Site- in Site in ZmNit2 1#kﬁbo{1;!terz;r:n Strand
as per PLACE PAtNit2? of ZmNit2
MYBPZM CC(A/T)ACC CCAACC 2 +
MYBCOREATCYCE AACGG P AACGG 2 +/-
MYBCORE C(A/T/GIC)GTT(A/G) C(C/G)GTTG 2 +
MYB2CONSENSUS, (TIC)AAC(TIG)G P CAACGG 1 -
MYB4 binding site A(A/C)C(AITA(A/IC)C P ACCAAAC 1 +
IBOXCORE GATAA P GATAA 1 +
TATABOX3 TATTAAT P TATTAAT 2 +/-
TATABOX5 TTATTT P TTATTT 2 -
WBOXNTERF3 TGAC(CIT) P TGACC 1 +

Note: One of the MYBCORE sites is in the same location but on the opposite strand to the
MYB2CONSENSUSAYBCOREATCYCBL site (which is at the same location on the negative strand)

MYB4

I I I —|-—- ZmNit2 —
| 1]

-1000 MYBPZM
500 bp

Figure4.16 Schematic showing the presence of MYB binding sites inZn&Nit2promoter

In this schematic, th&mNit2 promoter positive strandis shown as a black line with the coding
sequence indicated by a white box with a black outlifige translation start site (FG) is labelled as

+1 and all sites are labelled relative to this positibhe MYBCORE binding sites (orange) are present
at positions-27 and-110 in theZmNit2promoter, with the MYBPZM sites (red) present at positions
-127 and-747. The MYBCOREATCY@Blow) 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 proposéxind to. TheZmNit2promoter

region contains multiple NNATTA sites which is ttaonical binding site for most
homeodomain proteingdTan & Irish, 2006)indicating that maize homeodomain gieins

might also be able to bind to themNit2promoter. Additionally, the putative binding site for
HMGB9AAATAAAIs also present in themNit2promoter and may indicate that a homolog

of HMGB9 is able to bind to th&mNit2promoter and regulate its gression. There is also a
GTAC motif present in themNit2 promoter which is predicted to be the binding site for
SQUAMOSA promoter binding proteins in Arabidopéanasaki et al., 20Q9)nplying that

the SPL7 homolog in maize may be able to bind to the promoténit2.

4.3.42. 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 homologsHMGB9 and
AtSPL7 were identified antheir expression wasnalysed following salt treatmerds in

section 4.3.1.3

4.3.4.2.1. AtHMGB%omolog

When the Arabidopsis HMGB9 protein sequence was queried against the maize protein
database, the top hit returned waZmARID6(GRMZM2G02497%6 When the reciprocal
BLASTp was performed, the Arabidopsis HMEzBHT 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 identigp tis was not surprisingXia etal., 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 AtHMGB®erefore ZmARID@&ene expression was

analysed.

Figure 4.17A shows thaZmARID@ncreased gnificantly in the root tissue under saline
conditions, and significantly decreased in the shoot tissue under saline conditions.
Additionally, ZmARID&xpression varied significantly between the root and shoot tissue.

Under untreated and low NaCl condite/ZmARID6vas expressed more in the shoot tissue
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and this spatial expression was reversed under high NaCl conditions with a significantly higher
ZmARID@xpression in 300 mM NacCl in the root tissue. This data indicateZthARIDé&s
differentially reguated under saline conditions in different tissue types. This data is similar to
that seen in the Arabidopsis later development microarray whateIMGB9expression
decreased in the shoot tissue under high Na@Ghditions (figure 2H), indicatingthat
ZmARD6 may be regulated similarly by saline conditions in maize shoot tissue compared to
AtHMGB9 Additionally,ZmARID&hows an opposite expression pattern in shoots compared
to ZmNit2(figure 4.3A), indicating that it is possible that it plays a rolmNit2repression

in shoot tissue. However, in root tissuBnARIDGs upregulated under saline conditions
similarly toZmNit2. Overall, this data indicates that ZmARID6 may play a rolniNit2
regulation, but this role might be different in different $ise typesand needs further

investigation.

4.3.4.2.2 AtSPLhomolog

When the Arabidopsis SPL7 protein sequence was queried against the maize protein
database, the top hit returned waanSBP11GRMZM2G10935Zm00001eb349730When

the reciprocal BLASTpaw performed AtSPLAvas the top hit and thereforeZmSBP11

expression was analysed under saline conditions.

Figure 4.17Bhows that there was no significant differenceZmSBP1é&xpression 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 fig9tewhere
AtSPLAvas shown to not differ under saline conditioirs either tissue type in the later
development microarray, indicating thaimSBP1hAnd AtSPL7may be similarly regulated
under saline conditionsAlthough this data does not correspond to the upregulation of
ZmNit2 seen in figure 4.3A, the lack of regudati of AtSBP1lexpression undeisaline

conditionsdoes not mean that it does not play a roleamNit2regulation.
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Figure4.17: ZmARID&ndZmSBP1fiene expressionn maize grown under saline conditions

alATS LXIyia 6SNB INRGY KEeRNBLRYAOLFLtfte Ay 12 3t
2y G2 1213t yRQa adzlld SYSYGSR 6A0GK (KSFokefdRA OF (i SR
treatment, issue from the second leaf from the root ofthree plants weréharvested and pooled for

RNA extraction and cDNA was synthesised feqRIRyene expressioanalysis. The results are an

average othree pooled tissue sampleBom independentbiologicalexperiments(n=3) A: ZmARID6
expressionB: ZmBP1lexpressionExpressiowf each genés shown relative to themMEReference

gene. Error bars indicate standard err@ifferent letters on the graphs indicate mean values that are

AAIYATFAOLIYyGt & RATTSNSY dwapANOWyitnFishep LSD pofioc 88lysiS. NY A y S R

4.4. DISCUSSION

4.4.1. Salt stressnegatively impacs the growth and development of the white maize
variety, Kalahari Early Pearl

Maize is consideretb be more sensitive to salt stress when compared to other important
crops such as barley, cotton or sorghuamd ithas been showto be most sensitive to salinity
during the vegetative growth stag®laas et al., 1983However, there is wide intraspecific
genetic variation for salt resistance that exists within mgMansour et al., 2005)To date,

no data hae been shown analysing the change in growthdevelopmentof the Kalahari
Early Pearl maize variety in response to salronditions, presumably as it is only

agriculturally relevant irsouthern Africa
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