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Abstract

The plant mediator transcriptional co-activator pdew consists of in the region of
34 protein subunits that collectively link prometeyund transcription factors with
the activity of RNA polymerase Il. Among them, Matdir subunit 16 (MED16; also
known as SENSITIVE TO FREEZINGG6, SFR6) plays a mapte in regulating the
expression of specific genes in response to a tyadé stresses including cold,
drought, UV and pathogen infection. The structufeplant mediator has been
hypothesised to be similar to that of yeast mediait has not yet been proven.

Considering the structure of the yeast mediatorpgtery in which MED14, MED16
and MED2 occupy positions in the so-called “taie would predict a close physical
interaction between MED14, MED2 and MED16 in thanplcomplex. Therefore,
this study investigated whether MED2 and MED14 wunthe same regulons as
controlled by MED16. Results showed the necessitghese two proteins, like
MED16, in gene regulation under cold, drought, BivIstresses and revealed a clear
correlation between reduced levels of toleranceiammhired gene expression under
cold and UV but not drought.

To investigate whether particular domains within IMEB might be responsible for
the activation of specific genes under differentestes, complementation
experiments were used to test the ability of tldifferent truncated MED16 versions
to restore cold-, dark- and UV-inducible expressiSome truncated versions were
able to complement the mutant but the degree ofptemrentation varied amongst

transgenic lines.

Experiments were conducted to study the functioKIdf10, an interacting protein
of MED16 that appears to play a role similar to MEBOn regulation of stress genes
and tolerance. The necessity of KIN10 in the cdntfoa subset of the stress-
inducible genes controlled by MED16 was demongira€-immunoprecipitation
experiments revealed that regions within the N-teainpart of MED16 are essential

for interaction with KIN10.

Key words:Mediator Complex, SFR6/MED16, MED2. MED14, KIN1pld, UV,
dark/starvation, drought/desiccation
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Chapter 1

Chapter 1

Introduction

Crop yields are limited by environmental stresded prevent them from realising
their full yield potentials. Environmental stressem be caused by one or several
factors primarily the extremes of temperature, dhausalinity and radiation, which
all have detrimental effects on plant growth andettgpment that affect yield. As
plants are sessile in nature, they are alwaysagdid with various stresses in their
immediate environment. Extended exposure to diffierearying environmental
stresses results in altered metabolism, growthdawelopment in plants (Claeys and
Inzé, 2013). In order to tolerate and survive thesgeme conditions plants have
evolved defence mechanisms particularly those inngl sensing various stress
conditions and triggering appropriate biochemicathgvays (Lawlor, 2013). The
sensing of biotic or abiotic stress conditions iceRisignalling cascades that activate
ion channels, kinase cascades, and accumulatiborofones such as salicylic acid,
ethylene, jasmonic acid, and abscisic acid (Vessleeal., 2006). These signals
ultimately induce expression of specific subsetdefence genes that lead to the
accomplishment of tolerance and survival (Millakt 2003).

Enhanced stress tolerance in crop plants is wtabpe with changing environmental
conditions to secure food supplies for the incregsvorld population (Godfray et
al., 2010). This is far more challenging with timited availability of arable lands
that is further known as land areas with optimumditions that accounts for only
10% of total arable lands (Tuteja et al., 2012)giBeering altered expression of

genes vital under different stress conditions fesqly leads to improvements in
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stress tolerance (Yamaguchi-shinozaki and Shinp2&€4, Collins et al., 2008) and
consequently plant performance.

Sensitive to Freezing 6 (SFR6) was identified asessential protein for gaining
freezing tolerance through cold acclimation and th&s demonstrated using &fe6
mutant of Arabidopsis, which is unable to acclimate freezing temperatures
(McKown et al., 1996, Warren et al., 1996). Thisdst aimed to investigate the role
and function of SFR6 and its interacting proteins regulating abiotic stress-
responsive gene expression and tolerance in ArpbigloThis chapter reviews major
topics related to the present study covering paress, the plant mediator complex

and Snfl-related protein kinasel (SnRK1).

1.1Plant abiotic stress

Any factor exerted by the environment that oppotbes optimal functioning of
organisms is known as an abiotic stress. Abiotiesses like heat, cold, freezing,
drought, salinity, flooding or ozone damage ceHldtauctures and adversely affect
processes that play a major role in determininglpectvity of crop yields and also
the differential distribution of the plant speciesross different geographical
locations (Araus et al., 2002, Verslues et al., @0@Plants have complex and
dynamic systems of response to stress stimuli waArehmuch more intricate than
found in animals despite the absence of an immuysie®s in plants. The vital reason
for this is that plants do not possess the akititgimply move away from the region

of stressful stimuli (Jenks and Hasegawa, 2008).
1.1.1 Low temperature stresses

Low temperature stress is one major environmeatabf that limits the agricultural

productivity of plants and leads to substantiapdasses. It has a huge impact on the
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survival and geographical distribution of plantsares differ in their tolerance to

chilling (0-15°C) and freezing (<6C) temperatures (Knight and Knight, 2012).

Plants from temperate regions are chilling toleralthough possess varying degrees
of tolerance to freezing but can increase theeZmg tolerance by being exposed to
chilling temperatures, a process known as cold iraation (Levitt, 1980,
Thomashow, 1999, Struhl, 1998). By contrast, plasftdropical and subtropical
origins, including many crops such as rice, maine tomato, are sensitive to
freezing stress and lack the capacity for coldiaation. Most molecular studies on
plant responses to cold stress are focused on #whanism of cold acclimation
rather than on chilling tolerance (Katterman, 199@hajan and Tuteja, 2005).
Numerous physiological, biochemical and moleculaanges occur during cold
acclimation, including up regulation of antioxidegi mechanisms, synthesis and
accumulation of cryo-protectant solutes and prateand changes that protect and
stabilize cellular membranes (Chinnusamy et alQ720rhomashow, 1999) . To
achieve these changes, the transcriptional aativatnd repression of genes by low
temperature are of central importance (Thomash@®99)L The reprogramming of
gene expression results in the accumulation ngt @inprotective proteins but also of
hundreds of metabolites, some of which are knownhdawe protective effects
(Chinnusamy et al., 2007, Fowler and Thomashow2208omashow, 2001).

Chilling stress results from cold temperatures thid enough to produce injury
without forming ice crystals in plant tissues, wées freezing stress results in ice
formation within plant tissues (Thomashow, 1999nlike in chilling, freezing
injuries triggers cell death by cytoplasmic dehyidraand ice formation in the cell
wall. The exposure of plants to temperatures bdteezing results in water loss and

cellular dehydration in addition to the formatioh extracellular ice (Thomashow,
3
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1999). Therefore, freezing tolerance is correlatgth tolerance to dehydration
which is caused by drought or salinity. Freezinduited dehydration can cause
various disturbances in membrane structure (Stepordnd Webb, 1992). The
cellular dehydration induced by freezing is thetcarcause of the damage, however,
additional factors can also contribute to freezilagnage. The growth of ice crystals
can cause mechanical damage to cells and tissuetoantemperatures can cause
dehydration, protein denaturation and disruptiomatromolecular complexes (Guy
et al., 1998, Thomashow, 1999). Freeze-induced dfalign can cause different
forms of membrane lesions, relatively high freezimgperatures (between’@and
-4°C) cause expansion—induced lysis due to osmotitraction and expansion that
occurs with freezing and thawing (Steponkus et1#893, Uemura and Steponkus,
1997). Temperatures between’G4and -16C cause freeze-induced lamellar-to-
hexagonal Il phase transitions, an inter-bilayegnévnvolving the fusion of cellular
membranes. Temperature beyond°€®ther forms of sever membrane damages
occur including fracture jump lesions (Thomasho®98, Steponkus et al., 1993,
Uemura and Steponkus, 1997). The production of iRea®©xygen Species (ROS) is
one of the responses common to different typestrelss that cause damage to
various macromolecules in cells. Low temperatumas cause excessive production
of ROS and therefore tolerance to cold also caeslavith effective systems for
elimination of ROS in response to oxidative str@gdist and Shinozaki, 2004, Cook
et al., 2004).

Despite clear role in protection against the dedion imposed by freezing,
nevertheless, recent evidence indicates that séihe anolecular changes that occur
during cold acclimation are also important for thg tolerance (Dong et al., 2006,

Gong et al., 2002, Lyons, 2012). In other wordsippears that chilling tolerance is
4
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exhibited by temperate plants is not entirely cibutste, and at least part of it is

developed during exposure to chilling temperatures.
1.1.2 Drought stress

Drought is the one of the most unfavourable envirental factors that affects plant
productivity. The severity of drought is unpredidaas it depends on many factors
such as occurrence and distribution of rainfallaparative demands and moisture
storing capacity of soil (Wery et al., 1993, Aro2@12, Zhu, 2002, Yordanov et al.,
2000). Plants have developed specific acclimatiod adaptation mechanisms to
survive under soil water deficit either by compietithe life cycle before severe
stress or imposing resistance mechanisms (Yordatowal.,, 2000). Resistance
mechanisms include drought avoidance and droudétatice, the latter of which
depends on the maintenance of cell turgor by actatimg osmolytes and soluble
sugars (Umezawa et al., 2004, Thomashow, 1999,023&kn et al., 2003). Low
molecular weight osmolytes including glycinebetaipmline and other amino acids,
organic acids and polyols are crucial to sustaitlulee functions through
maintaining an osmotic balance under dehydratiowitons (Shinozaki et al., 2003,
Thomashow, 1999, Umezawa et al., 2004). The avoglamechanism is achievable
by the maintenance of high water potential in pkisdue despite soil water deficit.
This is achieved by improved water uptake unde¥sstirthe ability to hold water
within the plant, reduction of water loss throughuctions in leaf area and stomatal
and cuticular conductance (Mahajan and Tuteja, 20@wton et al., 2006, Jarvis,
1976). Under drought conditions plant growth retuks including auxin,
gibberrellic acid, abscisic acid, cytokinin andicgdic acid modulate plant stress

responses and polyamines, citrullines and antiokgdéead to the reduction of the
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adverse effects caused by water deficit (Faroaa.e009). At the molecular level
several drought responsive transcription factos genes have been identified such

as dehydration responsive element binding proteigpsaporin and dehydrins.
1.1.3 UV stress

Living organisms are highly vulnerable to some loé twavelengths in the light
spectrum, particularly to the 280-320 nm range, int greatly affected by the
depletion of the ozone layer. Damage occurs inotane layer leads many harmful
rays reaching on earth and among them ultravidl®Y) (spectrum has gained
importance over other spectrum (Hollésy, 2002, Robbht, 1989). The UV
spectrum is divided into three major regions UVZ2d-280 nm), UV-B (280-320
nm) and UV-A (320-400 nm) hence UV-B radiationhs most energetic component
of sunlight to reach the earth’s surface and varianthropogenic activities lead to
accelerate the depletion of ozone layer. UV-B tamliais known to be harmful to
living organisms that damage DNA, proteins, lipahl other cell membranes. DNA
is one of the most important targets of both UV##l &JV-C irradiation that results
in multitude of DNA photoproducts (Sancar and Sant888) which may cause
mutations during replication (Jiang and Taylor, 3P9DNA-protein cross-links,
DNA strands break and either deletion or inserabbase pairs can also be induced
by UV exposure (Smith, 1992). Proteins have a higpacity to absorb UV-B
radiation due to the presence of aromatic aminalsaguch as phenylalanine,
tryptophan, tyrosine and histidine. UV-induced dgmdo amino acids has been
observed in free amino acids and in proteins (Kéloitova et al., 1990) owing to
photooxidation, transfer of energy from one aminm &0 another neighbouring one

or UV-induced photolysis (Creed, 1984). These ptimémical changes results not
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only the modifications in amino acid residues blsoathe inactivation of whole
protein and enzymes (Grossweiner, 1984, Prinszd.,e1990). Lipids can also be
photochemically modified by UV absorbance espegiplhospho and glycolipids,
which are the main components of plant cell memésaand are destroyed by UV

radiation in the presence of oxygen (Kramer etl#191, Panagopoulos et al., 1990).
1.1.4 Starvation stress

Photosynthesis is the only process in plants thaverts solar energy to chemical
energy, and drives the synthesis of sugars frorhocadioxide and water. Sugars
provide the main respiratory substrate for the g of primary energy and

metabolic intermediates that are used for the ®gmhof macromolecules. In

addition, proper functioning of many proteins aipilds is required to bind to sugars
(Lee, 1992) and carbohydrates are important asigibggcal signals that repress or
activate many plant genes that are important irabwic reactions (Morkunas et al.,
2012).

Sugar starvation initiates substantial physiologarad biochemical changes in order
to sustain metabolic processes and respiratiotaintgand therefore it is important
to study on conditions that leads sugar depletidhg. sugar signalling network has
the ability to regulate gene expression as webitasr signalling pathways (Rolland
et al., 2002, Baena-Gonzalez, 2010, Jang and SH&&4, Koch, 2004, Gibson,

2005, Gonzali et al., 2006). Many studies relatedugar sensing and signalling in
plants have shown that glucose, fructose, sucrosk teehalose play roles as
signalling molecules (Koch, 1996, Miiller et al. 999 Rolland et al., 2006, Cho and
Yoo, 2011, Morkunas et al., 2012). In addition ke involvement in signalling of

cell wall invertases, sucrose and glucose trangsmo(and specific sugar receptors),
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and hexokinase (an enzyme phosphorylates hexdskegif et al., 1999, Smeekens,
2000, Loreti et al., 2001, Harrington and Bush,20@oore et al., 2003, Rolland et
al., 2002, Rolland et al., 2006, Koch, 2004, Rareoral., 2008, Smeekens et al.,
2010, Hanson and Smeekens, 2009, Cho et al., 28@G8gnce has been provided to
show the involvement of a variety of protein kirgs@acluding Snfl-related kinases
(SnRKSs) (Rolland et al., 2006, Smeekens et al. 0p@alcium-dependent protein
kinases (CDPKSs), mitogen-activated protein kinases] protein phosphatases in
sugar signal transduction (Rolland et al., 2008h&iet al., 2002).

Dark conditions lead to a significant decreasehm éfficiency of photosynthesis in
leaves that synthesise and export carbohydrateselti reducing the supply of
carbohydrates to non-photosynthetic tissues thpoitrcarbohydrates for respiration,
growth, and development (Yu, 1999). Therefore sugarvation in plants initiates
changes in substantial physiological and biocheimigeocesses by limiting
respiration and other essential metabolic processesplants (Yu, 1999).
Furthermore, plants under sugar starvation init@tanges in cellular processes to
recycle cellular constituents and in order to aehithis, dramatically change their

patterns of gene expression (Yu, 1999, BuchaNafaston et al., 2005).
1.1.5 Oxidative stress

Oxidative stress arises through diverse metabdaliges in plants subjected to
different abiotic stress conditions (Apel and HE904). It occurs particularly under
extreme temperature conditions, where the produaiofree radicals or Reactive
Oxygen Species (ROS) is noticeably increased (Hezaman et al., 2011a,
Hasanuzzaman et al., 2011b, Mirza Hasanuzzamdn 2043). High levels of ROS

lead to problematic damage in plants while at lewels, ROS can act as signalling
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molecules by acting as friend or foe concept. Restudies have indicated that
under temperature stress, generation of ROS ingudiinglet oxygen (9,
superoxide radical (£), hydrogen peroxide (D,) and hydroxyl radicals (O is
accelerated, thus inducing oxidative stress (MittB002, Potters et al., 2007). In
plant cells, ROS are constantly produced as atre$uderobic metabolism in the
chloroplast, mitochondria and peroxisomes (Apel &hd, 2004, Sharma et al.,
2012), however, the chloroplast is considered asntilain source of ROSUnder
optimal environmental conditions, the antioxidapstem in plant cells effectively
protects them from possible deleterious effectsR@S, however, under stress
conditions ROS generation is enhanced, thus thelaehntioxidant capacity can be
overwhelmed and oxidative stress occurs (Hippetl &mstner, 1996, Noctor and
Foyer, 1998)Recent studies have shown that ROS could also laain role in
mediating important signal transduction events kbatling to a central role in stress
perception and protection (Suzuki and Mittler, 2006

Singlet oxygen (@ is formed in the chloroplast during photoinhibitj a light-
induced reduction of photosynthetic capacity oflanpand PS Il electron transfer
reactions, and this radical directly oxidises pratepolyunsaturated fatty acids and
DNA (Karuppanapandian et al., 2011b, Karuppanaemnei al., 2011a)Superoxide
radicals (Q*") are formed in photooxidation reactions and prestpiration, various
oxidase reactions taking place in chloroplastspamiondria and plasma membranes.
Hydroxyl radicals (OH) are produced as a consequence of the reactiavedet
H,O,and Q°, reactions of K0, with F€* and decomposition of£n the apoplastic
space (Moller et al., 2007, Halliwell, 2006). Hygyb radicals can potentially react
with all constituents of cells particularly biomoldes like proteins, lipids, DNA and

pigments. Hydroxyl radicals are not considered &wehany signalling function
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although the products of their reactions can efighalling responses (Moller et al.,
2007, Halliwell, 2006). All the above effects of BQesult in the autocatalytic
peroxidation of membrane lipids and pigments, modiion of membrane
permeability and its functions (Xu et al., 2006).

During temperature stress, ROS levels can incregsieh can result in significant
damage to cell structure (Mittler et al., 2004).ring heat stress it may disturb the
homeostatic balance of the cell and promote ligtbpidation, either by increasing
the production of reactive oxygen species or byeBsing the @radical scavenging
ability in the cell (Bowler et al., 1992)n extreme cold conditions, which are beyond
the plant tolerance level, the activities of aniilaxt enzymes are reduced and the
accumulation of ROS occurs in higher amounts. Riholm of ROS rigorously
affects electron transfer and biochemical reacti¢8szuki and Mittler, 2006,
Solanke and Sharma, 2008). Low temperature-indwpedative stress (Prasad,
1996) decreases phospholipid content, increasés fiproxidation and free and
saturated fatty acid content (Sato et al., 20EBdihg to damage to lipids, proteins,
carbohydrates and DNA (Gill and Tuteja, 2010). Rentnore in extreme cases of
ROS-induced oxidative stress, alterations in theseyme activities and other
biochemical reactions ultimately affects plant pblmical processes including
photosynthesis, respiration, nutrient movement @adspiration, which negatively
affects plants survival or causes ultimate deate(And Hirt, 2004).

Like environmental stresses, some herbicides hlgeability to induce oxidative
stress (Camp et al., 1994) in plarifhe modes of action of herbicides are different
according to the active compound and they may &ctnhibiting cell division,
photosynthesis, or amino acid production or by rokimg natural auxin hormones,

which regulate plant growth, causing deformitiesniew growth (Ashton, 1981,
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Devine et al., 1992). However, nearly half of tleenenercially important herbicides
act by interrupting photosynthetic electron flowsf@on, 1981, Devine et al., 1992),
where the specific sites of action of many of thagents have been found to lie
either at the reducing side of photosystem | (@gaguat/methyl viologen) or in the
quinone acceptor complex in the electron transpdrain between the two

photosystems (eg: diuron/dichlorophenyl dimethgaibCMU). DCMU only blocks

electron flow from photosystem Il, and has no dffen photosystem | or other
reactions in photosynthesis, such as light absmrpdr carbon fixation (Lavergne,

1982).

1.2 Gene expression to combat stresses

Under adverse or limiting growth conditions, plargspond by activating tolerance
mechanisms at the molecular, tissue, anatomicdlp@srphological level. This is by
adjusting the membrane structure and the cell arghitecture, by altering the cell
cycle and rate of cell division, and by the regolatof metabolic processes
(Atkinson and Urwin, 2012). At a molecular levelpegssion of many genes is
induced or repressed by abiotic stress, involvingrecise regulation of extensive
stress-gene networks (Grativol et al.,, 2012, Skdkband Yamaguchi-Shinozaki,
2007) in the cells. Products of those genes magtim in stress responses and
tolerance at the cellular level. Proteins involvedbiosynthesis of osmoprotectant
compounds, detoxification enzyme systems, proteasmssporters, and chaperones
are among the many proteins encoded by such gewdewlach have roles in direct
protection against stress. Microarray studies pl@\a powerful source to identify

gene expression profiles of plants exposed to @bsttesses such as cold, drought,
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high salinity or ABA treatment (Kreps et al., 20@&xki et al., 2002a, Seki et al.,
2001, Seki et al., 2002b).

Transcription factors play key roles in gene exgims by regulating expression of
downstream genes &mns-acting factors via specific binding tis-acting elements
in the promoters of target genes. Analysis of stresponsive gene promoters has
identified many cis- and trans-acting elements involved in the transcriptional
responses of stress-responsive genes (Furihatg 20@6, Lindemose et al., 2013).
Approximately 7% of the Arabidopsis genome is casgat of coding sequences that
correspond to transcription factors (TFs) (Udvaetlial., 2007). These TFs are
divided into seven major TF families, namely bassucine zipper (bZIP),
APETALA  2/ethylene-responsive  element binding facto(AP2/ERF),
NAM/ATAF1/CUC2 (NAC), WRKY, MYB, Cys2(C2)His2(H2)-type zinc fingers
(ZFs), and basic helix-loop-helix (bHLHAt present most of the research studies on
TFs that regulate abiotic stress responses hadynfagused on single TFs and their
specific functions. However, many of the proteindsts indicated that TFs also
function as hubs, which involve many interactingtpins, by networking different

pathways (Lindemose et al., 2013).
1.2.1 Gene expression in response to cold and drduigtresses

In response to cold the initial signalling includelsanges in the membrane and
cytoskeleton of cells (Orvar et al., 2000), whiate accompanied by transiently
increased levels of intracellular €gKnight et al., 1996, Knight et al., 1991) and
activation of protein kinase cascades, leadinght® dctivation of TFs ultimately
activating the expression of target genes in respdo cold (Knight and Knight,

2012, Rehem et al., 2011). Shinozaki and Yamag8bimozaki (2007) reviewed
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that more than half of drought-inducible genes wals® induced by high salinity
and/or ABA treatments in Arabidopsis. Interestingbnly 10% of the drought-
inducible genes were induced by cold stress, deghi fact that dehydration is
considered to be a major part of freezing stresanbther study, a cDNA microarray
was constructed using ~1700 independent rice cDNAkted from three cDNA
libraries prepared from rice exposed to droughid,cor high salinity stresses
(Rabbani et al., 2003, Venu et al., 2013). The oaimay was used to identify
putative genes that respond to these stresse=eirstress-inducibility was confirmed
using RNA gel-blot analysis. This comparison canéd that 73 of these genes were
truly stressed inducible (Rabbani et al., 2003)ould 40% of drought- or high
salinity-inducible genes were also induced by stidss. However, the expression of
>98% of the high salinity and 100% of ABA inducibigenes were induced by
drought stress. All these data suggest that inghiband salt stress signalling they
use many of the same pathways. The promoters ofy mald and dehydration
responsive genes in Arabidopsis have been showronmtain a DNA regulatory
element, the CRT (C-repeat)/DRE (dehydration-respenelement) (Baker et al.,
1994), which confers both cold and dehydration oespre gene expression

(Yamaguchi-shinozaki and Shinozaki, 1994).

Shinozaki et al. (2003) classified the productdh& drought-inducible genes that
were identified through the microarray analysesAimabidopsis into two major
groups; functional proteins and regulatory proteifi$ie functional proteins
comprised molecules such as chaperones, late egemgeis abundant (LEA)
proteins, osmotin, antifreeze proteins mRNA-bindipigteins, key enzymes for
osmolyte biosynthesis, water channel proteins, rsiagad proline transporters,

detoxification enzymes, and various proteasesdteessential in function in abiotic
13
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stress tolerance. The regulatory proteins are itapbrin regulation of signal
transduction and stress-responsive gene expressiod included various
transcription factors, protein kinases, protein qi@tases, enzymes involved in
phospholipid metabolism, and other signalling moles such as calmodulin-binding
protein. The transcription factors could controé texpression of stress-inducible
genes in either a dependent or independent mamne@nany gene networks in
Arabidopsis. Rabbani et al. (2003) reported thedpects of stress inducible genes
identified in rice can also be classified as fummél and regulatory proteins as
similar to Arabidopsis.

Various studies have led to the identification eadulated plant genes, especially in
model plant Arabidopsis, known &0R (cold on-regulated)KIN (cold induced),
LTI (low-temperature induced) omRD (responsive to dehydration) genes
(Thomashow, 1999). More recently, microarray datveh shown that several
hundreds of genes are up regulated when plantgarsferred from warm to cold
conditions (Fowler and Thomashow, 2002, Kilianlet2007, Robinson and Parkin,
2008). C-Repeat (CRT)-binding factors (CBFs) (Stogér et al., 1997), also known
as dehydration responsive element binding protéDREB1s) (Baker et al., 1994,
Shinozaki and Yamaguchi-Shinozaki, 2000, Thomash»998, Llorente et al.,
2002), are upstream transcription factors that biodthe CRT/DRE (drought-
responsive element) (Tran et al.,, 2004) promater element and activate the
expression of these cold-responsive genes (Jagts€it et al., 1998, Thomashow,
1999, Liu et al., 1998).

Three genes encoding members of the CBF/DREB1 ya@BF1, CBF2 andCBF3
(or DREB1h DREB1¢ and DREB1a respectively), are transcriptionally induced

within 15 min of transferring plants to cold temgteres, followed at ~2 h by
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expression of the CBF regulon of target genes, Wwhace those genes whose
promoters contain the CRT/DRE regulatory element €ét al., 1998, Shinwari et al.,
1998, Gilmour et al., 1998). Severxas-elements in the CBF2 promoter have been
found to be involved in the cold induction of CBRZarka et al., 2003). Inducer of
CBF Expressionl (ICE1), abHLH (basic helix—loop+teprotein, is an upstream
transcription factor that binds to the CBF3 promated is required to activate CBF3
expression upon cold stress (Chinnusamy et al.3)2@0d an R2R3-type MYB
transcription factor, AtMYB15, was found to interawith ICE1 and to play a
negative role in regulating the expressiolC&F genes under cold stress (Agarwal et
al., 2006). It appears that cold induction of theeé CBF genes (Gilmour et al.,
1998, Liu et al., 1998) is controlled by a set eflundant and interacting bHLHs
(ICE1 and other related bHLHs) and MYB transcriptifactors.Some of these
transcription factors cross regulate each othemi@samy et al., 2007). In addition,
ZAT12 negatively regulates the expression of @&+ genes (Vogel et al., 2005).
CBF 2is a negative regulator @BF1andCBF3(Novillo et al., 2004, Novillo et al.,
2007) and in contrast to CBF2, CBF1 and CBF3 ateamwlve in regulating other
CBF genes and positively regulate cold acclimation.

Ectopic expression of the CBFs in Arabidopsis ssinl constitutive expression of
downstream cold-inducible genes, even at warm teames, and in increased
freezing tolerance (Jaglo-Ottosen et al., 1998 TBF regulon includes genes that
act in concert to improve freezing tolerance. Oxpression of the CBF/DREB1
transcription factors in transgenic Arabidopsisnaresults in the accumulation of
compatible solutes that have cryoprotective adtisjtincluding proline, sugar, and
raffinose (Cook et al., 2004, Gilmour et al., 200@verexpression of the

CBF/DREBL1 proteins in Arabidopsis results in anréase in freezing tolerance at
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the whole plant level in both non acclimated anldl @xclimated plants (Gilmour et
al., 2000, Jaglo-Ottosen et al., 1998, Kasuga t1899, Liu et al., 1998) and
enhances the tolerance of plants to dehydratiorsechiy either imposed water
deficit or exposure to high salinity (Kasuga et aB99, Liu et al., 1998). Studies
indicate that the CBF cold-response pathway is ewesl inBrassica napugJaglo
et al., 2001) and that components of the pathwaypmesent in wheat and rye
(Pellegrineschi et al., 2004), which cold acclimaie well as in tomato (Chinnusamy
et al., 2007, Zhang et al., 2004b). Genome sequanabysis in rice identified ten
CBF/DREB1 homologues and four DREB2 homologuesn&taki and Yamaguchi-
Shinozaki, 2007) and overexpression of OsDREB1AAmabidopsis shown the
similar responses in gene expression and strem&tale as in rice (Dubouzet et al.,
2003). Ito et al. (2006) revealed that overexpoessof either OsDREB1 or
AtDREB1 could improve both drought and chillindei@nce (Ito et al., 2006) in
rice which suggests that the functionally similaranscription factors in
dicotyledonous and monocotyledonous plants in absitess tolerance.

Drought stress responses are regulated via both A8gendent and independent
signal transduction pathways. Twas-acting elements ABRE (ABA-responsive
element) and DRE (dehydration responsive elemeRi)(C Repeat; described
above) elements are present in the promoters ofy rdeought-, high salinity-, and
cold-inducible genes; for instancd@D29A (also known asCOR78 or LTI78)
(Yamaguchi-shinozaki and Shinozaki, 1994, Yamag&thnozaki and Shinozaki,
2005) and the ABRE element functions in ABA-deperidexpression whilst the
DRE/CRT element acts to effect ABA-independent gexgession (Fig. 1.1).

The CBF/DREB1 and DREB2 (Yamaguchi-Shinozaki anth&taki, 2005) are the

two transcription factors belonging to the ERF/ARnily, bind to DRE/CRT
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elements having, A/IGCCGAC as their conserved DNdAdinig motif. The

CRT/DRE is the common transduction path way (Figudg which activate in both
cold and drought and rapidly induced by cold stréss products of which activate
the expression of target cold stress-inducible gefdaglo-Ottosen et al., 1998,

Kasuga et al., 1999, Liu et al., 1998).
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Figurel.1l: Transcriptional regulatory networks of abiotic stress signals and gene
expression. (From Shinozaki and Yamaguchi-ShinozaKP007)

In the ABA-dependent pathway, ABRE functions as thajor ABA-responsive cis-acting
element. AREB/ABFs are AP2 transcription factorgoimed in this process that regulate the
expression ofRD29B and RD20A under drought. MYB2 and MYC2 are two important
transcriptional factors regulate in ABA-induciblepeession of the RD22 gene in drought.
MYC2 is important in JA-inducible gene expressionder biotic stress and wounding
conditions. The NAC transcription factor (RD26)nsolved in ABA- and JA-responsive gene
expression, acting in similar manner to MYC2 TFs.

In ABA-independent pathway, DRE is mainly involviedthe regulation of genes not only by
drought and salt but also by cold stress as exglaabove in this section. DREB1/CBFs are
involved in cold-responsive gene expression WiREB2s are important transcription factors
in dehydration and high salinity stress-respongeme expression. The other ABA-independent
pathway is controlled only by drought and salt tigto the NAC and HD-ZIP transcription

factors are involved in ERD1 gene expression.

18



Chapter 1

genes involved in drought stress tolerance (Liualet 1998). Liu et al. (1998)
reported that overexpression of DREB2 in transggtants, unlike overexpression
of DREB1 (CBF) did not improve stress toleranceggasting post translational
modification of DREB2 proteins must be necessarytlfieir function. Subsequent
findings revealed that, an active form of DREB2 \abte to transactivate the target
stress inducible genes and improve drought toleram@rabidopsis (Sakuma et al.,
2006). Though the DREB2 protein is expressed undemal growth conditions, it
can be activated by osmotic stress through the-tpasslational modifications
(Shinozaki and Yamaguchi-Shinozaki, 2007).

The existence of another ABA-independent pathwagulating dehydration
responses was suggested due to the lack of respomrss of several drought-
inducible genes to either cold or ABA treatment i®kaki and Yamaguchi-
Shinozaki, 2007) (Figure 1.1) These genes wered@iERD genes, and they were
induced not only by dehydration but also upregualatering natural senescence and
dark-induced senescence (Nakashima et al., 200@ERD1 promoter contains cis-
acting element(s) involved both in ABA-independstress gene expression as well
as in senescence-activated gene expression. Singpsdn(2003) reported that two
different novelcis acting elements in th&RD1 promoter were identified that
involved under dehydration stress induction andark-induced senescence. Further
Apel and Hirt (2004) identified the DNA-binding gemns interacting with these cis
elements as NAC transcription factors.

The corecis acting element in ABA-dependent drought-inducidpbme expression is
the ABRE (Fig. 1.1) and members of basic leucingpei (bZIP) transcription
factors, AREB/ABF, can bind to ABRE element, thgrelstivating ABA-dependent

drought-responsive gene expression (Choi et @0Q.20no et al., 2000). To regulate
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the expression of one such gem29B ABA-mediated phosphorylation of the
AREB/ABF protein is essential and overexpressionA&8F3 or AREB2/ABF4
resulted ABA hypersensitivity (Kang et al., 200R)jita et al. (2005) and Furihata et
al. (2006) reported that transgenic plants expngssi phosphorylated form of
AREB1 with multisite mutations demonstrated the uictibon of many ABA
responsive genes without exogenous applicationBA.A

The transcription factors MYB2 and MYC2 (RD22BP1gre& shown to binais-
elements and co-operatively activate expressiorRDR22 another drought- and
ABA-responsive gene (Abe et al., 2003, Abe etl®97) (Fig. 1.1). Accumulation of
endogenous ABA is required for both MYB and MYC teins to be synthesized for
the up-regulation (Abe et al., 2003, Abe et al97)9 The Overexpression of MYB2
and MYC2 resulted in an ABA-hypersensitive phenetygs well as improved
osmotic stress tolerance in transgenic Arabidopaaists (Abe et al., 1997).

Apart from AREB/ABF, MYB2 and MYC2 transcriptiondeors, a NAC TF, RD26,
was identified, that is transcriptionally inducedder drought, high salinity, ABA
and JA treatments (Fujita et al. (2004). It waseobsd that ABA-responsive and
other stress-inducible genes were upregulated irR6Riverexpressing lines and
repressed in RD26 repressor/mutant lines suggestaiRD26 overexpressors were
hypersensitive to ABA, and RD26 dominant repressansgenic were insensitive to
ABA. Fujita et al. (2004) also reported that comnmABA-inducible genes such as
LEA, RD, ERD, CORandKIN are not target genes of RD26, whereas many JA-
inducible genes are target genes of RD26. Thisesigghat the role of RD26 is in
mediating cross talk between ABA signalling andslgnalling during drought and

wounding stress responses.
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1.2.2 Gene expression in response to UV stress

High levels of UV radiation cause a wide range airpmological and physiological
effects on plants that affect plant growth and tlgwaent through the damage that
occurs in plant cells, DNA and proteins (see secfidl.3). However low levels of
UV-B are important to initiate regulatory respongeplants that can be considered
as photomorphogenic in nature (Jenkins, 2009). efber UV-B leads to the
induction of two distinct signalling pathways, dageng on the wavelength, duration
of exposure and fluence rate that can be categbasg@hotomorphogenic signalling
and nonspecific signalling pathways leading to otun of target specific genes and
downstream responses (Jenkins, 2009, Wade et08ll).2Signalling and responses
will be determined by the degree of plant adaptatiod acclimation to UV-B and
interactions with other stimuli; each pathway migis specific responses, although
there are some overlaps between pathways. So Har,rdlative importance of
different UV-B signalling pathways under naturabging environments has not
been well-studied, however, there is evidence Herihteractions between short and
long wavelength of UV-B pathways (Shinkle et alQ02), interactions between
photomorphogenic UV-B and other light signallingttpeays (Wade et al., 2001,
Ulm and Nagy, 2005), negative regulation of photgshogenic UV-B signalling by
defence signalling pathways (Logemann and Hahlhr@€02) and interactions
between UV-B and other environmental stimuli (Cadtiwet al., Caldwell et al.,
2007).

Non specific UV-B signalling pathways are activateg non-physiological and
highly varying environmental signals that alter #lesels of CPDs(cyclobutane

pyrimidine dimmers), ROS, and wound/defence sigmalmolecules. Hidema and
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Kumagai (2006) reported that some plants maintainlével of DNA damage which
could activate signalling through maintaining lavéls of ROS.

Above ambient levels of UV, plants are subjectedstiess and therefore have
evolved UV-induced mechanisms of protection armhiresuch as synthesis and
accumulation of UV absorbing pigments, mainly acgamins (Stapleton and
Walbot, 1994, Bieza and Lois, 2001, Mazza et &0® and use of UV-A photons to
repair most of UV-B induced DNA damage (Britt, 899In plants, UV stress elicits
changes in gene expression by both up regulatidrdawn regulation, especially of
genes involved in the general phenylpropanoid #nhoid biosynthesis pathways
(Jordan et al., 1998). The phenylpropanoid pathwayplants is important for
biosynthesis of UV-B protecting pigments and gethes encode the enzymes of this
biosynthesis pathway have been shown to be up atgllat the transcript level
(Jordan, 1996). In addition to pathogenesis relagfR1) genes, the defensin
(PDF1.2 genes are also up regulated under UV-B stressiyMgnes associated
with photosynthetic proteins such as D1 proteirbf)sof photosystem Il proteins,
chlorophyll a/b binding proteins (Lhcb) and RuBigdordan, 1996, Mackerness et
al., 1997) are down regulated, however, this mag wudirect damage caused by
UV-B to these genes and more likely to be spe¢fardan, 1996).

Some UV-B-activated signalling components and digaasduction pathways have
been identified (Mackerness et al., 1999, Mackexraasl Jordan, 1999, Stratmann,
2003), however, some are not yet well defined. U$tihulates the production of
Reactive Oxygen Species (ROS) (Dai et al., 199@)idmas been proposed that ROS
not only acts as a destructive free radical but als a signalling molecules during

UV-B responses (Green and Fluhr, 1995, Mackernésal.e1999) (see section
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1.1.3). Mackerness et al. (1999) have reportedRIG increases in response to UV-
B and are important in regulation of both up andkloegulated genes.

The up-regulation of genes for both flavonoid brdsesis and pathogensis-related
genes under UV-B stress conditions suggest tltatuild be due to the production of
ROS by both stress (Lamb and Dixon, 1997, Mackere¢sl., 1997, Mackerness,
2000). The functions of ROS in UV-B induced sigmal pathways have been
studied in Arabidopsis (Mackerness et al., 1999ckédaness, 2000), however, the
origin of ROS remains unclear. The increased R@8lddead to increases in levels
of salicylic acid (SA), jasmonic acid (JA) and ddne (Figure 1.2), which are
important for the acquisition of subsequent toleeaagainst UV-B exposure and
pathogen infections through the regulation of gerpression (Mackerness, 2000,
Reymond and Farmer, 1998). Different sources of RfE8ng plant pathogen
infections have been proposed (Wojtaszek, 1997%yeker, much evidence indicates
that NADPH oxidase, a plasma membrane bound maoitippnent enzyme,
analogous to mammalian phagocyte oxidase, is thst ileely source in plants
(Lamb and Dixon, 1997). Mackerness et al. (200ppred that UV-B exposure
leads to the production of superoxide,Y® which directly mediates the up
regulation ofPDF1.2and HO, derived from @"~ mediates the up regulation BR-

1 and down regulation dfhch

The source of ¢ involved in PR-1 induction is NADPH oxidase while it is

peroxidise that generates thg"Qesponsible in up-regulation BDF1.2 (figure 1.2)
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Figure 1.2: Model for the biochemical origin of ROSand signal transduction in
UV-B mediated stress in plants. The model is modéd from Frohnmeyer and

Staiger (2003) and Mackerness et al. (2001).
NOS, nitric oxide synthase; GST: Glutathio®dransferase pD,, hydrogen peroxide;

PDF1.2, defencin; PR, pathogenesis-related; Cladcahe synthase;

(Frohnmeyer and Staiger, 2003). The origin of R@®lved in photosynthetic gene
regulation is totally different to the above twaismes (Mackerness et al., 2001). Up
regulation of CHS (Chalcone synthase) in respoons&V¥-B exposure has been
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studied and it has been suggested that NO (Nikige) is the signalling component.
Mackerness et al. (2001) reported that source ofilN@&sponse to UV-B is most
likely to be (Nitric oxide synthase) NOS. Long ahehkins (1998) and SchAFer et
al. (1997) reported that regulation@hsby UV-B radiation is mediated by calcium-

and calmodulin-dependent pathway (Figure 1.2)

1.2.3 Gene expression in response to darkness, natrt starvation and other

related stresses

Depletion of carbon source in living cells induties expression of genes involved in
remobilization of alternative sources of energytabelites and nutrients and inhibits
other biosynthetic processes and growth (Baena-&enzet al., 2007, Baena-
Gonzalez and Sheen, 2008, Thimm et al., 2004, Gtnit al., 2004, Wang et al.,
2003). However, the application of metabolisablgass has the opposite effect on
gene expression (Palenchar et al., 2004, Li eR@D6, Price et al., 2004, Osuna et
al., 2007) and these observations are supportedthby fact that a similar
transcriptional pattern is associated with différ@mdogenous sugar levels that result
from different rates of photosynthesis (Baena-Gtexzand Sheen, 2008, Blasing et
al., 2005).

Many early studies focused on individual genes tespond upon dark starvation or
removal of sugar from the culture medium (Koch, @9%ujiki et al., 2001).
However, recent studies using transcriptome prafilhave revealed the effect of
sugar deprivation or extended darkness is notdunto activation of several genes
but it impacts on more than thousands of gene tai@aena-Gonzalez et al., 2007,
Contento et al., 2004, Palenchar et al., 2004, frhehal., 2004, Usadel et al., 2008,

Blasing et al., 2005, Li et al., 2006, Osuna et20107, Price et al., 2004, Wang et al.,
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2003, BuchanaiVollaston et al., 2005). Early sugar responses vetuelied in
Arabidopsis by investigating global gene expressibanges within 30 minutes of
adding 15 mM sucrose to seedlings that had beevestéor two days (Osuna et al.,
2007).

This study led to identify a set of 165 early respoe genes with marked
transcriptional changes in the expression of tnapison factors, redox regulators,
components of the proteasome and trehalose metab@dBaena-Gonzalez et al.,
2007, Osuna et al.,, 2007). Many of these genedudmg trehalose phosphate
synthase-like proteins (TPS8, TPS9, TPS10 and TP&id an autophagy-related
geneATG8e(AUTOPHAGY 8E), which are repressed by sucroser &tmin and
early on in the light period are rapidly expresskding extended dark (night),
suggesting that even a small drop in energy (caristatus is enough to trigger
changes in gene expression (Usadel et al., 2008het 2-4 hour extension of dark
(night) period can results energy deprivation tleaids to similar responses under
prolonged starvation that affects not only transn but also translation rate and
cell proliferation.

The existence of a set of genes that is similatjuced or repressed by several
different adverse conditions was revealed by expwasprofiling in which a wide
range of stress conditions were used to distinghetiveen ubiquitous and specific
stress responses (Baena-Gonzalez et al., 200@nkali al., 2007, Ma and Bohnert,
2007, Swindell, 2006). In addition, the promoters genes that were affected
similarly by a variety of environmental stress citods have been shown to be
enriched in severais-motifs (Geisler et al., 2006, Ma and Bohnert, 200bwever,

the transcription factors (TFs) that recognize ¢teéselements particularly their
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upstream regulators and common signal responsdslecdnvergent regulation of
these genes are still unknown or have not beersiigated (Baena-Gonzalez et al.,

2007).

1.3 SNF1/AMPK/SnRK1 kinase complexes in energy retation and in stress

signalling

Adaptation to stress is acquired through both defemechanisms and stress
acclimation as well as through the reprogramming noétabolism and gene
expression to shunt energy sources from growthe@ladiosynthetic processes
(Baena-Gonzalez, 2010, Wang et al., 2003). Undesstconditions resources are
diverted from reproductive processes to metabalorgsses that lead to increased
stress tolerance, thereby managing energy souatesnty at the cellular level but
also at the whole plant level through manipulatiigsynthetic processes. Initial
stress signalling events determine the ability @h{s to coordinate a successful
response. However, failure to cope with theseahtiress responses may lead to
nutrient deprivation, irreversible senescence altichately death of cells (Baena-
Gonzalez, 2010). Protein kinases and phosphataseskey components that
recognise stress signals and transmit these sitmali$ferent cellular compartments
through specialized signalling pathways (Kulik &t 8011). SNF1-related kinases
are known as important elements of transcriptionatabolic and developmental
regulation in response to stress which initiatedth®y different signalling cascades
that helps to make specific metabolic adjustmemtsugh energy balance (Baena-

Gonzalez et al., 2007, Baena-Gonzalez and She68).20
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1.3.1 Major functions of SNF1/AMPK/SnRK1 complexes

The crucial role of the highly conserved proteimddes across the kingdoms,
SNF1/AMPK/SnRK1 complex is the integration of infaation relating to nutrient
availability and regulation of energy outflow wisliress signalling to acquire the
adaptations necessary to maintain the internalggregquilibrium. In yeast, SNF1 is
essential for the adaptation to glucose limitatiovizere it allows cells to utilise
alternative carbon sources such as sucrose ora@tf@alenza and Carlson, 1984,
Celenza and Carlson, 198b¢ to make the transition from a fermentative to an
oxidative metabolism to produce ATP (Hardie et H98) The importance of SNF1
in yeast during energy shift has been demonstragedjsnfl mutants that are unable
to grow without glucose, even in the presence trahtive energy sources such as
glycerol, saccharose or ethanol (Carlson et a811Schuller, 2003).

Mammalian AMPK is involved in regulating the celul energy level and is
activated by increased levels of AMP/ATP ratio undenditions such as glucose
deprivation, hypoxia and oxidative stress (Ghilktlet al., 2011, Polge and Thomas,
2007). After activation, AMPK causes the upreguolatiof catabolic pathways
(energy producing) such as glycolysis and fattyd amtidation and downregulates
anabolic processes (energy consuming) such asesyatbf proteins, sterols and
fatty acids (Hardie, 2004, Hardie, 2007, Steinbang Kemp, 2009). AMPK also
play a major role in regulating the energy metadolin whole body by controlling
energy intake through integrating hormonal and inomal signals in the
hypothalamus (Minokoshi et al., 2008a). The contrfofood intake takes place by
altering the activity of AMPK, which is inhibitedybglycose, leptin lformone
regulate energy balance by inhibiting starvatiangl insulin, leading to repress food

intake. Food intake is stimulated by activating Al¥Aa the action of a hormone
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called ghrelin (Andersson et al., 2004, Minokodhale 2008b). AMPK is important
in glucose homeostasis by inhibiting insulin praire via secreting islgt cells (da
Silva Xavier et al., 2000, da Silva Xavier et &003) when blood glucose level is
low and causing the absorption of 70% of the glacgilable in blood into skeletal
muscles to maintain constant blood glucose leveeHDnzo et al., 1992).
Impairment of human AMPK is associated with mangodilers such as insulin
resistance, obesity, cancer, cardiovascular diseatemke and dementia (da Silva
Xavier et al., 2003, Minokoshi et al., 2008a, Steiry and Kemp, 2009) showing the
vital impact of this enzyme on survival, growth afelelopment at organismal level.
Although much information is available on energgulation and the metabolic
functions of SNF and AMPK protein kinases in yeasti mammalian cells, less is
known about the physiological functions of SnRK1plants. However, findings
suggest that SnRK1 is involved in the global regoiaof metabolism, similarly to
SNF and AMPK. In addition to the above role, SnRElo regulates plant
developmental processes during germination, remtamu and senescence and the
development of resistance under salt stress ambmes to infections caused by
different pathogens (Baena-Gonzalez et al., 20@Fpkl et al., 2003, Rolland et al.,

2002) (Figure 1.3).

29



Chapter 1

Regulation of metabolism

Trehalose  Sucrose

Pilaie gpinde for phosphate phosphate
reductase reductase synthase  synthase

Post-translational regulation
Transcriptional regulation
| Sucrose synthase /
High [Sucrose] < ~
Low [Glucose] - - - > _ [a-Amylase
Dark period T

\ A AGPase - - ———-- » Starch synthesis
/ Salt stress

resistance

Fertility Pathogen or herbivore

response Stress response
Organogenesis
Development Senescence

TRENDS in Plant Science

Figure 1.3 Summary of themetabolic and transcriptional reulation of SNRK1 in

plants from Polge and Thomas (2007)

High cellular sucrose and/or low glucose or a gaekod activates SnRK1. Upon activation,
SnRK1 phosphorylates and inactivates four maintptaetabolic enzymes namely nitrate
reductase (NR)which catalyses the first step of nitrogen assitaifainto amino acids, 3-
hydroxymethyl-3-methylglutaryl-CoA reductase (HMGR$ucrose phosphate synthase
(SPS) which catalyses sucrose biosynthesis andltshphosphate synthase 5 (TPS5) a key
enzyme in the synthesis of trehalose-6-phosphatggraalling sugar that regulates plant
metabolism and development. Phosphorylation of ShRitivates the transcription of
sucrose synthase amd—amylase and also indirectly stimulates AGPaswiggtthe key
enzyme of starch synthesis. Altered expressiom& 3. complex influence on early growth
and development of seeds, pollen growth and dexedop and advanced senescence which
affects plant developmental processes. SnRK1-regliktress responses have been recorded

in salt hypersensitivity, plant pathogen interatsi@nd in nematode resistance.
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1.3.2 SNF1-related protein kinases are conserved @aukaryotes

The protein kinase complexes of sucrose non ferimgit (SNF1), AMP-activated
protein kinases (AMPK) and Snfl-related proteinaki@l (SnRK1) are a family of
highly conserved heterotrimeric serine/threonineakes in all eukaryotes (Halford
and Hey, 2009, Hardie, 2007, Polge and Thomas, )2@®fine/threonine enzymes
are kinases that phosphorylate the -OH group aheesr threonine amino acids,
which have similar side chains. The structure @sthkinase complexes was first
studied in yeast (Jiang and Carlson, 1997) anda$ ¥ound that this complex
consisted of ax (catalytic) subunits anfl andy regulatory subunits. The structural
similarities were found in mammalian AMPK complexeghich also exist as a
heterotrimer (Davies et al., 1994, Mitchelhill dt, a1994). These catalytic and
regulatory units are essential for protein stabidihd kinase activity. Isolation @f
and y type non-catalytic subunits in Arabidopsis (Boudy al., 1999) further
confirmed the existence of these complexes throwigthe evolution process. In the
three kingdoms that yeast, mammals and plants gelomearly 48% of identity
across the entire sequence of SNF1-related pré&ieases is observed; this value
increases up to 60-65% in kinase domains (Halforal.e2000, Polge and Thomas,
2007). In plants another two types of SNF1 relatethses known SnRK2 and
SnRK3 have been found but the sequence simildrdlythey share with SNF1 is less
compared to that of SnRK1 (Polge and Thomas, 20#jhermore, they not appear
to have a role in energy stress responses. Evoarijoconservation of these protein
kinases extends to the two non-catalftiandy subunits (Polge and Thomas, 2007).
The other two subfamilies, SnRK2 and SnRK3 are kntavas plant specific with
sequence similarity to yeast and mammalian catabgbunits however clearly more

diverged (Kulik et al., 2011).
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1.3.3 Structure of the SNF1/AMPK/SnRK1 kinase compixes

The number of different SNF1/AMPK/SnRK1 kinasemplexes that can be formed
in each organism is varies hugely and depends @muimber of isoforms that exist
for each of the catalytiaxf and regulatoryf{ andy) sub units, In yeast one catalytic
subunit (SNF1) is encoded, whilst twasoforms exist in mammals (AMRK and
AMPKa2) and three in plants (KIN10, KIN11 and KIN12) €sEigure 1.4) (Polge
and Thomas, 2007). The SnRK1 subfamily shows siityiléto SNF1 and AMPHK

and it has three catalytic isoforms KIN10, KIN1ddqN12.

The catalytic subunit is a highly conserved subunitSNF1/ AMPK/SnRK1
complexes across three kingdoms particularly akihese domain in the N-terminal
of the protein (Halford et al., 2003, Carling et, d994). To confer the kinase
activity, phosphorylation by upstream kinases i ttnreonine residue in the
activation loop of the kinase domain is requirecedblacker and Carlson, 2008,
Polge and Thomas, 2007, Steinberg and Kemp, 2088oid and Hey, 2009). Next
to the kinase domain an auto inhibitory regulateguence (AIS) is present and this
makes additional interactions wititsubunits (Ghillebert et al., 2011, Jiang and
Carlson, 1997). the end part of the C terminushefgrotein consists of a conserved
leptomycin-sensitive nuclear export sequence (NE8zgan et al., 2010).

The classicalp-type regulatory subunit was studied in yeast awodsists of
characteristic and distinct two domains, ASC (ASsimen with SNF1 complex)
(Jiang and Carlson, 1997) and a KIS (kinase-intemgcterminus) (Jiang and
Carlson, 1997) with more variable N-termini (Hedkexcand Carlson, 2008) The
KIS domain (largely but not completely overlaps wiGBD (Glycogen-binding

domain) (Hudson et al., 2003, Polekhina et al.,.3300hreep-type subunits in yeast
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have been described as SIP1, SIP2 and GAL83 (diaddgCarlson, 1997) and later
two AMPKB1 and AMPK32 were found in mammals (Halford et al., 2000). In
Arabidopsis thre@-type subunits have been studied and these havedagegorized

in to two classes; one has all the characteristiogeast and mammaligh subunits
(AKINB1 and AKINB2) (Bouly et al.,, 1999) and the other class is cosep of
structurally atypical subunits (AKIPB), which it has been suggested are plant
specific subunits (Gissot et al., 2004). AKIBItype proteins are truncated versions
of B subunits and lack the entire GDB as well as theedsinal region (Polge and
Thomas, 2007). However AKIBB still complements a yeast mutant lacking fall
subunits (Gissot et al., 2004) suggesting that sofhthe basic functions have been
conserved.

The ASC domain is found at C-terminus of amino siflang and Carlson, 1997)
and arbitrates the interaction with thesubunit of yeast SNF1 and plant SnRK1
(Jiang and Carlson, 1997) and both éh@ndy subunits in mammalian AMPK (Iseli
et al., 2005). However, plants expressing ARBN an atypical plant specifif
subunit which lacks the entire GDB/KIS domain shdws same interaction with
both o andy subunits as in C-terminal ASC domain does in maliam&MPK. The
GDBJ/KIS domain is located in the middle of the giatand mediates the interaction
with the regulatory domain of the catalytiesubunits of yeast SNF1 and plant
SnRK1, but it is not essential in mammalian AMPKfdom a stable heterotrimeric
complex (Hedbacker and Carlson, 2008). The N-tarofifs subunits are important
for membrane targeting and binding (Hedbacker aads@n, 2008, Steinberg and
Kemp, 2009) through controlling subcellular location of the kinase complexes
that are sequence specific for nucleo-cytoplasamainsiocation (Hedbacker and

Carlson, 2006) or N-myristoylation (Hedbacker anarl€bn, 2008, Steinberg and
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Kemp, 2009). For example under high glucose camaktiallp subunits (Sipl, Sip2
and Gal83) in yeast cells are in the cytoplasm evhitder low glucose conditions
Gal83 is translocated to the nucleus whereas ®iptalises to the vacuole and Sip2
remains in the cytoplasm (Vincent et al., 2001)edblcker and Carlson (2006)
showed that the N terminus of Gal83, is necessady sfficient for the SNF1-
independent regulation of nuclear localization @it terminus of Gal83 is involved
in the regulation of localization through its irdetion with Snfl. Fragoso et al.
(2009) reported that AKIN10 and AKIN11 are targetedboth the cytoplasm and
chloroplast, while AKINB1 is mainly located in the nucleus and AKRNis targeted
to both nucleus the and chloroplast. It was predidhat interaction of catalytic
subunits with regulatory subunits might localise ttomplex in different locations
within the cell in Arabidopsis (Fragoso et al., 20

The y subunits are characterized by divergent N-termand two pairs of
cyatathionine-beta-synthase (CBS) repeats that knasvBateman domains which
bind to adenosine derivatives (Hedbacker and Qarl2008, Minokoshi et al.,
2008b). The yeast subunit is known as SNF4 whereas mammals andspleate
threey subunits (AMPK1, AMPKy2 and AMPK3) and twoy subunits (AKIN' and
AMPKy) respectively. In plants, in addition, to expraegsan atypicaly subunit,
AKIN By-type plant-specific proteins resulting from thesin between a GBD-
related domain off subunits ang type proteins are present(Lumbreras et al., 2001).
This fused GBD related domain mediates the intemactith proteins unrelated to
SnRK1lcomplexes (Gissot et al., 2006). This ABINs competent to complement
the yeassnf4mutant phenotype (Gissot et al., 2006, Kleinowlgt2000, Lumbreras
et al., 2001). However the classical AKINs unable to complement the yeasf4

mutant phenotype (Bouly et al., 1999, Slocombd.eP@02).
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y-Type subunits
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SNF4
> Yeast Saccharomyces cerevisiae
" SNF4 interacts with SNF1 only in the absence of glucose (,*).
However, the SNF1 complex is stable even in the presence of
SNF1 glucose because of the interaction with the -subunits (SIP1, SIP2,
SIP1 GAL83). The absence of interaction between the ASC domain
sIP2 and the kinase subunit suggests that the KIS domain has an
GAL83 essential role in the formation of a stable complex in this organism.
ANEK i; Mammals
v3 The AMPK complex is stable only if the three types of subunits
are present, and AMP is necessary for a stable interaction between
a.and vy (,*) [75). In these organisms, the KIS domain does not
AMPKa1 appear to be essential for the formation of a stable complex [22].
w2 Moreover, the C-terminal 84-residues of the §§ subunits are sufficient
AKINp to form an AMP-dependent heterotrimer [30].
p2

AKINy

AMPKa1
o2

AKINB1

Plant Arabidopsis thaliana

The data presented for plants were obtained in Arabidopsis thaliana.
In this species, the kinases are named AKIN«1 and AKIN®2,

the pB-type subunits are named AKINB1, AKINP2 and AKINB3, and the
y-type subunits are named AKINy and AKINpy. Several data suggest
that heterotrimeric complexes also exist in plants [7]. The strongest

B2
I interactions are detected between ASC domains and y/f}y subunits.

Depending on which 5 subunit is involved in the complex ($1/p2 or 3),
AKINpy the importance of the ASC and KIS domains in the fixation of the kinase
varies [25]. Three different kinds of complexes are suggested by the
AKINGA existence of the two plant-specific subunits AKINB3 and AKINpy [25,29].
@2
AKINB3
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Figure 1.4 Structure of the SNF1/AMPK/SnRK1 kinasecomplexes. From Polge
and Thomas (2007)

The structural composition of SNF1/AMPK/SnRK1 kieagomplexes among yeast,
mammals and plants is shown in the figure. Thederdigimers consist of a catalytic
subunit and regulatorfy andy sub units and the number of complexes that caoripged in
each organism is highly variable and this numbeteiermined by the number of different
isoforms in each major sub unit. In yeast altex@a8 SNF1 complexes (oresubunit, 33
subunits and one sub unit), 12 different AMPK complexes (twosubunits, 3 subunits
and 3y subunits) in human. In plants this number may tiyearying as it consisted with
plant specifig subunits andy subunits apart from classical twcsubunits, 23 subunits and

oney subunit.
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Considering these facts, plants appear to exptass-gpecific alternative complexes
that interact with catalytic subunits to form coewsds other than the classical
heterotrimeric complexes. These may lead to plpatific functional features such
as autotrophic and sessile lifestyles and cope wmttre harsh nutritional and

environmental stress through stable energy hom&esta

1.3.4 Regulation of SNF1/AMPK/SnRK1 kinase complexe

SNF1/AMPK/SnRK1 kinase complexes are known to bguleted by two major
cascades, phosphorylation and allosteric regulatidowever only mammalian
AMPKs are subjected to allosteric regulation mestiddy AMP/ATP ratio, the most
sensitive indicator of energy status in cells (Hatgal., 2003, Nath et al., 2003,
Sutherland et al., 2003, Suter et al., 2006, Ghelieet al., 2011). Phosphorylation , a
biochemical process is highly conserved for protamases, as demonstrated by
well characterize cyclin-dependent kinase and reitegctivated protein kinase
cascades (Shen et al., 2009). The phosphorylatiduces changes in the structural
confirmation of the protein that move the activatioop and allow access to the
kinase active site (Shen and Hanley-Bowdoin, 2006yeast, SNF1 has been shown
to be activated by three partially redundant kisas®AK1l, ELM1 and TOS3
(Hardie, 2007, Hong et al., 2003, Nath et al., 2@i3en et al., 2009, Sutherland et
al., 2003). AMPK in mammals is activated by two dges (Hawley et al., 2003,
Hawley et al., 2005, Hurley et al., 2005, Woodslet 2005, Woods et al., 2003a,
Woods et al., 2003b), of which one, LKB1, is cotnsively active (Lizcano et al.,
2004) and the other one CaMKK, is activated by*GHardie, 2007, Steinberg and

Kemp, 2009, Ghillebert et al., 2011). Either LKB1@aMKK could complement the
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function of mutants lacking PAK1, ELM1 and TOS3yi@ast suggesting that these
two upstream AMPK kinases are functionally conserft¢ong et al., 2003).

In Arabidopsis, GRIK1 and GRIK2 (geminivirus Repteracting kinasespre
amongst the upstream activating kinases of SnRK#yhich there are homologues
ranging from one to three in other plant speciesn@Kand Hanley-Bowdoin, 2002,
Shen and Hanley-Bowdoin, 2006). GRIK proteins caainhy be found in young
tissues such as apical meristems, floral buds amdature siliques where cell
division takes place extensively (Shen and Hanlewdin, 2006, Shen et al.,
2009). Each of the Arabidopsis GRIK proteins catddhplement a yeagiakl, elm1l
and tos3 triple mutant, suggesting GRIKs are upstream attirg of SnRK1 and
(Shen et al., 2009) reported that GRIK1 and GRI2ctically phosphorylate the
SnRK1 kinase domain of theesubunit inin vitro kinase assays. Furthermore they
revealed that GRIK1 and GRIK2 phosphorylates theseoved Thr residue in the

SnRK1 activation loop.

1.3.5 The role of SnRK1 and its catalytic subunit&IN10 and KIN11 in plant

stress gene regulation in response to energy stress

Recent work has shown that the evolutionarily cores Arabidopsis protein
kinases KIN10 and KIN11 the two isoforms that exigt plant the catalyti@-
subunit control the reprogramming of transcriptietated to several unrelated stress
responses such as darkness, sugar and other @weemsa-Gonzalez et al., 2007,
Baena-Gonzalez and Sheen, 2008). That is becaaisxpiession of large number of
genes encoding putative TFs and histones and kisttmacetylases are highly
activated or repressed by KIN10 (Baena-Gonzalez. 22007, Buchanawollaston

et al., 2005, Contento et al., 2004, Thimm et 2004). Moreover, KIN10 has an
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effect on the expression of several hormone-respengenes, genes involved in
hormone metabolism as well as many genes that enctiter signal transduction
components including protein kinases, protein phatsgses and calcium modulators
(Baena-Gonzalez et al., 2007).

The evolutionarily conserved structure and funalooharacteristics of SnRK1
subunits KIN10 and KIN11 have been discussed iaidetthe section 1.3.3.

In comparison to yeast and mammals few compondrimBK1 signalling cascade
have been studied so far (Baena-Gonzalez, 2010jeiJanergy deficient stress
conditions SnRK1, activates an energy-saving prograt the cellular level,
including vast transcriptional reprogramming. Timsludes the Arabidopsis S-group
of bZIP TFs, bzZIP1, bZIP2/GBF5, bZIP1l, bZIP44 ahdIP53 that all are
downstream effectors which positively affect theomssion of a subset of KIN10
target genes (Baena-Gonzalez et al., 2007, Harisan 2008) (Figure 1.5). S-group
bZIPs appear to function as heterodimers with thambers of the C-group. In
addition, members of these two groups are diffemptexpressed in response to
several stresses, which results a wide range osilges dimer combinations
(Weltmeier et al., 2009). Therefore the regulatmiSnRK1s through the bZIP
network is more complex (Ehlert et al., 2006, Welien et al., 2009). Evidently the
S-group bZIP TFs are translationally repressed unyase (Rahmani et al., 2009,
Wiese et al., 2005), providing the support for cggmb regulation by energy
deficiency and abundance.

Yeast—two-hybrid studies have uncovered other trgrional regulators that
interact with SNRK1 and possibly play a role in t8aRK1 signalling cascade
(Baena-Gonzalez, 2010). A possible interactor dRish (Baena-Gonzalez, 2010) a

recently identified plant specific TF, ATAF1, a meen of the NAC family in
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Arabidopsis which showed thaTAF1 is induced by a wide array of stress
conditions while plants overexpressing ATAF1 arerenimlerant to drought (Wu et
al., 2009). Lu et al. (2007) reported that SnRKits apstream of the MYBS1 TF to
induce thea-amylase genexAmy3 during the early stages of germination to
guarantee the energy supply to the developing ewsbityrough the degradation of
starchy endosperm using rice embryos (Lu et al07R0The importance of this
phenomenon is further evident by another study shatved the ability of certain
rice varieties to tolerate under flooding even dgrearly development stages, which
might be partly accounted for by its ability to m@piise nutrients from embryos
(Lee et al., 2009, Lu et al., 2007). Some transonmpfactors like AZF2 (Arabidopsis
zinc finger [C2H2 type] protein 2) and ZAT10 arelwknown to be involved in
stress responses (Mittler et al., 2006, Sakamot.eP004), however, their direct
connection to SnRK1 has not been well studied.

Young-Hee Cho et al. (2012) reported that SnRKL@ed stress responsive gene
expression through direct association with targategchromatin and enhance the
stress tolerance in plants under submerge conditgpecifically submergence
induced ADH1 and PDC1, which are involved in establishing stress toleeaim
plants. Furthermore they found that this inductiwas correlated with the direct
association of SnRK1s with target gene chroma3aena-Gonzalez et al. (2007)
identified seven highly correlated gene expresgiatierns of KIN10 target genes
using Arabidopsis ATH1 GeneChips (Palenchar e8l04, BuchanahVollaston et
al., 2005, Thimm et al., 2004) and reported theitpescorrelation with KIN10
target genes under various sugar and energy starvabnditions where as strong

negative correlation with the gene expression f@efbtained from glucose or
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sucrose treated seedlings and differential, @&ing adult leaves in intact plants
(Palenchar et al., 2004, Price et al., 2004). Asvipus work reported (Baena-
Gonzalez et al., 2007) that KIN10 participates esponse to an energy-depleting
hypoxic condition which affected the leM2IN6 expression in Arabidopsis, similarly
Young-Hee Cho et al. (2012), applied the same ¢mmdin the presence of rice
SnRK1, hypoxia-inducibleDIN6-LUC reporter and found activity was further
enhanced in a manner similar to that of KIN10. B inactive form of OsSnRK1
suppressed the hypoxia-inducBéN6-LUC activity, confirming the protein kinase
activity of OsSnRK1 is essential in activating specstressi.e hypoxia-responsive
gene expression similar to that in Arabidopsis gbgrconfirming rice OsSnRK1
share the sequence and structure similarities Avidividopsis KIN10.

As in other organisms SnRK1 kinases in Arabidopkisnot seem to response to
energy signals (Shen et al., 2009) and this is@tegp by early findings in spinach
(Sugden et al., 1999). However sugars, in the fofrirehalose-6-phosphate (T6P),
glucose-6-phosphate (G6P), or other forms, havepaessive effect on activity
(Figure 1.5) and in addition the specific effectsafars on the SnRK1 cascade may
differ among tissues and developmental stagesnfexample sucrose has a specific
effect on the SnRK1 signalling cascade by reprgssanslation of the S-group bZIP
TFs. SnRK1 regulation may differ between autotropfund heterotrophic tissues
(Baena-Gonzalez, 2010). When evaluating the efigctaigar on SnRK1, the sugar
concentrations used are most important, and determvhether stress and defence
responses are triggered (Wingler and Roitsch, 2008}refore a particular level of
sugar supplied in combination with stress may eithet be metabolised or not

trigger the following events the same respons@@same amount of sugar supplied
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stress, darkness @ \
nutrient feprivation 4, \?

nucleus nutrients

Figure 1.5: Energy and nutrient sensing in regulatn of gene
expression in response to stress, from Baena-Goneal(2010)

Three different colours used to represent threethgsised network machineries
in energy and nutrient sensing. The blue appartisypothesized to constitute a
network that, upon sensing nutrient and/or energficiéncy, down regulates
growth-related energy-consuming processes and pesmuutrient remobilization
and tolerance to stress. The network formed bythage components is proposed
to operate in an antagonistic manner to coupleienitenergy availability with
growth. Components displaying both colours may fiamcin both networks.
HXK1C, Hexokinase 1 nuclear complex; Glc, glucodeg; trehalose; Suc,
sucrose; TPS, trehalose-6-phosphate synthase: TR#Palose-6-phosphate
phosphatase; RISC, miRNA-induced silencing complél®QR, target of
Rapamycin. Solid lines designate proven connectiomsereas dotted lines

represent hvpothetical on

under non stresses conditions (Baena-Gonzalez,)2BEg@ent studies by Zhang et
al. (2009) have shown that trehalose-6-phosph&i@)(potentially inhibits SnRK1

activity through unidentified regulatory factor ¢gire 1.5).
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Rolland et al. (2006) reported that plants are ablsense the presence of sugars
through various pathways which recognize directlindirectly the sucrose, glucose,
fructose or trehalose though most of the fundanhentdecular mechanisms are still
not known. However, Arabidopsis HXK1 (AtHXK1) waslentified as a core
component in plant sugar sensing and signallinguffei 1.5) with distinct metabolic
and signalling functions (Cho et al., 2006, Mooteak, 2003). AtHXK1 mediates
repression by sugars, in the presence of glucosedpylating the photosynthesis-
related CAB (chlorophyll a/b binding proteins) (@het al., 2006) of other proteins
in the nuclear AtHXK1 complex (Cho et al., 2006)etslbolism of glucose through
HXK1 independent signalling pathway induces, theregsion of the defence and
pathogenesis relatd@R genes (Xiao et al., 2000). Tobacco plants oversging
HXK1 and HXK2 are more resistant ta® induced programmed cell death (Kim et
al., 2006) and connection between glucose metabaisd defence was described by
Wingler and Roitsch (2008). The glycose-6-phospk@eP), the product of glucose
phosphorylation by HXK, represses SnRK1 activityg(ffe 1.5) in spinach leaf
extracts (Toroser et al., 2000).

Trehalose is a disaccharide that commonly servea a®rage carbohydrate and
stress protectant (Baena-Gonzalez, 2010). Trelmlase synthesized in two steps,
where glucose is converted to trehalose-6-phospdtithase (TPS) via G6P and
T6P is converted to trehalose by trehalose-6-phaispphosphatise (TPP) (Figure
1.3). Recent research showed that trehaloses atateémn trace amounts in most
plants, and are important in metabolism, develognaed stress responses (Paul et
al., 2008, Ramon and Rolland, 2007). Arabidopsisrexpressing AtTPS1 are more

resistant to drought and T6P levels are correladéidimproved levels of stress gene
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expression under many stresses as well as thostvimy KIN11(Avonce et al.,
2004, Schluepmann et al., 2004).

Sugars has a major role in regulation of gene esgwa than other major nutrients
such as nitrogen and many of the sugar reguigée@s are strongly affected by
nitrogen and therefore extensive interaction exis$ween sugar and nitrogen
nutrients (Palenchar et al., 2004, Price et aD420lt is more likely that energy and
glucose dependent metabolic sensors such as SNPKASMRK1 are also
important in nitrogen sensing. The TOR (TargetRapamycin) a central protein
kinase that promotes cell growth and proliferatiorresponse to amino acids and
insulin (Avruch et al., 2006). Recent studies sstgehat the TOR pathway plays an
important role in stress adaptation via respondimga wide range of stimuli,
including amino acids, ATP, mitogens, low oxygend gphosphatidic acid (Baena-
Gonzalez, 2010). Decreased TOR activity has beemelated with enhanced
resistance to several types of stress (Reiling Satohtini, 2006). Arabidopsis TOR
(AtTOR) is a highly conserved protein, with all itd key domains found in other
organisms. As in other organisms, AtTOR is alsemsal for embryogenesis and
endosperm development and knockout mutants of T@Rdsl to impaired
developmental at the globular stage (Menand et28l04). Deprost et al. (2007)
reported that varying degrees of AtTOR overexpogssir knockouts demonstrate
that AtTOR is essential also for postembryonic growhich affects root and shoot
growth, cell size and seed yield. Arabidopsis VP3B#&/PS34) shares a 40%
identity with yeast and when AtVPS34 fused to tleast regulatory domain, its C-
terminal catalytic domain is able to complementeast Dvps34 mutant (Welters et
al., 1994). Transgenic plants with reduced AtVP&34Is are severely impaired in

growth and development (Welters et al., 1994) ared umable to trigger normal
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endocytosis and ROS production, resulting in a-®atsensitive phenotype
(Leshem et al., 2007). Moreover, VPS34 and othenpmments of the autophagy
machinery play an essential role in plant defenug @re required for tolerance to

drought and salt stress (Bassham, 2009, Liu e2@05).
1.3.6 Effects of SnRK1 regulation in plants

KIN11 targets many regulatory factors and signgllipathways (like ABA like
upstream signals) that ultimately affects growtld development of plants (Baena-
Gonzalez, 2010, Baena-Gonzalez et al., 2007, Levad., 2003, Lu et al., 2007,
Thelander et al., 2004, Zhang et al., 2001) besitdemere impact on metabolic-
related functions. In potato, antisense-StubGAL@3regulatoryp subunit of
SnRK1) lines showed not only in delayed in tulsitn, reduction in tuber size and
an increase in tuber number per plant but increasaditivity in salt stress (Lovas et
al., 2003). SnRK1 activity in young rice seedlingigowed enhanced tolerance
against flooding (hypoxia) (Lee et al., 2009) arichilsrly in Arabidopsis it
demonstrated the improved tolerance to stressaintplunder submergence (Young-
Hee Cho et al., 2012) that expressed rice SnRKartApom several known abiotic
stress responses, number of studies links dirgotuement of SnRK1 in response to
the biotic stresses. Hao et al. (2003) reportetigkeninivirus AL2 and L2 proteins
interact and inactivate SNF1 (in plants it is SnRKdnd demonstrated that
geminiviruses are capable of manipulating host bwitsm for their own benefits
and showed increased resistant to geminivirus fiiecin tobacco plants
overexpressing SnRK1. Gissot et al. (2006) revedhad plant specific AKIdy

subunits interact with proteins involved in resista to nematodes in Arabidopsis.
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1.4 The SFR6 of Arabidopsis

1.4.1 Identification of thesfr mutations

Characterising genes and proteins expressed dooidgacclimation was of interest
during the early 1990s and many research groups tging to learn how plants
respond to freezing tolerance through gene regulgtioude et al., 1992; Neven et
al., 1993; Nordin et al., 1993; Wilhelm and Thon@ash 1993; Castonguay et al.,
1994; Dunn et al., 1994; Jarillo et al., 1994). Y¥aret al (1996) were able to screen
an EMS-mutagenised population of Arabidopsis armlaie mutants that were
impaired in freezing tolerance by monitoring visiliealth and re-growth of intact
plants after freezing. In this screening procesy tbelected 13 mutant lines that
demonstrated strong phenotypes and they tested limes to identify whether this
freezing sensitivity was the result of damage ireadirduring the cold acclimation
process. Therefore, the selected 13 lines were aottimated and examined for
chilling injury based on two criteria, visible dageduring cold acclimation and
stunted growth upon a return to normal temperatlinereby they found five mutant
lines showed injury during acclimation (chillingjuny) but not upon freezing, and
eliminated those five lines from further considemat The remaining 8 lines
confirmed the absence of injury prior to freezimgd asuggested that they were
affected specifically in the development of freggialerance (Warren et al., 1996).
To test for dominance, backcrossing was perfornmedtiaey reported that in each of
the 7 mutant lines tested (FS68 and FS79 were nordmt; FS79 was omitted),
freezing sensitivity was caused by mutation in ragl&l nuclear gene. Then they
crossed eight mutant lines together in all pairem®mbinations and performed

complementation studies upon freezingpFogeny were less freezing-sensitive than
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either of the parents in each case, confirmingttaB lines contained mutations in 7
different genes. fprogeny from the cross FS68 x FS79 showed freezmgitivity
that was similar to either parent and clearly défe from wild type, indicating the
mutations in the FS68 and FS79 lines were allélgs was further confirmed using
F, progeny. As a result of these studies, seven ghaésvere important for freezing
tolerance after cold acclimation were identifiedl aramed a$ensitive to Freezing
(SFR1-7 (Warren et al., 1996).

The visible phenotype of each mutant line used larréh et al. (1996) is presented
in Figurel.6. Comparing 7 different lines after lanation Warren et al. (1996)
reported that degree of freezing sensitivity varmdween mutants, however, all
lines showed significant damage upon freezing (f&igd.6). They observed
significant visual differences in leaves after aieg particularly insfrl where only
young leaves were damaged while all were affectemther mutant lines, though the
degree of damage varied (Warren et al., 1996). hEurore, they conducted
electrolyte leakage assays, a well-known methodquantify freezing-induced
damage by measuring the effects of damage to #srn@llemma in leaf tissues. They
observed significantly higher electrolyte leakageli mutant lines compared to wild
type controls and this difference was greatest 3% #6fr4) and FS69 €fr6). This
was consistent with whole plant freezing assayhasd two lines were the severely
affected mutants (Figure 1.6). Conversely they ¢o&$61 §fr2) obtained similar
level of electrolyte leakage as in wild type altgbuit showed severely affected

freezing sensitive phenotype (Warren et al., 1996).
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sfrl sfr2 sfr3 sfrd sfr5-kfr6  sfr7 sfr5-2

o R

Tests:
acclimated
and then
frozen

Controls:
acclimated
but not
frozen

Figure 1.6: Freezing sensitivity ofsfr mutant lines after cold acclimation and
freezing from Warren et al. (1996)

Phenotypes o$fr mutant lines are in comparison to wild type (Wihree plants of
each line were frozen at -6.0°C for 24 h after caddlimation {estg and hereare
shown 9 d after freezing under standard growth itimmd. Two plants of each line
were cold acclimated but not frozen, are shown @strols for any injurious

following cold acclimation period.

1.4.2 Compositional changes dffr mutants during freezing

McKown et al. (1996) analysed thesk mutant lines further for the expression of
different cold-inducible proteins, sucrose, glucosdty acid composition of lipids
and the accumulation of anthocyanin in foliar tessuchanges that were expected to
occur during cold acclimation. They reported thfi., sfr2and sfr5 did not show

significant differences compared to wild type iryai the parameters tested above.
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This suggested that these genes have highly spesfiiects on low temperature-
induced responses. Conversely, the other four mugtsfr3, sfr4, sfr6,and sfr7)
showed significantly low levels of anthocyanin amedation during cold acclimation
processsfr4 andsfr7 exhibited disturbed availability of some fatty aidfter cold
acclimation andfr4 accumulated only low levels of glucose and sucrhséng the
cold acclimation period. The role of sucrose isivits a cryopotectant (Crowe et al.,
1988, Uemura et al., 2003) and this provide insigason for the freezing sensitivity
of sfr4 mutant (Uemura et al., 2003).

sfr2, sfr4, sfr6 and sfr7 mutants showed the most severe freezing sensitive
phenotypegWarren et al., 1996). Comparing the all propertiésthese mutants
(McKown et al., 1996) suggested that lack of anyanin accumulation is not the
sole cause but that some commonality between aydhot biosynthesis and
freezing tolerance, either in synthetic or reguiateathways or both might lead to
the cause. Further they reported that all ofsfihenutations showed the same boiling-
soluble protein profile as in wild type and suggdsthat no mutant is completely
defective in cold-induced gene expression. Lin let(E990) reported that limited
number of cellular proteins is soluble after bajliand several cold-induced proteins
are included in that category of proteins. Therefstudying the profile of boiling-
soluble proteins in freezing-sensitive mutants mled a convenient approach to
finding any misregulation of cold regulated geng@ression even though it is not
representative of the entire cold-induced proteome.

The question of whether cold-inducible gene expoess altered in thefr mutants
was returned to at a later date, with direct mesment of cold-inducible transcript
levels in the mutants (Knight et al. (1999). Exgres of three differen€CORgenes

(KIN1, LTI78andCOR153 in six sfr mutants $fr2-sfr7) lines under cold conditions
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(5°C) showed that all mutants exceyfit6 showed similar levels to wild type. Levels
of these transcripts in thefr6é mutant were almost undetectable, suggesting trat f
this particular mutant, the mutation was likelylde exerting its effect on freezing

tolerance via alterations in gene expression dwaold acclimation.
1.4.3 Early evidence orCOR gene regulation insfr6 mutants

Although COR gene expression was barely detectablsfif mutants after a short
exposure to cold temperatures, transcripts werectdile after much longer
exposures although these were still significantiydr than the levels detected in
wild type plants (Knight et al., 1999KIN1 expression was detected at very low
levels after 6h at°C and transcript levels increased thereafter, ingch maximum
between 24 and 48 h, as in wild type. Furthermibre studies conducted to test co-
segregation of expression deficiency with freezdagsitivity by Knight et al. (1999)
confirmed that th&COR gene expression deficient phenotype was linketthésfro
mutation.

COR genesi.e KIN1, LTI78 and COR15acontain CRT/DREcis-acting elements
(Baker et al.,, 1994) in their promoters and argdeed by the CBF1/DREB1B
transcription factors (Stockinger et al., 1997),ickihactivate cold-inducible gene
expression (see above section). Like CBF1, CBF2HBEC) and CBF3 (DREB1A)
(Liu et al., 1998), also bind to the CRT/DRE eletmamd CBF2 and CBF3 genes are
themselves expressed in response to cold (Gilmtoair,€1998). Knight et al. (1999)
reported that expression 6BF1, CBF2 andCBF3transcripts was strongly induced
after 3 h at & in both wild type andfr6é mutants to similar levels, suggesting either
that the CBF signalling pathway was not affectedfi® mutants or that SFR6 does

affect the CBF pathway but does so downstream dF €&8nscription. Promoters of

49



Chapter 1

CBF1, CBF2 and CBF3 genes lack CRT/DRE elements (Gilmour et al., 1998)
consistent with the hypothesis that te#6 mutation affects the cold-inducible
expression only of genes containing CRT/DRE elemand controlled by the CBF
transcription factors (Knight et al., 199%tP5CSland AtP5CS2are two genes
encode for D1-pyrroline-5-carboxylate synthetasgiflgov et al., 1997), the key
regulating enzyme in the proline production pathveayd known be expressed in
response to water stress and low temperature (8avetual., 1997)AtP5CS2
(P5CSB contains a CRT/DRE element in its promoter, whsr¢he AtP5CS1
(P5CSA gene does not contain this element. Therefore icolucibility of AtP5CS1
in sfré and wild type plants was investigated using RT-PCRId treatment at°&
for 3h showed similar levels &f5CSltranscripts in both wild type argdr6 mutants.
Therefore these gene expression data (I and P5CS) both supported the
conclusion that failure to express t8©R genesKIN1, LTI78 and COR15arelated
to the presence of CRT/DRE elements in gene prasidtenight et al., 1999).
Knight et al. (2009) revealed that unlike in wilgpbé plants (Jaglo-Ottosen et al.,
1998), overexpression of CBF1 and CBF2 did not ¢edectopic expression QOR
genes irsfré mutant in the absence of cold (Knight et al., 2008is result indicated
that SFR6 acts in the CBF pathways downstream df €8nscript (Knight et al.,
2009).

By considering results from their own experimentd analysing the Genevestigator
database Knight et al. (2009) concluded t8&R6 transcript levels did not alter
significantly in response to cold. Whilst it wassgible that levels of SFR6 protein
are controlled by low temperature, it also was #yguikely that SFR6 protein is
present constitutively in the cell. This latter byipesis was consistent with previous

findings that SFR6 is required for other procesgeeelated to low temperature
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tolerance, including developmental processes ssdlbaering (Knight et al., 2008)
and chlorophyll biosynthesis/degradation (the mutadibited a pale leaf colour),

SFR6 regulate groups of genes other than the C@Hae (Knight et al., 2009).
1.4.4 Mapping and cloningSFR6

Classical mapping identified a region on chromosamihat contained the SFR6
gene, however, this region was close to the cemremand thus lack of
recombination in this region made it impossiblerégluce this mapping interval
further. Therefore an alternative approach wasrtakeDNA mutant databases were
searched for mutants in any gene within the defmegping interval. Four hundred
and twenty nine T-DNA insertion lines were idemifias having the potential to be
insertions inNSFR6 Rather than performing a laborious screen fogirgy tolerance
or cold-inducible gene expression, these lines wabgected to simple screening the
visible phenotype associated wgfi6; that comprised of larger and paler cotyledons
(Figure 1.7) and paler true leaves in seedlingsdinet al., 2009). This extensive
screening approach led to two insertion lines destrating the visible phenotype
(Knight et al., 2009). These two lines both coroesfed to T-DNA insertions in
At49g04920. DNA sequencing confirmed that origin®& mutation i.esfr6-1,is a
point mutation in At4g04920 that changes a nuadlieofrom “G” to “A”, changing a
UGG tryptophan encoding codon to UGA premature stmgbon thereby resulting a
truncated protein (Figure 1.8) (Knight et al., 2P0Bhe two insertion lines (T-DNA
insertion positions are shown in Figure 1.8) wdrast conformed as additional
mutant allelesfr6-2 andsfr6-3 and shown to exhibit reduc&iOR gene expression

and failure to gain freezing tolerance (Knightlet 2009).
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The SFR6 coding sequence was deduced by using full-lengfR6ScDNA which
was synthesised from cold-treated wild type Arapgis tissues. The open reading
frame was then sequenced. The predicted SFR6 pradesists of 1268 amino acids,
with molecular mass of 137 kDa (Knight et al., 2D09

As initial bioinformatic comparisons failed to dsliah a likely function for SFR6
subcellular localization studies were conductedrufer to help elucidate its possible
mode of action. Transient expression of GFP fuse®kER6 in leek cells using
particle bombardment showed clear nuclear locadisata finding confirmed in
stably transformed plants (Knight 2009). Nucleacalesation of the protein was
consistent with a function in the control of CORngeexpression. It was also
observed that in the protein was present in théenof unstressed cells, consistent
with the observation that thsfr6 mutation affects both basal and induced levels of
COR gene expression ( Knight et al. (1999) and suguggsthat SFR6 is
constitutively active and not only under particudtness conditions.

The same visible phenotype was evident in all time¢ant alleles and examination
of this visible phenotype in fpopulations of crosses confirmed tlsit6-1, sfr6-2
and sfr6-3 are allelic. Moreover, analysis of the visible pbiype of progeny from
crosses betweesfr6-2 and sfr6-3 and wild type (Col-0) confirmed both were

recessive, as previously identifieft6-1 mutation (Warren et al., 1996).
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WT sfr6-1

sfr6-2 sfr6-3

Figure 1.7: Physical appearance aéfr6 mutants comparing to wild type. From

Knight et al., (2009)

Twelve-day old Col-0 (WT) and thredr6 mutants are shown in the abov&6snutants
demonstrate paler colouring and larger cotyledmmpared to WTsfr6-1 is the original
EMS mutantsfr6-2is SALK 048091 angfr6-3is WiscDsLox504A08.

Three mutant alleles are the result of interrugian the At4g04920 coding
sequence. The original allet#6-1is a EMS point mutation at 1452 bp (484 amino
acids) resulting in a premature stop codsfr6-2 is an insertion into the 4th intron,
and sfr6-3 is an insertion into the "8 exon. These three mutations occur in
approximately the first third of the protein asfi6-1 and sfr6-3 are very close to
each other (Figure 1.8). At4g04920 consists of #6ne with a coding region of

3807 bp.
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sfr6-2 sfr6-1 sfr6-3
(SALK_048091)  (Trp*4->STOP) (WiscDsLox504A08)
A
1kbp

1 MNQO\PEEEVSLVNNSGGES | EAPAI VEEKEEEGL QQKQEETI ESTDPI LVWWEEKL LEKSVDGEKEDDNSSSSNVE! DPVSPATVFCY
91  KLKQPNSNLLHKVBVPEL CRNFSAVAVWCGKLNAI ACASETCAR PSSKANTPRW Pl Hi LI PERPTECAVFNWADSPROSVCFI EVEPT
181 SCPRALLI ANFHGRI TI WIQPT VHDATSWOCEHEVWRGD! AWTKW. TGASPYRW. SSKPSSGTNAKSTFEEKFL SQSSESSARW
271 PNFLOVCSVFSSGSVQ HAB ls\&g:l'iPKW:STKKG_LGAGPSG MAADA! | TDSGAMHVAGYP! VNPSTI VWMEVTPGPGNGLQAT
361 PKI STGSRVPPSLSSSSWIGFAPLAAYLFSWOEYLI SEI KQEKKPSDQDSSDAl SLSCSPVSNFSAYVSPEAAAGBAATT TWGSGVTAVA
451 FDPTRGGSVI AV VEGQYMSPYDPDEGPS! TAARVQRVESSVOPVWLH FGNPTSNFGEVPTQTVVYSRVDVE! PPTKDFKNHQVAA
541 AGDSVDAPKEPDSGDEKAI\KWFDPFD_PSDSI?;'E-A]F.J VYSAHGGE! Al AFLRGGVH FSGDTFSPVENYg Fxf/cgm AAPAFSPTSCCS
631 ASWHDAAKDCAM.KI | RVLPPAL PRNQSKVDGBTWERAI AERFVW\BL LVGYDWADAYGCTQSAAEDG VSLNSVI AVMDADFHSLPSTQ
721 HRQQYGPNLDR KCRLLEGTNAGEVRAMLDVQARL LLDVLGKG ESALVNPSALVFEPWRVDGET! TG NPEAMAVDPALVSS! QAYVD
811 AVLDLASHFI TRLRRYASFCRTLASHAASAGT GSNRNWWTSPTQNASSPATPQVGQPTTTTT TTATTNSSGSSHVQAWWOGA! AKI SSSN
901 DGSNSTASPI SGSPTFMPI S| NTGTFPGTPAVRLI GDCHFLHRL OQLLLFOFLQRSSRFPQRNADVSSQKL QTGAT SKLEEVNSAKPTPA
991 LNR EDAQEFRGAQLGTGVKA DENSARTTKMESGNAGQGYTYEEVRVLFH LML CKRTSGLAHPLPGSQVGSGNI QVRLHY! DGNYTV
1081  LPEVVEAALGPHMINVPRPRGADAAGLL LREL EL HPPSEEWHRRNL FGGPGSEPEDM LTDDVSKL SNSLDLPDTNFSG CDGYNRVHSL
1171 WPRKRRVBERDAAFGSNTSVGAGAYLA MESRROWTATWKTGL EGWIWKO RCLRQTSAFASPGATKQPNPNERE VAT SRV YCCPMC

1261 GGTWRW*

Figure 1.8: Map of At4g04920 (SFRF6) showing the minal EMS point
mutation and two T-DNA insertion sites. From Knightet al., (2009)

(a) Representation of the SFR6 (At4g04920) genoroiding sequence in which black
blocks represent exons and thin lines represertnist Thesfr6-1 EMS mutation is caused
by a premature stop codon in exon 8. The insedit@s of T-DNA causing the mutations in
sfr6-2 (exon 4) andfr6-3in exon 8 are shown. (b) Predicted protein sequevittesites of
T-DNA insertions §fr6-2 andsfr6-3) and the premature stop codaifr-1) are indicated.

1.4.5SFR6 encodes a subunit of the Mediator Complex

SFR6 was discovered as a protein required for atoun of freezing tolerance

(Knight et al., 1999, Warren et al., 1996) andrladentified as MED16 one of the
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tail subunit of plant mediator complex (Backstronale, 2007). Protein coding genes
are transcribed by RNA Polymerase Il (Pol 1), Aittes of RNA polymerases are
modulated either negatively or positively by transtonal regulatory
proteins/cofactors (Conaway and Conaway, 2011) teabgnise and bind to
promoters to initiate the transcription processr(®rg, 1999, White, 2004, Russell
and Zomerdijk, 2006). General transcription factars a small set of evolutionary
conserved transcriptional regulatory proteins thatntain the hub of transcriptional
machinery together with Pol Il that is vital foatrscription of most of the protein
coding genes (Conaway and Conaway, 2011, Guglietnal., 2004). The general
transcription factors comprise five general initatfactors/ TATA-binding protein
(TBP), TFIIB, TFIID, TFIIE, TFIIF, and TFIIH; the mimum set of proteins
compulsory for initiation of transcription by Pdl (Conaway and Conaway, 2011,
Guglielmi et al., 2004, Carlsten et al., 2013). lo@rin vitro transcription assays
with RNA polymerase Il and the five general transoon factors could not activate
transcription in a cell-free system, demonstratingt these components were not
sufficient to recapitulate activation (Kim et all994, Thompson et al., 1993),
however, transcriptional activity was restored Iy &ddition of a crude cell culture.
Subsequent studies on the isolation of the comitiak was required to restore the
transcriptional activity were carried out and atpno complex, which was termed
“the Mediator complex”, was purified from yeasaccharomyces cerevis)aand
shown to be required for coupling Pol Il activitythvgene-specific activators (Kim

et al., 1994).
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1.4.5.1 The yeast Mediator complex

The Mediator complex is a multi-subunit protein gbex that conserved in all
eukaryotes from yeast to human (Elfving et al.,2@oube et al., 2002a). The yeast
mediator complex was the first to be purified, bynket al. (1994) and they reported
that the complex consisted of 20 protein subunitklsing genetic screening
(Thompson et al., 1993) identified four more submmeferred to as Srb8-11 and
together all these 24 subunits form the yeast ned@omplex. Yeast-two-hybrid
analysis together with co-immuno precipitation stgdrevealed the presence of an
additional subunit, MED31 (Sohl), associated witlast Mediator and bringing the
total number of subunits identified to 25.

Subsequently, Mediator was shown to be highly cwesk among eukaryotes,
however, in metazoans additional number of medisubunits was reported that not
found in yeast (Bourbon, 2008). Biochemical and photogical studies on yeast
mediator suggested that 25 subunits has been gianpge four modules, named as
the head, middle, tail and kinase modules (Gugligdinal., 2004, Dotson et al.,
2000). Studies based on electron microscopy anohstitution experiments led to
identify different subunits in each mediator modddenain (Guglielmi et al., 2004).
The first protein interaction map of the yeast headl middle domains was
suggested using pull-down experiments from (Kanglet2001, Lee et al., 1998).
However it did not include the organization of ttaél and kinase domain. The
detailed interaction map of all four mediator donsajFigure 1.9) was first produced
by (Guglielmi et al., 2004) using two different tagbrid approaches combined with
the pulldown experiments and proteome-wide two-lylBcreens (Ito et al., 2001,

Uetz et al., 2000) as well as genetic data.
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Figure 1.9: Topological organization of yeast Medi@r from Guglielmi et al.
(2004)

This model was developed by considering the dirgetractions between mediator subunits
and the relative size of the subunits investigdtgdeveral researchers and the novel work
done by Guglielmi et al. (2004)

In yeast the head module consists of MED6, MEDS8,DMIE, MED17 (Srb4),
MED18 (Srb5), MED19 (Rox3), MED20 (Srb2) and MEDZ23rb6). The head
module can directly bind with Pol Il (Davis et &002) and general initiation factors
thereby stimulate the basal transcription (Takagile 2006, Kang et al., 2001). The
middle module includes MED1, MED4, MED7, MED9, ME®Q1 MED21
(Srb7),MED5 (Nutl) and MEDS31 (Sohl) (Davis et &Q02, Guglielmi et al.,

2004). The middle domain shows interactions withroofatin remodelling
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complexes, elongation complexes, as well as histieaeetylases that are important
in repression (Zhu et al., 2011). Further it wageeded that histone tail modifications
may affect Mediator interaction with chromatin viee middle domain (Zhu et al.,
2011).

Several reports strongly suggested that the tailado, consisting of MED2, MED3,
MED14 (Rgrl), MED15 (Galll) and MED16 (Sin4), istimain target for the
transcriptional activators (Han et al., 1999, Retrll., 2000). Much research work in
yeast revealed that tail subunits directly interath DNA binding regulators and
thus believed to recruit Mediator to different ger(eee et al., 1999, Park et al.,
2000, Zhang et al., 2004a). The tail domain is kmde be the least conserved
domain of the Mediator complex, likely reflectinpet variation in transcription
factors among different organisms (Conaway and @aya2011). MED14 is at the
interface of the middle and tail modules and pdgsdontributes to the overall
organization of Mediator (Lee 1999). Med2p, Med8p Med15p have been termed
the tail subunit triad in yeast and are linkedhe test of the mediator complex via
Sin4 (Med16) (Kang et al., 2001, Li et al., 1999)he triad can function
independently when released from the mediator cexnpl the deletion of Med16
but less effectively (Galdieri et al., 2012).

Mediator was biochemically identified in fungi lik& cerevisiadKim et al., 1994,
Thompson et al., 1993), metazoans including mamkalisdell et al., 1996, Sato et
al., 2003, Malik and Roeder, 2000), in inseEtmysophila melanogastdiPark et al.,
2001) and in wormsCaenorhabditis elegan@&won et al., 1999). Homologues of
Mediator complex subunits have been identifiedlieakaryotes and the presence of

the complex in plants was suggested based on seegence homologies (Autran et
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al., 2002, Clay and Nelson, 2005, Gonzalez et28lQ7) and later confirmed by

bioinformatic analysis (Bourbon, 2008).
1.4.5.2 The plant Mediator complex

In 2007, thirteen years after the discovery of Mé&ati complex irnS. cerevisiagthe
plant Mediator complex was successfully purifiedB#ackstrom et al. (2007h the
model plant Arabidopsis. Twenty-one Mediator subsinvere identified in the
isolated Arabidopsis Mediator complex that showedhblogy to Mediator subunit
proteins from other eukaryotes. However, there wsaeeral subunits apparently
missing from the plant complex compared to yeastliater, including MED1,
MED2, MED3, MED5, MED24, MED26, MED27, MED29 and NdBO but later
found they were not all missing but some of themew®ot recognised by that work
including MED2, MED3 and MED5. The detachable kmasodule did not co-
purify with the Arabidopsis complex (Backstrom £t(@007). However homologs to
MED12, MED13 and CDK8 have been identified in Addpsis through sequence
comparison (Wang and Chen, 2004, Ito et al., 2@Gilmor et al., 2010) and these
subunits have now been identified. Wang and ChéA4Rreported that at least 30
cyclins are known to be present in Arabidopsis eyain(s) interacts with CDK8
therefore suggesting potential interaction with Meat in Arabidopsis (Kidd et al.,

2011).
1.4.5.3 Role of the plant Mediator complex

The plant Mediator complex has been identified &syaregulator for diverse range
of functions including plant development (Xu and R0D11, Autran et al., 2002,
Gillmor et al., 2010, Ito et al.,, 2011, Wang ande@h2004, Yang et al., 2014),
abiotic stress responses (Cerdan and Chory, 200&;eBet al., 2003, Knight et al.,
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1999, Hemsley et al., 2014, Elfving et al., 20Hitic stress responses (Kidd et al.,
2009, Wathugala et al., 2012, Lai et al., 2014) mma-coding RNA production (Kim
et al., 2011)Prior to the purification of the Arabidopsis Mediatomplex, several
subunits had been identified genetically in studielted to a wide range of
developmental processes and stress responses.

PHYTOCHROME and FLOWERING TIME1 (PFT1), was iderif as a regulator
of phytochrome B signalling pathway that promotésweéring in response to
different levels of light (Cerdan and Chory, 200Bjochemical purification of the
Arabidopsis Mediator confirmed that PFT1 is homolag to the MED25 subunit of
the metazoan Mediator complex (Backstrom et alD,720Since then much work has
been published covering the wide array of functiassociated with MED25 in
plants, including development, hormone signallang stress responses. MED25 has
been shown to play roles in plant defence agaiagbus biotic (Kidd et al., 2009),
and abiotic stresses Elfving et al. (2011) and Iveiment in plant development by
controlling the final organ size has been repo(a and Li, 2011). It was reported
recently that MED25 positively regulates JA sigmgl during biotic stress and
negative regulation of ABA signalling pathway thgbuthe regulation of hormone
specific transcription factors (Chen et al., 2012% similar role in flowering and
development, MED25 is a negative regulator in dhbugsistance in Arabidopsis.
STRUWWELPETER (SWP) was first identified as a naclgrotein vital in
controlling the duration of cell proliferation andwarfism with an abnormal
architecture such with abnormal vegetative andaflstructures (Autran et al., 2002).
Krichevsky et al. (2009) suggested that MED14 wived in the regulation of root
elongation by repressing the root-specific gdrageral Root Primordiumlvia

histone deacetylation. Later SWARs identified as MED14 (Backstrom et al., 2007)
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and later shown to be a&¥ regulator of the salicylic acid (SA) and SARstgyn
acquired resistance) signalling pathway (Zhang let 2014) and COR gene
expression (Hemsley et al., 2014).

Mutations in genes encoding three of the subumitdshe kinase module of the
Mediator complex (MED12, MED13 and CDK8) were rdpdrto be associated
developmental phenotypes due to altered cell éiffeation (Gillmor et al., 2010, Ito
et al., 2011, Wang and Chen, 2004) amed12andmedl3mutants were affected in
the transition during the early stage of embryoetigyment from globular to heart
(Gillmor et al., 2010).med13was reported to show a defective response to anxin
regulating cell differentiation (Ito et al., 201&ahd thecdk8 /hen3mutant showed
altered development of floral organs as a resuldefiective cell differentiation
(Wang and Chen, 2004). Ding et al. (2008) repottet MED12 promotes the
epigenetic silencing via recruiting a histone m#thpsferase and methylating
chromatin of target genes. Moreover, Imura et(2012) and Ito et al. (2011)
reported that the MED12 and MED13 act as regulatoffowering and cotyledon
organogenesis respectively. Kim et al. (2011) ridbdhat med17 med18 and
med20adisplayed reduced levels of plant miRNAs and iRNA promoters in the
med20a mutant, they observed the low level of RNA Poloddcupancy. This
suggested that a functional Mediator complex isiireg for recruitment of RNA Pol
Il to the promoter regions of miIRNA genes as wi€lh{ et al., 2011).

The MED34 subunit is important in stabilizing DNA sttuce as a DNA helicase and
MED35 and MED36 subunits have been associated WiRNA and rRNA
processing (Kang et al., 2009). The other subbiED37 has identified as HEAT
SHOCK PROTEIN70 (HSP70) encoding family member,oke routside of the

nucleus and shown to localize to the endoplasniculam (Backstrém et al., 2007,
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Kidd et al., 2011). The Arabidopsis MED36 shownretwode a fibrillarin which is
involved in processing rRNA (Kang et al., 2009) rtigalarly during the early
cleavage steps of the large rRNA precursor as asefippropriate ribosome assembly
(Tollervey et al., 1993). Mathur et al. (2011) ralesl that MED34, MED35,
MED36, and MED37 homologs demonstrated the higikpression in reproductive
stage as compared with the vegetative stage.

Dhawan et al. (2009) reported that MED21 is impurten embryo development
thereby controlling the seed development. Furtherytreported that MED21
activated by microbial infections thereby in stregmalling. However Mathur et al.
(2011) suggested that Med2l1l might be involved iresst signalling during
reproductive stages but not in younger vegetaisseies. MEDS is known to regulate
jasmonic acid dependent defence responses, sali@tid mediate defence
demonstrated by the reduced resistance n@@d8 mutants to leaf infecting
necrotrophic pathogens and susceptibility to the nafecting hemibiotrophic fungal
pathogen (Kidd et al., 2009, Thatcher et al., 206®cent findings indicated that
MED18 is vital in multiple plant functions throughteraction with a variety of
transcription factors including ABI4, YY1 and SUF@ regulate plant responses to
ABA, infection and flowering time respectively (Lei al., 2014).

It was prior to the purification of the plant matlir complex (Backstrom et al.,
2007), SFR6 was known (as described above) as teiproequired for the
acquisition of freezing tolerance through cold ewation (Warren et al., 1996,
Knight et al., 1999) and later it was indeed ideedi as MED16 a predicted tail
subunit of the plant mediator complex (Backstromaét 2007). Altered low
temperature signalling isfr6 leading to freezing sensitivity particularly due t

impaired regulation ofCOR gene expression (Knight et al., 2009, Knight et al
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1999). Apart from its role in cold-inducible gen&peession, SFR6/MED16 is
important in gene expression in response to dro(mght et al., 1999), and in the
control of genes associated with the photoperiagigulatory pathway by the
circadian clock (Knight et al., 2008). The regutgteffects of SFR6/MED16 in plant
defence systems were investigated by Wathugald. @12) and Zhang et al.
(2012) who found altered expression of pathogendaated genes activated by both
salicylic acid and jasmonic acid pathways. Moreergly, MED16/SFR6 was shown
to play a role in the transcriptional regulationimn homeostasis of (Yang et al.,
2014, Zhang et al., 2014) and Yang et al. (201gdnted that this regulation occurs
in association with MED25.

Together these studies indicate that SFR6/MED16, sabunit of the multi-subunit
mediator transcriptional co-activator complex, pglagoles in the regulation of
numerous different gene regulons in response tavers® range of stress and
developmental conditions. The aim of this thesis waattempt to understand how
SFR6/MED16 can confer specific responses to thésaeht conditions (addressed
in chapter 4) and to investigate the importancetbér proteins (mediator subunits;
chapter 3 and KIN10; chapter 5) in regulating thessponses. Moreover to study
whether impaired gene expression under cold-, dreugJV- and starvation-
induced stresses correlate with altered toleramcelli different loss-of-function

mutant backgrounds that used in this study.
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Chapter 2

Materials and Methods

2.1 Plant materials and growth conditions

2.1.1 Plant materials

Arabidopsis thaliana(L.) Heynh. A. thaliang ecotype Columbia (Col-0) were
available as lab stocks propagated from seed autairom Lehle Seeds (Round
Rock, Texas, USA). Lab stocks sfr6-1 (Knight et al., 2009, Knight et al., 1999)
seeds and three lines sfir6-1 mutant complemented with AtSFR6 genomic DNA
(sfr6-1+35S::gSFR6) (Wathugala et al., 2011) were useDNF insertion lines in
Mediator subunits were obtained from the NottinghAmabidopsis Stock Centre,
med2-1 (SALK_023845) (Hemsley et al., 2014) amded14-2(SAIL_373-C07)
(Hemsley et al., 2014, Zhang et al., 2013kin10-1(SALK_ 127939).(Fragoso et
al., 2009)seeds were obtained from Nottingham ArabidopsisciSitGentre and
kin10-2 (GABI-Kat line 579E09) were donated by Dr. MarKDsige, University of

Vienna, Department of Biochemistry, Austria) asfa g
2.1.2 Seed sterilisation
2.1.2.1 Ethanol surface sterilisation

Seeds were sterilised with 70% (v/v) ethanol byksigaon Labnet vortex mixture
(Labnet international Inc., Woodbridge) in 1.5mlenaitubes for 5-10 min. Then
seeds were pipetted on to filter paper (Whatmaartaitional Ltd, Maidstone, Kent
UK) and air dried in a laminar flow workstation (B&49, BioQUELL UK Ltd,

Hampshire) before being sprinkled on to solid agadium (see section 2.1.3).
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2.1.2.2 Bleach surface sterilisation

Seeds obtained from plants dippedhigrobacterium tumefacier{see section 2.10.1)
were first surface sterilised with 70% (v/v) ethhbg shaking on a vortex mixture
(Lab net VX-100) in 15-50ml falcon tubes for 5-10mThen seeds were shaken in a
solution of 10% (v/v) sodium hypochlorite (NaOClhda 0.25% (w/v) sodium
dodecyl sulphate (SDS) for 10 min on a roller mig@RT6, Stuart). Thereafter the
seeds were washed 6 times in sterile water, splgadtly on to agar plates (see

section 2.1.3) and left to dry in a laminar flowboeet before sowing.
2.1.3 Plant growth media

SterilisedA. thalianaseeds were grown on MS medium (Murashing and Skagar
plates (Murashige and Skoog, 1962), which contath8&o (w/v) plant tissue culture
grade agar (Sigma Aldrich) and either 1x or 0.5xrishige and Skoog salts
(Duchefa Biochemie BV, Haarlem, Netherlands) dependn the seed type. The pH
of the medium was adjusted to 5.8 before autoctavill growth media were
sterilised by autoclaving (BOXER, Laboratory EquigmhLtd.) at 129C for 20 min

at 10 Pa. If required, appropriate antibiotics were abittethe liquid medium when
it had cooled to approximately %D after autoclaving. For all experiments 9 cm

diameter disposable petri dishes (VWR Internatignakre used.

Seeds collected froagrobacteriumdipped plants (see section 2.10.1) were sown on
full strength MS medium prepared as stated abaveplemented with appropriate
antibiotics. Seeds collected froAgrobacteriumdipped plants expressing vectors
using Basta (Glufosinate ammonium) as a selectaldlker were directly sown on

soil in a mixture of compost and sand in 1:1 ratio.
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When soil-grown plants were required, seven-dayssddlings from agar plates
were transferred on to re-hydrated peat discsy(grbducts Internationals, Norway).
Individual plants were gown on small (38mm in diaene peat discs for drought
experiments, crossing and bulking up seeds wtalgfel (42 mm in diameter) discs
were used to grow up to 3 plants per disc Agrobacteriumdipping and cold

acclimation experiments.
2.1.4 Plant growth conditions

Arabidopsisseeds sprinkled onto germination medium (MS agatep) as described
in section 2.1.3, were cold stratified &C4for 2-3 days to synchronize germination.
Seed plates were later transferred to a Perciwalthrchamber (CLF PlantClimatics,
Model CU-36L5D, Germany) at 20%T set for long day (16 h light/8 h dark)

photoperiod with a light level of 150 pETs® approximately.

Seven-day-old seedlings transferred to peat plngsays were covered with cling
film and moved to a growth room that maintained ragpnately 20+2C
temperature with 16 h light/8 h dark (long day pip&riod) and light level at about
150-200 pmol i s*. The cling film was removed after two days. Indival plants
grown for seed collection were maintained in thad®dn system (Beta Tech, Ghent,
Belgium) that consisted of a transparent cup-shdgaesg and tube which separated
the flowering parts from adjacent plants. Plantseweell watered every two days
and trays were transferred to a seed drying roder pfants and pods were turning

to yellow for further drying prior to seed collemti.

Tobacco plants grown on soil were maintained upb4® weeks until ready for
infiltration (see section 2.11.2), approximately24tC temperature with 16h light/8 h

dark cycle and light level at approximately 200 jim& s™.
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2.2 Antibiotic, bacterial strains and growth condiions
2.2.1 Antibiotics

Antibiotics purchased from Melford Laboratories I(tdswich, Suffolk, UK) were
used in this study and concentrations were usadtag following Table 2.1. Stock
solutions of each antibiotic were sterilised ugimgro filters (0.22 pum) (Millipore
Corporation, Bedford, USA) attached to syringes (¥\Wternational Ltd, Magna

Park, Lutterworth, UK).

Table 2.1 Concentrations of antibiotics used theyst

Antibiotic Stock concentration Working concentration
(mg/ml) (Hg/ml)
Kanamycin 100 for plants: 50
for bacteria: 100
Spectinomycin 50 50
Rifampicin 200 200
Gentamicin 10 40-10
Timentin (Ticarcillin and 200 200

Clavulanate)

2.2.2 Bacterial growth medium

Escherichia coli(E. col) and Agrobacterium tumefacienwere grown on Luria-
Bertani broth (LB; Tryptone 10g/l, NaCl 5g/l andag¢ extract 5g/l) (Melford
Laboratories Ltd, Ipswich, Suffolk, UK) with 15gfiicro agar (Melford Laboratories
Ltd) or in liquid media of LB as above. All growtimedia were sterilised by
autoclaving at 12°C for 20 min at 10Pa and appropriate antibiotics were added to

the pre cooled medium at ®Dafter autoclaving.
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2.2.3 Bacterial strains

E. coli chemically competent cells MacW1 (transformation efficiency >facfu/ug)
and silver cells (DH& strain of E. coli >10° cfu/ug) were purchased from
Invitrogen (Renfrewshire, UK) and Bioline (LondodK) respectively, and were
used for entry vector/primary transformations arngically competent. coli
(strain DH®™) made in-house were used in destination vecta/fsry
transformations. Competeritgrobacterium(strain C58C1; (Holsters et al., 1978)
and GV3101 (Holsters et al., 1980) were made irshoand used for stable and

transient expression in plants respectively.
2.2.4 Bacterial growth conditions

Bacteria were grown overnight either on solid LB l@uid LB media where
continuous agitation (150-200 rpm) was given inireubator (NB-205, N-Biotek)
for liquid cultures. E. coli cultures were incubated at °87 overnight and

Agrobacteriaat 29C for 2-3 days.

2.3 Chemicals

All chemicals and media used in this study werepased from one of the following

companies, where not otherwise stated.
BDH Laboratory supplies Ltd., Lutterworth, Leicastare, UK.

Bioline, London, UK.
Fisher Scientific UK Limited, Loughborough, Leicesthire, UK.

Melford Laboratories Ltd, Ipswich, Suffolk, UK.
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MERCK Chemicals Limited, Padge road, Beeston Ngktam, UK.
Invitrogen, Renfrewshire, UK.

Sigma-Aldrich Company Ltd., Gillingham, Dorset, UK.

2.4 Synthesis, analysis and quantification of DNA&dgments
2.4.1 PCR amplification

Polymerase Chain Reaction (PCR) was performed usgird$-well Px2 Thermal
Cycler (Thermo Electron Corporation) or Px0.5 Thakr@ycler (Thermo Electron
Corporation). Either genomic DNA or cDNA (complentay DNA) (see section

2.8.1 or 2.13.3.1) was used as templates in ammgtifins.
2.4.1.1 Oligonucleotide primers and reaction mixtues

Primers were designed to anneal to specific regmatisn the gene of interest either
manually or using Primer3 software. Primers werggied to consist of at least 20-
25 base pairs (bp), minimum 40-45 % of guanine 46J cytosine (C) bases and
similar melting temperature {) and all primers were purchased from Fisher
Scientific UK Ltd (Meadow Road, Leicestershirehelsequences of all the primers
used in this study are listed in Appendix 2.1 Thaction mixtures were prepared
using buffers supplied with the relevant enzyme lyjperase) and prepared

according to the manufacturer’s instructions.
2.4.1.2 DNA polymerase

Amplification of targeted fragments for cloning Wwowas performed by using

Phusion DNA polymerase (Finnzymes, Keilaranta,dfid), which is a proofreading
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polymerase with exonuclease activity. Biotaq, Bioteed or MY Tagq DNA

polymerase (Bioline) was used for all other PCR I#froation purposes.
2.4.1.3 PCR conditions

Optimum annealing temperatures were selected aogptol the melting temperature
of the primers used in each amplification; theseewgenerally & lower than the

melting temperature of the primer with the lowertng temperature from each pair.
The annealing temperature was optimised each tieevnew DNA templates and
primer pairs were used. PCR conditions for diffei®NA polymerases are listed in

Table 2.2.

Table 2.2 PCR conditions for different DNA Polyases

Cycle and Description Temperature and time No. of
step number cycles
Tag/Bio Phusion
Tag/MyTaq
1-0 Initial 95°C - 5 min 98C - 2 min 1
denaturation
2-1 Denaturation g& — 30 sec g& — 30 sec
2-2 Annealing 55-61C- 58°C- 30 sec 35
1min/1Kbp
2-3 Extension 7L — 45 sec 7Z-30
sec/1Kbp
3-0 Final extension P2 —5 min 72C — 5 min 1
4-0 Holding AC £C

2.4.2 Agarose gel electrophoresis of DNA

Agarose gel electrophoresis was used to separate ftdgments according to their

sizes. One percent (w/v) gels were prepared usiegfrophoresis grade agarose in
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0.5x TBE buffer (see Appendix Al.1) in a microwaggen. After cooling to
approximately 5€C, ethidium bromide (10mg/ml) or Midori green adearDNA
stain, a non-toxic fluorescent DNA binding dye (@&ow, Lichfield, Staffs),) was
added to a final concentration of 5 pg/ml. The emwlgel was poured into the gel

tank and allowed to set at room temperature usiagorrect size of gel combs.

DNA samples were loaded in to wells by mixing wék DNA loading buffer (see
Appendix Al.2) and 0.5x TBE was used as the runbuiger. Gels were run at 35
mMA (constant current) until satisfactory resolutafrband sizes was attained (usually
approximately for 1 h). DNA bands were visualised @ UV-trans-illuminator
(UVitec Limited, Avebury House, Cambridge, UK) atwavelength of 254 nm.
Fragment size was approximated by comparing thai@os with 1 Kb hyperladder
(Bioline), a molecular size standard run on theesg®. DNA concentrations were
roughly estimated by comparing the intensity of Worescence of ethidium
bromide or Midori green-stained DNA, to bands dtreown volume of molecular

marker.
2.4.3 Gel Extraction and quantification of DNA

Following agarose gel electrophoresis (see se@idr?2), DNA bands were excised
from the agarose gel using a scalpel blade by W@ng on a UV trans-illuminator
(at 312 nm) (Ultra-Violet Products Ltd, Cambridgéambridgeshire, UK). DNA
fragments were purified using QIAquick gel extraatikit (Qiagen, Germany)
according to the manufacturer’s instructions. Iis tmethod, the agarose gel slices
were first dissolved in the QG buffer consists wgghanidine thiocynate and pH
indicator provided (in a volume of three times e volume) at 5&C for 10 min

and then mixed with one gel volume of isopropaktsing QIAquick spin columns
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DNA was bound to columns by centrifuging (Progeen&uge 24D) at 11,0QCor

1 min. Columns were washed with given PE buffenakimum speed (16,3gpfor

a 1 min. Finally, DNA was eluted in EB buffer (10miis-Cl, pH 8.5).

DNA concentration was estimated by comparing thenisity of the correctly sized
band with molecular size markers on a 1% (w/v) eg@amel as described in section
2.4.2 or directly quantified using a Nanodrop NDBQO Spectrophotometer
(NanoDrop Technologies, Wilmington, Delaware, USAYith the Nanodrop the
concentration was determined by reading the optobahsity of the sample
(approximately 1.6ul) at a wavelength of 260nm ¢ading to the Beer-Lambert
equationEo = Ei exp(-uad ) ). The buffer used to elute the DNA was used as zer

reference in each time.

2.5 Cloning techniques

Details of the vectors used in this study are presein Appendix A3 including

sequence and vector diagrams annotated with spéedfiures.
2.5.1 Primary/entry cloning

A TOPO cloning kit (Promega) was used to insersthe extracted DNA fragments
into the Gateway ™entry vector (PENTR D-TOPO) amel manufacturer’s protocol
was used to perform the cloning reactions. TOPO@n(dQ is a highly efficient, five

minute, one-step cloning method ("TOPO® Cloningl) the direct insertion ofaq

polymerase-amplified PCR products into a plasmidiae Taq polymerase has a
non-template-dependent terminal transferase agtivihat adds a single
deoxyadenosine (A) to the 3" ends of PCR produdts. linearised vector supplied

in this kit has single, overhanging 3" deoxythymal(T) residues. This allows PCR
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inserts to ligate efficiently with the vectoFopoisomerase | frorWacciniavirus in
this kit binds to duplex DNA at specific sites antkaves the phosphodiester
backbone after'SCCCTT in one strand. The energy from the brokemsphodiester
backbone is conserved by formation of a covalemdbwetween the’$hosphate of
the cleavedubond between the DNA and enzyme can subsequenthttaeked by

the B hydroxyl of the original cleaved strand, reversthg reaction and releasing

topoisomerasehftp://tools.lifetechnologies.com/content/sfs/manuals/).

The cloning reaction was set up using 0.5:1 to rAdlar ratio of PCR product:
TOPO vector in the salt medium supplied (1.2M Na&d06M MgC}h) and incubated
for 5 min at room temperature (22°23. Then 2ul of the above reaction mixture
was added to chemically competé&ntcoli, which were then incubated for 30 min on
ice and followed by 30s heat shock af@2vithout shaking. Thereafter, 250ul of
LB/SOC medium was added to the cells and tubeseshédr 1 h at 3%C while
shaking at 200rpm. The resultant culture was spogalanamycin selection plates
incubated overnight 3T. The following day selected colonies were analyse the
presence of the recombined vector with insert upmgers designed for the vector
and beginning of each insert by colony PCR. Pasitiwlonies from colony PCR
were used in restriction digestion (see sectioi t.6urther confirm the correct size

of insert and then sequenced (see section 2.7).
2.5.2 Gateway cloning: cloning to the destinationector

The Gateway® cloning technology is based on thetebaphage lambda site-
specific recombination system which facilitates ithiegration of lambda into the.
coli chromosome and the switch between the lytic anoglgsic pathways. Lambda

recombination occurs between site-speaticachment §tt) sites:attB on thek. coli
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chromosome andttP on the lambda chromosome. Tdiesites serve as the binding
site for recombination proteins and upon lambdagrdtion, recombination occurs
between attB and attP sites to give rise toattL and attR sites.

(https://www.lifetechnologies.com/us/en/home/liféesce/cloning/gateway-

cloning.html). After identifying the correct DNA clone in the entwvector, a
gateway LR reaction (lytic reactioattL x attR in toattB X attP) was performed to
transfer the insert into the destination vectorisThas performed using Gateway
LR Clonase™ 1l enzyme mix (Invitrogen) as described in the ofasturer’s
protocol. The LR reaction mixture consisted of 2ofilentry clone (50-150ng/ pl),
1ul of destination vector (150ng/ ul), 1 ul of Teffer (pH 8.0) (see Appendix Al.3)
and 1 pl of LR clonase Il enzyme. This reaction mias incubated overnight at
25°C. Then 0.5ul of proteinase K solution (1 pg/ul)svealded to stop the reaction
followed by incubation at 3T for 10 min to break down the clonase. Silver
competent cellsH.coli strain DH&:, Bioline, >10° cfu/ pug) were transformed using
2.5 ul of reaction mixture by incubating for 30 man ice followed by 30 sec heat
shock at 42C without shaking. Afterwards 250 pl of LB/SOC maui was added
before shaking at 8T for 1 h at 200rpm. The culture was spread ontspeuycin
selection plates and incubated overnight 8€3The next day selected colonies were
analysed for the presence of the construct. In ¢lieing method the destination
vector was selected according to the desired agipit. Therefore pB7WG2 for
stable constitutive overexpression in Arabidopsid pK7WGF2 (contain GFP) for

transient expression in tobacco were used (Kariral.e2002).
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2.5.3 DNA ligation

DNA ligation was performed to form recombinant DN¥agments using dsDNA
fragments with cohesive (sticky) ends when TOPOiolp failed. T4 DNA ligase
(Promega) was used to ligate DNA fragments intmeakised vector backbone by
catalysing the formation of a phosphodiester boetiveen the 3' hydroxyl and 5'
phosphate of adjacent DNA residues.

Required DNA fragments were isolated after restnctdigestion using specific
restriction enzymes (see section 2.6) and the femgrwas further purified either
using DNA purification kit or using phenol/chlorofo (see section 2.8.3). Five
microlitres of each purified DNA product was runagel to confirm the correct size
and stoichiometric quantities were used in a lggatvith 1/10 volume of 10X ligase
buffer (Promega) and 1l of T4 DNA ligase in 10agfffinal volume. This mixture
was kept in room temperature for 2 h to ligate &nd (half) of the above ligation
mixture was transformed either in to Gateway ™ewugctor () ENTR D-TOPO) or
to E. coli chemically competent cells Mactl (see section 2.5.1) depending on the
original DNA used to obtain the ligated productngsistandard transformation
protocol. The resultant transformed cells were gram selection plates with the
correct antibiotics and incubated overnight°@7 The following day selected
colonies were analysed for the presence of thembowed vector with insert using
primers designed for the vector and beginning cheasert in colony PCR. Positive
colonies from colony PCR were used in restrictiogedtion (see section 2.6) to

further confirm the correct size of insert and tequenced (see section 2.7).
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2.6 Restriction digests

Restriction enzymes were used to separate fragn@®@nBNA from plasmids to

prepare PCR products for cohesive termini ligatéord for diagnostic purposes.
Restriction digests were performed according to renufacturer’s instructions,
using the recommended buffers supplied with relevanzyme at 3T for 2-4h

except where the enzyme required lower temperaforesptimal activity. Double

digests were performed using a buffer in which kb enzymes could function at
their highest efficiency. If both enzymes requirdidferent buffers, sequential
digestion was performed. In all digestions the emzywolume was 10% of the total
volume. NEBCutter was the software
(http://www.tools.neb.com/NEBcutter2/index.php) dige work out the restriction

sites.

2.7 Sequencing

Plasmid DNA was isolated and purified using Wifaflus SV Minipreps DNA
purification system (see section 2.8.2.2) or PCRBdpcts amplified from plant
genomic DNA (gDNA) were used for sequencing (sepeXulix 2 for primers). All
sequencing reactions were conducted by the in-hBagaencing Laboratory, School
of Biological and Biomedical Sciences, Durham Unsity (DBS, Durham
University). DNA sequence data was analysed usiagu&ncher DNA sequence
analysis softwarghttp://www.genecodes.com) Database similarity dess were
carried out using the BLAST search tool availabléh® Arabidopsis Information

Resource database (TAIRttp://http//:www.arabidopsis.org/Blast/index.jspfo
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nucleotid¢ to search for homology. DNA sequence data wewdyaad using the
BLAST 2 sequencing tool (www.ncbi.nlm.nih.gov/blat2seq) and Vector NTI

software (Invitrogen).

2.8 Plant and bacterial DNA extraction
2.8.1 Plant genomic DNA extraction

Edwards’ DNA extraction (Edwards et al., 1991) noethwas followed.
Approximately 5-10 seedlings of 7-day old plantsle? leaves from 3-weeks-old
plants were collected in 1.5-ml microtubes andhfle®zen in liquid nitrogen. The
tissue was ground with a micro pestle for abouts&®. Then 400 pl of Edwards’
extraction buffer (see Appendix Al.4) was added @sglie ground for another 30
sec. The micro tubes were briefly vortexed for 6 aad left at room temperature
until all preps were ready for the next stage. flites were then spun at 16,806r

1 min, and 300 pl of the resulting supernatant tkassferred to a new tube. After
that 300 pl of 100% (v/v) isoproanol was addedhi dbove tube, and gently mixed
by inversion. The microtubes were left at room terapure for 2 min to allow the
DNA to precipitate, and then spun at 16,30r 10 min. The resulting supernatant
was removed and the pellet was further spun fomlanid the residual supernatant
was aspirated. The pellet was left to air-dry¥@rmin or dried by spinning 5 min in
a concentrator (Eppendorf concentrator 5301, VWRriational Ltd, Leicestershire,
England), and finally re-suspended in pDof TE buffer overnight at 4°C (see

Appendix Al1.3).
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2.8.2 Bacterial plasmid DNA extraction

A single colony was inoculated (using sterile tip)to 5 ml of liquid LB with
relevant antibiotics. The culture was incubatedroigit at 37C with continuous
shaking and the next day 1.5 ml was spun down &00 for 1 min (Eppendorf
centrifuge 5415D, VWR International Ltd, Leicesters, England). The supernatant

was used for the extraction of plasmid as descrilgdolw depends on the purpose.
2.8.2.1 STET mini-prep method

The STET (Sucrose-Tris-EDTA-Triton) prep is a ceffective modified alkaline
lysis method (Maniatis et al., 1982) for isolatiplgsmid DNA from many samples,
e.g. when screening bacterial colonies for the gres of construct in a plasmid
vector having an antibiotic resistance marker.

The supernatant was discarded and the cell pedstresuspended in 250ul of pre-
chilled STET buffer (see Appendix Al1.5). Then 20qillysozyme (10 mg/ml in
STET buffer) was added to digest the cell wall gadtly mixed by flicking the tube.
Then the microtube was incubated at 2@@r 1 min on digital dry-block (D1100,
Labnet International, Inc). Next 270 ul of pre-t&ll 5 M LiCl was added, mixed by
inversion and incubated on ice for 30 min. The otigbe was then spun afGt)
using the Beckman coulter centrifuge (Allegra™ XR22/WR international Ltd,
Leicestershire, England) at 16,@Xor 15 min, and the resulting pellet removed with
a sterile cocktail stick (at this point, plasmid B enriched in the supernatant, and
the pellet consists mostly of proteins, polysaciclesr and genomic DNA). One ml of
100% (v/v) ethanol (pre-chilled to -20) was added to the remaining supernatant to

precipitate plasmid DNA and incubated at°®@or 30 min or at -2 overnight.
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The microtube was then centrifuged at 16@@r 10 min at 4C to pellet the
plasmid DNA and the supernatant was discarded inatedg. The pellet was then
washed with 80% (v/v) ethanol by gentle inversioiompto another 10 min 16,090
centrifugation step at°@. Finally, the supernatant was discarded and tié Pellet
was left to air-dry for 10 min to volatilise any maining ethanol) before

resuspension in 50 pl of buffer TER (see Appendix6h
2.8.2.2 Column purification Mini prep method

For salt-sensitive applications such as DNA sequgnbigh purity, small scale
bacterial plasmid DNA extraction was performed gsime Wizar@ Plus SV
Minipreps DNA purification system (Promega) accoglito the manufacturer’s
instructions particularly. In this method, overrigbultures were spun down,
resuspended and lysed in the presence of alkalioegse. The supernatant was
separated from the flocculated pellet by centrifiogg and plasmid DNA bound to
the supplied columns, which were washed in an etHassed buffer and eluted in

EB buffer.
2.8.2.3 Maxi prep method

High purity, large scale bacterial plasmid DNA extion was performed using the

Qiagen plasmid Maxi Kit www.giagen.com according to the manufacturer’s

instructions. This method is similar to Wizard npmep method.
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2.8.3 Purification of PCR products/ extracted plantDNA
2.8.3.1 Using purification kit

PCR products directly after amplification were fied using column based Plant
DNA Extraction Kits from Roche (http:/lifescienceche.com) or Omega Bio-tek

extraction kit (https://us.vwr.com) according te timanufacturer’s instructions.
2.8.3.2. Using phenol/chloroform extraction

Extracted DNA samples were made up to 100 pl inpHE8.0 and mixed with an
equal volume (100ul) of phenol: chloroform: isoamidohol in a ratio of 25:24:1.
After vortexing for 30 sec and spinning for 1 mma bench top at maximum speed
the clear upper phase was transferred to a cleba wathout disturbing the
interphase. Again one volume (100 pl) of chlorofowas added and the same
procedure repeated and the upper phase transfereedew tube. Subsequently 1/10
volume of (10 ul) of 3M sodium acetate pH 5.3 wddeal, vortexed briefly and 2.5
volumes (250 ul) of 100% ethanol added. Afterfbrigortexing the samples were
held at -86C for 30 min and then spun down af@For 30 min at maximum speed.
The supernatant was discarded and dab dried aswetiNext 500 ul of 70% ethanol
was added without disturbing the pellet and thee tiuoned gently to make sure that
it was coated in ethanol to remove salts from safafe tubes and spun at®Csfor

10 min at maximum speed. The supernatant was raimave dried the pellet in the
concentrator (Eppendorf concentrator 5301, VWR rirggonals) for 5 min and

finally resuspended in 25 ul of TE buffer (see Aphiz Al.3).
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2.8.3.3 Use of Exonuclease | and Shrimp/Antarctic Hdsphatase (ExoSAP

method)

This method was practiced to clean up PCR reactioashad been confirmed as
producing only a strong single band on a gel. Tnoymes, Exonuclease | (Exo) and
Shrimp/Antarctic Phosphatase (SAP) were used toovemexcess dNTPs and
primers from the PCR product before use in sequgn&xoSAP reaction mix was
prepared using 0.025 pl of Exonuclease I, 0.256f Bhrimp/Antarctic Phosphatase
and 9.725 pl of distilled water to a final volum10fien pl of above 1x EXoSAP mix
was added to 15 pl of each PCR sample and inculbatd@C for 45 min and then

80°C for 15 min in a PCR thermo-cycler. Samples wesees at -26C until use.

2.9 Bacterial competent cell production and transfomation
2.9.1E.coli competent cell production (DH%r)

Five-ml overnight cultures (including spectinomycimere set up by inoculating a
single colony from ark. coli plate. The following day 1 ml from the above cudtur
was added to 100 ml LB in a 250-ml flask and growia shaker at 3T for about
1.5 h. Then OD value was checked and cells weneehtad at 2 by spinning down

at 35009 for 5 min when OD was between 0.2 and 0.3. Eagh sfas performed on
ice and then the supernatant was discarded and welie resuspended in half
volume ice coldl00 mM CaCp (50 ml). The resuspended solution was left on ice
for 20 min and cells harvested by spinning at 350 5 min at 4C. Supernatant

was discarded and resuspended again in 1/10 vadfime-cold 100 mM CaGl (10

ml) and added 2 ml ice-cold glycerol to give a fioancentration of 17% glycerol.
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Empty eppendorfs were kept on ice to chill and 20®f competent cells were
aliquoted to each tube. Aliquots were immediatelyzén in liquid nitrogen and

stored in -80C for further use.
2.9.2 Transformation of competen€.coli cells

Twenty-fivel aliquots of either chemically competdficoli cells Mach 1(>18cfu/
ng) for high transformation efficiency or DHF>10% cfu/pg) for routine cloning,
were thawed on ice before transformation. Ligatitirtures were warmed to %0
for 10min to inactivate the enzyme, and then trametl onto ice for 1 min. Two and
a halful of ligation reaction mixture was added to the petent cells and cells were
incubated on ice for 30 min followed by 1 min hslabck at 4ZC in a water bath and
immediately transferred back onto the ice for 2.niinen 1 ml of LB/SOC medium
was added to the reaction tube and shaken genflgGarpm at 3%7C for 1 h. This
recovery time allows the cells to initiate replioat under optimal conditions.
Aliquots of each culture were then spread onto ldaraplates containing the
appropriate antibiotics for selection of the plagifsee table 2.1 for concentrations).
Plates were incubated at°87overnight to develop colonies, and kept @ for 2-3

weeks storage.
2.9.3Agrobacteriacompetent cell production

Agrobacterium tumefacienstrains were streaked onto a fresh LB plate with
appropriate antibiotic (rifampicin) incubated fordays at 28°C. A single colony
from the above platevas picked and inoculated in a 5-ml overnight aeltaf LB
with the same combination of antibiotics as abd&dtures were grown overnight at
28°C in a shaking incubator. The next day 5 ml#raight culture were added to

100 ml of LB in a sterile 500-ml flask and shakegovously 250 rpm) at 28°C until
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the culture reached an optical density (OD ) 600.6%1 (takes 4-8h). Cultures were
chilled on ice and centrifuged at 3@)@r 5 min at 4°C to pellet the cells. The
supernatant was discarded and the cells resusp@an@edl of ice cold 20mM Cagl
solution. Finally cells were dispensed in 0.1-mgabts into pre chilled 1.5-ml

eppendorf tubes, flash frozen in liquid nitrogemg atored at -8 for future use.
2.9.4 Transformation of competentAgrobacteriawith construct

AgrobacteriumstrainC58C1 competent cells were used for constituteesgion in
Arabidopsis using floral dipping (see section 21)0nethod. Frozen aliquots of 100
ul of strainC58C1 competent cells were placed on ice and atlawe¢haw. Oneig

of plasmid DNA was mixed with the cells by invegigently. The cells were then
heat shocked at 3Z for 5 min using a water bath. After that 1 ml bi&dium was
added and tubes were shaken at 150 rpm for 2-428°&tto allow cells to grow.
Then the content was transferred to an eppendbe &mnd spun down for 30 sec to
pellet the cells and most of the supernatant wa®ved. The pellet was resuspended
in about 20Qul of the remaining supernatant. Aliquots were sgrea LB agar plates
containing rifampicin, spectinomycin and gentamidisee table 2.1 for the
concentrations) for the selection. Plates werebated in a 2% incubator for 2-3

days for colonies to develop.

Agrobacteriumstrain GV3101 (pRM90) competent cells were used for teamsi
expression in tobacco and leek and followed theesaansformation procedure as

above.
2.9.5 Long term storage of bacterial cultures usinglycerol stocks

E.coli and Agrobacteriumstrains carrying the constructs were streaked arftesh

LB plate with appropriate antibiotics and incubate@rnight at 37°C or for 2 days at
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28°C respectively. A single colony from the abol&tgswas picked and inoculated
in a 5 ml overnight culture of LB with the same dwmnation of antibiotics as in the
plate. Cultures were grown overnight at correctpgerature as above in a shaking
incubator. 85Qul of LB cultures were taken into a new Jubtube and 15Qul of
100% (v/v) glycerol was added, mixed by pipettigand down followed by brief

vortexing. Cultures were kept at “80for future use.

2.10 Plant transformation and crossing
2.10.1Arabidopsisfloral dip method for transformation
2.10.1.1 Preparation of plants for floral dip

Seven day old seedlings grown on MS plates wersfeared to large hydrated peat
plugs (42 mm diameter) with 3 plants per plug, gravn in long day growth room
as described in section 2.1.4. When plants reattedhitial flowering stage, bolts
were clipped to encourage the formation of moreafldouds from the axillaries.
Plants were clipped 2-3 times prior to dipping, ethresulted in a large number of
young floral shoots. The bolted plants were supplaied with fertilizer to maintain
vigorous growth. The final clipping was done 7 ddyfore transformation, to

encourage lateral shoots that actively producesdis.
2.10.1.2 Preparation ofAgrobacteriafor floral dip transformation

A single colony ofAgrobacteriumhaving a binary vector construct (as described in
section 2.9.4 with pB7WG2) grown on LB agar platetl{ appropriate antibiotics)
was used to inoculate a 5-ml overnight culture. &t day the above 2 ml of above

overnight culture were added to 200 ml of LB In itre flask (with the same
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antibiotics) and grown for a further 24 h at’@9Next day, for the transformation,
cells were spun down (15 min at 390@nd re-suspended in 5 % sucrose solution in
the same volume as original culture. Silwet L-7faatant (250ul per 500 ml) was

added immediately prior to use for dipping.
2.10.1.3 Dipping of Arabidopsis plants

The small volume of resuspension was poured ifteaker and flowers were dipped
into this suspension for 30-60 seconds. The pl@t®swvn in peat plugs) were then
placed on their sides on a tray lined with tisstkesally the tray was covered with
cling film and returned to the growth room and flelowing day plants were
uncovered and the peat plugs returned to a verposltion in a new tray and
watering continued as before, but ensuring thatAipebacteriumwas not washed

off.
2.10.1.4 Selection of transformants

The T, seeds collected fromgrobacteriumdipped plants transformed with a vector
containing a selectable marker other than Bastatagse (kanamycin), were bleach
sterilised as described in section 2.1.2.2 beferengating on MS agar plates with

timentin to inhibit growth ofAgrobacterium(see table 2.1 for concentrations) and
appropriate antibiotics to select for the binargtee Primary transformants (T1

plants) surviving on the selection plates with greetyledons and developing roots
were transferred to peat plugs to obtain their sgd@@ generation) and harvested

separately.

Seeds from plants carrying Basta resistance cartstas the plant selectable marker
were sown directly onto soil (see 2.1.3 for thewglo conditions) and allowed to

germinate. After 7-8 days, Basta herbicide (250Inwéas sprayed onto the young
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seedlings until visibly wet and treatment was répea3-4 times at three-day
intervals. The surviving primary transformants wiensferred to peat plugs and T2

seeds were collected from each plant separately.
2.10.2 Crossing oArabidopsisplants

Seven-day-old seedlings sfr6-1 and other donor plants were transferred to peat
plugs (one seedling/plug) in trays and moved tocavth room that maintained long
day photoperiod (see section 2.1.4fr6-1 mutant plants were maintained as
recipient plants in crossing in this research stadgl other plants such &10-1
and wild type plants overexpressing KIN10 were uasddonor plants and also
maintained under long day photoperiod as describeskction 2.1.4. Oncsfré-1
plants reached the flowering stage, elongated émat ut unopened flower buds
were selected to continue crossing with pollen iakem donor plants. The green
colour outer whorl sepals was first removed usingrg-end forceps and then inner
whorl of white petals was removed. Finally immatwsgamens ofsfr6-1 were
removed without damaging the pistil. Mature poltaken from donor plants was
gently deposited on stigma of the above opened pfssfr6-1 Crossed plants were
labelled and allowed to continue growth until swsfel siliques turned to yellow
colour. Those dried seeds were planted on MS plaess section 2.1.3) and taken

forward to selection.

2.10.3 Selection of homozygous segregants usingekdl discrimination assay (AD

assay)

An allelic discrimination assay was performed usigplied Biosystems 7300
machine. (Applied Biosystems, Foster city, USA)dentify thesfr6 genotype as the
sfr6-1 EMS mutant has a single nucleotide polymorphismRBNhis test detects
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single nucleotide variants of a nucleic acid segaeffagMan SNP probe (Applied
Biosystems) was used to distinguish homozygousegegts in different crosses
performed in this study using the allelic discriation assay. Six ng of genomic
DNA (see section 2.8.1) at a concentration of 1Qunand 9ul of master mix that
consisted of 0.37%l of Tagman SNP assay (for SFR6), 1ubof 2xAccu Start
genotyping tough mix ROX and 1.12bof nuclease-free water were mixed in a 15-
ul total reaction in optical 96-well reaction platésemi-skirted with raised rim
gPCR, Star Lab, USA). Three technical replicatesewssed for each sample. A
TagMan probe for genotypin@FR6 (see Appendix 2 for probe details) was

purchased from Applied Biosystems.
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Figure 2.1: Model graph supplied by Applied Biosystems 7300ltstrate the assay used to
identify homozygous segregantssiifé genotype as thsfr6-1with the single nucleotide
polymorphism (SNP) characteristic £ff6-1 using the TagMan SNP probe. The chart plots
the detection of Allele X (wild type, circles) aifdmutant, diamonds) in each sample.
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Positions of unknown samples on the chart areeratsd to known genotypes in order to

determine whether they are homozygous for eitheleabr heterozygous.

2.11 Transient expression in plants
2.11.1 Preparation ofAgrobacteriumstrains expressing GFP constructs

Constructs were cloned into the entry vector asriteed in section 2.5.1 and then
into the gateway destination vector (see secti@?2p. pK7WGF2 that allows the
cloning of an in-frame fusion of the gene of in&revith an N-terminal GFP tag.
Agrobacteriumstrain GV3101 competent cells (prepared as described dtiose

2.9.3) were transformed with a destination vectmmstruct to be used in transient
expression in tobacco or leek. One hundred-miceolaliquots of transformed
GV3101 agrobacteria cells (see section 2.9.4 ) vggnead on LB agar plates
containing rifampicin, spectinomycin and gentamidisee table 2.1 for the
concentrations) for the selection. Plates werebated in a 2% incubator for 2-3

days for colonies to develop. Colonies were reagid in fresh plate (containing

same antibiotics) and colonies were checked fopthsence of the construct.

2.11.2 Transient expression iMNicotiana benthamiangtobacco) using

infiltration

A single colony selected from the above platesresHly streaked out plates using
glycerol stocks was harvested in to a 5-ml overmigbitle consists of the same
antibiotic combination and grown overnight in a8®@9ncubator. Next day a 5-ml
culture was transferred to a 15-ml falcon tube syph down for 5 min at 30QCat
room temperature. The resulting supernatant wasadied and the pellet was
resuspended in 1 ml of 10 mM MgQolution. The absorbance of the solution was

measured using 20l of the above suspension after mixing with 980of water
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using a spectophotometer (BOECO S-20, Germanyp@mnén wave length. Finally,
the rest of the resuspension (98Pwas diluted in 10 mM MgGlsolution to obtain
correct concentration for infiltration. This dilati was calculated based on optical
density to be in final solutione 0.3 for one construct and 0.6 if two constructsdus
to infiltrate in the experiment. When two consteuatere expressed in a single plant,
equal volumes of each construct having 0.6 O.Di¢aptensity) were mixed to
obtained final O.D value of 0.3. Tobacco plants evgrown for six weeks in a
growth room (24C temperature with 16 h light/8 h dark cycle, seetisn 2.1.4) and
these plants were used for infiltration. The 5 rhlAgrobacteriumresuspension
described above was applied with pressure throtghunderside of the tobacco
leaves using a 5-ml syringe (without a needle) teirmle leaf. Suspension was
entering the leaf through the stomata and thablsarea was marked using a pen.
Then plants were transferred back to the same groanditions (see section 2.1.4)
and incubated for 48h. Later, the plant specimeesewbserved under a Confocal

microscope (Leica SP5 CLSM FLIM FCCS) as descrihezbction 2.11.5.
2.11.3 Biolistic transformation of leek tissueAllium porrum)

Biolistic transformation (particle/microprojectimmbardment) is a process of
delivering DNA into plant cells by coated with galdtungsten particles (Sanford,

1988)
2.11.3.1 Preparation of plant materials

Leek slices (colourless) were taken from the sepdrmner whorls of the lower part

of the stem. The 1x1 cm squares were placed omlst8s as concaved side on top
in the centre of the plate into a circle (aboutn3 diameter) covering about most of
the area of the circle.

89



Chapter2

2.11.3.2 Preparation of the gold particles

Sixty mg of 1.6pm gold micro-carriers were transferred to an eppéniibe and 1
ml of ethanol was added and the contents vortextedl min. The tube was then spun
in a micro-centrifuge for 10 sec to pellet the ggidrticles and remove the
supernatant. Three repeated washes were perfommtie isame way and after the
last wash the tube was spun for 1 min. One mlegflsted double distilled water was
added and the gold particles completely resuspebgedortexing for 1 min. The
supernatant and all debris were removed by subségpening for 1 min. Lastly,
gold particles were completely resuspended in dfatater by vortexing and the top

of the eppendorf tube sealed with parafilm andestat 4C until use.
2.11.3.3 Preparation of DNA-coated particles

Large macro-carrier discs were placed into the piaarrier rings using tweezers
and flattened. Gold particles were vortexed hand ¥omin. and 50ul quickly
transferred into an eppendorf tube andy plasmid DNA added before vortexing
hard for 30 sec. Then 50 2.5 M CaCtwas added to each sample and vortexed hard
for 30 sec. Subsequently, 20 of 0.1 M spermidine free base was added and
vortexed hard for 3 min. The tube was spun at X@Qa0 pellet particles and the
supernatant removed as quickly as possible. Affiter 250ul of absolute ethanol was
added to the particles, vortexed hard to fully spemd and the supernatant quickly
removed after spinning down. Then the pellet wasmetely resuspended again in
125 ul of ethanol by vortexing. The suspension was thipetted up and down and
20 pl aliquots of suspension dispensed onto each mzamreer disc and allowed to

dry.
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2.11.3.4 Delivering gold coated DNA to explants

Plant bombardment with DNA-coated gold particles warformed using a Bio-Red
PDS-1000/He particle delivery system. The vacuuplieg to the chamber was 25
mm Hg/in using a vacuum pump. 1100-psi rupturesthgere used in the chamber to
deliver DNA coated gold particles to plant materigbquare pieces of leek lower
epidermis approximately 8mm x 8mm). Bombarded Ldissie (on MS plates) was

incubated for 48 h in the Percival growth chamber.
2.11.4 Visualisation of GFP florescence

After 48 h incubation (as described in section M) tobacco leaf samples or the
lower epidermal peels of leek explants were plamedlass microscope slides (0.8-
1.0 mm thick, VWR International) and covered withaver slip (22 x 22 mm, VWR
International) with drop of water. These specimerse observed on a confocal laser
scanning microscope (Leica SP CLSM FLIM FCCS) wdt@x oil immersion
objective. The excitation wavelength for GFP vigatlon was 488nn{Argon
laser), with emission measured using a 505 nm |mexgs filter. All images were

taken under the same pinhole aperture.

2.12 Stress treatments for gene expression studies

2.12.1 Cold treatment

Seven-day-old seedlings grown on MS agar plateg (®ection 2.1.4) were
transferred to % for 6 h (beginning 2-3 h into the light cycle)angrowth chamber
(SANYO MLR-351) set for short days 10:14 h lightklawith a light level of

approximately 150 LEis® while control plates were kept at°®Din the Percival
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growth chamber. Whole seedlings were collectedr aftdd treatment and quickly
frozen in liquid nitrogen. Samples were kept at’@@rior to RNA extraction. The
sample processing time between harvesting andifigevas kept to the minimum;

tissue was frozen within less than 1 minute oLiskarvest.
2.12.2 UV stress

Seeds were sown evenly (about 50) on MS agar péatdsseven-day-old seedlings
were irradiated with 5 or 10 kJhof UV-C (254 nm wavelength) (depending on the
experiment), in a UV cross linker (Uvitec Ltd, Camdige, UK). During the UV
treatments, the lids were removed from the petrigsl and control plates were also
exposed to the air for the time taken for the UVasure. After the treatments, all
plates were resealed and returned to the Peraigaltly chamber. Twenty four hours
after the treatments samples were collected; eaciple comprised 15-20 seedlings

in a microfuge tube and was snap frozen in liquitbgen prior to RNA extraction.
2.12.3 Dark/ starvation stress

Seven-day-old seedlings grown on 0.5xMS agar platgs covered in two layers of
Aluminium foil to provide dark conditions whilst &ping control samples without
foil and all plates were transferred to a Perciyawth chamber t at 20%C set for
long days (16:8 h light:dark photoperiod with ligetvel of approximately 150-200
HE m? s?). After 6 h (beginning 2-3 h into the light cyclededlings were harvested
quickly and frozen in liquid nitrogen. Samples wdept at -86C prior to RNA

extraction.
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2.12.4 Desiccation/drought stress

Seeds were sown evenly on MS agar plates and skyeold seedlings were used
for the treatment. Drought stress was given in seaihdesiccation by opening the
lids while exposing the seedlings to normal groedhditions in the Percival growth

chamber at conditions described above. Plates toeb&ed were open to the above
conditions for 6 h while keeping the control platdesed under same conditions.
After 6 h (beginning 2-3 h into the light cycle-20 seedlings were collected in a

microfuge tube and quickly frozen in liquid nitragprior to RNA extraction.
2.12.5 DCMU (3-(3,4-dichlorophenyl)-1,1-dimethyl uea) treatment

Seven-day-old seedlings grown on MS agar platee Weated (15-20 seedlings per
treatment) in 5 ml of sterile water or 20 DCMU (3-(3,4-dichlorophenyl)-1,1-
dimethyl urea) contained in transparent six-wellture dishes (SARSTEDT
Numbrecht, Germany) for 6 h (beginning 2-3 h irite light cycle) and kept in the in
the Percival growth chamber at the conditions diesdrabove. After 6 h of the
treatment, seedlings were quickly harvested in@aafuge tube by blotting seedlings
on tissue paper to remove excess solution. Sam@es then quickly snap-frozen in

liquid nitrogen.
2.12.6 ABA treatment

Seven-day-old seedlings grown on MS agar plates Weated (15-20 seedlings per
treatment) in 5ml of 0.1% ethanol as control an® 1® ABA (abscisic acid)
contained in transparent six-well plates for 6 O kapt in the in the Percival growth
chamber at the conditions described above. After(Beginning 2-3 h into the light
cycle) of the treatment, seedlings were blottedissue paper and quickly placed in a

microfuge tube. Samples were then quickly frozelguid nitrogen.
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2.13 Extraction, quantification and analysis of RNA
2.13.1 RNA extraction

The RNeasy Plant Total RNA Kit (Qiagen), was usecdxtract RNA from plant
materials using the given protocol. Plant samplesevirozen in liquid nitrogen and
quickly ground using micropestles by hand for feaeands. Four hundred and fifty
microliters of pre-chilled RLT lysis buffer (aftethe addition of 500 f-
mercaptoethanol to every 50 ml) was added, grougdinauntil a relatively
homogeneous sample was produced and left on icéstwhriocessing the other
samples. RLT buffer contains guanidine thiocyariatg disrupts the cell structure
and has denaturing properties ghthercaptoethanol acts as a reducing agent. The
samples were vortexed and transferred to a preetideat block at 86 for three
minutes followed by five or more minutes on icefteh samples had cooled down,
the lysate was transferred to a QIlAshredder spinnwo (held in a 2-ml collecting
tube) and spun down for 2 min at 16800he flow-through was removed (without
disturbing the pellet in the bottom of the tube)atmew tube containing 228 of
100% ethanol, mixed by pipetting up and down aaddferred to an RNeasy spin
column. Ethanol promotes selective binding of RNAte RNeasy membrane. The
content was spun down at 110@r 30 sec, allowing RNA to bind to the column,
the supernatant removed and the column washed agaihescribed above with
350ul of buffer RW1 (consisting of guanidium salts), darthe flow-through
discarded. DNase digestion was performed with RNi@seDNase (1@ of DNase
and 70ul of RDD buffer per sample) (Qiagen, Hildon, Geryahttp:// www.
giagen. com) in order to remove genomic DNA frora BRNA and incubated for 20

min, after which the column was washed again wi&@ @@ of buffer RW1 for 30 sec
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at 1160@. Two last washes were performed using p0®f buffer RPE (which
contained 80% ethanol) for 30 sec at 1iH@fllowed by a 2-min spin at 16300
Finally, the isolated RNA was eluted from the coflum 3Qul RNase-free water by

spinning down at 116@0for 1 min.
2.13.2 RNA quantification

The concentration of RNA was determined by meaguthre optical density of
samples at a wavelength of 260nm using a Nanodi@Hl0D0 Spectrophotometer
(NanoDrop Technologies, Wilmington, Delaware, USA. undiluted sample of 1.6
ul of RNA was applied onto the pedestal of the maehio make a measurement.
RNase-free water was used as a zero reference im¢tasurements. The following

equation was used to quantify the concentration.
c=A/(E *b)

Where c is the nucleic acid concentration in ngAils the absorbance in AU, E is
the wavelength-dependent extinction coefficienhgacm/ul,and b is the path length
in cm. The generally accepted extinction coeffitsefor double stranded DNA,

single stranded DNA and RNA are 50, 33 and 40 icismsdy.
2.13.3 Quantification of transcript levels

cDNA was synthesised from total RNA and used faregexpression studies using
quantitative Reverse Transcription-Polymerase CRaiaction (QRT-PCR), a

technique used for relative quantification of trai#s levels (see section 2.14).
2.13.3.1 cDNA synthesis with long RNA templates

cDNA was also used to amplify specific gene fragimdor cloning. In this case,

following the extraction of RNA (see section 2.)3Moloney Murine Leukemia
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Virus Reverse Transcriptase (M-MLV RT; Promega) wasd for cDNA synthesis
from long messenger RNA templates. Two microgramaié3NA was diluted in 10
ul of water and heated at 5 for 10 min to melt secondary structure within the
RNA template and immediately cooled rapdily on toeavoid reforming of the
secondary structure. Then synthesis of the firsinst of cDNA was performed by
the addition of a master mix (10) consisting of 4l of M-MLV 5X reaction buffer
(250mM Tris-HCI pH 8.3, 375mM KCI, 15mM Mgg&hnd 50mM DTT), 2l of
10mM dNTP, 0.5l recombinant RNasfhribonuclease inhibitor,;d of M-MLV RT
and 2.5l of nuclease-free water. Thenl®f the above master mix and (d0of
RNA template were mixed and heated atG37or 90 min on a heat block. Then
second-strand synthesis was performed either uBaty polymerase (see section
2.4.1) to confirm the correct size of DNA on agaa®l (see section 2.4.2) or to

detect the level of transcripts in qRT-PCR (se¢dice.14).
2.13.3.2 cDNA synthesis for use in qRT-PCR

A high capacity cDNA synthesis kit (Applied Biosgsts, Foster city, USA) was
used to reverse transcribe cDNA fromg of total RNA (in a total volume of 1),
combined with 1Qul of reverse transcriptase reaction mixturel®f 10xRT buffer,
0.8 ul of 25xdNTP mix, 2ul of 10xRT Random primers, Ll of Reverse
transcriptase and 414 of nuclease-free water. The samples were ruherthermal
cycler at 28C for 10 min (primer annealing) followed by °&7for 120 min (cDNA
synthesis) and then 85 for 5 sec (reaction termination step to inactvany
remaining active reverse transcriptase that cauitit gPCR). The resultant cDNA
was diluted in nuclease-free water 1:50 prior te usquantitative realtime (QRT)

PCR to study gene expression.
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2.14 Measurement of gene expression using qRT- PCR

The relative transcript levels of genes of intengste quantified with reference to
the expression of an endogenous control gene bytitatave real-time PCR (gRT-
PCR) using an Applied Biosystems 7300 machine. Ri@olitres of cDNA (1:50
diluted cDNA as described in section 2.13.3.2) wsead with Gotag® qPCR Master
mix (Promega) in a 1@} reaction in optical 96 well reaction plates (seskirted
with raised rim, Star Lab UK Ltdyiilton Keynes UK). Three technical replicates
were used for each sample in a single plate ar thiological replicates were done
for each experiment. Relative gene expression wak/sed using thaACt method
(Livak and Schmittgen, 2001) and technical varigbitalculated for each samples
as stated in the Applied Biosystems user manud7 20r singleplex data (external

control method).

2.15 Stress treatments for plant stress tolerancessays
2.15.1 Freezing tolerance assays

Seedlings were grown on MS agar plates (as in@e@il.4) for 7 days, then
transferred to peat plugs and grown thereaftehengrowth room under short day
conditions (12:12 h light: dark) at 2D, and 150-200 uERs" light level for four
weeks. Afterwards plants were transferred % for cold acclimation for 14 days in
a growth chamber (SANYO chamber set for short d&yl4 h light. dark cycle),
with a light level as described above. The plasisduas controls were kept a’@0
in short day conditions (12:12 h light: dark, 60hmidity and at same light level)

for a further 14 days whilst the other plants weept under acclimation conditions.
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Then both acclimated and non-acclimated plants Vrezen at -7.8C for 24 h.
Plants were returned to the original growth coodsi and monitored for 10 days

after freezing, photographed, and their survivabrded.

Photosynthetic efficiency of the plants was measuieng the Fv/Fm ratio based on
chlorophyll fluorescence using FluorCam (700MF, ®hoSystems Instruments,
Czech Republic) before acclimation, after acclioatand after the plants had been

frozen.
2.15.2. Electrolyte leakage assay

Plants were grown for seven days on MS agar pktestransferred to soil for 27
days under short days to promote rosette growtterAlfis, were transferred to cold
acclimating conditions: 5°C in 10:14h light: darkctes, 150-200 uBm?s* for 14
days. Rosette leaves of a comparable size in ahmmi and wild-type plants were
excised and washed in milli-Q water in a clean Wwelgat. Leaves were blotted
gently on tissue paper to remove excess water dridra spatula was used to add
leaves to the bottom of the tubes without damadgayes. Three replicate tubes
were prepared for each treatment, with each tub&asung three leaves. Test tubes
were held on ice until all samples had been prepakter that, one set of tubes was
retained on ice, while the others were transfemea completely randomized order
to a Clifton freezing bath filled with anti-freezieéat transfer fluid and cooled by an
immersion dip cooler (Nickel-Electro) set at -2°Tubes were allowed to equilibrate
for 1 h before the addition to each tube of 2-3 cbgs made with milli-Q water.
Tubes were plugged with a foam bung and kept & f@f a further 2 h. Three tubes
from each plant type (as three replicates /eactnrent) were removed and placed

on ice and then the temperature was reduced’®irdthe bath. After 30 min at this
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temperature another set of tubes was removed goidirkéce. This procedure was
continued until the last set of tubes was takerabut 2C. All tubes were placed in a

test tube rack on ice and thawed overnight in theé mom (5C) to equilibrate.

The following day 5 ml of distilled water was addedeach tube and tubes shaken
gently for 3 h at room temperature. The resultantid was decanted into a labelled
set of 6-well plates and electrical conductivity smmeasured using a hand-held
conductivity meter (Hannah Instruments). Then s tubes containing leaves were
transferred to a -80°C freezer for 1 h, allowingnptete release of the remaining
solutes from the plant tissue. After an hour, tbetents in the tubes were allowed to
thaw on ice for 30 min, after which the previoudcanted fluid was returned back
to each tube and the tubes shaken again for 3hrebéti@ conductivity was re-

measured. Percentage of electrolyte leakage wasilatd by expressing the

conductivity before freezing as a percentage ottreluctivity after freezing.
2.15.3 UV tolerance assay

Seedlings were grown on MS agar plates (see se2tin4) up to seven days and 7
day-old-seedlings were irradiated with 5 and 10 k&hUV, in a UV cross linker
(Uvitec Ltd, Cambridge, UK) with the plate lids o#fhile control plates were
exposed to air for same duration (as in UV treats)eimmediately after treatments,
all plates were resealed and returned to the Reargnowth chamber (see section
2.1.4) after being wrapped in foil to inhibit thu® light-mediated repair pathway.
The number of surviving seedlings with green menst was recorded 10 days after

treatments.
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2.15.4 Drought tolerance assay - Water withdrawal

Individual seedlings were grown on 38-mm (diamepet plugs and grown in short
day conditions (12:12h light: dark cycles) at 13BRE'm?s™ at 20°C with constant
watering (at two-day intervals) up to 25 days ppetnination. Water was withheld
for 14 days (after which approximately 50% of wilgbe plants showed a wilting
appearance) and then re-watered. The number ofspdanviving and exhibiting re-

growth was assessed after a further 10 days artdgraphed.
2.15.5 Starvation tolerance assay

Seven-day-old seedlings grown on 0.5xMS agar platgs covered in two layers of
foil for 14 days to provide dark conditions whileeping control samples without
foil. All plates were transferred to a Percival wtb chamber (see section 2.1.4).
After 14 days seedlings were return back under aboonditions in Percival growth
chamber and 3 days later the number of plants \wagriand exhibiting re-growth

was assessed and photographed.

2.16 Protein Expression Assays in Arabidopsis
2.16.1 Protein Extraction for quantitative analysis

Seedlings were grown on MS agar plates (see se2tibd) for seven days in the
Percival growth chamber. About 20-30 seedlings vealtected and quickly frozen

in liquid nitrogen in an eppendorf tubes. Sampleseaground using micropestles by
hand for several seconds and 400f extraction buffer (equivalent to approximately
2 ml/g fresh weight of tissue, see Appendix Al.i7 deneral extraction buffer and 2

mM DTT; 0.5% (w/v) PVPP; 1% (v/v) protease inhibitmcktail (Sigma); 1% (v/v)
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NP-40, 1mM sodium molybdate and 1mM NaF were fresidded) and further
ground the samples. Samples were kept on ice afitithe samples had been
processed and centrifuged at 13@0d0r 15 min at 4C. The supernatant was
collected and 20@l kept in a new tube, before being frozen in liquittogen and
stored at-28C until use. The remaining 20-30 of supernatant was used for protein

quantification.
2.16.2 Protein quantification

A working solution of Copper tartrate (reagent Apsvprepared according to
instructions provided in the BioRad DC Protein gs§BioRAD, Hercules, CA,
USA) kit. Standard protein dilution series were magsing BSA (Sigma, USA) in
the range of 0-2 mg/ml and the standard curvepsgysared each time the assay was
performed. Extraction buffer (see section 2.16.as wised to prepare the standards
each time. Twentyl of standards (the rest of the samples were frexehkept at -
20°C and samples were transferred into clean, dryttéss and 10@l of working
reagent was added to each tube and vortexed. T0pl f Folin (reagent B) was
added into each tube and left 15-20 min After #izorbance was measured at 650
nm using a spectrophotometer (S-20, BOECO, Germbaggd on the reaction of
protein with alkaline copper tartrate solution datn reagent. Using a standard
curve, protein concentrations of the samples waleutated. Further dilutions were
performed to obtain 2mg/ml of each sample to belusewestern blotting using
extraction buffer without freshly added additivadfien the required amount of the
above samples was mixed with 2X SDS buffer (seeeAdpx A1.8) and either
directly used for loading after being heated atC%or 5 min in a heat block or

stored at -2fC until use.
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2.16.3 SDS gel preparation and electrophoresis

Ten percent acrylamide resolving/separating gel pvapared using resolving buffer
(see Appendix Al1.9) as described in Appendix Ald@ 6 ml of the above solution
was used to make a single gel. One ml of waterat&td iso-butanol was poured on
top of the resolving gel to smoothen the gel s@f&nce the gel was settled with
stacking buffer (see Appendix Al.11), 5% acrylamgadacking gel (see Appendix
Al.12) was prepared and 1.5 ml of stacking gel p@sed on resolving gel and an
appropriate comb was used. The gel apparatus Web\iiith 1x SDS running buffer
(see Appendix Al1l.13) and predetermined volumes ampde (to obtain a
concentration of 2mg/ml ) were loaded in to weltemheating at 9% for 5 min.
Five pl of standard protein marker (Precision PMi®ual colour standard, Sigma )
was added in the first lane of the gel. The gel wasat 120V for the first 30 min

and then adjusted to 180V for another 1 h.
2.16.4 Staining and membrane transferring

Following gel electrophoresis, one gel was usedstiedy the quality of the
preparation of proteins in the samples using Cosmastaining. The gel was
carefully removed from the glass plates and trarsfieto a box in which it was
washed 2-3 times with ultrapure water to removeedadly SDS from the gel. Then
2ml of Imperial™ protein stain (blue) was added and left in thekehdor an hour
(NB-205, N-BIOTEK, Korea). After that the gel wasashed with ultrapure water
several times until all the unbound blue dye haghbemoved, leaving Coumasssie
blue-stained proteins. The second gel was usethiéonbrane transfer.

PVDF (polyvinylidene difluorideXImmun-Blof® PVDF, BioRad) membrane was cut

to the same size as the gel and rehydrated in 108&anol solution for 1-2 min and
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then transferred to cold transfer buffer (see Apiperi1.14) for 15-20 min. Wet
blotting apparatus was used for transfer and theugg membrane loaded between
two layers of Whatman No.1 filter paper, which wesgaked in the same cold
transfer buffer. The wet blotter was filled withetsame cold transfer buffer and run
at low voltage (30V) overnight in a cold room witientle stirring of the buffer.
Alternatively, the membrane transfer was perforni@d 1h using 20% methanol
based transfer buffer (see Appendix Al1.15) at highlage (100V) in a cold room.
After complete transfer the membrane was washeéahéstin TBS-T (see Appendix

A1.17) with each wash lasting 5 min.

After this the membrane was kept in 50 ml of 5%knfil/v) (Marvel, UK.) made in
TBS-T and shaken (200 rpm) in an incubator for anrhat room temperature to
block non-specific protein attachment to the meméran order to obtain less

background signal in immunoblotting.
2.16.5 Immunoblot analysis (Western blotting)

After blocking, the membrane was washed in TBS-Tthveach wash lasting 5
minutes before proceeding to the primary antiboyling stage after trimming the
membrane to remove any excess area. Ten mililinfe5% powdered milk (w/v)
suspension made using TBS-T was added to a 50{odnfaube and the required
amount of primary antibody was added accordindghéodilution factor given by the
manufacturer (in the range of 2gh). Then the membrane was rolled and inserted
into the falcon tube and placed on a roller (SRItGart) in the cold room overnight.
Again the membrane was washed in TBS-T with eackhwast 5 min before
proceeding to the secondary antibody binding stagjag a secondary antibody

specific for the primary antibodies used. The mambrwas transferred to a clean
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dish containing 10 ml of 5% milk solution with tmequired amount of secondary
antibody according to the dilution factor and pthoa roller (SRT6, Stuart) for 1-2 h
at room temperature. Again, the membrane was ritige@ times with TBS-T, each
wash lasting 5 min and finally two washes with TB®8e Appendix Al1.16) for 5

min.
2.16.6 Visualising the protein using chemiluminesog detection

The membrane was incubated with a substrate thah&sces when exposed to the
reporter on the secondary antibody. Antibody-bopramteins were detected on the
membrane using a Photon counting camera (Photek{ Bassex, UK). ECL
(enhanced chemiluminescent) solution 1 (see Apperdi.18) was made with
Luminol (3-Aminophthal hydrazide) and coumaric aeidd ECL solution 2 (see
Appendix A1.19) made with hydrogen peroxide weraeadi(5 ml of each) and the
membrane soaked for 3-5 min before detecting th@nescence emitted from the
membrane. Luminescence was detected either digualhg the Photek camera with
Photek Image32 software or using CL-X posUfdilm (Thermo scientific) with an
X-ray film processor (Xograph Imaging System, Cootpé4), with luminescence

integrated over a period of between 5 min and Jab wsed to visualise the proteins.
2.16.7 Stripping the membrane

After using the membrane to detect proteins uspegriéic primary and secondary
antibodies, the same membrane was used to stuldyedhf proteins using different
primary and secondary antibody combinations atrgu@ng. Pre-prepared stripping
solution (see Appendix A1.20) was warmed afG7%or few minutes and the
membrane was washed twice; each wash lasting 5Thaablot was then washed in
TBS-T (see Appendix A1.17) 3 times, each for 5 amid subsequently transferred to
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blocking solution, (5% w/v milk) overnight in a cbfoom before proceeding to the

primary antibody binding stage.

2.17 Co-immunoprecipitation assays in tobacco
2.17.1 Infiltration of plants

Tobacco plantsN. benthamianpwere infiltrated (as described in section 2.11.2)
with Agrobacterium tumefacierexpressing GFP-tagged proteins and other proteins
under study. Two days post-infiltration, infiltrdteeaves were harvested and stored

at -20°C until use or protein extraction was performed idlmtely.
2.17.2 Protein extraction and pull down

Frozen leaf samples (2-3 leaves) were ground usingprtar and pestle (kept cold
using liquid nitrogen) using a small amount of s§&dyma) until a fine powder was
produced, which was then transferred to pre-cobdl falcon tube. Then 10 ml of
protein extraction buffer (2 ml/g) was added [sggéndix A1.7 and 10 mM DTT;
0.5% (w/v) PVPP; 1% (v/v) protease inhibitor codk{®igma); 1% (v/v) NP-40
were freshly added before use] and the whole lydeseribed above was transferred
to an Oakridge centrifuge tube (Nalgene Nunc Irggomal) on ice. The tube was
then centrifuged at°€ at 13000 for 15 min and the supernatant was passed through
two layers of miracloth (CalBiochem, UK) before giag through a 0.2m filter
sterilisation unit (Corning Incorporated, Corninger@any). Protein determination
was performed as described in section 2.16.2 wit0 Miluted samples using
BioRad DC Protein assay. After this, samples wdtgedl to 5 mg/ml of protein and

2 ml transferred to an eppendorf tube. Then 30 @FEP-Trap-A beads (50% slurry)
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(Chromotek, Planneg-Martinsried, Germany) were ddie each sample and the
tubes incubated on a roller mixer for 4 h &4n the cold room. Thereafter, tubes
were centrifuged at 508 to pellet beads at°€ and the supernatant discarded. One
ml of wash buffer (TBS + 0.5% NP40) was added anwerted several times to rinse
the beads. The above step was repeated four tinteswpernatant was removed
carefully at each time. Beads were gently pipettecénd down to collect them and
30 ul of 2x SDS buffer (see Appendix A1.8) containill0%p-mercaptoethanol (as a
reducing agent) was added to each sample. Samplesstored at -2C until use or
used immediately for western blot analysis as desdrin section 2.16.2 to 2.16.5

after spinning the heated samples &®for 5 min.

2.17.2.1 Silver staining of SDS gel

After the electrophoresis was complete the gel tnaassferred to a box and fixed in
fixative solution consisting of methanol and aceiiiid (see Appendix Al.21) for an
hour or overnight at room temperature with gentlakeng (175 rpm). The gel was
then washed in miliQ water for at least 30 min. ght washing with several
changes of water helps to remove all acetic acohffixing solution and reduce the
background (resulting in increased sensitivity)bo&quently the gel was transferred
to a hypo solution with sodium thiosulphate andiwwodacetate (see Appendix
Al1.22) and incubated for 30 min at room temperatvith gentle shaking (175 rpm)
followed by three water washes, each lasting fornii. After this stage, silver
staining (see Appendix Al1.23) was performed forr2id and then the gel was
washed twice in water, each wash lasting for 1 rAifterwards the gel was
transferred to developing solution (see Appendlx24) for between a few seconds

and 2-3 minutes until the bands could be seenlzenlthe gel was scanned. The gel
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was transferred back to developing solution tovalfarther development of bands
and then scanned. Finally, the gel was transfetwestop solution (see Appendix
A1.25) for one hour or kept overnight followed lveral washes. This was done to
further identify the bands of interest (according s&ize) using the mass

spectrophotometric facility in the department.
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Chapter 3

The effects of loss of MED16, MED2 and MED14 mediat subunits

of Arabidopsison stress gene regulation and stress tolerance

3.1 Introduction

The Mediator transcriptional coactivator complexaisarge multi-protein complex,
which was first discovered in yeaSaccharomyceserevisia¢ and which plays an
important role in transcription initiation, by caggting sequence-specific
transcriptional regulators (transcription factorgs) to RNA Polymerase Il (Pol 1)
(Kuras and Struhl, 1999, Struhl, 1996, Yudkovskyaét 2000). The Mediator
complex in yeast comprises 25 protein subunitsclvisan be divided into four sub
domains named the head, middle, tail, and kinaseadts (Asturias et al., 1999).
Later, the mediator complex was identified Drosophila melanogasteand in
humans indicating that the mediator complex is eored amongst eukaryotes. The
presence of the Mediator complex in plants had lseggested based on sequence
homology between some plant proteins and known aw@diproteins from other
species (Autran et al., 2002, Boube et al., 200Bbyvever, the level of homology
was so low that firm conclusions were never drawmil uthe complex was
successfully purified from plants several years @dackstrom et al., 2007). The
plant mediator complex consists of an estimateddsunits (Mathur et al., 2011).
Backstrom et al. (2007) found that homologues fosthead and middle subunits of
yeast Mediator can be found in Arabidopsis but ery homology exists between

the yeast and Arabidopsis subunits in the tail dontdourbon (2008) was able to
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identify evolutionarily conserved signature sequemnmuotifs (SSMs) across the
mediator subunit proteins of all eukaryotes, andrehy identified the genes
encoding plant mediator subunits, despite thissequence homology. He suggested
that mediator subunits MED2, MED3 and MEDS5 are tedan the tail domain as
well the confirmed tail subunits MED14, MED15 andEM16. Further it was
suggested that the yeast subunits, MED2, MED3 aitD®) correspond to the
metazoan-specific MED29, MED27 and MED24 and thanplspecific subunits
MED32, MED27 and MED33a/b, that were identified Amabidopsis (Bourbon,
2008). A mutation in the MED16 subunit of yeastwhd the loss of function of
other subunits in the tail domain, suggesting thatliator subunits interact with each
other (Li et al., 1995, Galdieri et al., 2012) arahtrol gene specific transcriptional
regulation.

MED16 in plants was first identified as SFR6 (SENSE TO FREEZING-6). The
Arabidopsissfré loss-of-function mutant was identified on the basi its failure to
increase freezing tolerance through the proceslof acclimation (Warren et al.,
1996). Later work revealed that the SFR6/MED16 gotis essential for the
activation of some cold- and desiccation-inducigkne expression and that the
freezing sensitivity irsfr6 is due to the failure to fully express cold-regathyenes
controlled by the CBF/DREBL1 (C-repeat binding fattmught-responsive element
binding factor 1) transcription factors (Yamagushinozaki and Shinozaki, 1994,
Liu et al., 1998) and consequent failure to accaeuthe proteins encoded by these
genes (Boyce et al., 2003, Knight et al., 2009 gKnet al., 1999). In addition to this
important role, SFR6 also plays a role in protectb plants against UV damage and
biotrophic bacterial pathogen attack, starvatiorspomses and iron uptake

(Wathugala et al., 2012, Hemsley et al., 2014, ghatral., 2014). Furthermore other
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two known tail subunits, MED 14 and MED15 have bebown to be important in
plant immune responses in Arabidopsis (Canet g2@1.2, Zhang et al., 2012, Zhang
et al., 2013).

Structural data on the composition of the plant isted complex is not available.
However, assuming the structure of plant mediasosimilar to yeast mediator
(Bourbon, 2008), we might predict a close physictdraction between MED14 with
SFR6/MED16 and might predict that MED?2 is part dh#é subunit triad (Zhang et
al., 2004a) that is attached to the main body dfiater via SFR6/MED16. Hemsley
et al. (2014) recently found that loss of funct@fnMED2 and MED14 disrupts low
temperature-induced gene expression in a mannéasita that caused by loss of
function of SFR6/MED16. Considering all these fact®cussed in this study on
examining the levels of stress tolerance associattdlack of MED2 and MED14
subunits in freezing stress compared to lack of @MED16. Furthermore, | studied
UV-, starvation- and drought stress-induced gern@ession and tolerance of these
conditions in both mutants to observe whether tlveye affected similarly tafré
mutants, and to correlate loss of stress-inducédpression with reduced stress
tolerance.

The hypothesis of this chapter is:

SFR6/MED16 shares similar roles with MED2 and MED@4esponse to abiotic
stress and the defect in cold-, UV-, drought- amadvation-induced gene expression
correlates with reduced tolerance.

This was studied by using stress gene expressidrst@ass tolerance experiments
usingmed2-1 and medl14+autants (Hemsley et al., 2014) and comparing thette

sfr6-1and wild type. Cold, UV and drought stresses wesed to test the responses
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of med2and medl14to compare withsfr6-1 as very clear impaired responses were
previously identified in 86-1(Knight et al., 2009, Knight et al., 1999, Warrdrak,
1996). The objective of this chapter to study whetthese reductions in gene
expression under cold-, UV-, drought- and starvatinduced stresses correlate with

altered stress tolerance.

3.2 Results

3.2.1 Measurement of low temperature induced damagm medl6 med2 and

medl4mutants

The sfr6/med16 mutants well known for its impaired transcriptional pegises to
cold (Knight et al., 2009, Knight et al., 1999)pesially expression of the CBF-
controlled COR genes such akIN2 and GOLSS3,(Fowler and Thomashow, 2002,
Knight et al., 1999, Taji et al., 2002) the promstef which contain at least one
copy of the CRT (C-repeat) element (Yamaguchi-stako and Shinozaki, 1994).
This failure to up regulate these genes normalkggponse to cold acclimation leads
to a failure to tolerate freezing temperaturesydast MED2 and MED14 subunits
are predicted to be physically close to MED16 (Hase a combination genetic and
protein interaction data; (Guglielmi et al.,, 200dhd it is thought that their
arrangement may be similar in the Arabidopsis Medi@omplex. Therefore, the
hypothesis was made that MED2 and MED14 might shhee same role as
SFR6/MED16 in the response to cold stress. Oudé&honstrated reduced levels of
KIN2 andGOLS3expression iimed2-landmed14-2in response to cold, similar to

those previously observed s8ir6-1 Hemsley et al., 2014). Hence, | continued the
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work from this point to further investigate whethleis reduction in the level of cold-

responsive gene expression might correlate witdhrexdtlevels of freezing tolerance.

3.2.1.1 Freezing sensitivity ofned16 med2and med14

Warren et al. (1996) identified tlefr6-1/medlémutant of Arabidopsis on the basis
of its failure to survive freezing temperatures re\ater being exposed to cold
acclimation. This freezing sensitivity correlateghwfailure to expres€€OR genes

Knight 1999); genes that have been reported inipus\studies to be associated with
cold acclimation-induced freezing tolerance (Fovded Thomashow, 2002, Knight

et al., 1999, Taji et al., 2002).
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Figure 3.1: Level of freezing tolerance ilmedmutants

The average of three survival percentages fromettgeparate biological experiments
(replicates) is shown in the above histogram. Thalver of plants surviving 7 days after
treatment at -7% was recorded. All error bars shown are standenat é+SE) calculated

from arcsine transformed values as appropriatprgportional data and indicate the level of
variation between biological replicate experimeritmn-overlapping error bars indicate

means are significantly different (P = 0.001).
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The freezing assay in my study was performed usir@y med2andmedl4mutants
compared to wild type. Five-week-old plants grownder short days (12:12
light:dark cycle) were cold acclimated for 2-weedis 5°C before subjecting to
freezing temperatures (-7.5°C) for 24 h (see Makemand methods section 2.16.2.1).
Plants were returned to normal growth conditiond amonitored for 7 d. Three
separate biological replicate experiments were gotadl on three different occasions
and each replicate experiment consisted of 12 lom each plant type arranged
randomly on the same shelf of the freezing chamlants’ recovery from freezing
damage was measured by the number of plants sugéigmaining green seven days
after freezing treatment and data are shown inrEi§ul. Plants were photographed
at different stages in the assay and finally plamse scored as having survived if
green tissues were visible after 7 days, or ifsth@ot apex was green.

The survival rate of cold-acclimated Col-0 wild ¢yplants was 100% whereas it was
observed that loss of function mutants of both MED# MED14 (likesfr6) showed
reduced rates of survival after freezing. Howewbe med2-1mutant was least
severely affected, with nearly 40% survival. Timed14-2mutant showed 22.2%
survival and thesfr6-1 mutant was the most severely affected mutant, é@xigb
2.8% survival in this freezing tolerance study (Fey 3.1). Interestingly this
tolerance result was consistent with tDOR gene expression pattere KIN2 and
GOLS3as reported in Hemsley et al. (2014), where esmaswas not severely
affected insfr6-1 and least affected imed2-1 Figure 3.2 demonstrates the physical
appearance of 5-week-old wild type and mutant plafdllowing 2-weeks
acclimation at &, plants frozen at -7’6 for 24h after 2-weeks acclimation and 7-

days after freezing at -7®. No physical difference was observed among msitant
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sfr6-1 med 14-2

Figure 3.2: Sensitivity ofmedmutants to freezing temperatures

Results of the second freezing tolerance assapr@sented here. The row (a) shows 5-
week-old plants acclimated &iGfor 2 weeks but not frozen. The row (b) showsegkvold
plants acclimated a6 for 2 weeks and frozen at -?Gfor 24h. The bottom row (c) shows

the plants 7 days after freezing at °¢.5
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compared with wild type (Col-0) after 2-weeks aw@tion, howeversfr6-1 mutants
exhibited severe freezing damage after 24h afG7c®ompared wittmed14-2mutant
(Figure 3.1). Themed2-1mutant was the least affected mutant and its physi
appearance was on a par with Col-0. All the Colehis had survived 7 days after
freezing in all three replicate experiments conddcand the lowest number of
surviving plants was always found amongst #fi6-1 mutant plants. The second
lowest number of plants remaining green after iregavas observed imed14-2

(Figure 3.1).

3.2.1.2 Photosynthetic efficiency of wild type andVediator subunit plants

before and after freezing

In each freezing tolerance assay photosyntheticiefcy was measured for each
type of plant at key stages of the assay. Fv/Fra (#tio of variable to maximal
fluorescence) is used as a reliable indicator okimam photochemical quantum
efficiency (Genty et al., 1989, Kitajima and Bujl@975) in photosynthetic plants.
Changes in chlorophyll fluorescence emission intpéystem Il is a good indicator
of plant stress under different environmental cbods such as temperature (Jensen
et al., 1997, Larcher et al., 1998, SchAFer et197), light (Heber et al., 2000,
Demmig and Bjorkman, 1987, Gauslaa and Solhaud),20fause, 1988) and water
availability (Bilger et al., 1989, Jensen and Feid®91, Lange et al., 1989,
Scheidegger et al., 1997, Csintalan et al., 1988seh et al., 1999). This parameter
was measured in dark-adapted samples (see sect®2.2), calculated froro, the
fluorescence emission when the reaction centréd3himtosystem 11 are fully open

(Mathis and Paillotin, 1981), arkin, the maximum fluorescence emission when all
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photosystems are closed following exposure to aicgoaf saturation light (Lazar,
1999). The difference between maximum fluorescemmeminimum fluorescence is
Fv (Fv=Fm-Fo) or variable fluorescencév/Fmis a normalised ratio calculated by
dividing variable fluorescence by maximum fluoresm® Thereforé&v/Fmis a ratio
that represents the maximum potential quantumieffay of photosystem Il if all
capable reaction centres were open.

Fv/IFm values either before acclimating or after acclingatdid not vary between
plant types and all plants showed similar valuesyireg between 0.87-0.90 (See
Figure 3.3); values typical of healthy plants. Cersely, theFv/Fm ratio of 3 days
after freezing treatments was different betweemtptgpes and the lowest values
were exhibited bysfr6-1 and med14-2 mutants, although values were not
significantly different from each other (p > 0.0Ex/Fmvalues in Col-0 anched2-1
were very similar and did not differ significantly.

The health of the plants as indicated by chlordpthgtescence measurements was
recorded at three different stages of the freeassgy to observe the level of damage
in each plant type and is shown in Figure 3.4. ddations where photosynthetic
function was optimal the colour is depicted as grea the pseudocolour scale
whereas plant parts that show a stress responseokmered yellow and red for
moderate and highly stressed areas respectivelthitand Paillotin, 1981, Lazér,

1999).
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W before acclimation  Wafter acclimation [ 3 days after freezing
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Col-0 sfre-1 med2-1 medl14-2

Figure 3.3: Photosynthetic efficiency Ev/Fm) at different stages of the freezing
tolerance assay

The histogram shows the averdg@Fm ratio from three different experiments that were
specific to different stages in the freezing astagach experiment 12 plants/each type were
used. Blue bars represent tFmvalue in 5-week-old plants before acclimating. Reads
show theFv/Fm value just after 2-weeks of cold acclimation & 5Green bars signify the
ratio betweerFv andFm, 3-d after plants were frozen at -*C5 Non-overlapping error bars

indicate means that are significantly differenk(B.01).
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Col-0 sfr6-1 med2-1 med14-2
A =
Fv/Fm 0.1 0.6 0.9

Figure 3.4: Sensitivity ofmedmutants to low temperatures, assessed by

measuring chlorophyll fluorescence

A representative picture of each plant type setefriam the second freezing tolerance assay
is presented here. Fv/Fm values are representedpseudo colour scale where the highest
ratios (in the range of 0.8-0.9) are depicted lbgnge and red, ratios in the range of 0.6-0.7
by yellow and green and the lowest ratios by breas of leaf tissue that are not visible on
this image (black) are those that produced no sinall and correspond to dead tissue. The
top row shows 5-week-old plants before acclimatifige middle row shows plants after 2-

weeks acclimation at’6. The bottom row shows plants at °C5Plants were imaged at

same intensity of chlorophyll fluorescence at 7%dasures in each case.
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It is clear that all four types of plants were reiressed or moderately stressed before
acclimating at 8C; the whole leaf area was visible in green/yelfmseudocolour and
showed reduction of the area of tissue giving aeah the range of 0.6-0.7 and the
highest reduction was found §fr6-1, whilst no such difference between frozen and
non-frozen plants was observed in Col-0. Lack of @seudocolour representation of
the leaf tissue in the image corresponds to defathectissue, resulting in no signal.
Three days after freezing treatment, nearly 70%eaf tissues in Col-O plants
appeared on the image as green/yellow/red, exphpithe reason for the highest
percentage of survival after freezing being seenthis genetic background.
Interestingly no green/yellow/red (higher raticsaflarea was observed in the images
of the sfr6-1 mutant but blue/black in the image, an observati@de in all three
biological replicates. Imed14-2in med2-1plants less green/yellow/red tissues with

more blue/black tissues were observed comparedtt® @ the image.

3.2.1.3 Measuring freezing damage ifmedl16 med2 and med14 mutants by

assessment of electrolyte leakage levels

The leakage of electrolytes from frozen tissuesheen commonly used to quantify
freezing injury and it is a sensitive indicatorlo$s of integrity by the plasmalemma
(Calkins and Swanson, 1990, Warren et al., 1996nty-seven-day-old soil-grown
plants were acclimated for 2 weeks and leaf sampie® taken to quantify the
percentage loss of electrolytes after leaves wdngested to temperatures of between
0 and -12°C (see materials and method 2.15.2).eTheparate experiments were
conducted and in each experiment three leaves usad per replicate tube, with

three tubes per genotype/temperature.
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Figure 3.5: Electrolyte leakage ilmedmutants compared with wild type
Arabidopsis responding to freezing temperatures

Plants were grown for 27 d before cold acclimatatg5°C for 2 weeks. The graph
represents data from three different experimendsdata point represents the average of data
from the three biological replicate experiments;hreaxperiment used three leaves of each
genotype per replicate tube, with three technieglicate tubes per genotype/temperature.
Values represent the percentage loss of electeolyker leaves were subjected to
temperatures of between 0 and -12°C.

Electrolyte leakage assays revealed that threemsy&dr6-1, med2-landmed14-2
were more sensitive to freezing than wild type,tipalarly at lower freezing
temperatures (Figure 3.5). Th6-1 mutant was confirmed as exhibiting the highest
sensitivity, showing the highest levels of electtelleakage across the whole range
of temperatures (0 to -92) tested in this study. The level of sensitivifynoed2-1
and med14-2mutants at the least severe freezing temperatOr&s {£C) was on a
par with Col-0. Interestingly percentage of ionkiage in Col-0 was higher compared
to med2-1and med14-2mutants at -2C temperature. However, all three mutants

120



Chapter 3

were significantly more sensitive to low freezingmiperatures than wild type
(p<0.01). Natural logarithm transformed percentafjéecakage data were analysed
using a one-way ANOVA at each temperature point amdr bars represent SE.

Data points with non-overlapping error bars araisicantly different (p< 0.01).

In summary, electrolyte leakage results were ctersiswith previously reported
CORgene expression (Hemsley et al., 2014), surviia@ amd maximum potential
quantum efficiency of photosystem IFWFm) as well as with the physical
appearance of the whole plants after freezing. €qurently, all of these data support
the hypothesis that SFR6/MED16 shares its roleoid @acclimation and freezing
tolerance through activation d@OR gene expression with two other predicted

Mediator tail subunits, MED2 and MED14.
3.2.2 Response of Mediator subunit mutants to UV idss

Since 1996, when it was discovered that SFR6 iitapt in cold acclimation and
the gain of subsequent freezing tolerance (Wartex.,€1996), it was later revealed
that SFR6 was vital for full expression GOR genes under both low temperatures
and drought conditions (Boyce et al., 2003, Knighal., 1999). Knight et al. (2008)
reported thasfré mutants demonstrate altered functioning of theaciran clock and
delayed flowering, most likely as a result of magulation of circadian clock-
controlled genes that contain an evening elemet) (B their promoter. These
observations suggested a wider role for SFR6 agyalator of gene transcription,
beyond its effect on the response to low tempesatMyathugala et al. (2012)
discovered that three gen®R1l, EDS5and CASPASE8which are highly up-
regulated by UV-C radiation in wild type plantspgled a significantly reduced level

of expression in thresfr6 mutant alleles. Furthermore they reported that SIER6
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required only for the induction of specific genesresponse to UV-C; this was
deduced by showing that two other UV-C induciblengeOXI1 and TCH3
(Narusaka et al., 2003)ere up-regulated in adifr6 mutant alleles to levels as high
as seen in wild type. This finding was in agreemeith similar observations
indicating that SFR6 regulates only specific lomperature-induced gene regulons;
those controlledria the CRT/DREcis element (Boyce et al.,, 2003, Knight et al.,
1999). Furthermore, Wathugala et al. (2012) regubthat the reduced levels of
expression seen irsfr6 mutants under UV-C correlated with reduced UV-C
tolerance, with significantly lower rates of sumivn sfré6 mutants compared to wild

type even at low levels of UV-C irradiation.

Therefore it was decided to test whethexd2 and medlrhutants were likely to be
impaired in the activation of UV-C- responsive gex@ression leading to UV stress

tolerance, as reported feir6/med16
3.2.2.1 Expression of stress-responsive genes aktBr-C exposure

Seeds were sown on horizontal MS agar plates. S#agold seedlings were
irradiated with 5 KJif of UV-C, (wavelength 254 nm) by removing the pelete
lids and placing in a UV cross-linker set to delitiee designated level of energy.
Lids were removed from the control plates during time taken to administer the
treatments. Immediately after irradiation all ptatecluding control plates were
resealed with micropore tape and returned to tbhevitr chamber and samples were
taken 24 h after treatment. (See materials andodsetB.15.1.2). This time point was
selected as peak expression time pointHBrl according to the published data on
gene expression assays (Wathugala et al., 2012siMements of gene expression

were performed using gRT-PCR aABR1(Nawrath et al., 2002) gene expression was
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measured and normalised to expression of At4G264i10gene with stable
expression levels that are not altered by UV treatisn (Genevestigator;
https://www.genevestigator.com). Relative expresdavels were calculated using
the AACT method (Livak and Schmittgen, 2001), and theoretvars in each
biological replicate histogram represent \RQ and RQax and constitute the
acceptable error level for a 95% confidence leeebading to Student’s t test. Data
presented in this experiment and all subsequene gexpression experiments
reported in this thesis, show separate data foh @fche three biological repeat
experiments and the average of three biologicdicae experiments in separate
histogram. Fold differences in induction of stressponsive genes often vary
between repeat experiments (biological replicaieswhole seedlings, however,
consistent qualitative differences are observeds(i@sue is explored further in the

discussion).
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Figure 3.6: Expression ofPR1 in response to 5 kJrif UV-C exposure

PR1 (Pathogenesis Related-lexpression in threemed mutants was compared with

expression in Col-0. Seven-day-old seedlings wemmsed to 5 kJih UV-C irradiation

(UV) or control treatment (C) and seedlings werevbsted 24 h after exposure. The first

three histograms (a, b and c- with red bars) remtethe three independent biological

replicates and the fourth histogram (d, with bl@esh represents the average of the above

three independent biological replicates. Relatixpression represents the fold difference

value compared with Col-0 control sample (1). Erfbars indicate the level of variation

between technical replicates within one biologiegilicate experiment. Mean average data

(in graph d) were analysed using a one-way ANOWAQ(05) and pairwise comparisons

were made using the Tukey method. Means that doshate a letter are significantly

different (P < 0.001).
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UV-inducible PR1 expression in three independent biological repicatperiments
(Figure 3.6 a, b and c) and the average of the elloree independent biological
replicates is presented in Figure 3.6 d. High kevel consistency irPR1 gene
expression levels were not observed in thmeed mutants but the lowesPR1
expression level was detected sfr6-1 in all three instances. The second lowest
levels of expression were observedriad14-2n two instances out of thremed2-1
was the least affectadedmutant at 5 kJifi of UV-C and showed similar levels of
PR1 gene expression to those seen in Col-0 in two ajuthree experiments
conducted (Figure 3.6 a and b). The average valfigbree biological replicates
(Figure 3.6d) show that Col-0 anmmhed2-1 mutant did not show a significant
difference ¢=0.05) in PR1 expression when compared with one another whereas
sfr6-1 andmed14-2were significantly different ifPR1expression compared to Col-
0. Furthermore, expression &fr6-1 was significantly lower to that ohed14-2and
sfr6-1showed the lowest average relative expressiondei@eb=0.05) with 5 kJrit
UV-C irradiation.

As the next step to see whether thed2-1mutant was completely unaffected in its
ability to respond to UV-C or just less affecte@rihother twomedmutants it was
decided to study the effect of a higher level of -OVirradiation on PR1 gene
expression in the mutants. Therefore seven-dageddlings were irradiated with 10
kdm? of UV-C, (wavelength 254 nm) as stated above. dntmast toPR1 gene
expression at 5 kJfirradiation, reduced and more consisteRtl expression levels
were observed in themed2-1mutant compared with wild type when treated at 10
kJm?% the gene expression data from three independésibgiral replicate
experiments are presented in Figure 3.7 a, b albdecaverage gene expression level

of the above three independent biological replE#&eshown in Figure 3.7 d.
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Figure 3.7: Expression ofPR1 in response to 10 kJrif UV-C exposure

PR1 (Pathogenesis Related-fene expression in threeed mutants was compared with
Col-0. Seven-day-old seedlings were exposed toJb® kJV-C irradiation (UV) or control
treatment (C) and seedling were harvested 24 h eftfgosure. The first three histograms (a,
b and c- with red bars) represent the three indigr@nbiological replicates and the fourth
histogram (d, with blue bars) represents the aeerafy the above three independent
biological replicates. Relative expression represehe fold value compared with Col-0
control sample. Error bars indicate the level afataon between technical replicates within
one biological replicate experiment. Mean averaaga @in graph d) were analysed using a
one-way ANOVA (=0.05) and pairwise comparisons were made using ttkey method.
Means that do not share a letter are significaifferent (P < 0.001).
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These average data clearly show tiRR1 gene expression imed2-1 was
significantly reduced compared to Colgdt6-1 demonstrated the least expression of
PR1, as seen in the previous experiments using 3k&ts. and no significant
difference of several hundred folds when compacedéd2-1and Col-0 (Figure

3.7d).

Interestingly there was no significant differenegvireen expression levelsnmed2-1
andmed14-2at this higher level of (10 kJf of irradiance even though a significant
difference inPR1 gene expression was seen between the two mutaStskam’
(Figure 3.6 d). Finally all these data show tR&1 gene expression in theedl14
mutant is highly impaired in response to UV-C whilee med2 mutant was less
affected, and data support the hypothesis that MBI MED14 share the role of

MED16/SFR6 in the transcriptional response to UV-C.
3.2.2.2 Sensitivity okfr6/med16 med2and medl4after UV exposure

Wathugala et al. (2012) reported that seedlingthesfr6-1 mutant showed severe
damage after exposure to UV-C irradiation and atgreduction in survival rate
compared to wild type. Furthermore they suggeshed teduced levels of UV-C
induced gene expressiongfré mutants resulted in reduced UV-C tolerance.

The UV tolerance assay was carried out using 7ali@geedlings irradiated with 5
or 10 kJnif of UV-C in a UV cross linker (as used for the gex@ression analysis
described above) with the plate lids off, while tohplates were exposed to air for
same duration as in UV treatments. Immediatelyr dfteatments, all plates were
resealed and returned to the growth chamber a#imgbyrapped in aluminium foil
to inhibit blue light repair pathway (see materiahsl methods 2.16.2.2). The number

of surviving seedlings with growing apex was reeard 0 days after treatment.
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At the lower level of UV-C exposure (5 kJnall threemed mutants showed a
reduced survival rate compared to wild type bufedénces were not significant
(P>0.05) (Figure 3.8). At the higher level of UV&xposure (10 kJi) all med

mutants showed a significant reduction of survigampared to Col-0, however,
amongstmed mutants no significant differences could be obsérifeigure 3.8).

Figure 3.9 shows the appearance of untreated mutant seedlings and Col-0, to
provide a comparison of how seedling growth andtheeas affected by UV-C (see
figure 3.10 and 3.11, which represent the appearafcseedlings after 10 d of 5

kJmiZ and 10 kJr of UV-C treatments respectively).
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Figure 3.8: Level of UV-C tolerance inmedmutants

The average of three survival percentages fronetheparate biological repeat experiments
(replicates) is shown in the histogram. The nundigriants surviving (remaining green) 7-
days after UV-C treatment at 5 kJrand 10 kJM was used to calculate the percentage
survival. Error bars show standard error valuesE{+&lculated from arcsine transformed
values as appropriate for proportional data andcatd the level of variation between

biological replicate experiments. Non-overlappingoe bars indicate means that are
significantly different (P < 0.001).
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The tolerance data suggest thanadldmutants showed reduced level of tolerance of
UV-C irradiation and damage was more severe aiftgren levels of UV-C exposure.
In agreement with the impaireBR1 gene expression observemhed mutants
demonstrated reduced tolerance compared to CottGnaboth gene expression and
tolerance data are more significant at high dosaggV-C. Therefore these data
signify that the impaired gene expressiomied2andmedl14correlates with reduced
tolerance under UV-C and demonstrate a role for [@EDd MED14, like MED16

in the response to UV-C.

Figure 3.9: Appearance oimedmutants in normal growth conditions
Non treated control plates of the UV tolerance yasm& presented here. Seven-day-old
seedlings were exposed to the air during the takert for the UV exposure and all plates
were resealed and returned to the Percival grohdimber at 20£C set for long day (16:8
h light: dark) after wrapped in foil for 24 h. Timember of surviving seedlings with green
meristems was recorded 10 days post treatmentglaridgraphed.

129



Chapter 3

ST, LW e o ¥
L Vaie ) o 2N%,
. ’1:'.1 M}:év‘ € &f
X , b, ~

f
(771
@ i “{‘é‘i‘bt £

e PO ) /
”"'};!‘? % @

."‘

Figure 3.10: Sensitivity ofmedmutants to 5 kJm? of UV-C exposure

Representative pictures of UV tolerance assayp@sented here. Seven-day-old seedlings
were irradiated at 5 kJfrand all plates were resealed and returned torthetly chamber at
20+1°C set for long days (16:8 h light: dark). Platesavwsrapped in aluminium foil for 24 h
before being unwrapped to avoid activation of thellight repair pathway. The number of
surviving seedlings with green meristems was remrdl0 d post treatment and

photographed.
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Figure 3.11: Sensitivity ofmedmutants at 10 kJm? of UV-C exposure

Representative pictures of UV tolerance assaypr@®ented here. Seven-day-old seedlings
were irradiated at 10 kJfrand all plates were resealed and returned torthetly chamber

at 20+fC set for long days (16:8 h light: dark). Platesevarapped in aluminium foil for
24 h before being unwrapped to inhibit blue lighpair pathway. The number of surviving

seedlings with green meristems was recorded 10plstdreatment and photographed.
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3.2.3 Response of Mediator subunit mutants to droud stress

A reduced transcriptional response to drought strtgmuli has been observed
previously insfré mutants (Knight et al., 1999, Boyce et al., 20@33motic stress
(mimic by the addition of mannitol) and the applioa of ABA (levels of which are
elevated during exposure to drought; (Lang et1®194) both elicited a much lower
level of COR gene expression isfr6 mutants compared to wild type (Boyce et al.,
2003, Knight et al., 1999). Similar expressiontgrats were obtained with three
genesKIN1 COR15aandLTI78. TheLTI78, KIN1, andCOR15agenes are known
to be expressed in response to drought signalsk@fairand Borg-Franck, 1992,
Mantyla et al., 1995) as well as in cold. Both caltd drought signalling pathways
leading to expression of these genes use manyeo$dame components (Ishitani et
al., 1997) and activate the expression of CRT/DREtaining genes (Liu et al.,
1998, Boyce et al., 2003).

AtP5CS2(P5CSB and AtP5CS1(P5CSA are two Arabidopsis genes that both
encodeAl-pyrroline-5-carboxylate synthetase (Strizhovlgtl®97), the key enzyme
involved in the synthesis of proline (Savouré et 8995), a compatible solute that
accumulates in response to water stress and totdowperature (Savouré et al.,
1997). AtP5CS2contains a CRT/DRE maotif in its promoter, wherdas AtP5CS1
gene does not contain this element (Knight et 299). Cold inducibility of
AtP5CS1las well asCBF1, CBF2 and CBF3 which also lack CRT/DRE motifs
(Gilmour et al., 1998) was similar in wild-type asilé mutants (Knight et al., 1999).
COR genes containing the CRT/DRE motif in theirmpober are controlled by CBF
(DREB1) or DREB2 transcription factors binding tetmotif in response to cold or

drought respectively (Liu et al., 1998, Yamagudhinszaki and Shinozaki, 1994)

132



Chapter 3

The above data suggested that gene expressioniedeficof sfr6 was limited to
genes containing CRT/DRE elements in cold and drbugicroarray analysis has
since confirmed this to be the case for cold (Hemst al., 2014).

DRE/CRT cis-acting elements play a role in ABA- independenhegexpression
under drought stress (Yamaguchi-Shinozaki and Shiip 2005). The other major
regulatory pathway that controls drought-inducildene expression is ABA-
dependent and occurs via the ABRE (ABA-responsigement)cis-acting elements

(Yamaguchi-Shinozaki and Shinozaki, 2005).

The objective of the experiments described belows wa investigate the
transcriptional responses and tolerance of mediatatants, me® and medl4

compared taned16/sfréand Col-0 to drought conditions.
3.2.3.1 Expression of stress-responsive gene undesiccation

Desiccation/drought-responsive gene expressionrigngsts were carried out using
7-day-old seedlings grown on MS medium on petfeésand subjected to water loss
by opening the lids, thereby exposing the seedlingsess of humidity. Plates were
left open in the growth chamber for 6 h during tight cycle with no humidity
control while keeping the control plates closedthe same chamber (See section
2.15.1.4). Expression of the desiccation-inducipéme KIN2 was analysed using
gRT-PCR and normalized to expressiorP&X 4gene, an endogenous control gene
(Wathugala et al., 2011). Fold values were caledlatsing theAACT method, and
the error bars in each biological replicate repnesn and R@ax and constitute

the acceptable error level for a 95% confidencellagcording to Student’s t test.
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Figure 3.12: Desiccation-inducedIN2 gene expression imedmutants

KIN2 expression in response to desiccation was measarétree med subunit mutants
compared with Col-0. Seven-day-old seedlings weymsged to growth conditions in the
Percival growth chamber by opening the lids for wHile keeping the control plates closed
under same conditions. The first three histograms (and c- with red bars) represent the
gene expression data of three independent biologieplicates. Relative expression
represents the fold value compared with Col-0 adrgample. Error bars indicate the level
of variation between technical replicates withinedpiological replicate experiment. The
fourth chart (blue bars; d) represents the avedddbe above three independent biological
replicates. Mean average data (in graph d) werlysathusing a one-way ANOVA£0.05)
and pair wise comparisons were made using the Talethod. Means that do not share a
letter are significantly different (P < 0.001).
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Desiccation-induce#&IN2 expression was compared between wild type Arabidops
plants andsfr6, med2and medl4mutants in three independent biological replicate
experiments (Figure 3.12 a, b and c). A very cdestspattern ofKIN2 gene
expression under drought stress was observed, maiti?-1the least affectedhed
mutant in all three instances compared to Col-0raed14-2was the second in all
three instances. The average values of relativeresgpn of KIN2 in three
independent biological replicates is presentedgure 3.12 d and the lowest (Figure

3.12 a, b and ckfr6-1showed the lowe$€IN2 expression in all three experiments.

The average data were analysed using a one-way AN@¥0.05) and pairwise
comparisons were done using the Tukey method. Misatslo not share a letter are
significantly different (P < 0.000). Average gengpeession data from three
individual experiments confirm th&lIN2 expression in response to desiccation was
significantly different inmed2-1and med14-2 however, no significant difference
could be observed betweemed14-2and med16/sfr6-1(Figure 3.12 d). Results of
this study demonstrated that expressioikKiN2, a gene induced under desiccating
conditions as well as in cold conditions showed aimgzl expression in alined
mutants tested in this study compared to Col-Oufiei.12).

3.2.3.2 Drought tolerance o&fr6/med16 med2and medl4mutants

After observing consistently reduced desiccatiahioed gene expression patterns in
mediator mutants, the next logical step was toystuldether these changes had an
effect on drought tolerance. Therefore droughtrémlee assays were performed
using sseedlings grown on peat plugs maintaineshort day conditions for 25 d
post-germination. Plants were subjected to watdrdsawal for 14 days (after which

approximately 50% of wild type plants showed aiwgtappearance) and then re-
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watered. The number of plants surviving and eximgite-growth was assessed after
a further 10 days (see materials and methods 23)6.2verage data from three

separate biological replicate experiments are ptedan Figure 3.13.
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Figure 3.13: Level of drought tolerance in mediatomutants

The average of three survival percentages fromettgeparate biological experiments
(replicates) with 15 plants per experiment is shawthe above of histogram. Twenty five-

day-old plants were subjected to water withdrawall4 days, re-watered and the number of
plants surviving on the twelfth day after re-watgriwas recorded. Error bars represent
standard error (+SE) calculated from arcsine t@nséd values as appropriate for
proportional data and indicate the level of vaom’ti between biological replicate

experiments. Non-overlapping error bars represesén® that are significantly different

from one another (P < 0.001).

These data demonstrate reduced tolerance in ade teed mutants and it is
significantly different (P<0.001) compared to ColA¥erage tolerance data suggests
that there was no significant difference betweenttiterance oimed2-landmed14-

2 but tolerance of these two mutants were signifigatifferent compared tefr6-1
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(Figure 3.13). Although the general appearancenefmost of the plants are good,
more number of dead plants could be seemeéd2-1landmedl14-2compared to wild

type and all the dead plantssfi6-1 (Figure 3.14).

Col-0 sfr6-1 med2-1 med14-2

Figure 3.14: Sensitivity ofmedmutants under drought conditions

A representative picture of each plant type setefrtem the second drought tolerance assay
is presented here. Twenty-five-day-old plants gromm peat plugs were subjected to
withdrawal of water for 14 days (after which appmately 50% of wild type plants showed
a wilting appearance) and then re-watered. The eummbplants surviving and exhibiting re-

growth was assessed after a further 10 days antsgdaotographed.

Upon critical analysis of data | could draw the saoonclusion that reduced gene
expression under drought stress is correlated wettuced tolerance and three
mediator subunits play an important role in drotighcible gene expression but
interestingly MED2 and MED14 do not appear to havenajor role in drought

tolerance.
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3.3 Summary

Experiments conducted in this chapter were desigonestudy the transcriptional
responses omed2and medl4compared tanedl6sfré6 and Col-0 under UV and
drought conditions as well as their ability to tale freezing, UV and drought stress
conditions.

AveragePR1gene expression under UV-C induction was testedresults revealed
that at 5kJrifof UV-C exposuramed2-1was not badly affected but at 10K3mR1
expression of this mutant affected significantlyheTmed14-2 mutant was
significantly affected at both levels of UV-C expos and impaired levels ¢tR1
gene expression at 10k¥raxposure were similar to the levelsff6-1 mutant.

Drought inducible averagKIN2 expression iimmed2-1land med14-2were reduced
significantly compared to Col-0 and expression leve med14-2and sfr6-1 were
not significantly different.

Freezing tolerance data reported using electrdbakage assay and percentage of
survival under freezing were demonstrated thathrale med mutants were severely
affected compared to Col-0. Amonged mutantssfr6-1 was highly sensitive to
freezing conditions whilened2-1was the least affected mutant. The @ mutant
demonstrated the moderate sensitivity under frgezamditions among med mutants
tested under this study. Tolerance under high glo$a0kJrif) of UV-C exposure
was highly reduced in all thremed mutants compared to wild type although
tolerance data at 5kJfmot shown similar pattern as RR1gene expression data.
Results of drought tolerance assays revealed tithtibed2-1land med14-2mutants
demonstrated the reduced tolerance compared t@ Got-not up to the level sfr6-

1
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Comparing the gene expression and tolerance dawansin this chapter a clear
relationship emerges between reduced levels ofraimbe and impaired gene
expression under cold and UV but not under drougtirther these results indicate
that MED2 and MED14 share the same role as MEDI®6Sih gene regulation
under cold, drought, and UV stresses. Moreoverttherance data presented here
provide evidence that reduced levels of gene egmesn the three mediator subunit
mutants is correlated with reduced levels of taleeaunder each stress condition.
The degree to which tolerance levels reflect deficies in gene expression varied,
with large changes in drought-inducidlOR gene expression imed2and medl14

mutants having relatively small effects on desiceatolerance.
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Chapter 4

An attempt to identify different domains in SFR6/MED16 that are

required for transcriptional responses under specit abiotic stresses

4.1 Introduction

SFR6 was discovered as a protein required for atoun of freezing tolerance
(Knight et al., 1999, Warren et al., 1996) andrlatas identified as MED16, a tail
subunit of the plant mediator complex (Backstrom at, 2007). Impaired
transcriptional responses #fr6-1 lead to freezing sensitivity due to mis-regulation
of CORgene expression (Knight et al., 2009, Knight et E)99). Apart from being
required for low temperature tolerance and generesgmon, SFR6/MED16 is
important in drought gene expression (Knight etE99). Further regulatory effects
of SFR6/MED16 were observed by Wathugala et allZ2@nd Zhang et al. (2012)
in plant defence systems and they found alteredesgmn of pathogen associated
genes activated by both salicylic acid and jasmawcid pathways irsfr6 mutants.
Recently, altered transcriptional regulation imifeomeostasis was reportedsiiné
mutants part of the photoperiodic regulatory pathwad controls circadian clock
gene expressions. Hemsley et al. (2014) reportatl $R6 is important in the
regulation of dark-inducible genes and that #fe6-1 mutant is impaired in
transcriptional regulation d?IN6. These findings supported that the SFR6 protein is
important in a wide array of stress gene regulation

SFR6 is a comparatively large protein and the ptedisize is 1268 amino acids in
length with a molecular mass of 137 kDa (Knightakt 2009). Therefore the

hypothesis was proposed that different domainsiregof the SFR6 protein might be
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responsible for the activation of genes respondibethe plant response to each
stress such as cold, UV, drought and starvatioeradttively, it may be that the
entire protein is required for response to allhase conditions. Thus considering the
broad range of stress- and developmental-relatadtibnsthe aims | tested in this
chapter are;

(a) To identify the domain/ region(s) of SFR6/MED16tthee necessary for its
targeting to the nucleus, an essential propertymtein that is involved in
transcription.

(b) To identify different domain/regions of the SFR®tein responsible for the
activation of genes responsible for each streds ascold, UV, drought and
starvation by studying which of the SFR6/MED16 (&ms can complement

the functions of SFR6 protein in afr6 mutant).
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4.2 Results

4.2.1 Generation of different truncations of SFR6/NED16 of Arabidopsis

Full lengthAtSFR6¢DNA (3.753 kbp) synthesised from RNA collectednfr wild
type Arabidopsis tissue was used as starting nadiarthis study to create different
truncations of SFR6/MED16. To select the differdomains, | studied the SFR6
sequence of different plant species and partiquldue sequence signature motifs
(SSM) that are conserved between all eukaryoticispestudied (Bourbon, 2008).
Protein motifs of SFR6/MED16 that were predictedb® involved in protein-
protein or protein-DNA interactions were consideradd disruptions to the
structure of the protein (especialky-helices andp-sheets) was avoided in
generation of truncated versions. After this haenbaken into account, truncations
were designed to represent approximately thetfirstthirds of the protein, lacking
the C terminus (SF14,879aa; 96.7kDa) , two trupaatirepresenting the middle
part (SF25,654aa; 71.9kDa and SF24, 532aa; 58.5kdb&) representing the C-
terminal two thirds (SF36, 616aa; 67.7kDa) anduadation that lacks the figure-
terminal Zinc Finger (ZnF) motif of the protein (B3; 1001aa; 110.1kDa). The full
length version of SFR6/MED16 (SF16, 1269aa; 139&kas also constructed
(SF16) (Figure 4.1).

After selecting the positions of the six differéntncations (as shown in figure 4.1)
the coding sequences for these were amplified frdhtength AtSFR6cDNA (See
section 2.4.1). These amplified truncated fragmerdse purified and then cloned
into Gateway Entry vector (p-ENTR D-TOPO) (see isec2.5.1) (see Appendix
A3.1). Correct orientation of the fragments in #n&ry vector was tested using
primers specific for the 35S promoter and the bagip of each construct (see

Appendix A2.1 for primer sequences). For furthemfoenation that sequences were
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correct along the full length of each truncatedyfnant, amplified fragments were

sequenced using different primers designed forSlRR6 (see section 2.7) coding

sequence. After confirming the correct sequenceach truncation, each sequence

was sub-cloned downstream of tBaMV 35S promoter of the Binary Gateway
destination vectopB7WG2(Karimi et al., 2002) (see Appendix A3.3) for s&bl
overexpression in Arabidopsis (see Appendix A3.5183 or into thepK7WGF2

(see Appendix A3.11) vector (Karimi et al., 200@) fransient expression of GFP-

tagged versions of these proteins in tobacco pl@ets section 2.5.2).
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Figure 4.1(a): Schematic representation of differentruncations of
SFR6/MED16 created in this study

Vertical lines on the SFR6/MED16 represent the SSKBequence Signature
Motifs)(Bourbon, 2008). Positions of the aa repnesesix different truncations of
SFR6/MED16 1-1269aa (1269):SF16; 1-1004aa (100B)1551-879aa (879): SF14; 347-
879aa (532): SF24; 347-1001aa (654): SF25; 653d29616):SF36
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Figure 4.1(b): Sequence Signature Motifs (SSM), Simple Modular itecture
Research Tool domains (SMART) and other speciatufea in SFR6 protein
sequence. SF1-6 shows the position of the begirofimgch SF constructs; Phosl-V
shows the position of predicted phosphorylatingssbSM1-27shows the identified
SSM domains;WD40 CTD BRM are specific protein binding siteJEFSN shows
the deffencing domaililSBNI@RSite shows the SUMOtaiifomain in SFR6Znf
shows the zinc finger domain in SFR6

4.2.1.1Generation of GFP-tagged versions of SFR6/MED16 tncated forms

An in-frame fusion of truncated versions of SFR6MB with N-terminal GFP
were cloned as described in section 2.5.1 and M5t@ pK7WGF2 (see appendix
A3.12-A3.17). Each ipK7WGF2was tested for correct orientation of the insert in
the destination vector. This was followed by resion digestion to confirm the
correct size was and further confirmed by PCR wphcific primers designed to the
35S promoter and to each insert (see Appendix A& Jprimer sequences). One
positive line for each construct was sequencedotdiren the presence of whole

sequence of the truncated fragment of SFR6/MED fi&r Ahat each construct in
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pK7WGF2 destination vector was transformed in Agrobacterium tumefaciens
strain GV3101 and used for tobacco infiltratione(section 2.11.2) or DNA was
used for direct transformation by biolistic transf@tion in leek cells (see section
2.11.3) to study the ability of each truncation SFR6/MED16 to localise to the

nucleus that explain and to express each protetoméct predicted size.

4.2.2 Examination of the ability of the truncated fragmerts of SFR6/MED16 to
target to the nucleus

The following experiments were designed to identifg domain of SFR6/MED16
that is responsible for targeting the protein te ttucleus. Six different fusions of
SFR6/MED16 truncations with GFP (described in sec.2.1) were tested for their
ability to localise to the nucleus. Transient esgien of the fusions in tobacco plants
was carried out using infiltration and biolisticatisformation technique was
performed in leek cells as described in section1412 GFP fluorescence was
observed using a confocal laser scanning micros(sgeesection 2.14.5).

As an exploratory experiment GFP tagged SF- cocistrwere delivered to leek
tissue using biolistic transformation. In this hmed DNA of each construct is coated
onto gold particles and delivered via microprojecbombardment. After 48 h leaf
tissues were observed under a confocal microsaopisualise GFP fluorescence in
cells. GFP- tagged GUS protein (35S::GUS::GFP) wgzsl as a cytosolic control in
this experiment along with six different SF constsu Results of two experiments
revealed that all constructs were targeted to thelems (although the levels of
fluorescence observed differed between the trumms)ti However, | observed

damage to the tissues due to the delivery methddpanr reproducibility of results
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in biolistic transformation. Therefore, nucleargeting experiments were continued
using transient expression in tobacco plants usifiiiyation technique.

Transient expression of GFP tagged proteins incdwobavas conducted in three
different experiments and all six constructs websesved to be localised to the
nucleus. Figure 4.2 shows GFP fluorescence in tltens for all five truncations
and full length SFR6 compared with GFP tagged Gléfem (35S::GUS::GFP), the
cytosolic control for this experiment, which showeubstly cytosolic localisation.
Although all fusion proteins were localised to thecleus, the level of expression of
GFP fluorescence in cells was different for eachdin. Therefore mean fluorescence
levels (unit as grey values) in the Region of les¢s (ROI) within the nucleus and
cytoplasm was analysed and fluorescence ratio leetwecleus (ROI nucleus) and
cytoplasm (ROI cytoplasm) was compared betweemmssiFigure 4.3 represents the
average ratio of mean fluorescence in the nucladscgtoplasm (ROI nucleus/ ROI
cytoplasm) from three different experiments conddctseparately. Advanced
fluorescence Lite of Leica application suite wasdido calculate fluorescence
expressed in nucleus and cytoplasm of the cells.

The average ratio of fluorescence expression inlengcand cytoplasm varied
between different fusions and the highest expraessabio was reported in leaves
expressing 35S::SF16, encoding the full length SpREein, which has been shown
previously to be nuclear targeted (Figure 4.2)(Kbigt al., 2009). The second
highest ratio was reported in leaves expressing SiBich lacks the N terminal one
third of the SFR6 protein. The other four constsustiowed lower average ratios of
fluorescence expression compared to SF16 and SRB6 hlgher than the

35S::GFP::GUS, the cytosolic control used in thxigeziment.
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Figure 4.2: Sub-cellular localization of SF- consticts tagged with GFP in

untransformed wild type tobacco

Six truncations of SFR6/MED16 with N-terminal tagdg@FP under control of 35S promoter
were expressed in tobacco plants using the Agrehant infiltration technique. After 48 h
leaf samples were observed under a confocal miopes@and compared with cytosolic
control of GUS fused to GFP, under the controhef 35S promoter. Images were taken with

identical parameters to allow comparison betweéerédint truncations of SFR6/MED16.
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Figure 4.3: Average ratio of fluorescence in nucleiand cytoplasm in tobacco

leaf cells

Constitutive overexpression of six truncations/fatigth of SFR6/MED16 tagged with GFP

was acheived in tobacco plants using infiltratiowl after 48 h leaf samples were observed
under confocal microscope. Amount of florescengeressed in nucleus and cytoplasm was
calculated using Leica Application Suite and flemence ratio between nucleus and
cytoplasm was compared with cytosolic control of &bktached to GFP under control of
35S promoter.

This provides evidence that C-terminus of the SHR@tein is more important
compared to the N-terminus for directing of prosetio the nucleus.

Though the average ratio of fluorescence in nuclend cytoplasm in nuclear
targeting experiments suggests that C-terminus®f3FR6 is important | searched
for potential nuclear localisation signals (NLS)thim the SFR6 protein using
NUCPred program(https://www.sbc.su.se/~maccallr/nucpred/). The amarcid
sequence of GFP tagged full length SFR6 proteinusad for analysis. The program
predicted that the strongest nuclear localisatiotifis located towards the end of C-
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terminus of the protein at the location of 1172438 of SFR6/MED16 (Figure 4.4).
However, | observed all truncated fragments wergetad the nucleus including
truncations such as SF15, SF14, SF25 and SF24 Wtgkhthe above positions of
the aa in C-terminus of the protein as well as S&iid SF36 that consists above aa
positions. This is contradictory to the predictedaclear localization signal using
NUCPred program that indicated the nuclear loaadjmignal is in the C-terminus of
the protein. The reason might be another factortdpan NLS that helps protein to
go to the nucleus, possibly these truncated fraggnawuld pass through the nuclear
membranes through the process of diffusion. Howdmmg-Hee Cho et al. (2012)
reported that protein approximately 84.5 kD in sleealized the nucleus even
without nuclear export signal. Further they desatithe impossibility of diffusion of
such a big protein to the nucleus and proposealiigy of certain proteins to leave

the cytoplasm and enter the nucleus under certaidittons.
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Figure 4.4: Nuclear localisation signal analysed usg NUCPred program

Positively and negatively influencing subsequenaes coloured according to the above
colour scale where red colour represents the higiessibility to localise to the nucleus and
blue colour shows no targeting of the nucleus. &amge coloured underline protein
sequence is the predicted nuclear localizing sexuéNLS) for SFR6 protein tagged with
GFP. Following positions of the aa represents tiked#ferent types of SFR6/MED16
truncations tagged with GFP. 1-239aa:GFP; 240-256dmkage between GFP and
truncations between SFR6/MED16(transgene); 257-Hz28F16; 257-1257aa: SF15; 257-
1135aa: SF14; 604-1135aa: SF24; 604-1257aa: SEQSt®P4aa: SF36.

Before embarking on experiments to examine nudtealisation of all the truncated

fragments of SFR6, | analysed the expression Steipsoin plants using transient
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expression of each -SF protein in tobacco usindfration (see section 2.11.2) to
gain evidence that the sequence was in frame aoieé€sed a protein of the correct
size. After that western blotting was performedidentify whether proteins are
expressed in plants and | found all of the six G&dtyed SF proteins were expressed
in tobacco plants and produced proteins of the earplesize for fusions with GFP

(figure 4.5).

—1250
1150

-1100
75

Figure 4.5: Level of protein expression ofSF truncated fragments of SFR6

Total proteins extracted from tobacco leaves nafitd with Agrobacterium tumefaciens
expressing SF constructs tagged with GFP were tbatkean SDS gel @ 10mg/ml and
transferred to PVDF membranes and incubated wi@FP primary antibodies at 1:5000
dilution with 10ml of 5% milk (w/v) solution. Afteincubation of the membrane with
rabbit goat secondary antibody proteins were visedlusing a chemiluminescent detection
method. As a loading control an SDS gel with theesgamples at the same concentration
was stained with Coomassie blue to detect proteims scanned. White coloured arrows
indicate the correct size of bands in each lané &kperiment was conducted three times
and same results were reproduced. Lane 1 to 6semeGFP::SF16 (167kDa), GFP::SF15
(138 kDa), GFP::SF14 (124.5kDa), GFP::SF36 (95.8)kiBFP::SF24 (86 kDa)

and GFP::SF25 (99.6 kDa) respectively.
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4.2.3 Generation of stable lines expressing different tmcations of

SFR6/MED16 in Arabidopsis

After transformation of each construct in p@d7WG2 correct orientation of the
fragments in the destination vector was testedgupiimers designed for the 35S
promoter region of the vector with an internal prmdesigned for each construct,
followed by restriction digestion. Thereafter eacbnstruct in thepB7WG2
destination vector was transformed inAgrobacterium tumefacierstrain C58C1.
This Agrobacteriumstrain was used to transform both Col-0 afré plants using
floral dip method (Clough and Bent, 1998) (see isac2.10.1). Successfully
transformed plants ¢J were selected on soil using the Basta herbi(sgée section
2.10.1.4) as the Basta resistant marker was iméisénation vector. Following this
selection, Basta resistant ihdividual plants were transferred to peat plugd &

plants were tested for the presence of the tramsgsing genomic DNA and the
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Figure 4.6: Level of expression of SF- constructsniCol-0 background in T;
generation

Expression levels of -SF16, -SF15, -SF14 and -S&3bfferent transformed lines in Col-0
background were compared with Col-0 in histogram,a; and d respectively in, Plants.
Seven-day-old seedlings grown on MS agar plates weed GWOF trangGateWay Open
Frame) Forward primer designed for the 35S promoggron was used with the reverse
primer designed for the beginning of each truncatbSFR6/MED16. Expression is shown
after normalisation t¢’EX4 Fold values were calculated using keCT method, and the
error bars in each biological replicates repre®R@®,n and RQ@ax and constitute the
acceptable error level for a 95% confidence leweloading to Student’s t test. Error bars

indicate the level of variation between technialicates within one biological replicate

experiment. * symbol in the graph represents theerdifit lines from each construct
selected for crossing witfr6-1

level of expression of each transgene was analggegRT-PCR (Figure 4.2). The
transgene was sequenced from the gDNA of tranfotsritanconfirm the presence of

correct truncations in plants.
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Successfully transformed lines expressing eachcaion were obtained in Col-0
background but no successfully transformed linesewebtained in thesfr6-1
background. The level of transgene expression wessured using primers designed
to the vector and the beginning of each truncafgee Appendix A2.1 for primer
sequence). However, in the Col-0 background, onB&:3BF16, 35S::SF15,
35S::SF14 and 35S::SF36 transformants were obtdifigdire 4.6) and no plants
expressing 35S::SF25 or 35S::SF24 were recoveigdré4.7). As no expression of
35S::SF25 and 35S::SF24 was observed in the CaleRgoound, no further work
continued in Arabidopsis plants with these two tated fragments.

As direct transformation o$fr6-1 with the constructs was not successful, selected
lines of 35S::SF16, 35S::SF15, 35S::SF14 and 3636 Col-0 background were

crossed witlsfr6-1 plants to obtain construct in te&6-1 mutant background.
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Figure 4.7: Level of expression of SF24 and SF25 rdiructs in Col-0
background in T; generation
Expression levels of -SF24 and -SF25 in differeréd in Col-0 background were compared

with Col-0 background respectively in histogram red & in T, plants. Seven-day-old
seedlings grown on MS agar plates were used. Adavprimer designed for the 35S
promoter region was used with the reverse primasigded for the beginning of each
truncation of SFR6/MED16. Expression is shown aftemalisation tdEX4 Fold change

in expression values were calculated using AW€T method, and the error bars in each
biological replicates represent RQ and RQax and constitute the acceptable error level for
a 95% confidence level according to Student’stt t&sor bars indicate the level of variation
between technical replicates within one biologreglicate experiment.

After crossing above expressing lines in wild tygaekground withsfr6-1 plants,
seeds were collected separately and grown up okt plants and screened for the
presence of transgene. Above positive F1 plansliwwere continued to obtain F2

seeds. Then F2 plants were tested for the presehdbe transgene and the

expression levels of each construct (Figure 4.8jcept line #2.2 ofsfr6-
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1+35S::SF15 all other lines were expressing the toocis(Figure 4.8 a). Among
those expressing lines inp Plants further screened to obtain homozygous lioes
sfr6-1 mutation using sequencing facility in thepdegment (DBS, Durham
University). For that using specially designed s were amplified a region
around the SNP was amplified which could then lmpieeced (See Appendix A2.1
for primer sequence). Selected homozygous linesfid-1 consisted with each
construct were used to gef $eeds to continue complementation experimentsrunde

each stress condition.
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Figure 4.8: Level of expression of SF constructs isfr6-1 background in F,

generation

Expression levels of SF14/SF15,SF16 and SF36 fardiit lines irsfr6-1 background were
compared with Col-0 andfr6-1 mutant respectively in histogram a and b inpkants.
Seven-day-old seedlings grown on MS agar plateg weed. Forward primer designed for
the 35S promoter region was used with the reveaisgep designed for the beginning of each
domain of SFR6/MED16. Expression is shown aftemradisation toPEX4 Fold values
were calculated using th®ACT method, and the error bars in each biologicplicates
represent Ry and RQax and constitute the acceptable error level for & @dnfidence
level according to Student’s t test. Error barsaatk the level of variation between technical

replicates within one biological replicate expentne

Five homozygous lines offr6-1+35S::SF14 andfr6-1+35S::SF15 were selected
using allelic discrimination method (see sectiob023) followed by sequencing for
complementation experiments while homozygous linese selected fronsfré-
1+35S::SF36 andfr6-1+35S::SF16 new transgenic plant lines checking that
chromatograms of the sequenced amplicons showsedtlomlmutant version of the
sequence at the site of the sfr6-1 SNP the EMStronta
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4.2.4 Use of over-expressing SF domains in Cob@ckground under cold stress

conditions

Beginning of the formation of transgenic plantsresgnting different domains of
SFR6/MED16, | made all domains expressing in Ctth@ugh the floral dipping
method (See section 2.10). The expression levedsacii domain over-expressing in
Col-0 are presented in Figure 4.6 and 4.7. ExprassiKIN2 gene under cold stress
condition was tested using the transgenic lineg-expressing SF16, SF15, SF14
and SF36 in Col -0 compared to wild type plantated 6h at &. Results of this
experiment revealed that any enhanE#d2 gene expression under cold conditions
of each domain overexpressing in wild type backgdo(See Appendix A4.1 for

gene expression results).

4.2.5 Complementation experiments using -SF domains isfré6 mutant
background under different abiotic stress conditiors

To study whether different domains/regions of tiR6 protein are responsible for
the activation of genes responding to each stres®nducted complementation
experiments with homozygous lines sfir6-1 expressing each truncation (or full
length SFR6) under cold, starvation and UV stresslitions. Five homozygous (for
sfr6-1 mutation) lines o$fr6-1+35S::SF14 andfr6-1+35S::SF15 and four lines of
sfr6-1+35S::SF36 and  six lines ddfr6-1+35S::SF16 were tested in the; F
generation. The above lines were compared with tyifte andsfr6-1 mutant and
with three lines okfr6-1 mutant complemented with AtSFR6 genomic DN G-
1+35S::.gSFR6) (Wathugala et al., 2011) as the bestadle control to test stress

gene complementation experiments.
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| here first present the results of complementatainstress gene expression
experiments wittsfr6-1+35S::SF14 andfr6-1+35S::SF15 compared with wild type
and sfr6-1, three lines ofsfr6-1 mutant complemented with AtSFR6 ast6-
1+35S::GUS (GUS, as control for the presence of JFR& same set of stress gene
experiments were conducted subsequently with thesliexpressing the two other
constructsi.e sfr6-1+35S::SF36 andsfr6-1+35S::SF16 with same controls as
described above. This is due to the time differeiagen to obtain £homozygous
seeds of each transgenic line. The perfect cofdarall of these experiments would
have beersfr6-1+35S::SF16, which is the complementation of fuligth of AtSFR6
(cDNA) (see Figure 4.1) which was created in alsinway to three other constructs
tested in stable plant expression.

Prior to the start of stress gene expression exyerts, the level oBFR6transcript
expression was tested in all lines compared to wifee, sfr6-1 mutant and other
controls mentioned above. Seven-day-old seedlifids wansgenic plants including
all truncated versions of SFR6/MED16 were usecesd the level of expression of
SFR6 with primers designed to recognise th® aad 11" exon in the cDNA of
SFR6 (SFR6 mid forward and reverse primers, seeeAgig A2.1 for primer
sequence) designed for the part of 8#R6gene that was present in all truncations
Levels of SFR6 expression in all five lines o06fr6-1+35S::SF14 and sfr6-
1+35S::SF15 were higher (ten fold higher exceptne bne) than in wild type and
similar results were obtained for all three linés6-1 mutant complemented with

AtSFR6 6fr6-1+35S::gSFR6) (Figure 4.9).
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Figure 4.9: Level of expression oSFR6 in selected lines of SF14 and SF15 in

sfr6-1 background in F; generation

Expression levels d6FR6iIn different lines of 35S::SF14 (SF14) and 35SIS5ESF15) in
sfr6-1 background were compared with Col-6fr6-1, three lines ofsfr6-1 mutant
complemented with AtSFR6 (SFR6 FL) asft6-1+35S::GUS (GUS, as control for the
presence of SFR6Feven-day-old seedlings grown on MS agar plateg weed. Primers
were designed for the $and 11" exon in the cDNA of SFR6/MED16 and expression is
shown after normalisation tBEX4 Fold values were calculated using #h&eCT method,
and the error bars in each biological replicatgsegent RQn and RQax and constitute
the acceptable error level for a 95% confidencellaecording to Student’s t test. Error bars
indicate the level of variation between techniaglicates within one biological replicate
experiment.

The level ofSFR6expression irsfr6-1 appeared similar to the level in Col-0 (Figure
4.9); the primers used in this analysis was desidoethe middle part of SFR6 gene
downstream of the point mutation in teE6-1 mutant (see Appendix A2.2 for the
point mutation and Appendix A.2.1 for primer sequen.The lack of difference in

SFR6 expression levels between wild type asfd6-1 was not unexpected as the

transcript was likely to be produced normally desghe single base change that
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resulted in the premature stop codon. This prinoenlination enabled testing of the
transcript levels of all truncated versions of SHR@he sfr6-1 mutant background
with one set of primers due to the common positibprimers in all truncations for
accurate comparison. Line #6 and #8f06-1+35S::SF14 showed lowest expression
of SFR6and the other three lines were moderate expres$e3§R6compared to
three different lines of controls o$fr6-1+35S::SFR6. Line #1 da$fr6-1+35S::SF15

is the lowest expresser and #2 is the highest sgpreofSFR60f sfr6-1+35S::SF15
while #3, #4 and #5 are moderate expresserSHR6 The other controlsfr6-
1+35S::GUS was used to show no effect of vector enegexpression and had
showed similar levels ddFR6expression compared to wild type asfd-1 (Figure
4.9). Plant lines exhibiting different levels 8FR6gene expression were tested for

stress gene complementation.

In sfr6-1+35S::SF16 (SF16) andfr6-1+35S::SF36 (SF36), the presence of the
transgene specifically (i.e. excluding the conttideu of the nativeSFR6transcript)
and expression levels of each construct were testdle k3 generation (Figure
4.10). Levels of transgene expression in six lioesfr6-1+35S::SF16 are presented
in figure 4.10 (a) and all lines expressed reldyivew levels of transgene compared
to the levels observed in other constructs exceht But of four lines ofsfr6-
1+35S::SF36 two lines did not express the transgB2eand B24) at all and line

#B7 and #B25 were used for the rest of the geneeggjmn experiments.
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Figure 4.10: Level of expression of SF16 and SF36orestructs in sfr6-1
background in F3; generation

Expression levels of SF16 and SF36 in differengédiof 35S::SF16 (SF16) and 35S::SF3
(SF36) insfr6-1 background in Fare presented in histogram a and b respectivelyers
day-old seedlings grown on MS agar plates were.uAddrward primer designed for the
35S promoter region was used with a reverse prishesigned for the beginning of each
truncation of SFR6/MED16. Expression is shown afiemmalisation tdPEX4 Fold values
were calculated using theACT method, and the error bars in each biologicplicates
represent Ry and RQax and constitute the acceptable error level for & @onfidence
level according to Student’s t test. Error barsaatk the level of variation between technical

replicates within one biological replicate expentne

After testing the level of transgene expressiosfif-1+35S::SF16 (SF16) arfr6-
1+35S::SF36 (SF36), the level 8FR6expression (native and transgene transcript)
in the same lines was compared to that of Col-Osfréd1 (Figure 4.11). Expression
levels of SFR6in all transgenic lines were low compared with #pparent levels of
transcript indicated using the GW primer (see Agipe\2.1) (figure 4.10). This is
hard to understand the inconsistence of expressloms difficult to conclude that

these lines are expressing at all. However they lbeagxpressing to a low level that
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is similar to what is seen in the wild type andelesf SFR6expression in #A21,

#A31 and #B25 is low compared to other three lines.
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Figure 4.11 Level of expression o8FR6 in selected lines of SF16 and SF36 in

sfr6-1 background in F; generation

Expression levels c6FR6in different lines of 35S::SF16 (SF16) and 35S3&GFSF36) in
sfr6-1 background were compared with Col-0 aficb-1 Seven-day-old seedlings grown on
MS agar plates were used. Primers were designetidat@ and 11" exon in the cDNA of
SFR6/MED16 and expression is shown after normaisato PEX4 Fold values were
calculated using th&ACT method, and the error bars in each biologigalicates represent
RQuin and RQiax and constitute the acceptable error level for & S®nfidence level
according to Student’s t test. Error bars indidie level of variation between technical
replicates within one biological replicate expenmeRed and green dashed lines represent

the level ofSFR6expression in Col-0 arefr6-1respectively.

F; seeds were used to continue complementation ewmpets under each stress
condition. Five homozygous lines sfr6-1+35S::SF14 andfr6-1+35S::SF15 were

selected for complementation experiments while amd four lines were selected
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from sfr6-1+35S::SF36 andasfr6-1+35S::SF16 respectively from above described
plant lines (See Appendix A2.4 for the chromatoggarheach homozygous lines of
sfr6-1) All plant lines were sequenced for identificatiminthe region containing the
EMS point mutation to make sure that no copy ofvfid type alleles was present in
the genomic DNA. Further | did not use the genotgpassay because of the
complications that could be introduced with an wwn number of copies of the

transgene that would be recognised as wild type.

4.2.5.1Complementation of visible phenotype of SF transgeéa lines

The sfr6-1 shows pale green colour compared to Col-O duriagyestages of
seedlings with bigger cotyledons (Knight et al.,020 Therefore all lines
homozygous for thefr6-1 mutation and that overexpressed SF16, SF15, Skd4 a
SF36 truncations were tested for their ability d¢onplement the visible pale leaf and
cotyledon phenotype. Fourteen day-old seedlingsyigron MS medium from each
line of —SF truncated versions were studied tordetee the level of green colour
restored in each line. Percentage of green colestoration was calculated by
scoring individual seedlings as yellow or green.sfr6-1+35S::SF14 (SF14) four
lines out of five remained pale yellow colour ame|SF14#7 showed restoration of
green colour in approximately 60% of the studieéddiag population. Insfr6-
1+35S::SF15 (SF15), line #1 showed 90% of greenutotestoration while other
four lines remained approximately 60% of green gpoleestoration in the studied
seedling population. Out of two lines sfr6-1+35S::SF36 (SF36) line #B6 showed
approximately 90% of green colour restoration whig25 showed approximately
45% of green colour restoration in the studied kegdpopulation. In sfr6-
1+35S::SF16 (SF16) line #B7 showed nearly 90% reég colour restoration and

#A21 showed approximately 80% of green colourorasion. The other two lines of
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SF16 remained similar colour assfr6-1 Four different lines o§fr6-1+35S::SF16
(SF16) were supposed to be the perfect contrdliefexperiment and expected to be
fully complemented, yet this is the first indicatithat in atleast some of the lines
was not successful. Wathugala et al. (2011) reddtie fully restoration of green
colour in complemented lines of genomic SFR6 (faligth) and the difference

compared to present study is the completed linested using cDNA of SFR6.
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Figure 4.12 Level of green colour restoration in dferent lines of -SF
truncations in sfr6-1 background in F; generation

Fourteen-day-old seedlings grown on MS medium friames homozygous foisfré-1
mutation and over-expressing SF16, SF15, SF14 &86 8uncations were tested for their
ability to restore the visible green leaf and oetigin phenotype. The number of seedlings in
green colour similar to the Col-0 was counted apgr@aximate percentage of green colour

restoration was calculated by scoring individugdiegs as yellow or green.
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4.2.5.2Complementation of flowering time phenotype of SFransgenic lines
Thesfr6-1 mutant shows late flowering (Knight et al., 20@8jnpared to Col-0 and |
studied time taken to flower in different lines gqaemented with truncations of
SFR6. Five-week-old plants representing differerg¢d of SF constructs were grown
on soil and compared with Col-O amsfr6-1 plants (Figure 4.13). Insfr6-
1+35S::SF14 (SF14) line #7 showed complementatiofioafering time phenotype
but the other four lines showed late flowering (F& 4.13 a). Line #1 irsfr6-
1+35S::SF15 (SF15) showed a similar flowering tinmemotype as in Col-0 while
#2, #3 and #4 showed early flowering comparedsfi®-1 but not a complete
complementation of flowering time phenotype. Linki# sfr6-1+35S::SF15 (SF15)
showed a similar flowering time phenotype asfit-1 (Figure 4.13 b). Line #A21 in
sfr6-1+35S::SF16 (SF16) showed complementation of flawgeriime phenotype
while #B2 showed flowering time phenotype similarsfr6-1 Line #A31 and B#7
showed early flowering compared &fr6-1 but not up to the level as fully
complementation (Figure 4.13 c). Out of two linesir6-1+35S::SF36 (SF36) line
#B6 showed complementation of flowering time phgpet while #B25 showed
similar flowering time phenotype as 8fr6-1(Figure 4.13 d). Same representative
plants from Col-0 andfr6-1 were used to compare the flowering time phenotfpe

different lines of SF transgenic plants as desdribdigure 4.13.
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Colo =A21 =A31 =B2 =B7 sfré-1 CalD =B6

Figure 4.13 Restoration of flowering time phenotypen different lines of SF

truncations in sfr6-1 background in F; generation

Five-weeks-old seedlings grown on soil were usestudy the ability of lines homozygous
for the sfr6-1 mutation and overexpressing SF16, SF15, SF14 &86 $uncations to
restore the flowering time phenotype of Col-0. Sabw-0 andsfr6-1 plants were used to

compare different lines of SF transgenic plants.
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4.2.5.3 Analysis of the ability of SF truncations to complenent the cold gene

expression phenotype

Experiments were carried out using seven-day-addisegs grown on MS media on
petri dishes and treated dC5for 6 h in SANYO growth chamber. Control plates
were kept at 2L (ambient temperature) (see 2.15.1.1). Expressfothe cold-
inducible gen&IN2 was analysed using qRT-PCR. Cold-induciIB2 expression

in sfr6-1+35S::SF14 (SF14) ansfr6-1+35S::SF15 (SF15vas compared with Col-0,
sfr6-1, sfr6- 1+35S::SFR6 (SFR6 FL) arsfr6-1+35S::GUS (GUS)n three independent
biological replicate experiments (Figure 4.14 ani c). An increased level KIN2
gene expression in full length SFR6 complementaekléfr6- 1+35S::SFR6/SFR6 FL)
was observed compared to Col-0 and a consisteal tdwgene expression in three

biological replicate experiments was seen.
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Figure continues to the following page
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Figure 4.14: Complementation of cold-inducedIN2 expression in SF14 and

SF15 transgenic lines

KIN2 expression in seven-day-old seedlings in respan@®lt treatment was measured in
sfr6-1+35S::SF14 (SF14) arsfr6-1+35S::SF15 (SF15) transgenic lines compared with C
0, sfr6-1, three different lines offr6- 1+35S::SFR6 (SFR6 FL) ansfr6-1+35S::GUS
(GUS). The first three histograms (a, b and c- w&tl bars) represent the gene expression
data of three independent biological replicategréssion is shown after normalisation to
PEX4in all graphs. Relative expression in the grappmasents the fold value compared
with Col-0 control sample and calculated usingAWCT method and the error bars in each
biological replicate represent RfQ and RQax and constitute the acceptable error level for
a 95% confidence level according to Student's t fHse fourth chart (blue bars; d)
represents the average of the above three indepiebd#ogical replicates. Mean average
data (in graph d) were analysed using a one-way YWAJo=0.05) and pair wise
comparisons were made using the Tukey method. Mé&satsdo not share a letter are
significantly different. KIN2 expression in Col-0 andfr6-1 represents in red and green
dotted lines respectively.

Similar patterns oKIN2 gene expression in -SF14 and -SF15 transgenis Weze

observed in three replicate experiments and maweg lshowed a comparable level of
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KIN2 gene expression as seensiiné-1 mutant except in SF14#7 and SF15#1,
indicating that complementation may have been gibrtsuccessful in these two
lines but was not in the others. This chang&iN2 expression is clear in Figure
4.14 d, which shows the average gene expressianfrian three biological replicate
experiments. The level of averaféN2 expression in SF15#1 was not significantly
different compared to Col-0 and three lines of SFR6(p<0.001) while SF14#7
showed significantly different levels 81N2 expression (Figure 4.14d). Interestingly
SF14#7 and SF15#1 showed the lowest levelSER6 expression, as shown in
figure 4.9.

Cold gene expression experiments vafi6-1+35S::SF36 (SF36) aredr6-1+35S::SF16
(SF16)were conducted as described above and expressitve abld-inducible gene
KIN2 was compared with that of Col-6fr6-1, sfr6- 1+35S::SFR6 (SFR6 FL) arsdr6-

1+35S::GUS (GUS)n three independent biological replicate expentadFigure 4.15
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Figure 4.15: Complementation of cold-inducedIN2 expression in SF36 and

SF16 transgenic lines

KIN2 expression in seven-day-old seedlings in respanseld treatment was measured in
sfr6-1+35S::SF36 (SF36) arafr6-1+35S::SF16 (SF16) transgenic lines compared with C
0, sfr6-1, three different lines offr6- 1+35S::SFR6 (SFR6 FL) ansfr6-1+35S::GUS
(GUS). The first three histograms (a, b and c- wét bars) represent the gene expression
data of three independent biological replicategpréssion is shown after normalisation to
PEX4in all graphs. Relative expression in the grapmasents the fold value compared
with Col-0 control sample and calculated usingAWCT method and the error bars in each
biological replicate represent RfQ and RQax and constitute the acceptable error level for
a 95% confidence level according to Student’s t.téhe fourth chart (blue bars; d)
represents the average of the above three indepebdsogical replicates. Mean average
data (in graph d) were analysed using a one-way YA a=0.05) and pair wise
comparisons were made using the Tukey method. M#aisdo not share a letter are
significantly different. KIN2 expression in Col-0 andfr6-1 represents in red and green
dotted lines respectively. In X-axis number 20 @&ndepresents the ambient and cold

temperatures respectively.

Greater levels oKIN2 gene expression in full length of SFR6 complemeiitees in

sfr6-1 (sfr6- 1+35S::SFR6/SFR6 FLyvere observed compared to Col-O and levels of
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gene expression were consistent between threegmaloreplicate experiments.
These three complemented lines were created usingngc DNA. Full length of
SFR6 complemented lines created in this projectl§Fvas from cDNA. In
contrast KIN2 gene expression in these lines was not complemhéntethe level of
expression was slightly higher th&iN2 expression irsfr6-1 A similar trend was
observed in all three biological replicate expemiseof all four lines of SF16
truncated fragments (Figure 4.11 a, b and c). Bwery difficult to explain why the
complementation failed. | could be explained reasa@imply that the lines were not
expressing SFR6 or not to a high enough level erf¢lature of transgene as it was
created from cDNA as two possible causes.

Line #B6 out of two complemented lines of SH3r6-1+35S::SF36) showed a
higher level ofKIN2 expression compared to #B25 line. However, anameiof
three biological replicates (Figure 4.15d) showeat KIN2 expression in #B6 and
#B25 was not significantly differerfp<0.001)to the expression levels in #L1 and #L6,
which are the completed lines @ifll length of genomic SFR6 lines isfr6-1 (sfr6-

1+35S::SFR6/SFR6 FL). Further the level FR6and SF36 expression was higher in

SF36#B6 compared to SF36#B25 (Figure 4.10 andréddectively.

4.2.5.4Analysis of the ability of SF truncations to complenent the dark gene

expression phenotype

Experiments were carried out using seven-day-okblgsggs grown on 0.5x MS
media on petri dishes and subjected to 6 h darklitons by wrapping individual
plates in two layers of aluminium foil, during thght cycle in the Percival growth
chamber. Control plates remained unwrapped in tr@mber under normal light
conditions (see 2.15.1.3). Expression of the daducible gendIN6 was analysed

using gRT-PCR.
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Dark-inducible DIN6 expression inl+35S::SF14 (SF14) ar&fr6-1+35S::SF15 (SF15)
was compared with Col-&fr6-1, sfr6- 1+35S::SFR6 (SFR6 FL) arsfr6-1+35S::GUS
(GUS)in three independent biological replicate expentagFigure 4.16 a, b and c).
An enhanced level dPIN6 gene expression was demonstrated in full lengtbF6
complemented lines isfr6-1 (sfr6- 1+35S::SFR6/SFR6 FL)and these levels were
similar to the levels of expression in Col-0.

DIN6 expression in all transgenic lines of SF14 rembrdensistent transcriptional
pattern in three replicates and #3 and #7 showedrer level ofDIN6 expression in
each experiment. However, average gene expresstm fdom three biological
replicate experiments (Figure 4.16 d) revealed timateased levels oDING
expression in #3 and #7 of SF14 were significadtfferent to the level oDIN6
expressed in either Col-0 or three lines of SFR#<40.001). The other three lines
of SF14 showed similar level dDIN6 expression as seen isfr6-1 mutant.
Conversely SF14#3, the highest expressd®Id6, is the highest expresser 8FR6
while second highedDIN6 expresser (SF14#7) was the lowest expresser o6 SFR

(Figure 4.9).

(@)

[
th

]
(=]

—
[=]
L

Relative expression (DIN6/PEX4)
I o

(=]
I

L pLDLDLDULDULDULODLD L DLDLDILDLUDLDTLD LD
Col0 gfrél  HLI #L2 #HLG #5 #3 4 #5 #6 T #1 #2 #3 Ha H#5

SFRG6 FL GUS SF14 SF1s

Figure continues to the following page

178



Chapter 4
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Figure 4.16: Complementation of dark-inducedIN6 expression in SF14 and
SF15 transgenic lines

Seven-day-old seedlings of sfr6-1+35S::SF14 (SF14) andfr6-1+35S::SF15 (SF15)
transgenic lines were compared with Cos06-1, three different lines «ffr6- 1+35S::SFR6
(SFR6 FL) andsfr6-1+35S::GUS (GUS) were used for the experiment. IBemdwrapped
for 6 h in a double layer of aluminium foil (datfR) or left unwrapped (Light; L) were used
to measure dark inducibIN6 gene expression. The first three histograms éadoc- with
red bars) represent the gene expression data eé timdependent biological replicates.
Expression is shown after normalisationRBX4 in all graphs. Relative expression in the
graphs represents the fold value compared withOCodntrol sample and calculated using
the AACT method and the error bars in each biologicdlgate represent Rg and RQiax
and constitute the acceptable error level for a @6¥%fidence level according to Student’s t
test. The fourth chart (blue bars; d) represergsatferage of the above three independent
biological replicates. Mean average data (in graphwere analysed using a one-way
ANOVA (a=0.05) and pair wise comparisons were made usiadrtikey method. Means
that do not share a letter are significantly défar DIN6 expression in Col-0 andfr6-1

represents in red and green dotted lines respéctive
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Compared to SF14 transgenic lines, SF15 showedngaexpression levels @IN6
under dark conditions among five different lines timree different biological
replicates. However, average gene expression data three biological replicate
experiments revealed that SF15#2 and SF15#3 eadlitlie highest levels &iIIN6
expression and that these were significantly smidahe level oDING expressed in
Col-0 and three lines of SFR6 FL (p<0.001) (Figdt&6d). InterestinglySFR6
expression was lower in SF15#2 than in any of theroSF15 lines.SF15 lines while
a moderate level ddFR6expression in SF15#3 was detected (Figure 4.9hoalgh
the average trend is increased leveDtfI6 gene expression in SF15#1 and SF15#5
compared with untransformesifr6-1, the level of expression was significantly
different compared to Col-0 and three lines of SHR6(p<0.001) while SF15#4

showed a similar level dDIN6 expression as isfr6-1 mutant.
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Figure 4.17: Complementation of dark-inducedDIN6 expression in SF36 and
SF16 transgenic lines

Seven-day-old seedlings o0$fr6-1+35S::SF36 (SF36) andfr6-1+35S::SF16 (SF16)
transgenic lines compared with Col€fy6-1, three different lines o$fr6- 1+35S::SFR6
(SFR6 FL) andsfr6-1+35S::GUS (GUS) were used for the experiment. IBesdwrapped
for 6 h in a double layer of aluminium foil (datfR) or left unwrapped (Light; L) were used
to measure dark inducibIN6 gene expression. The first three histograms éadoc- with
red bars) represent the gene expression data ode thndependent biological
replicates.Expression is shown after normalisaibdPEX4in all graphs. Relative expression
in the graphs represents the fold value comparéd @ol-O control sample and calculated
using theAACT method and the error bars in each biologicdicaie represent R and
RQuax and constitute the acceptable error level for % I®nfidence level according to
Student’'s t test The fourth chart (blue bars; dyresents the average of the above three
independent biological replicates. Mean average @atgraph d) were analysed using a one-
way ANOVA (a=0.05) and pair wise comparisons were made usiagTiikey method.
Means that do not share a letter are significadifferent. DIN6 expression in Col-0 and

sfr6-1represents in red and green dotted lines resgdgtiv
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Dark-inducedDIN6 gene expression isfr6-1+35S::SF36 (SF36) arsfr6-1+35S::SF16
(SF16) was compared with Col-Osfr6-1, sfr6- 1+35S::SFR6 (SFR6 FL) ansfr6-
1+35S::GUS (GUS)n three independent biological replicate expentadFigure 4.17
a, b and c).

Increased levels ofDIN6 gene expression in full length genomiSFR6
complemented lines isfr6-1 (sfr6- 1+35S::SFR6/SFR6 Flyas observed in all three
biological replicate experiments compared to CoH@ese full length genomic SFR6
complemented lines were compared with four lines $F16, the cDNA
complemented lineDIN6 gene expression in these lines was not complemhédnte
level of DIN6 expression was higher in SF16#A21 tharsiré-1 (Figure 4.17 d).
Line #B6, one line out of two lines of SF36, shoviigher level ofDING expression

compared to the other line and that level of exgpioeswas not significantly different to the

level of DIN6 expression in three lines &ill length genomicSFR6complemented lines
as well asCol-0 (p<0.129)However, average expressioniiN6 in #B25 was similar to

the level of expression sfr6-1.

4.2.5.5Analysis of the ability of SF truncations to complenent of the UV gene

expression phenotype

Seven-day-old seedlings grown on MS media on pithes were irradiated with 5
KJm? of UV-C, (wavelength 254 nm) as described befbigs were removed from
the control plates during the time taken to adnemishe treatments. Immediately
after irradiation, all plates with lids on wereueted to the growth chamber and
samples were taken 24 h after treatment (See 22)5HExpression of the UV-

induciblePR1gene was measured using RT-PCR.
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UV-inducible PR1expression irsfr6-1+35S::SF14 (SF14) arefr6-1+35S::SF15 (SF15)
was compared with Col-&fr6-1, sfr6- 1+35S::SFR6 (SFR6 FL) arsfr6-1+35S::GUS
(GUS)in three independent biological replicate expentagFigure 4.18 a, b and c).
Though the relative expression levelsP®1was highly variable between biological
replicates, increased or similar levelsRiR1 gene expression in full length of SFR6
complemented lines isfr6-1 (sfr6-1+35S::SFR6/SFR6 FLyvere seen compared to
Col-0 in all three biological replicate experiments

An irregular pattern oPR1gene expression in different lines of SF14 wasolesl

in three biological replicate experiments (Figuré84a, b and c) and average gene
expression data from three biological replicateegxpents (Figure 4.18 d) revealed
that the increased levels BR1expression in #4, #5 and #7 of SF14 compared with

those insfr6-1were not significantly different comparedsiw6-1 (p<0.474).
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Relative expression (PR1/A1dg26416)
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Figure 4.18: Complementation of UV-induced®R1 expression in SF14 and SF15
transgenic lines

PR1 expression in seven-day-old seedlings in respoasbkin? of UV exposure was
measured insfr6-1+35S::SF14 (SF14) andfr6-1+35S::SF15 (SF15) transgenic lines
compared with Col-0sfr6-1, three different lines affr6- 1+35S::SFR6 (SFR6 FL) arsfir6-
1+35S::GUS (GUS). The first three histograms (an® c- with red bars) represent the gene
expression data of three independent biologicalicaes. Expression is shown after
normalisation tcAt4g2640in all graphs. Relative expression in the grappsasents the fold
value compared with Col-0 control sample and cated using thA\ACT method and the
error bars in each biological replicate represef@R and RQax and constitute the
acceptable error level for a 95% confidence leweloeding to Student’s t test The fourth
chart (blue bars; d) represents the average ofattmve three independent biological
replicates. Mean average data (in graph d) werlysadhusing a one-way ANOVA£0.05)
and pair wise comparisons were made using the Tolethod. Means that do not share a
letter are significantly differentPR1 expression in Col-0 ansfr6-1 represents in red and
green dotted lines respectively.
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Consistently higher levels 8fR1gene expression in SF15#1 were observed in all
biological replicates and average gene expresstmfcom three biological replicate
experiments (Figure 4.18 d) demonstrated that asz@ levels oPR1expression in
SF15#1 were not significantly different to the legePR1observed in Col-0 and
three lines of full length of SFR6 complemente@4$innsfr6-1 (SFR6 FL). On the
other hand, the remaining four lines of SF15 ditlsimw a significant increase RR1gene

expression compared to thfe6-1 mutant(p<0.474)(Figure 4.18 d).

UV gene expression experiments wh6-1+35S::SF36 (SF36) arxfr6-1+35S::SF16
(SF16)were conducted as describe above and expressitire dfV-inducible gene
PR1 was compared with Col-Osfr6-1, sfr6- 1+35S::SFR6 (SFR6 FL) andfr6-
1+35S::GUS (GUS)n three independent biological replicate expentadFigure 4.19
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Figure 4.19: Complementation of UV-induced®R1 expression in SF36 and SF16
transgenic lines

PR1 expression in seven-day-old seedlings in respoasbkin? of UV exposure was
measured insfr6-1+35S::SF36 (SF36) andfr6-1+35S::SF16 (SF16) transgenic lines
compared with Col-0sfr6-1, three different lines offr6- 1+35S::SFR6 (SFR6 FL) arsfir6-
1+35S::GUS (GUS). The first three histograms (an® c- with red bars) represent the gene
expression data of three independent biologicalicaes. Expression is shown after
normalisation taAt4g2640in all graphs Relative expression in the graphs represents tbe fo
value compared with Col-0 control samjglad calculated using tACT method and
the error bars in each biological replicate repnesn and R@ax and constitute
the acceptable error level for a 95% confidencellaecording to Student’s t tegte
fourth chart (blue bars; d) represents the avedddbe above three independent biological
replicates. Mean average data (in graph d) werlysadusing a one-way ANOVA£0.05)
and pair wise comparisons were made using the Talethod. Means that do not share a
letter are significantly differentPR1 expression in Col-0 ansfr6-1 represents in red and

green dotted lines respectively.

levels of PR1 were slightly different in different biological pgriments, average
expression data of three lines of SR¥E6#A21, #A31 and #B7 and #B6 of SF36
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showed increased levels BR1 expression compared &r6-1. However, levels of

PR1 expression of the above lines were not highly iEgantly different either to

three lines of full length genomic SFR6 compleméniiees (SFR6 FL #L1, #L2 and

#L.3) orsfr6-1(Figure 4.19d).

Table 4.1: Summary of the results of

complementatio experiment of SF

truncations
Original | Rel level Individual | Level of Level of Visible | Flowe- | Cold | Dark | UV
F2line | of line total SFR6 | SF appear | ring KIN2 | DIN | PR
transgene expression | transgene | ance 3 1
expression in F3 expression
inF, in F3
4.1 . med SF14 #3 | Medium K |
4.1 SF14#4 Medium PC
8.4 . high SF14#5 Medium PC
8.4 SF14#6 Low K |
8.4 SF14#7 Low PC Y PC PC PC
1.1 . low SF15#1 Low Y Y Y PC Y
3.2 . high SF15#2 High PC PC Y
3.2 SF15#3 Medium PC PC Y
3.2 SF15#4 Medium PC | | X PC
3.2 SF15#5 Medium PC PC PC PC
10.12.3 . high SF36#B6 barely Rel. high | ¥ Y Y )7 PC
higher than
Wit
10.12.3 SF36#B25 No higher | Rel. high | PC | | pc |pc [N |
than Wt
4.1 . med SF16#A21| No higher | Rel. low Y Y K PC PC
(med) than Wt
4.1 SF16#A31| No higher | Rel.low | N PC K K PC
(med) than Wt
21.1 . med SF16#B2 | No higher | Rel. high | | | | | | | ¥ |
(high) than Wt
21.1 SF16#B7 | No higher | Rel. med |¥ PC K K PC
(high) than Wt

Abbreviations used in the table as follows; X= nodmplemented, PC= partially
complemented, Y=fully complemented (or closed tibyjuRel. low/high means compared
with other transgenic but not wild type control diselLevel of SF transgene expression of
SF14 and SF15 in F3 did not tested as no problesnoliaerved in the level of expressions

in SFR6 in F3 generation
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4.3 Summary

All  experiments conducted in this chapter were glesi to study the
complementation effects of different truncated fnagts of SFR6 under cold, dark
and UV stress conditions. This was to identify wieetany part of the SFR6 protein
(domain/region) had a specific role in activatingpeession in response to one
specific signal but not to other stress. Severadifrom each truncated fragment of
SFR6 were tested comparing to Colk@6-1 and three lines of full length genomic
SFR6 complemented lines (SFR6 FL #L1, #L2 and #E8periments conducted for
the identification of the truncated fragments ofRBAMED16 that targeted the
nucleus revealed that all six truncated fragmerizeasenting different region of
SFR6 are targeted the nucleus. However, the pestlicticlear localisation signal
using NUCPred program is located towards the Citermmof the SFR6 protein.
Even though all SFR6 truncations are targeted ¢ontircleus, the average ratio of
fluorescence in nucleus and cytoplasm in tobacabdells demonstrated that SF16
(full length of SFR6) and SF36 exhibited the hgheatio (i.e. were more
apportioned to the nucleus) whereas the other tfouncations showed lower ratios
compared to above mentioned two truncations.

Complementation of visual phenotype of SF transpdimes demonstrated that
several lines were able to restore green coloungiype of Col-0 in varying degree.
SF15#1, SF36#B6 and SF16#B7 lines were able twmreedhe green colour
phenotype of Col-0 approximately 90%, SF16#A21 Iyeap to 80% and SF14#7
about 60%. Further all those lines showed restamaif flowering time phenotype i.e

early flowering as in Col-0 except in #B7 in SFhéugh it demonstrated high level
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of green colour restoration phenotype. Despiteehésual indications that the SF16
construct might give partial complementation, ttress assays below indicated they
were not complemented at all.

Complementation of stress gene expression expetsnoemducted under cold, dark
and UV stresses demonstrated that some lines fierelit SF truncated fragments
showed varying degrees of complementation of siges& expression compared to
sfr6-1 SF15#1 demonstrated 100% complementation of aalii UV responsive
gene expression but not dark responsive gene etpnesso that this indicates of the
necessity of missing part of this protein in thes@sgenic lines is required for dark
responses.

In SF15 line #1 and #5 showed slightly higher lewé dark inducible gene
expression compared &ir6-1 but in #2 and #3 showed fully complementation. In
SF14 truncations all lines showed similar or sligtigher level of cold and dark
inducible gene expression compared g€f56-1 However, UV inducible gene
expression studies showed that three lines (#4amb #7) out of five in SF14
demonstrated approximately 50% of complementafpamtial complementation). In
SF36 line #B6 demonstrated the fully complementatod cold inducible gene
expression where #B25 showed partial complememtaiomplementation of nearly
100% of dark inducible and 50% of UV inducible gengression was observed in
SF36# B6 but partial complementation of dark amdilar level of UV inducible
gene expression as $fr6-1was observed in SF36# B25. Cold and dark inducible
gene expression in all lines of SF16 was slightlghér thansfr6-1 but no
complementation effect could be observed in allities except #A21 which showed
partial complementation under dark conditions. Heeve in UV gene expression

experiments, nearly 50% of complementation effac#A21, #A31 and #B7. Even
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though #A21 of SF16 showed restoration of flowetinge phenotype as well as #B7
of SF16 showed higher level of green colour resimma none of them able to

demonstrate stress gene complementation in thiy.stu
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Chapter 5

The effects of KIN10, a putative interactor of MEDB, on

transcriptional regulation and stress tolerance inArabidopsis

5.1 Introduction

SnRK1 (Sucrose non fermentingl (Snfl) related prdtenasel) is a member of a
family of plant protein kinases that resemble yeastl and animal AMPK kinases
(Adenosine Monophosphate-activated Protein kinasg)ymes that are important
in transcriptional, metabolic and developmentalufation in response to energy
depletion stress (Baena-Gonzalez, 2010, Baena-Gnzand Sheen, 2008).
SNF1/AMPK/SnRK1 are known to be regulated by sdvwgpatream kinases through
phosphorylation of a conserved threonine residughi T-loop (Hardie, 2007,
Hedbacker and Carlson, 2008, Shen et al., 200%e SnRK1 enzyme consists of
three subunits; alpha, beta and gamma, which fohmetarotrimeric complex. Two
isoforms of the catalytic alpha subunit exist iank, KIN10 and KIN11; KIN12 is
likely to be a pseudogene (Ghillebert et al., 200ranscriptional regulation by
KIN10 in response to darkness, sugar deprivatiah @her stress is mediated via
direct targets genes of KINXuch as genes involved in major catabolic pathways
including cell wall, starch, sucrose, amino acigdid, and protein degradation that
provide alternative sources of energy and metadsdis well as a large number of
genes encoding putative transcription factors (TFBjstones and histone
deacetylases are highly activated or repressed ID)K (Baena-Gonzalez et al.,

2007, Contento et al., 2004, Thimm et al., 200&MaGonzalez and Sheen, 2008).
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KIN1O/KIN11 trigger transcriptional activation arrépression of more than 1000
genes under energy stress conditions such as dwghslucrose, low glucose
concentrations or dark conditions, (which limit pt&ynthesis), and cause changes in
the expression (Baena-Gonzalez et al., 2007, B&maalez and Sheen, 2008),
allowing plants to re-establish homeostasis by sgging energy-consuming
processes (Baena-Gonzalez et al., 2007). In additbothe well-known roles of
SnRK1 in phosphorylation and in modulating the\atiéis of enzymes important for
carbon and nitrogen metabolism (Halford et al.,208ardie et al., 1998, Sugden et
al., 1999), much research work has reported thavation of KIN10/KIN11 in
energy stress conditions ultimately affects growtid development of plants by
targeting many regulatory factors and downstreagmadiing pathways that are
normally activated by ABA (Baena-Gonzalez, 20B@ena-Gonzalez et al., 2007,
Lovas et al., 2003, Lu et al., 2007, Thelanded.e2@04, Zhang et al., 2001, Jossier

et al., 2009, Rodrigues et al., 2013).

Lee et al. (2009) reported that SnRK1 activity iougg rice seedlings caused
enhanced tolerance of flooding (hypoxia) and Yottsg Cho et al. (2012) reported
similar effects in Arabidopsis plants expressinge rBnRK1, with plants showing
improved tolerance under submergence conditionvaseet al. (2003) observed
increased sensitivity to salt stress in potatotglanwhich repression of StubGAL83
(a regulatoryp subunit of SnRK1) had been achieved using anteseas well as

delayed tuberisation and increased number of tyb&rplant. Baena-Gonzalez et al.
(2007) revealed that KIN10 overexpression causddhrced starvation tolerance,
life span extension, altered plant morphology amding of development in

Arabidopsis. Furthermore they reported that daduaed DIN) genes are affected
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by KIN10 under different stress conditions and ipafarly repressed by sugars and
light and they demonstrated this effect using eng plants overexpressing
KIN10. Moreover, Baena-Gonzalez et al. (2007) reggbthatDIN1 andDING were
affected by KIN10 under stress conditions suchsadggmergence/flooding conditions
as well as in the presence of DCMU (3-(3,4—diahpdrenyl)-1,1-dimethylurea)
which interrupts the photosynthetic electron tramsghain in photosynthesis and
thus blocks the plants ability to convert light Egeto chemical energy in addition to

effects under starvation conditions.

A yeast-2-hybrid screen conducted in our laboratdentified KIN10 as a putative
interactor of full length SFR6/MED16 (Hemsley andight, unpublished) and work
from our laboratory has shown tHafN6 gene expression is impairedsité mutants
(Hemsley et al., 2014). In the light of evidenceirttractions between KIN10 and
SFR6/MED16 and the fact that these two proteinscaféxpression of some of the
same stress-responsive genes (e.gDihegenes), study of the effects of KIN10 on
transcriptional activation of stress genes is oftipalar relevance to study of
SFR6/MED16. Upon considering this situation, thismter attempts to answer the

following questions:

(1) Does KIN10 control the expression of the same &stress-inducible genes
as SFR6/MED16 or a subset of these?

(2) Do KIN10 and SFR6/MED16 act on the same pathwagitgpto expression
of stress genes?

(3) With which part of SFR6/MED16 does KIN10 interact?
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5.2 Results

5.2.1 Measurement of stress inducible-transcriptionn loss of function mutants

of KIN10

To test the first hypothesis, whether KIN10 and 6€Rntrol the expression of same
set of stress inducible genes, loss of functionamist of KIN10 were employed. All
experiments described in this chapter were desifmethe investigation of whether
dark-inducible and other stress gene expressionswaitarly impaired in botlsfré
and kin10 mutants. The main focus was on the stress conditawid, UV, and
drought due to the reason that impaired gene esipresn response to these
conditions has been reported &ir6/medl6mutants (Boyce et al., 2003, Knight et
al., 2009, Knight et al., 1999, Wathugala et a812). In addition the transcriptional
response to conditions including darkness, inhhitiof photosynthesis (using
DCMU) (Baena-Gonzalez et al., 2007) and ABA stimkihown to require KIN10,

was tested isfr6-1 mutants.

The Akin10 mutant (SALK 127939 line from the SIGnAL T-DNA ¢&ttion
(Fragoso et al.,, 2009)) was used to test the efbédbss of KIN10 onDING6
transcription in seven-day-old seedlings subjetbe@ h darkness during the normal
light period. The effect orDIN6 gene expression was not consistent in repeat
experiments with the abowen10-1mutant. This may have been due to a conditional
aspect of the insertional mutation; the T-DNA iniggr in this mutant is in 3’
untranslated region of tH€IN10, and it is possible KIN10 transcript levels ar¢ no

always reduced under all experimental conditions.
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Therefore, an alternative T-DNA insertion line walstained from the Gabi-Kat
collection (web site http://www\.gabi-kat.de/) (GiKe ID 579E09) (the homozygous
line a kind gift from Markus Teige, University of idhna, Department of
Biochemistry, Austria). In this mutant the insentis in the last exon of the gene. All
data presented in this chapter are derived usiisgntiutant kin10-2, GK579E09)
including data using KIN10 complemented lines andeavly generatedfrékinl0

double mutant
5.2.1.1 Expression of dark inducible genes

Light is an essential source of energy for plantettgoment and metabolism and it
affects gene expression by altering metabolic fiowplants (Fujiki et al., 2001,
Tuteja and Sopory, 2008). Therefore identificatioh different conditions that
modify the metabolic status via adopting photosgtitally unfavourable light
conditions is an important approach to understaaastriptional responses of plants

considering it as a potential stress condition.
5.2.1.1.1 Expression oDING in response to dark conditions

It has been reported previously that transientexaession of KIN10 in protoplasts
can elevate the expression of some stress-resgogsives (Baena-Gonzalez et al.,
2007). However, necessity of KIN10 for expressi@as ot been demonstrated, All
dark stress gene experiments described in thistehagre carried out using seven-
day-old seedlings grown on 0.5X MS media on peishels (except where stated
otherwise) and subjected to 6 h darkness by wrgppiividual plates in two layers
of aluminium foil, during the light cycle in the Reval growth chamber. Control
plates remained unwrapped in the chamber under alolight conditions (see
2.12.3).
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Figure 5.1: Dark-induced stress gene expression kin10-2 and Col-0

DING expression in response to dark conditions was medsakin10-2 mutants compared
with Col-0. Seven-day-old seedlings were subjettef h dark conditions by wrapping in
aluminium foil (dark) or leaving them unwrappedfit). In this figure and all of the gene
expression figures in this chapter, the first thhégtograms (a, b and c- with red bars)
represent the gene expression data from three éndept biological replicates. The error
bars in each biological replicate representyR@nd RQiax and constitute the acceptable
error level for a 95% confidence level accordingstadent’s t test and indicate the level of
variation between technical replicates within or@dgical replicate experiment. The fourth
chart (blue bars; d) represents the average ofattmve three independent biological
replicates. Mean average data (in graph d) werklysethusing a one-way ANOVA£0.05)
and pair wise comparisons were made using the Tolethod. Means that do not share a
letter are significantly different.
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Expression of the dark-inducible geD&N6 was analysed in this and all experiments
described subsequently by using qRT-PCR and naathlio expression d?EX4
gene an endogenous control gene (Wathugala e2(dl1). “Relative expression” in
these and all subsequent graphs presented in Hapter represents the fold
difference in expression level compared with thd-@a@ontrol sample and was
calculated using thaACT method (Livak and Schmittgen, 2001). Dark-inthiesi
DING expression irkin10-2 was compared with wild type Arabidopsis plamtshree
independent biological replicate experiments (Fegbirl a, b and c). Reduced levels
of DIN6 gene expression under dark stress were observetl three biological
replicate experiments; however, the degree of remluén expression was different
in each instance. Although a reduction in relagx@ression was seen in all three
replicates, the average gene expression in darkneasignificantly different in

kin10-2 (Figure 5.1d) compared to wild type (p<0.023).
5.2.1.1.2 Expression oDING in response to DCMU

In addition to the dark stimulus, Fujiki et al. () reported that application of the
herbicide DCMU (3-(3,4—dichlorophenyl)-1,1-dimethgg¢a) can also induce the
expression oDIN genes, by interrupting the photosynthetic electransport chain

in photosynthesis and thus blocking the plant'ditgbio convert light energy to
chemical energy. As fold increasesDiNG expression in response to dark to loss of
KIN10 were variable, | examined the effect of DCM DIN6 gene expression to

ascertain whether this form of stimulus would beereproducible than darkness.

To test effects of DCMU oIN6 expression irkin10-2 seven-day-old seedlings
were floated (15-20 seedlings per treatment) ol 5fr@0 uM DCMU contained in

transparent six-well plates or 5 ml of sterile wgieontrol) in the Percival growth
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chamber for 6 h ( see 2.12.5). Expressiol6 was analysed using gRT-PCR as

described above.

DING expression irkin10-2was compared with wild type Arabidopsis plantshiree
independent biological replicate experiments (Feg&:2 a, b and c). A highly
reduced level oDIN6 gene expression ikin10-2was observed in one individual
replicate experiments out of three and in secordl third replicate experiments
higher level ofDIN6 expression were observed. Average gene expredatanfrom
three individual experiments showed that the l@fdDIN6 expression was reduced
in kin10-2but this level of expressiowas not significantly different from that seen
in Col-0 (p<0.561) (Figure 5.2 d). Though | expecimprovement, DCMU did not
improve the reproducibility of the response comgat@ the response under dark

conditions.
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Figure 5.2: DIN6 expression in response to DCMU

DING expression in response to DCMU treatment was medsuarkin10-2 compared with
Col-0. Seven-day-old seedlings were floated onui20of DCMU (DCMU) or sterile water

(C) for 6 h in the Percival growth chamber.Thetfttgee histograms (a, b and c- with red

bars) represent the gene expression data of thEpéndent biological replicates after

normalisation tdPEX4 error bars represent technical variability. Toerth chart (blue bars;

d) represents the average of the above three indepebiological replicates. Mean average

data (in graph d) were analysed using a one-way YANQo0=0.05) and pairwise

comparisons were made using the Tukey method. M#aisdo not share a letter are

significantly different.
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5.2.1.2 Expression of cold and drought-responsiveeges

Cold- and drought-inducible gene expression isngfisoimpaired insfré6 mutants
(Boyce et al., 2003, Knight et al., 2009, Knightaét 1999). So the possibility that

KIN10 also shared in this regulation was testetheexperiments described next.
5.2.1.2.1 Cold-induce&KIN2 expression

Seven-day-old seedlings grown on 0.5X MS medigeini dishes in the Percival
growth chamber were treated &C5for 6 h in a SANYO growth chamber while
control plates were kept at ZD (ambient temperature; amb) (see 2.12.1). Exmessi
of the cold-inducible genKIN2 was analysed using qRT-PCR as described above
and normalised to expressionREX4

Cold-inducible KIN2 expression inkinl02 was compared with wild type
Arabidopsis plants in three independent biologreplicate experiments (Figure 5.3
a, b and c). Consistent levelsKilN2 gene expression kin10-2 in response to cold
were not observed across the three individual cafdi experiments. However
average gene expression data from three individypériments showed a reduced
level of KIN2 in the mutant compared with wild ty@dthough the expression level
was not significantly different (p<0.551) (Figure38). Data were analysed using
one-way ANOVA (=0.05) and pairwise comparisons were made usindl they

method.
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Figure 5.3: Cold-inducedKIN2 expression inkin10-2 and Col-0

KIN2 expression in response to cold was measur&hitD2 compared with Col-0. Seven-
day-old seedlings grown on 0.5X MS media on pasfes were treated atGfor 6 h (cold)

while control plates were kept at°@0(amb).The first three histograms (a, b and chwéd

bars) represent the gene expression data of thmdepéndent biological replicates.

Expression is shown after normalisationPl&X4 in all graphs. The fourth chart (blue bars;

d) represents the average of the above three indepebiological replicates. Mean average
data (in graph d) were analysed using a one-way YANQo0=0.05) and pairwise

comparisons were made using the Tukey method. M#aatsdo not share a letter are
significantly different.
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5.2.1.2.2 Expression of desiccation-responsive gene

Water withdrawal experiments were conducted to \stdesiccation-induced gene
expression. Seven-day-old seedlings grown on 0.5Xrvedia on petri dishes were
subjected to water withdrawal by opening the litiereby exposing the seedlings to
dehydration when returned to the Percival growtanther. Plates were left open in
the growth chamber for 6 h during the light cyclghwno humidity control while
keeping the control plates closed under the sanmelitons (see 2.12.4). The
desiccation/drought-inducible gen&dN2, LTI65 and P5CS1 were selected for
study;KIN2 is aCORgene that contains the CRT/DRIE-acting element (Baker et
al., 1994) in their promoters and are thus targetee CBF1/DREBI1B transcription
factors (Stockinger et al., 1997, Liu et al., 199 CS1lis known to be expressed in
response to water stress and low temperature ambdes D1-pyrroline-5-
carboxylate synthetase (Strizhov et al., 1997) rébe-limiting enzyme in the proline
synthesis pathway (Savouré et al.,, 1995)165 and P5CS1do not contain a
CRT/DRE element in its’ promoter.

Expression of these desiccation/drought-inducitdeeg was analysed using gRT-
PCR and normalised to expressionR#EX 4 an endogenous control gemelative
expression represents the fold value comparedthtiCol-0 control sampland calculated
using theAACT method as described before. Desiccation-inde¢&bN2 expression
in kinl10-2 was compared with wild type Arabidopsis plantsthnee independent
biological replicate experiments (Figure 5.4 a,nd &). Consistently low levels of
KIN2 gene expression kin10-2compared with wild type were observed in all three
individual replicate experiments. Average gene eggion data from three individual
experiments shows that the reductionKiN2 expression irkin10-2 was highly

significant compared to Col-0 (p<0.001) (Figure &)4
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Figure 5.4: Desiccation-inducedIN2 gene expression dtin10-2 and Col-0

KIN2 expression in response to desiccation stress wasured inkin10-2 compared with
Col-0. Seven-day-old seedlings grown on 0.5X MS imeah petri dishes were subjected to
water withdrawal by opening the lids for 6 h (desaiion) while control plates kept closed
(control).The first three histograms (a, b and tthwed bars) represent the gene expression
data of three independent biological replicategpre&ssion is shown after normalisation to
PEX4in all graphs. The fourth chart (blue bars; dyespnts the average of the above three
independent biological replicates. Mean averaga (atgraph d) were analysed using a one-
way ANOVA (a=0.05) and pair wise comparisons were made usiagTitkey method.
Means that do not share a letter are significadifferent.

Desiccation/drought-inducibleTI65 expression irkin10-2was compared with wild

type Arabidopsis plants in the same RNA samplezbase (Figure 5.5 a, b and c). In
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each instance reduced expressionLbF65 in kin10-2 was observed. Unlike in
desiccation-induced®IN2 expression, the average gene expression datatma
individual experiments revealed that the reductiothe level ofLTI65 expression in
kin10-2was not significant compared to Col-0 (p<0.155y(iFe 5.5d).

Gene expression data from the third desiccatiodudible geneP5CS1showed
impaired expression ikinl10-2 compared to wild typen the three independent
biological replicate experiments (Figure 5.6 a, rid &). Similar to desiccation-
inducedKIN2 expression, the average gene expressid?b@fS1lin three individual
experiments showed that the reduced levePBCS1expression irkinl0-2 was
highly significant compared to Col-0 (p<0.001) (fiig 5.6 d). Gene expression data
were analysed using a one-way ANOV#=0.05) and pair wise comparisons were

made using Tukey method.
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Figure 5.5: Desiccation-induced.TI65 gene expression ikin10-2 and Col-0

LTI65 expression in response to desiccation was measarkoh10-2 mutants compared
with Col-0. Seven-day-old seedlings were grown ddXOMS media on petri dishes and
subjected to water withdrawal by opening the lidis 6h (desiccation) while control plates
kept closed (control). The first three histogramsh(and c- with red bars) represent the gene
expression data of three independent biologicalicates. Expression is shown after
normalisation tdPEX4in all graphs. The fourth chart (blue bars; dyespnts the average of
the above three independent biological replicaidsan average data (in graph d) were
analysed using a one-way ANOVAH0.05) and pair wise comparisons were made usig th
Tukey method. Means that do not share a lettesigrgficantly different.
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Figure 5.6: Desiccation-induced®5CS1gene expression ikin10-2 and Col-0

P5CS1geneexpression in response to desiccation was meaguitad10-2 compared with
Col-0. Seven-day-old seedlings grown on 0.5X MS imeah petri dishes were subjected to
water withdrawal by opening the lids for 6 h (deaiton) while control plates were kept
closed (control).The first three histograms (a,niol & with red bars) represent the gene
expression data of three independent biologicalicaes. Expression is shown after
normalisation tdPEX4in all graphs. The fourth chart (blue bars; dyespnts the average of
the above three independent biological replicakdsan average data (in graph d) were
analysed using a one-way ANOVAH0.05) and pair wise comparisons were made using th

Tukey method. Means that do not share a lettesigréficantly different
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5.2.1.2.3 Expression oc€ORgenes in response to ABA

The transcriptional response to ABA is impairedfré mutants (Boyce et al., 2003,
Knight et al., 1999) therefore a possible role KIN10 in the control of gene
expression in response to ABA was investigated. dltve gene shown to be mis-
regulated inkin10-2 mutant in response to desiccation which have ABREheir
promoter. Therefore KIN10 might require for ABA m&igd gene expression.
Seven-day-old seedlings were floated (15-20 segslijper treatment) in 5 ml of 100
uM ABA or 0.1% ethanol as control in transparent-well plates for 6 h in the
Percival growth chamber (see 2.12.6). ExpressidINR2 andP5CS1was analysed
using qRT-PCR and normalised to expressioRIBX4 Relative expression represents
the fold value compared with the Col-0 control sengnd calculated as described in the

first gene expression results.

KIN2 expression was compared betwéerl0-2and wild type Arabidopsis plants in
two independent biological replicate experimenigyFe 5.7 a and b). ABA-induced
KIN2 expression irkin10-2in both instances was similar to that of Col-0 and the
average difference was not significant (p<0.07Weenh the two plant types (Figure
5.7 d). As the results of two replicate experimentse both very consistent and
showed no difference between wild type and mutdme, experiment was not
repeated a third timé25CS1gene expression was also tested in the same sample
and a similar level of expression observediiml0-2and wild type (Figure 5.8 a and
b). AverageP5CSlgene expression (Figure 5.8c) was not signifidettveen the
two plant types (p<0.10). Data were analysed usimne-way ANOVA ¢=0.05)

and pairwise comparisons were made using the Toretiiod.
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Figure 5.7:KIN2 expression in response to ABA

KIN2 expression in response to ABA treatment was medsuarkin10-2 mutant compared
with Col-0. Seven-day-old seedlings grown on 0.5% Bbar plates were floated on 100

of ABA (ABA) or 0.1% ethanol (control) for 6 h imé¢ Percival growth chamber. The first
two histograms (a and b with red bars) represengémne expression data of two independent
biological replicates. Expression is shown aftermmadisation toPEX4 in all graphs. The

third chart (blue bars; c) represents the averdgie above two independent biological
replicates. Mean average data (in graph c) werlysathusing a one-way ANOVA£0.05)
and pairwise comparisons were made using the Takethhod. Means that do not share a

letter are significantly different.
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Figure 5.8: P5CSlexpression in response to ABA

P5CS1lexpression in response to ABA treatment was medsuarkinl10-2 compared with
Col-0. Seven-day-old seedlings grown on 0.5X MSr gdates were floated on 1QMM of
ABA (ABA) or 0.1% ethanol (control) for 6 h in tHeercival growth chamber. The first two

histograms (a and b with red bars) represent tine gxpression data of two independent

biological replicates. Expression is shown aftermmadisation toPEX4 in all graphs. The

third chart (blue bars; c) represents the averdgieo above two independent biological

replicates. Mean average data (in graph c) werlysatusing a one-way ANOVA€0.05)

and pair wise comparisons were made using the Tolethod. Means that do not share a

letter are significantly different
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5.2.1.3 Expression of UV-C responsivieR1gene

A number of genes inducible under UV-C have be@&wshto require SFR6 for their
full expression (Wathugala et al., 2012), therefihie possible role of KIN10 in the
regulation of such genes was tested, Seven-dagexdlings grown on 0.5X MS
media on petri dishes were irradiated with 5 KIshUV-C, (wavelength 254 nm) by
removing the petri plate lids and placing in a Ukéss-linker set to deliver the
designated level of energy. Lids were removed ftbm control plates during the
time taken to administer the treatments. Immedjasdter irradiation, lids were
replaced and all plates returned to the growth diearand samples were taken 24 h
after treatment (See 2.12.2). This time point vedscted as the peak expression time
point for PR1 (Nawrath et al., 2002). Measurements of gene ssmpr were
performed using gRT-PCR amR1gene expression was measured and normalised
to expression of At4G26410, a gene with stable @sgon levels that are not altered
by UV treatments (Wathugala et al., 201Rklative expression represents the fold value
compared with the Col-0O control sampd calculated using th®ACT method as
described earlier.

UV-inducible PR1 expression irkin10-2was compared with wild type Arabidopsis
plants in three independent biological replicatpesinents (Figure 5.9 a, b and c)
and data revealed th&R1 gene expression was higher km10-2 in all three
instances compared to wild type plants. Howevex,abherage gene expression data
from three individual experiments showed that tiheased level d?PR1expression

in kin10-2was not significant compared to Col-0 (p<0.148y(ife 5.9 d). Data were
analysed using a one-way ANOVA=0.05) and pairwise comparisons were made

using the Tukey method.
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Figure 5.9: UV-induced gene expression ikin10-2 and Col-0

PR1expression in response to UV exposure was measuked10-2compared with Col-0.
Seven-day-old seedlings grown on 0.5X MS mediaetni gishes and subjected to 5 KIm
of UV-C (UV) while control plates kept open to &montrol) during the time of treatments.
The first three histograms (a, b and c- with retspeaepresent the gene expression data of
three independent biological replicates. Expressisnshown after normalisation to
At4g26410in all graphs. The fourth chart (blue bars; d)yrespnts the average of the above
three independent biological replicates. Mean ayeedata (in graph d) were analysed using
a one-way ANOVA ¢=0.05) and pairwise comparisons were made usindukey method.
Means that do not share a letter are significadifferent.
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5.2.2 Complementation okin10-2 mutant with wild type AtKIN10

To study the effects of KIN10 on stress gene exes | used only on&inl0
mutant allele in this study due to unavailabilifyamother reliabl&in10 mutant. The
other mutant allele originally studiedkin10 (kin10-1), had shown an apparent
conditional phenotype due to the location of theemion in the mutant and |
therefore avoided using it as the second mutaetealh this study. Therefore, to
confirm linkage of the observed phenotype with KiB10 locus, | created KIN10
complemented lines in kin10-2 mutant backgroundkin10-2 mutant plants were
transformed with 35S::HisHA-KIN10 using the flordip method (see section
2.10.1). A 35S:: HisHA-KIN10 construct was madellry Piers Hemsley by cloning
HisHA-KIN10 in to pENTR D-TOPO (see section 2.5dk)d recombining this into
pK7WG2 using the Gateway® recombination cloninghuodt (see section 2.5.2).

T1 plants were screened for the presence of the T-DN¥ért in the genomic KIN10
sequence okinl0-2 and for the presence of the transgene (HisHA-KIN({&e
Appendix A2.3) and lines scoring positive for baththese were grown to the, T
generation. In the JIgeneration plants were selected that were homazyfmr the
insertion and scored positively for presence of tiamsgene. The level &fIN10
expression was studied in four independent lined thlfilled these criteria and
compared to levels of expressionkin10-2 mutant and Col-0. Primers designed for
the middle of theKIN10 transcript, capable of detecting both native aaddgenic
KIN10 transcript (see Appendix A2.3) were used to camphe level ofKIN10
expression irkin10-2 putative complemented lineksin10-2 ‘mutant and Col-0. The
four complemented lines expressiétN10 (Figure 5.10 a) to a higher level than

observed in Col-0 due the use of the 35S promBtaners, including a reverse
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primer complementary to the 3'UTR of thdN10 transcript (downstream of the
predicted insertion site) were used to compardehel of nativeKIN10 expression
in same lines (Figure 5.10 b). Only Col-0 showededableKIN10 expression,
(Figure 5.10 b) indicating that all of the putatimplemented lines were

homozygous for the mutation.
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Figure 5.10:KIN10 expression levels in putative complementekin10-2 lines

KIN10 expression inkin10-2+35S::HisHA-KIN10 lines were compared with Col-0 and
kin10-2 Seven-day-old seedlings grown on 0.5X MS agaeplavere used. Figure 5.10 (a)
represents the level of totKIN10 expression (detecting both native and transgersirjgu
primers designed for the middle part of tEN10 transcript and primers designed for the
untranslated 3' end of thiKIN10 shown in Figure 5.10 (b) shows level of natkEN10
expression in four complemented linekinfl0-2 kin10-2 'mutant and Col-0. Expression is
shown after normalisation 8EX4 Relative expression represents the fold valuepeoed
with Col-0 control sample and calculated using AT method. Error bars indicate the

level of variation between technical replicateshimitone biological replicate experiment.

5.2.2.1 Protein expression in KIN10 complementedies
Levels ofKIN10 transcript expression were confirmed in KIN10 céenpented lines

(Figure 5.10) and KIN10 protein expression in theses was assayed as described
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in section 2.16. Immuno-blot analysis (see secfal6.5) was conducted using
AKIN10 Rabbit polyclonal (primary antibody). Memimes were observed after
incubation with a goat anti-rabbit secondary ardijpoonjugated to HRP to visualize

the protein using chemiluminescence (see sectith &. method.

anti-AKIN10
(61.1 kDa)

Coomasssie
sample loading

control

#2.9 #2.10 #4.1 #4.ZLol-0  kinl10-2

35S::HisHA-KIN10+kin10-2

Figure 5.11: Level of KIN10 protein expression in amplemented lines

Seven-day-old seedlings (20-25 seedlings) were tseazktract protein and g0 of total
lysate (2mg/ml) was loaded onto an SDS gel. The lonene was incubated with AKIN10
rabbit polyclonal primary antibody af@ overnight followed by 2 h secondary antibody
binding with goat anti-rabbit HRP, both at 1:20GQutibn in 5% milk solution. Proteins
were visualized using chemiluminescence and the bremme was observed under a Photon

Counting camera using Photek Image32 software

KIN10 protein expression in the four putative coempénted lines k{n10-2 +
35S::HisHA-KIN10) compared with Col-0 an#in10-2 (Figure 5.11). No KIN10
expression was observed in thdnl0-2 knockout line whereas all four
complementedin10-2lines expressed KIN10 to levels that were sintitewild type
but varied between lines. Line #2.9 demonstrabed|dwest level of expression,

lower than Col-0 and the highest level of exprassvwas observed in line #4.1.
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These data did not correlate closely wWiiN10 transcript expression (Figure 5.10),
however, all four lines ofkin10-2 complementations clearly expressed KIN10

protein, unlikekin10-2mutants.

5.2.2.2 Dark-induced gene expression in KIN10 comgrnented lines

Experiments were carried out using seven-day-okblgsggs grown on 0.5x MS
media on petri dishes and subjected to 6 h in darklitions by wrapping individual
plates in two layers of aluminium foil within thight cycle in the Percival growth
chamber. Control plates were kept under the sameittons in the Percival by
exposing to light conditions (see 2.12.3). Exprassof the dark-inducible gene
DING6 was analysed using gRT-PCR and normalised to ssime of PEX4.Relative
expression represents the fold value compared @athO control sampleénd calculated
using theAACT method as described early in this chapter.

Dark-inducibleDING expression in four confirmed KIN10 complementecdirwas
compared with wild type, an#in10-2 mutants in three independent biological
replicate experiments (Figure 5.12 a, b and c)relaged levels oDIN6 gene
expression under dark stress were observed iowlldomplemented lines compared
to kinl10-2 in three biological replicate experiments amdN6 expression in
complemented lines was similar to the leveDdiN6 expression in wild type plants.
The average values of relative expressioDtfi6 in three independent biological
replicates is presented in Figure 5.12 d and daee vanalysed using a one-way
ANOVA (0=0.05) and pairwise comparisons were performedgusire Tukey
method. Average gene expression data from thregidudl experiments confirm

that DIN6 expression in dark was significantly high in threat of four
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complemented lines compared kan10-2 (Figure 5.12 d) but not significantly
different compared to wild type (P<0.020).

Therefore this shows the DIN6 phenotypekofl0-2 mutants could be restored to
wildtype levels by complementation with the KIN1CGeng. This proves the

phenotype observed in the mutant can actually toéwtied to the KIN10 gene.
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Figure 5.12: Dark-induced stress gene expressiom kin10-2 complemented
lines

DING6 expression in response to darkness was measur&dNib0 complemented lines
compared with Col-0 anklin10-2 Seven-day-old seedlings grown on 0.5x MS media on
petri dishes were subjected to 6 h dark conditi(Dp by wrapping in two layers of
aluminium foil and control plates (L) were kept wapped in the growth chamber. The first

three histograms (a, b and c- with red bars) rgmtethe gene expression data of three
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independent biological replicates. Error bars iatéécthe level of variation between technical
replicates within one biological replicate expenmeThe fourth chart (blue bars; d)
represents the average of the above three indepebdsogical replicates. Mean average
data (in graph d) were analysed using a one-way YANQo=0.05) and pairwise

comparisons were made using the Tukey method. Mé&satsdo not share a letter are

significantly different.

5.2.2.3 Desiccation-induced gene expression in KINtomplemented lines

Water withdrawal experiments were conducted to ystdesiccation-induced gene
expression using seven-day-old seedlings grown.bx BIS media on petri dishes
and subjected to water withdrawal by opening thds,lithereby exposing the
seedlings to growth conditions in the Percival cham Desiccation-treated plates
were left open in the growth chamber for 6 h dutimg light cycle with no humidity
control while keeping the control plates closed emthe same conditions (see
2.12.4).

Expression ofKIN2 in response to desiccation was analysed using BEBR-and
normalised to expression BfEX 4 gene.Relative expression represents the fold value
compared with Col-0 control sampland calculated using thAaACT method, as
described earlier. Desiccation-inducildéN2 expression in four KIN10 complement
lines was compared with wild type akeh10-2 mutants of Arabidopsis plants in
three independent biological replicate experiméhRigure 5.13 a, b and c). Higher
levels ofKIN2 gene expression in all four lineslah10-2+35S::HisHA-KIN10were
observed compared ton10-2in all three individual replicate experiments dhdse
levels were even higher than those seen in Colv@nEhough there was an apparent
difference InKIN2 expression between Col-0 ahh10-2 it was not significant

(Figure 5.13 d).
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Figure 5.13: Desiccation-induced KIN2 gene expression in kinl0-2
complemented lines

KIN2 expression in response to desiccation was measar&tN10 complemented lines
compared with Col-0 ankin10-2 Seven-day-old seedlings were grown on 0.5x MSiuned
on petri dishes were subjected to 6 h water witldt@esiccation (D) by opening the lids
and control plates (C) were kept unopened in tbhatr chamber. The first three histograms
(a, b and c- with red bars) represent the geneesgjfun data of three independent biological
replicates. Expression is shown after normalisatioREX4 in all graphs. The fourth chart
(blue bars; d) represents the average of the atloee independent biological replicates.
Mean average data (in graph d) were analysed asige-way ANOVA ¢=0.05) and pair
wise comparisons were made using the Tukey metfdedns that do not share a letter are
significantly different.
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Similarly, the average gene expressiorK@f2 in four complemented lines was not
highly significant compared to either Col-0 kin10-2 mutant (p<0.693) (Figure
5.13d). Data were analysed using a one-way ANOWAO(05) and pairwise
comparisons were performed using the Tukey methiodvever the trend was that
complementation appeared to restore KIN2 expregsiavild type levels.

In summary, these experiments showed that KIN10 negsired for full expression
of genes in response to some stress conditionsaaidesiccation and dark, but not
all, of the conditions that require SFR6 particiylannder cold and UV stress
conditions. The experiments also indicated thaefifects of loss of KIN10 were not

as severe as those attributable to loss of SFR6.

5.2.3 Epistatic analysis using asfr6-1kin10-2 double mutant

The above experiments established that loss of BINEults in middle version of
some of the same transcriptional defects associatedoss of SFR6. The following

experiments were designed to test whether one iontags epistatic to the other, by
examining whether the effect of combining both niotain one plant was additive.

5.2.3 1 Selection of double mutant lines &ffr6-1kin10-2

To test the second hypothesis proposed in thistehapat KIN10 and SFR6 act in
the same pathway leading to stress gene expressiommduced asfr6-1kinl10-2

double mutant to be used in epistatic analysis.

The homozygousfr6-1 mutant was crossed wiin10-2 (the pollen dongrand the
F1 generation was tested for the presence of the A-Didertion inKIN10 (see

Appendix A2.3 for primers). Three successful cesssere used to obtain feeds
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and this generation was tested for the absencetbfengenomic KIN10 and the
presence of the T-DNA insertion using the sameosetimers described above (i.e.
confirmation of homozygosity for the insertion)ngily, F; plant lines fulfilling the
above requirements were screened to obtain linesohggous for thesfr6-1
mutation. Plants were genotyped using a TagMarialtkscrimination assay to
identify the SNP associated withfr6-1 (see Appendix A2.3) using Applied

Biosystems 7300 machine (see section 2.10.3).

Allele Y (Allele G)

CoO homozygous lines

®e, * for sfr6 allele
s

homozygous lines
for wild type allele

o - | A heterozygous lines

6000 f X NTC

o000 500 1.000 1500 2000 2506 2000 500 4000 4500 5000

Allele X (Allele A)

Figure 5.14: Results of allelic discrimination assa of sfr6-1kin10-2 double

mutant lines

Genomic DNA was extracted from leaves of three-waldk plants. Three technical
replicates were used for each sample. Water was as@on-template control (NTC) along
with two positive controls of Col-0 andfr6-1 mutant. The graph represents data
corresponding to the selection of two lines thatenidentified as homozygous fsfr6-1
The allelic discrimination plot clearly indicatdsethomozygotes for each allele, blue circles
for allele Y 6fr6), diamond shapes for allele X (wild type) and theterozygotes (green

triangles) for the presence of both alleles.
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Results of the allelic discrimination assay usedédtect two homozygous lines for
the sfr6-1 mutation from a single original cross are presgnteFigure 5.14. The
same procedure was followed to select a third hggzs line but using different
lines originating from a separate original crodse &llelic discrimination plot clearly
indicated (Figure 5.14) that homozygotes for all¥le(sfr6) in blue circles and
homozygotes for allele X (wild type) in blue diangdoshapes. Further heterozygote

lines displaying both allele forms are indicatedgogen coloured triangles.
5.2.3.2 Dark-inducible gene expression isfr6-1kin10-2double mutant lines

In this experiment | attempted to investigate whketthe addition of thé&inl10-2
mutation would further diminish the level of darducible gene expression in the
sfr6-1background. For this, dark gene expression expetsneere carried out using
seven-day-old seedlings grown on 0.5X MS mediaeain dishes and subjected to 6
h dark conditions by wrapping individual platestimo layers of aluminium foil
during the light cycle in the Percival chamber. €oihplates were kept under the
same conditions in the chamber by exposing to ligee 2.12.3).

Expression ofDIN6 in response to darkness was analysed using qRT-R€R
normalised to expression d?PEX 4 Relative expression represents the fold value
compared with Col-0 control sampénd calculated using th@ACT method, and the
error bars in each biological replicate represe@iyR and RQ@ax and constitute the
acceptable error level for a 95% confidence legebading to Student’s t tedDING
expression was compared in three linesfod kin10-2the double mutant, wild type
and the two single mutants of Arabidopsis plants ineéhindependent biological
replicate experiments (Figure 5.15 a, b and>¢tIN6 gene expression sfr6 kin10-2

double mutantsvas lower than observed in wild type and this waseoved in all
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Figure 5.15: Dark-induced stress gene expression $fr6-1kin10-2lines

DING6 expression in response to darkness was measuredréa lines ofsfr6kin10-2

compared with Col-0sfr6 andkin10-2 Seven-day-old seedlings were grown on 0.5X MS
medium on petri dishes and subjected to 6 h damklitons (D) by wrapping in aluminium

foil. Control plates (L) were kept under the samaditions in the Percival by exposing to

the light conditions. The first three histogramsk{@and c- with red bars) represent the gene

expression data of three independent biologicdicates. Error bars indicate the level of

variation between technical replicates within or@dgical replicate experiment. The fourth

chart (blue bars; d) represents the average ofattmve three independent biological

replicates. Mean average data (in graph d) werlysathusing a one-way ANOVA£0.05)

and pair wise comparisons were made using the Talethod. Means that do not share a

letter are significantly different.
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three biological replicate experiments. Average egempression data from three
individual experiments showed significant differeacbetween (p<0.001) all three
lines of sfrékin10-2 compared withkin10-2 and wild type but no significant

difference compared with thefr6-1 mutant (Figure 5.15 d). Data were analysed
using a one-way ANOVAo=0.05) and pairwise comparisons were performedgusin

the Tukey method.
5.2.3.3 Desiccation-induced gene expressiongfi6-1kin10-2double mutant lines

This experiment was designed to investigate whetmddition of thekinl0-2
mutation would increase the effect of thf6-1 mutation on desiccation-induced
gene expression. Experiments were carried out usrgn-day-old seedlings grown
on 0.5X MS medium on petri dishes and subjectedater loss by opening the lids
thereby exposing the seedlings to growth conditiarthe Percival growth chamber.
Plates were left open in the growth chamber for duting the light cycle with no
humidity control while keeping the control platdesed under the same conditions
(see 2.12.4).

Expression of the drought-inducibkdN2 gene was analysed using gRT-PCR and
normalised to expression BEX4gene Relative expression was calculated as explained
above Desiccation-inducible&KIN2 expression in three lines affr6-1kin10-2was
compared with wild typesfr6-1 andkin10-2 mutants of Arabidopsis plants in three
independent biological replicate experiments (Feg®.16 a, b and c). Greatly
reduced levels dkIN2 gene expression in three linessfif6-1kin10-2were observed

in all three individual replicate experiments comgghto kin10-2 but levels were
similar to those observed sir6-1 Further average gene expression data from three

individual experiments was highly significant beemgp<0.001) all three lines of
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Figure 5.16: Desiccation-induceKIN2 gene expression irsfr6-1kin10-2

KIN2 expression in response to desiccation was measarédee lines ofsfr6-1kin10-2
double mutant compared with Col<£fr6 andkin10-2 Seven-day-old seedlings were grown
on 0.5X MS medium on petri dishes were subjectel howater withdrawal/desiccation (D)
by opening the lids and control plates (C) weret keppened in the growth chamber. The
first three histograms (a, b and c- with red baepyesent the gene expression data of three
independent biological replicates. Expression iswshafter normalisation t®EX4 in all
graphs. The fourth chart (blue bars; d) represtngt@verage of the above three independent
biological replicates. Mean average data (in graphwere analysed using a one-way
ANOVA (a=0.05) and pair wise comparisons were made usiadrtikey method. Means
that do not share a letter are significantly difer
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sfr6-1kin10-2 compared withkin10-2 and wild type however not significant
compared with thesfr6-1 mutant (Figure 5.16 d). Data were analysed usiogex
way ANOVA (¢=0.05) and pairwise comparisons were performedgutie Tukey

method.

5.2.3.4 Response affr6-1kin10-2double mutants to drought stress

Level of desiccation/drought-induced gene expressfdN2 were reduced in all
three lines of thefr6-1kin10-2double mutant, but were not lower than those geen
the single sfr6-1 mutant. Reduced levels of desiccation—-indud€dN2 gene
expression are strongly correlated with reducedlteuf drought tolerance (reported
in chapter 3 in section 3.2.31). The purpose o thiperiment was to check the
effect of double mutation is not additive drought tolerance in the double mutant,
showed a similar pattern to that observed in thglesfr6-1 mutant as seen KIN2
gene expression.

Therefore, a drought tolerance assay was condwitbdvild type, single mutants of
sfr6-1 and kin10-2 and three lines ofsfr6-1kin10-2 double mutants. Drought
tolerance assays were performed using seedlinggngoa peat plugs and maintained
in short days for 25 d post-germination. Plantsensaubjected to water withdrawal
for 14 days (after which approximately 50% of wilgbe plants showed a wilting
appearance) and then re-watered. The number ofsptamviving out of ten plants
used in each experiment and exhibiting re-growthith vgreen meristems was
assessed after a further 10 days (see materialsnatitbds 2.15.4). Average data

from three separate biological replicate experiménpresented in Figure 5.17.
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Figure 5.17: Level of drought tolerance insfr6-1kin10-2mutants

The average of three survival percentages fromettgeparate biological experiments
(replicates) conducted with ten plants in each saxpmt is shown in the above
histogram.Twenty five day-old plants were subjediedvater withdrawal for 14 days, re-
watered and the number of plants surviving on thelfth day after re-watering was
recorded. Error bars shown represent standard diSE) calculated from arcsine
transformed values as appropriate for proportiatzh and indicate the level of variation
between biological replicate experiments. Non-agping error bars denote means that are
significantly different (P < 0.001).

These data demonstrate the reduced tolerance ithrak lines ofsfr6-1kin10-2
mutants and it is significantly differenti€0.05) compared to Col-0 arkdin10-2
mutant. Average tolerance data shows no significhiférence between the three
lines of double mutants and $&r6-1 (Figure 5.17). This is further supported by the
Figure 5.18, a representative picture taken from $siecond drought tolerance
experiment in this study. Perhaps surprisingly,Kkimd0-2 single mutant showed no

reduction in desiccation tolerance compared to tyite, despite its reduced levels
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of desiccation-induce&IN2 expression. It seems most likely that the reduactio
KIN2 expression observed kin10-2was insufficient to exert a significant effect on
tolerance thoughkinl10-2 shows reduced tolerance compared to wild type. é¥ew
in neither case (expression or tolerance) wereeffexts of the two mutations in

response to desiccation additive.
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sfr6-1kin10-2#A33 sfr6-1kin10-2#A41 sfr6-1 kin10-2#B10

Figure 5.18: Sensitivity ofsfr6-1kin10-2double mutants to drought conditions

Representative pictures of each plant type seldmetthe second drought tolerance assay
are presented here. Twenty five-day-old plants grow peat plugs were subjected to

withdrawal of water for 14 days (after which appnoately 50% of wild type plants showed
a wilting appearance) and then re-watered. The euiibplants surviving and exhibiting re-

growth was assessed after a further 10 days artdgraphed.
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5.2.3.5 Response o0$fr6-1kin10-2 double mutant to dark-induced starvation

stress

To study whether the reduced level of gene exprassinder dark conditions
correlates with reduced level of dark-induced stion tolerance, experiments were
conducted using the plant lines described aboveersday-old seedlings grown on
0.5xMS agar plates were covered in two layers offé 14 days to provide dark
conditions whilst keeping control samples unwrapgdtplates were transferred to
a Percival growth chamber (see section 2.15.5)adted 14 days of dark plates were
unwrapped and returned back to the same condiiioribe Percival. Number of
plants surviving and exhibiting re-growth was asedsafter a 3 days of normal
light:dark cycle in the Percival growth chamber.efage data from two separate
biological replicate experiments are presentedgure 5.19.

Average data of these experiments demonstrate rétatced level of starvation
tolerance in all three lines &fr6-1kin10-2mutants and it is significantly different
(0=0.05) compared to Col-0 arkdn10-2 mutant. Data showed that there was no
significant difference between the three lines ofille mutants andfr6-1 (Figure
5.19). Figure 5.20, a representative picture talkem second starvation tolerance
experiment in this study showed the appearancdefptants after recovery from
dark-induced starvation. As seen in the previoypegments with regard to
desiccation, there was no evidence that the effettthe two mutations were

additive.
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Figure 5.19: Level of dark-induced starvation toleance insfr6-1kin10-2
mutants

The average of survival percentages from two sépdimlogical experiments (replicates)
conducted on 0.5xMS agar plates is shown in theeahstogram. Seven-day-old seedlings
on plates were covered in two layers of foil fordays and then plates were unwrapped and
returned to the Percival growth chamber and thebmurof plants surviving and exhibiting
re-growth was recorded after 3 days. Error barswvehecepresent standard error (xSE)
calculated from arcsine transformed values as g@pjatte for proportional data and indicate
the level of variation between biological replicateperiments. Non-overlapping error bars

denote means that are significantly different (®601).
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sfr6-1kin10-2#A33 sfr6-1kin10-2#A41 sfr6-1 kin10-2#B10

Figure 5.20: Sensitivity ofsfr6-1kin10-2double mutants under dark-induced
starvation conditions

Representative pictures of each plant type selefited the second starvation tolerance
assay are presented here. Seven-day-old seedlogs gon 0.5xMS agar plates were
covered in two layers of foil for 14 days to prowidark conditions and kept in Percival
growth chamber. After 14 days plates were unwragpetreturned back to same conditions
in the Percival and number of plants surviving artibiting re-growth was assessed after a

further 3 days and photographed.

In summary both gene expression and tolerance waiader desiccation-induced
drought and dark-induced starvation conditions destrated that effect odfr6-1
andkin10-2double mutant were not additive, indicating thathbgenes were likely

to act on the same pathway.
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5.2.4 Overexpression of KIN10 in wild type andsfré mutant backgrounds

5.2.4.1Selection of KIN10 overexpression lines i€ol-0 and sfr6-1 backgrounds

Use of KIN10 overexpressing lines in wild type asfl6-1 mutant backgrounds
formed the basis of the second approach to tessengnd hypothesise KIN10 and
SFR6 acts on the same pathway leading to expressistress genes. The aim of
these experiments was also to test the order ichMdIN10 and SFR6 may act on
the pathway. Baena-Gonzalez et al. (2007) showatdplants (leaves and mesophyll
cells) overexpressing KIN10 exhibit higher levelstfess gene expression compared
to wild type, especially dark-induced genes IiX&N1 andDING, specifically in the
absence of stress. Therefore it was of interesstioly the behaviour o$fr6-1
mutants overexpressing KIN10 to study whether tweguld exhibit increased
expression of stress genes in the absence of .skEgsal increases in stress gene
expression in response to KIN10 overexpressioroih backgrounds would signify
that SFR6 is not required for this particular fumetof KIN10. Lack of effect of
overexpression of KIN10 iefr6-1 mutants would indicate that SFR6 is essential for
KIN10 to perform its function.

Col-0 andsfr6-1 mutant plants were transformed with an N-termifusion of
KIN10 with His and HA epitope tags (35S::HisHA-KINJ, the same vector used to
create KIN10 complemented lines (see sections 2/4d12.5.2) under the control of
the constitutive 35S promoter, using the florg thethod (see section 2.10.1) and
kanamycin resistant transformants were selectesl §setion 2.10.1.4). Putativg T
transformants were screened for the presence ofrémsgene (HisHAKIN10) as
described in section 5.2.2 and 5.2.3 and seedectedl from lines that scored
positive in Col-0 andfr6-1 backgrounds. Aplants were tested for the expression of

KIN10 using seven-day-old seedlings grown on 0.5X MSiomedon petri dishes
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with primers designed for the fifth and sixth imigo of KIN1O transcript (see
Appendix A2.3 for the primers KIN10-mid-RT F/R) tetect both native and
transgene KIN10. Results showed tK#N10 expression was elevated in all putative
transformants with a Col-0 background but that nohsfr6-1 background putative
transformants expressed elevated level&Idf10 (Figure 5.21 a and b). Repeated
attempts were made to assay for the presence wi gergth transcript generated
from the construct but all confirmed that transtsifstom the KIN10 transgene were
either not present in the putative transformangsptte showing basta resistance), or
were truncated.

Following failure to transfornsfr6-1 plants with 35S::HisHA-KIN10sfr6-1 mutant
plants were crossed with two independent wild t3%:: KIN10 transformants
created as described above. Col-0 wild type lireearfl #11 overexpressing HisHA-
KIN10 were used to cross witfr6-1 mutant plants, as they exhibited the highest
and lowest levels ofKIN10 expression respectively amongst the wild type

transformants (Figure 5.21a).

(@)

(b)
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Figure 5.21: KIN10 expression in wild type and sfr6-1 mutant plants
transformed with 35S::HisHA-KIN10

KIN10 expression in Igeneration of Col-0 + 35S::HisHA-KIN10arsfk6-1+ 35S::HisHA-
KIN10+sfr6-1 was compared with expression in untransformed Co&6ven-day-old
seedlings grown on 0.5X MS agar plates were usigdiré5.21 (a) represents the level of
KIN10 expression measured using cDNA reverse transcribgd AMV (Avian
Myeloblastosis Virus) reverse transcriptase in gogjion with an oligo dT primer. Figure
5.20 (b) represents the level KIN10 expression measured using cDNA reverse transcribed
with M-MLV (Moloney Murine Leukemia Virus) reversanscriptase with an oligo dT
primer. Expression is shown after normalisatioPEX4 Relative expression represents the
fold value compared with Col-0 control sample aattalated using thAACT method, and
the error bars in each graph represent;R@nd R@ax and constitute the acceptable error
level for a 95% confidence level according to Shitet test. Error bars indicate the level of

variation between technical replicates within oradgical replicate experiment.
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The R generation of the above crosses were tested éopritsence of the transgene
using primers specific to both the tag (forwardnmt) and to th&IN10 cds (reverse
primer. See Appendix A2.3 for the primer sequencas) positive lines were
selected for the production of Beeds. § seedlings from the selected lines were
tested to obtain lines homozygous for #fe5-1 mutation. Plants were genotyped
using a TagMan allelic discrimination assay to idgrthe SNP associated witir6-

1 (see appendix A2.1) using Applied Biosystems 73@@hine (see section 2.10.3).

Allelic Discrimination

‘ . 4
VY .
| AN 1@ homozygous lines

A= for sfr6 allele

homozygous lines
for wild type allele

/\ heterozygous lines

Allele Y (Allele G)

X NTC

XK 0”

Allele X (Allele A)

Figure 5.22: Results of Allelic discrimination assa of F, segregants from two
cross betweersfr6-1 and Col-0 35S::HisHA-KIN10

Genomic DNA was extracted from leaves of three-waldk plants. Three technical
replicates were used for each sample. Water was faseno template control (NTC) along
with positive and negative (Col wt a6 mutant) controls. The graph shows data from
segregating lines that were identified as homozgdgou thesfr6-1 mutation (red circles),
homozygous for the wild type allele (dark blue disris) or heterozygous (turquoise
triangles). Also shown are known Col-0 asfds-1 homozygous lines for comparison (same

symboals).
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Results of the allelic discrimination assay weredu® select three lines homozygous
for the sfr6-1 mutation; two of which were the progeny of a cregsh Col-0
transformant #6 and one the progeny of a cross with (figure 5.21). Three
segregating lines that were homozygous for the Witk SFR6allele originating

from the same two crosses between the line #6 hhdvire also selected.

5.2.4.2KIN10 expression levels in 35S::His-HA-KIN10 transformats in Col-0

and sfr6-1 backgrounds

Levels of KIN10 expression were tested in lines of 35S::HisHA-KOIN1
overexpressers of both backgroundsing seven-day-old seedlings of F3/T3
generations. All selected overexpression lines fraifd type (Col-0) andsfr6
background showed a higher levelKIN10 expression compared to Col-0 (Figure
5.23 a, b and c) untransformed line. Level KiN10 expression pattern was
consistent among three biological replicates howéwghest expressers were the
lines originated from line #6 overexpressing 35&HA-KIN10 in Col-0 where as
lowest expressers were the lines from crosses#tithoverexpressing 35S::HisHA-
KIN10 in Col-0 (Figure 5.23aRelative expression represents the fold value coedpa
with Col-0 control sampland calculated using t®ACT method, and the error bars in
each biological replicate represent fg@and RQax and constitute the acceptable
error significant difference among Col<€ff6-1 and six other lines of 35S::HisHA-
KIN10 overexpression in both Col-0 asfl6-1 (p<0.001) except line #11 of Col-
0+35S::HisHA-KIN10+Col-0 and line #11.2.5 sfir6-1+35S::HisHA-KIN10 (Figure
5.23 d). Data were analysed using a one-way ANOWAO(5) and pairwise
comparisons were done using Tukey method. All oyession lines in both wild
type andsfré background were overexpressikiN10 compared to Col-0 (wild type

untransformed).
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Figure 5.23:KIN10 overexpression in Col-0 anafr6-1 backgrounds

KIN10 expression levels were compared in Col-0 afré-1 lines overexpressing HisHA-
KIN10 and untransformed lines of the same backgteuBSeven-day-old seedlings grown on
0.5X MS agar plates were used to monikdN10 expression using primers designed to
detect both the nativEIN10 transcript and the transcript arising from the rexpression
construct. Expression is shown after normalisatmREX4 Relative expression represents
the fold value compared with Col-0 control sampte aalculated using th@ACT method,
and the error bars in each biological replicateespnt RQy and RQax and constitute the
acceptable error level for a 95% confidence lewebading to Student’s t test. Error bars
indicate the level of variation between technicgblicates within one biological replicate
experiment. The red dashed line represents thé ¢&éueN10 expression in untransformed
Col-0.
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5.2.4.3 Protein expression in different KIN10 overgpression lines

Levels of KIN10 transcript expression were confirmed to be higimerKIN10
overexpresion lines isfr6-1 and Col-0 backgrounds compared to untransformed
wild type (Col-0) (Figure 5.24). KIN10 protein exgssion in these lines was assayed
as described in section 2.16. Immuno-blot analysee section 2.16.5) was
conducted using AKIN10 Rabbit polyclonal primarytibody. Membranes were
observed after incubation with a goat anti-rablmtitkendy conjugated to HRP to

visualise the protein using chemiluminescence ¢segon 2.16.6) method.

anti-AKIN10
(61.1 kDa)

Coomassie
sample loading
control

Lane 1 2 3 4 5 6 7 8 WT kin10-2 sfr6-1

Figure 5.24: Level of KIN10 protein expression inKIN10 overexpression lines

Seven-day-old seedlings (20-25 seedlings) were tseazktract protein and g0 of total
lysate (2mg/ml) were used on SDS gel. Membrane iwasbated with AKIN10 Rabbit
polyclonal primary antibody at’@ overnight followed by 2 h secondary antibody bigd
with Goat anti-Rabbit HRP both were at 1:2000 @los in 5% milk solution. Proteins were
visualized using chemiluminescence and membraneolssrved under a Photon Counting
camera using Photek Image32 software. Samplessanmtethe lanes are as follows; Lane
1= #6, lane 2= #6.1.5, lane 3= #6.1.6, lane 4= #ade 5= #11.2.8 of 35S::HisHA-
KIN10+Col-0 and lane 6= #6.1.19, lane 7= #6.1.34, lane 8= #310? 35S::HisHA-
KIN10+sfr6-1, lane 9= Wt, lane 10kin10-2 lane 11=sfr6-1

242



Chapter 5

Lines overexpressingIN10 in both wild type andfr6-1 backgrounds were tested
for overexpression of KIN10 protein comparedsfos-1 (Figure 5.24). No KIN10
expression was observed in tkie10-2 knockout line and weak bands could see in
both Col-0 andsfr6-1 Strong bands were observed in all other sammeypared to
Col-0. The highest level of KIN10 expression was#th1.34 that overexpressing
KIN10 in sfr6-1 background transformant. Relative levels of KINp@otein
expression in these lines are likely to be highantin the wild type overexpression
lines. However lanes 5 and 9 show a band that igh®same size as the KIN10
band in all the other lanes, so these might natbBEKIN10 levels. As lane 9 is wild
type KIN10 (not tagged transgenic KIN10) , it isat that lane 5 might be similar to
wild type ( not transgenic KIN10) so not a KIN10ep\expresser.

5.2.4.4Dark- and cold-inducible gene expression in wild gge andsfr6-1 KIN10
overexpression lines

Previous published work by Baena-Gonzalez et @072 showed that transient
overexpression of KIN10 in protoplasts from mesdpbgils caused elevated levels
of DIN6 and DIN1 expression specifically in the absence of str@3serefore
experiments described below were designed to stimtyeffect of KIN10 stable
overexpression in seedlings of wild type andsfr6-1 mutant background to test
second hypothesis proposed in this chapter, thitl&land SFR6 act in the same
pathway leading to stress gene expression as wédl #est whether MED16/SFR6 is
required for expression mediated by KIN10.

Equivalent increases in stress gene expressioasponse to KIN10 overexpression
in both backgrounds would suggest that SFR6 isrequired for this particular
function of KIN10. Lack of effect of overexpressiaf KIN10 in sfr6-1 mutants

would show that SFR6 is essential for KIN10 to penf its function.
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DIN6 gene expression was measured in untreated seyenldlaseedlings
overexpressing HisHA.KIN10. Two lines out of fivimds of Col-0 overexpressing
HisHA-KIN10 exhibited significantly higher leveld ®IN6 gene expression and two
lines shown higher levels but not significantly thigpmpared to Col-0 whereas one
line showed similar level of expression as in Col® contrast to above all three
sfr6-1lines overexpressing HisHA-KIN1€howed reduced levels BIN6 compared
to Col-0, similar to the levels of expression oledrin untransformedfré-1
Average gene expression data across three indepdnidigical repeat experiments
showed no significant difference between Co$f6-1 and the thresfr6-1 KIN10
overexpressers but significant differences werentesl between four out of the five
wild type overexpressing lines and all three ovpregsers in thsfr6-1 background
(p<0.001) (Figure 5.25 d). Data were analysed uairane-way ANOVA ¢=0.05)
and pairwise comparisons were made using the Tuonetiiod.

Similar results were obtained when the same sanwes tested for expression of
another dark-responsive genBCAT2, (Figure 5.26 a, b and c). Significantly
increased levels @CAT2expression were observed in one line out of fiveé ather
three lines shown increased levels but not sigmitky high in wild type
overexpressing KIN10 compared to untransformed @Cdlowever, increases were
less pronounced than those seen \BItN6 (Figure 5.25). Average gene expression
data from three individual experiments (Figure 53@&lemonstrated that wild type
overexpresser line #11.2.8 was the highest expred€CAT2and the increase in
expression level was highly significant comparedCiol-O (p<0.000). Data were
analysed using a one-way ANOVA=0.05) and pairwise comparisons were made

using the Tukey method.
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Figure 5.25:DIN6 gene expression in untreated KIN10 over-expressidimes in
wild type and sfr6-1 backgrounds

DING6 expression in response to light was measured irOGoidsfr6-1 mutants with and
without His-HA overexpression. Seven-day-old sewligrown on 0.5X MS media on petri
dishes were sampled during the light period. That three histograms (a, b and c- with red
bars) represent the gene expression data of thdepéndent biological replicates. Error bars
indicate the level of variation between technialicates within one biological replicate
experiment. The fourth chart (blue bars; d) represdhe average of the above three
independent biological replicates. Mean average @atgraph d) were analysed using a one-
way ANOVA (0=0.05) and pairwise comparisons were made usingTtileey method.
Means that do not share a letter are significadifferent. The red dashed line represents the
level of DING expression in Col-0.
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Figure 5.26:BCAT2 expression in untreated KIN10 over-expression lines wild

type andsfr6-1 backgrounds

BCAT2expression in response to light was measured iF0Goidsfr6-1 mutants with and
without His-HA overexpression. Seven-day-old sewligrown on 0.5X MS media on petri

dishes were sampled during the light period. That three histograms (a, b and c- with red

bars) represent the gene expression data of thdepeéndent biological replicates. Error bars
indicate the level of variation between technicgblicates within one biological replicate
experiment. The fourth chart (blue bars; d) represehe average of the above three

independent biological replicates. Mean averaga (atgraph d) were analysed using a one-

way ANOVA (0=0.05) and pairwise comparisons were made usingTtiieey method.
Means that do not share a letter are significatifferent. The red dashed line represents the

level of BCAT2expression in Col-0.
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These data clearly demonstrated that reduced EvBICAT2 gene expression in
plants overexpressing HisHA-KIN10 ifr6-1 background compared to wild type
(Col-0) overexpression lines, which further agreath the results obtained with
DING6 gene expression.

In addition, same light exposed samples were tdsieedxpression of another dark-
responsive geneKIN2 using seven-day-old seedling&IN2 expression was
measured in the five wild type background KIN10 rexg@ression lines and three
sfr6-1 background overexpressers and compared with CaleDs&6-1 in three
independent biological replicate experiments (Fegal27 a, b and c).

Four lines out of five wild type background KIN1®@avexpressers exhibited higher
expression ofKIN2 compared to Col-0 (line #11.2.8 is not actuallywh the
expression of correct size of protein) whereas radrtee three overexpression lines
in the sfr6-1 background showed increaseskiiN2 expression above levels seen in
untransformedafr6-1 Although a consistent trend was clearly visildeoas replicate
experiments, average data did not show signifiddférences between Col-8fr6-1,
(p<0.464) the threesfr6-1 KIN10 overexpresserand four of the five wild type
overexpression lines, although wild type line #& show a significant difference
from the others (Figure 5.23d). Data were analyssimhg a one-way ANOVA

(0=0.05) and pairwise comparisons were made usingukey method.
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Figure 5.27:KIN2 gene expression in unstressed KIN10 over-expressitines in

wild type and sfr6-1 backgrounds

KIN2 expression in non cold/drought treated Inutesponse to light was measured in

Col-0 andsfr6-1 mutants with and without His-HA overexpressiBeven-day-old seedlings

grown on 0.5X MS media on petri dishes were samglatihg the light period. The first

three histograms (a, b and c- with red bars) remtethe gene expression data of three
independent biological replicates. Error bars iatidhe level of variation between technical

replicates within one biological replicate expentneThe fourth chart (blue bars; d)

represents the average of the above three indepiebd#ogical replicates. Mean average

data (in graph d) were analysed using a one-way ¥YAQo=0.05) and pairwise

comparisons were made using the Tukey method. Mésatsdo not share a letter are
significantly different. The red dashed line reprgs the level oKIN2 expression in Col-0.
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By analysingDIN6, BCAT2andKIN2 gene expression data, | could see a consistent
pattern of gene expression showing that higherl lef’/@xpression of above three
genes in wild type plants overexpressing KIN10 &ud not the lines offr6-1
overexpressing KIN10. The effect BIN6 expresssion in total seedlings of this
study in is in the agreement with the finding ofeBa-Gonzalez et al. (2007) who
reported that overexpression of KIN10 caused etelvivels oDING expression in
protoplasts of wild type. Increases KIN2 expression (Figure 5.27) were large
compared to increases IDIN6 and BCAT2 in wild type background and the
impairment in expression &fIN2 in sfr6-1 more pronounced. All these data imply
that, this effect was not evident in tsie6-1 background, suggesting the necessity of
SFR6/MED16 for KIN10 to function in this manner,daimdicating that KIN10 may

act upstream of SFR6/MED16 in the control of stigese expression.

5.2.5 Phenotypic study of KIN10 overexpression in Col-0 rad sfr6-1

backgrounds

Baena-Gonzalez et al. (2007) reported that KINl@rexpression in wild type

caused altered inflorescence architecture and eeélajowering and onset of

senescence under very long days (20h light/ 4h)d@Herefore flowering phenotype
of KIN10 overexpression in wild type as well assir6-1 background was an interest
to see any altered flowering phenotypesiré-1 backgroundsfr6-1 mutant plants are

known to be late flowering compared to wild typanik (Knight et al., 2008, Knight
et al., 1999).

Seven-day old seedlings were planted on single plegs and maintained in long

day conditions (see section 2.1.4) for 4-weeks. gamson of the flowering time
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(@)

Col-0 #6 #6.1.5 #11 #11.2.8 kin10-2

(b)

Col-0 sfré6-1 #6.1.19 #6.134 #11.2.5 kin10-2

35S::HisHA-KIN10 +sfr6-1

Figure 5.28: Flowering phenotype of KIN10 overexprssing lines

Plants were grown individually on peat plugs andntaéned under long day conditions (16h
light/8 h dark) at 2fC. The flowering phenotype of five—week-old plaoteerexpressing
KIN10 in wild type andsfr6-1 backgrounds was compared with Cokih10-2 andsfr6-1
mutants. Same control Col-0 plant is in both phphs and chosen as a representative

plants of 15 plants observed in this phenotypidtu
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phenotype of KIN10 overexpressers in Col-0 afré-1 backgrounds was observed
using 15 plants of each.

| observed the same altered phenotype in KIN10 exymessing in wild type
background (Figure 5.28 a) as reported previouglgnts exhibited a short
inflorescence and delayed flowering compared to@ahdkin10-2 evidencing the
role of KIN10 in determining plant shape and depeiental transition timing
(Baena-Gonzalez et al., 2007).

These flowering phenotype data may suggest thatlBIbverexpression isfré-1
background failed to cause phenotypic effects sedbol-0 overexpressers, adding
to evidence of the necessity of SFR6 for activatbulifferent signalling pathways
by KIN10. However, given the already severely dethylowering insfré6 mutants
(Knight 2008) it is difficult to conclude for cermathat KIN10 overexpression does

not further delay flowering in this background.

5.2.6 Interaction between KIN10 and truncated fragments 6 SFR6/MED16

A yeast-2-hybrid screen in our laboratory identfleIN10 as a putative interactor of
SFR6/MED16 and confirmed this interaction by Co-iomoprecipitation (Hemsley
and Knight, unpublished). To test which domainsS&fR6/MED16 interact with
KIN10 the ability of truncated fragments of SFR6/DIES (created in chapter 4) to
interact with KIN10 was studied.

Six SF truncations tagged with GFP created in @raptand the 35S::HisHA-KIN10
construct (see section 5.2.2) were transformed Agmbacterium tumefaciernss
described in section 2.11.2. Tobacco leaves weiaftwated with the two cultures
of Agrobacterium(as described in section 2.11.2). After 48 h iratidm leaf samples

were harvested and protein extraction and quaatifin was carried out as in section
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2.17.2 and 2.16.2. Then two SDS gels were prepasaty 20 pl of total protein
lysate (10 mg/ml) and transferred to membraneseasribed in sections 2.16.3 to
2.16.4. Two membranes were used in western bloting membrane was incubated
with a 1:2000 dilution ofu-His H8 epitope tag primary antibody and the second
membrane was incubated withGFP developed in Rabbit (Rb pAb to GFP, Abcam)
at 1:5000 dilution. After that secondary antibodyding was carried out with goat
anti mouse ( IgG HRP conjugate, BioRad) and godt Rabbit (IgG peroxidise
antibody, Sigma) withu-His anda-GFP membranes respectively at same dilutions
used for primary antibody binding and membrane doproteins were visualized
using chemiluminescent detection method as destiibsection 2.16.6.

Detection of GFP-tagged SF proteins and HisHA-tdggéN10 is presented in
Figure 5.29. In the total protein extracGFP detected proteins of different sizes as
predicted for the SF truncations tagged with GEEPGFP-SF16 (167 kDa), GFP-
SF15 (138 kDa), GFP-SF14 (124.5 kDa) and GFP-SB38 (kDa), but a band of
the correct size could not be detected for GFP-§B2% kDa). This was despite the
fact that other bands were present in the totatéysThis experiment was conducted
four times and only once | observed the correat siz band for GFP-SF25. The
membrane incubated with-His (Piercé"6xHis Epitope tag antibody (His H8);
Thermo Scientific) detected the HisHA-tagged KIN1Ohis showed that
HisHA.KIN10 was successfully expressed in all of thtal lysates in which it was
expected (the first five lanes of the membrane ftbmleft), Comparison with size
markers confirmed the size of the protein was ctest with the expected size of

61.2 kDa (Figure 5.29).
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Figure 5.29: Detection of tagged SFR6 and KIN10 itotal lysates

Total proteins extracted from tobacco leaves nafiid with SF constructs tagged
With GFP and with 35S::HisHA-KIN10 were loaded an3DS gel at a
concentration of 10 mg/ml and transferred to P\Wi¥mbranes and incubated with
a-GFP andu-His primary antibodies at 1:5000 and 1:2000 dilisi respectively with
10 ml of 5 % milk (w/v). After incubation of membres with relevant secondary
antibody proteins were visualised using a chemih@scent detection method. As a
loading control an SDS gel with the same samplsaiae the concentration was
stained with Coomassie blue to detect proteinssaadned. White colour arrows
indicate the correct size of band in each lanes €xperiment was conducted three

times and similar results were reproduced.

The last three samples were used as controls ipuhedown assay that followed
western blotting of the total lysate. The sixth dawas GFP-SF16 (167 kDa)
infiltrated in the absence of exogenous KIN10, ¢f@e a band 167 kDa could be
detected withu-GFP but no band with-His was visible (Figure 5.29). The seventh
lane was GFP only control with HisHA-KIN10 whichashed a band of the correct

size for GFP and no band withGFP corresponding to the size of any of the
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fragments of SFR6 but band for the size of KIN1@.26kDa) protein witho-His.
The eighth lane was GFP control with no HisHA-KINA@d here bands were
observed neither witlu-GFP nora-His. The SDS gel was run with same set of
samples and loaded with the same amount (20 {btalf protein lysate at 10 mg/ml.
The gel was stained with Coomassie blue to obsans compare quality and
amount of proteins with the loading control for thestern blot (see Figure 5.29).
This western blotting experiment was conductedetitrmes and the same results

were reproduced.

After confirming both proteins were detectable &seeted expressed in total protein
extracts, the same set of samples was used torpeaf@ull down assay. Two ml of
diluted samples at a concentration of 10 mg/mdgscribed earlier for the SDS gel)
of protein were mixed with 30 pl of GFP-Trap-A bea®0% slurry; Chromotek)
and incubated on a roller mixer for 4 hours 4« 4n the cold room. As described in
section 2.17.2 beads were washed and mixed withl 3 2x SDS buffer and then
stored at -28C after heating at 9& for 5 minutes. Two SDS gels were run using 30
pl of GFP trap beads (in 2X SDS buffer) after hgvbeen heated at 95 for 5
minutes (as described in sections from 2.16.3 1®.2.) Then the resultant two
membranes were used in western blotting with 10M%% milk (w/v) solution with
the same primary and secondary binding antibodissalar dilutions as described
above under the proteins expression study in etahct. Results of the pull down

assay are presented in Figure 5.30.
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SFl6+ SF15+ SFl4+ SF36+ SF25+ SFlé GFP+ GFP
only only
HisHA-KIN10 HisHA-KIN10

Figure 5.30: Detection of tagged SFR6 and KIN10 i€o-IP pulldowns
experiments

Two ml of total proteins (10mg/ml) extracted fromabRcco leaves infiltrated with
SF constructs tagged with GFP and 35S::HisHA-KIMHEDYe pulled down using 30
ul of GFP-Trap-A beads and an SDS gel run usingl38 GFP trapped beads.
Proteins were transferred to PVDF membranes anibated withu-GFP andi-His
Primary antibodies at 1:5000 and 1:2000 dilutiespectively with 10ml of 5%
milk (w/v) solution. After incubation of membranegth the relevant secondary
antibody proteins were visualised using a chemihascent detection method. As a
loading control an SDS gel with the same sampléiseasame concentration was
stained with Coomassie blue to detect proteinssaadned. . White colour arrows
indicate the correct size of band in each lane phiklown experiment was
conducted three times and similar results wereioéda

After pull down the GFP tagged full length and tated SFR6 proteins with GFP-
trap beads, western blot withGFP detecteFP-SF16 (167 kDa), GFP-SF15 (138
kDa), GFP-SF14 (124.5 kDa) and GFP-SF36 (95.3 Kidd)not GFP-SF25 (99.6
kDa). Neither could a band corresponding to thedipted size of GFP-SF25 be
detected in the total lysate (Figure 5.29) andajubur replicate experiments only

once the predicted size of GFP-SF25 band was eeteBands corresponding to the
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remaining SF proteins were clearly visible. WittHis antibody KIN10 (61.2 kDa)
was detected in pulldowns with SF16, SF15 and SNbAKIN10 was detected in
the pulldown with SF36 or SF25 (Figure 5.30).

The negative controls confirmed that the band ifledtas KIN10 usingi-His was
not present in pulldowns originating from leavesattiwere transformed with full
length SF16GFP but not KIN10 (Figure 5.30), demmtisty that full length SFR6
alone could not bind ta-His. The GFP only control with HisHA-KIN10 showed
band witha-GFP. Though a KIN10 band (61.2 kDa) was obsermdtiis lane in the
total lysate (Figure 5.29), no KIN10 band was detg@fter pull down, most likely
due to the lack of SFR6. This confirms that GFFmealoould not be pulled down by
HisHA-KIN10 and that full or partial SFR6 was nesag for pull down to occur.
The GFP only control without HisHA-KIN10 (lane 8)rfirmed that bands detected
by eithera-GFP ora-His were not present, indicating that the bandsrpreted as
being specific to GFP and KIN10 were indeed not-specific bands. An SDS gel
was run with the same set of samples and loaded tvé same amount of total
protein lysate at 10 mg/ml. The gel was stainedh Wibomassie blue to observe and
compare quality and amount of proteins as a loadargrol for the western blotting
(see Figure 5.30). This pull down/CO-IP experimwas conducted three times and
the same results were produced. These data confiitial reports from our
laboratory that full length SFR6 can interact wihN10. They also provide further
information as to the regions of the SFR6 protekely to participate in this
interaction. The failure of SF36 to interact with\NKLO indicates that the N-terminal
part of SFR6 is required for the interaction (ab888 amino acids) and the ability
of SF14 and SF15 to interact with KIN10 suggestt the C-terminal (about 396

amino acids) amino acids of SFR6 are not required.
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5.3 Summary

Results presented in this chapter derived fromgugiakin10-2 mutant show the
necessity for KIN10 in the control of a subseths stress-inducible genes controlled
by SFR6/MED16, although the effect of loss of KINA8s less severe than loss of
SFR6/MED16. The well studigdR1gene that was severely affected by loss of
function of SFR6/MED16 under UV stress was not isicgmntly affected by loss of
function of KIN10. A Similar response KIN2 expression under cold stress was
observed wher&IN2 expression was severely affected by loss of fonabif
SFR6/MED16 (Knight et al., 1999) but no such efigas observed in loss of
function mutants of KIN10. Similar Observations eenade relating to ABA
inducedKINZ2 expression where no effect was observed by KINHa@btained
under dark/starvation and desiccation/drought stteaditions demonstrated a
correlation between reduced gene expression andeddolerance in the
experiments conducted wisfiré andkin10 mutants.

Epistatic analysis using a double mutansfo®é kin10-2demonstrated that these two
proteins act on the same pathway leading to stim$sgcible gene expression,
particularly under dark and desiccation (droughtless conditions. Ectopic
expression of dark- and cold-/drought-inducibleegenould be elicited in wild type
plants by stable overexpression of KIN10, howeuwbrs was not observed in
response to KIN10 overexpressionsiin-1 backgrounds. These results indicate that
SFR6 is essential for the activation of stress @rala genes by KIN10.

Finally, results from co-immunoprecipitation exmpeents revealed that regions
within the N-terminal part of SFR6/MED16 are ess#rfor interaction with KIN10
and that interaction is unlikely to occur via theée@minus of the protein (about 396

amino acids).
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Chapter 6

Discussion

6.1 Background to the study

Plants are sessile organisms and always beingedgad by various stresses
including both abiotic and biotic conditions. Hightarying abiotic stress conditions
such as extreme temperature, drought, UV and sahfter metabolism, growth and
development of plants and eventually prevent optimyield potentials of plants
particularly food crops being attained (Versluesakt 2006, Araus et al., 2002,
Boyer, 1982). Studying various tolerance and defemechanisms that evolve in
plants to cope with extreme environmental condgiparticularly by sensing various
signalling pathways is an important attempt to ttgvestress tolerance in crops as
gene expression plays a vital role in determinoigraince for plants. Understanding
of all possible stress responses and signallingwaats is the key requirement to
underpin plants with improved stress tolerance gusin transgenic approach.
Introducing novel genes to the genome of agricaltyimportant crops or altering
the expression of existing genes is a key goallantpmolecular biology to obtain
plants with improved stress tolerance. Loss of fimncmutants lacking in tolerance
of a stress are an important tool in uncovering poments in a stress response
(Atkinson and Urwin, 2012, Grativol et al., 2012).

Plant species display varying degrees of tolerdadeeezing but can increase their
freezing tolerance by being exposed to chilling gematures, a process known as
cold acclimation (Struhl, 1998, Thomashow, 1999By screening an EMS-
mutagenised population of Arabidopsis Warren et (4B96) isolated thesfr

mutations, which result in sensitivity to freeziafjer cold acclimation and studied
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mutants homozygous for mutatios&?2 to sfr7 for cold-induced gene expression.
Later studies revealed thsfir6 mutants (the focus of this thesis) are unable td co
acclimate due to an inability to expréS®R (Cold On Regulatedjenes controlled
by CBF/DREBL1 transcription factors in responseaw,|non-freezing temperatures
(Knight et al., 2009, Knight et al., 1999). Furtmere COR genes are also inducible
by dehydration stress and their induction is sirhyil@efective insfr6 mutants in
response to these conditions also (Boyce et a3, 2Bnight et al., 1999). Under
drought stress conditions the DREB2 trans-actingfofa, which bind to same
CRT/DRE motif as the CBF/DREBL1 transcription fast¢6tockinger et al., 1997;
Liu et al., 1998) are responsible for effecting gsion (Liu et al., 1998, Stockinger
et al., 1997).

CBF/DREB1 gene expression itself was shown not ¢onfis-regulated at the
transcriptional level irsfr6 mutants (Knight et al., 1999) but SFR6 acts doweash
of CBF transcription factors to control expressanCOR genes through the CRT
(C-repeat) motif. In 2009, Knigtdt al, identified SFR6as At4g04920.encoding a
predicted protein of 1268 amino acids in lengthhwitolecular mass of 137 kDa.
SFR6 was identified as MED16 one of the subunitsthef Mediator complex
(Backstrom et al., 2007, Bourbon, 2008); a mulbtsut protein complex that is
conserved in all eukaryotes and plays an impor@etin transcription initiation by
linking sequence-specific transcriptional regulatty RNA Polymerase Il (Pol 11).
The Mediator complex is grouped into three main dos head, middle and tail as
well as an additional detachable kinase domain [{€log et al., 2004) and MED16
was identified as one of the tail subunits, thé baing the part considered most
likely to interact with trans-acting factors (Boorl) 2008, Conaway and Conaway,

2011).
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During the past seven years several studies haosteel that SFR6/MED16 controls
other stress gene regulons in addition to thoseatetl by cold and dehydration
conditions as well as controlling circadian gengregsion (Boyce et al., 2003,
Knight et al., 2009, Knight et al., 2008, Knightagt, 1999, Hemsley et al., 2014). A
protective role of SFR6/MED16 in plants against Wamage was reported
(Wathugala et al., 2012), consistent with its rake a positive regulator of UV-
inducible gene expression. Furthermore they shawatin the UV response, SFR6
acts downstream of transcription factors like ERiS5similar response under cold
with consistent with its role as a mediator subufitirther they reported both
salicylic-acid (SA) and jasmonic-acid (JA) mediatgehe transcription is regulated
by SFR6/MEDL16, indicating a role for SFR6 undettibigtress conditions. Zhang et
al. (2014) and Yang et al. (2014) reported that @FRinvolved in iron deficiency

responses and modulation of iron uptake throughcthrol of gene expression
under iron limited conditions. Furthermore the impace of SFR6 in starvation-
induced stress condition was reported (Hemsley.,e2@14). All these data evidence
the wide range of stress responses of SFR6/MED#l6tlzrefore the objective of
this study was to investigate and increase undedstg of SFR6/MED16’s multiple

roles as part of the Mediator complex and in paldic how it works with other

proteins that are part of the complex or that nmagract with the complex.
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6.2 SFR6/MED16 shares some roles with the predictddil subunits MED2 and

MEDZ14 in transcriptional regulation and abiotic stress tolerance

MED16/SFR6 is involved in the regulation of trangtional responses to a variety
of different stresses such as cold, drought, UV pathogen infection. Though
MED16 is involved in many types of gene expressibig not required for all gene
expression under every stress condition (Hemslal.eP014). This was evidenced
by demonstrating some cold-inducible genes thaéwg&pressed even in the absence
of SFR6/MED16. In addition, it is also true that nmdhan one subunit may be
required for a particular stress response and sggesf MED5, MED14 and
MED16 has been reported for the induction of dadudced gene expression (
Hemsley et al. (2014)). By considering the struetof the yeast mediator complex,
we would predict a close physical interaction betwelED14 and MED16 and
might expect MED2 to exist in close proximity toF%/MED16, although it should
be stressed that the structure of plant mediateblean hypothesised to be similar to
that of yeast mediator but it has not yet been gmofBourbon, 2008, Guglielmi et
al., 2004).

To investigate whether other tail subunits of thenplex participate in controlling
the same regulons as controlled by MED16/SFR6, tivohe less studied plant
Mediator subunits were chosen for this investigatiED2 and MED14. Loss of
function mutants for these two subunits (descriliedchapter 3) were used to
examine whether MED2 and MED1H4ave similar roles to those of MED16. Further
the tolerance experiments described in chapter B vadesigned to investigate
whether any alterations in the transcriptional oeses that occurred in MED2 and
MED14 associated with reduced tolerance similathtd of SFR6/MED16 in cold,

UV and drought stress conditions.
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Recent work in our laboratory had shown that Iddsiection of MED2 and MED14
impairs low temperature-induced expression of a bemof COR genes that also
require SFR6/MED16 (Hemsley et al., 2014). Howews do not have any
microarray data for MED2 and MED14 to evidence ttiese mutants failed to
express whol€ORgenes but do have evidence of gRT-PCR data of @legenes.
My first question was to ascertain whether thedcaiptional changes seen in MED2
and MED14 under low temperature indeed correlatdh whanges in tolerance.
Therefore freezing tests were important to stuaydkistence of shared role of the
above subunits at low temperature. A freezing-seesiphenotype inmed2 and
medl4mutants would suggest these subunits are likelgottrol the wholeCOR
gene regulon as in SFR6 rather than just a@®R genes. Freezing tolerance data
indeed correlate with pattern of impaired gene esgon in the three mediator
subunit mutants (see Chapter 3 section 3.2). kring tolerance assays | observed a
significant reduction in thremedmutants in their percentage of survival and further
this confirmed by more quantitative analysis of fite@zing damage using percentage
of electrolyte leakage (Calkins and Swanson, 19%8@sren et al., 1996) in leaf
tissues.

Further experiments described in chapter 3 werégaded to investigate whether
MED2 and MED14 play a similar role to that®R6/MED16 in the transcriptional
regulation of genes expressed in response to twer adbiotic stresses. Results
presented in chapter 3 show that loss of functibiM&D2 and MED14 caused
reduced transcriptional responses to UV and drosgjiesses in addition to the
impaired transcriptional responses to cold stressnsley et al. (2014)). Under UV-
C exposure both gene expression and toleranceadathighly significant at a high

dosage of UV-C. Reducd@R1gene expression as well as reduced UV-C tolerance
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was observed in all thremed mutants compared to Col-0 signifying that the
impaired gene expression med2 and medl14 correlates with reduced tolerance
under UV-C.

Reported work related to SFR6/MED16 demonstratatlithpaired gene expression
is strongly correlated with reduced tolerance &f piants to freezing (Knight et al.,
2009, Knight et al., 1999) and UV and pathogendida (Wathugala et al., 2012,
Zhang et al., 2013) but no clear evidence was faarsthow that correlation between
drought-induced gene expression and tolerance semder real drought conditions.
Therefore in this study | developed a physiolodycaklevant drought assay that
mimics the conditions occurring under natural ditugsing water withdrawal from
25 day-old plants to study whether there is a tatio; between drought-induced
gene expression and tolerance in two other medmtdants as reported under cold
and UV stress conditions &fr6-1 mutants. Knight et al. (1999) first reported that
drought-inducedCOR gene transcript expression is impairedsir6-1 mutants in
response to mannitol treatments. This mannitol-éeduosmotic stress treatment is
not equivalent to the real drought stimuli thatwaa the natural environment and is
less physiologically relevant (Claeys and Inzé,20lerslues et al., 2006, Lawlor,
2013). Therefore it was important to develop a métto induce gene expression and
to quantify damage caused by drought stress aalbcéxists in natural conditions.

| examined drought-inducible gene expression ineseday-old seedlings after
withdrawal of water for 6 h by exposing agar-groseedlings to air. In this study |
was able to demonstrate impaired drought gene ssiore in all threaned mutants
under desiccation/water withdrawal that is phygatally similar to a real drought
conditions. Similar to cold stress drought tolem@ata showed strong correlation

with desiccation-induced gene expression in mediatotants. Therefore tolerance
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of three different stress conditions correlatedselp with the pattern of impaired
gene expression observed under each stress caonditio

Drought tolerance data demonstrated tmad2-1and medl14-2reported a similar
level of tolerance but it was significantly lower the percentage survival gfir6-1
However, strongKIN2 gene induction could be seen under desiccationeied
drought conditions imed2-landmed14-2mutants. A considerable proportion of the
genes expressed under cold conditions are alsessgnt under drought stress but
only 10% of drought-inducible genes are inducedcbid stress (Shinozaki and
Yamaguchi-Shinozaki, 2007). Therefore it is impottaot to assume that because
the COR genes require SFR6/MED16, MED14 and MED2 for dhitigducible
expression, the vast number of other drought-ifdeaenes will also require SFR6.
This might suggest not onigOR genes likeKIN2 we tested here are important in
drought tolerance but many other genes are impovtaereas in freezing tolerance
it is clear thatCOR genes are very significant and evidenced by stredgction in
both cold gene expression and freezing tolerancahfyan and Tuteja, 2005,
Chinnusamy et al., 2007). Further, more signifigaoluction in drought tolerance in
sfr6-1 might be due an additional defect onlysiin6-1 perhaps failing in other gene
expression particularly non CRT/DRE genes respenstv drought conditions.
Therefore, drought-inducible genes lil®CS1that are not controlled via the
CRT/DRE (see section 5.2.1.2.2 described in Chdgtenight responsible in above
described extra effect sfr6.

In accordance with cold and UV stress, findinggaatéd that the level of drought-
induced gene expression is strongly correlated wethuced drought tolerance in
sfr6-1 Therefore these data evidence that the exteldssf of gene expression in

med2 and med14is likely to be similar to the effects seen sfr6-1. Similarly,
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starvation tolerance experiments conducted in @mapt demonstrated a strong
correlation between reduced dark gene expressiem gsction 5.2.3.2) and dark-
induced starvation tolerance (see section 5.2i8.&)y6-1 mutants as well.

All three medmutants showed reduced tolerance to both dosdddg-€ irradiation
applied, however, differences between the mutamdsvald type were less obvious
in response to lower doses. Also results indidaéé MED?2 is less important in the
response to UV than are MED14 and MED16, a conmtusupported by the relative
effects of each mutation upon gene expression.findengs of this study extend the
evidence of the role of three different mediatdowsits MED16/SFR6, MED2 and
MED14 in drought and UV-C induced stress toleraasevell as SFR6/MED16 in
starvation tolerance by broadening the responsbtedfator tail subunits.

Although there is a correlation between transaiptiof the genes tested and
tolerance, generally the results indicate thaibime cases particularly under drought
MED16/SFR6 is more important than MED2 and MED14.itSs likely that SFR6
controls more genes (or more different regulongntithe MED2 and MED14

regulates.

6.2.1 Is there greater overlap between the roles MMED14 and MED16 than

MED2 and MED16?

Amongst the threemedmutantssfr6-1was always the most highly affected mutant in
terms of gene expression, showing significantly IBR1 (see section 3.2.2) and
KINZ2 (see section 3.2.3) gene expression compareteti?-land Col-0 under UV
and drought stress respectivatyed2-1was less affected compared to other tmed

mutants under each stress but showed significahiction of PR1 at high level of
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UV-C irradiation and in drought compared to Coldanverselymed14-2]Jike sfr6,
always showed a significant reduction in gene esgiom compared to Col-O0.
However, although | observed a trend of reducedesgion indicatingsfr6-1 was
the most affected, followed hyedl4and finallymed2 these differences were not
significant in every occurrence across the thresslmutants (see section 3.2.2 and
3.2.3). Reproducibility of the data is very impatior the validation of results.
However, dependence on tRevalue to determine the significance of resultaas
always accurate (Halsey et al., 2015, Mobley et 2013) due wide sample-to-
sample variability as well as variability among feient biological replicates.
Therefore, theP value gives little information about the probabilkesult of a
replication of an experiment. Statistical powettw# test greatly affects the capacity
to interpretP value and unless statistical power is very higie, R value exhibits
high variability and does not reliably indicate tteength of evidence to reject null
hypothesis (Halsey et al., 2015). Further he regbthat tests at least with 90% of
statistical power has great chance to return sirRilzalue in repeat experiments but
not less than that. However most scientific studii@ge less than 80% of statistical
power often around 50% and 21% in psychological xiMa&l, 2004) and
neuroscience (Button et al., 2013) respectivelyer&fore interpreting results totally
based onP value is misleading and | considered the trench@lwith P value to
report results on transcriptional data in theseedrments as well as other results
reporting in this thesis.

Averaging of gene expression data from three biokdgeplicates was extremely
difficult as the relative levels of gene expressianied sometimes thousand folds in
one replicate compared to the other biological aepeFor this reason, | have

focussed on the transcriptional trends in thesemxents. When viewed as a
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collective of results, data from this study andeosh(Hemsley et al., 2014, Canet et
al., 2012, Zhang et al., 2013) suggest thatil4-2shares all of its gene expression
phenotypes witlsfr6-1 but that med-1 does not exhibit every phenotype shown by
sfr6 mutants. The type of knockout can affect the extdrthe deficiency but only
the real role of the subunits can cause some autpube affected by loss aied2
and not others.

The type of the knockout is one of the possiblesoaa to explain the less affected
phenotype inmed2-1compared taned14-1 medl4-1 is an insertion into the last
exon that might lose the important C-terminal domi et al., 1995) but metd1 is

an insert into the promoter and further this sumgabby the report by Hemsley et al.
(2014) thatMED2 expression is not completely knocked out, so thight be a
reason that mutant never shows a very strong pyyeeofside from the issues of the
severity ofsfr6 andmed2mutant phenotypes, there clearly are some rolaedhy
MED2 and SFR6/MED16 and this fact might be expldibg the fact that in yeast,
the triad of tail subunits comprising Med2p, Med®pd Med15p are linked to the
rest of the Mediator complex via Sin4p (MED16) (i§aet al., 2001, Li et al., 1995).
If this were the case in plants also, loss of MEDight be expected to result in loss
of MED2, and hence an overlap in phenotype (Rolretal., 2015).

An overlapping function of SFR6/MED16 with MED14 defence gene expression
was reported by Zhang et al. (2013) and particplsidnificant was the suppression
of salicylic acid-induced defence responses to ralamt strain of the bacterial
pathogen Pseudomonas syringaeA physical connection between Sin4dp
(MED16/SFR6) and Rgrlp (MED14) was demonstrated.ibgt al. (1995a) where
deletion of the C-terminus of Rgrlp caused lossboth Sin4dp and the triad,

indicating that Rgrl anchors the mediator tail domnta the rest of the Mediator
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complex.sfr6-1 mutation demonstrated a more severe phenotypentieali4-1and
this could be explained again by the type of knothka sfr6-1 which has no protein
produced at all butned14-2might produce a truncated protein. Furthermore if
med14-llacked the C-terminal domain, it might fail toerdact with MED16 but still
it could attach to mediator complex and be ablddsomething in relation to those
stress that | studied.

MED15, one of theproposed subunit of the Mediator tail triad wasvsh to be
required for regulating SA-induced defence respsnSalicylic acid (SA) is a key
component in regulating defence gene expressiohwagt such as induction of
pathogenesis-related genes IlIRR1 in response to biotrophic and hemibiotrophic
pathogens as well as under UV-C irradiation (Wasthauget al., 2012). In this thesis
study impaired UV-C gene expression fimed2-1 suggests that MED2 is also
required for SA-induced defence responses, futhatencing that most of the tail
subunits in the Mediator complex play a role in BAtced plant defence.

The different levels of sensitivity of the threeed mutants under cold, UV and
drought suggests that MED2, MED14 and MED16/SFR& anportant in
transcriptional regulation under different stresaditions involving the control of a
number of different regulons. This concurs with &iet al., (2009) who reported that
plant mediator controls a range of gene expressemponses through multiple
subunits and association with specific transcripfexctors.

Elfving et al. (2011) evidenced that MED25 is regd for the regulation of both
plant development (flowering time) (Cerdan and @h@003, Ou et al., 2011) and
pathogen defence (Kidd et al., 2009). The possdssociation of MED8 with

specific transcription factors was suggested (Katldl., 2009) as it demonstrates a
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similar role to MED25 in both flowering time andtpagen defence. However, the
current prediction is that MED25 is physically dodo MED16 than to MEDS yet
despite the fact they probably occupy positionghan complex that are distant from
one another, they both share in the control of iipecesponses to biotrophic
pathogens (Kidd et al., 2009, Wathugala et al.,220This might due to different
transcription factors bind to each subunit butwvating the same genes under stress
conditions. Interestingly, MED25, recently shownirtteract with MED16, does not
share a role with MED16 in controlling cold andrgtdion-responsive transcription
(Hemsley et al., 2014). So position and proximifysobunits may not be the most
important factor in determining which subunits @terto control the same regulons
(Kidd et al., 2009, Wathugala et al., 2012, Zhangl.e 2013).

MED2, MED14 and MED16/SFR6 are predicted to betiedan the tail part of the
plant mediator complex, based on the yeast mediateraction map (Guglielmi et
al., 2004, Robinson et al., 2015). Findings froms g8tudy have shown a similar role
for MED2 and MED14 as MED16/SFR6. However some i@@di subunits like
MED25 and MEDS are not in close to each other dradestheir effects at the same
time MED16 and MED25 predicted to be close to eatifer but yet not share
effects.

Recently it was found that MED25 interacts with MHED to regulate iron
homeostasis (Yang et al., 2014), so it is likegtthIED25 is a mediator tail subunit
but it was not known when | started this researonkwTherefore MED25 was not
included in this study as potential tail subunitfaother investigate. However the
many studies related to MED25 revealed that rol®BD25 is vital in both biotic
and abiotic stress conditions. Kidd et al. (20@parted that MED25 (PFT1) acts as

key regulator of the jasmonate signalling (JA) pati and is important to acquire

269



Chapter 6

resistance against leaf infecting necrotrophic &ingathogens. Chen et al. (2012b)
revealed MED25 positively regulates JA signallingile negatively regulating ABA
signalling pathways, highlighting the existence af antagonistic interaction
between JA and ABA signalling. This suggests th&DM5 is important in fine
tuning plant resistance to particular pathogensregulating ABA signalling apart
from JA driven pathogen resistance. Moreover Efvet al. (2011) revealed that
MED25 is important in drought and salt resistankk.these evidences might be
consistent with that MED25 being a tail subunitled mediator complex like MED2
and MED14 that studied in the present study.

Some other subunits across the mediator complexnaodved in regulating stress
responses, indicating that several subunits inegeto the position could involve
in similar role. The Mediator head subunit MED8kisown to regulate jasmonic
acid-dependent defence responses; reduced registdnbe med8 mutant to leaf
infecting necrotrophic pathogens was reported bsteptibility to the root infecting
hemibiotrophic fungal pathogen (Kidd et al., 200@atcher et al., 2009). MED21,
part of the middle section of the complex has kdentified as important in disease
resistance against necrotrophic pathogens (Dhawaal.e 2009). MED18 was
recently discovered as second head subunit in Nwdibat is important for disease
symptoms and pathogen growth in plants infectedh waecrotrophic fungal
pathogens but it functions independently of JA ailymg (Lai et al., 2014) indicating
that it is mechanistically distinct from MED25 arfdED8 in plant pathogen
tolerance.

Considering all of the evidence available so fagarding the role of different
mediator subunits | could summarise that severdlusiss across the complex

representing head, middle and tail domains are rtapbfor the tolerance against
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pathogen infections but only MED16 and MED25 wer®wn to be important in

abiotic stress tolerance to acquire freezing arwigint/salt tolerance respectively.
However findings of my study indicate that MED2 avi&D14 share the same role
as MED16/SFR6 in gene regulation under cold, droumid UV stresses. However,
under dark conditionsied2mutants showed unaffected gene expression compared
other two med mutants Hemsley et al. (2014). Thighér suggests that these
mediator subunits might share their roles underesdvbut not at all stress

conditions.

6.3 The role of KIN10 and MED16 in stress-inducibléranscription

6.3.1 KIN10O controls the expression of a subset dftress-inducible genes

controlled by SFR6/MED16

In chapter 5 experiments were designed to invastitfee effect of KIN10 upon
transcriptional activation of stress genes. KINl1l@swpreviously identified as a
putative interactor of SFR6/MED16 (Hemsley and Knjginpublished) anthed16
andkin10 mutants were observed to share impaired dark-cibtDING expression
under starvation conditions (Hemsley et al., 20Bdena-Gonzalez et al., 2007).
Further investigation of shared transcriptionabéas of KIN10 and MED16 might
support the hypothesis that these two proteinswtbvact and that this interaction has
functional significance in abiotic stress responses

KIN10 (AKIN10/At3g01090) is one subunit of the SnRKinase enzyme complex,
which is important in energy sensing particularhdar energy depleting conditions

(Baena-Gonzalez, 2010, Baena-Gonzalez and She@®) 20d this catalytic subunit
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in Arabidopsis is orthologues of yeast Snfl and mmatran AMPK act as
evolutionarily conserved energy gauges by contgllithe reprogramming of
transcription in response to seemingly unrelate@rasss, sugar and stress conditions
(Baena-Gonzalez and Sheen, 2008, Polge and Th@@@as, Ghillebert et al., 2011).
Upon deprivation of sugar and energy, KIN10 targetemarkably broad array of
genes that orchestrate transcription networks, ptentatabolism and suppress
anabolism (Baena-Gonzalez et al., 2007, Baena-Gamnaad Sheen, 2008).

In yeast, SNF1 was identified to be responsiveeteral stress conditions such as
oxidative stress, sodium ion stress, changes ialiaék pH conditions as well as an
inhibitor of the respiratory chain (Ghillebert dt, #2011, Hong and Carlson, 2007)
.Young et al. (2003) reported that expression afrogn of the yeast genome (2126
genes) is modified during the shift of yeast céitsn fermentative to an oxidative
(respiratory) metabolism, where SNF1 kinase playagor role (Hardie et al., 1998)
by encoding genes mainly involved in transcriptisignalling, carbohydrate
metabolism and respiration (Young et al., 2003)s Hativation of gene transcription
occurs via the interaction of SNF1 with differenemmbers of the transcriptional
machinery by direct interaction with RNA polymera$do modulate its activity,
(Kuchin et al., 2000), by phosphorylating histon&, Hegulating TATA-binding
proteins (TBP) (Shirra et al., 2005, Lo et al., 2000 et al., 2001) or directly
phosphorylating GCN5, a histone acetyltransferdss tontrols transcription of
multiple yeast genes (Liu et al., 2005b). Kuchinakt (2000) revealed that Snfl
interacts with mediator/srb proteinse Sin4 (yeast MED16), srb10 (CDKS8) and
srbll (CycC) in the Yeast-two-hybrid and co-immueggpitate experimentn

vivo. Recently Ng et al. (2013) demonstrated that iabidopsis KIN10 interacts

272



Chapter 6

with another mediator subunit, CDK8 (part of thendse submodule) the same
subunit in yeast and plants which interacts witnakie, using fluorescence
complementation assays. This finding indicates pbesibility that KIN10 might
interact with more than one subunit of mediator plax like in yeast. Miller et al.
(2012) reported that number of Mediator subunigshesphorylated and SNF1 might
be the kinase that does this. However above irtteraenight or might not be a
phosphorylation event.

SFR6/MED16 is a tail subunit in the plant Mediatmmplex and important in
transcriptional regulation under different stressditions and recently | discovered
similar transcriptional responses in MED14 othanttearlier known regulons (see
Chapter 3). Therefore making link that yeast SIN#rnacts with SNF1, MED14 in
yeast interacts with SNF1 (Young et al., 2009) ahdwing similar transcriptional
responses as MED16/SFR6 in plants and by beingthtsubunits in the mediator |
strongly hypothesise the possibility of existingemactions between SFR6 and
SnRK1.

As explained earlier there is evidence that KING8 &FR6 share role in response to
starvation (Baena-Gonzalez et al., 2007, Hemslegl.e2014) but no experiments
had never been done in two loss of function mutaide by side and no attempt
made to look closely at other regulons. The eftecDIN6 expression under limited
conditions of photosynthesis and respiration swldark, DCMU (a herbicide that
affects the photosynthetic electron transport cliphotosynthesis) was studied in
protoplasts (Baena-Gonzalez et al., 2007) and tsffeicflooding/ submerged were
studied by (Young-Hee Cho et al., 2012). Therefofecused to investigate stress
gene expression in loss of function of mutants ofNIX under cold,

desiccation/drought and UV which are well studigdsses in SFR6/MED16.
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Results of the three biological replicates preskimeChapter 5 (see sections 5.1.1.1
5.2.1.2) showed that under cold, desiccation/droumid darkkin10-2 showed
impaired gene expression assin6-1but to a lesser and varying degree. Even though
the trend showed impaired cold gene expressidanib0-2 it was not significantly
reduced compared with Col-0 whereassing-1 mutantsCOR gene expression is
always severely impaired (Boyce et al., 2003, Knighal., 2009, Knight et al.,
1999). Dark-inducible starvation conditions andkdaducible geneDING is well-
studied as it is targeted by KIN10 (Baena-Gonzakal., 2007, Contento et al.,
2004), however, interestingly, |1 observed that dssion/drought-inducedKIN2
expression was severely affected compared to thel lef reduction inDING
expression in the mutant under dark conditions ¢setions 5.1.1.1 and 5.2.1.2). |
used two other drought-inducible genk$165 and P5CS1that do not contain
CRT/DRE elements in their promoter (and therefoeeret subject to regulation by
DREB2) therefore ABRE genes (Yamaguchi-shinozald &minozaki, 1994) and
found thatP5CS1showed a highly significantly reduced level of egsion irkin10-

2 and moderately reduced (but not significantlyefigint) level oL TI65 expression
in kin10-2 in all three replicate experiments. Whilst difierdevels of significant
differences were observed in the expression oewdfft genes it is clear that all of
the desiccation/drought-induced genes tested wieeted by loss of KIN10, an
observation that has not previously been reported.

DIN6 gene expression was examined by (Baena-Gonzaleal.et2007) in
Arabidopsis protoplasts overexpressing KIN10 andacleed leaves of plants
expressing DIN6-LUC and showed higher induction pared to Col-0 but they did

not examine the levels @fIN6 expression in a KIN10 mutant background. In this
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study | used whole plants of a KIN10 loss-of-fuontimutant but did not observe
significant differences ilDIN6 expression between Col-0 akthl0-2 in average
data of three biological replicates though thedrehreducedIN6 expression was
observed in individual experiment. All experimentere repeated three times to
reproduce results to obtain better validation bdbund average results of three
biological replicates did not give statisticallygsificant results. In many instances
the reduced gene expression was clear in eachidodivexperiment though the
average values were not statistically significddie to high sample variability at
each occurrence dependence onRlwalue to determine the significance of results is
not always accurate (Halsey et al., 2015, Mobleglet2013) as explained early in
this chapter. Averaging of gene expression data fitiree biological replicates was
extremely difficult as the relative levels of gee&pression varied sometimes
thousand folds in one replicate compared to therolfiological repeat. Therefore
interpreting results totally based Brvalue is misleading and | considered the trend
along with P value to report results on transcriptional datahiese experiments. |
used DCMU treatments to study if the level@IN6 upregulation would be more
consistent between experiments than darkness duts tdirect involvement by
interrupting the photosynthetic electron transmbrdin in photosynthesis, However
in this study | could not observe consistent dath iess reproducibility.

Surprisingly, though UV-C inducddR1gene expression was up-regulatedimlO-

2 compared to Col-0 no consistent pattern of gergession was observed in all
three biological replicates with highly differemamscriptional regulation observed in
control of pathogenesis-related target genes bylRIN herefore results indicate that

PRL1 is not a target of KIN10 though PR1 is a tacd@&FR6. This is one of the
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notable deviations of KIN10 target gene that leslaed in these experiments which
was totally contradictory to the behaviour of SHRED16 on pathogenesis-related
gene expression.

| used only on&in10 mutant allele in this study @&skin101 mutant did not produce
consistent results in repeat experiments, whichhtriigve been due to a conditional
aspect of the insertional mutation; therefore KINDbdnplemented lines were created
in thekin10-2mutant backgroundIN6 andKIN2 gene expression experiments with
four complemented lines showed restoration of thi wype gene expression
phenotype (see section 5.2.2.1 and 5.2.2.2).

Therefore with the findings of this study | can clhuie that KIN10 affects the
expression of some of the same target genes aFR6/SIED16 under different
stress conditions and could see similar transorali regulation under some but not
under all stress conditions. Furthermore, the dasimn/drought gene expression
phenotype is more prominent compared to well-stiidimark gene expression
phenotype so far in the level of whole plant. Sumymaf the transcriptional
responses that MED16/SFR6 and KIN10 regulates udifferent stress conditions

is given in the Figure 6.1.
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Figure 6.1: Summary of the transcriptional responss under different stress
conditions. This diagram shows different stress conditions istlidh this research
work that require MED16/SFR6 and/or KIN10 in orderelicit changes in gene
expression and tolerance. Promoter elements akensivbere known. Dotted lines
between MED16 and KIN10 represents that they magtittogether under certain
stress conditions. Yellow colour arrows represdme stress conditionsvhere
MED16/SFR6 is involved and green colotgpresent the stress conditionkere the
involvement of KIN10 is known. Question marks irkbs represent the unknown TF as well
as binding elements under certain stress conditions
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6.3.2 Involvement of MED16 domains in interaction wh KIN10 and evidence
that KIN10 and MED16/SFR6 act on the same pathwayot regulate dark and

drought gene expression

Observing similar defects in transcriptional regola in mutants of both
SFR6/MED16 and KIN10 together with the fact thansoMediator tail subunitse
Med14 (Rgrl) interact with Snfl (Young et al., 2p@8d Med16 interacts with Snfl
(Kuchin et al., 2000) in yeast assumption was nthde plant Mediator tail subunit
SFR6/MED16 could interacts with KIN10. The pull doexperiments with GFP
tagged full length and truncated SFR6 proteins ssiggl that some of the SFR6
truncations might interact with KIN10. This furthegree with the preliminary
studies carried out using yeast-two-hybrid in tld found that KIN10 as an
interactor of SFR6 and that interaction was cordinby Co-IP (Hemsley and
Knight unpublished) with full length SFR6. Moreoyaesent study provides further
information about the regions that are more likelynteract with KIN10.

The experiments provided evidence that three ettinstructs, including full length
SFR6, were able to interact with KIN10: SF14, SkEbS SF16 could interact with
KIN10 showing the necessity of the N-terminal pairtSFR6 to make interactions
with KIN10 whereas SF36 was unable to keep tharaation, likely due to lack of
633aa from the N-terminus of the protein. Moreabese results make the argument
that the C-terminus (about 396 amino acids) isimportant in making interaction
with KIN10 although it has Zn figure domain as wetl many of plant specific SSM
regions towards the C-terminus.

When studying the SFR6-KIN10 interaction the nexésgion that arises is that of
which type of interaction that SF truncations miglatve with KIN10. This could

purely be a physical interaction or result of aggtwrylation event. Considering the
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SMART (Simple Modular Architecture Research Toahwhins as well as potential
phosphorylation sites in SFR6 suggests that fivesphorylation sites and two
protein binding domains located in the SFR6 pro{sie Figure 6.1). Out of five
potential phosphorylation sites, two are locatedhi@ domains of 100-110aa and
300-310 aa that are located between SF1 and Sk#refithe truncations whereas
the other three are located within the region 03-SIF4 (600-610aa, 650-670aa and
890-910 aa). Moreover the predicted SUMO site (ABISAGTG) is located in the
region of 830-850 aa (see Figure 4.1b). Two prob@ialing domains are located in
the regions of SSM5 and SSM22. SF15 and SF16 aivérphosphorylation sites,
the SUMO site as well as two protein binding doregihowever, SF14, which
demonstrated the KIN10 interaction, lacks tHepBosphorylation site as well as the
second protein binding domain that is located witiie SSM22. With this evidence
| could suggest that™5phosphorylation site and protein binding domairsBM22
are less important compared other sites. The SkB&dtion that did not produce
interaction with KIN10 in three consecutive expegimts includes the last three
phosphorylation sites out of five, the SUMO sitevesll as one of two protein
binding domains. This result indicates that firgbtphosphorylation sites and first
protein binding domain are more important over e | observed same results for
the interaction of SF36 with KIN10. However thisghi not be the sole reason but
some other special features within the first 528agion collectively cause the
impact on having interaction between SF truncatitwas consists of N-terminus of
the protein and KIN10.

Previous reports on transcriptional as well asquotic work in yeast recorded that
mediator subunits of MED1, MED2, MED4, MED5, MEDBKIED13, MED14 ,

MED15 and MED17 (Chang et al., 2004, Guidi et 2004, Hallberg et al., 2004,
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Liu et al., 2004, Miller et al., 2012, Soufi et,&009, Albuquerque et al., 2013, Li et
al., 2007, Gruhler et al., 2005) are phosphorylaed for some, phosphorylation
influenced their function (Chang et al., 2004, Geidal., 2004, Hallberg et al., 2004,
Liu et al., 2004, Miller et al., 2012). The majgrivf these phosphorylated subunits
are located either in tail or middle subunits ia thediator complex. Therefore, there
is a good chance for MED16 to be phosphorylatedKkiy10 and might cause
activation of different transcriptional responses.

Young-Hee Cho et al. (2012) demonstrated not ompb&lopsis SNRK1 (Bitria'n et
al., 2011) but also rice SnRK1 regulates gene iagctand induced the activity of the
DIN6 promoter and responded to hypoxia in a mannerdairto Arabidopsis. And
they speculate that under submergence condititimes nfain stress they studied) the
protein kinases associated with target gene chionrathe protein complexes that
recruited specific DNA-binding partneiise transcription factors. Moreover they
conducted experiments to validate the Protein Kiné8BKs) function in gene
regulation, by using inactive forms of SnRK1s asPAbinding site-mutated PKs
(OsSnRK1 and KIN10) and as catalytically inactiesROsSnRK1 and KIN10) in
which phosphorylation of all types of SnRK1s wasedted but none of the mutant
kinases was able to activate the DIN6-LUC reportemggesting that intact PK
activities of OsSnRK1 and KIN10O are essential feng regulation. Therefore as
DING is one of the target genes of both SFR6 and Klard | might speculate that
same phosphorylation event might happen. Therefoghly conserved protein
kinase in plants (SnRK1/KIN10) has high possibilityinteract with SFR6 and in
this study it further confirms that particular danms are more important when

making interactions between KIN10 and SFR6.
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Separate set of experiments were carried out tathias KIN10 and MED16/SFR6
act on the same pathway to regulate dark and dtayegie expression using double
mutant ofsfr6-1 andkin10-2and over-expression lines of KIN10 in both Colrdla
sfr6-1 backgrounds. | created three linesfsbkin10-2double mutants and only dark
and drought gene expression experiments were ctedlwith double mutant lines
as these were the two conditions that showed th&t matable differences in stress
gene expression between wild type plants andith)-2single mutant. |1 observed
reduced level of botlDIN6 and KIN2 expression in 3 lines of double-loss-of-
function mutants similar to the level of thatsfit6-1 mutant which was the severely
affected loss-of-function mutant compared kin10-2 Therefore results of these
experiments showed that there was no additive teffee to loss of both SFRéhd
KIN10, indicating these two proteins act on sam#hway to regulate stress gene
expression. Furthermore, drought tolerance and-idalkced starvation tolerance
results presented in 5.2.3.4 and 5.3.3.4 sectitstsiadicated that double mutants
were affected similarly to thefr6-1 single mutant. The reduced level of drought
tolerance (measured by survival) §fr6-1 and double mutant lines was not as
pronounced as the reduction in drought/desiccatidneedKIN2 expression in these
lines, indicating that many genes might be involieaontrol of drought tolerance
other thanCOR genes. However, the starvation tolerance phenosges in the
mutants was more significant than the dark geneesspn phenotype.

The second strategy that | used to study wheth&G6%Rd KIN10 and act on same
pathway to regulate stress genes targeted by beR6 Sand KIN10 was use of
KIN10 over-expression lines in Col-0 asfit6-1 backgrounds. Baena-Gonzalez et al.
(2007) showed that protoplasts of wild type plaower-expressing KIN10 exhibit

higher levels of stress gene expression comparedddype (.e dark induced genes
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like DIN3 andDING) even in the absence of stress. | examined the miranf sfr6-

1 mutants which over-expressed KIN10 to study whethey could highly express
these stress genes even without the stress. éxjhression of stress genes were to be
elevated, as in wild type, it would suggest thaR6Floes not help to perform the
function of KIN10. If the overexpression of KIN1@$ no effect irsfr6-1 mutants,
this might signify that SFR6 is essential for KINtbOperform its functions and it
gives an indication further to the evidence fronmulde loss-of-function mutants
described above, that SFR6 and KIN10 act togethesame pathway leading to
control of stress gene expression.

Four out of five wild type lines overexpressing KlDishowed higher levels BfIN6
expression in unstressed plants and all five ligase high level ofBCAT2
expression. Conversely, none of thrs6 mutant lines overexpressing KIN10
showed elevated levels @fIN6, BCAT or KIN2 compared to their untransformed
counterparts in three replicate experiments. Ctarsiswith previously reported
results onKIN2 expression in single and double mutants of KINA€re KIN10
over-expression lines also showed significantlyhhiigvels ofKIN2 expression in
untreated plants of wild type lines and highly reeldi level ofKINZ2 in all three lines
of sfr6-1 mutant lines overexpressing KIN10. Expression lkevd all three genes
tested in these experiments is evidence that twaseno effect of overexpressing
KIN10 in sfr6-1 mutant plants on KIN10 target genes as seen ir0Quénts, giving

a clear indication that for KIN10 to activate targenes, SFR6 is a requirement.
Therefore, | demonstrated that SFR6 is importanthfe activation of target genes by
KIN10 and acting both SFR6 and KIN10 in same retgujapathway to control

stress genes specially under dark and drought attisitesses.
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Jossier et al. (2009) reported that plants overesging SNRK1/KIN10 exhibited a
hypersensitive phenotype post-germination when lsapgnted with ABA but not at
the seed germination stage. However, they did apont on the level of ABA-
responsive gene expression in the mutant backgrdaritie present study, | tested
the gene expression responsekoflO-2 plants supplemented with ABA but was
unable to observe differences in the gene expmegsienotype compared to Col-0
(see section 5.2.1.2.3). In addition N6, KIN2 gene expression was tested in
response to cold, drought/desiccation and ABA anduld see absolutely different
expression trends ikinl10-2 mutants compared to wild typ&inl0-2 exhibited
significantly reducedIN2 gene expression under drought/desiccation, norappa
effect of cold inducedKIN2 and no any effect of ABA inducddIN2 expression at
all. Regulation of KIN10 in ABA responses was rdpdrby Jossier et al. (2009) but
| could not observe any effects of KIN10 in respots ABA.

The only plant mediator subunit reported so fat tles been shown to interact with
KIN10 is CDKE1 (CDKS8) in Arabidopsis (Ng et al. (28). CDK8/CDKE1 is a
subunit in mediator kinase module which was eaklimywn as being implicated in
floral organ identity (Wang and Chen, 2004). Goaezakt al. (2007) revealed
interaction of CDK8 with Leunig (a transcription -ogpressor interacts with
HISTONE DEACETYLASE19) a regulator of JA-dependelefence responses, as
well as MED14. Ng et al. (2013) recently demonstlathat CDK8 regulates
mitochondrial retrograde signalling (arising due reactive oxygen species in
mitochondria or plastids and altering/modifying leac gene expression) in response
to H,O, and cold stress. In their screening they idemtifRegulator of Alternative
Oxidasel, a mutantgol) as restrograde signalling component and latendatiwas

a mutation in the CDK8/CKDEL, one of the mediatobunits. Furthermore, they
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demonstrated that KIN10 interacts with RAO1 andrasported to the nucleus.
Furthermore, the gene expression profile studied rBml plants under AA
treatments (Antimycine A— potent inhibitor of thetoechondrial respiration binds to
the quinol reduction site of cytochrome complexpwbad significant overlap with

expression profile for thKIN10 gene targets and one of those targetsiNAIS.

These data provide evidence that KIN10 interaasMiediator complex and suggest
the possibility that, as in yeast, KIN10 and migitéract with other different sites in
the mediator. Linking that MED14 in yeasts intesagith SNF1 (Young et al., 2009)
to plant that KIN10 might interact with MED14 pegsareferring to the fact that
KIN10 interact with CDK8 (Ng et al., 2013). Based the results | reported under
this section prove that KIN10 and SFR6 act on Hreepathway leading to stress gene

expression.

6.3.3 The altered visible phenotype observed in GOl by KIN10 overexpression

is affected in thesfr6-1 background

Baena-Gonzalez et al. (2007) reported their attetmtudy long term effects of
KIN10 at the whole-plant level using transgenicefinoverexpressing KIN10 and
kin10 loss-of —function mutants. Observations were maeoot growth of above
lines and reported that KIN10 over-expression lidesplayed some advantages in
primary root growth and development under low ligimd limited energy supply
(Baena-Gonzalez et al.,, 2007). With exogenous enetgpply (sucrose) they
observed reduced root and shoot growth in KIN1Or-@xpression lines and
suggested KIN10 repression of biosynthetic acésitin plants. However KIN10
silenced lines (loss-of—function) exhibited enhahgeot and shoot growth by
utilizing exogenously supplied sucrose. Furthermaieey observed increased
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accumulation of anthocyanin in Col-0 akith10 mutants when sucrose levels were
increased to 3% but not in KIN10 overexpressioredinsuggesting that the
repression effects of KIN1O overexpression (Baeoazalez et al., 2007).
Furthermore, they reported enhanced starvatiomatiote in KIN10 overexpression
lines through promotion of plant survival whereagdwype seedlings underwent
rapid senescence particularly under no exogenawoge supply and light limiting
conditions where photosynthesis is affected (Baeoazalez et al., 2007). All above
data evidence that KIN10 plays a wide role in vatje¢ and reproductive growth
that is important in developmental transition iargk.

Interestingly the same study reported changes MilRloverexpression lines grown
in soil, especially discovering a new role of KINIkDdetermining plant shape and
developmental transition in Arabidopsis. KIN10 ceression lines exhibited
altered inflorescence architecture and delayed dtowg and onset of senescence
under long day conditions (20 h light/ 4 h darkpéBa-Gonzalez et al., 2007). |
studied the flowering phenotype of KIN10 overexpres lines created during this
study in both Col-0 andfr6-1 backgrounds and made similar observations as those
reported by Baena-Gonzalez et al. (2007) in KINY@rexpression lines of Col-0
(see section 5.2.6). In the current study KIN10 rexpression lines in Col-0
background exhibited significantly short infloresces and no branching compared
to Col-0 andkin10-1 The results were consistent with all four linééN10 over-
expressers used in the study and | did not obseryelefect in vegetative growth of

plants.

The flowering phenotype of KIN10 overexpressersfir-1 was monitored in the
present study and | observed different phenotyparacteristics compared to wild

type KIN10 over-expressers. None of the plantsesgmting three lines of KIN10
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overexpressers isfr6-1 background exhibited flowering at the same timap(25
days-old in soil) as seen in Col-0 backgrowsfds-1is a known mutant that exhibits
delayed flowering (Knight et al., 2008) and | obser similar characteristic of

untransformedafr6-1in KIN10 overexpressing isfr6-1 mutant background. Due to

that | could not look for the other effects of oapression such as effects on root
branching, inflorescence etc. though | designed #xperiment to test whether
KIN10 had any additional effects. The failure tonumstrate at least similar
flowering effects as observed in KIN10 over-expmegsines in Col-0 suggests that
lack of SFR6 prevents the role of over-expressitiglR providing further evidence

that the necessity of SFR6 to activate differeginalling pathways by KIN10.

6.4 Exploring the function of SFR6/MED16 protein danains

The Mediator complex was first identified and piedf from yeast $accharomyces
cerevisia¢ (Kim et al., 1994) which is required for recohsit the activation of
RNA polymerase Il transcription. Morphological ahmbchem