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CHAPTER 1



ABSTRACT

Abscisic acid (ABA) is a phytohormone that playgortant roles in plant development
and environmental stress response. When bounéhioily of star-related lipid-transfer
(START) proteins, clade A subfamily of type 1l Copein phosphatases (PP2Cs) are
negatively regulated leading to ABA response. Iswaly recently that the mechanism
involved in ABA perception was identified. This weige in part to the success of
bypassing this redundancy with the use of forwérehuical genetics iArabidopsis
thaliana. Many biological findings utilizing forward chemicgenetics have been limited
to A. thaliana.Although a general insight has been gained fragsdlstudiesh. thaliana
cannot fully address development and physiologib@homena in monocots. Here we
describe a screening systenPianicum virgatun{Switchgrass) which we developed and
used for a forward chemical genetics screen ircheafran ABA agonist exclusive to
monocots. Although a bonafide agonist was not tedleour findings do illustrate the

potential biological studies our screening systam lze extended towards.

INTRODUCTION

Abscisic acid (ABA) is an essential phytohormoneoired in plant development and
abiotic stress response (Finkelstein, 2002yivo, ABA binds to a family of star-related
lipid-transfer(START) proteins that, in their active state, inhilmembers of the clade A
subfamily of type Il C protein phosphatases (PP2[@g)bition of PP2Cs leads to the

activation of sucrose non-fermenting-1 (SNF1) tedgrotein kinase 2 (SnRK2) kinases



which results in phosphorylation of downstream ¢étsgesponsible for ABA response.
Much focus had been placed on dissecting its mesimaof action since ABA’s
discovery in the 1960s (Parbtal. 2009). One challenge faced was bypassing the
genetic redundancy of the START protein family.slisi was overcome with the

introduction of chemical genetics.

The use of small molecules to identify proteinsutating specific phenotypes has been
termed forward-chemical genetics (Stockwell, 200B)e use of chemical genetics has
grown over time, in part because it enables ortksgect pathways spatially and
temporally without relying on mutagenesis (Stockn2000). In plants, genetic
redundancy is a common obstacle to overcome whaomies to dissecting biological
processes. Many biological pathways consist of dexpetworks that may contain
families of genes that are redundant in functiomréblem with the use of mutations
which result in loss-of-function and gain-of-furartiis that they are not conditional and
for many gene families, they cannot completelyursadd off or on at will due to
redundancy. In plants, polyploidization is a commugchanism of gene duplication
resulting in genetic redundancy. About 70-80% djiasperms have gone through
polyploidization, with at least four whole-genomeptication events occurring in
Arabidopsis thaliangLiu, et al2008). InA. thalianatwo-thirds of its genes are known to
have at least one homolog within the genome; witd% of its proteins belonging to
families of more than five members (Arabidopsis @w®e Initiative). The chemical

genetic approach can be one tool used to bypagsimetic redundancy by using small



molecules to perturb protein function in a rapiohditional, and specific manner

(Stockwell, 2000).

For example, Parkt al2009 were able to overcome genetic redundancy tdisrmgrd-
chemical genetics to identify Abscisic Acid (ABA9aeptors irA. thaliana The ABA
pathway plays key roles in plant development, dnbaglerance, and other abiotic stress
response (Danquaht al 2013).Park,et al. 2009 relied upon a general three-step
workflow that entails: 1.The assembly of small ncoles; 2.High-throughput screening
for phenotypes of interest (such as germinatiorbitibn); and 3. Identification of ligand
target(s) (Stockwell, 2000). With this approachikR al. isolated Pyrabactin, a
selective ABA agonist that helped identify the ygoes involved in ABA signaling
modulation. Due to the genetic redundancy of thARST protein family, single-locus
mutations were not a reliable method to dissedtieqr function. Microarray analyses of
ABA and Pyrabactin response in seeds and seedkvgsled that both induced similar
transcriptional responses. Further investigatiopyosabactin’s specific target, PYRL1,
revealed that 13 genesAn thalianashared much similarities in their amino acid

sequences and overlapping expression patterns, @ak2009).

The discovery and knowledge of many developmemdlemvironmental stress response
pathways known to plants, including the biosynth@sid response to ABA, have mainly
been conducted iA. thaliang a dicot species. Significant research has redodveund
this reference species with the notion that thmKedge can be translatable to higher

plant species and monocots, in particular stagp(Varshneyet al2010). With this in



mind, differences in genetic and physiological mse pathways vary among species
especially between dicots and monocots (Ketgl. 2011).Although a general
knowledge of these pathways is understood, muevhath has resulted from methods
such as forward chemical geneti8sthalianacannot fully address insights pertaining to

monocot development and physiology under stressianestress conditions.

Because many of the world’s major staple cropsraeocots, notably grasses, efficient
grass model systems are need@g.za sativgrice) became the first genomics model for
representing monocot systems due to its small gersipe, its slow generation time and
large size are problematic from the perspectiveheimical genetics (Varshnest, al.
2010). Although research on a number of other mspleties, such as sorghum
(Sorghum bicolgx, wheat(Triticum spp.), and barelyHordeum vulgarg have gained
focus, the use of forward-chemical genetics in ncot®has not been reported (Strable,
et al.2009). The large seed size of rice, maize and otbst staple crops makes it more
difficult and expensive to conduct high throughpbénotype-based screens. There is
therefore a need for a monocot model for use imptype-based chemical genetic

screens.

Here we describe a screening system uBggicum virgatun{Switchgrass), a perennial
grass species that shares high levels of syntetiygrass genomes such as sorghum,
rice, and maize (Sharne al. 2012).P. virgatumwas used as it met many of the similar
selection criteria that had madethalianaan ideal model for biological studies: a fully

sequenced genome, short life cycle from germinatbanaturation, and commercial



availability (Meinke,et al. 1998).P. virgatumhas a haploid genome size of
approximately 1.5 Gb and produces a small seeditbkes it easy to handle and process
(Casleret al.2011). Today, it has also become a significant@of lignocellulosic
biomass for biofueldProduction of perennial grasses for biofuels iseexgd to take

place on marginal soils that are not ideal for @mional row crops. Evidently, these
soils may likely be subjected to drought frequeligng,et al2012). The goal of the
work described in this chapter was to (A) develogp Panicum screening methodology as
a platform for chemical genetic screens in a motybedous (B) our chemical screen was

to identify an ABA agonist(s) with bioactivity in@mocots.

RESULTS

Designing a high-throughput screening system for Panicum virgatum

High-throughput screening has become a fundameataponent of chemical genetics.
In A. thaliang a variety of novel protocols has been well docotee. Unfortunately,
methods in preparation of high-throughput screesingh as seed sterilization and
efficient seed distribution fd?. virgatumhave not been well established. Another factor
that had to be considered was in regards to theerration of ABA that would result
inhibition of seed germination iA. virgatum This was addressed by performing a dose
curve to determine the minimum concentration thatile produce the phenotype of

interest.



Preliminary sterilization techniques investigatedalved modified protocol from.
thalianasuch as gas and liquid chemical sterilization éDait shown). Our goal was to
identify an effective method that not only prevehtentamination but did not affect
germination and growth. Surface sterilization with gas for 10 or more hours inhibited
or delayed germination severely and was unableép konditions sterile. The use of
ethanol and bleach with 10% Tween at a varietyifteér@nt concentrations and wash
times produced similar results. An underlying isauth prolonged bleach exposure was
the whitening of seeds that would result in conglahibition of germination. We then
came across a techniqueOmyza sativahat used sulfuric acid @30,) for seed
scarification prior to sterilization. The most effiwe technique we came across involved
96% H.SO, solution in water (Acros Organics) for 5 minutegsiing with ddHO,

placing the seeds in 5.25% hypochlorite bleach p0% Tween-20 solution in 100;1
ratio, and rinsing in dd¥D to remove any bleach solution (See MaterialsMathods).

In combination with liquid chemical sterilizatiowe were able to develop an effective

method that kep®. virgatumsterile without affecting germination and growth.

In A. thaliang seeds are commonly distributed in a high-througinpanner with the use
of 0.1% liquid agar. Compared £o thalianaseeds (0.5m,mp. virgatumseeds (2-3mm)
are much larger (Meinke, 2010. Oklahoma State Ugityg 2013). In 0.1% liquid agar,

P. virgatumwas much denser than thalianaand could not be easily taken up by
pipetting. To overcome this, we dried sterilizeddsand used a half-skirted, rimmed 96-
well PCR plate containing 1% Agarose to transfenttonto chemical plates. The result

we found was that a similar amount of seeds woalttrdnsferred to each well.



| dentification of a potent Panicum seed germination inhibitor

A library of ~20,000 sulfonamide compounds, 980TfrGhembridge
(www.chembridge.com) and 9995 from Enamine (wwwneina.net), dissolved in
DMSO to a concentration of 100 uM, were screenatuplicate for their ability to
inhibit seed germination iRanicum virgatumP. virgatumseeds were sterilized and
placed in wells containing it of compound, 1/2 x Murashige&Skoog (MS), and 0.7%
agar. Plates were stratified in 4°C for 3 days)dferred to a dark humidity chamber
regulated at 95% Relative Humidity for 4 days, teeared. Initial screening identified
100 hit wells. Our high false positive rate is lika consequence of asynchronous
germination of Panicum seed which leads to occasiwslls in which no seeds have
germinated. This can be addressed by examine agplitata, however we chose to
conservatively retest all potential hit molecul&gotal of 14 compounds (Figure 1.1A,
1.1B) inhibited germination at 100 uM and were éfi@re selected for further

characterization of potential agonist activity (g 1.2).

In P. virgatum 4 compounds were able to inhibit germinationG@ tM.P. virgatum
seeds were sterilized and sewn onto plates contpiztbuM or 100uM chemical
respectively, 1/2x MS, 0.7% agar, stratified inkdatr 4°C for 3 days, and scored after 4
days at 2%C, 16 h light, 8 h dark. A sulfonamide we named BRB5, inhibitedP.
virgatumseed germination at concentrations as low as 25T three other
compounds, SA22B11, SA41D09, and EM116G02 arelatsxtive at 25 M, but not to

the extent of EM51DO05 (Figure 1.8. virgatumgermination was also inhibited at 25



1M ABA. The remaining 10 hits were not charactetihgrther due to their weak activity
at 25 pM. Bioactivity was also investigatedAnthaliana.Seeds of wildtype Col-0 and
ABA insensitive mutanabil-1were screened against our original 14 bioactive ih
ABA agonist might inhibit seed germinationAmabidopsis thalianaso this was tested.
2 of the compounds, SA22B11 and SA41D09, delayebitiopsis seed germination at
25 uM, but this effect could not be abolished by dominant abil-1 mutations (Figure
1.3) suggesting that the effects of these compoaralsot likely to act through the ABA
signaling pathway in Arabidopsis. These findingggast that the specificity of these
bioactive compounds is limited B virgatum Further demonstration of this specificity
is observed at concentrations as low as 1 uM. Tiiage after germination, the
remaining 10 hits that were not characterized tirthere able to delay germination at
lower concentrations (Figure 1.4). Thus, our suregefforts identified 4 inhibitors of

Panicum seed germination.

Physiological characterization of hit compounds

One of the well-characterized effects of ABA igrtbibit root growth. We therefore
tested the effects of the 4 bioactive hits on gyotvth in comparison to ABAP.
virgatumseeds were sterilized and sewn onto 1/2x MS, 0Jé6 gridded plates which
were sealed with 3M Micropore Paper Tape. Afteatsication and germination,
seedlings that were 1 cm in length were transfeored gridded plates containing similar

media containing the respective concentration afmaound. Root length was quantified



after 5 days. At 100 uM, all compounds were ablaldbit Panicum root growth to a
similar degree as observed with100 uM ABA (Figufe) 1At 25 uM, all hits inhibited
root growth similarly or better than ABA at the sagoncentration. Interestingly,

EM51DO05 also affected growth of above ground stmes at 25 uM and 100 pM. In

ABA-treated control plants, this phenotype is oolbserved at 100 uM ABA.

To further characterize the activities of the 4 it vegetative tissue, we conducted
drought stress assays on mature plants. 30 dgyaits were sprayed (every other day)
with 50 uM and 100 uM compound during a 7-day weggprivation period. Total
biomass was measured to infer the effects of driodgtese experiments showed that
after 3 treatments during the7 day period of lichieatering, ABA treated plants
outperformed all treatments at both 50 uM and 1@0cpncentrations (Figure 1.6). After
rewatering, ABA treated plants displayed more proveed recovery compared to DMSO
and the 4 bioactive chemical treatments. Thesergrpets suggest that the compounds

are not capable of inducing drought tolerancBanicum virgatum

Receptor analyses

To further characterize the activity of our biogethits, we examined their ability to
activate different ABA receptors obtained fr@ma maysandA. thaliana(AtPYR1,
AtPYL2, AtPYL5, AtPYLS, and AtPYL12) using yeast dahybrid reporter strains
(Figure 1.7). Clones fafea may#A\BA receptors were obtained from Syngenta
(www.syngenta.com). All receptors reported actmat@t 5 uM and 25 uM ABA

however atl uM ABA, receptors g, AtPYLS8, and AtP¥L.did not report activation.
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Receptor activation in the presence of pyrabactie vsbserved in receptors i, |, Kk,
AtPYR1, and AtPYL2. These control experiments destiate that the yeast assays were
behaving as expected. EM30G11 was only able toaetiAtPYL5 weakly at 25 pM.
SA98F08 was only able to activate AtPYL8 weaklpag M. The remaining hits were
unable to activate any receptors obtained flormaysandA. thaliana Given the high
sequence conservation of residues in the ABA bmpgiocket of the ABA receptors,

these results suggest that the hit molecules drikety to activate ABA receptors.
However it is possible that the metabolism, uptakexcretion of the compounds in
yeast is different than in Panicum. It is also gaeshat Panicum receptors could

respond to the compounds tested, however we ditesbthis.

Characterization of ABA responsive marker genesin Panicum

Given the effects of our bioactive molecules omgeation, root growth, and abiotic
stress, we wanted to see if they affected ABA-raga gene expression using
guantitative RT-PCR analyses. Despite their ingbib activate receptors in the yeast
assays, we wanted to investigate if the compouatilsate the ABA pathway, as
measured using Panicum ABA-responsive marker ge@egell characterized ABA
responsive genes were selected and their sequeseggor BLAST searches against all
green plant proteins found in the NCBI Databasdé¢atify Panicum homologs. Based
on these analyses, primers were designed fét. #&rgatum genefigure 1.8)These

primers were then used for gRT-PCR experiméentgeek oldP. virgatumseedlings

11



were incubated in liquid media containing DMSO @AA cDNA was isolated 24 hours
after incubationThese analyses showed that 2 gepe€OR47andpvABI 1
demonstrated significant induction by ABA (compated\ctin control) and these were
therefore used as molecular markers for charaatgriBA responses in Panicum.
(Figure 1.9, left). Our results showed that ABAguoed an ~9-fold induction of
pvCORA47after 1 hour of treatment (Figure 1.9, right). 2ts after treatmenGOR47
was induced ~278-fold. The 4 bioactive hits produesd than a 2-fold induction of
COR47at both 1 hour and 24 hour treatments. Withph&BlIprobeset, a ~6-fold
induction is observed in ABA treatments at 1 hawt 24 hours. The 4 bioactive hits
produced less than a 1.5-fold inductionA&11 at both 1 hour and 24 hour treatments.
These experiments suggest that the compoundsfiddrdio not activate the Panicum
ABA- response pathway. We have successfully createseful gRT-PCR markers for
characterizing ABA responses in Panicum, which ballvaluable for future

characterization of ABA signaling in Panicum.

DISCUSSION

In this report, we demonstrate a chemical screesystem for monocots usiriy
virgatumas the model organism. A secondary goal of thisescwas to identify an ABA
agonist active in monocots. There were severar@iin organism selection that had to
be met in order for an efficient experimental syste be developed. Much of these were

based off qualities. thalianapossessed. FirsA. thalianahas a fully sequenced and

12



annotated genome. It has a relatively short lildepf six weeks, from germination to
seed maturation, and can easily be propagatedali spaces (Meinket al.1998). For
high-throughput screening purpos@sthaliands seed size is quite small. We ideally
wanted a monocot that was commercially availabtetaad a fully sequenced genome to
conduct molecular and genetic analyses. Seed sigawimportant consideration as it
could potentially influence the amount of chemiagdnd needed to produce a notable
phenotype. Having a library of ~20,000 small molesubuantity was limited. We
selectedP. virgatumbecause it fulfilled many of the qualities notgd\beinkeet al.

1998 that mad@. thalianaan ideal model for high-throughput screening. dsvalso
selected due to its agronomic impact to societyitngrowing interest towards

production for biofuels.

The next challenge faced was developing an effidiegh-throughput screening system
that could be applied t®. virgatum There is no previously established protocol for
chemical screens in monocot systems. One of theti@onts was seed size. virgatum
seeds are larger tha&n thalianabut significantly smaller thad. mayesThis would still
allow the use of a modified protocol for a 96-watih-throughput screening system done
onA. thaliana Our next challenge to overcome was seed stdrdizanethodology as no
previous protocol foP. virgatumhad been developed. A variety of different surface
sterilization methods were performed until we deieed an ideal method that avoided
contamination and did not affect seed germinatfodistribution system also had to be

developed due tB. virgatums seed size as conventional pipetting of seedsesuted in

13



liquid agar was unachievable. After much trial @ncbr, an optimized high-throughput

screening system fdét. virgatumwas finalized.

The library used for the high-throughput forwaraheic screen consisted of structurally
diverse compounds that each contained a sulfonalnkbge, one of the bioactive
functional groups of pyrabactin. Preliminary sciegruncovered a handful of bioactive
hits that were later narrowed down to 14 candid&teirther characterization of
potential agonist activity. From our germinatiordanot growth assays, only 4
candidates of the 14 isolated compounds were aati2& 1M concentrations. Our
strongest candidate, EM51DO05, produced similar ptygres as observed in the presence
of ABA at similar concentrations. Although compatedABA, EM51D05 at 25 uM had

a stronger affect on both root and shoot growthhénYeast Two-Hybrid screen Af
thalianaandZ. mayeABA receptors, only two compounds from the origihdlwere

able to weakly activate two receptors. This sugggktiat the targets of our candidate
compounds were downstream of perception or unktlatéhe ABA pathway altogether.
To investigate if these compounds do in fact atéivhe ABA pathway, we focused our
attention directly towards the genes responsibielioiting ABA response. Quantitative
RT-PCR was conducted on ABA responsive genes coedén bothA. thalianaandP.
virgatum From the 19 genes characterizedzOR47andpvABI1ldemonstrated
significant induction by ABA (compared to Actin dool) and were used as molecular
markers to monitor ABA responseh virgatum At both 1 hour and 24 hour treatments,

none of the 4 bioactive hits were able to producelar or greater induction compared to

14



ABA. These findings suggest that the compoundstifieth do not activate the ABA-

response pathway . virgatum

While we were unable to find a bona fide ABA agbnige hope to be able to screen
other chemical libraries. Our work showed that vezenable to develop a high-
throughput screening method that can potentiallgdsgpted towards other monocot
systems. With this, we hope that the knowledgeeaghfrom this study can increase flow
of knowledge and technology in order to improvepgoooduction for agriculture and

biofuels production.

MATERIALSAND METHODS

Plant material and growth conditions

Panicum virgatunseeds (Wildseed Farms, Item# 3809. 86% Purity, G&¥tnination)
were sterilized in 96% $BOysolution in water (Acros Organics) for 5 minutesrth

rinsed twice with ddkD, each 5 minutes. Seeds were then transferre@inb &entrifuge
tube. 5.25% hypochlorite bleach plus 10% Tweene20ti®n in 100;1 ratio is added to
the centrifuge tube and repeatedly inverted fomdrtutes. This solution was then
decanted and the seeds are washed with sterilgQddid times, each rinse being 5
minutes. Rinsed seeds are then placed onto fiteempand dried in the hood. Seeds were
then sewn o0rl/2x Murashige&Skoog (MS), 0.7% agar plates and s$iedtin dark at

4°C for 3 days. For germination assays, seeds seave onto plates containing 25uM or

15



100uM chemical respectively. Equivalent volume®bdSO were added to plates as
control. For root and gRT-PCR assays, seeds wene getol/2x MS, 0.7% agar
gridded plates and sealed with 3M Micropore PafgreTl After stratification, plates are
grown in chambers set at%®5 16 h light, 8 h dark. For root and gRT-PCR assplates
are grown vertically. Seedlings that are 1 cm igtl are transferred t2x MS, 0.7%
agar gridded plates containing 25uM or 100uM chahrespectively and grown
vertically for 5 days. For gRT-PCR assays, 4 dalysaledlings are transferred to 250 ml
flasks containing 5ml/2x MS, 0.5% Sucrose liquid media and grown for 7sd&§edia

is then replaced with 5nml/2x MS, 0.5% Sucrose liquid media containing 25 uM &60
KM of chemical respectively and grown for indicatiede periods. Equivalent volumes

of DMSO were added to plates and flasks as control.

Chemicals

A collection of 9807 and 9995 sulfonamide analognpounds in 96-well plates were
purchased from ChemBridge and Enamine respect{veiyv.chembridge.com,
www.enamine.net). Compounds were diluted to 10mM@MSO and working plates
were aliquoted to 2.5mM using the Beckman Coulienigk FXP Laboratory
Automation Workstation. (+)-cis trans Abscisic A(BIOSYNTH, A-0120) was diluted

to appropriate concentrations in DMSO.

16



High-throughput chemical screening

Chemical screening plates were prepared contaildjrlgof 10mM compound plus 100-
uL 1/2 x MS, 0.7% agar. Prior to addition of 1/2 6lM).7% agar, chemicals were
aliquoted into methanol solution using the Beckr@anllter Biomek FXP Laboratory
Automation Workstation to ensure transfer. Methasalllowed to volatilize. To

distribute seeds to plates, a half-skirted, rim@@dvell PCR plate containing 1%
Agarose and a 96 Deep-Well plate containing seedsad. The PCR plate is placed over
the Deep-Well plate and inverted to allow seedsotttact the media. The PCR plate is
then compressed over the chemical plate and slanageadst a surface in order to
transfer the seeds. About 5-6 seeds are distriiatedch well. Plates are stratified in
dark at 4°C for 3 days then transferred to a darkildity chamber for 4 days. Seed

germination is scored by coleoptile emergence.

Determination of root growth

Seeds were sewn onté?x MS, 0.7% agar gridded plates and sealed with 3ktdpore
Paper Tape. After stratification, plates are graertically in chambers set at %5 16 h
light, 8 h dark. Seedlings that are 1 cm in leragthtransferred td/2x MS, 0.7% agar
gridded plates containing 25uM or 100uM chemicapestively and grown vertically
for 5 days. Plates were scanned using an EPSOMd#erf 4990. Root lengths were
traced using ImageJ 1.45 (Rasband W. Nationaltines of Health, USA). Root length
is represented by the average percentage growhrephcates per treatment.
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PCR primers

A group of ABA responsive genesAn thalianawere selected from a list provided by
Gonzalez-Guzmaret al.2012 for primer design. A BLAST search was perfatrfo
conserved proteins against all green plant profieinsd in the NCBI database.
Conserved regions of the proteins were taken and¥lsearched against the proteome
of Panicum virgatunfwww.Phytozome.com). Contiguous sequences weretsdl@and
primers were designed using the Roche UniversdidRibrary Assay Design Center
(Roche Applied SciencedDNA sequences were also BLAST searched agRinst

virgatum PCR primers and sequences used for gRT PCRsted In Table 1.

RNA isolation and Quantiative Real-time PCR

Root and shoot tissue of seedlings were harvestedhaur and 24 hour time points,
DMSO being ¢. RNA was extracted with the PureLink Plant RNA Gemat according to
the manufacturer’s instructions (Invitrogen). RNAspurified using the TURBO DNA-
free™ Kit (Invitrogen). cDNA synthesis was performedngsaSuperScript' 11|

Reverse Transcriptase (Invitrogen, http://www.iragien.com) from a reaction mixture
of 5-ug of total RNA, oligo-d%,, and ribosomal RNA primer.1pk samples for qRT-
PCR analysis were prepared by mixing il5ef cDNA template with Maxima SYBR
Green/Fluorescein gPCR Master Mix (Fermentas).gRRRssays were performed on a

CFX Connect™ Real-Time PCR Detection System (Bio)Ra biological triplicate and
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triple technical replicate measurements were caedu®ata was processed using the
BioRad CFX Manager software. The following concisonvere used for each qRT-PCR
assay: 3 minutes at 95, followed by 40 cycles of 10 seconds at®5and 30 seconds at
55°C in 96-well optical reaction plates (BioRad). Aft&® cycles, amplicon specificity
was verified by melting curve analysis (65°G%and were normalized by PEX4

(T5G25760) internal control.
Drought Assay

P. virgatum seeds are sewn onto soil and straiifielhrk for 3 days. Seeds were then
grown at 28C, 16 h light, 8 h dark for 2.5 weeks. Andersoni@ch Band Pot’s
(McCONKEY companyyontaining 15.5g of dry soil are hydrated. Nine ®eek old
seedlings are then transferred to these soil patgeown for 2 weeks. Mature plants are
then sprayed with respective compounds at 25 uMLaduM concentrations every two
days while still being watered. After the third @prwater supply is limited completely.
Chemical is sprayed again on the fourth spray cy@#een days after watering has been

stopped, water is reintroduced. Plant fitness iasueed two days after rewatering.
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Figure 1.1A. Chemical structure of sulfonamide hiten the ChemBridge library
(www.chembridge.com).
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Figure 1.1B. Chemical structures of sulfonamide fitm the Enamine library
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Figure 1.2. Partial or complete inhibition of genatiion inP. virgatum Seeds were stratified for
3 days at 4 °C on agar media containing differencentrations of ABA or sulfonamide
compound. Germination was scored 72 hours aftetifatation. The experiment was conducted
in triplicate. Representative images for DMSO, 5 ABA, 25 uM ABA, and sulfonamide
candidates at 25 pM and 100 pM.
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Figure 1.3. Germination sensitivity of sulfonamaindidates ilrabidopsis thalianaSeeds of
wild-type Columbia Col) and ABA insensitive mutanabil-1) were monitored in the presence
of 1uM ABA and 25uM if sulfonamide compound. Theerment was done in duplicate.
Representative images for germination sensitivitkrabidopsis thaliana.

25



Day 3 Germination

100
80 = T
= N
<
< \
c + e ABA
£ ! N : ——EM51D05
: - E
'€ 40 I N \ EM109E3
& \ \ \ ——SA22B11
20
M ———SA41D05
O T T

0 1 2.5 5 10 25

Concerntration (uM)

Figure 1.4. Germination inhibit &f. virgatum Seeds on agar media containing different
concentrations of ABA or sulfonamide candidate, amde scored 3 days follow stratification for
3 days at 4 °C. The experiment was conductedpfidate. Values plotted are the average of
three independent measurements. Error bars shadesthdeviation (SD).
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Figure 1.5. Root phenotype suppressioR.inirgatumseedlings in the presence of potential
ABA agonists. Seeds were stratified for 3 days &€ 4n agar, allowed to germinate and grow
for 4 days, before being transferred to agar mealigaining different concentrations of DMSO,
ABA, or sulfonamide candidate. Seedlings were st8rdays after using ImageJ. The
experiment was conducted in triplicate. Represemtéinages at 7 days post stratification for
DMSO, 25 uM ABA or sulfonamide candidate, or 100 ABA or sulfonamide compound.
Values plotted are the average of the three indim@measurements and error bars show
standard deviation (SD).
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Figure 1.6. Drought stress assay on maRurgrgatumplants. Plants were sprayed with each
respective compound at 50 uM on Days 0, 2, andate¥Wvas limited until Day 7. Fitness and
recovery were measured on Day 10 after rewatefing.experiment was conducted in triplicate,
with 9 seedlings per replicate. Values plottedthecaverage of the three independent
measurements and error bars show standard dev{&in
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Figure 1.7. Y2H assay ah mayesandA. thalianaABA receptors. AllZ. mayes#ABA receptors
were screened for activity in the presence of ABjabactin, or sulfonamide compound.
Representative monomeric and dimeric receptors &othalianawere screened for activity in
the presence of ABA, Pyrabactin, or sulfonamide pouamd.
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Overview of Primer Design for ABA Responsive Genes
Gonzalez-Guzman, et al. (2012)

MCol @ 2.2/2.3/2.6 (Fujita 2009) 0112458 [ 2.2/2.3/2.6 (this work)

Take the conserved region and
-~ BLAST against proteome of
Panicum virgatum (Switchgrass)

Identified ABA BLAST the protein againstall green
plantproteins foundin the NCBI

Responsive Genesfrom >
Arabidopsis thaliana Database

W
_ BLASTcDNAagainst ~ Acquirethecontigand design
" P virgatum database primers

Figure 1.8. Overview of primer design for ABA reggive genes iR. virgatum Genes were
selected from work conducted by Gonzales-Guzratal.2012. Protein sequences were BLAST
screened from the NCBI database and conservedssegieere BLAST screened again he
virgatumproteome. Primer design was done using the Roclheekdal ProbeLibrary Assay

Design Center (Roche Applied Science).
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Gene ABA Fold
PvHAB1 1,909
PvABF2 4.648
PVABF2(2) 3.863
PvABF3 3.299
PvABI1 3.966
PvABIS 1.081
PvABI5(2) X
PVAT1G01470 2777
PVAT1G01470(2) X
PvABI1(2) 5.245
PVAT1G72100 X
PVvAT4G21020 0.059
PvCOR47 1166.048
PvERDS 1.385
PvERD10 8.535
PYP5CS1 1,228
PvP5CS1(2) 4.337
PvPP2CA 3.723
PvRAB18 0.7423
PvRD20 1,176
PvRD21 0.411
PvRD26 3.846
PvHAIL 4.16
PvHAI1(2) 4.713
PvHAI1(3) X
PvKIN1 0.955
PVKIN1(2) X
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Figure 1.9. (Left) Induction of genes in the preseaf ABA. Genes showing induction values
greater than 4 are highlighted. (Right) ExpressibABA responsive genes 1 hour and 24 hours
after chemical treatments. ActiACT) was used as control. The experiment was condurcted
triplicate. Values plotted are averages of eaclviddal replicate. Error bars show standard
deviation (SD).
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Primer Name Forward Primer

Reverse Primer

qPvHAB1 ggcgaaggat gat gaat gt c gttcgacattacgt cccagag
gqPVABF2 aagcct cct gct at ggagaa tccecggttcttgatcatcc
gPVvABF2(2) cct ggaagt ggt cagcaat c ccagggacctgtcaatgttc
gqPVvABF3 cct ggaagt ggt cagcaat c ccagggacctgtcaatgttc
gPVABI1 ggcgaaggat gat gaat gt c gttcgacattacgt cccagag
gPVABI1(2) agcggtt gt cgt ggt agt gt aacccgt gaat ct ccacagt
gqPVABI5 aggccgaat t gaaccat ct ttgtattctcctcggctttga
gPVABI5(2) t ccat cat gt cgct gacg t cat ggacccgaagttgc
gPVvAT1G01470 ccat cat cggaaactt cacc gagggt t gggagct t gaact
gPVAT1G01470(2) tcgcctt caagaacgt cag tgcgagt aggggttgttga
gqPVAT1G72100 cgccaaggacaaggt cac cgatctttcgcgetcttg
qPVAT4G21020 cgccaaggacaaggt cac cgatctttcgcgetcttg
gqPvCOR47 cagct ccagct cgt ct gag cttctccttgaggcccttct
gqPVERD9 agctt caaaggcct gaggt a ctcgctcttgtttccgaaga
gqPVvERD10 gggcacaaggacaaccag cgacccagcat accct gt
gPvP5CS1 gt gat ggat gccaaaatt ga aacaagtaatgtttccatggcatt
gqPvP5CS1 tt caagat ggtt gaagaagttgtc gcat cagcaat at ccagcaa
gqPVvPP2CA atttcttcggcgtctttgac at cct gt cct ggcacaacc
gqPVvRAB18 cgccaagcct act agct gat cttccggtggcttctgttt
gPVvRD20 gctcccagtatcgttcttcg tccct gct gagt gggaaa
gPvRD21 gaccaat ggagggaacagt g at gaact caaaggcggaat c
gPVvRD26 tggct actt gcagt cgat ga t ggt ggcaagatt gt ct gc

Table 1. List of primers designed from the 19 ABAponsive genes characterize®anicum
virgatum Primer design was done using the Roche UnivénsaleLibrary Assay Design Center
(Roche Applied Science).
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ABSTRACT

Clade A subfamily of type Il C protein phosphata@&i32C) is negatively regulated by a
family of star-related lipid-transfer (START) prats called PYR/PYLs (pyrabactin
resistancel/PYR1-like)n vivo, these proteins are activated when bound to Alssacsd.
This interaction stabilizes its conformation, leaglto ABA signaling. Previous work
done by Mosqunaet al2011 were able to use that mimicked the agonistidou
conformation leading to the activations of signglim vivo. Multiple yeast two-hybrid
screens were performed to construct PYL2 recepiatsnhibited PP2Cs in the absence
of ABA. Here we compare the efficiencies of the stttntive active PYL2 receptors
under drought stress in comparison to wildtype.dpemrs were tested using the drought
inducible promoter Rd29A. Our results reveal thatditional activation of constitutively

active PYL2 is sufficient to elicit drought stres$erance.

INTRODUCTION

The phytohormone abscisic acid (ABA) is involvedainumber of important biological
processes in plants including development and respto environmental stress
(Finkelstein, 2002; Nambara, 2008).vivo, ABA binds to a family of star-related lipid-
transfer (START) proteins called PYR/PYLs (pyralracesistancel/PYR1-like) that are
essential for ABA signaling. In their active ABA4ad state, PYR/PYL proteins inhibit
members of the clade A subfamily of type Il C pnotghosphatases (PP2Cs). This

inhibition leads to the activation of sucrose nemfenting-1(SNF1)-related protein
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kinase 2 (SnRK2) kinases, leading to downstreansinarylation of targets that
modulate ABA responses. In the absence of ABAPR2Cs dephosphorylate the

SnRK2 kinase and therefore repress ABA responses.

Intensive research around the mechanism behind aAits mechanism of action has
been ongoing for decades since it was first idieatiin the 1960s (Parkt al 2009). Due
to the genetic redundancy of the PYR/PYL recepiaigal efforts towards genetic
identification using approaches such as loss-otion and gain-of-function mutations
did not identify ABA receptor proteins. One drawkat such approaches is that most
mutations are not conditional and this can lim@ @maracterization of essential genes
(Stockwell, 2000). The use of chemical genetics aaprinciple, bypass this limitation
because chemical inhibitors and activators cansed to conditionally alter the function
of gene products. In general, this approach erdgdembling mutation equivalents in the
form of ligands, screening these ligands for biwégt and identifying the targets of
these bioactive molecules (Stockwell, 2000; @asl 2011). This method was one of
the key tools used for elucidating the receptovsived in the ABA pathway. Prior to
employing this method, biochemical and cell biobagiapproaches suggested the
existence of ABA binding proteins but it link thesendidate proteins were never
convincingly connected to the ABA response path{ykelstein.et al 2002). In 2007,

a selective ABA agonist named Pyrabactin was iedl&iom a high-throughput chemical
screen (Zhacet al. 2007). Genetic analyses identified a START proteitedPYR1
(pyrabactin resistance 1) as the cellular targgyodbactin and the founding 13-member

of family Arabidopsis ABA receptors (Park, al.2009).
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Since their initial discovery, focus has shifted/énds the characterization of individual
receptor function. Towards this goal, constitutyattive receptor mutants for various
receptors have been constructed and used to riaatahe activation of a single receptor
(PYL2) is sufficient to elicit a multiple ABA respses in Arabidopsis (Mosqunet,
al.2011). To further investigate receptor functiomgstonstitutively active receptors, we
monitored the effects of the constitutive expressibPYL2 inArabidopsisplants during
abiotic stress and development to further disseeble in ABA signaling. RD29A-(a
stress-inducible promoter) driven constitutivelyiae transgenic plants were subjected to
abiotic stress to evaluate their performance ingammson to wildtype plants. During
simulated drought stress, constitutively activasgenic plants demonstrated increased
drought tolerance than wildtype and Col-0. Similadings were observed in plants
subjected to NaCl stress. Our results show thatahéitional activation of constitutively

active PYL2 is sufficient to elicit drought strdséerance.

RESULTS

Arabidopsis thaliandransgenic lines used for this assay were seledtedscreening for
mutants that conferred glufosinate herbicide rasist. After lines with single copy
insertions were isolated, homozygous lines wese streened in the similar manner.
After selecting homozygous representatives forsganic lines expressing the Rd29A-
driven GFP-tagged constructsRYL2andPYL2CA4 we focused our efforts on

characterizing the role of this receptor duringoéibistress. We first examined the
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response of whole plants from Rd29:GFP-PYL2 and9Ra@EP-PYL2 CA4 transgenic
lines in regards to water use efficacy. Six weekpants were individually grown in

Jiffy soil pellets and wrapped in polyvinyl-chloe&nd Parafilm plastic to simulate
drought stress for a period of five weeks. In REFEP-PYL2 CA4, transgenic lines #17
and #21 were selected as representatives dueitaésered expression patterns observed
from preliminary assays. At the end of the week fiRd29:GFP-PYL2 CA4 #17 and
Rd29:GFP-PYL2 CA4 #21 transgenic lines retainedawaaiter on average (about 57%
and 61%) compared to Col-0 and Rd29:GFP-PYL2 (abd¥ and 51% respectively) as
seen in Figure 2.1A. Plant weight was measured lyegbktoughout the experiment. No
significant changes in plant weight were appredidtetween the fourth and fifth week of
drought simulation. From observation, a majoritywaiter lost through transpiration
occurred during the first and second week. Notdbiferences in phenotype, in particular
plant weight and leaf turgor, were also observethduthis time period and correlate to
the data collected for average water retentionf tuegor is used as our quantifying
factor which at week two demonstrated that thesganic mutant lines, especially
Rd29:GFP-PYL2 CA4 #17 and Rd29:GFP-PYL2 CA4 #2kaeed survivability. In
comparison to untreated plants that are the sameRap9:GFP-PYL2 CA4 water

deprived plants look fairly similar in appearanoel size (Figure 2.1B).

In attempt to explain the phenomena appreciated tar drought assay, we quantified
stomatal aperture under experimental conditiormm&tal aperture measurements
through scanning electron microscopy (SEM) weredoeted following induction and

rehydration of leaf tissue from each plant linessTie from transgenic lines was sampled
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and impression molded using tBazuki’s Universal Micro-Printing (SUMM)ethod.

Our results show that Rd29:GFP-PYL2 CA4 #21 posskesmaller widths on average
than Col-0 and Rd29:GFP-PYL2 CA4, suggesting thadtrof its stomata are closed
during drought stress. Rd29:GFP-PYL2 CA4 #17 alsdlpced smaller widths but not as
significantly as Rd29:GFP-PYL2 CA4 #21. Consisteith the findings from the drought
stress assay, closed stomata in both Rd29:GFP-RAL#17 and Rd29:GFP-PYL2
CA4 #21 suggest a reduction in transpiration legtiinless water used by the plants. In
contrast, Col-0 and Rd29:GFP-PYL2 CA4 had widemstta widths on average,
allowing more water to be lost through transpinatiGonstitutive activation of PYL2
receptors produced stronger ABA response to drostgbss in comparison to wildtype

receptors.

We next examined the role of PYL2 in response beioforms of abiotic stress, in this
case NaCl stress (Figure 2.2). In our NaCl reststassay, one week old seedlings were
acclimated in 200mM NacCl for 16 hours before bdnagsferred to 250mM for two
weeks. Survived seedlings was used as the quargifgictor in measuring NacCl
resistance. Our findings show that PYL2 producedlar NaCl resistance as PYR1.

Both PYR1 and PYL2 had similar tolerance to NaCCat0. Overexpression of both
PYR1 and PYL2 produced substantially resistandéa@l in comparison to wildtype

and Col-0.
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DISCUSSION

Previous work from Mosquret al. 2011 demonstrated the ability of PYL2 to suffidlgn
activate ABA signaling in vivo even when expressethutants that are deficient in
ABA-mediated seed response. They were able totsatgcactivate individual family
members of ABA receptors but have not exploredothesibility of each having different

subfunctions, since ABA activates multiple receptorwild-type plants.

In this report, we continue this phenotypic expliomaby characterizing the function of
constitutive active PYL2 during abiotic stress sashdrought and salt exposure. We
tested this construct using the stress-inducitdenpter Rd29A. Our data demonstrates
that expression during both drought and salt sireB¥'L2 is sufficient to activate ABA
response in vegetative tissue. A stronger respwaseobserved in overexpressed
transgenic plants. One caveat of expression dP¥Ie2 construct in null mutant
background is that rosette size is reduced. Themptype is seen in both treated and non-
treated plants of the same age during our drouggaya Overexpressed CA4 lines of the
PYL2 construct shows a more drastic reduction geti@ size at day 7 in comparison to
both Col-0 and Rd29:GFP-PYL2. This size differdngaalso prominent in control plants
at day 14. At day 14 of water deprivation, them minor differences in size compared to
both Col-0 and PYL2. Drought sensitivity decreaseSA4 mutants. This assay will
need to be repeated using developmentally equivplant material. The difference in
size can be a contributing factor to average watined at the end of the drought

simulation. The reduced surface area of CA4 tramsdmes could result in less
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transpiration compared to Col-0 and PYL2. Howeaeday 14 of the drought
experiment this size difference is indistinguisieainl Col-0, Rd29:GFP-PYL2, and
Rd29:GFP-PYL2 CA4 lines. We were able to addresssthieory by measuring stomatal
aperture in attempts to find linkage to the obseépleenotypes. Consistent with our
drought assay findings, Rd29:GFP-PYL2 lines hadenstomata closed on average than
Col-0 and Rd29:GFP-PYL2. Constitutive activity pugds a baseline biological response
in the absence of a bound ligand. One outcome & Aignal activation is the closing of
stomata. This baseline response results in a dexnedranspiration. In our NacCl
resistance assay, overexpression of the CA4 rexseptoduced tolerant vegetative plants
when exposed to 250mM NaCl. This decrease in sehgivas seen in both Rd29:GFP-
PYR1 and Rd29:GFP-PYL2 CA4. Rd29:GFP-PYR1 and RAEP-PYL2 wild-type

lines demonstrated similar NaCl sensitivity as GoCollectively, our data demonstrates
that the expression of Rd29:GFP-PYL2 CA4 is sugfitito activate signaling in
vegetative tissue. Stress tolerance is noted istitatively active transgenic lines is
based on fitness. Together with previous data, amirtue to gain more insight on the
individual functions of each receptor involved iBA signaling. Future work is expected
towards characterizing the functions of the renmgjneceptors using similar assays in

hopes to gain a complete picture of their roleBBA signaling.
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MATERIALSAND METHODS

Plant material and growth

Transgenid. thalianalines: Col-0, Rd29:GFP-PYL2 #19, Rd29:GFP-PYL2 CA4
#17,and Rd29:GFP-PYL2 CA4 #21, were selected fagisicopy T-DNA inserts using
glufosinate resistance segregation. Glufosinatistance was also used to identify
homozygous transgenic lines. Transgenic seedssueface sterilized in Ependorff tubes
using the following solutions: 70% EtOH for 5 miagf 39.5ml Water, 10ml 5.25% (w/v)
hypochlorite bleach, 500uL 10% Tween-20 for 5 maésyand washed 5 times with
water. Seeds sewn onto 1/2 Murashige and Skood Ba#i#Mixture (MS), 0.5%

Sucrose, and 0.7% Agar containing glufosinate uBitgo Liquid Agar, stratified for 5
days in dark at 4°C, and grown in 16h light, 8hkdgnowth chambers at room
temperature (25°C). Transgenic lines that did egtegate glufosinate sensitivity,
yellowing of the cotyledon, in the T3 seed, buteveegregating 3:1 in the T2 seed were
classified as homozygous. After isolating singlpycand homozygous representatives
for each genotype, seeds were grown and sewn eticdshes containing 1/2 (MS),
0.5% Sucrose, and 0.7% Agar containing 100mg/mbé&acillin antimicrobial agent.
Sewn seeds were stratified at 4°C in the darkdar flays to and grown 16h light, 8h
dark at room temperature for five days. For drowagsiays, seedlings were transferred to

Jiffy-7 peat pellet soil and grown for 6 weeks.
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NaCl Resistance assay

Homozygous seeds were sterilized, sewn, and getadirmanto gridded plates containing
in BD Falcon 100x15mm Disposable Square Integriti Péshes on media consisting of
1/2 x Murashige and Skoog BaSalltMixture (MS), 0.5% Sucrose, and 0.5% Gel2hn
Agar, and 100mg/ml Carbenicillin antimicrobial agdrfollowing media sterilization, a
sterile 80x80mm Nylon Mesh (Mesh Cat#: BOO1UTS0083 placed on top of 25ml
liquid media prior to solidification. A1000 micromsjuare openings nylon mesh used
have with 59% open area, and 515 micron threadetermvas utilized. Nine seeds were
sown evenly on each plate over 10x10 mesh squaie Gown plates were sealed with
3M Micropore tape and stratified in darkness’a fbor 5 days. After 5 days
stratification, seeds were grown in chambers s2&, 16 h light, 8 h dark. After 1
week, seedlings were transferred to plates comigisimilar mesh media plates in
addition to 100uM NacCl. The transfer was done bypgplanting the mesh containing the
seedlings onto the mesh media plate containing M0Of@CI. Seedlings were
acclimated for sixteen hours in chambers set & 256 h light, 8 h dark. An additional
mesh layer was placed on top of solid media befaresfer to prevent the seedlings from
making contact with the NaCl surface. Plates wieea tsealed with 3M Micropore tape.
Acclimatized seedlings are then transferred ontstrmeedia plates containing 250uM
NaCl and sealed with Micropore tape. A strip ofdéiém is placed on three of the four
edges of the plate to allow a small window for ylatibn. Survival rates were scored

after 14 days or until 60% of Col-0 has survived.
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Drought assay

Seedlings were individually transferred to hydraldty-7 peat pellet soil and placed in
an individual 2.25 inch by 1.33 inch Terracotta (fedrrand Enterprisedyorty plants per
genotype were grown for 6 weeks. Mature plants \peepared for drought simulation

by using a combination of polyvinyl-chloride andr&fdm plastic to limit any factors of
water loss not attributed to transpiration. Thesosurface of the pot is covered in
polyvinyl-chloride and placed into an empty poteTupper half of the apparatus wrapped
with Parafilm plastic, only exposing the shoot &namass of the plant. Five plants per
genotype, used as biological controls, are growparallel to treated plants. Plants were
then imaged and quantified for total weight. Datadesired parameters were collected
every week, one week following prior measuremeatafperiod of 3-5 weeks. After this
measurement period, individual plants were disskatel part of the apparatus was taken
apart to determine plant dry weight and relativéewvaontent. Plant biomass and soil
were dried in an oven for a week. All parametettected were then processed to

determine the plant water content and water loghbyplants through transpiration.

Stomata Assays

Col-0, Rd29:GFP-PYL2 #19, Rd29:GFP-PYL2 CA4 #17,Ru29:GFP-PYL2 CA4 #21
seed were surface sterilized, sewn, and straiffiethrk at 4°C for 5 days. Seeds were
sown side by side across a OmniTray PolystyrenexX28mm lawn plate on media
containingl/2 x MS, 0.5% Sucrose, and 0.7% AgaterAdtratification, plates are

transferred to growth chambers at 23fCa 16h light, 8h dark cycle and grown vertically
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for 1 week before being transferred to soil. Ateweeks, leaf tissue was taken from each
plant for stomatal measurements. Leaf tissue wias dnder light in a sterile hood for 1h
(induction time). Plants were reintroduced to wéberLlh 30m. Following induction
treatment, stomatal morphology was captured by@sgon molding using tHeuzuki
Universal Micro-Printing(SUMP) method SUMP Laboratory, Tokyo). Each
measurement was done in triplicate. Prior to eacldpfSUMP platesvere incubated by
exposing the disks to 20uL 8UMP liquid(isopentylacetate).This allows the plastic to
become malleable for a limited period of time. Lesdue is removed after incubated
disks have solidified. Each transgenic line wasgadhin triplicate. The impressions
were imaged using a TM1000 Hitachi Tabletop SEME200 magnification. Around

100 stomata per transgenic line were captureddoin éransgenic line. Width and lengths
measurements were obtained using ImageJ 1.45 (RédBaNational Institutes of

Health, USA). and quantified.

Western Blot Analyses

One equal-sized rosette leaf from 4 week old tranggplants was obtained for western
analysis, frozen in liquid nitrogen, and pulverizedubes containing one 6.35mm
diameter chrome steel ball and two 3.2mm diamédtesme steel balls (BioSpec
Products)10uL TBS buffer [L0mM Tris-HCI (pH 7.4) 150 mM NdGupplemented
with 1% protease inhibitor mixture (Sigma) was atltteground tissue, which was then
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allowed to thaw and mixed thoroughly. Samples weea centrifuged for 10 minutes at
4°C. 30uL of each sample is added to a PCR tube ioimge80p L of sample buffer.
20puL of protein was analyzed by SDS-PAGE with10%lamide gel (wt/vol).
Immediately load stacking gel mixture into castmgdule with a pipette and insert gel
combs. After separation, the separated proteine wansferred on to nitrocellulose
membranes using semi-dry transfer and stained hgd2a S, Acid Red 112 for rapid
detection of protein bands. After dye removal bgkwag, the membranes were blocked
overnight in 5% Milk TBSTThe blocked membranes were probed with either &in an
GFP (Clontech) or ante=Tubulin (Sigma) antibody at 1:10,000 dilution fohour then
washed 3 times in 0.1% TBST, each wash being 10tesn The membranes were then
probed for 1 hour using an anti-mouse—HRP (1:10,06060jugate as the secondary

antibody. Signal was detected using ECL (GE Healtc
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Figure 2.1. Seed Morbidity &rabidopsis thalianan response to drought stress. Six
week old plants were subjected to five week drosghulation. (A, Left) Values plotted
using One-way Anova test with a P-value of 0.0¢B81 Right) Representative images of
plant morbidity at Day 7 and Day 14 under waterrlgpion and Day 14 under control
treatment. Leaf turgor was scored at Day 14 undgemdeprivation.
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Figure 2.2. NaCl resistance assay on one weekealdlisgs. Seedlings were acclimated
100mM NacCl for 16 hours before being transferred30mM NaCl for two weeks.

(Left) Representative images after two weeks &HmM NaCl exposure for wildtype
and transgenic lines. (Right) Average percentagaarsft death after two week exposure
to 250mM NacCl in wildtype and transgenic lines. M plotted are the average of three
independent measurements. Error bars show staddaiation (SD).
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