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ABSTRACT

FUNCTIONS OF IAA28 IN GROWTH AND DEVELOPMENT IN

ARABIDOPSIS THALIANA

by

Nirmala Karunarathna, MS

Texas State University—San Marcos

August 2012

SUPERVISING PROFESSOR: NIHAL DHARMASIRI

The phyto-hormone auxin plays a vital role in regulg plant growth and
development throughout the plant’s lifecycle. Ipimates in most aspects of plant
growth and development and influences overall aim shape of a plant. Auxin
modulates gene transcription through the degradati@ group of transcriptional
repressor proteins called Aux/IAAs. These reprepsateins interact with auxin co-
receptors, TIR1/AFBs, through highly conserved dionilaof Aux/IAAs in the presence
of auxin, and targeted for ubquitin mediated degtiad. Arabidopsi$aa28-2 is a gain-
of-function mutation in domain Il of Aux/IAA28. Théomain Il mutation inaa28-2
drastically interferes with its interaction withxam co-receptors, TIR1/AFBs in response
to auxin resulting in stabilization of the mutanbfein. This eventually leads to
pleiotropic developmental defects such as defedaitezal root development, stunted

growth and reduced fertility in the mutarda28-2 mutant is severely defective in lateral

XV



root development but produces lateral root primerdiresponse to high levels of 2,4-D
or IBA. The mutant seedlings produce adventitiaas in response to high level of
picloram, a synthetic auxin. Results of this stadggest that reduced auxin transport
from hypocotyl to root and the degradation of mutaa28 protein through auxin co-
receptor AFBL1 in the hypocotyl in response to piio may lead to induction of down-
stream genes such BBD16 that is required for adventitious root development
Additionally, this study shows that unlike otherx\A\A proteins, IAA28 is localized to
both the nucleus and the cytoplasm and exhibicalf@ subcellular localization pattern
along the primary root. IAA28 protein is mainly ized to the cytoplasm in the basal
meristem and then gradually localizes to nucleuselhelongation and differentiation
zones. Further, the data indicate #6&28 expression is induced by light and the IAA28
protein is modified in response to light perhapstigh phytochromes. Biological
significance of this localization pattern or IAAB&dification by light is currently

unclear.
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CHAPTER 1: INTRODUCTION
1.A. Auxin
1.A.i. Auxin effects

As plants are sessile they must adjust to a nuwfexternal stimuli and
coordinate their growth and development accordinglsgnt growth and development is
primarily controlled by the action of plant hormené&he plant hormone auxin regulates
virtually every aspect of plant growth and develepm Auxin regulates numerous
cellular and developmental responses in plantsidict cell division, expansion and cell
differentiation, patterning of embryo, vasculataral other tissues, lateral root initiation,
gravitropism and phototropism (Liscum and Stowe+sva000; Berleth and Sachs 2001;
Tianet al. 2003). Further, recent progress on auxin bioswhés metabolism and
transport shows that the concentration gradieauafn is a driving force for
organogenesis and cellular patterning in plantfieCtvely these observations idea that

auxin is a major morphogen in plants (Perrot-Rentam 2010).

Many bioassays have been developed in order tatesahd identify naturally
existing auxins in plants. Indole-3-acetic acidAMs the most abundant natural auxin
(Figure 1) (Woodward and Bartel 2005). In additidrCI-1IAA, a chlorinated form of
IAA also shows a high auxin activity and is foumdseveral plants (Woodward and
Bartel 2005). Indole-3-butyric acid (IBA) is idecdl to IAA except for two additional
methyl groups and functions as an IAA precursora(@&r and Bartel 2011). Unlike other
auxins, IBA efficiently induces lateral roots aryéow concentrations at which the
primary root elongation is minimally inhibited (Zo&net al. 2000). In addition to these
natural auxins, there are many synthetic chem&ath as 1-naphthaleneacetic acid (1-
NAA), 2,4-dichlorophenoxyacetic acid (2,4-D), penborophenoxyisobutyric acid
(PCIB), 2,4,5-trichlorophenoxyacetic acid (2,4,5and 4-amino-3,5,6-trichloro-2-



pyridinecarboxylic acid (picloram) that exert aukike effects (Figurel) (Woodward and
Bartel 2005). At lower concentrations at the calfidite of action, auxin stimulates the
growth and development, while at higher concerdretiauxin inhibits growth resulting
in lethality to plants. Thus, for more than 50 weaynthetic auxins have been used

successfully as herbicides in agriculture (Cobb2l @rossmann 2000).

O
COOH
OH
\ A\
N
N H
Indole-3-acetic acid Indole-3-butyric acid
0
Cl COOH OH
/ 998
N
H
4-Chloroindole-3-acetic acid 1-Naphthaleneacetic acid
O
o) Cl N
= OH
O\)LOH |
NN
T ey
Ci cl NH,
2,4-Dichlorophenoxyacetic acid Picloram

Figure 1. Structures of natural and some synthetic auxins



1.A.ii. Auxin signaling

Auxin acts primarily through transcriptional regiida of auxin responsive genes.
However, some responses such as induction of amsmort through the plasma
membrane are too rapid to be regulated through gyanscription (Mockaitis and Estelle
2008). Auxin rapidly regulates cellular responsesigh a membrane protein called
auxin binding protein 1(ABP1). This protein wadiglly isolated as a membrane protein
that showed high affinity to auxin and considers@aandidate for the auxin receptor
(Napieret al. 2002; Napier 2004). Thabpl mutants show severe defects in cell division
and cell expansion, and their growth was arrestélgeaglobular stage of embryonic
development (Daviegt al. 2007).

The best characterized auxin response is the tiptisnal regulation of auxin
responsive genes via the actions of three majdejpréamilies called transporter
inhibitor response (TIR1)/auxin signaling F-box teias (AFB), Aux/IAA transcription
repressors (Remingtat al. 2004; Overvoordet al. 2005) and auxin response factors
(ARFs) (Okushimaet al. 2005; Guilfoylea and Hagena 2007). The TIR1 F-pmtein
acts as an auxin receptor and directly links aveaeption to degradation of Aux/IAA
proteins (Dharmasiri Net al. 2005; Kepinski and Leyser 2005). Recent studiesvghat
the high affinity of auxin binding requires promeasembly of both TIR1 and Aux/IAA as
a protein complex. Therefore, TIR1 protein itsaled not act as the single auxin
receptor, but it functions together with Aux/IAAs eo-receptors for auxin (Calderon
Villalobos et al. 2012) (Figure 3).

Aux/IAA proteins are short lived nuclear proteiddél et al. 1994). The known
function of Aux/IAAs is to repress the transcriptiof auxin regulated genes. According
to the current model, Aux/IAA proteins interact iwARF proteins, preventing the
function of ARF transcriptional factors. In the peace of auxin, Aux/IAA proteins are
poly-ubiquitinated and degraded through the prateespathway, allowing ARF
dependent transcriptigiTiwari et al. 2003). Majority of the Aux/IAA protein family
members contain four conserved domains. Domaimiadt Aux/IAA proteins contains
an ethylene response factor associated amphipegdmonse motif that is involved in

transcriptional repression of other proteins, idahg ARFs (Tiwariet al. 2004).



TOPLESS (TPL) protein interacts with domain | ofXAlAA proteins and acts as a co-
repressor (H.Szemenyaial. 2008). Domain Il is important for the interactiaith the
auxin co-receptor protein TIR1 (Grayal. 2001; Dharmasiri Net al. 2005; Kepinski

and Leyser 2005). However, recent studies have shioat sequences outside domain Il
are also important for the formation of auxin coagtor complex with TIR1 protein
(Calderdn Villalobost al. 2012). Domains Ill and IV are located in the Qstgral half

of the protein and are involved in homodimerizatigth each other and
heterodimerization with other Aux/IAA proteins aA&Fs that also share domain Ill and
IV (UImasovet al. 1999a; Hardtket al. 2004).

During the past decades, differétx/| AA mutants with altered auxin responses
have been isolated and characterized. As domanutations in different Aux/IAA
proteins inhibit the interaction with auxin recappootein TIR1 and subsequent
degradation of the repressor proteins, the mutariéim accumulates and causes
pleiotropic developmental defects in plant growti development. Thus, these domain
Il mutants are known as gain-of-function mutants. &ample, the gain-of-function
mutants inaxr2-1/iaa7, axr3-1/iaal7, shy2-2/iaa3, dirl/iaal4 andbdl/iaal2show
dominant or semi-dominant phenotypes and eacheof tten recapitulate the mutant
phenotype when introduced into wild type (Tian &wkd 1999; Worlewgt al. 2000).
These domain Il mutants of differeftix/I| AA genes affect various tissues and
developmental responses including shoot or rootitgopism, lateral root formation,
shoot apical dominance, stem elongation, leaf esiparand leaf formation in the dark
(Reed 2001), suggesting that different Aux/IAAteins can regulate many of the
developmental processes regulated by auxin.

In Arabidopsis there are 23 members of the ARRFgimmdamily, and each
contains conserved DNA binding and dimerization dors. ARF transcriptional factors
bind to the auxin responsive elements (AuxRE) engfomoter region of auxin
responsive genes and subsequently either activagpiess the transcription of the
particular auxin responsive gene. The middle regioARF is responsible for
transcriptional activation or repression (Hagen @undlfoyle 2002). For example, ARFs

with a glutamine (Q) rich middle region functionteanscriptional activators, whereas



ARFs with proline (P)/serine (S)/ threonine (T)rimiddle regions function as
transcriptional repressors (Guilfoyle and Hagen7)0Uherefore, specific Aux/IAA
proteins that interact with ARFs to repress thefivaty can act as negative or positive
regulators of auxin responsive gene transcriptd®i=s are involved in a broad range of
functions in plant growth and development. For egl@mARF5/MP functions in
embryogenesis (Hardtke and Berleth 1998), ARF2, ARPH4 and ARF19 in tropism
(Harper Ret al. 2000; Liet al. 2004; Okushimat al. 2005), ARF3/ETTIN in floral
development (Sessiomsal. 1997), and ARF2, ARF7, ARF8 and ARF19 in root and
hypocotyl growth in Arabidopsis (lgt al. 2004; Tianet al. 2004; Okushimat al. 2005).

Protein sequence analysis shows that the auxie@gptor TIR1 is a member of a
small sub-clade with six other closely related fgrmembers, AFB1-5 and COI1 (Figure
2) (Dharmasiri Net al. 2005a). Among these, TIR1 protein consists of aerinal F-
box motif, a middle region and a C-terminal taih@masiri Nt al. 2005b). The middle
region is a short spacer region with about 40 tessd16 degenerate leucine rich repeats
(LRRs) and a C-terminal tail of approximately 78ideies (Dharmasiri Net al. 2005b).
TIR1 and AFBL1 co-receptors share 70% sequencessityjlwhereas AFB2 and AFB3
show 84% similarity to each other. AFB4 and AFB&reh76% similarity with each
other, but their structure is distantly relatedhat of other members of the family by
having an N-terminal overhang (Figure 2). Pull dexperiments have shown that
similar to TIR1, AFB1-3 proteins interact with AUXA proteins in an auxin-dependent
manner, strongly suggesting that they also funam®auxin co-receptors (Dharmasiri N.
et al. 2005a). These different members show differeneligpmental and temporal
expression patterns in Arabidopsis indicating ca@m@nd tissue specific responses to
auxin throughout plant growth and development (Dizsiri N.et al. 2005b). However,
functional redundancy among these family membesshivedered the understanding of
the individual contribution of each gene in specifevelopmental processes. It has been
found that quadruple mutantsr{,afbl, afb2, afb3) are insensitive to exogenous auxin
and exhibit seedling lethality due to the pivotakrof auxin in embryogenesis
(Dharmasiri Nt al. 2005b). The most distant member of this group G4 only 30%
similarity to other members. COI1 is the receptmrjdsmonic acid, another plant
hormone that is involved in plant defense and dgwaknt (Figure 2) (Yagt al. 2009).
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Figure 2: Phylogenetic relationship of TIR1 and its closestalatives.Values indicate
percentage of identical amino acids (This figurenadified from Dharmasiri Net al.,
2005b).



TIR1 is a component of the E3 ligase complex thatvolved in the poly-
ubiquitination of target Aux/IAA proteins. The E8raplex is composed of four primary
subunits, A1, Cullinl, RBX1 and an fbox protein thus called SCF*. TIR1, the F-
box protein, interacts with the CUL1-RBX1 sub-compthrough ASK1 or ASK2
proteins in Arabidopsis (Dharmasiri N. and Est@d®4). TheAXR6 gene encodes the
Arabidopsis CULLIN1 protein (CUL1) which is requiréor normal embryonic and
postembryonic development (Hellmaeral. 2003). Modification of CUL1 by RUB1
(related to ubiquitin 1) is essential for normakiauesponse. RUB modification of
CUL1 also involves three enzymes, E1, E2 and E8.Hdterodimeric E1 enzyme is
composed of AXR1 and ECR1 that activates RUB1.sHéhown as RUB conjugating
enzyme (RCE), and the Arabidopsis genome contaioRCE genes, RCE1 and RCE2
(Dharmasiri N. and Estelle 2004). Recent studiesvsthat the RBX1 functions as the E3
in RUB modification of CUL1 in Arabidopsis (Grayal. 2002) (Figure 3).

Mutations in AXR1and ECR1 subunits of the RUB aatiivg enzyme result in
diverse defects in morphology (Pozaal. 1998; Pozat al. 2002). Similar taxrl and
ecr1 mutantsycel mutant plants show defective growth throughoutettgyment. For
exampleycel mutants show defective gravity responses, smadatte leaves, stunted
inflorescence axes, shorter and rounded petiolagelsas shorter siliques (Dharmasiri S.
et al. 2003). Plants deficient in boBRCE1 andAXR1 have a severe embryonic
phenotype. These results confirm that RUB conjagapathway is required for auxin-
dependent growth and development in plants (Dharn&st al. 2003).
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1.A.iii. Auxin biosynthesis

Many tissues including leaves, cotyledons and rewtshesize IAA. However,
young leaves have the highest auxin biosynthepacity (Ljunget al. 2002). There are
two major pathways to synthesize IAA; the tryptopli@rp)-dependent and Trp-
independent pathways. In the Trp-dependent pathafys derived via metabolism of
Trp, and in the Trp-independent pathway IAA is ded from an early indolic precursor
(Woodward and Bartel 2005). The indole-3-pyruvidgtPA) pathway, the indole
acetamide (IAM) pathway, the tryptamine pathway aable-3-acetaldoxime (IAOx)
pathways are examples of Trp-dependent IAA biosgithpathways. Botyucca and
surl are Arabidopsis IAA accumulating mutanysicca has a mutation in a flavin
monoxygenase (FMO)-like enzyme that oxidizes tmypiee to N-hydroxyl-tryptamine in
vitro (Zhaoet al. 2001). Thesurl mutants are defective in a C-S lyase that cleaves S
(indolylacetohydroxymoyl)-L-cystein to indole-3-tdhiydroxymate, resulting in increased
levels of both free IAA and IAA-conjugates (Woodwamnd Bartel 2005). A mutant with
defective light responses, namsd3 (shade avoidance 3), encodes TAAL (an
aminotransferase) that is involved in the conversibL-tryptophan (L-Trp) to indole-3-
pyruvic acid (IPA) (Tacet al. 2008). Another allele for TAAL identified &és2 mutant
(Transporter Inhibitor Response 2) is essential for temperature-dependent elongation
hypocotyls (Yamadat al. 2009).

Characterization of Arabidopsis mutants defectivéhe formation of tryptophan
synthase shows evidence that plants can surviveritesize IAA without Trp
intermediates. Tryptophan synthase catalyzes theecsion of indole glycerol phosphate
to tryptophan, which is the last step in tryptopbasynthesis (Las# al. 1991). Wild
type tryptophan synthase consists of two functialahains, am-subunit and §-
subunit. Arabidopsifrp3-1 andtrp2-1 mutants are defective Trp synthaseindp-
subunits, respectively (Lastal. 1991; Radwansleat al. 1996). However, these plants
are considered as conditional tryptophan auxotrtyglcause bottrp3-1 andtrp2-1
require tryptophan for growth under standard illoation but not under very low light
(Lastet al. 1991; Radwanslat al. 1996). Thus, plants use Trp-independent pathways t
synthesize the essential plant hormone auxin spaltyf under very low light conditions.



10

1.A.iv. Auxin transport

Auxin transport is a complex and highly regulatedcess with many different
influx and efflux carriers in plants. Proper IAAatrsport is necessary for normal lateral
root development (Reed al. 1998; Bhaleraet al. 2002), vascular development
(Mattssoret al. 2003), phyllotaxis (Reinhardt al. 2003), embryonic axis development
(Friml et al. 2003) and tropism (Fringt al. 2002). In shoots, IAA is transported
basipetally and inhibits lateral shoot growth maiiming apical dominance (Thimann and
Skoog 1934). However, in roots auxin is transpobteth acropetally and basipetally
facilitating well-organized auxin distribution fproper organ formation (Scott and
Wilkins 1968; Davies and Mitchell 1972). SeverabBidopsis mutants have been

identified with defective polar auxin transport.

Auxin resistant mutarduxl encodes a transmembrane protein that mediates IAA
influx into cells (Figure 4) (Bennett al. 1996; Marchanét al. 1999). Asymmetric
localization of AUX1 in the plasma membrane of eliéint cells facilitates directional
auxin transport which creates auxin gradients rescgdor proper organ formation in
plants (Swarugt al. 2001). Both IAA and its synthetic analog, 2,4-s AUX1
substrates, however, 1-NAA that does not requirarsporter for influx and can restore
the defective gravity responseanxl mutants (Yamamoto and Yamamoto 1998). In
2008, Swarup and co-workers showed that LAX3 (LAk#£X1-3), an auxin influx
transporter, is important for lateral root emergerimilar toauxl mutants)ax3 mutants
showed 40% reduction in lateral root emergencadutition,LAX3 was mainly
expressed in mature tissues adjacent to develdgiegal root primordia (Swarug al.
2008). They have also shown that LAX3 induceswall remodeling enzymes (e.g.
subtilisin like protease, pectate lyase and pobgfaranose) which are involved in cell
separation in order to facilitate smooth emergeidateral root primordia through

cortical cell layers (Swarugt al. 2008).

Several transmembrane proteins act as auxin effimxers. Of these, the family
of PIN proteins is the best studied auxin effluxrieas in plants. Thein-formed (pinl)
Arabidopsis mutant shows severe defects in shodastam development, forming a pin-

shaped single inflorescence axis without rosettedse or secondary branches (Oketda
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al. 1991). Similar to AUX1, PIN1 protein also localkzasymmetrically in the plasma
membrane of cells, facilitating differential autransport in plants (Galweilet al.

1998). Several mutant alleles of PIN2 have beentifiied asethyleneinsensitive root 1
(eirl), agravitropicl (agrl), andwawy6 (wave) mutants, with similar phenotypical
defects (Kecek. P.et al. 2009). In Arabidopsis, there are eihiN genes PIN1-PINS)
that encode transmembrane auxin efflux carriergamet(Figure 4A) (Woodward and
Bartel 2005). However, only six PIN proteins (PININ2, PIN3, PIN4, PIN5 and PIN7)
are functionally characterized {&ek et al. 2009). Recently, Barbez and co workers
showed that a putative family of proteins nametPdN-LIKES” or PILS are involved in
auxin transport within the cells. PILS proteinsdtian in auxin accumulation at the
endoplasmic reticulum and then auxin availabilityhie nucleus for auxin signaling
(Barbezet al. 2012). In addition to PIN proteins and PILS, nuritig resistant like
(PGP/MRD) proteins are also involved in auxin tgors in Arabidopsis (Woodward and
Bartel 2005).

As shown in Figure 4B, PIN1, PIN7 and PIN3 are lized in the root stele,
transporting auxin acropetally towards the rootVifhen the flow of auxin reaches the
base of the steel, PIN1, PIN4 and PIN2 proteinsrar@ved in directing auxin towards
guiescent center cells, which are involved in nmamhng the surrounding meristematic
cells. Subsequently, PIN2 and PIN7 redistributermbasipetally through outer
epidermal and cortical cell layers. PIN3 and PINZ @so involved in the programmed
auxin distribution within the root columella ce{lsreceket al. 2009). AUX1 is also

localized to the epidermal cell layers in the rijptarea transporting auxin basipetally.
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Figure 4: (A) Schematic mode of cellular trafficking of auxin through auxin
transporters. The cells take up auxin via plasma membrane IpedlAUX1/LAX auxin
influx carriers. The passage out of the cell israbterized by PIN-formed proteins
(PIN1-PINS8). In addition, PGP/MDR proteins are alseolved in auxin efflux. (B) PIN
and AUX1 dependent auxin transport routes in Arapsis root tip. The arrows show the
direction of auxin movement from each transportenole. This figure is based on the
data from Krecelet al. 2009 and Swarug al. 2001.
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1.A.v. Auxin homeostasis

Auxin homeostasis is the maintaining of a stablgrnal environment of auxin,
allowing effective plant growth and developmentxikuhomeostasis results from
continuous and dynamic adjustments of auxin inpdt@utput processes in cells.
Common auxin input processes are auxin biosyntheaissport (influx) and hydrolysis
of IAA conjugates. Examples of auxin output meckars are auxin catabolism, transport
(efflux), cellular compartmentalization and fornaetiof IAA conjugates (Woodward and
Bartel 2005). Existence of multiple auxin biosyrdisgpathways provides a well
maintained and flexible system, ensuring producéind renewal of auxin at different
developmental stages as well as under differernt@mwental conditions. In addition,
auxin transport plays a major role in the estabtisht of auxin gradients within plant

tissues, which triggers differential cellular respes (Tealet al. 2006).

As mentioned previously, IAA conjugation is a pres¢hat higher plants use to
store IAA. Generally, IAA forms conjugates withgsus, amino acids such as alanine
(Ala) or leucine (Leu) or peptides (Bialek and Coli©86). In addition to being a form
of IAA storage, these IAA-conjugates are importarauxin transport,
compartmentalization, detoxification of excess IAAd protection against peroxidative
degradation (Cohen and Bandurski 1982). IAA- coajag such as IAA-glutamate (Glu)
and IAA- aspartate (Asp) are not a source of fAe®, lbbecause active auxin cannot be
released through the hydrolysis of these compon&herefore, these two 1AA
conjugates are intermediaries in a catabolic pofmsthe degradation of IAA (Ostat
al. 1998) (Figure 5). In conclusion, these two proesseeversible IAA-conjugation and
irreversible IAA conjugation help the plant to réage the inner auxin concentration
quickly.
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1. A.vi. Crosstalk of auxin with other plant hormonres

In addition to auxin, plants have several othenfmres that are important for
growth and development. For example, gibberellid &8A), abscisic acid (ABA),
ethylene, cytokinin, brassinosteroids (BR), stragtbnes (SL) and jasmonic acid (JA) are
the major plant hormones that are involved in wsiphysiological responses throughout
the plant life cycle. Among these, GA, ABA, ethyedA and cytokinin signaling
mechanisms have been well studied; however, sortteatcently discovered plant
hormones like SL and BR functions and signalingrexteyet well characterized
(Chandler 2009). In plants there are many GA-li@mpounds, but only active GAs
regulate many physiological effects such as stitmgastem elongation, stimulating
bolting, breaking seed dormancy, etc (Ross and iD2891; Chandler 2009). ABA is
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known as the plant stress hormone and is involwebscission of fruits and leaves and
regulating plant responses to various abiotic seg$Eckardt 2002; Chandler 2009). In
contrast, JA is mainly involved in regulating plaesponses to biotic stresses such as
pathogen attack and herbivory (Stirgzal. 2001). As the word cytokinin implies, this
plant hormone is involved in cytokinensis (cellidisn) and morphogenesis (Shimizu-
Satoet al. 2009). BR promotes cell expansion, cell elongati@scular differentiation,
and protects plants during severe chilling and gnbeonditions (Liet al. 2005). SL
mainly stimulates stem branching (Detral. 2009). Some of the major functions of
ethylene, a gaseous plant hormone, are fruit nfgeand apical hook formation and
maintenance (Yoet al. 2009). Based on these broad effects of differentlones on
plant growth and development, the plant cells oesable to integrate these numerous
signal transduction events into a comprehensiwrar&tof signaling pathways and
responses. Thus, hormones are no longer considenesponse effectors in linear
pathways, but are considered as members withistarsyof a complex interconnected

web of hormone action (Chandler 2009).

Auxin signaling interacts with other plant hormaignaling pathways in order to
regulate plant responses to changing environmeataitions (Chandler 2009). For
example, auxin and cytokinin synergistically regelshoot cell proliferation by
controlling the expression of one of the cell cydgulatory componentsgD3.

However, auxin and cytokinin act antagonisticaltylateral root formation (Swargb

al. 2002). Therefore, in tissue culture experimentppsing the cell callus to a high
auxin to cytokinin ratio induces root formation \eha low ratio induces shoot formation
(Skoog and Miller 1957).

Auxin and ABA act antagonistically to regulate matgwvelopmental processes in
plants. For example, stomatal opening is contrdigdoth auxin and plant stress
hormone ABA (Eckardt 2002). Under normal environtaéoonditions, auxin causes
reduction of the turgor pressure in guard cellsctvisurround the stomatal pore,
inducing the water movement into guard cells framraunding cells. This will result in
the opening of the stomatal pore. In contrast, ABAder dry environmental conditions

causes increase of the turgor pressure in the gediedresulting in closure of the stomata
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thus reducing water loss by transpiration (Swaatugd. 2002). Further, auxin and ABA
are involved in root growth and seed germinatiar. éxample, auxin responsive mutants
axr2/iaa7 show ABA resistance in primary root growth whilethbaxrl andaxr2 mutants
show weak ABA resistant phenotype as measureddyy germination (Beliet al.

2009). These results show that auxin and ABA ctalgsis essential in many

developmental processes in plants.

Auxin and GA crosstalk is also involved in reguigtimany developmental
processes such as stem elongation, seed germiaiibparthenocarpy (Sastry and Muir
1963; lkedaet al. 1999; Ross and O'Neill 2001). Further, auxin ratgd GA
biosynthesis via the induction of several GA oxalgsnes lik€5A200x that are involved
in GA biosynthesis (Jereng al. 1999).

Auxin and ethylene coordinately regulate many dgwelental processes in plants
such as apical hook formation, root hair differatitin and elongation, root growth and
hypocotyl phototropism (Masucci and Schiefelbei@4;9 ehmaret al. 1996; Pittst al.
1998; Raz and Ecker 1999) In addition, auxin industhylene biosynthesis by up
regulating the expression of ACC synthase enzymehndicts as the rate limiting factor
in ethylene biosynthesis (Abeial. 1995; Abel and Theologis 1996; Bekmeiral.

2000).

Studies with club root disease in Chinese cabbhgeed evidence for the
crosstalk between auxin and JA. Plants subjectetlitoroot disease show severe
hypertrophy of the roots, and this enlargemenbot rs related to the level of auxin. Due
to club root disease the level of JA increasesiltiag in the up-regulation of enzymes
such as nitrilase (NIT) and myrosinase that arelired in auxin biosynthesis (Grsit
al. 1999). In addition, a recent study showes thdtk@dA or other JA acid conjugates,
JA-Trp (tryptophan conjugates of JA) inhibits endiogus auxin responses by altering

auxin homeostasis in Arabidopsis (Staswick 2009).

ArabidopsisMAX (more axillary growth) mutants show evidence for the crosstalk
between auxin and SL. Afhax1, max3 andmax4 mutants show increased lateral

branching due to down regulation of a product ins&naling that is required for the
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inhibition of axillary bud growth (Hayware al. 2009). Further, these SL mutants have
high levels of free auxin, suggesting that auxid 8k levels regulate each other through
a feedback mechanism to control axillary bud ougino(Bennetét al. 2006; Haywardet
al. 2009).

1.A.vii. Auxin and light signaling

Auxin mediates many plant responses to environrhsigaals such as gravity,
temperature stress, and light. Common examplethéauxin-regulated light responses
of plants include hypocotyl elongation, shade aao@ and photomorphogenesis
(Swarupet al. 2002). Further, auxin regulates the phototropiudigg of dark grown
hypocotyls. In 1996, Liscum and Briggs publisheeitkvork related to Arabidopsis
mutants that were unable to show phototropic benflirscum and Briggs 1996). The
mutants were named aph (non-phototrophic hypocotyls) and all four mutant alleles
either completely lacked or had severely impairedtptrophic responses. In 1998,
Stowe-Evans and co-workers explained that NPHAvislved in the regulation of auxin-
dependent differential growth in Arabidopsis (Stekaxeanset al. 1998). For example,
both auxin and NPH4 are involved in processes iichivauxin-mediated differential
growth is essential. Such processes are phototngisavitropism, hypocotyl curvature
and apical hook maintenance (Stowe-Evetrad. 1998). In addition, expressions of
several auxin inducible gen€AUR-AC1, |AA12,GH3, IAA4 andlAAG were severely
impaired innhp4 mutant seedlings (Harpetal. 2000).

Auxin influences hypocotyl elongation through ligignaling. For example,
auxin overproducingur1l mutants have longer hypocotyls when grown in ligt
exhibit normal hypocotyls in dark compared to thilwype (Boerjaret al. 1995). In
contrastjaal mutant that produces less auxin has shorter hyplsda light but normal
hypocotyls in dark (Romang al. 1991; Colletiet al. 2000). Further, the auxin transport
inhibitor NPA is an inhibitor of light grown hypotg elongation, whereas in the dark it
has no significant effect on hypocotyl growth (@tlet al. 2000). These results clearly
show that auxin plays a major role in skotomorplnegés as well as photomorphogenesis

changes in plants.
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Photomorphogenesis is the light mediated develogahehanges that occur in
plants. For example de-etiolation of shoot and mjregof leaves and stems in response
to light are some of the main changes that hapgemw plant is exposed to light. The
Aux/IAA gain of function mutantgaa3/shy2 (suppressor of hy2 mutation) produces
leaf-like structures in dark grown seedlings unkkél type plants (Tian and Reed 1999).
This phenotype oshy2 mutants was described as constitutive photomorpiesie.
Arabidopsishy? is a phytochrome chromophore deficient mutant witngated
hypocotyl in light (Kimet al. 1996). Further, in 2000, Colon-Carmona and co-emk
showed that recombinant proteins from ArabidopSKEY2/IAA3, AXR3/IAAL17, IAAL
& IAA9) and pea (Ps IAA4) can be phosphorylatedolay phytochrome A in vitro
(Colén-Carmonat al. 2000).

1.B. Aux/IAA proteins: repressors in auxin signalirg
1.B.i. Diversity of Aux/IAA proteins

Plant specific Aux/IAA genes are considered as prinauxin responsive genes,
due to the rapid increase in their transcript lewvekh auxin treatments, typically within
several minutes to about 60 minutes (Abel and Tdgel1996; Hagen and Guilfoyle
2002). Additionally,GH3 andSAUR gene families are also considered as primary auxin
responsive genes (Abel and Theologis 1996). Asipusly mentioned, Arabidopsis has
29 Aux/IAA genes. Expression and phenotypic analysis ofrdifitéux/| AA mutants
show that many members of the family have redunfierations (Abel and Theologis
1996; Reed 2001; Remingtehal. 2004; Overvoordet al. 2005). However, there are
some differences among group members suggestihgdahwAux/I| AAs have distinct
functions during auxin signaling and may interatfedently with other regulators of
auxin-dependent transcription. The best exampleatsmost of théux/I AA transcripts
are auxin -induced, but the transcript level @28 decreases slightly in response to

exogenous auxin application (Roggal. 2001; Karunarathna 2008).

Twenty-three of the 29 Arabidopsis Aux/IAA proteiae considered as canonical
members because they all have four conserved dsnmailuding the full domain Il

which is essential for rapid degradation (Abel aheologis 1995; Reed 2001; Liscum
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and Reed 2002). However, the degradation ratefigireint Aux/IAA proteins varies
significantly from each other. The half-life of IAAn the presence of auxinis 5 to 10
minutes whereas I1AA28, which has a very similar domil, has a half-life of 80
minutes. IAA31, which has domain Il but does notéhthe conserved lysine in between
domains | and Il, has a half-life of 4 hours. Thessults show that the other regions in
the Aux/IAA proteins may be required for recognitioy the SCERAFES complex
(Calderon-Villalobos et al. 2010). Another fivetbe 29 Aux/IAA proteins of
Arabidopsis, I1AA20, IAA30, IAA32, IAA33 and IAA34ra considered as non-canonical
members because they completely lack a domaimgibme As a result they have a much
longer half-life compared to the canonical memleitte family (Sato and Yamamoto
2008). For example, IAA20 protein is not degrattedl2 hours and its stability is not
affected by auxin treatment. IAA31 protein has amlyartially conserved domain Il in
which the well conserved first glycine (G) has dapohto aspartic acid (D) (Dreheral.
2006). Similar to IAA20, in the absence of exogenauxin IAA31 is also not degraded
for 12 hours, but with auxin treatment it is degrdavith a half-life of 4 hours (Sato and
Yamamoto 2008).

1.B.ii. Functions of Aux/IAA proteins

Most of the loss of function mutants in differeni>X@IAA proteins (with
mutations in domains |, Il or IV) show only milchpnotypes (Rousa al. 1998; Tian
and Reed 1999; Nagpetlal. 2000). For example, loss of function mutam3/iaa3
exhibits large cotyledons and short hypocotyls, mase loss of function mutaakr2/iaa7
has slightly longer hypocotyls than the wild tygéaf and Reed 1999; Nagpatlal.
2000). These phenotypes are mild mainly due tdattethat Aux/IAA proteins function
redundantly in regulating many developmental preessHowever, as domain I
mutations of Aux/IAA proteins stabilize the mutgmbtein, the mutant plants exhibit an
array of developmental defects (Liscum and Ree@R0these mutants share common
as well as distinctive defects, depending on ttesnporal and spatial expression patterns.
Therefore, these mutants can be used to undergtandles of different Aux/IAA
proteins in plant growth and development. For eXatpe gain of function mutation in

IAA14 has no lateral roots, has few root hairs and stadwsrmal gravitropic responses
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in root and hypocotyls. This defective lateral rpbenotype inAA14 is very similar to
that ofarf7/arf17 double mutants. In addition, gain of functions atiain inlAA3, IAA19
andIAA28 also have reduced or no lateral root developnfedording to yeast two
hybrid assays, ARF7 and ARF19 interact with sev&ted/IAA proteins including

IAA14, IAA3, IAAL19 and IAA28 (Tatematset al. 2004; Fukakgt al. 2005). In

addition, mutants afAA18 (cranel & crane2) show defective lateral root phenotype and
IAA18 interacts with both ARF7 and ARF19 in vitrd€haraet al. 2008). These results
suggests that IAA3, IAA14, IAA18, IAAL19 and IAA28@tein may be involved in lateral
root formation, and they function cooperativelylwgiach other in order to repress ARF7
and ARF19 (Ueharet al. 2008).

Arabidopsis gain of function mutation IAA12 affects mainly the embryogenesis
process (Hamanet al. 1999). Mutantaal2 (bodenlos/bdl) is defective in the formation
of embryonic root but not the formation of post-eydmic root. Normal Arabidopsis
embryo development progresses through severalsssagh as 2, 4, 8, 16-cells, globular,
heart, torpedo and mature embryo. Howehaa12/bdl mutants show defects as early as
2-cell stage at which the apical daughter celthefzygote divide horizontally instead of
vertically. In addition, basal daughter cells ie #mbryo, which are destined to become
the hypophysis, divide abnormally and fail to gexteithe quiescent center of the root
meristem and the central root capaal2/bdl mutants. These initial defects will result in
no primary root formation iraal2/bdl mutants. In addition to this defective root
formation in the embryo, somaal2/bdl mutants lacked the hypocotyl as well. This lack
of hypocotyls inaal2/bdl mutants resembleasonopterous (mp/arf5) mutants in
Arabidopsis (Hamanat al. 1999). For example, badmal12/bdl andarf5/mp mutations
affect the orientation of the division plane of #i@cal daughter cells of the zygote
resulting in double octant embryos with defectiwgegcent centers and defective lower
stem cells of the root meristem (Berleth and Jusge393; Hamanat al. 1999). Further,
IAA12/BDL and ARF5/MP interact in yeast two hybadsays. Therefore, according to
these results it is obvious that IAA12 togethewWARF5 is essential for proper
embryogenesis in Arabidopsis (Hamaatial. 2002).
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As mentioned above, the general function of Aux/Ipteins is to act as
repressors of ARF proteins which function as traptonal activators or repressors.
Therefore, the degradation of Aux/IAAs leads tawetion or repression of ARFs,
leading in turn to the transcription of auxin respw@e genes. This sequence ultimately
results in the regulation of many developmental gimgsiological responses that are
essential for proper plant growth and developm®&atq and Yamamoto 2008). However,
some Aux/IAA proteins interact with proteins otliean ARFs and Aux/IAAs. For
example, IAA26 protein interacts with TMV replicgsetein and localizes to the
cytoplasm. This interaction is associated with assedevelopment in Arabidopsis
(Padmanabhaet al. 2005; Padmanabhahal. 2006). In this study they used a TMV
mutant defective in the IAA26 interaction was repted and moved normally in
Arabidopsis and induced milder viral disease symmstin transformed plants compared
to the wild type virus infected plants. Based ogsthobservations, they suggested that
interaction with the TMV replicase protein disrupAd\26/PAPI localization and its
function as a transcriptional regulator in auxignsiling to induce specific disease
symptoms (Padmanabhainal. 2005).

In 2010 Carranco and co-workers showed that Aux/pkétein HalAA27
(Helianthus annuus- Sunflower) interacts with HaHSFA9 (heat shocks@iptional
factor) in young sunflower embryos using bimolectilaorescence complementation
interaction (BIFCi) technique. They also observest 1AA27 protein is stabilized in
immature sunflower embryos. The stabilized IAA2@tpm represses the transcriptional
activation by HSFA9 protein, which regulates depebental processes such as seed
longevity and embryonic desiccation tolerance. Hmvewhen a seed matures, due to its
high auxin levels, the repression of HSFA9 by IAA&H become weaker and promote
the induction of HSFA9 protein. In conclusion, treggested that both IAA27 and
HSFAQ9 are important in regulation of the developtakprocesses such as seed longevity

and embryonic desiccation tolerance (Carraai@. 2010).
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1.B.iii. Localization of Aux/IAAsS

Aux/IAA proteins have a simian virus 40 (SV40)-likgartite nuclear
localization signal, and many known Aux/IAA proteiare localized to the nucleus (Abel
et al. 1994; Ouellett al. 2001; Fukaket al. 2002). However, as described previously
some Aux/IAA proteins such as IAA26 are localizedhe cytoplasm upon interacting
with TMV replicase (Padmanabhanal. 2006). Padmanabhan and co-workers (2006)
checked the interaction of TMV replicase proteithvgeveral other Aux/IAA proteins
such as IAA27, IAA18, IAA20, IAAL12, IAA28, IAAL11,AA4, IAAL16 and IAAL10 and
found that among these only IAA27 and IAA18 inteealcwith the TMV replicase and
localized to the cytoplasm. In contrast, the laion of non-interacting Aux/IAA

proteins were unaffected by the presence of thed pnotein (Padmanabha&tal. 2006).
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Table 1: Several Aux/IAA proteins in Arabidopsis ard evidence for their role in
auxin-mediated development

Gene Other Defects Functions References
names for
mutants

IAAL axr5-1 Defective root gravitropism, auxin response| axr5-1 mutation reduces | Parket al. 2002; Yang

and defective root hair formation multiple auxin responses| et al. 2004; Zenseet
al. 2001 & 2003

IAA3 Suppressor | Leaf formation in dark grown plants, defects Multiple auxin responses| Tian & Reed 1999
of HY2 or in auxin responsive root growth, lateral root| in roots, &2003; Sohet al.
Short formation and timing of gravitropism photomorphogenesis 1999; Colon
hypocotyl2 (connects auxin and light| Carmonat al. 2000
(shy2) signaling)

IAA12 | Bodenlos Defective primary root formation and Embryogenesis, root Hamannet al. 1999 &
(bdl) hypocotyl formation, defects in auxin meristem formation & 2002; Liscum and

responsive root growth multiple auxin responses| Reed 2002

IAA14 | Solitary Reduced sensitivity to auxin, completely lack&ateral root formation and Fukakiet al. 2002 &

root (dr) lateral roots, defective root hair formation, | multiple auxin responses| 2005; Vennestet al.
defective gravity responses in both shoot and 2005
roots

[AA17 | Auxin Enhanced apical dominance, reduced root | Multiple auxin responses| Dharmasgitial.
resistant 3 | elongation, increased adventitious roots, no 2003; Leyeseet al.
(axr3) root gravitropism 1996; Ouellett al.

2001; Overvoordet
al. 2005
IAA18 | Cranel Aberrant cotyledon placement in embryos, | Apical patterning in Ueharaet al. 2008
defective auxin transport, increased frequenogmbryos, multiple auxin
of rootless seedlings, defective auxin responses
responses

IAA19 | Massagu?2 | Auxin insensitivity, defects in hypocotyls Regulate differential Tatematsuet al. 2004

(msg2) gravitropism and phototropism, defects in | growth responses of
maintaining apical hook, defective lateral roptypocotyls for different
formation environmental conditions

lateral root formation

IAA26 | Phytochro | Abnormal developmental phenotypes such a€onnects auxin signalingl Padmanabhan 2005 &
me severe stunting, leaf epinasty those similar fowith viral disease 2006
interacting | viral infected plants development
protein
(papl)

IAA28 | |AA- Abnormal shoot development, lack of latera] Secondary root Rogget al. 2001;
alanine roots, increased adventitious root in responselevelopment, multiple Karunarathna 2008
resistant 28 | to high levels of picloram auxin responses

IAA16 | N/A ABA resistant primary root growth, reduced| Multiple auxin responses| Rinaldial. 2012

auxin responses, Infertile when the mutatioT is

homozygous




24

1.C. Arabidopsis as a model system

Arabidopsisthaliana is a small flowering plant that belongs to the 3iaaceae
(mustard) family, which includes cultivated speaesh as cabbage and radish. Even
though Arabidopsis does not have a major agronsigiaficance, it has important
advantages for basic research in genetics and olatdmology due to several
characteristics. Arabidopsis has a small, (125 dal}, completely sequenced genome
with extensive genetic and physical maps for & thromosomes. It has a short life
cycle of about 6 weeks from germination to mat@eds. In addition, it produces lots of
seeds and is easy to transform ughggobacterium tumefaciens. Arabidopsis has a large
number of mutant lines and genomic resources tiead\zailable from several stock
centers, such as ABRC (Arabidopsis Biological ReseCenter- Ohio State University)
or NASC in UK (European Arabidopsis Stock Center).

I.C.i. Root development

The plant root system is essential for growth angtigal because of its role in
water and nutrient uptake and in providing ancher&g addition, to these primary
functions, the plant root system is also involvedtorage, phytohormone synthesis and
vegetative propagation. The plant root system sbisif primary roots, lateral roots and
adventitious roots (Figure 6) (Osmatal. 2007). The primary root is formed during
embryogenesis, while LRs are derived post-embryiyierom existing roots. LRs
originate from the pericycle tissue layer generatljacent to xylem pole cells in
dicotyledons or phloem pole cells in monocotyled@asercet al. 1995). Adventitious
roots are shoot-derived roots (Figure 6). All thesss possess epidermal root hairs that

are important in increasing the absorptive surtda®ots as well as for anchorage.

In angiosperms or flowering plants there are twgomigpes of root systems:
primary root systems (allorhizic) and fibrous regstems (homorhizic). Dicotyledonous,
such as Arabidopsis, have primary root systems evtier primary root dominates and
produces many lateral roots. Adventitious rootsrare in this root system, but

occasionally emerge from the hypocotyls or stenteusome conditions.
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Monocotyledonous such as maize and rice have fdroot systems which consist of

many adventitious roots in parallel to the primargt (Osmontt al. 2007).

A. Primary root system B. Fibrous root system
(Dicots) (Monocots)

LR

Figure 6: Different types of root systems in plants(A) Schematic representation of a
typical primary root system found in most dicotydedus plants such as Arabidopsis, in
younger and mature seedlings. Root hairs are morshPR (primary root), LR (lateral
roots). (B) Schematic representation of a typidabius root system as found in most of
monocotyledonous plants such as rice. AR (advenstroots).

1.C.ii. Factors that affect root development

Root system architecture is influenced by bothibiand abiotic factors of the
soil environment. RSA is highly plastic dependimgtbbe micro- and macro-environment.
For example, genetically identical plants can poadsignificantly different root systems
depending on their environment. Even though thegbs of the root system architecture
and their causative environmental factors have kedhstudied, the molecular
mechanism of how changes are brought about isyaaderstood. However, analysis of
different mutants with defective root system aretiitire has strengthened the existing

knowledge of root system development in plants.

Some of the abiotic factors important for root systarchitecture are water,

nutrient availability and light conditions. The mamportant endogenous modulators of
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root system development are different plant horreoAexin plays a major role in all
stages of lateral root development including prgnof lateral roots, initiation,
emergence and growth (Figure 7) (Casingiral. 2001; Casimirat al. 2003).
Arabidopsis auxin overproducing mutants saati (supperrootl) andrtyl (rootyl) have
shorter primary root and increased root branchBag(janet al. 1995; Kinget al. 1995).
In contrast, mutants that produce less auxin haeelypbranched root systems. In
addition, both acropetal and basipetal auxin trartgp important in lateral root
formation (Casimircet al 2001). Auxin signaling mutants suchasl, axr6 (cull),
iaa3/shy2-2 andarf7/arf19 also show reduced lateral root numbers compardéutetwild
type (Pérett al. 2009). In conclusion, auxin signaling, transpord &iosynthesis

strongly influence root system architecture.

In addition to auxin, other plant homones suchyaskinin, ethylene and ABA
also affect the root system development. Exogeongitakinin application suppresses
lateral root formation. For example, transgefiabidopsis plants with decreased
cytokinin levels displayed increased root brancland increased primary root growth
(Werneret al. 2003). Ethylene also affects root system architectModerate
concentrations of ethylene inhibit root growth atsb have a role during LR emergence
by promoting the breakdown of cortical cells (Postcal. 2005; Laskowsket al. 2006).
ABA is also involved in root system developmentdese exogenous ABA application
inhibits primary and lateral root development iraBidopsigBeaudoiret al. 2000; De
Smet let al. 2007).
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4. LR primordia
formation

H 3. LR initiation

Lateral root
development

2. Nuclear migration
in founder cells

| —) (|

1. Priming of
Basal meristem { lateral roots
Apical meristem {
¥

Figure 7: Developmental events during lateral rooformation. (1) Pericycle cells are
primed for the future lateral root initiation, (@)iclear migration in founder cells (3)
lateral root initiation (anticlinal cell divisiorte produce shorter and longer cells), (4)
lateral root primordium development.

1.C.iii. Mutants with defective secondary root deviepment

As previously described, auxin plays a major moliteral root development.
Application of exogenous auxin increases the nurobk&teral roots whereas auxin
transporter inhibitors such as 1-napthaleneaceticdecrease the number of lateral roots
(Reedet al. 1998; Casimirat al. 2001; Marchanét al. 2002). Genetic studies using
auxin transporter mutants show that both influx effldix carriers are necessary for LR

initiation as well as their development.

The auxin influx carrier mutastux1 shows highly agravitropic roots and reduced
lateral root formation (Marchaset al. 1999). In 2002 using gas chromatography-mass
spectroscopy, the same research group showedukibmutants have altered 1AA

distribution in young leaves (IAA source tissuedl @oot tissues (major 1AA sink).
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Therefore, the defective lateral root phenotypauxii mutants is mainly due to the
disruption of IAA transport from shoot to root ties (Marchangt al. 2002). In addition

to AUX1, LAX3 also regulates LR emergence. In l#e mutant seedlings the number of
emerged LR is reduced but LR initiation is not efféel The lax3 mutation down

regulates the expression of several cell wall rezting enzymes that are essential for the

proper lateral root emergence (Swaetipl. 2008).

In addition, studies have shown that auxin efflariers are crucial for LR
formation (Benkovaet al. 2003). Multiplepin mutations cause dramatic defects in root
patterning including LR primordium development (Bewaet al. 2003). The
pinl/pind/pin7 or pinl/pin3/pin7 triple mutants exhibit defects in lateral roothpordia
formation. These triple mutants produce poorlymisdilateral root primordia with

massive divisions of pericycle cells in responsexogenous auxin.

In addition to proper auxin transport, proper awsignaling mediated by
Aux/IAAs, ARFs and other signaling components soalequired for LR initiation and
development. As previously mentioned, several gaianction mutants in different
Aux/IAA proteins, such asald/dr, iaa3/shy2, iaal9/msg2, iaal/axrb, iaa28 and
iaal8/crane also dramatically decrease the number of LRs (@irmhReed 1999; Roggy
al. 2001; Tatematset al., 2004; Ueherat al. 2008; Fukaket al. 2002). Similarly,
arf7arf19 double mutants have severely impaired LR initia{iOkushimaet al. 2005;
Wilmoth et al. 2005).

LBD16 and LBD29 are direct targets of ARF7 and ABF&oth LBD16 and
LBD29 are members of the LBD (lateral organ bouregadomain) family and are
induced by auxin only if ARF7 and ARF19 are preg&tiuaiet al. 2002; Okushimat
al. 2007). Over-expression of either LBD16 or LBD2%tjadly rescues the defective
lateral root phenotype iarf7arf19 mutants. Monocot plants also use a member of the
LBD family in adventitious root formation. In rigemutation in th€RLL/ARL1
(CROWNROOTLESSADVENTITIOUSROOTLESS) gene, which encodes a LBD protein
homologous to Arabidopsis LBD29, causes defectglirentitious root formation and
lateral root formation (Inukagt al. 2005; Liuet al. 2005). These studies in both
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Arabidopsis and rice indicate that the basic meisimas of root formation are highly

conserved between dicot and monocot plants (FukadkiTasaka 2009).

[.D. Aim of the study

The aim of this study was to understand the funstiofl AA28 gene in plant
growth and development in Arabidopsis. We havetiled a mutant allele ofAA28,
namelypicll/iaa28-2, from a picloram based Arabidopsis mutant screenihg mutant
showed severe defects in growth and developmesitiding defects in secondary root
formation, defects in root hair development, stdrgkoot growth and reduced fertility
(Rogget al. 2001; Karunarathna 2008).

As mentioned previously, botha28-1 andiaa28-2 showed severe defects in
lateral root formation; however, higher concentnasi of IBA and 2,4-D treatments were
able to rescue the defective lateral root phenoityp@a28-2. The mutant seedlings
produce adventitious roots with picloram treatmehile Col-0 (WT) produces many
lateral roots along the primary root. These reshitsv that AA28 plays a major role in
secondary root formation Wrabidopsis The work presented here discusses a possible
mechanism to explain how IAA28 is involved in sedary root formation in
Arabidopsis. Further, attempt was made to undedsiaa expression and sub-cellular
localization patterns of IAA28 in order to understats function. Additionally, work was
also focused to understand light regulation of 18Aghd to identify its interacting

partners using yeast two hybrid screening.

The localization studies usingA28::1AA28-GUS andl AA28::1aa28-GUS
transgenic seedlings showed that, unlike other Kxproteins, IAA28 is localized to
both nucleus and cytoplasm. This cytoplasmic laedilbn raised the possibility that
IAA28 may interact with other cytoplasmic protearsd may have multiple functions in
plant growth and development. Therefore, identifazaof putative IAA28 interacting
proteins will strengthen the current knowledge @iviAux/IAA proteins are involved in

plant growth and development.



CHAPTER 2: MATERIALS AND METHODS
2.A. Plant materials and growth conditions

Arabidopsis thaliana ecotypes Columbia (Col-0) and Wassileswskija (Ws)e
used in this study. Seeds were surface-sterili@dd40% bleach containing 0.08%
Triton and germinated on vertically oriented, s&\i@S (Arabidopsis thaliana medium
with sucrose) nutrient medium (Lincodhal. 1990) at 22C under continuous light with
Sylvania cool white fluorescent bulbs. For roatwth assays, four day-old seedlings
were transferred onto the medium containing inéidaioncentrations of auxinic
chemicals and allowed to grow on vertically oriehpdates for four more days before
measuring root lengths. Plants in soil were growRiiomix BX soil mixture in a growth

chamber at ZZ under continuous light with Sylvania cool whiledrescent bulbs.
2.B. Seedling phenotype assays
2.B.i. Root and hypocotyl elongation

For root growth assays, seeds were first surfagéized as mentioned previously
and stratified at 4° C for 24 hrs. The seeds wea germinated on vertically oriented
ATS plates for 4 days under white light at 22° @ ¢hen transferred to different auxin-
(IAA, 2, 4-D, picloram or IBA) containing ATS mediuand incubated for additional
four days before measuring the root length. Foolgpyl elongation experiments,
sterilized and stratified seeds were directly mlaga the auxin-containing growth
medium and incubated vertically for 8 days undeiteviight, and hypocotyl length was

measured using stereo microscope.

30
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2.B.ii. Lateral and adventitious root initiation

Seeds were grown on ATS medium for 4 days andfeeesl onto ATS medium
containing different auxins and allowed to grow 4amore days in vertically oriented
plates under white light. The total number of lateoots and adventitious roots per
seedling was counted using a stereomicroscope (N#21500). Then the number of
lateral roots per 1 cm was calculated for eachlsegdnd the average and standard
deviation were calculated. Ten to fifteen seedlwgse analyzed for each genotype.

2.C. Plasmid constructs for characterization of IAA8 and iaa28-2
2.C.i. Expression ofl AA28p,::1AA28-GUS and 1AA28p,::1AA28-GUS in plants

To examine the expressionl#{A28 gene and localization of IAA28 protein, a
translational gene construct was prepared by aynpdjfthe 3.1 kb promoter region and
the whole coding region of the IAA28 gene usingpheners, 5'-

ACCAAGCTT ACTATAAGAAACTGTGAAAT-3 and 5'-
CTCGTCGACTTCCTTGCCATGTTTTCTAGC-3 with introduce#iind Ill and Sal |
sites. Thesal | site was introduced after the modified stop aodbl AA28 gene in such
a way that it could be in frame with tBeglucuronidase gene in pBI101. Gene
sequences were amplified from wild type Col-0 a@a®8-2 using Phusion Taq
polymerase (NEB). The amplified products were ctbimto theEcoRV site of
pBluescript Il SK (Stratagene) and sequenced terdehe the fidelity of amplification.
The gene constructs were then restricted Withd Ill and Sal | and cloned into the same
sites of pBI101 to generat8A28,,,::1AA28-GUS andl AA28,,,::1aa28-GUS fusion
constructs. The gene constructs were transformtednild type Col-0 using
Agrobacterium tumefaciens strain GV3101. Seedlings homozygous for the transg
were selected from T2 generation.

2.C.ii. Expression ofGST-IAA28 and GST-iaa28 in an E. coli system

Construction details for both GST-IAA28 and GSTZ&an E. coli have been

described previously (Karunarathna 2008).
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2.D. Expression studies
2.D.i. GUS reporter gene expression

The following method was used for all the transgesgiedlings carrying GUS
reporter gene in order to visualize the expresaiwhlocalization of the particular
recombinant gene. First the seedlings were fixat thie GUS fixing solution (Appendix
) (Oonoet al. 1998) for 45 minutes at room temperature on alglowoving shaker.
Then the seedlings were washed with 100 mMH¥, washing solution (pH = 8.0)
three times (each 5 minutes). The seedlings waneest with GUS staining buffer (Oono
et al. 1998) containing X-Gluc (Appendix Il) at 37°C faperiod of time depending on
the intensity of the staining of each differenhsgene. The seedlings were then
transferred into 50% ethanol to stop the stainimg)t® remove chlorophyll. The
expression patterns of recombinant GUS proteing werdied using a compound light
microscope. Whenever necessary, the seedlingscwargerstained with DAPI (1pug/ml
final concentration in water) for 15 minutes touatize nuclei. The expression of GUS
transgene and DAPI (4,6-diamidino-2-phenylindolelear stain were examined under

compound light microscope (Olympus BH2-RFCA).
2.D.ii. Western blotting for myc tagged proteins

|AA28p;o: : | AA28-myc seedlings (kindly provided by Dr. Bonnie Bartene
grown on ATS medium for 7 days on vertically oreshplates under the growth
conditions mentioned previously. After specificatraents in each experiment, 7-8
seedlings were collected from each treatment jpi¢ete and frozen quickly in liquid
nitrogen. Then the total protein was extractedgi&d buffers (Appendix Ill). The
protein samples were quantified using Bradford eeég)(Amresco, Solon OH) and
bovine serum albumin (BSA) (B9001S BioLabs NE)resdtandard. Protein samples
were separated using 14% polyacrylamide gel amsfieared to a polyvinylidene
difluoride (PVDF) (Pall Corporation, FL) membraiWgestern blotting was conducted
using anti-Myc (Covance) as the primary antibodg anti-mouse IgG (Invitrogen) as
the secondary antibody.
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Once proteins were transferred onto PVDF (Pall Gaton, FL), the
membranewas blocked with 5% nonfat milk in Trisfetdd saline containing 0.1%
Tween 20 (TBST) for one hour on a slowly movingksdraand then washed three times
with TBST. Then the blot was incubated with primantibody solution, anti-Myc
(1:1000 in TBST) for one hour on a shaker. The pryrantibody bound blot was washed
three times with TBST (each 5 minutes). The blos wext incubated with secondary
antibody (1:2000 in TBST) (anti-mouse IgG conjugatie horseradish peroxidase)
(Sigma Aldrich Inc. MO) for one hour and washedrdess with TBST (i wash for 15
minutes, three washes each 5 minutes). Finakybtbt was developed using PIERCE
ECL western blotting substrate (an enhanced chemmiescent substrate for detection of

HRP) and exposed to X-ray film according to mantufieer’s instructions.
2.E. In-vitro pull down assays
2.E.i. Protein expression, extraction and purificabn from E. coli

To purify GST-IAA28, GST-iaa28 and GST-RCE1 recondrit proteinsE. coli
(TOP10) carrying the respective recombinant plasmidre grown overnight and 5 ml of
overnight culture was inoculated into 250 ml ligui# containing carbenicillin (100
ug/ml) and incubated at 3T for 4 hours. Isopropyl thiogalactoside (IPTGig(Ba
Aldrich Inc. MO) was added to a final concentratadril mM to induce recombinant
protein expression, and the culture was incubat&@ & for a further 4 hours. Bacterial
cells were pelleted at 9000 x g for 10 minutes'@t(&Eppendorf Centrifuge 5810R), and
the pellet was re-suspended in 5 ml of phosphdtered saline (PBS, pH = 8.0). The
cells were lysed by sonication for 30 seconds thirees (Branson Sonifier 250).
Phenylmethanesulfonyl fluoride (PMSF) (Sigma Altdriac. MO) and Tween-20 (Sigma
Aldrich Inc. MO) were added to the extract at carications of 1 mM and 0.1%,
respectively. Cell debris was removed by centrifiogaat 9000 x g for 10 minutes
(Eppendorf Centrifuge 5810R). Glutathione-agarcessds (GST beads) (Sigma Aldrich
Inc. MO) that were previously hydrated in PBS wadeded to the supernatant and

incubated at € overnight with gentle agitation. Beads were reced by centrifugation
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and washed at least three times each for 15 mimutksLO ml of PBS containing 0.5%
Tween-20. Washed beads were re-suspended inl280PBS containing 1 mM PMSF.

2. E.ii. Expression and extraction of recombinant pteins from plants

Plant expressed proteins such as TIR1-myc, AFB1-lF85-myc, IAA28-myc
and RCE1-myc were extracted using native extradiidfer as explained previously
(Dharmasiri Net al. 2003). Native extraction buffer (2.5ml) was usexd@.5-0.69g of
fresh plant tissues. The tissues were ground veetigua tissue grinder while adding the
extraction buffer containing protease inhibitor (guete Mini-Rochr Diagnostics,
Germany), PMSF (1mM final concentration) and MG{B2 pM final concentration).
The extracts were transferred to a clean 15ml lraigbe and kept in a rocker at 4° C for
10 minutes. The cell debris was pelleted by camgation at 9000xg for 10 minutes at
4°C (Eppendorf Centrifuge 5810R). The supernatanttrveasferred to a new tube and
the level of protein quantified using Bradford reag(Amresco Ohio). Total protein was
diluted to 800 pg/ml and aliquoted into 1.5ml Epgenh plastic tubes and stored at -80°

C until further use.
2.E.iii. In vitro protein-protein interaction assays

Total plant proteins were prepared fr@WG:: TIR1-myc, AFB1:: AFB1-myc and
AFB5:: AFB5-mycseedlings as mentioned previously in the sectigni2A total of 3-4
pg of purified GST-IAA28 (or GST-iaa28, GST-IAA7)qgteins were added to each
sample with or without auxin. The reactions werlmated for 1 hour at 4° C with gentle
agitation. After 1 hour tubes were centrifuged iidey to pellet glutathione bound GST-
IAA28/aa28. Immobilized proteins were washed 3 8rt@ach 5 minutes) with pull down
washing buffer (Dharmasiri Nt al. 2003) with or without auxin. Finally protein saragpl
were boiled in 2X LSB (Laemmli sample buffer- ApgéenlV) for 6 minutes and
separated using 12.5% or 14% polyacrylamide getédipg on the size of the target
protein and transferred onto PVDF membrane (PalpQation, FL). Western blotting
was carried out as explained previously (2,D.iiprder to identify the specific myc
protein used in each pull down (e.g. TIR1-myc, ARB§c or AFB5-myc).
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2.F. Transcript studies using RT-PCR (Reverse Trarsiption PCR)

To investigate the effect oda28-2 mutant on the expression of different auxin
transporters andBD genes, RT-PCR experiments were carried out aswsllSeven
day-oldiaa28-2 and Col-0 seedlings were treated with liquid AT®memented with 20
uM 2,4-D or 100uM picloram for 1 hour on a slowly moving shaker@m
temperature. Total RNA was extracted by using Téabent (Sigma) according to
manufacturer’s instructions. Complementary DNA wasthesized using oligo dT
primers and reverse transcriptase (New England_Blos). The amount of cDNA
synthesized was visually estimated by amplifyingqultin cDNA using primers UBQ-F
and UBQ-R (Table 2) in order to adjust the staringpunt of cDNA in each treatment
for both Col-0 andaa28-2. The cDNA of different auxin transporteiRINs andAUX1)
andLBD genesl(BD16, LBD29 andLBD18) were amplified by PCR using gene specific
primers (Table 2). The PCR products were sepa@teal1% agarose gel (EMD
Chemicals Inc. NJ), and the amount of the amplifismtuct was visually compared in
each treatment for both Col-0 aia&28-2.

Table 2: Oligonucleotide primers used for making dferent constructs and for RT-
PCRs

(* denotes the primers that were made by Amaralhaig #, Thilanka Jayaweera; $,
Dr.Yaling Song; +, common primers)

Primer name Primer sequence (5’ to 3’) Primer Melting

length temp. (°C)

LBD16-F GCTCGTGCACATCTCCGALCG 20 60.9
LBD16-R CATCTCATTTGTTCTCTGACTGTCT 25 54.6
LBD29-F CATGACTAGTTCCAGCTCTAG 21 51.9
LBD29-R GATAGAACCATACACGAGAAGGAG 24 543

LBD18-F GGAGATAGAGTAACAACTCGTTAAT 25 521




Table 2 Continued...

5 [LBD13-R CANTGCGGAGATGTATCGATT 21 553
7 | AFB1-SF TCTCACTCTE TTTCTGATE GG T0T 24 56.9
i | 4FE1-3R ATATEACTE AMG CAGCAAGTTTACT 25 502
3 |RCElBamHBGF | CIGTGTGGATCCGTGTGAGTTICTIARG 23 50
10| RCE1SaH 3R GARG ANG ACANGTCGACECTTTG E) 5E
11| 1AAZ8-Ecoft-2F | CAAMAACAGAATCCAAACTTAGAAAAATGE | 30 a0
12 | 1AAZ8-BAmHEZR | GATTTTGGCGGEATOCCTCTCTATICE 27 53
13| PINL-F* GGETIGTTCATGGLGTTARACT 22 57
TR CTT GCTGASCTCCTACTTANGTE 23 549
15| PINZ2-F * CoETEOGGALMTCAGTAGLAGG 22 585
i | PIN2-F *® CA 880 TCADA TACATECATE TR 25 57
17| PINT-F AACANTTTAGTTTECCCGGANAAGA 28 557
18| PINT-R CTGANCTATAGCGACANCGLAGT 27 558
19 | FINA-F * TCCCACG ATTCTANGCALTG 20 54.4
20 [ PINA-R® GTGCATATIACATATCTGCT TAGL 33 517
21 [FINS-F* GTTG TGEGAGAGANGTCGTTCD 22 57 5
22 [ PINSR* AATAAMCTCCAGAGCTGOETAGT 23 55
23| PING-F® GATGCCAAATATAG TGGATTTCIC 24 517
24| PiNG-R® CCOTTAATTAATCTTTCTCACAAGE 25 5245
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Table 2 Continued...

25| PFIN?-F* GGGCTCTIGTIGCTTTCAGET 21 -5d
25 | PINT-R " TACATTTIC TG TTECG TTLCACTR 25 542
27 | AUX1-F® GAAGUCACCGTICTTTATGL 20 &0
28| AUN1-RF ACTAGCCCATCCACCGAAL 13 B
23 | gl F CTATCTATTOGATGATG ARG 20 a4
30 | pi IR ACAGTTG A TEAACTTGOG 22 58
31 | UBD-F~ GTToA S TeERAAGT 70 3z=
32| UBO-R~ GATCTTGEOTTCAOETTGT 0 =
33| LEoz T TaA TG 1A T ARG TRl 25 T
34 | tirl-1F GTECAAGTCATEET ADGAGATOSA 73 =5
35 | tirl-1R TTCAGEAGAT TLALT GAGA A =3 =3

2.G. Expression analysis of different genes 1aa28-2 mutants
2.G.i. Effect ofiaa28-2 mutation on auxin transporters

Mutantiaa28-2 was crossed to different homozygdrsbidopsis lines carrying
PIN1po:: PIN1-GFP, PIN2p:: PIN2-GFP (Vietenet al. 2005)andAUX1p;o:: AUX1-
YFPrecombinant gene constructs (Kleine-Vehal. 2006). After several generations
(F4), the plants that are homozygous for ba#28-2 and the transgenes auxin
transporter gene were selected for expression sisalour day-old homozygous
seedlings grown on solid ATS were transferred @otarol ATS or ATS containing
85nM 2,4-D or 10 puM picloram for 18 hours, and wexamined for the expression of
each transgene using confocal microscope (Olympuu$60- NSF DBI- 0821252 to Dr.
Joseph R. Koke and Dr. Dana Garcia).
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2.G.ii. Expression analysis of LBD genes iraa28-2 background

iaa28-2 mutant plants were cross pollinated with transgetaats carrying
LBD16pro::LBD16-GUS LBD18p;(::LBD18-GUS andLBD29,::LBD29-GUS (kindly
provided by Dr. Fukaki) transgenes. Following aiEnprocedure explained in 2.G.i
section, homozygous seeds for bi@#28-2 and each transgene were collected and used
in the experiments. Seedlings were grown on soli® Anedia for 4 days and transferred
onto solid ATS media containing 85nM 2,4-D, 10 pM@ram or 15 uM IBA, and the
plates were kept in a growth chamber at 22°C fanel@'s. Then the seedlings were fixed
with GUS fixer (Oonaet al. 1998) for 45 minutes with gentle agitation. Tkeedlings
were washed with 100mM MdPO, solution three times (5 minutes each) and incubated
with GUS staining buffer for 12 hours at 37 °C.dfiy, 50% ethanol was added to each
sample in order to stop further staining and toaeenchlorophyll. The expression of

each transgene was examined under compound lighoseope (Olympus BH2-RFCA).
2.G.iii. Gene expression in early lateral root deuepment in iaa28-2

In Arabidopsis thaliana, lateral root founder cells originate from perilgycells
adjacent to xylem poles. Haseloff and coworkereened a population of Arabidopsis
GAL4-GFP enhancer trap lines and identified twedinvith GAL4 expression
specifically in root xylem pole pericycle celld0(21) and in young lateral root primordia
(J0192) (Laplazeet al. 2005). These enhancer trap lines are very usaflg tis markers

to visualize pericycle cells and lateral root pridial cells.

To examine the effects tda28-2 mutation on the pericyle cell development,
iaa28-2 mutant was crossed to J0121 enhancer trap lirter 8éveral generations (F3),
plants that are homozygous for bedh28-2 andJ0121 were selected and used for the
expression analysis. The homozygme?8-2 J0121seedlings together with wild type
J0121 were grown on solid ATS for 6 days and transfegedo ATS media (control) or
ATS containing 85 nM 2,4-D, 10 uM picloram or15 IBA and incubated in a growth
chamber for 18 hours. The expression of J012&ap8-2 background with different
auxin treatments were compared with that of wilgkety0121 using confocal microscope
(Olympus FV1000).
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2.H. Examining the genetic interaction ofaa28-2 with different auxin co-receptors

In order to examine the genetic interactions betwdferent auxin co-receptor
genes antha28-2 mutantsjaa28-2 mutant was crossed &fblandirl-1 mutants. F3
seedlings that are homozygous for both mutations welected and used for
experiments. To select the plants homozygous feinazo-receptor mutant geneafigl
andirl), specific genotyping primers (Table 2) were ugeat.afbl mutant genotyping,
gene specific 5’AFB1F primer and T-DNA specifictlbbrder primers (LB02) (Table 2)
were used as previously described (Dharmatai. 2005a). Fotirl-1 mutant
identification, the gene was amplified using TIRE/R primers (Table 2) and digested
with BsmAL1 restriction enzyme where only the PCBdurct carrying the mutation is

digested.

After selecting the seedlings homozygous for botitations, plants were
transferred onto soil and grown to collect seett® Jeeds were sterilized and grown on
ATS medium for 4 days and transferred to contral$Aor ATS supplemented with 10
MM picloram and allowed to grow for additional AdaThe development of adventitious

roots was examined under a stereomicroscope (Nské21500).
2.1. 1AA28 and light regulated developmental responses iArabidopsisthaliana
2.1.i. Effect of light on seed germination and hypootyl development

Col-0 andiaa28-2 seeds were surface sterilized and stratified @ta4°mentioned
previously. Seeds were plated on solid ATS andbated in redX= 660 nm, intensity =
30 pmol/ni/s), far red X= 730 nm, intensity = 0.5 pmolfs), blue = 475 nm, intensity
= 21.3 pmol/m¥s) and white (intensity = 42 pmolffs) light conditions for 7 days. The
lengths of the hypocotyls were measured using le scaler the stereomicroscope. For
seed germination assays, both Col-0 ma@8-2 seeds were placed on ATS medium and
incubated horizontally under different light comalits (red, far red, blue and white). The
percentage seed germination in both Col-Oiaa&8-2 were calculated after 36 hrs and

48hrs of light exposure. For hypocotyl growth expents seeds were directly
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germinated under each light condition for 7 days e length of hypocotyls was
measured using stereomicroscope (Nikon SM21500).

2.Lii. Protein expression analysis usingAA28p,,::1AA28-myc and | AA28p;,:: | AA28-
GUS and | AA28p;,::1aa28-GUS

The expression dAA28p,,::1AA28-myc andl AA28p,,: | AA28/iaa28-GUS were
examined in both etiolated hypocotyls and rootsfege sterilized and cold-treated seeds
were germinated on vertically oriented solid AT&tes in complete darkness for 72hrs
(Plates were wrapped with two layers of aluminum)fat 22°C. The etiolated seedlings
were exposed to different light sources (red/fdflskie or white for indicated time
periods). Then fofAA28s.:: | AA28-myc seedlings, shoots and roots were cut with a razor
blade, collected into 1.5ml Eppendorf tubes, frogertkly with liquid nitrogen and
stored until further use. Total protein was extdatsing the EZ method (Appendix I)
and quantified using the Bradford method. ThenpdQotal protein was separated on
14% polyacrylamide gel and transferred onto PVDnim@ne. Western blots were
carried out as described above (section 2.D.iifguanti-myc antibody. For
|AA28p,,:: |AA28 andl AA28y, .. :1aa28-GUSseedlings, after light treatments, the seedlings
were fixed and stained as mentioned in sectioni.2.D.

2.Liii. Analysis of the relationship between IAA28GUS expression and the time of

the day

|AA28p,,::1aa28-GUS seeds were germinated under dark conditions fdror2s
and kept under white light at 20 °C. At each hbypocotyls (shoot) samples were
collected in triplicate into 1.5ml Eppendorf tuksesd quickly frozen with liquid nitrogen.
Proteins were extracted with 50 pl GUS extractiofidy (Jefferson 1987) and quantified
with the Bradford reagent. Equal amounts of totatgin (40 pg) were added into 0.5ml
of MUG assay buffer (Jefferson 1987) which had bgerwarmed to 37°C for 30
minutes. The samples were mixed and incubated®& ¢ 1 hour. Then 100 ul of the
reaction mixture was immediately transferred to Q00f stop buffer (Jefferson 1987).
The absorbance of each sample was measured usgig gibe luminometer (Modulus,
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Turner Biosystems). The average was calculateddoh time points and plotted as the
level of GUS protein.

2.J. Identification of IAA28 interacting proteins (yeast two hybrid screening)
2.J.i. Two hybrid constructs

To isolate putative IAA28 interacting proteins, gewo hybrid screening was
carried out using GAL4 system. pAS1 and pACT1 weyed as bait and prey vectors,
respectively (Clontech). IAA28 cDNA was amplifiesbin a Col-0 cDNA sample with
Phusion high fidelity DNA polymerase (New Englanid Babs) using the primers
ATIAA28BamHI-2F (5'...TTCGGATCCAACCACCCATATAATAAT...3) and
ATIAA28Sall-2R (5'... AAAGTCGACCATCGAACTGATGATTT...3’) with
introduced BamHI and Sall sites. The BamHI site arasated in such a way that IAA28
gene is in frame with the DNA binding domain of GAtranscriptional factor of pAS1
vector. The gel purified DNA product was digestathiBamHI and Sall and re-purified
using an Ultra clean Gel DNA extraction kit (ISEoHtxpress). The digested IAA28
cDNA was then ligated to pBluescript (BamHI & Sdigested) and sequenced in order
to confirm the fidelity of the sequence. The Banaidtl Sall digested cDNA fragment
was then ligated to the same restriction sitesA@1 After ligation 3ul of the ligation
mixture was transformed int6. coli (TOP10) competent cells (Bergmastsl. 1981).
Positive transformants were selected with IAA28eyspecific primers using PCR, and

also by expression analysis by western blottinggianti-HA antibody.
2.J.ii. Confirming the expression of bait vector wih IAA28

The positive transformants were selected, and ptssisolated using mini prep
plasmid isolation methods (Sambragikal. 2001). Plasmids were then transformed again
to yeast Y190 competent cells. The yeast Y190 coempeells were prepared as
described in MATCHMAKER random peptide user mar(@al3039-1). Positive
transformants were selected using solid SD-Trp {f8tic Dropout medium without
Tryptophan) medium. Three positive transformantsavirroculated to 5 ml liquid SD-

Trp and were grown for 2 days. Yeast cells weréepel, and total protein was extracted
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(Kushnirov 2000). Then 20 pl of the extracted profeom each sample was separated
on a 14% polyacrylamide gel together with a totakgin sample from Y190 cells as the
negative control. Proteins were transferred onMBIP membrane (Pall Corporation-FL).
The expressed IAA28-myc tag protein was detecteddstern blotting as described in
section 2.D.ii.

To test whether IAA28 autonomously activates thporeer gene when fused to
GAL4 DNA-BD, yeast Mav203 cells with IAA28 in pAS&ere grown in 25 ml of SD-
Trp liquid media in shaker flasks at 30°C for 16htRirs at 250rpm to stationary phase
(ODsoonn1.5). This overnight culture was transferred tOrhbof SD-Trp liquid media
and incubated for 3 hours with shaking. The celsercentrifuged at 1009xXor 5
minutes at room temperature, and the supernatamtlisearded. The pellet was
resuspended in 25ml of sterile water. The celleeveentrifuged again for 5 minutes and
the supernatant was removed. The pellet was resdsgden 0.75 ml of freshly prepared,
sterile TE/LIAC (1X TE buffer with 1x lithium aceied MATCHMAKER random
peptide user manual (PT3039-1)). These cells wiareaed into 100 pl volumes and
used as competent cells for cotransformation oftgmwgctor with GAL4 DNA-AD
(pPACT1). Then, 100 ng of pACT plasmid DNA and 0.6arhiPEG/LiAc solution were
added to these Mav203 competent cells wARL-1AA28, which were then incubated at
30°C for 30 minutes with shaking. After 30 minuté8,ul of DMSO was added to the
mixture, inverted gently and heat shocked in a@®#ater bath for 15 minutes with
occasional swirling. The heat shocked cells werkechon ice, pelleted by centrifugation
and the supernatant was discarded. The pelletegaspended in 0.5ml of TE buffer and
spread on solid SD-Trp-Leu-His medium containirgtgs (100 pul in one plate). The
plates were incubated at 30°C for 2 days untikctiienies appeared.

Several transformants (5 individual colonies) werénoculated into 1 ml of SD-
Trp-Leu-His liquid medium and grown ~18 hours at@0fth shaking. A small volume
of each clone was streaked separately on SD-TrpHisuSD-Trp-Leu-His + 3AT (3-
amino-1,2,4-triazole, a competitive inhibitor oétiieast HIS3 protein used to inhibit
background signal from yeast cells; (Fields andgSI¥89). Several 3-AT concentrations

(e.g. 20mM, 30mM and 40mM) were used in differdatgs. The plates were incubated
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for 2 days at 30 °C until the colonies appearedialii, the colonies were examined for
the activation of LacZ gene throu@kgalactosidase (X-gal) assay as described in
MATCHMAKER random peptide user manual (PT3039-1).

For X-gal assays, colonies were allowed to grod-8mm in diameter. A sterile
filter paper was placed on the surface of plategaining colonies and poked with 3
holes which provided landmarks for orienting thegra Then the filter paper was lifted
out with the colonies attached, frozen in liquittagen and kept for few minutes at room
temperature until it thawed completely. The filb@per was placed on another filter
paper wetted with Z-buffer/X-gal solution in a P@late avoiding air bubbles in between
filter papers. The filter papers were incubate8Q2C and examined for the appearance of
blue color. If the gene of interest was autoactikie,X-gal assay would be positive
within a very short period of time (e.g. an hour).

2.J.iii. Screening of the Arabidopsis cDNA librarywith IAA28 in bait vector

The screening of the Arabidopsis cDNA library wiipAS1-1AA28 was carried
out by Dr.Yaling Song. A single colony of pAS1-1A82n Mav203 cells was inoculated
into 50 ml of SD-Trp liquid media and incubatedB@t°C for overnight. The cells were
collected by centrifugation at 900@ and transferred to 300 ml of liquid YPD and
allowed to grow at 30°C until the OD reached @.%£ 600nm). Cells were harvested, and
competent cells were prepared as described in MANIEKER random peptide user
manual (PT3039-1). Next, 40 ug of library DNA weansformed to the prepared
Mav203 competent cells carrying pAS1-IAA28 as dibstt previously in 2.J.ii section.
Finally the cells were spread on solid SD-Trp-Les-kedia supplemented with 15 mM
3-AT and incubated at 30°C until colonies appeared.

2.J.iv. Confirmation of putative IAA28 interacting proteins

Yeast two hybrid screening identified about 40 puealAA28 interacting
colonies. All the colonies were checked with X-@asay, and only the ones that
produced blue color within a short period of tines§ than 3 hours) were selected (by

Dr. Yaling Song).
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All the colonies (IAA28 interacting protein/IP-& tP-40) were inoculated in 1ml
of liquid SD-Trp-Leu-His media and were grown at@dor 24 hours. Equal volumes of
each culture were spread onto SD-Trp-Leu-His + 08T, SD-Trp-Leu-His + 25 mM
3-AT or SD-Trp-Leu-His + 50 mM 3-AT and incubated3@ °C for about 48 hours. The
clones that had poor growth on the media contai@bigM 3-AT and no growth on the
media containing 50 mM 3-AT were considered falssifpves and were removed from

further analysis.
2.J.v. DNA sequencing and identification of putatie IAA28 interacting proteins

The positive IAA28 interacting clones that grewlogher concentrations of 3-AT
were amplified with pACT-F (5'...CTATCTATTCGATGATGAAG.3’, recommended
by ABRC) and pACT-R primers (3'...ACAGTTGAAGTGAACTTGG...5/,
recommended by ABRC) using Tag polymerase. A sambunt of yeast cells from each
clone was used to derive the template DNA for B@R. The product was separated on a
2% agarose gel together with 100bp marker, ananmaified DNA product was gel
purified using a DNA gel purification kit (UltraCé® Gel DNA extraction kit, ISC
BioExpress, CA).This DNA was used as the templateafsecond PCR using high
fidelity Phusion Taqg polymerase with pACT-F and pRAR primers. The amplified DNA
product was gel purified and ligated to pBluescdigested with ECORV restriction
enzyme. The ligated product (2 ul) was transforinéml TOP10E. coli competent cells
using the CaGlmethod. Plasmid DNA was purified from positiver®s and sequenced
using pACT-F primer. The resulting sequence waspared with known sequences
using an online BLAST program (http://www.arabidigpsrg/Blast/index.jsp).

2.J.vi. Confirmation of interactions of some idenfiied IAA28 interacting proteins

Among the identified putative IAA28 interacting pems, IP4 (RUB1
conjugating enzyme 1/RCE1) was selected for furshedies. IP4-transformed yeast
(RCE1) were grown in 5ml of SD-Leu at 30 °C forl#urs and transferred to 50 ml of
YPD medium and allowed to grow for about 36 hotitee cells were pelleted and
plasmid DNA was isolated using the glass beads odefAmberget al. 2006). The
resulting DNA pellet was resuspended in 5 pl of Miiris-HCI (pH-8.0), and 3 ul of
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the isolated DNA was used to transform electro-ceteqpE. coli (HB101). The cells
were spread on solid M9 minimal medium (Sambretad. 1989) without tryptophan
and incubated at 37 °C for 36 hours until the cel®appeared. Positive transformants
were reconfirmed with PCR (with pACT-F/R primerad plasmids were isolated and
transformed intd. coli (TOP10) competent cells. The pACT1 plasmids witthaasert
were isolated and transformed to Mav203 yeast celigaining pAS1-IAA28 vector. At
the same time empty vector (pACT1) was also transfd into Mav203 cells with
IAA28-pAS bait construct. Then, the cells were sgren SD-Trp-Leu-His without 3-AT
and incubated at 30°C for 48 hours until the c@smgrow. Later five individual colonies
from each transformation were picked and grown.d8m0of liquid SD-Trp-Leu-His
medium. After 48 hours, 2ul of each culture wereakted on solid SD-Trp-Leu-His
medium with different concentrations of 3-AT (0 mR§ mM, 50 mM and 65 mM). The
plates were incubated at 30°C for 48 hours andrebddor colony growth and
development. X-gal assay (MATCHMAKER random peptider manual-PT3039-1)

was conducted to confirm the interactions of sel@atteracting proteins and IAA28.
2.K. Microscopy
2.K.i. Compound microscopy

Seedlings with GUS reporter gene were mounted @ngbycerol and visualized
with Olympus BH2-RFCA compound microscope. The ofiyes used were
DPlanApo100UV (oil, NA= 1.3), DPlanApo40UV (oil, NA1) and Olympus 40X and

10X objectives. Images were process in Adobe Phofas
2.K.ii. Confocal microscopy

Imaging was performed using an Olympus FV1000 lasanning microscope
and FV1000-ASW (Version 1.7) software acquired tigtoa National Science
Foundation grant (DBI-0821252) to Drs. Joseph Kakeé Dana Garcia. The emission
maximum used for GFP was 525 nm. The objectived usze PlanApo 60x oil (NA=
1.4), UPlanApo 40x oil (NA= 1), UPlanSApo 20x (NAO=75) and XLUMPlanF1 20x
water (NA = 0.95). Images were processed in Addidzhop.
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2.L. Statistical analysis

Using residual plots, it was determined that thei@aar data sets had met the
assumptions of normality and homoscedasticity. IBifertor analysis of variance
(ANOVA) was performed when necessary. Tukey’'s H8& tvas used to identify the
significantly different means to each other. Alafrses were performed using software R

(http://www.r-project.org). In addition, Student’s T-test was also used whecessary.




CHAPTER 3: RESULTS
3.A. Expression and localization of AA28

3.A.i. Expression of IAA28-GUS and iaa28-GUS in Arhaidopsis during different

developmental stages

In a previous study using RNA gel blot analysisg&et al. (2001) reported that
IAA28 is mainly expressed in roots and inflorescencastand at low levels in flowers,
leaves and siliques. Using the transcriptionakgesnstructAA28,,,::GUS they further
showed that GUS is mainly expressed in the roohfiloe region of root elongation to
root-hypocotyl junction with the exception at tlo®t tip. To further understand the
expression pattern of tHA28 gene and also the localization of the IAA28 protd¢he
expression patterns were studied using transldtgerse construct$AA28,,.::1AA28-
GUSandlAA28,,,::1aa28-2-GUS in wild type Col-0 plants. These constructs sihee
same 3.1 kb 5’ flanking region &AA28 gene similar to the previous study (Raggl.
2001). Both transgenes were strongly expressedrimapy roots of developing seedlings
except at the root tips (Figure 8A, B), confirmithg previous results (Rogtjal. 2001).
GUS staining was also clearly visible in root hdiut was not observed above the root-
hypocotyl junction (Figure 8C). However, wheniaa28-2 mutant version of the above
transgene construdifA28,,.: :iaa28-2-GUS) was expressedUS staining was clearly
visible in the hypocotyl region, though at a legségnsity than in the root (Figure 8K),
suggesting that thedA28 gene is expressed in both root and hypocotylA2BAGUS
was highly expressed in developing lateral roahpridia at very early stages, but
expression gradually decreased at the lateraltipatith development (Figure 8E, F and
G). In fully developed lateral roots, expressicaswery high in mature areas of the root
except at the tip (Figure 8H, and I). When lateoals were stained for a short period,
GUS staining was mainly found in the elongated sidateral roots (Figure 8 J),

suggesting that IAA28 may play a role in cell elatign or expansion. Since the
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expression of IAA28-GUS in the shoot was not detiglet due to its degradation, the
developmental regulation of the mutant gene wadiestiusing AA28,,,::1aa28-GUSin
mature Arabidopsis transgenic plants. As showiigure 8, GUS staining was seen in
vasculature of cauline leaves and rosette leanfierescence axes, pedicels, anther
filaments, stigmata and the septum of the siliq&gégure 8L, M, N and O).
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(B)

Figure 8. Expression ofl AA28 gene in Arabidopsis seedlingsTransgenic Arabidopsis
seedlings homozygous for translational gene cotistihA28,,.:: 1AA28-GUS (A — J)
orlAA28,,,::1aa28-GUS (K — O) containing a 3.1 kkAA28 5’ flanking region, were
grown under continuous light at Z2and stained with 0.5 mg/ml X-Gluc. (A) GUS
expression is found in the whole root except atrtwot tip. (B) GUS expression is visible
at cell elongation and differentiation zones of phienary root tip, (C) but not in the
hypocotyls. (D) GUS expression is found in the lgheytoplasm in the root cells, and
(E) lateral root primordia, but (F and G) not irvd®ping lateral root tips. (H) GUS
expression in a mature lateral root and its (L{dijpwhen roots were stained for a short
time (30 min), GUS expression was mainly founchatéxtended side of curved lateral
roots. (K) Expression diAA28,,::iaa28-GUStransgene in the hypocotyls, (L) cauline
leaves and peduncle, (M) leaf vasculature, (N)g@ddstamen filaments and style
(marked with arrows), and (O) silique septum.



Figure 8. Continued.
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3.A.ii. IAA28 localization

In order to examine the localization of IAA28 priotetransgenic seedlings
carryingl AA28p,,:: 1AA28-GUSand 1AA28g,,: :iaa28-GUS together with AA7pro: : 1AAT-
GUS were fixed with GUS fixer and stained with GU&ising buffer as described in the
methods section.

The results showed that IAA28-GUS is predominaletglized to the cytoplasm in
undifferentiated regions of the root, while IAA7XR2)-GUS is localized to the nucleus
(Figure 9A). To find out whether the relativelydarC-terminal GUS sequence affects
nuclear localization of IAA28-GUS fusion, we immuocalized the IAA28-myc fusion
protein, using théAA28s,::|AA28-myc transgenic line. This fusion protein contains a
relatively small C-terminal tag and has been dbsdrpreviously (Stradet al. 2008).
When roots of wild type anidhA28p;,:: | AA28-myc seedlings were used for
immunolocalization with anti-myc antibody and Aleiklmior 488 conjugated to mouse
lgG, IAA28-myc protein was detected in both theopyasm and the nucleus of
|AA28p;o: . |AA28-myc root cells. Similarly treated cells of wild tygeedlings did not
cross react with the antibody (Figure 9B). Thisilesuggests that IAA28 is localized to
both the cytoplasm and the nucleus.

3.A.iii. IAA28 has a unique localization pattern inthe root

To further investigate IAA28 localization IAA28-GUspression was examined
along the length of roots dAA28,,,::1AA28-GUS seedlings. GUS staining appears in the
basal area of cell elongation (Figure 9C and 9B, ia these cells IAA28-GUS is mainly
found in the cytoplasm (Figure 9D,l and 9F). Jumsive this basal area, staining is still
found predominantly in the cytoplasm (Figure 9Git ¢radually GUS staining appears
more in the nucleus in the cell differentiation eqfigure 9D (ll), (IIl) and 9E). Above
the cell differentiation zone GUS staining is speedominantly in the nucleus (Figure
9D (1V)). This GUS staining pattern does not depenctither duration of the staining
procedure oraa28-2 mutation, as both IAA28-GUS and iaa28-2-GUS exttsimilar

localization patterns (data not shown).
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(A)

1AA28-GUS " IAA7-GUS

(B) Alexaflour 488 DAPI Merged

- . ..
: . ..

Figure 9: IAA28 is localized to both the nucleus ath the cytoplasm. (A) Roots of 7
day-old transgenic homozygous seedlingsA#{28,,,::1AA28-GUS or 35S:: AXR2(I AA7)-
GUSgrown at 22C under continuous light were stained for GUS igtiv(B) Confocal
images of wild type (Col-0) dAA28,,,::|AA28-myc (IAA28-myc).Whole mounts of
roots immunostained with anti-myc primary antiba@ayl anti-mouse IgG conjugated to
AlexaFluor 488. Roots were also counter staingtd API (scale bar=20m). (C to

G) The primary root ofAA28,,::|AA28-GUS stained for GUS activity to show the
expression and localization pattern of IAA28-GUB) Localization of IAA28-GUS in
different regions of the root. Cells were imagethgs light microscope (X400). Cells at
the (I) basal area of cell elongation, (Il) tramsitzone between cell elongation and cell
differentiation, (lll) differentiation zone and ()\above the differentiation zone. (E)
Enlarged view (X1000) of the cells in the differiatibn zone, and (F) the basal area of
the cell elongation zone. (G) IAA28-GUS localizatio cell elongation region (right)
and the same tissue counterstained with DAPI ((&ft}his Figure IAA7-GUS (A-right)
picture was taken by PK Kathare).
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Figure 9. Continued.
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3.B. IAA28 interactions with different auxin co-reaeptors

3.B.i. GST-IAA28 protein shows different affinitiestowards different auxin

receptors

Several Aux/IAA proteins have been shown to intevath auxin receptor
proteins TIR1, AFB1, AFB2, AFB3 (Gragt al. 2001; Dharmasiri Net al. 2003;
Dharmasiri Net al. 2005; Kepinski and Leyser 2005; Pagtyal. 2009) and AFB4 and
AFB5 (Greenhanet al. 2011). To study whethéaa28-2 disrupts the interaction between
IAA28 and auxin co-receptor F-box proteinsyitro pull-down experiments were
performed using bacterially expressed GST-IAA28 @®T-iaa28-2 recombinant
proteins, and plant-derived TIR1-myc, AFB1-myc &#B5-myc proteins. The pull-
down results showed that GST-IAA28 protein intezdavith TIR1-myc, AFB1-myc and
AFB5-myc in the presence of 2,4-D or picloram icoacentration-dependent manner.
However, auxin induced IAA28-TIR1 interaction isadtically diminished or abolished
wheniaa28-2 mutation is introduced, indicating that the domi&imutation in IAA28
disrupts the auxin-induced interaction between muta28 and TIR1/AFB1/AFB5
(Figure 10A to E)Invitro pull down assays showed that GST-IAA28 interaéted with
TIR1-myc protein compared to other tested Aux/IAslicating IAA28-TIR1
interaction may be less efficient. In addition, mmixduced interactions were compared
between GST-IAA28 and GST-IAA7 withTIR1, AFB1 andrB5. Results indicated
that, compared to GST-IAA28, GST-IAA7 interactedrmefficiently with both TIR1-
myc and AFB1-myc in response to 2,4-D (Figure 10& @). Nevertheless, both GST-
IAA28 and GST-IAAY interacted similarly with AFB5yu in response to picloram
(Figurel0H), indicating that bacterially expres§&8T-IAA28 and GST-IAA7 did not
show qualitative differences in their general aieti to interact with F-box proteins.
Thus, differential affinities of IAA28 and IAA7 toavd TIR1 and AFB1 represent an
actual difference between IAA28 and IAA7. Thessuts confirmed that different
Aux/IAA proteins possess different affinities towardifferent auxin co-receptor F-box

proteins.
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3.B.ii. Mutant GST-iaa28 interaction with AFB1 receptor protein in the presence of

picloram

As mentioned previously, the domain Il mutationaa28-2 drastically
diminished the interaction with auxin co-receptostpin TIR1 in the presence of 2,4-D
and picloram (Figure 10 A,B). Similarly, mutant G&Bk28 does not interact with AFB5-
myc in the presence of picloram (Figure 10 E). Hosvewith AFB1 auxin co-receptor
protein, the mutant GST-iaa28 interacted to sontengxn a concentration-dependent
manner with picloram treatments (Figure 10D), balid not interact with the receptor in
the presence of 2,4-D (Figure 10C).
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Figure 10. IAA28 interacts with TIR1, AFB1 and AFB5 proteins in an auxin-
dependent manner while thaéaa28-2 mutation greatly affects this interaction.(A)
Crude protein extracts from Arabidopsis seedlinggessinglIR1-myc (A, B), AFB1-

myc (C, D) orAFB5-myc (E) were used in pull-down assays with GST-IAA2&5T-
iaa28 expressed and purified frdncoli in the presence of various concentrations of
either 2,4-D or picloram as indicated. Auxins weirectly added to the pull-down assay
reaction. GST-IAA28 interacts less efficiently whoth TIR1-myc (F) or AFB1-myc

(G) compared to GST-IAA7 protein. (H) Both GST-IA&2nd GST-IAA7 interact with
AFB5-myc with similar efficiency in response to loiam. (NBB; napthol blue black)



57

Figure 10. Continued.
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3.B.iii. Degradation of IAA28-GUS and iaa28-GUS prteins in the roots in response

to different auxins

Many of the Aux/IAA proteins have a very short Hiié and are rapidly
degraded in response to auxin (Worgkgl. 2000; Zenseet al. 2003). Previous work
has shown that domain Il mutations stabilize mult#tex/IAA proteins (Reed 2001;
Mockaitis and Estelle 2008). To determine howida28-2 mutation affects its own
degradation in response to auxin, the degradatttenms of IAA28-GUS and iaa28-2-
GUS fusion proteins were compared using 4 day-olddrygous transgenic lines of
|AA28p,,:: |AA28-GUS andl AA28k,,: .1aa28-2-GUSFive independent lines for each gene
construct were observed. When transgenic seediegs treated with auxins and
stained for GUS activity, the level of GUS stainingAA28-GUS lines was
considerably lower than that of iaa28-2-GUS line8 ame point (data not shown),
suggesting that IAA28-GUS recombinant protein maybbjected to proteasome-
mediated degradation. To test whether this diffeeesould be due to transcriptional
differences 0t AA28p,,::1AA28-GUS andl AA28p, .. :iaa28-2-GUSransgenic lines, the
relativel AA28-GUS andiaa28-GUSranscript levels in two, randomly selected,
independent lines were measured using RT-PCR (&igliB). According to RT-PCR
results, even though thaa28-GUS transcript level is slightly lower than thatI#{A28-
GUS  the level of iaa28-GUS protein is higher thart tfdAA28-GUS, suggesting that
iaa28-GUS protein is less affected by proteasometated degradation. Confirming this
possibility, exogenous auxin treatments for 1 Hatther accelerated the degradation of
IAA28-GUS while iaa28-2-GUS protein was less aféeltbased on both histochemical
staining (Figure 11A) and quantitative MUG assag\iFfe 11C), indicating that the

mutant iaa28 protein is stabilized
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Figure 11. Theiaa28-2 mutation stabilizes mutant iaa28 protein. (A) Homozygous
transgenic lines diAA28,,::|AA28-GUS andI AA28,,::iaa28-GUS were treated with 20
MM 2,4-D, 50puMpicloram or a similar volume of DMSO (control) férhour and stained
for GUS activity with 0.5 mg/ml X-gluc. Similar relis were observed in 5 independent
transgenic lines of each construct. Results arengier one independent line from each
transgenic construct. (B) Relative expressionAéf28::1AA28-GUS andIAA28:: iaa28-
GUS transcripts were measured by RT-PCR (done by Dh&masiri). (C) Quantitative
GUS activity inAA28,.::1AA28-GUS andI AA28,,,.:iaa28-GUS seedlings treated with
20 uM 2,4-D or 50 uM picloram. Data indicate meafues of three biological
replicates. GUS expression values of each transdjeri at O time was considered as
100%. The relative GUS activity values used in gr@pare shown in appendix V (MUG
assay was done by T.D. Jayaweera).
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3.B.iv. Effects ofiaa28-2 on auxin responsive gene expressioDR5::GFP)

Auxin-induced gene expressioniaa28-2was studied usinBR5:: GFP
transgenic line. The homozygous mut@al8-2 was crossed tDR5:: GFP transgenic
line and F3 seedlings that were homozygous for twthmutant and theR5:: GFP
transgene were selected. When these seedlingsneated with 2,4-D, no difference in
DR5::GFP expression was observed between wild apgemutant root tip area (Figure
13B-c,d,h and i). However, in wild type seedlinQ&5:: GFP expression was increased
in the cell elongation region in response to 2,40, this enhanceDR5:: GFP
expression was absentiam28-2 seedlings (Figure 13B-a,b,f and g), suggesting tha
auxin-induced gene expression is defective inrthusant. When wild type seedlings
were treated with picloram, there was a steep asg®DR5:: GFP expression at the
root tip, especially at the lateral root cap. Témhanced GFP expression was not
apparent in theaa28-2 mutant (Figure 13B-c, e, h and j).
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Control +24-D Control +24-D + picloram
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laa28-2

Figure 12: Expression ofDR5::GFP is defective iniaa28-2 mutant seedlings. Four
day-old wild type (a,b,c,d,e) oa28-2 (f,g,h,i,j) seedlings carryin@R5:: GFP transgene
were transferred onto ATS containing 85 nM 2,4-[2I (i) or 10uM (e,j) picloram for

18 hours, stained with 1 uM synaptored for 10 nesw#nd observed under confocal
microscopy. 2,4-D inducd3R5::GFP expression in elongation zone of the primary root
in wild type (b - marked with an arrow) but notiaa28-2 (g). While 2,4-D induces
DR5::GFP expression in root tips of both wild type (d) aad28-2 mutants (i),
picloram-induced expression is only apparent idwpe (e, j).(Dr. S. Dharmasiri
assisted acquiring these confocal images).
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3.C. Role of IAA28 in lateral root formation
3.C. i. Mutant iaa28-2 shows defects in lateral root formation

Application of exogenous auxin stimulates lateoaitformation in Arabidopsis
(Laskowskiet al. 1995). Therefore, to determine whether exogenaxsanduces lateral
root development i@a28-2, four day-old seedlings were treated with 85 nitR2,or 10
uM picloram. Four days after the treatment, bothiratreatments induced many lateral
roots in wild type seedlings, but notiam28-2 mutants. However, picloram induced a
few secondary roots ima28-2with a characteristic pattern (Figure 13A, B and 2y
examplejaa28-2 seedlings developed a cluster of roots at the bittee hypocotyl
region suggesting that picloram induces advenstimot formation inaa28-2 (Figure
13C and D) (Karunarathna 2008). To test whetherisha common feature in both
mutant alleles of IAA28, the adventitious root deyenent iniaa28-1 mutant was also
examined with picloram treatmer@imilar toiaa28-2, picloram induced adventitious
roots iniaa28-1 (data not shown). Althougha28-2 is defective in auxin-induced lateral
root development, several auxins such as IBA (ledu8E and G), IAA (Figure 13F) and
very high concentrations of 2,4-D (data not shoiwdyced lateral root primordia in
iaa28-2, indicating that théaa28-2 mutant does not completely lack the ability to
develop lateral roots (Karunarathna 2008).

The CycB::GUS marker has been used in previous studies to nrahiécearly
cell divisions that initiate lateral root primordigerreiraet al. 1994; Smith and Fedoroff
1995). To study the characteristic pattern of sdaoy root induction imaa28-2 in
response to picloranngaa28-2 mutants were crossed into tGgcB::GUS transgenic line
and F2 plants that were homozygous for &B8-2 mutation andCycB::GUStransgene
were identified. When both wild typg@ycB:: GUS andiaa28-2 CycB::GUS seedlings
were treated with10 pM picloram, increased GUS esgion was mainly observed at the
base of the hypocotyls iaa28-2 compared to the wild type (Figure 13H).This result
corroborates the inference that secondary roatsai?8-2 actually arise from the base of
the hypocotyl, but not from the primary root, inaling that picloram preferentially

induces adventitious roots iaa28.
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Figure 13: Auxins induce lateral roots iniaa28-2. (A) Wild type (left) andaa28-2

(right) seedlings grown on ATS medium, or ATS mediwith (B) 85 nM 2,4-D or (C)

10 uM picloram. Wild type (left) develops many shottiglal roots in response to i/
picloram while (C)aa28-2 produces a small number of secondary roots didke of the
hypocotyls. (D) Magnified image of secondary rqmtsduced by wild type (left) and
iaa28-2 (right). Both IBA (E) and IAA (F) induce laterebot development iraa28-2,

but in the latter case only at very high conceidrst Four day-old wild type Col-0 or
iaa28-2 seedlings were transferred on to ATS media comtgiaarious concentrations of
IBA or IAA as indicated. Number of lateral rootsrcm of the primary root was counted
6 days after transfer on to the media with auxiach value represents the mean value of
at least 10 seedlings. Error bars indicate standevdtion. (G) Eight day-old wild type
(left) andiaa28-2 (right) seedlings grown on ATS or (H) ATS with @M IBA. (1)
Expression oCycB::GUSIn wild type (left) andaa28-2 (right) in response to picloram
was observed using compound microscope @yebinB::GUS experiment was
conducted by NK and images were acquired by P.dfajh Seedlings were grown on
ATS medium with 1QuM picloram for four days at 22 under continuous light and
stained with 0.5 mg/ml X-Gluc overnight at’87 The root-hypocotyl junction is
indicated with an arrow. (In this Figure, A, B, Q, G & H were directly taken from the
MS-Thesis of Karunarathna N. 2008).
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3.C.ii. Lateral root development iniaa28-2mutants stops at stage Il

The emergence of lateral roots can be divided8ntmain stages (Perettal.
2009). Lateral roots are initiated when eitherradiviidual or a pair of pericycle cells
undergo several rounds of anticlinal divisionsreate single layered primordia
composed of up to ten small cells of equal lengtage 1). Next, the cells divide
periclinally, forming an inner and outer layer ¢gtdl). Further anticlinal and periclinal
divisions create a dome-shaped primordium (stdge Htage VII) that eventually

emerges (stage VIII) from the parent root (Figu4g 1

As mentioned previously, studies have shown 84?1 (an Arabidopsis GAL4-
GFP enhancer trap line/pericycle marker) can bd tsé&ack the divisions of the
pericycle cells during different stages of lateait development (Laplazt al. 2005).
To examine which stage/stages of lateral root agreent is affected biyaa28-2
mutation, the mutant plants were cross-pollinatétl ¥0121 lines and the lines
homozygous for both genes were selected as dedanlike methods. The expression of
pericycle marked0121was reduced in the differentiation and distal dédfeiation region
of iaa28-2compared to wild type. With picloram treatment éx@ression was increased
in iaa28-2 mutants similar to that of wild type (Figure 1Byrther,iaa28-2 mutants
demonstrated the capability to initiate the lateoakt development through dividing the
pericycle cells anticlinally and periclinally up stage IlI; however, the divided cells did
not undergo differentiation through stage IV toNdhowing the main defects may be in

the emergence stages but not in the initiationes(gyure 15, | to M).
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Figure 14: Morphological changes during lateral root developmet. Lateral root
development can be divided into eight differengsta In these different stages
programmed anticlinal and periclinal cell divisiamscur while the lateral root primordia
gradually enlarge and emerge through the cortieltd @ the root.
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Figure 15: (1) Expression 010121 pericycle marker in iaa28-2 background. (A to C)
The expression ai0121 pericycle marker in wild type roots was obseruethie
differentiation and distal differentiation zonevasll as in the area closer to the
hypocotyl. (D to F) The expression 121 was lower in the differentiation zone and
distal differentiation zone 06a28-2 mutant background compared to the wild type. (C
and F) However, the expressionJofLl21 is similar in bothaa28-2 and wild type in the
part of the roots closer to the hypocotyls. (G Bind he expression al0121 in WT and
iaa28-2 mutant plants treated with picloram was observed.oth WT andaa28-2
mutants, picloram induced formation of the lateaalt primordia(2) iaa28-2mutants
initiate lateral root development, but developmenstops at stage 1l (1 to L)
Different stages of lateral root development weysesved in wild type seedlings in
response to picloram treatment. (E andag?8-2 mutants exhibited up to stage Il of
lateral root development in response to picloram
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Figure 15. Continued.
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3.C.iii. Alteration of LBD gene expression in amaa28-2 background

As mentioned in the introductiobBD genes, such d88D16, LBD29 and
LBD18, act as downstream components in lateral and aitieeistroot formation
(Okushimeet al. 2007; Leeet al. 2009). In order to examine the effect @ah28-2
mutation on LBD gene expression, RT-PCR experimantsexpression analysis using
translational gene constructs of the tHt8® genes were conducted with different auxin

treatments.

For RT-PCR experiments, seven day-old Col-0iaa#8-2 seedlings were
treated with either 85 nM 2,4-D or10 pM piclorann éme hour. RNA from seedlings
was extracted and cDNA was synthesized as mention®@eéthods section. The RT-PCR
results showed that for all thr&8D genesl(BD16, 18& 29) transcript levels were lower
in aniaa28-2 background compared to the wild type (Figure Hiwever with 2,4-D
and picloram treatments all th8D genes were induced in the mutant background to a
similar level as of Col-0.

As entire seedlings were used in the RT-PCR exparig) the results did not
indicate the effects 0a28-2 on the spatial expression of eddD gene. Therefore, the
expression patterns of eacBD gene inaa28-2 background were studied using the
seedlings that were homozygous for bi@d8-2 and each of theBD gene constructs
(e.9.LBD16p;(:: LBD16-GUS andLBD29,::LBD29-GUS).

Seedlings were first grown on ATS media and transéeto control (ATS), 10
MM picloram, 85 nM 2,4-D and 15 uM IBA for 48 hougeedlings were then stained
with GUS staining buffer as described in methodee flesults showed that the expression
of LBD16-GUSin the hypocotyl was similar in both wild type a@d28-2 mutants under
control conditions (Figure 17, A1 and A2). In respe to auxins BD16-GUS expression
was increased in both wild type and iaa28-2 baakuple to a similar level except with
picloram treatment (Figure C1, C2 and D1, D2).dsponse to picloram, expression of
LBD16 was highly induced irea28-2 background (Figure 17 C1, C2 and E).

LBD16-GUS protein was detected in the root steleniyian the differentiation
and distal differentiation region of the wild typgowever, LBD16-GUS was not
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detected in any part of thaa28-2 mutant roots, indicating that th@28-2 mutation
severely affects the expression®D16-GUSgene (Figure 18 A1 and A2).With
picloram treatments, a clear induction of LBD16-Ghi8tein was detected in the root
elongation region, but not in any other regionthmwild type. However, even with
picloram treatment4,BD16-GUS expression was not detectable in the elongatioe od
iaa28-2 mutants. The expressionloBD16-GUS was induced in the distal differentiation

region ofiaa28-2 mutant roots with picloram treatments (Figure 18aBd B2).

At low concentrations of 2,4-D, the level of LBDG3JS was increased in the
wild type root elongation zone, differentiation ezognd distal differentiation region
(Figure 18 C1 and C2). In contrast, LBD16-GUS waisdetected in any region of the
mutant roots with mild 2,4-D treatments (FigureQ®). However, with high
concentrations of 2,4-D treatments (~ 5uM), the LBEHUS protein was induced in the
mutant to a similar level as in the wild type (Figiel and E2).

With IBA treatments, the level of LBD16-GUS proteiuas increased
significantly in the root differentiation region@in the distal differentiation region of
root but not in the elongation region or in thednea. Similarly, LBD16-GUS was
increased in both differentiation and distal diffietiation regions ofaa28-2 mutants in

response to IBA treatment (Figure 18 D1 and D2).
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Figure 16: Transcriptional regulation of different LBD genes iniaa28-2 background

in response to auxin treatmentsSeven day-old Col-0 anda28-2 seedlings grown on
ATS were treated with 20 uM 2,4-D or100 uM picloreon1 hour, and tissues were
collected and frozen quickly with liquid nitrogefhe total RNA was extracted and RT-
PCR was carried out as described in methods. &inedript levels cEBD16 andLBD29
were low iniaa28-2 mutant controls compared to that of Col-0. Howeteth 2,4-D and
picloram were able to increase the transcript EeébothLBD16 andLBD29 in mutant
background to a similar level as in ColkBD18 is constitutively expressed 1aa28-2
mutants; however it is low in Col-0 controls. Oplgloram treatment was able to induce
the level ofLBD18 in Col-0 compared to control treatment.
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Figure 17: LBD16p,,::LBD16-GUS expression iniaa28-2 background. Four day-old
seedlings of wild type ama28-2 carryingLBD16p,::LBD16-GUS were transferred onto
control (ATS) or ATS media containing 10 uM piclora85 nM 2,4-D or 15 uM IBA

and incubated 48 hours. The seedlings were fixddstained with GUS staining buffer.
(Al and A2) Both wild type ancha28-2 mutants had similar level of LBD16-GUS in the
hypocotyls under control conditions. (B1 and B2gTével of LBD16-GUS was
increased in both WT anda28-2 mutant hypocotyls with picloram treatment; however
the induction was relatively higher in thea28-2 background.(E) Quantitative analysis of
LBD16-GUS protein levels in hypocotyl of wild tygeadiaa28-2 with or without
picloram. There is no difference in the level ofB5-GUS between wild type and the
mutant under control condition. With piclorairaa28-2 hypocotyl had a significantly
higher amount of LBD16-GUS compared to the wildetyp< 0.05, Student’s T-test).
The level of LBD16-GUS increased slightly in botiditype and mutants with 2,4-D
(C1, C2) and IBA (D1,D2) treatments.
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Figure 18: LBD16-GUS expression in wild type andaa28-2 mutant roots with
different auxin treatments. Four-day old seedlings of wild type ara28-2 carrying
LBD16pr.::LBD16-GUS were transferred onto ATS media containing 10 Lidlbpam,

85 nM 2,4-D or 15 uM IBA and incubated for 2 dagst¢ D) or 1 day (E to F). The
seedlings were fixed and stained with GUS staibuiger. (A1 and A2)LBD16-GUS

was mainly expressed in differentiation and didiierentiation zone of wild type
seedlings; however, LBD16-GUS was not detectechynragion of the mutant roots. (B1
and B2) With picloram treatments LBD16-GUS protievel was increased in the cell
differentiation zone of wild type, but in mutanketprotein was increased slightly in the
distal differentiation region of the root. (C1 a@d) With 2,4-D treatments, the level of
LBD16-GUS was increased throughout the wild typat except in the root meristem
area, but this induction was completely absenh@da28-2 mutant background. (D1
and D2)With IBA treatment, LBD16-GUS level was ieased in the differentiation and
distal differentiation region of both wild type antutant seedlings; however, the level of
LBD16-GUS was less in the mutant roots compardtddevel in wild type. (E and F)
LBD16-GUS expression increases similarly in mutawots to wild type with 5uM 2,4-D
treatments (Magnification for all the images is X)L5
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Homozygous lines for botfaa28-2 mutation and.BD29;,::LBD29-GUS
transgene were constructed as described in theodetfihe expression bBD29-GUS
in iaa28-2 mutant background was compared with the wild ippihe presence of
different auxin treatments in a similar way thasvexplained previously for
LBD16pr::LBD16-GUS,

LBD29-GUS protein was not detected in either wyldet oriaa28-2 mutant
hypocotyls under control growth medium (Figure 1B A2). However, with both
picloram and 2,4-D treatments, the level of LBD29%5protein increased slightly in the
wild type hypocotyls but not in the mutant hypodd@Bigure 19, B1,B2, C1, C2). The
expression of LBD29-GUS was not detectetaa?8-2 hypocotyl with any of the auxin
treatments tested (Figure 19 A2, B2, C2 and D2D28 GUS expression was induced
in wild type hypocotyls in response to IBA but téeaser extent than 2,4-D or picloram
(Figure 19 D1).

In the wild type, LBD29-GUS protein was expressethe stele of distal
differentiation region but was absent in both a#fgiation and the root tip area. LBD29-
GUS was not detected in any part of ika&?8-2 mutant roots. With picloram and IBA
treatments the induction @BD29-GUSwas observed in differentiation and distal
differentiation region of wild type roots; however,jaa28-2 mutants the induction was
only observed in the distal differentiation regi@igure 20 Al, A2, B1, B2, D1 and D2).
In wild type seedlings, 2,4-D treatment increasezlével of LBD29-GUS throughout
the root except in the apical meristem (Figure@D, C2). Similarly in the mutant

background, the level of LBD29-GUS was increaseduphout the root.
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Figure 19: Expression ofLBD29,::LBD29-GUS in wild type and iaa28-2 mutant
hypocotyls with different auxin treatments.Four-day old seedlings of wild type and
iaa28-2 mutants with BD29,::LBD29-GUSwere transferred to control (ATS) or to
solid ATS media containing 10 uM picloram, 85 nM-B or 15 uM IBA media and
allowed to grow 2 more days. The seedlings weredfiand stained with GUS staining
buffer. (Al and A2) LBD29-GUS protein was not dég¢ekin either wild type oiraa28-2
mutant hypocotyls under control conditions. (B1, B2 and C2). In response to both
picloram and 2,4-D, the level of LBD29-GUS was &ased slightly in wild type
hypocotyls but not in the mutants. (D1 and D2)dsponse to IBA treatments wild type
hypocotyls showed slight expression of LBD29-GUSt@in, while no protein was
detected inaa28-2 hypocotyl.
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Figure 19. Continued.
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Figure 20: LBD29p,::LBD29-GUS expression in roots with different auxin
treatments. Four-day old wild type antha28-2 mutants with.BD29,::LBD29-GUS
were transferred to control (ATS) or solid ATS nadontaining 10 pM picloram, 85 nM
2,4-D or 15 uM IBA and allowed to grow 2 more dalke seedlings were then fixed
and stained with GUS staining buffer. (A1 and A2)dér control conditions, LBD29-
GUS was detected only in the distal differentiatiegion of wild type root, but not in
any part of the mutant roots. (B1 and B2) In resedio picloram, the expression of
LBD29-GUS increased in the differentiation and mation region of wild type, but
induction was only found in the maturation regidnaa28-2 roots. (C1 and C2) LBD29-
GUS protein level was increased throughout the tyibe roots except in the root
meristem with 2,4-D treatment. Similariga28-2 mutant roots had increased levels of
LBD29-GUS in the root differentiation region andtail differentiation region of root
except the cell elongation zone. (D1 and D2) IB#atment increased the LBD29-GUS
protein level in the differentiation and distalfdiientiation region of the wild type roots
but only increased LBD29-GUS protein level in thataration region ofaa28-2

mutants.
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Figure 20. Continued.
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3.D. Role of IAA28 in adventitious root formation n iaa28-2 mutants
3.D.i. Mutant iaa28-2 produces adventitious roots in response to picloram

As explained previously in 3.C.i. section, mut@a28-2seedlings produce
adventitious roots in response to picloram whil&Elwype seedlings produce many lateral
roots along the primary root (Figure 13 C & D). gteown in Figure 13 I, the expression
of cell cycle markeCyclinB::GUS was studied imaa28-2 background with picloram
treatment, and the results showed that the expres$CyclinB:: GUSwas higher in
iaa28-2 mutants compared to the wild type, indicating higtedl division rates inaa28-
2hypocotyl in response to picloram (Figure 13 1).

3.D.ii. Mutant iaa28-GUS protein degradation in thehypocotyl in response to

picloram

Asiaa28-2 mutants produce adventitious roots in respongéctoram, and the
mutant GST-iaa28 protein interacts with AFB1-mygiawco-receptor in the presence of
picloram, the degradation of iaa28 protein in tlipdtotyls was examined using
|AA28p,,: :1aa28-GUS. Interestingly, the mutant protein was rapidly delgd in the
iaa28-2 mutant hypocotyls in response to picloram compévetie root (Figure 21).
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Figure 21: iaa28-GUS recombinant protein was degraet in response to picloram.
|AA28,,,::1aa28-GUS seeds were germinated in dark for two days aml tita@sferred to
light for another 3 days before the experiment. 3é&edlings were incubated with liquid
ATS containing 100 pM picloram or similar volume@#MSO (control) for 2 hrs.
Seedlings were then fixed and stained for GUS #gtiseedlings for 0 time point were

directly fixed and stained for GUS activity.
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3.D.iii. AFB1-GUS protein level increases in the Wd type hypocotyls in response to

picloram

As described previously in figure 10D, in the preseof picloram, even the
mutant GST-iaa28 showed concentration dependeaariaictions with AFB1 auxin co-
receptor protein. More supporting evidence for W@s described in figure 21 showing
that, in the presence of picloram, the mutant ig@RE degrades in the hypocotyls
region of Arabidopsis. As F-box proteins are impnottas co-receptors of auxin for
Aux/IAA protein degradation, the expression of ellyselated F-box proteins that act as
auxin co-receptors was studied. Here, the expresstierns oAFB1 together with
AFB2, AFB3, AFB5 andTIR1 were studied using translational gene construitstive
GUSreporter gene. In this experiment, four-day AkB1p,.:: AFB1-GUS,

AFB2p.: AFB2-GUS, AFB3p;,:: AFB3-GUS, AFB5p,:: AFB5-GUS andTIR1p;q:: TIR1-
GUSwere transferred to liquid ATS containing 100 pMg@ram and incubated with
gentle shaking for 2 hours. Then, tissues weralfixigh GUS fixer and stained with

GUS staining buffer as described previously.

The results showed that, or§*B1, AFB3 andAFB5 were expressed to some
extent in hypocotyls under control conditions (Fgad2, A, C, D)AFB1 was slightly
expressed in the base of hypocotyl, whereas ABB8 andAFB5 were expressed in the
shoot apical meristem. Neith&FB2 nor TIR1 were expressed in the hypocotyl tissues
(Figure 22 B, E). The level of AFB1-GUS increasketighout the hypocotyl with
picloram treatment (Figure 22 A, F). AFB5-GUS lewals increased slightly in the
cotyledons with picloram treatment but not in tlypdcotyl region (Figure 22 D, 1).
However, the level of AFB2-GUS did not show anyelénce in response to picloram
treatment (Figure 22 B, G). Neither AFB2-GUS ntRI-GUS showed any detectable
levels of protein in hypocotyls with or without focam treatment (Figure 22 B, G, E,
and J).
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Figure 22: Expression of different auxin co-recepts in hypocotyl tissues in
response to picloram treatmentFour-day old seedlings carrying translational fasio
constructs witlGUS reporter gene oAFB1, AFB2, AFB3, AFB5 andTIR1 were treated
with 100 uM picloram for 2 hours and stained witd&staining buffer. (A, C and D)
AFB1, 3 andAFB5 were expressed slightly in the hypocotyls undetrad conditions. (F)
The level of AFB1-GUS was increased throughouthyy@ocotyl with picloram
treatment. (H and 1) Neithé&=B3 nor AFB5 were induced in the hypocotyl with
picloram treatment. (B, G, E and J) Neit®éB2 norTIR1 were expressed in the
hypocotyl tissues with or without picloram treatrhen
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The effects of other auxins such as 2,4-D and IRAh@ AFB1-GUS expression
were also studied. Four-day dMFBlpo:: AFB1-GUS seedlings were treated with 100
UM picloram, 20 uM 2,4-D and 50 puM IBA for 2 houasid then tissues were fixed and
stained with GUS staining buffer. The results slioat, similar to picloram, both 2,4-D
and IBA were able to induce AFB1-GUS expressiohyipocotyls (Figure 23). However,
the expression of AFB1-GUS in roots shows diffegatterns in response to each auxin.
For example, the level of AFB1-GUS is reduced mtbot tip area and differentiation
region as well as in the distal differentiationioggin response to picloram. AFB1-GUS
expression was only found in the top of the roat th closer to the hypocotyls in
response to picloram. With both 2,4-D and IBA, lixel of AFB1-GUS protein was
lesser compared to un-treated roots, however,stiigher that picloram treated roots.
AFB1-GUS was expressed throughout the root excetbta root elongation region in
response to both 2, 4-D and IBA (Figure 23).

To test whether picloram-induced AFB1-GUS expreassgicthe hypocotyl is due
to transcriptional activation or posttranslatioregjulation, a similar experiment was
conducted using transcriptional construcA&B1 with GUSreporter gene
(AFB1::GUS). Here, four-day old\FB1::GUS seedlings were treated with 100 uM
picloram, 20 uM 2,4-D and 50 uM IBA for 2 hoursdahen tissues were fixed and
stained with GUS staining buffer. The results shbwbeat the transcript level of
AFB1::GUSwas not affected by picloram treatment in the logbg tissues (Figure 24,
A, B). Only 2,4-D and IBA treatments were ableridduce theAFB1::GUS transcript
levels slightly in hypocotyls (Figure 24, A, C, D)hese results indicate that picloram

probably regulates AFB1 induction in the hypocosiishe posttranslational level.



2 hr Control 2 hr picloram 2 hr 2,4-D 2 hr IBA
e L AP 2
Tee 7 AR A NITS A
20x \
I LA e
B.
40x
C.
50x

Figure 23: The expression oAFB1p,::AFB1-GUS with different auxin treatments.
Four-day old seedlings were treated with 100 puMbpam, 20 uM 2,4-D or 50 uM IBA
for 2 hours and stained with GUS staining buff@arfel A)The expression patterns of
AFB1-GUS in whole seedling were examined in thespnee of different auxin
treatments.(Panel B) The expression levels of ABRIS in hypocotyls with different
auxins. (Panel C) The level of AFB1-GUS in roostigith different auxins. With
picloram treatment, the level of AFB1-GUS was higinethe hypocotyls but lower in the
root tip area and differentiation region of thetra&/ith both 2,4-D and IBA, the level of
AFB1-GUS increased in the hypocotyls. In rootsléwel of AFB1-GUS was less
affected with 2,4-D or IBA compared to picloram.
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Figure 24: Effects of different auxins on the transript levels of AFB1. Four-day old
AFB1.:GUS seedlings were treated with 100 uM picloram, 20 284D or 50 uM IBA
for 2 hours and stained with GUS staining bufféraqd B)There is no difference in the
level of AFB1::GUS transcript level in the hypocotyls with or withquitloram.(C and

D) Both 2,4-D and IBA increased t¢&B1:: GUS transcript level slightly in hypocotyl
tissues.
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3.E. Auxin transport is altered iniaa28-2 mutants
3.E.i. Expression of some transporter genes is atesl in iaa28-2

Studies have shown that, auxin transport playssaargial role in both
adventitious and lateral root formation. More intpotly programmed auxin distribution
within root cells is important for lateral root fidtion, emergence and growth (Casimiro
et al. 2001; Casimiraet al. 2003). Asiaa28-2 mutants show severe defects in lateral and
adventitious root formation, one factor for thigessive lateral root may be altered auxin
transport inaa28-2 mutant. Therefore, transcript levels of differankin transporters
(PINs andAUX1) were examined under control and auxin treatmesitsy RT-PCR
technique. In addition, expression pattern vametiovere studied using different reporter
gene constructs of PIN and AUX1 protein. RT- PCsuls showed that transcript levels
of PIN2 andPIN3 were slightly lower inaa28-2 control treatment compared to that of
the wild type (Figure 25). However, the transclgsels ofPIN1, PIN4, PIN5, PIN6 and
PIN7 in iaa28-2 control samples were similar to those of wild typ#.PIN1, PIN2 and
PIN3 transcript levels in mutants increased in botldwype and the mutants with both

picloram and 2,4-D treatments (Figure 25).

To examine the effects tda28-2 mutation on the spatial expression of auxin
influx and efflux carriers, translational gene dousts ofPIN1, PIN2 andAUX1 were
used. Here@aa28-2 mutant plants were crossedRiN1po:: PIN1-GFP, PIN2p;o:: PIN2-
GFP andAUX1p,:: AUX1-YFP. Then the plants homozygous for boéh28-2and the

transgene were selected as described in methods.
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PIN1 (22 cyc)

PIN2 (22 cyc)

PIN3 (22 cyc)

PIN4 (22 cyc)

PIN5 (30 cyc)

PING6 (34 cyc)

PIN7 (23 cyc)

UBQ (20 cyc)

Col-0 iaa28-2

Figure 25: RT-PCR results showing the expression a@lifferent auxin transporters in
iaa28-2 background. Seven-day old Col-0 anda28-2 seedlings were treated with 20
UM 2,4-D orl00 uM picloram for 1 hour, and tissuese frozen with liquid nitrogen.
Total RNA was extracted and cDNA was synthesizedegsribed in methods. The
transcript levels oPIN2 andPIN3were slightly less in araa28-2 control compared to
that of wild type. The level dIN1was slightly higher in the mutant background
compared to wild type. All three PINBIN1,PIN2 andPIN3) were increased with 2,4-D
and picloram treatment in both Col-0 aad28-2 backgroundPIN4, PIN5, PIN6 and
PIN7 didn’t show any difference in both wild type ai@@28-2 background under any
conditions used (e.g. control, 2,4-D or piclorabifferent numbers of cycles were used
in PCR for each gene tested and similar patternalasrved in response to auxin
treatments.
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3.E.ii. Expression analysis of auxin efflux carriefPIN1lp::PIN1-GFP in iaa28-2
background

To study the effects ada28-2 mutation on thé€IN1-GFP expressioniaa28-2
mutants withPIN1p.,::PIN1-GFPwere generated as described previouRli}1 is mainly
expressed in the root tip area. The level and patEPIN1-GFP expression inaa28-2
were very similar to that in wild type. Neither ZY¥nor picloram had effects on the

expression oPIN1-GFP in either the wild type or mutants (Figure 26).
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Figure 26: Effects ofiaa28-2 mutation on PIN1-GFP expression(A and E) Both
iaa28-2 and wild type had similar levels BfN1-GFP expression. (B, C, D and F, G, H)
Treatments with 2,4-D, picloram or IBA did not affexpression oPIN1-GFP in wild
type oriaa28-2 mutants. (These figures are combined images thall stacks taken.
The scanning was performed with 3 um section traskin
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3.E.iii. Expression ofPIN2p,::PIN2-GFP in iaa28-2 mutants

In the stele, auxin is transported acropetally tlsdhe root tip. In the tip region
PIN2 efflux carrier is specifically involved in amxdistribution from the stele into
cortical and epidermal cell layers and re-distiifruof auxin towards the elongation
zone. Plants homozygous for ba#a28-2 andPIN2p,,:: PIN2-GFP were used to
examine the effects of different auxin treatmems$aa28-2 on PIN2-GFP expression. In
the mutant, the level of PIN2-GFP protein was cd&rsibly lower in the root tip area
compared to the wild type (Figure 27 A and D). WatA-D the level of PIN2-GFP in
iaa28-2 was increased to the same level as 2,4-D-trealddypes. Although picloram

enhanced the PIN2-GFP expression in wild typedindt have any effect daa28-2.
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Figure 27: The expression oPIN2-GFP in the iaa28-2 mutant background. Four-
day old wild type andaa28-2 carryingPIN2p,,:: PIN2-GFP were transferred onto
control (ATS) or solid ATS with 10 uM picloram 06&M 2,4-D and incubated for 18
hour before obtaining images with the confocal wscope. (A and E) The mutant had
low levels ofPIN2-GFP expression in the root tip compared to wild tyfie2and F)
however, with 2,4-D treatment the levels of PIN2FGkKas increased in the mutant but
to a lesser extent compared to the wild type.(C@npwith picloram treatment, the level
of PIN2-GFP was increased in the wild type butinota28-2 mutant roots.(D and H)
PIN2-GFP was slightly increasedism28-2 mutants with IBA treatments. (These
figures are combined images of all the Z stacksriakhe scanning was performed with
3 um section thickness).
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3.E.iv. Mutant iaa28-2 alters the expression and localization of auxin fitux carrier,
AUX1pro::AUX1-YFP

To examine the effect ®da28-2 mutation on the expression and localization of
AUX1 auxin influx carrier, seedlings homozygous forriaa28-2 mutation and
AUX1pr0:: AUX1-YFP transgene were treated with different auxins. Widatrol
conditionsAUX1-YFP protein was detected in the root tip area in lvatt type and
mutant plants. However, the level of expression a&r in the mutant compared to the
wild type (Figure 28). Even though the expressi@s Yow in mutants, the AUX1-YFP
protein showed similar localization as wild typeith\2,4-D and picloram treatments, the
AUX1-YFP expression was increased to a similar level in batltent seedlings and in
wild type seedlings (Figure 28). Interestinglywiid type, AUX1-YFP expression was
increased in the cell differentiation region witd-D treatment. This induction was not
apparent in the mutants (Figure 29 Al and A2).dPach treatment did not induce
AUX1-YFP expression in the cell differentiation zoaf wild type or mutants, similar to

the effect explained previously with 2,4D (data siedwn).

In iaa28-2 hypocotyls, the level of AUX1-YFP expression wawér than that in
the wild type but showed similar localization pattas wild type facilitating proper
basipetal auxin transport (data not shown). Wittigpam treatments, the level of AUX1-
YFP was slightly increased iaa28-2 mutants in the shoots and also localized properly
(data not shown). Howevaga28-2 mutation disrupts the localization of AUX1-YFP
protein in the root just below the hypocotyls wgilsloram treatments. In wild type, the
AUX1-YFP influx carrier was localized properly ihe entire root including the area just
below the hypocotyls (Figure 29 B1, B2, C1, C2 &3). The effect of other auxins such
as 2,4-D and IBA on thAUX1-YFP expression imaa28-2 mutants was also studied
following the same experimental procedure as desdrior picloramAUX1-YFP
expression was increased aa28-2 background to a similar level as in the wild type
with 2,4-D (Figure 29, D1 and D2). IBA treatmentsre also able to induce tiA&JX1-
YFP expression imaa28-2 mutants; however the level of protein was reldyivewer
than that in wild type (Figure 29, E1 and E2). Acling to these results, AUX1-YFP
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localization is disrupted iraa28-2 mutants compared to that of wild type in the pnese
of picloram but not with either 2,4-D or IBA.

Control 85nM 2,4-D 10 uM picloram

:AUX1-YFP
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Figure 28: Comparison ofAUX1po::AUX1-YFP expression iniaa28-2 root tip area.
(A) The level of AUX1-YFP was lower in the mutaobt tip area compared to that of
wild type. However, with both 2,4-D and picloraredatments the level of AUX1-YFP
increased to the same extent as in wild type. (@ lfigares are combined images of all
the Z stacks taken. The scanning was performed3yitm section thickness).
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Figure 29: Effect ofiaa28-2 mutation on AUX1p,,:: AUX1-YFP expression and
localization. Four-day old wild type antha28-2 mutant seedlings carrying

AUX1pro:: AUX1-YFP were transferred to control (ATS), 10 uM piclorésyM 2,4-D or
15 uM IBA for 18 hours, and the expression andllpaton of AUX1-YFP was
examined using a confocal microscope. (Al and A@réssion of AUX1-YFP in the
root differentiation zone in the presence of 2,4ADX1-YFP expression was induced in
wild type root differentiation region but notiaa28-2 mutants. (B1 and B2) Expression
of AUX1-YFP in the root below the hypocotyls in bavild type and mutants in
response to picloram was observed. In wild type AP was localized properly.
However, iniaa28-2 mutants, AUX1-YFP protein localization was disegbin the roots
just below the hypocotyls, presumably causing defe@uxin transport from shoot to
root. (C1 and C2) Enlarged images of B1 that shoapgr subcellular localization of
AUX1-YFP in wild type root in response to piclora(@3) Enlarged image of B2, which
shows the defective AUX1-YFP localizationiam28-2 mutant in response to picloram.
(D1, D2, E1 and E2) Unlike picloram, both 2,4-D dB@ did not affect the localization
of AUX1-YFP in the mutant roots compared to thatwifl type.
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Figure 29. Continued.

AUX1, ::AUX1-YFP expression in jaa28-2 background with 2,4-D and IBA treatments
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3.F. Role of IAA28 in light signaling
3.F.i. Mutant iaa28-2 shows altered growth in response to different lighsources

To examine the effect @da28-2mutation on light responses, seed germination
assays and hypocotyl growth assays were condustediaa28-2 seeds and Col-0
seeds. Seeds were sterilized and stratified atfd? & days and transferred to different
light sources (red, FR and Blue) in a dark growtamber at 20 °C. For white light
treatments, the regular growth chamber at 20 °Cusead. Seed germination was
observed after 36 hours and 48 hours under eaehdandition. For hypocotyl growth
experiments, seeds were incubated for 7 days ufiffierent light conditions. Seed
germination experiments showed that the musad8-2 had a higher percent seed
germination under red light compared to the wildetyFigure 30A) after 36 hours in red
light. However, longer exposure of red light showedilar percent seed germination in

both wild type and the mutants (Figure 30B).

Studies have shown that far red light inhibits hyqigl growth, whereas red light
induces hypocotyl elongation (Kang and Ni 2006)deinred light, the increase of
hypocotyl length inaa28-2 was significantly higher than that of Col-0. Undbue light,
the increased length of hypocotyls was significahtgher iniaa28-2 background
compared to wild type (Figure 31). These resultsisthat IAA28 may be involved in

light-regulated growth and developmental evenislamts.
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Figure 30: Effect of different light sources onaa28-2 growth and development.(A)
Seed germination after 36 hours. Mutaa28-2 showed significantly more seed
germination under red light compared to Col-0. (R<&.05, single factor ANOVA and
Tukey’'s HSD) (B) But after 48 hours both Col-0 aad?8-2 showed similar seed
germination under different light sources. The oeses connected by “a” are
significantly different (P<<<<0.05, Single factoN®VA).
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Figure 31: Effects of different light sources on hgocotyl elongation.Col-0 and
iaa28-2 seeds were grown under different light sourced fdays, and the hypocotyls’
lengths were measured using stereomicroscope. ¢&) i#d and blue light induced the
hypocotyls’ length to increase in wild type as wadlin mutants while FR light inhibited
growth. (B) The red light-induced hypocotyl elorigatwas significantly higher in
iaa28-2 compared to wild type (P<<<0.05, Single factor AXK). Inhibition of
hypocotyl growth by FR light was similar in badm28-2 and Col-0, while induction of
hypocotyls length by blue light was significantigher iniaa28-2 mutants (P<<<0.05,
Single factor ANOVA). The dark induction of hypogbkength also significantly lower
in mutants compared to wild type (P<<<0.05, Sirfglor ANOVA).The responses
connected by the same letter are significantlyeddiht (P<<<<0.05, Single factor
ANOVA and Tukey’s HSD).
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3.F.ii. IAA28 expression in shoots and roots undetifferent light conditions

To examine the effect of different light sourcesl AA28 expression,
|AA28p,: -1aa28-GUS andl AA28e,,: : |AA28-Myc transgenic lines were used. Expression
of iaa28-GUS is altered under different light cdmmhis (Figure 32). The protein level of
iaa28-GUS in shoots was relatively lower in all,rER and blue light treatments

compared to white light treatment (Figure 32).

A similar experiment was carried out usidgf\28e,,: :1AA28-Myc transgenic
seedlings to see the effect of different light loa wild type 1AA28
proteinl AA28p,,: | AA28-myc seedlings grown in the dark for 72 hours were eggde
different light sources for 4 hours, and total pmotwas collected from tissues and used
for western blotting with anti-myc antibody. Thesuéts showed that there was a
gualitative difference in the expression of IAA28«rin plants grown under different
light regimens. For instance, IAA28-myc proteinlaéed from plants grown under red
and FR light conditions appeared as two closelaispd bands. In contrast, IAA28-
myc protein isolated from plants grown under blod white light treatments appeared as
a single band (Figure 33 A). Further, a time coergaeriment using plants transformed
with |AA28s;,::|AA28-myc and grown under different light showed gradual gesnn
the IAA28-myc protein isoforms under white, red dohde light conditions (Figure 33B).
In all three light conditions, no IAA28-myc protewas detected in hypocotyls at time O
(Figure 33 B). Under white light, the lower IAA28ymband appeared starting from 5
minutes and the level increased gradually up tt tieur time point. At one hour, the
formation of upper IAA28-myc band was detected,tbua lesser extent compared to the
lower one. After an additional hour, the proteindieof upper IAA28-myc band
gradually increased while that of lower IAA28-mgoiorm gradually decreased (Figure
33 B, top). Red light treatment also showed a simakpression pattern with time;
however, under blue light only one isoform of IAAR8/c (upper band) was observed
throughout the experiment, starting from the 1 houe point (Figure 33B).
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Figure 32: Expression ofl AA28p;,::12a28-GUS under different light conditions.
|AA28p,,: :-1aa28-GUS seedlings were grown in dark for 72 hrs and exgpdsavhite, red,
FR and blue light for 4 hours. The tissues werediand stained with GUS staining
buffer.iaa28-GUSwas not detected in dark grown bgpgds but was induced with white
light and showed altered expression under diffecentitions.
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Figure 33: Expression ofl AA28p,,::| AA28-myc under different light conditions. (A)
IAA28-myc protein appeared as two isoforms under red anddgfiRdonditions. (B)
Gradual formation of two isoforms of IAA28-myc wsisown at different time points
under white, blue and red light sources. (NBB; Mapblue black).
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3.F.iii. IAA28 protein degrades under dark conditicns

To examine the effect of dark on IAA28-myc protkguel, experiments
were conducted using\A28e,,::|AA28-GUS under different periods of darkness. The
level of IAA28-GUS protein in the root was reduagddually with dark treatments
(Figure 34). However, thlAA28p,,::1AA28-GUSseedlings that were kept in light

continuously did not show any difference in theeleaf protein in roots.

IAA28, ::IAA28-GUS seedling roots

Dark treatment

10 hr

Light treatment

Figure 34: IAA28-GUS protein level was decreased wer dark conditions. (A)
IAA28-GUS protein level in root was decreased gediguunder dark conditions, while
there was no difference in light grown seedlingisoo
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Similar experiments were conducted usiAg28p;,::1AA28-myc seedlings. In
this experiment, seedlings were first grown inlighd transferred to dark for 20 hours.
Proteins were extracted and a western blot wagedaout to examine the level of
IAA28-myc protein. The results with IAA28-myc constt corroborated the results
described previously with IAA28-GUS constructs,igading that the level of IAA28
protein decreases under dark conditions (Figurel83he same experiment, MG132, a
proteasome inhibitor, and cyclohexamide (CYX), at@in translational inhibitor, were
used to determine whether this decrease of IAA28-prgtein was due to protein
degradation. In the dark, the level of IAA28-myoi@in was less compared to the light
control samples; however, with added MG132, thelle¥ protein was stabilized in the
dark. Addition of CYX aggravated the drop in prot&vels in the dark (Figure 35).
These results indicate that dark conditions in@ehs rate of degradation of IAA28-myc

protein through the proteasome-mediated pathway.

Col-0 IAA28-myc
> - =
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NBB e e —

Figure 35: IAA28-myc degrades faster under dark coditions. |AA28p;,:: | AA28-myc
seeds were grown in light and transferred to dark0 hrs with added MG132 or CYX.
IAA28-myc degrades in the dark compared to thetlagimtrol. Addition of MG132
stabilizes the protein under dark conditions. (NBBpthol blue black).
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3.F.iv. Light-induced expression of IAA28

To examine the effect of light on IAA28 expressiohA28p;.:: 1 AA28-myc
seedlings were grown under dark for 72 hours apdsed to white light for different
time intervals. At each time points, shoot tissuests and entire seedlings were used,
and westerns blots were carried out as describatethods.

Dark grown shoots have very low or no IAA28-myotein, but in roots there
was a detectable amount of IAA28-myc protein (Fég86, A and B). The levels of
IAA28-myc were induced drastically in both shootsl aoots upon exposure to white
light for 4 hours. With longer exposure to whitghlf, shoots showed a slight fluctuation
of IAA28-myc levels while roots had stable levefdAA28-myc protein (Figure 36, A
and B). White light-induced I1AA28-myc expressionsaansiderably higher in shoots
compared to that of roots (Figure 36 D).
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Figure 36: Effect of light on the regulation of IAA28-myc protein in dark-grown
seedlings All the IAA28p,,::|AA28-myc seedlings were grown under dark conditions for
72 hours and exposed to white light. Samples welleated at different time points. (A)
Only shoots, (B) Only roots, (C).Entire seedlingsand B) IAA28-myc protein was
induced rapidly in both shoots and roots in respdoswhite light. However, after 4
hours the levels of IAA28-myc dropped in shootsle/hbots had steady level of IAA28-
myc protein. (C) Light induced induction of IAA28ym protein was also evident when
entire seedlings were used for protein extrac{{by.Induction of IAA28-myc protein in
response to white light was relatively higher inats compared to that of roots.
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3.F.v. The level of iaa28-GUS protein fluctuates ishoots in response to white light

As previous result showed a relationship betweek2B\and light signaling,
further experiments were carried out to test whelhA28 expression is regulated by
circadian rhythm. For thisAA28p,,.:iaa28-GUS construct was used where there is
minimum protein degradation. For histological expent, seeds were germinated in
dark for 72 hours and then transferred to whitbtlend samples were collected in every
4 hour time points and the tissues were fixed aaided for the GUS activity. The
expression of iaa28-GUS was examined with a stereoescope. For quantitative
analysis of iaa28-GUS, MUG assay was used as 8esicin the methods section.
|AA28p,,::1aa28-GUSseeds were germinated in dark for 72 hours andtthesferred to
white light. Shoot tissues were collected at eveyr for 48 hours. At each hour, three
sets of hypocotyl samples were collected and fyrthkk average protein levels were
plotted in a bar graph (Figure 37).

Both histochemical and quantitative experimentitsshowed that iaa28-GUS
expression fluctuated during the day (Figure 37 28)d In histochemical experiments, at
the Otime point, the level of iaa28-GUS was vewy twr negligible and gradually
increased with time until thel2 hour point. Theeleof iaa28-GUS then slowly
decreased and again increased slightly (FigureT3i®.quantitative analysis also showed
a similar pattern. At time zero, the level of iaag28S activity was very low and
gradually started to increase, producing a maxiratithe 5 hr time point (11am). Then it

started to decrease and again increased with &igare 38).
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The expression of IAA28, ::iaa28-GUS in hypocotyls at different time points under white light

0 light 4 hr light 8 hr light 12 hrlight 16 hrlight 20 hr ligh

VrfW

'/QL; ' i f LS o

24 hr light 28 hr light 32 hrlight 36 hr light 40 hr light

Figure 37: The expression of iaa28-GUS in shootstef different time of white light
exposure.lAA28p,::1aa28-GUS seedlings were grown in dark for 72 hours and sggo
to white light and collected samples at every 4rbotihe tissues were fixed and stained
with GUS staining buffer. iaa28-GUS fusion proteias very low at 0 time and
gradually increased till 12 hours and started wekese and had a very low level of
protein at 24 hours. Then again iaa28-GUS protwiriex! to increase slightly in the

shoots.
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iaa28-GUS levels in hypocotyl after exposing to white light
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Figure 38: | AA28p,,::1aa28-GUS expression in shoot tissues under white light
condition (MUG assay).lAA28g,,::iaa28-GUS seedlings were grown in dark for 72
hours and exposed to white light, and samplesaelieevery hour. Shoot samples were
collected in triplicate and frozen in liquid nitreig. Proteins were extracted, and MUG
assay was conducted to quantify the level of ia@RE5 in shoots as described in
methods. The level of iaa28-GUS protein fluctuateshoots at different times after
exposure to white light. At time 0, the lowest leokiaa28-GUS protein was observed,
and the level increased gradually with time. Ttghbst level of iaa28-GUS was
observed at the 5 hour time point which was 11180 a
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3.G. Identification of IAA28 interacting proteins
3.G.i. IAA28 shows wide range of different interadbns in yeast two hybrid assay

The cytoplasmic localization of IAA28 suggests tihabay interact with one or
more cytoplasmic proteins and may have multiplefioms in plant growth and
development. In order to identify the putative |ARRteracting proteins, yeast two
hybrid experiments were conducted as describecethaoas. Here, the initial
identification of first 40 putative IAA28 interaaiy proteins will be discussed. These 40
clones were inoculated to triple drop-out solid med(SD-Trp-Leu-His) with different
concentrations of 3-AT (0 mM, 25 mM and 50 mM). @bithese 40 clones, 8 clones
grew poorly on 25 mM 3-AT containing medium and dat grow completely on 50 mM

3-AT supplemented medium. Therefore, these 8 clarees removed from further

screening as false positives.

Table 3: Identified putative IAA28 interacting proteins

TAA28

Gene number/name Functions

Interacting

protein number

IP3 AT2G04550(IBRS) Dual specificity phosphatase

IP% AT2G04550 (IBR3) Dual specificity phosphatase

IP4 AT4G36800 (RCEL) RUB conjugating enzyme

IP7 AT4G36800(RCEL) RUB conjugating enzyme

IPi5 ATIGT5590(SAUR) Primary guxin responsive genes

P23 ATIGT755590 (SAUR) Primary auxin responsive genes

P25 AT5G09590 (HS70) Heat shock protein 70

P40 AT2G32090 Lactovlglutathione lvase/glvoxalase family
protein

P11 AT3IG23050 (IAAT) Aux/TAA protein, repressor of auxin inducible
genes




CHAPTER 4: DISCUSSION

4.A. iaa28-2 mutation stabilizes iaa28 protein

Most of the Aux/IAA proteins share four consendammains, domains | to V.
Domain | contains an ethylene response factor (E®Bdciated, amphiphilic, repression
motif, which is known to be involved in transcrimtial repression (Oh&t al. 2001,

Tiwari et al. 2004). Domain Il of Aux/IAA proteins is involved the interaction with
TIR1/AFB auxin co-receptors in the SEEA™BScomplexes and in subsequent
degradation of Aux/IAA proteins through ubiquitingpeasome pathway (Calderon-
Villalobos et al. 2010). A 13 amino acid region of domain Il is stiffint for the
interaction with TIR1 and subsequent degradatioa icombinant protein (Rametsal.
2001). This 13 amino acid stretch includes algighnserved amino acid sequence of
GWPPV. Single amino acid substitutions in thissmmed region result in a 6 to 20-fold
increase in accumulation of the mutated protein{&set al. 2001).

In iaa28-2, the nucleotide change 408 results in change of the conserved
peptide sequenc&WPPV in domain Il t&EWPPV (Karunarathna 2008). Interestingly,
this mutation causes both semi-dominant and reeeg$ienotypes in mutant plants.
While auxin-resistant root elongation exhibits selominant behavior, stunted shoot
phenotype inherits as a recessive character. &inaisults have also been reported for
iaa28-1 (Rogget al. 2001). Pull-down data show that the bacterialgressed GST-
IAA28 recombinant protein interacts with plant-dexd TIR1-myc, AFB1-myc and
AFB5-myc proteins in an auxin-dependent manneruifed.0, A, B, C). However, the
iaa28-2 mutation severely interferes with this interactisnggesting that mutant protein
may be stabilized iraa28-2 background. The increased level of mutant iaa@8&m
may inhibit the activity of ARF proteins by prevarg them from modulating auxin-
responsive genes, leading to pleiotropic defectgamwth and development of thea28-

2 mutant. Similar observations have been made otithr knownAux/IAA domain 1l

mutants in Arabidopsis. For example, gain-of-fimrtimutations in sever@ux/|AA

110
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genes, includinghy2/iaa2 (Tian and Reed 1999%hyl/iaa6 (Kim et al. 1996; Reed
2001),axr2/iaa7 (Timpteet al. 1994; Nagpaét al. 2000),bdl/iaal2 (Hamannet al.

1999), solitary roo$lr/iaald (Fukakiet al. 2002),axr3/iaal7 (Leyseret al. 1996; Rouse
et al. 1998) andnsg2/ iaal9 (Tatematsiet al. 2004), have pleiotropic effects on plant
growth. Biochemical analyses have revealed thatikemain Il mutations stabilize the
corresponding Aux/IAA proteins. For example, thetamt axr3-1/iaal7protein shows a
seven-fold increase in half-life compared to thielwype version of the protein (Ouellet
et al. 2001). Similarly, the shy2-1/iaa3 protein accuates inshy2-2/iaa3 mutant plants
(Colon-Carmonat al. 2000). Expression analysis data show that whigel AA28-GUS
fusion protein is degraded in response to auxatitnents, the iaa28-GUS fusion protein
is less affected by auxin. Thasevivo GUS fusion protein degradation data amgitro
pull down results suggest that the mutant iaa28pras stabilized inaa28-2, resulting

in the gain-of-function phenotype due to enhanegaassor activity.

4.B. Compare to IAA7, IAA28 interacts less efficietly with auxin co-receptor
proteins TIR1 and AFB1

Aux/IAA proteins are degraded through the ubiqufinoteasome pathway in
response to high auxin levels. This process regfubiquitin ligases involving
TIR1/AFBs. Aux/IAAs and TIR1/AFBs function as ceeeptors of auxin in this process
(Calderon-Villalobost al. 2010; Calderon Villaloboet al. 2012). Previous work
indicates that several Aux/IAA proteins interactiwir-box proteins, TIR1 (Gragt al.
2001; Dharmasiri Net al. 2003; Tianet al. 2003; Dharmasiri Net al. 2005; Kepinski
and Leyser 2005) and other TIR1 related F-box pretAFB1, AFB2, AFB3
(Dharmasiri Net al. 2005b; Parrgt al. 2009), AFB4 and AFB5 (Greenhagnal. 2011).
The presence of 29 Aux/IAA proteins and six auweoeptor F-box proteins in the
Arabidopsis genome raises the possibility thakedéht Aux/IAAs may have different
affinities toward individual F-box proteins. Usiagin vitro pull-down assay, Parry et
al. (2009) showed that different F-box proteingddio the same Aux/IAA protein with
different affinities. Recently, Calderon Villalob@and coworkers showed that different
Aux/IAAs have different affinities towards differemIR1/AFBs. They also showed that

IAA28 interacts less efficiently with TIR1 comparexlother canonical Aux/IAA
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proteins such as IAA7 and IAA14 (Calderdn Villals®b al. 2012). In this dissertation,
it has been shown using pull down experimentsdbatpared to IAA7, IAA28 interacts
less efficiently with both TIR1 and AFB1 confirminigat different Aux/IAA proteins
may have different affinities toward the same F-pmtein(Figure 10 F,G). Since both
GST-1AA28 and GST-IAA7 interact similarly with AFBByc in response to picloram
(Figure 10 H), lower affinity of IAA28 toward TIRAFBL1 is not due to altered
properties of bacterially expressed GST fusiongnst and may represent an actual
difference between IAA28 and IAA7. It is also irgsting to note that these binding data
are in agreement with previously published daté&v and IAA28 degradation. For
example, Drehegt al. (2006) reported that while the half-life of IAAF about 5 to 10
min in the presence of auxin, the half-life of IAZ\B 80 min under same conditions.
Thus, it is possible that the lower affinity of 128 toward TIR1/AFB1 (and possibly
other AFBs) reduces the rate of its degradatiotieCtvely, these findings suggest that
individual Aux/IAA proteins may have different afities toward different auxin-
signaling F-box proteins, and peptide sequencesr ttlan domain Il of Aux/IAA
proteins and the nature of auxin molecule may h@mant in determining the

specificities of Aux/IAA-auxin-F-box protein interons.

4.C. IAA28 shows a peculiar pattern of sub-cellulatocalization

Most known Aux/IAA proteins are localized to theateus (Ouelleét al. 2001,
Fukakiet al. 2002; Songet al. 2009), and this is in agreement with the presefice
bipartite and SV40-type nuclear localization sign@LS) in Aux/IAA proteins (Abel
and Theologis 1995; Thaketal. 2005). Interestingly, this dissertation study cades
that recombinant IAA28-GUS and IAA28-myc proteime bcalized to both the
cytoplasm and the nucleus. Experiments With28-GUS indicate that IAA28 is
expressed at the base of the cell elongation regfitime root and extends toward the
root/hypocotyl junction. While IAA28-GUS recombirtgorotein is predominantly found
in the cytoplasm of the cells in the base of tHeetengation region, recombinant protein
is predominantly found in the nucleus of the catlthe mature region of the root (Figure
9C, D, E, F, and G). However, there is still agbility that C-terminal tags may affect
nuclear localization of IAA28, but IAA7-GUS was alty localized to the nucleus under
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same conditions (Figure 9A), and IAA28-GUS was lizeal to the nucleus in mature
root cells (Figure 9, C, D, E, F, G). Previous sadhow that C-terminal tags of GUS
and GFP do not interfere with nuclear localizabther Aux/IAA proteins (Abel and
Theologis 1995; Ouelledt al. 2001; Fukaket al. 2002).

Recent studies have shown that nuclear localzaticome Aux/IAA proteins
is affected when they interact with other protei®r example, tobacco mosaic virus
(TMV) replicase protein interacts with PAP1/IAA2B\A18 and IAA27 and interferes
with nuclear localization of these Aux/IAA proteibat does not interfere with nuclear
localization of Aux/IAA proteins that do not intetawith TMV replicase (Padmanabhan
et al. 2005; Padmanabhanhal. 2006). These findings suggest that proteinsacterg in
the cytoplasm may specifically alter the localiaatof certain Aux/IAA proteins.
Interestingly, the IAA26-P108L domain Il mutationab not alter the interaction between
TMV replicase and the mutant IAA26-P108L proteirtloe localization pattern of IAA26
(Padmanabhaet al. 2006). Similarly, both IAA28-GUS and iaa28-GUS tgins are
localized in the same manner suggesting that dotheantation does not affect IAA28
localization pattern. Thus, it is possible thatpitesthe presence of nuclear localization
signals, IAA28 is localized to the cytoplasm thrbwn interaction with a cytoplasmic
protein. It should also be noted that IAA28 intésdess efficiently with TIR1and AFB1
(Figure 10F and G) compared to IAA7 (Calderén Wlkoset al. 2012). Previous work
has shown that IAA28 degrades at a slower rate aosapto IAA7 (Dreheet al. 2006).
Thus, it could be argued that slower degradation@glvith higher expression of IAA28
results in its cytoplasmic accumulation. Howeveesent results with IAA28 as well as
previous work (Roggt al. 2001; De Rybeét al. 2010) on IAA28 expression do not
support this idea, because high expressida®8does not show a positive correlation
with the cytoplasmic localization pattern. Expressanalyses withAA28p,::1AA28-

GUS seedlings along with previous studies (Repal. 2001; De Rybett al. 2010)
indicate that IAA28 is expressed at a lower lenehie basal area of the cell elongation
zone where IAA28-GUS is predominantly found in tdygoplasm, while IAA28-GUS
expression is higher in the cell differentiatiomeavhere the protein is localized to both
the nucleus and the cytoplasm. In mature root,callilsough 1AA28 expression is

comparatively low, IAA28-GUS is predominately loeald to the nucleus.
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Recent work shows that IAA28 function is necessar\GATA23-dependent
specification of lateral root founder cells (De Ri& al. 2010). Expression analyses
with both wild type and mutant construck8428p;,::|AA28-GUS andl AA28p,,: :1aa28-
GUS) showed that domain Il mutation iaa28-2 does not interfere with the unique
pattern of IAA28 localization (data not shown). e this pattern of IAA28
localization is involved ilGATA23-dependent lateral root founder cell specification
any other biological function is not yet clear. Hoxgr, it is interesting to note that
GATA23::GUSis expressed just above the basal meristem réBierRybelet al. 2010),
which coincides with the region where IAA28-GUS tgiin first appears to be localized
to the nucleus. Thus, nuclear localization of I/&8ABay induce the transcription of
GATAZ23, which is involved in lateral root priming procef® Rybel and co-workers
also found that the expression level of GATA23igngicantly reduced inaa28-1
mutants relative to wild type plants. In addititime expression of GATA23 in the lateral
root founder cells is correlated with auxin signglmaxima in the basal meristem. In this
experiment, they have examined the activitp&b:: GUS (an indicator of auxin levels)
andpGATA23::GUSIin the basal meristem every 5 hours from seed igatron until 50
hours after germination. The results showed ositiiddR5:: GUS maxima in the
protoxylem cells of the basal meristem with a pgwdabout 15 hours with the first peak
at the 10 hour point. Simultaneously, they obsethedkexpression @gGATA23::GUS, as
patches along the basal meristem starting fromal8dh Interestingly, a new patch of
PGATA23::GUS appeared exactly after 10 hours of DBBS maximum. Based on
these results it appears that auxin maxima in #salomeristem are essential for the
GATAZ23 expression (De Rybet al. 2010). However, this paper did not explain the
reason why th6&ATA23 expression is defective ina28-1 background, resulting in
defective lateral root phenotype.

The work in this dissertation shows that th&?8-2 mutation severely affects
expression of auxin transporters. In brief the egpion ofPIN2, an auxin efflux carrier,
which is involved in redistributing auxin basipdégahrough cortical and epidermal cells
in the root tip area showed reduced expressioaaieB-2 mutant roots. In addition, the
expression of the auxin influx carridlJX1was also severely affectediag28-2 mutants

roots. AUX1 plays a major role in redistributionaaixin basipetally in roots. Thus, it is
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possible that, defective auxin transportaa28-2 mutant roots affects the formation of

auxin maxima in the basal meristem which is esakfur the GATA23 expression.

4.D. IAA28 affects the auxin transport in Arabidopss

In roots, auxin is transported acropetally throtighcentral cylinder toward the
root tip and columella cells, and then redistrildutgo the basipetal stream through the
lateral root cap and the epidermis (Mukerl. 1998; Frimlet al. 2003). Studies have
shown that auxin transport plays a major role intcmling the gravity response (Muller
et al. 1998; Marchangtal. 2002). Further it is also known that both gravegponses and
lateral root initiation are highly correlated withch other. For example, the root waving
induced by rhythmic gravistimulation promotes aermating left to right lateral root
positioning on the convex side of the bent root @deetet al. 2007). PIN proteins (auxin
efflux carriers) and AUX1 (auxin influx carriersjeaessential for this programmed
distribution of auxin in roots that leads to bemiowards gravity and lateral root
initiation (Benkova and Bielach 2010; Marchahal. 2002).

In general, PIN proteins function as auxin transgsr(efflux carriers) at the
plasma membrane for intercellular transport ohaténdoplasmic reticulum membrane
for intracellular regulation of auxin homeostas{sgceket al. 2009). The direction of the
auxin flow is mainly determined by the polarizatiohPIN proteins in the membrane.
This highly regulated polarization of PIN proteincell membranes is the key element
in the formation of the auxin gradients and auxaxima that underlie many
developmental processes such as embryonic apicaHbalarity, root patterning,

organogenesis and organ positioning (Kreete. 2009).

RT-PCR results showed thab28-2 mutation affects the transcript level of some
PIN genes. For example the transcript levaPidi2 andPIN3 are slightly lower in the
mutant compared to the wild type in control coraitiHowever, the transcript level of
PIN1 is slightly higher in the mutant compared to thiathe wild type PIN4, PIN5, PING6
andPIN7 transcript levels do not show any difference inid@28-2 mutants compared
to the wild type. With both 2,4-D and picloram treant the transcript levels 81N1,
PIN2 andPIN3 were increased in both wild type ai@ad28-2 mutants (Figure 25). Even
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though the transcript levels BfN proteins was similarly induced with both 2,4-D and
picloram, effects of these two auxinsiaa28-2 secondary root development had a
significant difference from each other (Figure 1L.&B For example, as described
previously, lower concentrations of 2,4-D were dadb induce any lateral roots in
iaa28-2; however, higher concentrations of 2,4-D were ableduce the formation of
lateral root primordia along the primary rootiah28-2 mutants. The picloram treatments
induced the formation of adventitious roots in nmtgavhile wild type produced many
lateral roots along the primary root (Figure 133.tAe entire seedlings were collected in
RT-PCR experiments in order to extract RNA, théedénces in the localization and

expression pattern of each auxin transporter wadisoerned.

Thus,PIN1p;o:: PIN1-GFP andPIN2p,:: PIN2-GFP translational construct was
used to study the effect @a28-2 on efflux movement of auxin. PIN1 protein is arxiau
efflux carrier with 22 putative transmembrane segim¢Kreceket al. 2009). As shown
in Figure 26, the expression level of PIN1-GFPdappsimilar to that of in wild type
under control and auxin treatments, showing thertetis no effect afaa28-2 mutation
on thePINlexpression. This is well supported by the fact Biall expression is
restricted only to the mid cells in the root mesmtarea where IAA28-GUS is not
expressed. As shown in Figure 9C, IAA28-GUS expoesstarts from the basal
meristem region (only localized to the cytoplasmd axtends to the cell elongation (both
cytoplasmic and nuclear localization) and maturategion (only nuclear localization).
Therefore, the gain-of-function mutationiaa28-2 has no effect on thHelN1 expression
in the root meristem. Another possibility is tiFAN1 gene may not be regulated by
IAA28 at all in the root.

PIN2 is mainly localized in the cortical and epidal cell layers starting from
the cell elongation region (Krecekal. 2009). Under control conditions the level of
PIN2-GFP expression is considerably loweraa28-2 mutant background compared to
the wild type (Figure 27). PIN2 is localized t@tinembranes of cortical and epidermal
cells in the root meristamatic and elongation rediduller et al. 1998). The results in
this work show that the level ®1N2 expression was affected tga28-2 mutation;

specifically the level of PIN2 in th@a28-2 mutant root tips was considerably lower
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compared to that in the wild type under controldibans (Figure 27). Even though 2,4-
D treatment increased the PIN2 expression inda28-2 mutants to the same level as in
wild type, picloram treatment could not induce BiBI2 expression in the mutants to the
same level as in wild type (Figure 27). Based @séresults, under control conditions
defective expression of PIN2 iaa28-2 mutant roots may prevent auxin from being
redistributed properly in the root tip area whiskessential for lateral root priming and
lateral root initiation. Therefore, the mutant dewgs show no lateral root development.
However, the mutants do produce lateral root pranon like structures with high
concentrations of 2,4-D treatments (data not shoWms observation can be explained
by the fact that PIN2 expression increases in thant background with 2,4-D
treatments, facilitating the redistribution of awxn iaa28-2 mutant roots, allowing

lateral root initiation. As explained in the resudiectionjaa28-2 mutants do not produce
any lateral roots in response to picloram, but smpce adventitious roots from the base
of hypocotyls. This observation may be due to esgion of PIN2 in the mutants treated
with picloram. As described earlier picloram indantof PIN2 expression is much lower
in mutant roots compared to wild type, which magetfthe redistribution of auxin that
is essential for lateral root formation.

In addition, AUX1po:: AUX1-YFP was used to examine the effeciad28-2
mutation on the expression and localization of auxilux carriers inaa28-2 mutant
background. Mutations in the auxin influx carrfddX1 lead to modified root
architecture, resulting in 50% reduction in latemat number (Hobbie and Estelle 1995).
This is mainly due to the disruption in AUX1-medidttransport between the IAA source
and sink tissues. In brief, AUX1 promotes IAA acadation in the root apex,
influencing the rate of initiation of lateral roptimordial. Later AUX1 regulates lateral
root emergence through IAA transport from leavedeweloping lateral root primordia
(Marchantet al. 2002; Bhaleraet al. 2002).

The results in this work show that the level of AUXFP protein was
considerably lower imaa28-2 mutant root tips compared to wild type but wasucet to
a similar extent with both 2, 4-D and picloram treants (Figure 28). AUX1-YFP was
induced in the cell differentiation region of wilgbe roots in response to 2,4-D, but this

induction was completely defectivei@ma28-2 mutants (Figure 29). According to this
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result it is possible that at lower concentratiohg,4-D (85nM 2,4-D, the concentration
used in the experiment explained in Figure 29),tdube defective AUX1-YFP
localization in the cell differentiation zone i@g28-2, the mutant may not have proper
auxin re-distribution in the root in order to iaité lateral roots. With high 2, 4-D
treatments (e.g., 5 uM 2,4-D, the concentrationhitiduce the formation of lateral root
primordial in the mutant background) the AUX1-YFRyrbe induced properly even in
the cell differentiation region, resulting the fation of lateral root primordia.

In order to examine whether there is any connedigtween auxin transport and
the formation of adventitious roots in responspitdoram, auxin transport was studied in
iaa28-2 using translational gene construct of differentiawarriers such aBIN1, PIN2
andAUX1. NeitherPIN1 nor PIN2 were detected in hypocotyls or in the mature pryma
roots of wild type seedlings. In wild typ&lUX1p,:: AUX1-YFP was expressed in
hypocotyls and in the mature regions of the rost helow the hypocotyls (Figure 29).
Even though the expression level of AUX1-YFP iséown theiaa28-2 mutant
hypocotyls compared to wild type; it showed a samibcalization as in the wild type
(data not shown). With picloram treatment, the egpion of AUX1-YFP increased in
both wild type andaa28-2 mutant hypocotyls. However, the level of AUX1-YR®Ras
still lower in the mutant background compared @whld type but localized similarly to
that of wild type (Figure 29). According to thessultsiaa28-2 mutants are able to
transport auxin properly from the cotyledon or ygumaves towards the base of the
hypocotyls. However, the mature rootiah28-2 mutants, just below the root-hypocotyl
junction, showed a defective AUX1-YFP localizatimmmpared to wild type in response
to picloram (Figure 29). Briefly, AUX1-YFP was Idzzed to transverse membranes of
each cell in the wild type, facilitating proper petal auxin movement, but in mutants
AUX1-YFP was localized throughout the cell membranesumably resulting in
defective basipetal auxin transport. Thus, awangport from hypocotyls to the base of
the root may be inhibited or blocked due to the-loéslization of AUX1-YFP in the
mutant root. This transport defect may lead toat®umulation of auxin in the base of
hypocotyls in the mutant in response to picloraading to the formation of adventitious
roots. A mechanism to explain how picloram induaggentitious roots iraa28-2 in

response to picloram will be discussed in detaithenext section.
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4.E. Role of IAA28 in secondary root development
4.E.i. IAA28 and lateral root formation

Lateral roots originate from a subset of pericymts called pericycle founder
cells, which are adjacent to proto-xylem pole c@llasimiroet al. 2003). To examine the
activity of the pericycle imaa28-2, homozygous seedlings for ba#a28-2 andJ0121 (a
GAL4 enhancer trap line specific for pericycle) plazeet al. 2005) were examined
using confocal microscopy with and without auxiatiments. Expression of the
pericycle marker (J0121) was lower in tha28-2 roots compared to the wild type
(Figure 15 A to F), however, with picloram the exgsion 0f10121-GFP increased in
iaa28-2 mutants to a level similar to that in the wild é&yfi-Figure 15 G and H).
Interestingly with picloram treatment, the@a28-2 mutants were even able to initiate the
programmed cell division in pericycle cells angtoduce the early cell stages of lateral
root primordia (stages I, Il & Ill) (Figure 16 E @f). These results indicate that the
defect iniaa28-2 lateral root formation is not at the initial pragnmed cell division but
may be in emergence of lateral root primordia. Tysothesis is well supported from the
results with LBD gene analysis iaa28-2 background discussed below.

As mentioned in the introduction, bodRF7 andARF19 are involved in lateral
root development. Even though the single mutantsaoh transcription factor showed
little effectsarf7 andarf19 double mutants showed severe defects in growth and
development. For example, double mutants were tieéeio lateral and adventitious root
formation and had reduced leaf cell expansion (\Wilnet al. 2005). These results
suggest that botARF7 andARF19 are positive regulators of lateral root developmént
2007, Okushima and co-workers found tARF7 andARF19 directly regulate other
downstream genes suchlaSTERAL ORGAN BOUNDARIES
DOMAIN16/ASYMMETRIC LEAVES?-LIKE18 (LBD16/AS.18), LBD29/AS.16
(Okushimaet al. 2007) and_-BD18/AS.20(Leeet al. 2009). The defective lateral root
phenotype irarf7 arf19 double mutants was rescued through over-express$ibath
LBD16 andLBD29 in Arabidopsis. These data suggest a7 andARF19 regulate
lateral root formation via direct activation loBD/ASL genes in Arabidopsis (Okushima
et al. 2007). In addition, studies have shown tsaR1/IAA14, MSG2/IAA19 and
AXR5/IAAL andlAA28 interact withARF7 andARF19 in yeast system (Tatematsial.
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2004; Fukaket al. 2005; Weijerst al. 2005; De Rybett al. 2010). Therefore, it is
possible that these Aux/IAA proteins may interathwARF7 and ARF19 to regulate the
downstream gendsBD16, LBD18 andLBD29that positively regulate lateral root
development.

Expression analysis &BD genes using RT-PCR and histological assays
(Figure 17-21) showed that both transcript andgindevels ol.BD16 andLBD29 were
lower iniaa28-2 mutants compared to those in wild type. The trapstevels of allLBD
genes(BD16, LBD29 andLBD18) increased in response to both 2,4-D and picloram
treatments imaa28-2 background similar to that in wild type (Figure)18owever, even
though transcript levels of all thdBD genes tested increased in response to both
picloram and 2,4-D, these two auxins showed diffeedfects on the secondary root
formation iniaa28-2 mutant background (section 3.C.i). Therefore, egpion analysis
of LBD16 andLBD29 in iaa28-2 background was done by usibBD16p,::LBD16-GUS
andLBD29,::LBD29-GUS transgenic lines.

The expression analysis data showed that LBD16-@hBSmainly detectable
in wild type hypocotyls, differentiation regionschdistal differentiation regions of root
but not in the root tip or the cell elongation @yiFigure 18). Previous studies have
shown that even thoudtBD16 is strongly expressed in vascular tissues in thieiraa
region of roots, the auxin-mediated induction i§/abserved in the elongation zone
(Okushimeet al. 2007). However, with picloram, the induction @D16-GUS was
mainly observed in the differentiation region of thild type (Figure 18 A) which was
not observed imaa28-2 mutants. Picloram was only able to induce the LBIGUS
expression in the distal differentiation regionad28-2 seedlings. According to these
results, it is obvious thaaa28-2 mutation interferes with the expressionL&D16,
resulting in defective lateral root formation undentrol conditions. As picloram
treatments were unable to rescue the expressibBD@16-GUS in mutants similar to
wild type, the mutants were unable to develop &teots in response to picloram.

Similar results were also obtained for LBD16-GU@ression in the mutants
with low concentrations of 2,4-D treatments. Indiype, the LBD16-GUS protein level
was highly induced throughout the root except lfier toot meristem with 85 nM 2, 4-D

treatments. However, with this 2,4-D treatmentL.B®16-GUS was observed in the
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mutants (Figure 18 C). In contrast, in the presaidegh concentrations of 2,4-D (5
KM) bothiaa28-2 mutants and wild type roots showed a similar itiducpattern of
LBD16-GUS (data not shown). This defective LBD16-&Expression well explains the
defective lateral root phenotypeiaf28-2 in response to 2,4-D. At lower concentration,
2,4-D was unable to induce any lateral roots inntlieants; however, higher
concentrations of 2,4-D were able to induce thenfdion of many lateral root primordia
along the primary root of boilaa28-2 mutants and the wild type.

The expression dfBD16p;,::LBD16-GUSwith IBA was also studied. As
shown in figure 18 D, IBA was able to induce LBDG&S iniaa28-2 mutants in a
similar pattern as in wild type, but to a lesseteak Activation of LBD16-GUS in the
mutant roots in response to IBA completely rest¢heslefective lateral root phenotype
in iaa28-2 (Figure 13 H).

In addition toLBD16-GUS, the expression dfBD29-GUS was also studied in
iaa28-2 in order to understand the effectd@d28-2 mutation orLBD29-mediated lateral
root development. According to Okushirtaal. 2007, auxin-mediated induction of
LBD29 was observed in the steles of mature regions marg and lateral roots. In this
experiment they used only 1-NAA as the auxin. Hosvethe work presented here
showed that induction profiles of LBD29 (and LBDX8§ different with different
auxins, resulting in slightly different outcomes@lation to lateral root formation. For
instance, translational fusion construct of LBD28%was detected only in the
maturation region of the wild type roots under cohtonditions. With picloram
treatment, the level of LBD29-GUS increased in lifferentiation and distal
differentiation regions of the wild type; howevarjaa28-2 mutantd BD29-GUS was
expressed only in the distal differentiation regfbrgure 20 A and B).

In wild type seedlings treated with 2, 41BD29,::LBD29-GUS was
expressed along the primary root, including théaehgation region but not the root
meristem. Mutants also showed an induction pattéetrBD29-GUS similar to wild type,
but did not show the induction in the cell elongatregion or the start of cell
differentiation region (Figure 20 C). It is intetiég to note that even though LBD29-
GUS was induced irma28-2 with a partial similarity to the wild type with£2D (85 nM)
treatment, this 2,4-D concentration was unablednce any lateral roots in the mutants.
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Further, expression analysis@R5::GFP (Figure 12 B and G) anUX1p;o:: AUX1-YFP
(Figure 30) inaa28-2 background with 2,4-D showed a defective expressidoth
DR5::GFP andAUX1p,:: AUX1-YFP in the mutant root differentiation zone. Thussit
possible that both auxin responsive gene transenigind auxin transport is defective in
iaa28-2 mutants resulting in defective lateral root phgpet

With IBA treatments, LBD29-GUS increased in thé déferentiation and
distal differentiation region, but not in the elatign region of the wild type. However,
in mutants LBD29-GUS was only detected in the ddiféerentiation region of the root
with IBA treatment (Figure 20D).

In a summaryi,aa28-2 mutation affects the expression of bbBD16 and
LBD29 transcription factors. Under control conditiongtbhbBD16-GUS and LBD29-
GUS were not detectable in the root system. Thesdts show that th@a28-2 mutation
severely affects the expression of downstream tafdateral root formation like
LBD16 andLBD29, leading to defective lateral root development. Buthe domain II
mutation ofiaa28-2 protein, the mutanta28-2 protein may accumulate in the cells,
resulting in inhibition of the transcriptional aation of downstrearhBD16 andLBD29
genes througARF7 andARF19 transcriptional factors. Due to the lack of LBD gen
expression under control conditions, the mutandlssgs do not initiate or develop

lateral roots.

4.E.ii Role of IAA28 in adventitious root formation

Interestingly, a high concentration of piclorardulces a few secondary roots in
iaa28-2 with a characteristic pattern (Figure 13 D andTlhese secondary roots emerge
from the same point at the base of the hypocogibre This result was confirmed by
studying theCycB:: GUS expression inaa28-2 in response to picloram. In the presence
of picloram, GUS staining appears in the lower logigl region ofiaa28-2, indicating
that picloram induces adventitious rootsaa28-2. The reason picloram especially
induces adventitious roots iaa28 is not clear. However, pull down data indicatd tha
mutant iaa28 protein still interacts with AFB1 gsponse to picloram, although less
efficiently compared to the wild type 1AA28 protdiRigure 10D). In addition, despite

the domain Il mutation, iaa28-GUS recombinant proteas still degraded in the
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hypocotyl with picloram treatment (Figure 21). Thigding can be further supported
from the results obtained withFB1-GUS expression in the hypocotyls. The results show
that the protein level of AFB1-GUS was drasticatigreased in hypocotyls in response
to picloram treatment (Figure 22 and 23). Thus High level of AFB1 auxin co-
receptor protein may further accelerate the degi@daf mutant iaa28-2 protein in the
hypocotyls in response to picloram. Therefore, &#81 mediated mutant iaa28-2
protein degradation may de-repress the activik®F7 and ARF19. This de-repression
will induce the expression of downstream genes sisdiBD genes (LBD16 and
LBD29), resulting in adventitious root formatiomhis observation was well supported
from the results obtained with the expression aiglgfLBD16p;.::LBD16-GUSin an
iaa28-2 mutant background. The results showed that tred tff LBD16-GUS was
increased significantly irea28-2 hypocotyls compared to the wild type hypocotyl in
response to picloram (Figure 17 B and E). Howeweither 2,4-D nor IBA were able to
induce LBD16-GUS in the mutant hypocotyls as p@forcould. This picloram-
mediated induction of LBD16-GUS iaa28-2 hypocotyls may induce the formation of
adventitious roots. Surprisingly the expressiohBD29,,::LBD29-GUS did not show
any induction in the mutant hypocotyls with piclerégreatment. In wild type there was a
slight induction of LBD29-GUS in the hypocotylsnesponse to picloram compared to
the hypocotyls in the control seedlings. Basedhasé results, it can be proposed that
both AFB1 and LBD16 are involved in the formatidradventitious roots inaa28-2
mutants in response to picloram.

Based on these results, the next question raissdfthe mutant iaa28-2
protein can be degraded through AFB1 in the mutantssponse to picloram, why are
the mutant seedlings incapable of producing lateratls similarly to the wild type? This
observation can be explained in several differesngsvFor example, GUS staining data
indicate that iaa28-GUS protein accumulates ingé@@ much higher level than in
hypocotyls. Therefore, it is possible that higl2@devels in the primary root prevent
lateral root induction, but the degradation of Bw@2hypocotyls in response to picloram
may induce adventitious rootsi@a28. This conjecture can be further supported by the
induction profile of AFB1-GUS in the primary roat response to picloram. As shown in

Figure 23 A and C, even though the level of AFBEwecreased in the hypocotyls with
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picloram, in roots the level of AFB1-GUS was dreally reduced especially in the root
tip, cell elongation region, cell differentiatioegion as well as in some parts of the
maturation region. However, under control condgias well as with both 2,4-D and IBA
treatment AFB1p,.:: AFB1-GUS was expressed throughout the primary root. Thesefo

is possible that this low level of AFB1-GUS protairthe primary root in response to
picloram may retard the degradation of mutant iaa®8otein in the primary root,
inhibiting the formation of lateral roots as in théd type. Even though IAA28
expression is high in the primary roots of wildeyefficient basal level degradation of
IAA28 in response to picloram may induce lateraltsahereby preventing adventitious
root induction in wild type seedlings. Another pitlity is thatiaa28-2 mutation may
interfere with auxin transport in the primary réesading to the accumulation of auxin at
the base of the hypocotyls resulting in picloramdoed adventitious root development in
iaa28-2. In addition, as described previously, auxin tpamsis also defective in iaa28-2
mutations. Specifically, auxin influx carrier AUXYIFP showed defects in the
localization in the mutant roots just below the bgptyls in response to picloram.
However, AUX1-YFP was localized properly in the saragion of wild type root in
response to picloram. Thus, this picloram-mediatefgctive auxin transport from
hypocotyls to roots in the mutants leads to thenfiron of adventitious roots. Unlike
picloram, both 2,4-D and IBA did not affect theadtization of AUX1-YFP in mutant
roots.

4.F. Role of IAA28 in light signaling

Light influences the auxin response in many différgays, including modulation
of auxin levels, transport and auxin responsivendg$t induces auxin biosynthesis in
young leaves, and due to this, dark grown seedhngsargely devoid of auxin (Bhalerao
et al. 2002). Many studies have shown that light sigrgaéind auxin responses are
interconnected to each other and recently, Laxmicanworkers published that light
signaling directly regulates the function of augfflux carriers such aBIN1, PIN2 and
PIN7 (Laxmi et al. 2008). In this paper, they found that in seagligrowing in dark, the
plasma membrane localization of PIN2 is largelyudi and it is more localized to

vacuolar compartments. A similar effect was alssesbed when plants were kept under
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far red or red light continuously. In the same gttitey found that dark-mediated
vacuolar compartmentalization is very much redundtie presence of the protease
inhibitor MG132 and also in thaopl (Constitutive photomor phogenicl) mutant. COP9
is an E3 ubiquitin ligase involved in 26S proteasemmediated protein degradation
(Laxmi et al. 2008). In the dark, COP1 accumulates in the mscéand stimulates the
degradation of transcription factors such as HY8SHHHY5 homology) and HFR. As a
consequence the expression of light regulated gersgppressed. In contrast, in light
COP1 is degraded and its degradation is permitsesgjon of light-regulated genes,
promoting photomorphogenesis (Laxehial. 2008).

The data discussed in the section 3F in this detsen support the idea that
IAA28 links light to auxin signaling. For example unddritg light the mutant plants
produce a longer hypocotyl compared to the wilcetyp additionaa28-2 mutants show
altered responses to growth under different ligitditions. As mentioned previously,
continuous red light induces the elongation of logagl through the action dthyB
(shade avoidance syndrome) (Quail 1995). In cettrantinuous far red illumination
inhibits hypocotyl elongation throudgPhyA action (shade-survival mechanism) (Quail
1995). The results in this work showed ttz28-2 mutants had significantly longer
hypocotyls under red light compared to those in@grown under the same conditions.
In addition, the percent seed germinatiomaa8-2 seeds was higher in red light
compared to that of wild type. In conclusion, thessults show that some of the
developmental processesiaf28-2 are altered under red light.

Interestingly, expression analysis of IAA28-mycsimoots under different light
conditions showed that IAA28-myc may be modifiedlenred and far red light
conditions. According to Figure 34, IAA28-myc apperhas two closely separated bands,
indicating that one might be a modified versiorpjtand the other is an un-modified
form (bottom). It is worth noting that the shoasties used in this experiment were
collected after 4 hours in different light treatrteerHowever, IAA28-myc exists as a
single band under both blue and white light cood#i and this band was paralleled the
top band observed from plants incubated under teatland far red light, indicating that
IAA28-myc exists in its modified form under whitadblue light. Time course
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experiments showed that the formation of the mediform of IAA28-myc occurs
gradually (Figure 34). In white light and red lighitially IAA28-myc appeared as un-
modified form, and at the 1 hour time point botinis were detectable. Later the
modified form became dominant. However, under lilylg only the modified form of

IAA28-myc was observed.

In 2000, Colon-Carmona and co-workers showed thaiesof the Aux/IAA
proteins such as IAA3, IAA17, IAAL, IAA9 and Ps-1Akare phosphorylated by
recombinant oat phytochrome A in vitro. Howeveghlid not identify the exact amino
acid residues that are phosphorylated. In addipait-down experiments showed that
IAA3 interacts with Arabidopsis PhyB invitro (Tiahal. 2002). These findings raise the
possibility that IAA28 may be phosphorylated by fdohromes. The sequence analysis
of IAA28 with IAAL, IAA3 and IAAL17 showed putativehosphorylatable sites;
however, further studies are required to confirma bypothesis.

Further, this work has shown that both IAA28-GUS #8A28-myc degrades in
roots faster under dark conditions and is induegaddly in shoots when exposed to light
conditions. In 2007, Salisbury and co-workers mh#d that bothAAL andlAA3 are
expressed at higher levelsRhyB mutant shoots (Salisbugyal. 2007). They proposed
that bothl AA1 andlAA3 are regulated througPhyA- andPhyB-mediated light signaling
through the transcriptional activationla¥5. HY5 protein has been shown to regulate
transcription of light-regulated genes though kmgdio a specific sequence in the target
promoter sequence named the G-box sequence (CCAC@NGet al. 1998). This G-
box sequence was found within the promoter regidi& R/IAA14, AXR2/IAA7 and
IAA28 (Cluis et al. 2004; Salisburgt al. 2007). Interestingly, the transcript levels of
these 3Aux/IAA genes, includingAA28, were found to be reduced g5 mutant
background, supporting the idea that HY5 may belegong the transcription of these
Aux/IAA genes (Cluist al. 2004). According to the current model, under damkditions
the level of COP1 (an E3 ligase) is high in theleus where it interacts with HY5 and
other transcriptional factors such as CIP1. Thisraction prevents transcriptional
activation by HY5 and CIP1. However, under lighhditions COP1 degrades and moves
back to the cytoplasm, creating a low level intineleus. Lack of COP1 in the nucleus
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under light conditions releases HY5 and other tapsonal factors, activating
expression of other light-regulated genes (Wetraj. 2005). These findings together
with data presented here work strengthen the fa AA28 may be involved in
phytochrome-mediated light signaling in plants.

4.G. IAA28 shows a wide range of different interagbns in yeast two hybrid assay

A yeast two hybrid screening was conducted to ifleptitative 1AA28
interacting proteins. Forty putative IAA28 interiact proteins were chosen for further
analysis. Here a total of nine clones were sequefaredentification. As shown in Table
3, the candidates included a wide variety of prténvolved in different functions in
plant growth and development. Two proteins outete nine were IBR5, a dual
specificity phosphatase that is involved in dephosplating MAPK12 (Augustust al.
2003; Leeet al. 2008).ibr5 is an Arabidopsis indole-3-butyric acid responsgant, and
it also is less responsive to indole-3-acetic acid the plant stress hormone abscisic
acid. Studies have shown that IBR5 is a phosph#tasenodulates phytohormone signal
transduction and support a link between auxin aBé Aignaling pathways (Augustes
al. 2003).

IP4 interacting protein was identified as RCE1 BRtbnjugating enzyme 1) a
protein that is involved in RUB modification of CWlprotein, which is a member of E3
ligase complex in Arabidopsis. Studies have shdwah RUB modification is important
for SCF function and RUB modification of CUL1 isyrered for normal function of
SCF™!, RCEL1 can directly interact with the RING prot&BX1, and it is present in a
stable complex of SCE* (Dharmasiri Net al. 2003). IP11 was identified as IAA7
another Aux/IAA protein in which the gain-of-fungti mutation causes severe
agravitropic responses in roots and shoots, slypadotyls and auxin-resistant root
growth (Nagpakt al. 2000). IP15 and IP23 were identified as At1gl19@&RUR-like
protein) which also act as a primary auxin respangenes. IP25 was identified as
At5g09590, a heat shock cognate protein (HSC-70¢wis involved in responding to
heat, salt stress in Arabidopsis. IP40 was idedtiis At2g32090, lactoylglutathione
lyase/glyoxalasel family protein mentioned aboves &lso involved in responding to

biotic and abiotic stresses in plants. However,evsdudies will be needed to confirm
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these interactions and to understand what the dicdbsignificance of these interactions

in plant growth and development are?

4.H. Hypothetical model to explain functions of IAA8 in secondary root formation
in Arabidopsis

As discussed above, IAA28 shows a unique expregstern along the
primary root. IAA28-GUS is localized only to thetoplasm in the root area just below
the basal meristem. In some regions IAA28 is foumidoth nucleus and cytoplasm, and
in the mature regions of the root, IAA28 is localizin the nucleus. The nuclear
localization of IAA28 was first observed in the Bameristem region whe®@ATA23-
dependent lateral root priming occurs. In 2010 RYybel and co-workers showed that
GATAZ23 expression is highly correlated to the auxin maximthe basal meristem and
the expression level @ATA23 is severely reduced iaa28-1 background. This work
shows that theaa28-2 mutation affects auxin transport, specificdiyN2- and AUX1-
dependent auxin redistribution in the root tip afdas defective auxin redistribution
may lead to defectivBATA23 expression imaa28-2 mutants, resulting in defective
lateral root formation. In additioh,BD16 andLBD29 genes, which act as downstream
targets of lateral root formation, show defectixpression inaa28-2 mutants. Similarly,
the expression of pericycle markd®121 is lower iniaa28-2 background; however, the
results show that with picloranga28-2 mutants are able to initiate lateral roots but are
unable to form fully developed lateral roots. Ferthhigh concentrations of 2,4-D and
IBA were also able to induce lateral roots. Thiseation is also well supported by the
fact thatLBD16 andLBD29 expression was induced similarly to the wild typ&aa28-2
mutants in response to high concentrations of 2ah@®IBA.

Studies were conducted to understand the mechafibow picloram induces
the formation of adventitious rootsi@?28-2 background. Interestingly, the localization
of AUX1-YFP was disrupted irea28-2 in response to picloram. This disruption may
prevent auxin transport from shoot to roots inrthéant background. In addition, the
expression oAFB1 auxin co-receptor is induced in hypocotyls in megge to picloram.
As mutant iaa28-2 interacts with AFBL1 in the preseaf picloram, this induction of
AFB1 in the hypocotyls accelerates the degradaifanutantiaa28 protein in
hypocotyls. This degradation may eventually leattdascription o/ARFs such aARF7
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andARF19 that are involved in lateral root formation. Thaniscription ofARFs will
eventually induce their downstream targets, sudtB&sgenes involved in secondary
root formation. Supporting this hypothesis, theelesf LBD16 is highly induced in
mutant hypocotyls compared to that of wild typeesponse to picloram. Finally as a
combination of all these events, mutaa#28-2 forms adventitious roots in response to
picloram. In conclusion this work had identifiechithAA28 andAFBL1 together regulate
adventitious root formation in Arabidopsis througk activation of downstream genes
such a4 BD16 (Figure 39).



130

A. Nuclear localization of IAA28
Auxin mediated degradation
Auxin mediated degradation of IAA28
. of IAA28
In wild type

ARF7 and ARF19 activation
ARF7 and ARF19 activation

LBD16 and LBD29 activation
GATA23 activation

Priming Initiation Development

o= i
et
Defective auxin transport Defects in iaa28 degradation &
(PIN2, AUX1) stabilization of iaa28 levels
Defective formation A l
In jaa28 mutants of auxin maxima Repression of ARF7 and ARF19
Defects in iaa28 degradation & Defects in LBD16 and LBD29
stabilization of iaa28 levels activation

'

Lack of GATA23 activation

Figure 39: Schematic representation of a model indating the roles of IAA28 in
secondary root formation. (A)Roles ofl AA28 in lateral root formation. IAA28 is
localized in the nucleus in the basal meristemiamavolved in the activation of
GATA23-dependent priming of lateral roots. Creatidrauxin maxima through
programmed auxin transport is essential for thenimig process. Thiga28-2 mutation
severely affects auxin transport in the root tgeaficallyPIN2- andAUX1-dependent
auxin transport involved in redistributing auxintire root tip area. These defects in auxin
transport may affect the creation of auxin maximghie basal meristem. Thus, mutant
iaa28 protein is stabilized in the system, resgltmlack of GATA23-dependent lateral
root priming. Defective lateral root priming causksective lateral root phenotype in
iaa28-2 mutants. (B) Role of IAA28 in adventitious rootrimation. Mutaniaa28-2
hypocotyls have stabilized iaa28 protein. The |®fédFB1 increases in the hypocotyls
in response to picloram. AFB1 degrades mutant iga@&in in hypocotyls in the
presence of picloram. This degradation may actitredranscription of ARF7 and
ARF19 in aniaa28-2 mutant background, resulting in the induction ofvdstream
targets of lateral root formation such as LBD16d#&idnally, iniaa28-2 mutants AUX1-
dependent auxin transport from shoot to root iscéffd compared to that of wild type.
These events together induce the formation of adiers roots inaa28-2 mutant
background. (The root structure in A section waglified from (Dastidaet al. 2012).
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Figure 39. Continued.
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Appendix |

GUS fixing solution (Oonoet al. 1998)

For 10 ml

Formaldehyde =81 ul (0.3%)

Mannitol =6 ml from 0.5M (0.3 M)
100 mM MES =1mil

Appendix Il

GUS staining solution (Ooncet al. 1998)

For 10 ml

NaHPO, =2 ml from 0.5M (100 mM final)
Potassium ferricyanide =50 pl from 100 mM (0.5mNAf)
Potassium ferrocyanide =50 pl from 100 mM (0.5l
EDTA =200 pl from 0.5 M (10 mM final)
Triton =10 ul from 20% (0.1% final)
X-gluc =5-7 mg

Water = up to 10 ml

Appendix Il
EZ- Protein extraction for western blots (protocolmodified in Dharmasiri Lab)
Buffer E

125 mM tris-HCI (pH = 8.8)
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1% SDS (w/v)
50% glycerol (v/v)

50mM NaS,0s)

Buffer Z

125 mM tris-HCI (pH = 6.8)
12% SDS (w/v)

10% glycerol (v/v)

22%B- mercaptoethanol (v/v)

0.001% Bromophenol blue (w/v)

1. Grind 10 mg leaf sample in a 50 ul of buffer Ettié tissue is homogenous and
transfer on to ice. When all samples are prepaeeg kll samples at room
temperature for 5 minutes to solubilize SDS. Camge at 13000g for 10 minutes
and take the supernatant.

2. Add 1/10" volume of buffer Z and boil the samples for 6 ntésiimmediately
before loading on to the SDS-PAGE.

Appendix IV

2X Laemmli sample buffer (2X LSB) for 9 ml (protocd modified in Dharmasiri
Lab)

0.5 M Tris-HCI (Ph=6.8) =5 ml

SDS =04g
Glycerol =2mil
Milli Q water =2mil
Bromophenol blue =0.3mg

1. Heat to about 40 °C to dissolve.
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2. Store at -20 °C as 0.9 ml aliquots. Add BME ifhercaptoethanol) to a final
concentration of 10%.

Appendix V

Figure 11 C. Quantitative GUS activity inl AA28p;o::1AA28-GUS and | AA28po-
iaa28-GUS seedlings treated with 20 uM 2,4-D or 50 uM picl@am
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