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ABSTRACT

CHARACTERIZATION OFPIC7 GENE FUNCTIONS IN ARABIDOPSIS

HORMONE RESPONSE

by

Yuting Hou, B.S.

Texas State Universi@an Marcos

December 2012

SUPERVISING PROFESSOR: NIHAL DHARMASIRI

As the major plant hormone, auxin regulates many aspects of plant growth and
development. Recent studies indicate that the auxin response pathway interacts with other
plant hormone signaling pathways such as cytokinin, ethylene, ABA and GA in multiple
ways Therefore, the final outcome plantgrowth responses is due to the crosstalk
amongseveral plant hormones. To identify novel genes involved in the auxin response,
our laboratory used a forward genetics approach to isolate ethyl methanesulfonate (EMS)

mutagenizedirabidopsismutants that were resistant to synthetic auxin picloram.

Xi



The objective of the research described here was to characterize one of the auxin
(picloram) resistant mutagyipic7-1. The mutant genpic7-1 was identified agdenine
phosploribosyltransferase{APTY). APT1 involvesin purine metabolism by converting
adenine into adenosine monophosphate (AMP) through transferring a phosphoribosyl
group from 5phosphoribosyl yrophosphate (PRPP) to adenine. The mutatiqucirs
1 lies on the substrateRPP (5Phosphoribosyl -pyrophosphate) binding domain of
APT1, suggesting that mutation may alter the catalytic activity of the enzyme. This idea
is further supported by the resistanceiof/-1 to 2,6diaminopurine (DAP) which is
metabolized by APT1 to it®xic nucleotide2,6:DAP riboside

APTL1 is also suggested to be involved in cytokinin metabolism by converting
active cytokinin baset® cytokinin ribosides. Therefore, loss of APT1 activity might lead
to locally high level of ative cytokinin In pic7-1, transcript levels of cytokinin induced
auxin biosynthetic gene€YP79B2, CYP79B3 and NI&8e elevated. In addition,
morphological phenotypes betwegis7-1 and auxin oveproducing mutants are similar,
suggesting that auxinvel is increased ipic7-1 because of elevatexttive cytokinin.
Resistance gbic7-1 to exogeneous auxin as well as altered auxin signaling components
indicates thaauxin signaling may also be alteredois7-1. Moreover, misregulated
type-B ArabidopsisResponse Regulators (ARRs) and cytokinin related responp&s4in
1indicate hampered cytokinin signaling in the mut&tysiological characterization
revealshatAPTL1 is also involved in several other plant hormone signaling pathways
such asbscisic acidgibberellic acid an@thylene.

Arabidopsis expressing the reporter transg&#E1::APT:GUSand

APT1::APT1GFP revealshighly localizedexpression of APT1 in vasculature, pericycle,

Xii



root tip and guard cells. APT1 is localized t@aplasm, nucleus and the endoplasmic
reticulumat the subcellular leveExpression oAPT1::APT2GFP complements the
mutant phenotypes @ic7-1, further confirmingthat observed mutant phenotypes are
caused by the mutation APT1 The APT1gene generas at least two transctfp
through alternative splicing althougiological significance of these lsge variants is to

becharacterized.
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CHAPTER |

INTRODUCTION

Auxin and its regulations

Phytohormones play a major role in proper growth and developmetardas
and also involved in plant response to unpredictable and stressful environmental cues.
During last few decades, due to the successful progress of plant science, several major
plant hormones were identifiedusin, cytokinin (CK), ethylen€ET), gibberellin (GA),
and abscisic acid (ABA) are classified as five major plant hormd@esds, 2004).
Some other compounds such as jasmongtesternack, 200Browse, 2009
brassinosteroids (BR¢Yert et al., 200} salicylic acid (SA) lloake and Grant,(D7)
and strigolactone§GomezRoldan et al., 2008; Umehara et al., 20@8h hormone
properties have also been found recemiipong these, auxin is the best characterized
hormone in plant growth and development.

Many decades ago Charles Darwinds exper

a substance involved in phototropism (Darwin, 1880; Went, 1926). Since then many
other functions are implicated to thigal plant hormone including embryogesis
(Cooke et al., 1993), apical dominance (Prasad et al., 1993), flower piexagio(Cheng
andZhao, 2007), lateral root initiation (Casimiro et al., 2001) and gravitropism
(Marchant et al., 1999). Auxin accomplishes these functions by regulatingvigitbilj

expansion



and differentiationRerrotRechenmann C201Q. As other plant hormones, auxin
controls plant development by regulating gene transcriptibag@an et al., 2009).

Auxins are mostly synthesized in young leaves (Ljengl.,2001), and also in
mature leaves, cotyledons and roots (Ljung et al., 2005). Even tdeugbvoauxin
biosynthesis pathway in plants is not fully established yet, auxin synthesis is found to
occur in tryptophan dependent as well as tryptophan independent pathways (Zhao, 2010).
There are four proposed branches in tryptophan dependent pathways ftamed a
different intermediates: the tryptamine (TRM) pathway, the in@adeetamide (IAM)
pathway, the indok8-pyruvic acid (IPA) pathway, and the indeBeacetaldoxime (IAOX)
pathway. Even most of the enzymes catalyzing each of these pathways aré still no
identified to understand the physiological functions of redundancy in auxin biosynthetic
pathways, recent findings have indicated that these pathways might function
preferentially in certain growth processes, such as root development (IAOx and IPA
pathwas), shade avoidance (IPA pathway), and embryogenesis (IPA/TRM pathway)
(Zhao, 2008; Normanly, 2010). Recently, increasing evidence has indicated that
environmental factors can vary plant growth through affecting the auxin biosynthetic
pathways. For exangy, TAAL, an aminotransferase which is involved in the conversion
of L-tryptophan (-Trp) to indole3-pyruvic acid (IPA) (Tacet al, 2008), is essential for
high temperature induced hypocotyl elongation in Arabidopsis (Yaeizala2009).

While almos all the plant tissues have the ability to synthesize auxin, it is known
that auxin transport especially from the shoot apical meristem to the root is necessary for
the normal growth and development of the plant such as lateral root development (Reed

et d., 1998; Bhalerao et al., 2002). Auxin transport from cell to cell is regulated by auxin
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influx and efflux carriers (Gao et al., 2008). These transporters can be categorized into
three major classes. Auxin resi,pinfarmeédl u | i
(PIN) efflux carriers and Hlycoprotein (PGP) efflux transporters (Shen et al., 2010).
AUX1/LAX proteins require H gradient for auxin transport across cell membrane
(Swarup et al., 2004). After entering a cell, IAA efflux is dependent oerakfactors.
PGPs are ATP driven efflux carriers (Noh et al., 2001). As the transmembrane auxin
efflux carriers, PIN proteins facilitate the polar auxin transport in the plant, which is
consistent with their asymmetric cellular distribution (Galweskl., 1998). Also
recently discovered PILS (PIN LIKES) proteins are involved in intracellular auxin
transport (Barbez et al., 2012). Mutations in either of above mentioned transporters cause
developmental defects highlighting their importance in developragrlandpin2
mutants cause agravitropism in developing roots (Muller et al., 1998; Parry et al., 2001).
pinl mutants are unable to produce floral organs (Galweiler et al., 1828mutant
exhibits 40% reduction of lateral root formation and excklgidisplays hookless defect
during the apical hook formation among all the auxin influx carrier mutants (Swarup et
al., 2008; Vandenbussche et al., 2010). A combination of AUX1 (Marchant 20@2),
PIN1, PIN3 and PIN7 (Benkova et,&003; Laskowski et gl2008; Lewis et al., 2011)
controls the auxin movement from shoot to root, which has been shown to participate in
the lateral root initiation and elongation. Therefore, auxin transport is a highly regulated
process leading to propdevelopment of the plant.

Auxin is known to regulate the transcriptiohauxin responsive genes by
degrading a group of repressor proteins called Aux/IAAs via ubigproteasome

pathway (Dharmasiri et al., 2004). Auxin responsive genes are geneicdiythe



control of auxin responsive elements (ARE) that interact with transcription factors called
auxin responsive factors (ARFs). In the absence of auxin, the ARFs bind to Aux/IAA
repressors that inhibit the ARFs function through AuxAARF heterodimemration via
conserved @erminal domairll and IV (Tiwari et al.,2003).Binding of auxin to its co
receptors TIR/AFBs (Dharmasiri et al., 200%an et al., 2007) and Aux/IAAs brings the
repressor proteins into the close proximity of SCF protein compéstws composed of
the auxin cereceptor FBox protein, Skp1, Cullinl and RBX1 proteins. A small protein
molecule called ubiquitin is then covalently attached to the Aux/IAA proteins, targeting
them for degradation by 26S proteasome pathwagy et al.2001). Functionally, ARFs
could activate or repress the auxin induced gene expresfiimagov et al., 1997a,
1999a). WithARFs as activators, derepression causes the transcription of auxin
responsive genes (reviewed Gliapmarand Estelle2009). Among tm, three classes
of genes called primary auxin responsive genes are induced immediately after the auxin
treatment. They are Aux/IAfAuxin/Indole Acetic Acid) SAUR (Small Auxin Up RNA)
and GH3 (Gretchen Hagen Z)dlderonVillalobos et al., 2010).

In addition to the major natural auxin indeBacetic acid (IAA), phenylacetic
acid (PAA), 4chloroindoleacetic acid, and indebutyric acid (IBA) are also found in
the plants I(udwig-Mdiller et al., 2002). As auxins at high concentrations can be used as
herbicides, many synthetic auxins that mimic naturally occurring auxins have been
produced. 2, 4lichlorophenoxyacetic acid (2[3), picloram, tnaphthaleneacetecid
(NAA), 2-methoxy3,6-dichlorobenzoic acid (dicamba) and 24ghlorophenoxyacetic
acid (2,4,5T) are examples for synthetic auxins (Woodward and B2®&5). Even

though auxin biology is an extensively studied field, there are more to be learned
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molecular mechanisms of auxin action. Clear understanding of the molecular
mechanisms of auxin response will provide insight into auxin biology as well as into its
applications mainly as an herbicide, which might also lead to engineering herbicide

regstant crop plants.

Cross talk between auxin and other hormones

Responding to internal and external stimuli, phytohormones modulate
overlapping developmental processes throughout the life time of the plants. With the
increasing knowledge of perceptiordagignal transduction of each major plant hormone,
a consensus has also been established: instead of solely dependent on one specific
hormone, plant hormone responses are contributed to a sophisticated network of multiple
hormone interactions, which havedn functionally distinguished as additivity,
synergism, or antagonism. In a tissue and developmental stage dependent manner, auxin
crosstalk often plays a vital role in locally fiening the developmental responses to
environmental conditions, such asxan biosynthesis induction for shade avoidance

through ethylene pathway (Tao et al., 2008).

Auxin and Ethylene

One of the most characterized plant hormone crosstalks is the interaction
between auxin and ethylene, including synergism in inhibition ofelooigation
(Rahman et al., 2001), induction of root hair (Rahman et al., 2002), antagonism in lateral

root formation (Lewis et al., 2011) @mypocotyl development (Suttl#988).



As the mechanism of the most common crosstalk, auxin can regulate or be
regulated by ethylene at biosynthetic level. On one hand, auxin boosts the transcriptional
level of several ACC synthases (ACS), which catalyze the rate limiting step of ethylene
biosynthesisAbel et al., 1995Stepanova et al., 20Q)7eading to the elevad ethylene
synthesisklanserand Grossman2000). On the other hand, ethylene can also function as
a positive regulator on auxin biosynthesis in the root tip. Discovery of several weak
ethyleneinsensitive Wei) mutants in Arabidopsis display the best evidence for tissue
specific induction of auxin biosynthesis through ethylene (Stepanova et al., 2005;
Stepanova et al., 2008). Stepanova et al. (2005) showed that twd/gEHES (ASAL)
andWEI17 (ASB1)encodingalpha and beta subunits of anthranilate synthase which
catalyzes the ratiemiting step of tryptophan synthesis, are transcriptionally upregulated
by ethylene. Another WEI geWEI8has also been shown to encode a tryptophan
aminotransferase (TAA1), whigiroduce the indol8-pyruvic acid from tryptophan
through the IPA auxin biosynthesis branch (Stepanova et al., 2008; Yamada et al., 2009).
This induction of auxin biosynthesis is believed to be one of the mechanisms through
which ethylene inhibits the roetongation.

In addition to positive regulation of auxin biosynthesis, ethylene also influence
the expression of auxin influx and efflux facilitators in Arabidopsis root such as PIN1,
PIN2, PIN4 and AUX1, enhancing the rootward polar auxin transport asdtb
consequent high concentration of auxin in the elongation zone which regeitsiced
root cell expansion (Ruzia et al., 2007; Negi et al., 2008). Another synergistic
interaction between auxin and ethylene in initiation and elongation of roetvinas

characterized through various genetic studies (Rahman et al., 2002). Their significance in



this process is obvious because root hair formation is largely impaired in auxin resistant
mutants which also confer ethylene resistance, sualydqPicket et al., 1990)axr2

(Wilson et al., 1990), analxr3 (Leyser et al., 1996). Similarly, exogenous ACC or IAA
supplement can restore the root hair initiation inrtdog hair defective grhd6) mutant
(Masucci and Schiefelbein, 1994).

One wellstudied plahgrowth response to ethylene is the triple response of the
dark-grown plants which is characterized by the exaggerated apical hook, inhibited root
and hypocotyl elongation, and thickened hypocotyls (Guzma’'n and Ecker, 1990). Apical
hook development in theypocotyl has been highly utilized for the examination of auxin
and ethylene crosstalk. The apical hook development consists of formation, maintenance
and opening phases, while the first two phases are the products of unequal growth from
altered cell divsion and elongation (Raz and Ecker, 1999). Various evidences suggest
that the differential growth for apical hook formation can be achieved through the
regulation of auxin transport, synthesis and maybe signaling by ethylene. For example,
for the apical hok formation HOOKLESS1 (HLS1) (Li et al2004) is necessary and
found to be a convergent point between auxin and ethylene pathways. Ethylene regulates
the expression of HSL1 and its repressor ARF2 (Li e2804),and therefore controls
the differentidcell elongation in hypocotyls through modulating the auxin signaling

pathway.

Auxin and GA
The overlapping roles of auxin and GA in plant growth are mainly in cell

expansion, organ expansion and tissue differentiation. As an essential phytohormone, GA



regulates numerous developmental processes, such as promotion of seed germination and
flowering, stem elongation and seed development (Sun and Gubler, 2004). It has been
revealed that the level of endogenous GA as well as the cell response strategies to GA
mainly decides the output of the GA regulations in plant (Richards et al., 2001). Similar
to auxin, GA signaling cascade involves targeting transcriptional repressor proteins for
26S proteasome mediated degradation with the facility of SE&biquitin ligase

complex, specifically using GID1 as a receptor (Griffiths et al., 2006; Willige,e2G07)

and SLY1 as the-box protein in ArabidopsidMcGinnis et al., 2003Dill et al., 2004

for repressoDELLA (Olszewski et al., 2002) degradation. In Aralpdis root

development, auxin transport and signaling is crucial for GA stimulated root elongation.
Fu and Harberd (2003) have shown that auxin promotes the DELLA destabilization in the
root cells in response to GA, which is necessary for releasing tlessepeffect and thus
advancing the root growth.

The most known function of GA in plant development is to release dormancy
and promote germination of seeds (Nambara et al., 1991). Radical protrusion for seed
germination requires newly synthesized GAs ¢sen and Olszewski, 1993). There is
very limited amount of knowledge on the role of auxin during seed germination.
However, auxin positively regulates GA metabolism in many plant species through the
inductoin of several GA oxidase genes sucGAg0oxgenes in Arabidopsis O6 Ne i | |
and Ross, 2002; Frigerio et al., 2006), which catalyzes the final step to produce bioactive
GAs. Auxin induced GA biosynthesis is characterized to be the effect of degradation of
AUX/IAA proteins and subsequent activation dRR7 transcriptional factor (Teale et al.,

2006). Conversely, the GAeficient mutant characterization and microarray data



indicates that GA can upegulate several putative auxin carriers genes and also regulate
the abundance of the proteins, such as AUXN]1, PIN2, PIN3 and PINZgawa, 2003
Willige et al., 201). Along with the upregulation of several auxin biosynthesis genes
such as CYP79B2, CYP79B3 by exogenous G8dwaet al., 2003), it has been
suggested that auxin level and transport is altered by GA during Arabidopsis seed

germination.

Auxin and ABA

As a weltknown stress hormone, ABA is synthesized by plants to cope with
variable environmental conditions and biaticabiotic stresses such as drought, salinity,
extreme temperature and pathogen attalDledidire et al., 1994 ABA response regulates
the expression level of ABA responsive genes, whose promoter regions contain
conservedis-regulatory sequences (c/tAGGGC) which are called ABA responsive
elements (ABRESs) (Hattori et al., 2002). In addition to stress responses, ABA is also
essential for many fundamental development processes such as induction of seed
dormancy, seed development, and vegetative gromtik€fstein et al., 2002).
Additionally, root growth is inhibited by ABA through inhibiting the cell division (Yin et
al., 2009).

According to recent studies, auxin and ABA interactions are most prominent
during seed germination and seedling developmemthé&unore, auxin signaling
components are closely involved in mediating ABA reponses. Wang(20al) have
recently reported that Auxin Response Factor 2 (ARF2) dmagulates a homeodomain

geneHB33 which positively regulates the ABA induced inhibition of seed germination
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and primary root growth. In addition, dowegulation ofAuxin Response Factor 10
(ARF10Q by miR160is shown to be required to decrease the ABA sensitivity, allowing
seed germinadn and postgermination development (Nonogaki, 2007).

On the other hand, ABA modulates auxin response under different conditions.
Under high salinity environment, auxin transport genes are altered through enhanced
ABA level (Yu et al., 2010). ABA can algarget auxin receptor family transcripts for
degradation through inducing expressiomaR393(Sunkar and Zhu, 2004). During the
seed germination and following seedling development, embryonic axis elongation and
cotyledon expansion are greatly inhibitgdABA. This developmental effect requires
the transportation of auxin from root apex to the elongation zone with the facilitation of
AUX1 and PIN2, as well as potentiated auxin signaling by ABA, which d®gnlates
Aux/IAA genesAXR2/IAATN the same ragn in an auxin independent manner (Belin et

al., 2009).

Auxin and Cytokinin

Auxin - cytokinin coordinated function in plant growth is among the earliest
findings related to the plant hormone crosstalk: many plant development processes such
asde novoorgan formation from tissue culture rely on the balance of auxin to cytokinin
ratio (Skoog and Miller, 1957).

As NP-substituted adenines, the roles of cytokinins impé&evelopments include
seed germination, shoot and root development, delaying of leaf senescence (Riefler et al.,
2006) and circadian clock (Hanano et al., 2006). In higher plants, isopentenyladenine (iP),

zeatin and dihydrozeatin are the major naturedlagins. The ratdimiting step of the
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biosynthesis of these cytokinins is carried out by ATP/ABdpentenyltransferase (IPT)
(KamadaNobusada et al., 2009), which has seven members in Arabidopsis thaliana
(Takei et al., 2001; Miyawaki et.aR006). Sinlar to auxin, cytokinin is produced in

shoot and root tissues of the plant, but young leaves have the highest capacity for
biosynthesis (Miyawaki et al., 2004). Cytokinin homeostasis in Arabidopsis is regulated
through irreversible degradation by sevendRinin Oxidase/Dehydrogenases (CKXs)
(Sakakibara, 2006).

Cytokinin perception and signaling in plants is through adamponent pathway,
which consists of two signaling factors; a histidine kinase as cytokinin receptor and an
Arabidopsis respomsregulator ARR that are essential for the signal transduction and
specific output (Hwang and Sheen, 2001). Three transmembrane proteins: Arabidopsis
His Kinase 2 (AHK2), AHK3 and AHK4/WOL1 (Woodenleg 1)/CREL1 (Cytokinin
Response 1) are identified as cytokireceptors in Arabidopsis (Hwang and Sheen, 2001;
Inoue, 2001; To and Kieber, 2008), which transfer the phosphorelay as the signal to the
nucleus after binding with cytokinin. Subsequent phosphorylations of members-&f type
and typeB Arabidopsis Respwse Regulators (ARRS) protein family lead to their
activation o et al., 2004Mason, 200h There are ten typA ARRs (ARR3ARRY,
ARR15ARR17) (To et al., 2004; Tand Kieber, 2008) and eleven tyBeARRs (ARR1,
ARR2, ARR10ARR12, and ARR18) (Mason et al., 2005; Yokoyama et al., 2007) in the
Arabidopsis genome. As positive regulators of cytokinin response BiyjieRs function
as transcription factors to promote thgokinin response gene transcription, such as
type-A ARRs and the Cytokinin Response Factors (CRFs)(Hwang and Sheen, 2001,

Rashotte et al., 2006). Since tyfeARRs are negative regulators of cytokinin response,
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a feedback loop is formed to modulate mhagnitude of following responses (To et al.,
2007). TypeB ARRs along with CRFs mediate the cytokiai@pendent gene expression
through targeting common genes (Rashotte.c2@06).

Auxin-cyt okinin crosstal k has brcgonats hown
metabolic level. Exogenous auxin treatments upregulate the transcripti®nhsand
IPT7in Arabidopsis roofMiyawaki et al.,2004).In addition, auxin dowstegulates the
cytokinin biosynthesis in Arabidopsis by tisepentenyladenosidg -inonghosphate
(iPMP)-independent pathway (Nordstnoetal., 2004) Reciprocally, cytokinin is an
essential positive regulator for auxin biosynthesis in developing root and shoot, possibly
through induction o€YP79B2/B&andNIT3 genes, which respectively enasdenzymes
in IAOx pathway and the last step in auxin biosynthgises et al 2010.

Either synergistically or antagonistically, the mutual correlations of auxin and
cytokinin are indispensable to numerous fundamental plant processedirng vascular
morphogenesisBishopp et al., 201)bembryogenesis (Mier and Sheen, 2008) and
inflorescence meristem establishmettigo et al., 2010 The molecular mechanism of
the antagonistic interaction between auxin and cytokinin in root meristem maintenance is
probably the best investigated. SHY2/IAA3, an Aux/IAA protein, is the convergent point
for auxin and cytokinin to balance the rate of delision and differentiation in the
transition zone of root apex to control the meristem size (Dello loio et al., 2008). At the
vasculature of the root meristem transition zone, cytokinin induces the expression of
SHY2through AHK3/ARR1 and AHK3/ARR12 tercomponent signaling pathway
(Dello loio et al., 2007). The induced SHY2 dovagulates the expressionsRiN genes

(PIN1, PIN3andPIN7) and leads to the sebusequent redistribution of auxin in

t

(
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surrounding tissues. Therefore, root meristem size is rdcdaeause of cell division to

cell differentitation transition of surrounding tissues. However, auxin destabilizes SHY?2

to sustain the proper level BN genes and thus cell division for maintaining the

meristem size (Dello loio et al., 2008). SHY2 funas through a feedback mechanism to
attenuate its own level by negatively regulating cytokinin biosynthesis genes (Jones et al.,
2010). The auxin and cytokinin antagonism is also prerequisite for the root stem cell
niche specification from hypophysis dugiArabidopsis embryogenesis (Muller and

Sheen, 2008). Auxin suppresses the cytokinin response by inducing the expression of two
type-A ARRs, ARR7 and ARR15 (Muller and Sheen, 2008), which are negative

regulators of cytokinin signaling. The resulting higlio of auxin to cytokinin is

necessary for the root stem cell niche initiation.

Based on the previous studies on auxin and its correlations with other plant
hormones, it is strongly suggested that auxin crosstalk is mediated through the
metabolismiransport and signaling. However, most of the convergent points with which
auxin fits into the plant hormone network are still yet to be defimeodur lab, b identify
the components involved in auxin response, Arabidopsis mutants were screened against
synthetic auxin, picloram. Characterization of these mutant genes will enable us to
identify new components in auxin signaling pathways. The proposed research here will
focus specifically on one such mutant isolated napied 1.

Preliminary studies hav&hown that the primary root growth pic7-1 (Figure 1,2)
is resistant to 24D and picloram, which indicates tHalC7 gene is involved in auxin
signaling pathwaypic7-1is a recessive mutatioiihe exact position of the mutant gene

waslocated by map basetbning.Mapping wa done using genetic polymorphism
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between closely related Arabidopsis ecotygekimbia(Col-0) andLandsberg erecta

(Ler).
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Figure 1.Primary root growth opic7-1 is resistant to 2;8. Fourday-old seedlings of
pic7-1 andwild type (Col0) grown on Arabidopsis thaliana sucrose medium (ATS) were
transferred onto ATS medium containing varying concentrations db 2l&ngth of the
primary root was measured following four days of incubation in a growth chamber at

20°C (done by Dr. Sunethra Dharmasiri).
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Figure 2.Primary root growth opic7-1 is resistant to picloram. Foalay-old seedlings

of pic7-1 andwild type (Col0) grown on Arabidopsis thaliana sucrose medium (ATS)
were transferred onto ATS mediwmuntaining varying concentrations of picloram.
Length of the primary root was measured following four days of incubation in a growth

chamber at ZT. (done by Dr. Sunethra Dharmasiri)

The locus for theic7-1 mutation was narrowed down toegion between
BACs F17L21 and T22C5 representiigabidopsischromosome |. This genetic window
contained F17L21, T17H3 and T22C5 with an approximate total size of 270kb.
Candidate genes were cloned and sequenced. Comparison of sequence data with the wild
type genome sequences revealed a single base pair change in the fifth Adenioé
phosphoribosyltransferaseART]) (EC 2.4.2.7) gen&Vith a C1650T nucleotide
substitution in théPT1gene, a missense mutation in the amino acid sequence was
produced, which replaced the threonine (T) at position 197 with an isoleucine (I) residue

in APT1 (Figure 3).
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1624  TGATGACCTC ATTGCCACGG GTGGGAQTCT CGCTGCTGCA ATCCGACTAC 1673 Col -0
1624  TGATGACCTC ATTGCCACGG GTGGGAITCT CGCTGCTGCA ATCCGACTAC 1673 pic7-1

157 EYGTDTIEHVGAVEPGE RAIIIDDLIATGGI LAAAIRLLERVGVKIVECACVIELP 212 Col -0
157 EYGTDTIEHVGAVEPGE RAIIIDDLIATGG_'_ LAAAIRLLERVGVKIVECACVIELP 212 pic7-1

Figure 3. Alignments of nucleotide and amino acid sequenc&BDifrom wild type
andpic7-1. In pic7-1 background, the 168Mucleotide (underlined as red) of tABT1
gene (Col0) had been changed from cytosine (C) to thymine (T). Consequeipily7ii,
the threonine (T) at position 197 was converted to isoleucine (I) (undertinedp a

missense mutation.

APTL1 is known to be primarily involved in purine metabolism pathwdiei et
al., 2002. Here APT1 converts adenine into adenosine monophosphate (AMP) by
transferring a phosphoribosyl group froapBosphoribosyl Jpyrophospha (PRPP) to
adenine in the presence of M@Nygaard, 1983)Mutation in APT1 abolishes 99% of
total adenine phosphoribosyltransferase activity in plants, thus APT1 is the major
contributor for the APT activity (Moffatt and Somerville, 1988). SiAd4P is the
precursor for ATP and also nucleic acid substrate dATP, mutation APth&émay
hamper many biochemical pathways including nucleotide synthesis. In plant, it is also
found that APT1 can utilize cytokinin bases as the substrate @udkiok 2001). Ithas
been shown that APT1 isolated from wheat germ can act on cytokinin substrate such as
benzyladenine (BA) and kinetin vitro (Chen et al., 1982and Arabidopsis plant with

APT1 activity deficiency showed strongly reduced conversion rate of BA into
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benzladenosine monophosphed8&MP (Regan and Moffatt, 1990). Since the base form
of cytokinin is thought to be the active form among the otlea®(e and Pethd 982,
APT1 would have a potential role in dowegulating the level of active forms of
cytokinin in plant cells through conversion of cytokinin bases into cytokinin ribosides.
Given cytokinin ribosides are utilized as transport forms of cytokinin (Kudo et al., 2010),
plant with deficient APT1 activity might display higher local activity gfakinin and
hampered long distance distribution of the hormone.

One of the major phenotypes of previously descrégad3 mutant is male
sterility. This is mainly due to the defects in pollen development (Moffatt and Somerville,
1988). Interestingly, AP is proposed to produce three splice variants named
AT1G27450.1AT1G27450.2 and\T1G27450.3according to The Arabidopsis
Information Resource (TAIRNtp://www.arabidopsis.ojgHowever, alternative spicing
of this gene has not yet been proven experimentally.

In the present workpic7-1 was studied extensively with respect to auxin as well
as other plant hormone signaling cascades using genetic, physiological and biochemical
techniques. | hypothesize that defective auxin responseirl is attributed to the
mutation inAPT1 Secondlysince APT1 is involved in purine metabolism, it might also
affect plant growth and development through other plant hormone signaling pathways
such as cytokinin, ethylene, ABA and GA. Thirdly, there might be multiple splice
variants produced b&PT1in Arabidopsis. To address these hypotheses, specific aims of
this work were to study the auxin signaling cascagedit1 including the degradation of
Aux/IAA protein and the transcription levels of auxin inducible genes, to unravel the

expression levels of ggkinin signaling components and cytokinin inducible genes, to


http://www.arabidopsis.org/servlets/TairObject?type=gene&id=29455
http://www.arabidopsis.org/servlets/TairObject?type=gene&id=29455
http://www.arabidopsis.org/servlets/TairObject?type=gene&id=29455
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characterize other major plant hormone related phenotygesi, and also to

understand the expression and-sebular localization patterns of APT1 in Arabidopsis.



CHAPTER Il

MATERIALS AN D METHODS

Plant materials and growth conditions

All theexperimentslescribed here were done ushgbidopsis thalianéL.)
Heynh. Var.Columbia(Col-0) obtained from the Arabidopsis Biological Resource
Center, Ohio State University. Seeds were surface sterilized with 40% bleach with 0.1%
TritonX-100 and rinsed with sterile distilled water thoroughly. Seeds were plated on
eitherArabidopsis thaliaamedium with 1% sucrose (ATS), pH 5.6 (Lincoln et al., 1990),
or where specified on 0.5X Murashige and Skoog medium (MS; Murashige and Skoog,
1962; Sigma) with 1% sucrose, pH 5.6. The plates were incubaté@ fir24 hours
and then transferred to a grthh chamber at 2C under continuous illumination with
Sylvania cool white fluorescent bulbs (Dharmasiri et24103). All experiments on
sterile medium were performed in the same growth chamber. Further cultivation for

mature plants was carried out iplant room at 2% under continuous illumination.

Morphometric Characterization
The mutant and wild type plants were grown under similar growth condéasns
indicatedand phenotypical defects related to theatioh wereanalyzd by

morphological comparison between mutant and the wild typeCol
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Physiological Characterization

Primary root elongation in response to plant hormones

For root growth assays, surface sterilized seeds from wild type or mutant were
stratified at 4° C for 24 hours before transferred into the growth chambéCat Paur
day-old seedlings grown on vertically oriented ATS plates were then transferred onto
solid ATS medium with or without auxin (50 rD0 nM IAA, 75 nM 2,4D, 10 uM
picloram, 5 uM20 pM IBA, 50 nM NAA) and incubated for additional four days before
measuring the primary root length. Primary root growth responses to other major
hormonesABA (5 pM-20 pM), cytokinin (10 uM kinetin, 5 uMLO uM zeatin) or
ethylene precursor-aminocylopropane carboxylic aeAiCC (1 uM-10 uM) were tested
at range of concentrations as indicated in the results section. Root length was measured

for the calculation of percentage inhibition as described.

Secondary root initiation

Seeds were growon ATS medium for four days and transferred onto ATS
medium with or without different auxins (20 r86 nM I1AA, 25 nM-100 nM NAA) as
described in each experiment and allowed to grow for another four days in vertically
oriented plates under continuous whight. The total number of lateral roots and
adventitious roots per seedling was counted using a stereomicroscope (Nikon SMZ1500).
For lateral root number, ten to fifteen seedlings were analyzed for each genotype.
Adventitious root formation was calculdtas the percentage of seedlings with more than

one adventitious root.
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Induction of root hairs

To examine the induction of root hairs by 20 nM IAA or 10 uM ACC, {day
old vertically grown seedlings were transferred onto solid media with or withoubtAA
ACC. After four days, number of root hairs (from root tip to 5 mm above it) was counted

on a minimum of 10 seedlings per treatment.

Phenotype of darkgrown seedlings

To monitor the involvement d?IC7 gene in the triple response induced byACC,
sterilized seeds of mutant and wild type were plated directly onto the solid media
containing 10 uM ACC or 50 uM AgNg&Xinhibitor of ethylene signaling) and kept at
4°C for 48 hours before transferred to 21°Ce Pletri dishes were covered with
aluminum foil for completely dark growth condition. Apical hook formation, hypocotyl
inhibition and radial swelling were examined after 72 hours incubation.

De-etiolation response to cytokinin was performed similarlyifddresponse
assays. Seeds were grown in the dark for four days vertically on ATS media with 10 uM
kinetin and the length of hypocotyls was measured for the calculation of percentage

inhibition as described.

Hypocotyl Elongation under high temperature orGA

To test the effect gbic7-1 mutation on the higlemperature induced hypocotyl
elongation, wild type and mutant seeds were planted and grown vertically on ATS at
21°C or 29°C under continuous illumination. Ten or more-dayeold seedlings were

usedfor hypocotyl length measurement for each treatment. For GA induced hypocotyl
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elongation, muant and wild type seeds were plated directly onto solid ATS medium with
or without 1 pM GA, and kept vertically under continuous illumination at 21°C for seven

days before imaging and measurement.

Germination assays

Surface sterilized seeds were plated on ATS media containing 0.5 pM ABA, 360
mM mannitol, 160 mM NacCl, 50 uM GA or 0.1 mM 2dsaminopurine (DAP)
respectively. Plates were stratified at 4°C fohd8rs and transferred into the growth
chamber at 21°C with continuous illumination. Duringseven days period, number of
seeds with protruded radical or green cotyledons and the number of total seedlings were

counted, and percentage germination andgreage green cotyledons were calculated.

Anthocyanin extraction and determination

Cytokinin induced anthocyanin formation was performed by transferring four
day-old light grown seedlings onto ATS medium with or without 10 uM kinetin for
another eight dasyunder continuous illumination at 21°C. Around 50 mg of shoot tissue
were collected from mutant and wild type seedlings for different treatment. The tissue
ground in liquid nitrogen was extracted in 1% HCI in methanol (v/v) at 4°C overnight
with gentle shking. After extraction, half volume of distilled water and one volume of
chloroform were added into the extraction solution, vortexed and centrifuged at 3,000
rpm for 2 minutes. The upper aqueous phase was used for spectrophotometric
quantification at 53@m. The relative anthocyanin contents were expressed as A530 g

FW (Bieza and Lois, 2001).
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Pollen analysis

To study the pollen viability, several experiments were carried out as follows. For
pollen number, 5 anthers were collected separately froa® @abpic7-1 plants. They
were stained with neutral red for visualization. Pollen grains were taken out bingrush
the anthers and counted under the light microscope (Olyrpdg).

For pollen staining assays, pollen grains were collected from minimum of 10 open
flowers placed in 8% w/v sucrose solution and briefly vortexed to release pollen. After
removing flowes, pollens were pelleted by brief centrifugation and the supernatant was
discarded. Pollen grains were then resuspend in either 0.02% neutral red or Alexander
staining (composition) for 5 minutes and observed under the microscope (Oliympus
BH2).

Forin vitro pollen germination assay, flowers were directly dipped on the pollen
germination medium for 16 hours, which contains 18% Sucrose, 0.01% boric acid, 1 mM
MgSOy, 1 mM CaCy, 1 mM Ca(NQ),, and 0.5% agar (pH 7) for 16 hours. The
germinated pollens wermunted under the microscope. Pollen grains were counted at
least 4 different fields to obtain the mean value.

To prepare the pollen for SEM imaging, pollen grains collected from open
flowers were fixed in a 2.5% (w/v) glutaraldehyde in 0.PBIS(137 mMNacCl, 2.7 mM
KCI, 4.3 mM NaHPQO,, 1.47 mM KHPO,, pH7.4) for 24 hours at room temperature.

Then the pollen grains were washed with 4% glucose in 0.1 M PBS for 15 minutes,
dehydrated through an ascending series of ethanbl (®96 ethanol), and an ascending

series of acetone: ethanol (3W0% acetone). Then pollen grains were mounted on a stub
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with double side tape, sputter coated with gold, and observed and photographed with the

FEI Helios 400 Dual Bearscanning electron microscope.

Molecular and GeneticCharacterization
Analysis of the effect of mutation on auxin regulated Aux/IAA degradation
Previous studies have usd&::AXR3NTGUSreporter system to study the
stability of Aux/IAA17 protein in mutant backgrounds (Gray et al., 2001). To test
whether thalegradation of Aux/IAA proteins in th@c7-1 mutant background was
affected, mutanpic7-1 was crossed tBlS::AXR3NTGUStransgenic line. The F1 plants
were selpollinated to obtain the F2 and subsequently homozygous F3 generation (done
by Dr. Sunethr®harmasiri). Fowday-old pic7-1 seedlings containing tHeéS::AXR3NT
GUSconstruct in the mutant background were given a heat shock of 37°C in liquid ATS
for 2 hours and transferred to ATS at room temperature with gentle agitation. Seedlings
were then staied for GUS activity after incubating for 0 mininute, 60 minutes and 90
minutes at room temperature. The histochemical or quantitative results obtained from
pic7-1 were compared with Cd to determine the effect pfc7-1 mutation on the

stability of AuxAAA proteins.

Histochemical staining

To visualize the recombinant protein with GUS reporter, a histochemical staining
procedure was performed based on Jefferson et al. (1987). Collected seedlings with GUS
reporter genes were first washed with distilleatev and fixed using GUS fixer (0.3 M

mannitol, 10 mM 4morpholineethanesulfonic acid (MES), 0.3% formaldehyde) for 40
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minutes with gentle shaking, followed by three washes of five minutes each with 1 ml of
100 mM phosphate buffer (pH 7.0). Fixed seegflivere then incubated in GUS staining
buffer (0.1 M 5bromo4-chloro-3-indolyl-betaD-glucuronide cyclohexylammonium,

100 mM phosphate buffer, pH 7.0, 10 mM EDTA, 0.1% Trited00, 1 mM potassium
ferricyanide, 1 mM potassium ferrocyanide) at 37 °C watibr developed after vacuum

infiltration.

Qu ant i tglutuionidase bBssay

For ¢ u a rgtucutoradise assayshroots of seedlings were frozen in liquid
nitrogen immediately after collection. After quick grind, tissues were homogenized in
GUS extaction buffer (100 mM phosphate buffer, pH 7.0, EDTA, 0.1% sodium lauryl
sar c os i n-mercado@thandl). Afier centrifugation at 10,000 x g for 10 minutes,
supernatant was collected. The total protein in the extract was estimated by Bradford
method Bradford, 1976). Equal amounts of total protein from each treatment were
incubated for 1 hour in the assay buffer containirgethylumbelliferytb-D-
glucuronide hydrate (MUG) dissolved in the extraction buffer. The reactions were
stopped by adding 0.2 Bbdium carbonate and quantified using a luminometer at 460
nm for fluorescence signals (Turner, Sunnyvale, CA, Model nu9d@®002). All the

experiments were carried out in triplicate.

Analysis of auxin induced gene expression using DR5::GFP reportsystem
The expression of GFP (green florescence protein) ub@&mvhich is a

synthetic auxin responsive promoter was used to demonstrate auxin dependent gene
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expression. The mutant plants were crossed inteD@bhnts that contain tHeR5::GFP

reporter g@ne construct. The resulting F1 generation waspslihated to obtain the F2

and F3 generation (done by Dr. Sunethra Dharmasiri). Plants from the F4 generation that
is homozygous for both the mutation and the reporter gene construct were treated with 85
nM 2,4-D or 10uM picloram and observed under an epifluorescence microscope. The
expression of GFP in the wild type was compared to that of the mutants to determine if

the mutation causes a difference in GFP gene expression.

Analysis of cell divisionactivity using CyclinB::GUS reporter system

The expression of GUS reporter gene under the promoter of a cell division marker
CyclinBwas used to demonstrate cell division acvititpici/-1. The mutant plants were
crossed into Ceb plants that contain th@yclinB::GUSreporter gene construct. The
resulting F1 generation was selbllinated to obtain the F2 and F3 generation. Plants
from the F4 generation that is homozygous for both the mutation and the reporter gene
construct were grown &1°C under contiuous illumination for seven days and stained
as described. The expression pattern of GUS in the wild type was compared to that of the

mutants to determine if the mutation causes a difference in cell division.

Expression of APT1::APT1-GUS and APT1::APT1-GFP in plants
Function of a protein is closely related to its expression andelbar
localization pattern. To study the expression pattern of APT1, coding regionAPTHe
gene along with 56 | eading sequenamavild( 2000Db

type Cot0 using Phusion DNA polymerase (NEB) using primers:
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PIC7-promSalliF (-CABOGTCGACTTAATAGGTAGATCTTGATGTATATG3 0 )
PIC7.3Xbal-R (TEDAGATTCTTGTTTAGCAGCCGAG3 0 ) . The PCR ampl
DNA fragment was cloned into the EcoRYV site of pBlugadt SK (Stratagene) and

sequenced to verify the fidelitf sequence. ThAPT1DNA fragment was releasedwith

Sall and Xbal and cloned into the same sites in pBI&OUE or pBI101GFP to generate
APT1::APT1GUSandAPT1::APT1GFPrecombinant plasmids. These constructs were
shuttled intoAgrobacterium tumefaciersérain GV3101 and then were transformed into

wild type Cot0 andpic7-1. Further screening was carried out for homozygous lines from

T3 generation.

Characterization of gatial and temporal expression pattern of APT1 gene

Wild type seedlings carryingPT1::APT2GUSwere used to examine the
expression pattern ¢fIC7 (APT1)gene. HomozygoulPT1::APTXGUS seedlings that
were grown for five, seven, twelve days were colléeted stained with GUS staining
buffer as described. To study the stddlular localization of APT1, wild type seedlings
carryingAPT1::APTXGFP construct were examined at scéllular level using Olympus
FV1000 confocal microscopy.

To test the podisle effect of auxin and cytokinin on expressiorAdfT1gene,
four-day-old seedlings carrying th&PT1::APT1GUS were transferred to ATS liquid
media containing 20 uM 2;B, 20 uM 1AA, 20 pM kinetin or 20 uM zeatin. Seedlings
were incubated for 2 or 6 bics following treatment under continuous illumination with

gentle agitation. All the treatments were carried out in 6 well microtiter plates.
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Protein expression, extraction and purification from E.coli

According to Arabidopsis thaliana resource certitp(//www.arabidopsis.ory/
annotationsAPT1may produces 3 splice variants possibly encoding 3 different proteins.
To construct splice variants expression plasmid, two of tA8fl.1andAPT1.2 were
amplified sing cDNA prepared from wild type GOl . Primers used are
PIC7.:pGEX-BamHIF {AB@ATCTCTCGGATCCAAGACAATGC-306) ,
PIC7.2SallR (TF@ICGTCGACTTTCTTGTTAAGCAGE3 0 )
and PIC7.20GEX-BamHIF {A&GTGGATCCAGTGAAATGGCGACTG3 6 ) .
Both cDNAs were cloned intthe EcoRV site of pBluescript Il SK (Stratagene) vector
and sequenced to verify the fidelity. Each cDNA was then cloned intatimel|-Sal
site of pGEX4T-3 vector and transformed inka coli (BL21) with CaC} method
(Bergmanst al.,1981).

To generate constructs expressing mutant splice variants, plasmids from pGEX
4T-3-APT1.1/pGEXAT-3-APT1.2 were used for the sithrected mutagenesis
(Stratagene) with sequence specific primers, FBOM-F  {GFG@GGATTCTCGCTG
CTGCAATCCGAG3 daind PIC?SDM-R ( 5SGTCGGATTGCAGCAGCGAGAATCC
CAC-30) and transformed into BL21.

To purify GSTFAPT1.1, GSTAPT1.2, GSTAPTL1.1, GSTAPT1.2
recombinant proteing. coli (BL21) carrying the respective recombinant plasmids were
grown overnight and 0.5 ml of overnight culture was inoculated into 30 ml liquid LB
containing carbenicillin (100 e€g/ml). Afte
thiogalactoside (IPTG) (Sigma Aldhdnc. MO) was added to induce recombinant

protein expression at 30°C for another 4 hours. Bacterial cells were pelleted at 9000 x g


http://www.arabidopsis.org/
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for 10 minutes at 4°C (Eppendorf Centrifuge 5810R), resuspended in 7 ml of phosphate
buffered saline (PBS, pH = 8.0) anchgmated (Branson Sonifier 250). The extract was
incubated for 10 minutes with 1 mM phenylmethanesulfonyl fluoride (PMSF) (Sigma
Aldrich Inc. MO) and 0.1%TweeB0 (Sigma Aldrich Inc. MO). After centrifugation at

10,000 x g for 10 minutes (Eppendorf Cenig#b810R), cell debris was removed and
glutathioneagarose beads (GST beads) (Sigma Aldrich Inc. MO) that were previously
hydrated in PBS were added to the supernatant. The mixture was incubdid at 4
overnight with gentle agitation. Beads were recovéredentrifugation and washed three
times each for 10 minutes with 10 ml of PBS containing 0.5% Tx28efVashed beads
wereresuspended in 150¢l of PBS and 10ul of

of the expression using SEFFAGE protein electrophiesis.

Expression of 35S::APT1.iMyc and 35S::APT1.2Myc in plants

To study the physiological role 8fPT1.1andAPT1.2 bothwere amplified using
cDNA prepared from wild type Cd). Primers used are
PIC7.:mycBamHFF  (TBEGATCCCTCAGTCCAAAGACAATGG3 6 )
PIC7.2myc-SallR (TE@AGTGTCGACTAAAGCAGCCGAC36), and
PIC7.2BamHIF {GF@GGATCCGTGAAATGGCGACTG3 06 )
Both cDNAs were cloned into the Bami8hll sites of modified pBluescript vector
containing My tag and sequenced to verify the fidelity. A&T1.1or APT1.2DNA
fragment was released with BamHI and Kpnl and cloned into the same sites in pROKII
vector to produc85S::APT1.iMyc, 35S::APT1.2Mlyc constructs.These constructs

were shuttled inté\grobacterium tumefacierngrain GV3101 and then were transformed



30

into wild type Col0 andpic7-1. Further screening was carried out for homozygous lines
from T3 generation. Defect in male sterility observed pittY-1 was assessed with

plants overexpressin@5S::APT1.iMycand35S::APT1.2Myc.

Western blotting for Myc or GFP tagged proteins

Total protein of leaves from independent lines of T1 plants carB6&g:APT1.1
Mycand35S::APT1.2Myctransgenes wild type was extracted using EZ buffers
(Appendix Il1). Protein samples were separated using 12.5% polyacrylamide gel and
transferred to a polyvinylidene difluoride (PVDF) (Pall Corporation, FL) membrane.
Western blotting was carried out using aviffc (Covance, 1:10,000) as the primary
antibody and antmouse IgG (Invitrogen, 1:10,000) as the secondary antibody. For GFP
western blotting, arGFP primary antibody (Invitrogen, 1:2000) and aabbit IgG
(Sigma, 1;2000) secondary antibody were used.

After the transfer, the membrane was blocked with 5%fabmilk in Tris
buffered saline containing 0.1% Tween 20 (TBST) for one hour on a slowly moving
shaker, and then washed three times with TBST. After one hour incubation with primary
antibody solutionthe membrane was washed three times with TBST (each 5 minutes).
The blot was then incubated with secondary antibody solution for one hour and washed 4
times with TBST (1st wash for 15 minutes, three washes each 5 minutes). The Myc blot
was developed usinPIERCE ECL western blotting substrate and exposedray Xiim
according to manufacturerds instructions.
ECL Plus western blotting substrate and exposedtayXilm according to

manufacturerods instructions.
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RNA isolation and Quantitative Real Time PCR (qRFPCR)

Sevenday-old pic7-1 and Col0 seedlings were treated with liquid ATS
suppl ement e d-Dvor6thbur & roenNem@erature on a shaker with gentle
agitation. Then the shoot and root tissues were separately collected for each treatment and
frozen in liquid nitrogen. Total RNA was extracted from shoot or root by using
TriReagent (Sigma, St.Lasii, MO) according to manufacture
isolated total RNA was treated with RN&see DNasel to remove any DNA
contamination. Complementary DNA was synthesized from total RNA wAM LY
reverse transcriptase (Invitrogen, Carlsbad, CA) if gl2otal volume following the
manufacturer 6s i-RGRtreadlian tontains 25 pl r&éeationtmixoid T
including 5pl of 1:100 dilution of cDNA (8ng of RNA equivalent), 12.5 pl of SYBR
GreenER_ gPCR SuperMix Universal (Thermo Scientific), 2f 1iCouM
forward/reverse primers and 5.5 pl water.

To study the effect ghic7-1 mutation on auxin inducible gene expression,
induction ofGH3.3, GH3.5, SAUR1§enes were studied in response te2 #eatment
using gRFPCR. As the key components in cytokinin signaling pathways, the expression
of ARR1, ARR1GNJARR12gene were compared jpic7-1 to the wild type. Transcript
levels of CYP79B2, CYP79B&1dNIT3in mutant were also examined as cytofi
regulated auxin synthetic genes. As a control, a housekeeping gene, ubiquitin associate
protein UBA gene, was also amplified from all the samples. Primers used for each gene

are given below:
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(* denotes the primers made by Thilanka Jayaweera)
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Primer Name Primer Sequence Primer Melting
(56 to 308) Length Temprature
(base pairs) | (°C)
1 qGH33-F TGGGACATCAGCTGGTGAAAGG 22 62.9
2 gGH33-R TGTCTAATCCGGGCACGTAGAG 22 61.9
3 qGH35-F CCATCTCTGAGTTCCTCACAAGC 23 61.3
4 gGH35-R TCCTCTTCGATTGTTGGCATTAGC 24 61.8
5 gSAUR19F GAAGAGATATTTGGTGCCGCTCTC 24 61.9
6 gSAUR19R ACTGAGCAGAGCTTGAAATGACG 23 61.8
7 JARRI-F AGACCGTCGTCGAGATGTTTCC 22 62.7
8 JARRI-R GCTCTGTTGCATTTCGTTACTTCG 24 61.5
9 gARR1GF TGATGGCTTCTGATGCTGGTTCC 23 63.4
10 gARR10R TCAGATTGGCTCTGTTCCTGTGTC 24 63
11 | gARR12F CAACTCCACGATGAAGCAGGAAC 23 62.3
12 | gARR12R ACCCTCCATATCCCAAATCTCCTC 24 61.6
13 | qCYP79B2F TCAAACCCACCATTAAGGAGCTTG 24 61.7
14 | qCYP79B2R TTCCACGGCGTTTGATGGATTG 22 62.4
15 | qCYP79B3F ACCGGAAAGAGAGGATGTGCTG 22 62.7
16 | qCYP79B3R CGCTAGCATCATGGTCGTTATCGC 24 64.5
17 gNIT3-F CAGGTTATTGGCGTTGACCCATC 23 62.4
18 gNIT3-R AACTTCTCCGCCTTGTCTAAAGTG 24 61.4
19* | UBA-F AGTGGAGAGGCTGCAGAAGA 20 58.1
20* | UBA-R CTCGGGTAGCACGAGCTTTA 20 56.7
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The PCR program consisted 55°C for 10 minutes, 95°C for 2 minutes, 40cycles of
95°C for 15 seconds and 60°C for 1 minute. Before the tsatgal cDNA dilutions were
used to examine the amplification efficiency of each primer pair for correcting the cycle
threshold value. Relative expression levels were calculated using the comparative C
method (User Bulletin 2, ABI Prism 7700 Sequence Eiga System). 2% values of

control samples were normalized to 1.

Length measurements and calibration

Root and hypocotyl growth were measured using a standard 1 mm scaled ruler.
For small seedlings or seeds, digital pictures were taken and analyzed with NIH ImageJ
software for the relative length. Length of root cells was analyzed using Olympus
Fluoview sdtware.
For calculating the percentage inhibition in root growth assay or hypocotyl inhibition
assay, means of root or hypocotyl length for different treatments were calculated after the
measurement. Percentage inhibition was calculated using followiragieq;
% inhibition = [ X) / & * 100%
Standard error of percentage inhibition was calculated using following equation:

X SR S
sl S SP
Y nxX nyY

(X: average of inihibited valueedaverage of uninhibited values: mumber of
inhibited valuesny: number of uninhibited values. SB3tandard deviation of inhibited

values. S[p standard deviation einhibited values. )
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Microscopy

For imaging roots carryinBR5::GFPandAPT1::APT1GFP, Olympus FV1000
confocal microscope was used and images aeatyzed using Olympus Fluoview
software (Olympus, Melville, NY). The objectives used were PlanApo 60x oil (NA= 1.4),
UPlanApo 40x oil (NA= 1), and XLUMPIlanF1 20x water (NA = 0.95). Gain and
dynamic range settings were calibrated on control GFP expressitsgand then kept
unchanged for recording of images of the mutant roots with various treatments. For
imaging GUS stained seedlings, Nikon SMZ1500 stereo microscope (Nikon, Melville,
NY) and Olympus BHZRFCA compound microscope were used.

For imaging theoots from independent lines pic7-1 carryingAPT1::APT:
GFPin response to root growth inhibition by picloram and ze&@igmpus BH2RFCA

compound microscope was used.

Statistical analysis
To perform the twdactor analysis of variance (ANOVA), the data were checked
for the assumptions of normality and homos
identify the statistically significant difference between means. All analyses were
performed using software Rt{p://www.r-project.org) . I n addi ttesowas St ud:

also used when necessary using JMP9.



CHAPTER IlI

RESULTS

Morphometric characterization

According to the morphological comparisopi,7-1 plants showddefects in growth
and developmentMature mutant plantsveresignificantly taller compared to wild type
plants(Figure 4,b) However, pots of thepic7-1 seedlingsveresignificanty shorter
thanthewild type (Figure4c,d), and correspondinglyne measrements of mature
cortical cell length showed thpic7-1 had significantly shorter cells compared to the
wild type (Figure4e) that might contribute to the shorter root phenotypeddition
pic7-1 plants hd small siliques and produda few numbers of seeds pg#ant(Figure
5a,b) By close observations of the floral organs, it was obviouspib@tl producel less
number of pollergrains ompaed to wild type Caob (Figure6a). After the neutral red
staining, wild type pollen had nummais uniform shaped small vacuoles stained as red,
while pic7-1 contained many dead pollen grains which were not stained. Although a
smaller number gbic7-1 pollen grains were stained, they still displayed defective
vacuole phenotypes such as fewer largeuoles with irregular shape and size (Figure
6b,c). Thescanningelectron microscopy alseveaédthe ceformedpollengrainsin

pic7-1 (Figure6b,c). According to Alexander stainingic7-1 had less number of viable

35



pollengrains which were stained as purfffégure6d,e) Pollen germination assays

confirmedthe sterility of pic7-1 pollen(Figure7a,b)
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(Figure 4continued)
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Figure 4. Shoot and root growth@t7-1. (a,b)pic7-1 plants grow taller than the wild

type. When plants were grown under similar growth condimais1 plants had a taller

stature compared to the wild tyg&lants were grown under continuous light for sixty
daysat25°CMeans with different | etters fAa, bo i
difference (P < 0.05), studentdst (c,d) Roots opic7-1 seedlings are shorter compared

to the wild type when growan ATS media. Seedlings were grown under continuous
illumination at 21°C for eight days prior to the root measurembtgans with different

|l etters fia, bo indicate statisttesc(@! | y si gn
Length of the matureattical cells of the primary root are shorter compared to the wild

type. Seedlings were grown under continuous illumination at 21°C for eight days, roots

were imaged using FV1000 confocal microscope under differential interference contrast

(DIC) objectivelens and mature cortical cell length was measured using Olympus
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fluoview softwareMe ans wi th different l etters fa, b ¢

difference (P < 0.05), studentdst Error bars represent standard deviations of the means.
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Figure 5. Sterility opic7-1. (a)pic7-1 produces shorter siliqued/hen plants were

grown under similar growth conditiongsic7 mutant plants produced siliques that were

shorter in length compared to that of @olPlants were grown under 24 hours light

conditions for sixty days at 25°C. (bic7-1 produces significantly less number of seeds.

Seeds were collected from 10 matureeseedic7-1 and wild type Col plants. Seeds

were weighed and compared the weight of 10 seeds to calculate the total seeds number.
(done by Dr. Sunethra Dharmasije ans wi th different | etters
statistically significant difference (P <0®), student-test Error bars represent standard

deviations of the means.
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(Figure 6continued)
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(Figure 6continued)

(€)

Col-0 pic7-1

Figure 6. Male sterility opic7-1. (a)pic7-1 produces less number of pollen grains

compared to wild type. 5 Anthers were collected separately frord @obipic7-1 plants.

After stained with neutral red, pollen grains were taken out by crushing the anthers and

then counted under the light microscoplee ans wi t h di fferent | ett e
statistically significant difference (P < 0.05), studetgdt.(b,c) Pollen grains opic7-1

are deformed. Pollen grains were photographed (b) at 40X magnification using Olympus

BH2 light microscope after neutral red staining or (c) using SE& Helios 400 Dual

Beamn). (d,e)pic7-1 has less viable pollen graifdeans withd i f f er ent | etter s
indicate statistically significant difference (P < 0.05), studdest.Pollen grains were

stained with Alexander stain and photographed at 10X magnification using Olympus

BH2 light microscope. Viable pollen grains were stainexple in color while sterile

ones were stained green in colérror bars represent standard deviations of the means.
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Figure 7.pic7-1 has less fertile pollen grains. (a) Pollen grains were germinated on pollen
germination media for 16 hours and imaged using Olympus BH2 microscope (40X). (b)

Germinated pollen grains were counted under the microspapel has significantly
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less alive pllen grains than wild type Cl.Means wi t h di fferent
statistically significant difference (P < 0.05), studetast Pollen grains were counted at
least 4 different fields to obtain the me&nror bars represent standard dawias of the

means.

Auxin responses were defective ipic7-1

Primary root growth is inhibited by high concentrations of aukeysger et al.,
1996). Root growth assays donema/-1 revealed that the mutant was highly resistant
to natural as well as synthetic auxins. Wipile7-1 was highly resistant to synthetic auxin
2,4-D andpicloram (Figure 8a), its resistance to natural auxin IAA and IBA was
moderate (Figure 8b,c). It also shalwesistance to another synthetic auxin NAA, which
does not need a carrier protein to get into the cell (Figure 8d) suggestipgthht

mutation is involved mainly in auxin signaling rather than auxin transport.
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(Figure8-continued)
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Figure 8. Primary root growtbf pic7-1 is resistant to natural and synthetic auxins. Four

day-old seedlings ofpic7-1 and wild type (Ccel) grown on ATS medium were

transferred onto ATS meda containing varying concentrations of @&),Z&loram, (b)

IAA, (c) IBA and (d) NAA. Length of the primary root was measured following four

days of incubation vertically in a gidh chamber under continuous illumination at 21°C.

(a) With 2,4D treatmenta twoway ANOVA indicated interaction between genotype

and treatment (F=295.05; df=1, 32; P<0.001). With picloram treatment, Avayo

ANOVA indicated interaction between genotyged treatment (F=93.68; df=1, 32;
P<0.001) . Means with different |l etters da,
di fference (P<O0. 05)way ANO¥KAendibated inteSdotion ( b) A t w
between genotype and treatment (F=86.60; df=1, 48; P<0.R@hns with different

|l etters fia, b, c¢c0 indicate statistically s
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two-way ANOVA indicated interaction between genotype and treatment (F=26.679; df=1,

90; P<0.001) . Means wiet,h fdi fifnedri ecratt el estttaeriss
di fference (P<O0. 05 )way ANOKAendiGated inteSdotion ( d) A t w
between genotype and treatment (F=6.195; df=2, 54; P<0.005). Means with different

|l etters dna, bo indicamneest #<iOstOiBgal Mukeiydrs

bars represent standard errors of the means.

Auxin-Dependent Gene Transcription inpic7-1 background

Auxin-dependent gene transcription was examined usingRte:GFPreporter
gene system, which contains a synthetic promidR5that is induced in the presence of
auxin. In Arabidopsis wild type seedlind3R5::GFPis highly induced in the quiescent
center and columella where auxin is naturally highly present. F3 sgetiiimmozygous
for pic7-1 andDR5::GFP were treated with auxins such as picloram of2,4Vhile
pic7-1 exhibited no significant difference on GFP level under control condition compared
to the wild type, GFP expression induction by synthetic auxin treatwezetiower in
pic7-1 background compared to that in the wild type-Gdlackground. These results

indicate that auxkuependent gene transcription is impaireg@icv-1 (Figure 9).
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Control 85nM 2,4D 10uM picloram

Figure 9. Induce®R5::GFPexpression ipic7-1. Fourday-old light grown wild type

Col-0 or homozygougpic7-1 seedlings carrying auxin inducible reporter gBfiRb::GFP

were used. Seedlings were treated with mock (ethanol/DMSO), 85Dl 24 r 10 & M
picloram for 12 hours on solid agar plates and imaggiag Olympus FV1000 confocal

microscope.

Stability of the AXR3-GUS Recombinant Protein inpic7-1 Background

Aux/IAA proteins have a very short life span and are rapidly degraded in the
presence of auxin (Worlest al.,2000; Zenseet al.,2003). In most of the currently
known auxin response mutants, the stability of the Aux/IAA repressor proteins are
enhanced. The stability of Aux/IAA proteinspic7-1 background was studied using the

HS::AXR3NTGUSIine (Gray et al., 2001). Seedlings that are homozygous forpoth
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1 andHS:AXR3NTGUSwere selected and used for the experiment. Compared to wild
type, the recombinant protein was present less abundant in the shoot (Figure 10a,b) but
more in the roobf pic7-1 background (Figure 10c,d) at 0 minute after 2 hours heat shock
induction ofHS::AXR3NTGUSgene. This indicates that AXR3US protein was rapidly
degraded in the shoots but stabilized in the roots of the mutant background. However, the
rate of dgradation of AXR3GUS in the root opic7-1 was probably faster than that of

the wild type after 60 and 90 minutes incubation at room temperature, especially in the

mature region of the root.
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(Figure 10continued)
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Figure 10. Degradation of AXR3NGUS inpic7-1. Fourday-old light grown wild type

Col-0 andpic7-1 seedlings carryingiS::AXR3NTGUSwere heat shocked for 2 hours

and transferred to ATS at room temperature for further incubation. Seedlings were fixed

after indicated time intervals and stained for GUS activity to indicate the degradation of
AXT3NT-GUS in (a) shoot and (c) root. (b,d)rFquantitative GUS assay, total protein

was extracted from shoot and root separately at indicated time points and used in MUG

assay as described in methods.A two-way ANOVA indicated interaction between

genotype and treatment (F=26.99; df=1, 12; P<DP0. Means wi t h di ff er e
co indicate statistically signifimaant di ff
ANOVA indicated interaction between genotype and treatment (F=771.5; df=1, 12;
P<0.001) . Means withediffhereatel €t daeirst faal

di fference (P<0.05), Tukeyds HSD. Error ba
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Auxin induced gene expression ipic7-1
Aux/IAA, SAUR and GH@ene families are primary auxin responsive genes and
the expression of these genes is induced within short period of time following auxin
treatmenfCalderonVillalobos et al., 2010)To examine the effect gic7-1 mutation on
the transcription of primary auxin responsive genes, transcript levB&lWR19, GH3
andGH3-5 genes were analyzed using ¢RTR using totatal RNA isolated from either
shoots or roots of sevatay-old seedlings after 6 hours of 20 uM Ddtreatment.
SAUR1%xpression was differentially regulated in wild type pra¥-1(Figure
11a,b). Por to the auxin treatment, transcript levelsS&f{UR19wvere higher in both
shoot and root gbic7-1 than wild type Col0. But whenSAUR19wvas induced by 2:D
in wild type, it was dowsregulated by auxin ipic7-1 background. Similar tS8AUR19
GH3-3 andGH3-5 gene expression levels were highepic/-1 background originally
(Figure 11€f). Even though 2D treatment greatly upegulatedGH3-3 andGH3-5
expression levels both in wild type apid7-1 background, the fold of induction was less
in pic7-1 compared to that of the wild type. Despite quantitative differerindsiction
patterns ofGH3-3 andGH3-5 in wild type Col0 were similar to that ipic7-1

background in both shoot and root.
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(Figure 1%continued)
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Figure 11. Quantitative RIPCR analysis of primary auxin responsive genes. Total RNA

was extracted from shoots and roots separately using-seyeid wild type (Col0) and
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pic7-1 seedlings treated with 2[2 for 6 hours in liquid ATS medium. Expression levels

of SAUR19a:shoot,b:root)GH3-3 (c:shoot,d:root) an@GH3-5 (e:shoot,f:root) were
examined. Relative mRNA levels of individual genes were normalizAtUiBA

(AT1G048D) gene expression. Each data point indicates the mean value of 3 replicates.

Error bars indicate standard deviation from the mean.

pic7-1 shows defects in lateral root, adventitious root and root hair development

Lateral root development is found to mntrolled by auxin, for example, a well
organized auxin transport is the prerequisite for normal lateral root forn{Remdet al,
1998; Bhaleraet al, 2002)To test the effect of auxin on lateral root development in
pic7-1, four-day-old light grown seedlings were transferred onto ATS medium containing
elevated concentration of natural auxin IAA. Insupplemented medjac7-1 had
significantly more lateral roots compared to the wild type. IAA induced the number of
lateralroots in bothpic7-1 and Col0, but the degree of induction was obviously less in
pic7-1 compared to wild type (Figure 12a,b). Since the possibility that the less sensitivity
of pic7-1 to IAA was due to impaired uptake of IAA, a synthetic auxin NAA which
doesndt need (Yamamaokand Yamamgtg®e8ywasealso used to
induce lateral roots (Figure 12c). Similar to IAA, level of lateral roots induction by NAA
was still less irpic7-1 compared to the wild type GOl

The secondary roots derivewin the shoot are called adventitious roots.
Adventitious roots are rare and emerge occasionally in the shoot system of

dicotyledonous such as Arabidop&smontet al, 2007) Similar to lateral roots,ip7-1
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had more adventitious roots compared to wyjae when grown on usupplemented
media (Figure 12d,e).

As for optimizing the absorption surface area and anchorage of root, epidermal
originated root hair formation and development is yet another phenotype controlled by
auxin (Masucci et al., 1994)Therefore, the root hair development was examingitir:

1. The mutant produced strikingly less number of root hairs compared-@. Eolwever,
as low as 20 nM IAA treatment rescued the root hair deficienpic@l similar to the
wild type CotO unde control condition. Additionally, 20 nM IAA treatment induced

more root hair formation ipic7-1 than in the wild type Cel (Figure 12f,g).
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(Figure 12continued)
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(Figure 12continued)
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Figure 12 pic7-1 shows defects in lateral root, adventitious root and root hair
development. Fouday-old Col0 andpic7-1 seedlings were transferred onto indicated
concentrations of IAA or NAA media and grown for another four days prior to counting

the number of lateral roots root hairs. (a,b) IAA induces lateral root formatignwo-
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way ANOVA indicated interaction between genotype and treatment (F=3.763; df=1, 40;
P<0.05) . Means with different | etters ina,
(P<0.05), Tukey s HQG NAA induces lateral root formatioA.two-way ANOVA

comparing genotype and treatment revealed a significant main effect of genotype

(F=43.599; df=1, 36; P<0.001) but indicated no interaction between genotype and

treatment (F=1.974,ns.).Meand t h di fferent | etters da, b,
significant diff er efde)dncréaBed Bumilebof advertilokse y 6 s H
root inpic7-1. Seedlings were grown for eight days on ATS media prior to the counting.

Means with differentletes fia, bo i ndicate statistically
student ttest.(f,g) pic7-1 produces less number of root hairs but IAA treatment recovers

the defectA two-way ANOVA indicated interaction between genotype and treatment
(F=19.56; df=18; P<0.005).Means wi th different | etters 0
significant difference (P<0.05), Tukeyds H

from the means.

Cell division marker CyclinB::GUS activity was high in pic7-1

Since thepic7-1 has more lateral roots compared to the wild type, mitotic marker
CyclinB::GUSwhich has the peak GUS accumulation during the G2 phase in the cell
cycle(ColonCarmona et al., 199%as crossed intpic7-1 to study the cell division.
After seedlingshhomozygous for botpic7-1 andCyclinB::GUSwere stained for GUS
activity, it was apparent that numerous lateral roots with high GUS staining at the tip
were emerged and developed to some extgntifl while there were only a couple

lateral root primorth in wild type Col0. In addition, in wild type, GUS expression was
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restricted to lateral root initiation sites, lpit7-1 background had areas with high GUS
expression along the primary root including lateral root primordia (Figure 13a). In
Arabidopsisroot, daughter cells generated by stem cell undergo additional divisions in
the apical meristenScheres, 2007)'here were also mof@yclinB::GUSpositive cells
with higher GUS expression in the apical meristem optb@é 1 primary root compared

to the wid type (Figure 13b). These results suggest enhanced cell division activity in

pic7-1.
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(Figure 13continued)

(b)

Figure 13. Increase@yclinB::GUSactivity in pic7-1. (a)pic7-1 has GUS expression
along the primary root but in wild type GUS expression is restricted only to lateral root
primordia. (b)pic7-1 has very high GUS expression at the apical meristem area of the
primary root. Seedlings homozygous for bpitt7-1 andCyclinB::GUSwere grown on

ATS media foreight daysand stained for GUS activity.



