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Abstract

ARGONAUTE1(AGO10 regulates shootapical meristem (SAM) and gynoecium
development by controlling Class HOMEODOMAHEUCINEZIPPERHDZIP )
transcription factor expression. ThagolG"3 mutant failed to establish SAM, leaf
adaxial identity, and carpel margin meristen@&dMg. However,the factors that act
downstream ofAGO10and HD-ZIP lligenes to regulate development are not known.
This work hagdentified that the INDEHISCENT (IND)HW#ranscription factor functions
downstream of AGO10and HD-ZIP Il genes to ensure proper SAM and replum
development. IND overexpression causes SAM defects simagott“-* mutants,and
the ind mutation partially rescuesagol10 mutant phenotypes. INDbverexpression
negatively regulategssue bilaterasymmetry byrepressing polar auxin transport (PAT),
AGOl@ndprobablyCUCZExpression. However, HBDIP Il transcription factors PHB and
REYV indirectly repressiDand promoteCUCZExpressionAGO10 ad IND regulate each
other antagonistically AGO10 repression dND is essential for SAM and replum
development because overexpression of IND impassue bilateraymmetry.Thisis
the first study to demonstrate aole for IND in SAM development and that the main

function of AGO10 is to maintain prop¥tDexpression.
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CHAPTER Generallntroduction

INAaG2Gt S 02y aiRS NBE WiESca thodelupward8sTizF LIS NEIE | & W
or downwardsqua € I NIRKSIISY RAYy 3 2y (0 K GohahdeH 199DA T dzy Ol A 2
Embryologist Caspar Friedrich Wolff studied the development of these srgad

concludedthat all the aboveground plant organs are shoot apex derivati@silie,

1961) The shoot apex consists of an apical meristem and subjacent leaf primbheia.

shoot apical meristem (SAM)jaintains its basic structure from germination throughout

the life of the plant, which in some tree species dam hundreds of years. The

intermediate juvenile meristems undergoteansition from a vegetative phase to the

formation of the inflorescence and to flowering. Tggnoeciums derivedfrom carpels

that arise from the terminating floral meristem arfiaiit is formed from the gynoecium

after flowering.

Wolff observed the commonality of development between foliage leaves and floral
LISGF t a2 I A Rartssdidheél Baxic excépt the shoot and the roafcan be

attributed to the structure of the leaf; they NS Yy 2 G KAy 3 o6dzi Y2RAFAOINGA
(From the Doctoral Thesis 'Theoria generationis' of Caspar Friedrich Wolff, submitted in
1759 to the University of Halle, Germaiiulie, 1961)Interestingly, carpels are also
considered to be evolved from leavEScutt et al., 2006)Girinet al. stated thatdCarpels

are modified leaves, the gynoecium can thus be seen as two ietbdiéfaves (the
presumptive valves) fused to two modified meristems (the presumptivedepla)a I y & 2 T
the genes involved in fruit development also haveoke in SAM and leaf development

(Girin et al., 2009)Understanding how these genes function in the SAM &al

primordia can provide insight into their function in fruit developmenhhis introduction

will provide an overview of thesimilar elements of postembryortBAM and fruit

development and generate an integrated view of the topic.

1.1 Shoot apical meristem and leaf primordia

Arabidopsis thalian@s a good model system fanderstanding the mechanisms of the
complex processes of SAM and leaf developmen®rkbidopsisthe SAMdevelops
duringembryogenesibetween the two embryoniteavesor cotyledons. The SAM is a

domed triangle consisting of approximately 5€€lls,andis dividedinto three distinct
2



cell layers (L1, L2, and)L®arton, 2010; Dodsworth, 2009Fig 1.2). The L1 and L2
(tunica layers) grow as twdimensional sheets ofells by anticlinal cell divisionsl
(protoderm) gives rise to epidermal cells and L2 giigesto mesophyll cells. L3 (Corpus)
cells cardivide intoall planes to form theentraltissues of the leaf and stem. Cells from

all three meristem layers participate in leaf primordium formation. The SAMbean
dividedinto three functional zones: cerdl zone (CZ), peripheral zone (PZ) and rib zone
(RZ) (Fig 1.2). Approximately 35 stem cells reside in the CZ,isvmelimtainedy a low

cell division ratdDodsworth, 2009)The CZ generates cells for both PZ and RZ. The PZ is
responsible for the formation of lateral organ primorded.,leaves), whereas the RZ
maintains themajority of shoot (stem) growth. This process pushes the SAMangpw
and sustains theontinuousacropetal growth of the shoot, and produces intermittently
lateral appendages at precise phyllotactic locations. Maintenance of SAM and the
initiation of new leaveare regulatedby streams of signals such gtsytohormonesand

transcription factors from different directions.

1.1.1 Hormonal regulation

Plant hormones or phytohormones are also termed plant growth regulators. Plant
hormones are produced in multiple tissues and flow between organs via the vasculature.
They ato use special transporters and are involved in different developmental
processes, as well as in responses to external sig8al#ner et al., 2009; Wolters and
Jurgens, 2009)There are seven classical plant hormones namely auxin, cytokinin,
gibberellins, abscisic acid, ethylene, salicylic acid and jasmonic acid. Partiauianly
cytokinin, and gibberellins are involved in lateral organ initiation and patterning of the
SAM. Auxin, cytokinin and gibberellin signals can crosstalk and regulate different
transcription factors that can be either synergistic or antagonistic. These transcription
factors can regulate tissue polarity (e.g., leaf adaxial and abaxial polarity),csém
maintenance in the SAM, and proper organ separation (e.g., boundary formation by
separation of leaf primordia from SAM). Changes in auxin, cytokinin and gibberellin
biosynthesis or distribution can affect development and tissue patterning. In the nex
subsections, the major plant hormones auxin and cytokinin are briefly described, and

their roles in regulating SAM and leaf development are discussed.



Auxin Cytokinin
\ \
SCF-TIR1 AHK
AUX/IAA <— AHP |
\ 4
type-B
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C
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Figure 1.1 Key elements of auxin and cytokinin signal perceptielements of théA)auxin and
(B) cytokinin signalling are outlined above as discussed in the (€tAuxin and cytokinin
activity at the vegetative SAM showing auxin maxima at locations of primordia formation

(purple) and cytokinin maximum at the Qgug).



1.1.1.1 Auxins regulat&AM and leaf development

Auxin is a welstudied phytohormone Indole-3-acetic acid (IAA) is the predominant
auxin in plants. IAA biosynthesis occurs mostly through one tryptophan €Trp)
independent and four THolependent pathways named after the main inteediates:

the indole3-acetamide (IAM), indol8-acetaldoxime (IAOx), tryptamine (TAM), and
indole-3-pyruvic acid (IPA) pathway§he TAM and IPA pathwagse well studiedn
planta The TAAgene family encode Tryptophan AminotransferaseAofbidopsisl
(TAAL), a longredicted key enzyme in the IPA pathway, and its parald@RiéPTOPHAN
AMINOTRANSFERASE RELATAR) catalyzes the transamination of tryptophan to
form IPA.The IAA levels are reduced taa mutants, and this shows that the TAA
dependent IPApathway contributes to IAA productiofsparks et al., 2013; Stepanova
et al., 2008; Teale et al., 2006; Vanneste and Friml, 26G8yever, TAA1 and YUCCA
(YUC) proteins function in the same pathway for auxin biosyntt{8stpanova et al.,
2011) The flavin monooxygenadd&e enzymes of the YUC family catalyze the
conversion of the tryptophan to Nhydroxykryptamine, a precursor of indol8-
acetaldoxime that cabe subsequently usenh the biosynthesis of IAA. lrabidopsis

the YUC family has 11 members. Mutations in multigléCgenes impair local auxin
biosynthesis and accumulation, which results in severe developmental defects such as
production of curled leaves and infertile radialised fruits (pin shap@cheng et al.,
2006) The auxin synthesized by YUC proteins is necessary for floral, leaf, root apex and
shoot apex developmen{Cheng et al., 2006; Sparks et al., 2013; Teale et al., 2006;
Vanneste and Friml, 2009)

In plants, high auxin concentratioase requiredfor the initiation of a new organ (Fig
1.1C, 1.2 Auxin has two distinanajor modes of transport: one is for rapid, long
distance sourcéo-sink transport through the vascular cambium and vascular
parenchyma. The other, sherange transport occurs in a cétl-cell manneby means

of the polar distrbution of particularinflux and efflux carrier proteindhe AUXIN1/LIKE
AUX1 (AUX/LAX) family influx carrier proteins work to pump auxin into the cell, and the
PINFORMED (PIN), ABC TRANSPORTER B (ABCB}LaK&SRILS) efflux carrier
proteins transpot auxin from cells into the apoplasthe PINOID (PID) seritieeonine
protein kinase facilitates trafficking of the PIN to the plasma membrane and directly

controls PIN polarity via direct phosphorylation of the transpoffernml| et al., 2004,
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Sparks et al., 2013; Teale et al., 2006; Vanneste and Friml,. 20090 distribution is

the keyfor auxinmediated developmental process€karsson et la 2014; Qi et al.,
2014) Auxin accumulates locally within a single cell or a small group of cells generating
auxin maxima, and as a result auxin gradients form within tissues. AUX1 andrBIN1
expressedin the SAM, and PIN transportesse requiredfor the credion of auxin
maxima (Fig 1.A)Caggiano et al., 2017; Heisler et al., 20@8)yX1is also requiredor

the restriction of organ boundaries ardix1mutation resultsin the formationof fused
organs and interferes witlauxin uptake (Lincoln et al., 1990; Reinhardt et al., 2003)
There are eight PIN proteins iarabidopsis and loss of PIN1 function leads to a
characteristic pin ocup shapedeaf that is one ofhe hallmarks of defective auxin efflux
(Aida et al., 2002; Friml et al., 2003ir&tani et al., 2004; Liu et al., 1998)ultiple pin
mutants show defects in embryo developmentrganogenesis,and meristem
patterning (Friml et al., 2003; Liu et al., 1993; Vieten et al., 200%)\L regulates
patterning at the meristem through the control GURPSHAPED COTYLERCWBgene
expressior{Aida et al., 2002; Furutani et al., 2004; Sparks et al., 2013; Teale et al., 2006;
Vanneste and Friml, 2009; Vernoux et al., 20B0p control organ separation ardd
mutants also have p#ike inflorescences (Fig 1.@hristensen et al., 2000; Furutani et

al., 2004; Vernoux et al., 2010)

Although much less is known about the ways the IAA is catabolized, different studies
indicate that the oxidation of IAA into@indole3-acetic acid (oxIAA) )most common
mechanism to inactivate auxifstepanova and Alonso, 201&) Arabidopsis thaliana
DIOXYGENASE OF AUXIN OXIDATION (DAQO) enzymes catakidative reaction
(Zhang and Peer, 201Axidation of IAA reguate severaldevelopnental processes,
including root hair elongation, lateral root formation, rosette size, and fertility

(Stepanova and Alonso, 2016; Zhang and Peer, 2017)

The complex auxin responses are perceived by two groups of genes andpdtain
receptor complexAux/IAAgenes AUXIN RESPONSE FACTORg&#E)and the SCK!
complex(Sparks tal., 2013; Teale et al., 2006; Vanneste and Friml, 200@Aux/IAA
gene family consists of 29 membersAmbidopsigRouse et al., 1998Aux/IAAgenes
negatively regulate auxisignalling TypicallyAux/IAAgenes encode proteins with four

highly conserved domains and have inddsekn foundin the nucleus. Domain ik
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required for transcriptionalrepression,and Domain lldegron) is essential for auxin
stimulated Aux/IAA proteolysis. The other domains form heara heterodimers with
ARFs. The ARFs (23 memberArabidopsi} are a class of pht-specific transcription
factors, whichare grouped into three subsets and vary between 57 and 129 kDa in size.
Theamino acid sequence in a n@onserved centradlomainregiondetermines whether

a particular ARF can either activate or repress transongtJimasov et al., 1999Yhe
aminoterminal B3like DNAbinding domain ofARFsbind to the auxiaresponsive
element (ARE; TGTCTC), a consensus sequence fouraimatgrs of auxiAnducible

genes, in an auximdependent manne(Boer et al., 2014; Ulmasov et al., 1999; Ulmasov

et al., 1995) The carboxyterminal region of the Aux/IAA proteiniateract with ARFs,

and this interaction blocks ARBediated transcriptior(Sparks et al., 2013; Teale et al.,
2006; Vanneste and Friml, 2009jhe SCIR!complex consists of the E3 ubiquitin
protein ligase RINGBOX PROTEIN 1 (RBX1), S PHASE KINASE ASSOCIATED PROTI
(SKP1), CULLIN 1 (CUL1) armbx protein TIR1 (700 predicted-bbx genes in
Arabidopsi¥(Dharmasiri et al., 2005; Gray et al., 2001; Kepinski and Leyser, Z885)
domain Il degron of Aux/IAA interacts with TIR1, andixin enhances interaction
between Aux/IAA and TIR1. An increase in auxin levels recruits AukRRAnhibitors

to the SCHR! complex and directsAux/IAA proteins for degradation by the 26S
proteasome releasing the ARFs so that they can act as transonigactors (Fig 1.1A)
(Boer et al., 2014; Gray et al., 2001; Rouse et al., 1998Fs are highly involved in
regulating organogenesis during plant development. Transcription factors ARF3 and
ARF4 mediate the KANADI (KAN) pathway and establish leaf abaxial polarity, ARF7 and
ARF19 regulate leaf expansion and lateral root developniEahlgren et al., 2006;
Hunter et al., 2006; Kelley et al., 2012; Nemhauser et al., 2000; Sessions et al., 1997;
Sessions and Zambryski, 1995; Tsukaya, 2013; Vanneste and FrimlyEDRQPTEROS
(MP) induces expression dfEAFY(LFY)and AINTEGUMENTA (ANID regulate
organogenesidMP is only expressed at the meristem periph@figl.2),and mutation

in MPinduces @in-like phenotype(Aida et al., 2002; Bhatia et al., 2016; Vernoux et al.,
2010) Auxin has emerged as a crucial hormone in the shoot meristem, it is also
associatedvith anotheressentialK 2 NY 2y S aO8G21AYAYyE Ay {!a
(Su et al., 2011)



1.1.1.2 Cytokinins rgulate SAM and leaf development

The cytokinins are NSubstituted adeninebased molecules that affect many aspects of
plant growth and development, including germination, root and shoot meristem
function and leaf senescend&ieber and Schaller, 2014; Santner et al., 2009; Wolters
and Jurgens, 2009)he most abundant cytokinin #rabidopsiss transzeatin (Z). The
enzymeADENOSINE PHOSPHISITEPENTENYLTRANSFERRBECconverts AMBnd
dimethylallyl pyrophosphate DMAPP to the active cytokinin N6-6 k- H
Aa2LISyidSyet ol RSHixy-d 2 dantpriophdsphate TheAraBidosis
genome encodes nine IPT enzymes, designated as AtIPT1 to 9. The cytokinins have
isoprenoid sidechains, andnitial products areconverted to tZ by hydroxylation of the
isoprenoid side chain by a cytochrome P450 enzy@ytokininribotidesare converted

into activefree-base cytokinins by the LONELY GUY (LOG) family of er(ky®»&#8 in
Arabidopsis LOG7 and LOG4 playsignificantrole in SAM growth, and disruption of
LOCGgenesleadsto severe retardation of shoot growth and defects in the maintenance
of the apical meristem (Fig 1.2)he Arabidopsisgenome encodes seve@YTOKININ
OXIDASE GENEXYX and these enzymes brealown the N6side chains from a subset

of cytokinins fZ andiP). CKXgenes are induced rapidly upon cytokinreatment, and
overexpression of these genes leads to a reduced level of endogenous cytakingn.
distance transporbf cytokinins occurs in the xyleand phloem(Kieber and Schaller,

2014; Santner et al., 2009)

Cytokinins such as tZ and iP, as well as dihydrozeatin, benzyladenine and kinetin, directly
bind to membraneassociated ARABIDOPSIS HISTIDINE KINASE RECEMKIRS
AHK3, and AHK4), and that binding occurs through the CHASE daiiKi».and AHK3
receptorsare involvedn the controlof leaf cell formation and root branchirfglutchison

et al., 2006; Riter et al., 2006)AHKd4ransfer a phosphate t&RABIDOPSIS HIHENE
CONTAINING PHOSPHOTRANSFERpgAt¢it)s (AHP15 in Arabidopsiy and these
proteins are translocated into the nucleus where they phosphorylEABIDOPSIS
RESPONSE REGULATOR (ARR) p(btwersg and Sheen, 2001; Kieber and Schaller,
2014; Santner et al., 2009; Sheen, 2002)e ARRare transcription factors classified
into two groups: negativetype-A ARRS) opositive(type-B ARRS) effeats of cytokinin
signalling There are ten typé& ARRs and eleven ty#eARRS in th&rabidopsigenome.

The typeB ARRs (ARR14, ARR18, ARR19, ARR20, and ARR21) can alter or activate
8



cytokinin signalling The typeB arr mutants exhibitreduced shoot develoment,
aborted primary root growth, enlarged seed size aagdression of cytokinimegulated
genes(Argyros et al., 2008; Mason et al., 200B)e typeA ARRs are transcriptionally
induced in response to cytokinimnd these typeA ARRs (ARR3, ARR4, ARR5, ARRE,
ARR7, ARRS8, ARRY9, and ARR15) function as negative regulators of csitpkating

(Fig 1.1B). TypA arr mutants exhibited a increasedsensitivity for the induction of
cytokininregulated gene expressidBuechel et al., 2010; Jennifer et al., 2004; Kieber
and Schaller, 2014)

The class | KNOTTEDIKE (KNOX) homemb transcription factors JHOOT
MERISTEMLESSTH), BREVIPEDICELLUS ,(BRIOTTERIKE FROM ARABIDOPSIS
THALIANA KNAT2 andKNOTTEDILIKE HOMEOBOX GENENA(T6) are required to
establish and maintain the SAM (Fig 1.2Zhe KNOX transcription factors increase
cytokinin levels in the SAM by inducing the expressidiP®% and KNO>Xgenes are up
regulated in response to induced elevation of cytokinin leé&nai et al., 20057 hese
studiesshow that there may be a positive feedback loop between cytokinin and KNOX
signallingin the SAM.The low GA/high cytokinin environment in the SAfvours
formation and maintenance of the SAM identitgieber and Schaller, 2014; Tsukaya,
2013; Vernoux et al., 2010 the SAM, GA biosynthesis occurs in leaf primdidiaet

al., 2008) GA 20oxidase(GA20o0x andD ! -lydroxylas GA30% genes regulate GA
biosynthesig(Sun, 2008)In order to maintainSAM,STM and Bpromotes cytokinin
biosynthesis by inducingPT7and suppressgibberellin biosynthesis in the SAMY
downregulating GAiosynthesis gen&A200xXFig 1.2)Hay et al., 2002; Jasinski et al.,
2005) HoweverSTM andPdo not regulateGA3oxIgene expressiofHay et al., 2002)
IncreasedGA30x1GUSexpression irthe SAM anl stem were previously reported and
loss ofga3oxlaffectsboth stem and leaf development, which suggettat GA30x1
function in SAM may be promoted by different pathw@jitchum et al., 2006; Talon et
al., 1990)

The transcription factor WUSCHEL (WUS) positively regulatgsrai@ration in the
SAM.In the SAM, cytokinin upegulates WUS expression by CVL1/CLV3 and WUS
repressesype-A ARR)jene expression to promote cell proliferatioWUS and the bHLH

transcription factor HECATE 1HEC) competitively regulateARR7, andARR7 is
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repressed by WU&nd activated by HEC1 (Fig I 2¢huster et al., 2014y1P-mediated
auxin signalling negatively regulates typeARRs (ARR7 and ARR15), which are negative
regulators of cytokinin signalling (Fig 1112)(Schuster et al., 2014; Zhao et al., 2010)
Auxin and cytokinin signallingaintain appropriate auxin and cytokinin concentrations
during plant development. Auxin and cytokinin interactions assentialfor organ

formation and meristem functioMuller and Sheen, 2008; Su et al., 2011)

1.1.2 CLAVATA/WUSCHEL loop

The Charboursa small group of cells in the L3 layer underneath the stem cell region
known as the organizingentre (OC) (Fig 1.2). Cells in the OC express the homeodomain
protein WUS and it is essential for theaintenanceof the stem cell reservoifPerales

and Reddy, 2012; van der Graaff et al., 2008)wus mutants, stem cells are not
maintained and are consumed by developing organ praiarresulting in premature
termination of the SAMBarton, 2010; Dodsworth, 2009; Miwa et al., 2009; Williams
and Fletcher, 2005)The stem cells communicate with the OC via the CLAVATA (CLV)
signallingpathway. TheCLV3gene encodes a small secreted polypeptide that is
produced by the stem cells in the CZ (L1 and ¢l23 mutants show enlarged SAMs
accompanied byver-proliferation of cells in the CZ, and conversely, overexpression of
CLV3esults in reducedVUSexpression angorematuretermination of the SAM. The
CLVIgene encodes a leucirmich repeat (LRR) recepttike kinase, and th€LV2jene
encodes an LRR recepiidte protein without a kinaselomain;both are expressedn

the L3 layer (OC) of the SAM. CLV3 interacts with thedCILWR receptor complex in
the L3 and overlaps with WUS expression in the L3 [&@adsworth, 2009; Miwa et al.,
2009; Perales and Reddy, 2012} \signallinglimits the size of theNUSexpression
domain by decreasing the number B¥USexpressing cells and inhibits cell division
within the CZ Jeading to a decrease in the number@©EV3expressing cellDecreased
CLV3 production leads to an increase in the numbaNbfSexpressing cells, and this
elegant negative feedback loop between CLV3 and WUS stabilizes the number of stem
cells in the SAMFig 1.2)Dodsworth, 2009)
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Figure 1.2 The shoot apical meristem of Arabidopsis thaliana and the integrated network of
SAMregulation. A longitudinal section through the SAM (left) shows approximate outlines of
the central zone (CZ), peripheral zone (PZ), rib zone (RZ) and cell layers (L1, L2 Tdrel L3).
population of stem cells at the apex of the meristemaintainedhrough HECICLVand WUS
signalling The class Il HEIP proteins negatively regulaWUS and WUSevels in turnare
increased by cytokinins. Cytokinin biosynthésisicreasedy LOG4, HEZIP 1landKNO>genes
(STM,KNATland KNAT?2 that are expressedh the meristem. Cytokinins induce expression of
ARRT15, and auxirrinducedMP inhibits ARR7/15 activity. The clasHHDZIPtranscripts are
targets of miRNA 166/5. AGO10 positively regulates class 4@l Proteins by preferentially
loading miRNA 166/5%ABBYs, KAN, ARF3 and ARF4 are expressed in the abaxial domain; WOX1
and WOXS3 are expressed in midmain; AS1, AS2, AGO7 and class HEIRDproteins are
expressed in adaxial domain of leaf primordia.the leaf primordia: AGO7 inhibisRF34
expressdn to preserve the adaxial domain, KAN inhibits class HIRroteins to preserve the
abaxial domain and WOX1/3 inhibits KAN to preserventitcdomain KNOX proteins inhibit
gibberellins in the SAM. KNOX interactions are as follows:AS21inhibitK NAT1, KNAT2and
KNAT&xpression, STM inhibitlsSTAS20 prevent differentiation, CUC activates STM, and STM
restricts CUCexpression by inducing miR164. LBBactivatedby AS1, A2BOP1, BOPand
KNAT1. Note in the diagram that the regions of high awdtivity in leaf primordia are

demarcated in red and high cytokinin activity within the central meristem in green.
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1.1.3 Adaxial, abaxial and boundary genes

During germination, the SAbMecomesactive and stem cells in the CZ divide into founder
cells, and these are pushed outward into the peripheral zone to form leaf primordium
(Barton, 2010; Tsukaya, 2013t thisstage, theleaf primordium establishes polarity
along the adaxial (upper sidand abaxial (lower side) axis. The adaxial side of leaf
primordium is closest to th&AM,and abaxial is away from theentre of the SAM (Fig

1.2). Class Il HOMEO DOMAIN LEUCINE ZIPPERP)JHDanscription factors
PHABULOSA (PHB), PHAVOLUTA (PHV), UIRBVQREV), CORONA (CNA) and
INCURVATA promote adaxial leaf fate (upper side of the(Eeki}i and Stasolla, 2009;

Liu et al., 2009; Mallory et al., 2004; McConnell et al., 2001; Zhou et al.,. 20D3IP

[l transcription factors also downregulate WUS transcriptiowild-type plants, and

this shows that HEZIPIII repress stem cell fate in the SAMass oHD-ZIP llresults in
embryo defects with an enlarged SAM and formation of radial and abaxialised leaves
(Barkoulas et al., 2007; Fambrini and Pugliesi, 2013; Szakonyi et al., 2010; Tsukaya,
2013) HD-ZIP ligenes positively regulate the transcriptionldT TLE ZIPPEARR genes

and ZPR proteins negatively regulate-AP Il activity by forming heterodimers with
HD-ZIP Il proteingKim et al., 2008; Wenkel et al., 200f) addition toZPRsHD-ZIP 111
transcripts are degraded byicroRNAs (miRNAs) miR165/166AimbidopsigFig 1.2)

(Zhu et al.2011b)

Transcription factors YABBY (YAB), KANADI (KAN), ETTIN (ETT)/AUXIN RESPON:
TRANSCRIPTION FACTOR 3 (ARF3) and ARF4 promote abaxial leaf fate (lower side of th
leaf) (Fig 1.2)Tsukaya, 2013FILAMENTOUS FLOWEABIFIL), YAB2YAB3and YAB5

are members of they ABgene family.Y ABfamily genes encodellGHMOBILITY GROUP
(HMG-like proteins and interact in a complex with LEUNIG &BHWNIGIKE co
repressors as well as the-cegulator SUESBoss off ABland YAB3eads to partial loss

of abaxial fatg Eshed et al., 2004; Kumaran et al., 2002; Sarojam et al., 2010;siegfri

et al., 1999) The combied loss ofARF3and ARF4genes results imdaxialisedeaves.

ARF3 andRF4are negatively regulated by trarecting small interfering RNA (TAS3) via
miR390(Fahlgren et al., 2006; Garcia et al., 2006; Hunter et al., 2006)

KAN(KAN1, KAN2, and KAN$=nes are GARIbmain transcription factors and loss of

KANgene function results indaxialisatiorof leaves. KAN promotes abaXate through
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suppression of the adaxielD-ZIP lltranscription factors and LO@omain transcription
factor ASYMMETRIC LEAVEES?. AS2 also suppressiidNgenes, classKNOXjenes,
and ARF3(Emeryet al., 2003; Kelley et al., 2012; Tsukaya, 20KZN and HZIPIII
transcription factorssuppresseach other to promote abaxial and adaxial leaf fate
(Emery et al., 2003)n addition to the twedomain theory (adaxial and abaxial), Nakata
et al. (2012) reported a thredomain theory (adaxial, middle and abdxi&lakata et al.
(2012)found that PRESSED FLOWER (PRS)/WUREHELED HOMEOBOX 3 (WOX3)
andWOXIlgenespromote middledomainleaf fate.In prs woxldouble mutants, adaxial
and abaxialike cell types coexist in the region neighbouring the margin arsistinggest
PRSand WOX1lare required for normal patterning of adaxial and abaxial csgecific
tissues in the lateral regiofiNakata et al., 2012; Nakata and Okada, 20A2¥cent study
reported that YABI1s also expresseith the middle domainand this suggests that the
middledomainis a part of the abaxial domaiKANfamily genes suppress tiexpression

of both middledomain gene®VOX1landWOX3Fig 1.2]Nakata et al., 2012; Nakata and
Okada, 2012Tsukaya, 2013)

As the leaf primordium grows away from tis&\M, a clear physical boundasyformed
between the developing leaf and the SAM. THeTERAL ORGAN BOUNZABE, CUC
and BLADE ON PETIGBPER gene families express at the boundary and regulate leaf
development(Fig 1.2). JAGGED LATERAL ORGANS (JLO) and LOB are the members of the
LOB family. Loss dEeads to inactivation of SAM and causes leafng(Fambrini and
Pugliesi, 2013; Szakonyi ét, 2010; Tsukaya, 2013 QupregubtesKNOXexpression,
andLOBis activatedoy BP/KNATIKNO>gene),AS1, AS2, BORhdBOP2BOP 1 and 2
activate ASJAS2 on the adaxial side of leaf primordium and suppites®xpression of
classl KNOXgenes in leaf primordiélkezaki et al., 2010; Tsukaya, 2018)the bop
mutant, theadaxialand abaxial polarity idisturbed,and ectopic laming formedin the
place of the petiole (Tsukaya, 2013)QJC genes (CUE) encode NAC domain
transcription factors, and they promote expression aflassl KNOXgenes (STM and
KNAT®6). Conversely STépressesCUCERndCUC2ranscripts by activating miR1§&ig
1.2).CUC transcription factors regulate developmehleaf marginal structures, aralic
mutants lack SAM and form gobishaped cotyledongHasson et al., 2011; Laufs et al.,
2004; Sieber et al., 2007; Spinelli et al., 2011; Taoka et al., .2D0#rent miRNAs

maintain the level of abaxial/ adaxial identity and boanglgenesdy cleaving the target
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MRNA. These miRNAs are transcribed by Ri¢fiendent RNA polymerasesnd
processed by DICER like, and ARGONAUTE (AGO) proteins, which are central to plant
smallRNA biogenesis and function (Fig 1.3).

1.2 ARGONAUTE proteins

In plants, transcriptional gene silencing (TGS) maintains genome integrity and post
transcriptional gene silencing (PTGS) control the expression of mRNA transcripts to
regulatedefenceagainst invading pathogens, developmental transition and responses
to environmental stressefRNA silencing pathways are directed by a specific class of
small RNA (sRNA) such as short interfering RNAs (siRNAs) and microRNAs (miRNAS) or
hairpin RNAs (hpRNA&xtell, 2013; Voinnet, 20099mall RNAs derived from single
stranded precursors with a hairpin structuage called hpRNAs or miRNAs and those
derived fromdouble-strandedprecursors referred to as siRNAs. Regulatory small RNAs
in plants are predonmantly 18 to 21 nucleotides in lengtBiochemical steps involved

in the plant RNA silencing pathways are (1) dotddtanded RNA (dsRNA) synthesis, (2)
dsRNA processing into 481 nucleotide long sRNAs, (3) methylation of SRNA, and (4)
SRNA incorporatiomto effector RNAnduced silencing complex (Fig 1(Bxtell, 2013;
Brodersen and Voinnet, 2006; RukBomoza and Weigel, 2011; Voinnet, 2009)

Generally, dsRN#s synthesizedy one of six RNREPENDENT RNA POLYMERASES
(RDR&6) using an RNA template. DAWDLE (Bidbilizespri-miRNAs or dsRNA for
their conversion in nuclear processiogntre called Dbody. The physicahteraction of

the C2Hzzinc finger protein SERRATE (SE) with the deitdeded RNAinding
protein HYPONASTIC LEAVES1 (HYL1), one of the DICER -Rd¢asadibhuclease
family (DCL#) proteins and nuclear capinding complex (CBC) occurs in thédly.

These proteins interact in order to process dsRNA and result in the release of short
double-stranded duplexes X1 nucleotides longJpon dicing by DCL, sSRNA duplexes
are either retained in the nucleus for TGS or exported to the cytoplasm for PTGfe Mat
miRNAsre exportedo the cytoplasm through the action of trexportin 5 orthologue
HASTYExported mature miRNAs are methylatedHyy A ENHANCERHEN), and this
reaction protects miRNAs from being degraded by the SMALL RNA DEGRADING
NUCLEASE (SD#gss of exonucleasg#xtell, 2013; Brodersen and Voinnet, 2006;
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RubieSomoza and Weigel, 2011; Voinnet, 200%e miRNA iaded into a RNaseH
like ARGONAUTE (AGO) protein to form the catalytic core of annddZed silencing
complex (RISQGhat scans the cell for complementary nucleic acids to execute their
function.AGO proteins carry out the RNA silencing reaction by emclenlytic cleavage

2 NJ WQaft AcénkrgboBs@Nargel hyliris§Fig 1.3Thisdepends on thelassof
sRNAoadedby AGO and AGO protein family member loaded with the sfRigék and
Meister, 2008; Kim, 2011; Meister, 2013)GOs are large proteins that typically have a
molecular weight of 9400 kDa and are composed a single variable f&rminal
domain and a conservedt€rminal domain, including the PAMID and PIWI domains.
The Nterminal domain regulates the separation of the sRidAyet hybrid duplex post
cleavageThe PAZ and MID domaiaschor the 3' and 5' ets of the bound sRNA to the
target mMRNAand PIWI domain specifies the endonuclease or slicer activity (Fig 1.3).
PIWI domains show extensive homology to RNasmndH carry an AspspHis (DDH)
motif in its active site. Mutation in the DDH motif abolishke endonuclease activity of
AGOgHock and Meister, 2008; Kim, 2011; Meister, 2013)

1.2.1 ARGONAUTE protsicontrol SAM and leaf development

AGO proteins are encoded by different species, and many organisms encode multiple
members of the familyThe Arabidopsisgenome encodes ten AGO family members.
Lossof-function ago mutants display different plant developmental defects such as the
establishment of leaf adaxiabaxial polarity, shoot apical meristem and root
development(Kim, 2011; Zhang and Zhang, 201Bu £t al., 2011h)AGOL1 is the
prominentmember of theArabidopsisAGO protein family becauseistrequired for the
function of most miRNAs including miR165/168GO1 represses the HDP |li
transcripts in the abaxial domainavniR165/166 (Fig 1.2). The clodestnologueof the
AGOlgene isAGO10and has 78% identity witAGO1in their PAZ/PIWI domains but
less than 20% similarity in their-tdrminal regions.Some of theagol mutant
phenotypes resemble those afjjol10mutants, and double mutants result in embryonic
lethality (Kim, 2011; Zhang and Zhang, 2012; Zhu et al., 2011b)

AGO1 and 10 compete faniR165/166, althougihGO10 hs a stronger binding affinity
for miR166 than AGO(Lynn et al., 1999; Mallory et al., 2002hu et al. Z011) found

that in theagolOmutant miR166 has increaséihdingaffinity to AGO1, which resulted
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in the down-regulationof HBZIPIII transcripts. AGO10 possesses the DDH motif and
plants expressingGO10pr AGO10 DDkhutants showedhormalHD-ZIP lifamily gene
expressionZhu and colleagues also showed that AGO10 positively reguk&dP Ili
family genes by acting as a specific decoy for miR166/165, and that AGO10 is not
involved in the translational repression BD-ZIP lligenes (Fig 1.A¢¥hang and Zhang,
2012; Zhu et al., 2011b)hisshows that AGO1preservesadaxial identity by regulating
HD-ZIPIIl,and it also behaves very differently from other AGOs.

Transacting short interfering RNA (siRIdA) derivedirom noncoding, singlestranded
transcripts, the prtasiRNAs, are converted into dSRNAJBL4, RDRBRB4and SGS3.
Similar to miRNAs, mature tasiRNAs guide cleavage and degrade cellular traniscripts.
Arabidopsis there are three tesiRNA gene familieSAS1, TASZAnd TAS3 that are
transcribed to produce tasiRNAAxtell, 2013; Fahlgren et al., 2006; K&11; Rubie
Somoza and Weigel, 2011; Voinnet, 2009) TAS3 tasiRNA biogenesis, miR390 is
explicitlyloadedto AGO7 and triggers production offdSJ¥amily of secondary siRNA.
ARF3 (ETTIN) and ARF4 transcription factors specify leaf abaxial identity, and their
transcripts are cleaved by AGO1 loadedwidS3lerived transacting siRNAGarcia et

al., 2006; Iwasaki et al., 2013; Takahashi et al., 20¥833 and AGCife expresseth

the adaxial leaf domain, artieir producttasiRARF regulate8RFB34 in this regionThis
shows that AGO7 preserves adaxial identity by segging abaxial domain genes
ARF3/4(Fig 1.2)(Endo et al.,, 2013; Fahigren et al.,, 2006; Hunter et al., 2006;
Montgomery et al., 2008)The interplay between AGO46aded miR165/166 and
AGO7 loaded miR390 sets the precise gradient boundaries between the abaxial and
adaxial domains. These studies show that AGKEAQ7and AGO10 play amportant

role in SAM and leaf development (Fig 1.2).
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Figure 1.3 Biogenesis of Plant miRNAs and Structure of the Argonaute protein, modified image
from (Voinnet, 2009) Plant pri-miRNAsare transcribedoy RNAdependent RNA polymerases
(RNA Pall), and protein DAWDLE (DDOdtabilisespri-miRNAs for their conversion intiwdies

(SE, HYLDCL1and CBC) to stestoop premiRNAsThe mature miRNAs produced by DCL1 are
methylated by HENXnd exported to the cytoplasm through HASTY. The-methylated
miRNA*is degradedyy the SDN class of exonucleases. The miRNA strand is then incorporated
into AGO proteins to carry out the RNA silencing reaction by slicing. Argonaute pomegist

of a variable Nerminal domain and three conservedt€minal domains, the PAZ, MID and
PIWI domains. PAZ and MID domaie requiredfor small RNAinding,andthe PIWI domain

specifies the endonuclease activity.
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1.3 Similar genes regulate SAM and floral to fruit transition

The juvenile SAM undergoascomplextransition to form a mature fruit. The juvenile
SAM generates leaves and shoots during the vegetgihase, and in the reproductive
phase, it becomes an inflorescence meristem and flowers are produckfter
fertilisation, the female parts of the flower develop into a fruithe transition from
juvenile shoots to more mature vegetative shoots and siidsequent transition from

the vegetative phase to the formation of inflorescence varies considerably among
angiosperms. In recent years, studies on the mechanisms of differentiation of the floral
meristem and their lateral outgrowths focused oArabidopss and tomato. In
Arabidopsis LEAFYLFY and APETALATAP) genes promote initial floral meristem
identity (Fletcher, 2002; Vijayraghavan et al., 20086AMOUS (AG) is necessary for
stem cell termination beazse the termination of stem cell activities in the floral
meristemis requiredfor normal flower development(Fletcher, 2002)Similar to the
SAM, WUS also regulates stem cells in the floral meristem. AG terminates stem cells in
the floral meristem by repregsg the expression of the stem cell regulator WBig 1.4)
(Fletcher, 2002)In the SAM, AGO1, AGO10 &t ZIPIll transcription factors regulate
stem cells and leaf development (Fig 118fleterminateflower, AGO1Gs expressedh

the floral meristem andhe adaxial side of carpels. AGO1, AGO10, miRietated
regulation ofAP2gene and miR165/16fediated regulation oHD-ZIPIIl genes are
necessary for floral stem cell termination. AGO10 regulates floral stem cell termination
by repressing the expression of the W(F3g 1.4)Ji et al., 2011; Landau et al., 2015)
Loss oAGO1Gand reduced expression of théD-ZIPIIl genes result in opposite effects

on stem cell regulation between the SAM and the floral meristeidiset al., 2011,
Landau et al., 2015; Tucker et al., 2013; Zhou et al., 2015; Zhu et al., Z{d b@ason

for opposite effects in the two types of meristems is currentignown,and this missing

link shouldbe investigated

SAMs form leaves and associated meristems, whereas the floral meristem generates
sepals, petalstamensand carpelgFigl.4). TheArabidopsigynoeciums derivedrom

the fusion of two carpels. Its a highly complex assembly comprised of different
tissuesthat work together to supportfertilisation and fruit development. These

processes are regulated by different protesusd particularly thebasic helidoop-helix
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(bHLH) transcription factordn Arabidopsis bHLH proteins are also involved in SAM
developmental signalling, stomatal patterning, trichome, and root hair differentiation
and axillary meristem formatiofLi et al., 2006; ToledOrtiz et al., 2003; Zhao et al.,
2012) The bHLH transcription fact@uperfamilyis one of the largest transcription
factor families inArabidopsisThere arel47 bHLHgenes inArabidopsisand based on
structural analysis they are divided into 12 subfami(igiset al., 2006; Toled@rtiz et

al., 2003)The bHLHbk definedby thesignature domain, which consists of 60 amino acids
with two functionally distinct regiongN-terminal end and @erminal end). The N
terminal end of thedomaincomprises 15 amino acids, this domain is involved in DNA
binding (0 2 E 6 A YCARNT@ Qd mdn-#Boxbinding) and the @erminal end

is essential fodimerization

The patterning of gynoeciaccursalong three axes: apicabsal, mediolateral, and
abaxiatadaxial (Fig 1.4)The bHLH transcription factors SPATULA (SPT), HECATEL1l
(HEC1), HEC2 and HEC3 are involved in dgaisal patterning of the gynoecium by
carpel fusion as well as transmitting tract formati¢ig 1.4)(Gremski et al., 2007;
Ostergaard, 2009Mutations in theSPTgene lead to defects in the development of the
stigma, style, septum and transmitting tract. Similar defestye observedin hec
double and triplemutants. The HEC proteins physically interact with SPT in yeast two
hybrid assays, which suggests that these factors may jointly activate or repress
downstream target gene§Gremski et al., 2007; Ostergaard, 2009; Seymour et al., 2013)
However, HECL1 is alsvolvedin SAM stem cell maintenance by balancing proliferation
versus differentiation(Fig 1.2)(Schuster et al., 2014HEC1 functionis critically
dependent on SPT for stem cell proliferati@@chuster et al., 2014)In the SAM, HECL1
regulates cytokinirsignallingoy activating ARR7 (Fig 1.2).

HEC1 and SPT buffer auxin and cytokinin signals during gynoecium development (Fig
1.4). SPATULA enables cytokisignallingby activatingARR1expressionin gynoecia,

and SPT is necessary for positive cytoksignallingoutput in the young gynoecium
(ReyesOlalde et al., 2017HEC1 and SPT stimulate auxin biosynthesis and activate the
expression of PIN3 and regulate auxin distribution during early stages of gynoecium
development. Auxin also activates ETT and restragigal tissue proliferation by

negatively regulating HEC1 and JR&mhauser et al., 2000; Schuster et al., 2015)
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INDEHISCENT (INd&2Jongs to the same clade of thrabidopsisbHLH family as the
HEC1/2/3 and IND & paralogue oHEC3hat is only present in th@rassicaceaéKay

et al., 2013b)Interestingly,hec sptphenocopiesnd sptunfused carpel phenotypand
35S::HECihflorescence also looks similar 83S::INDOnflorescenceg(Girin et al., 2011,
Schuster et al., 2015; Sorefan et al., 200B@wever, IND do not interact with HEC1/2/3
or regulate their gene expression, which suggest they may function indepégden
(Gremski, 2006)Similar to HEC1/2/3IND alsointeract with SPT and regulates a
common set of target gend$irin et al., 2011; Gremski et al., 200nAYerestingly, IND
directly regulatesSPTgene expressior{Girin et al., 2011; Groszmann et al., 2010;
Ichihashi et al., 2010b)SPT and IND control radiality at the gynoecium apex by
controlling polar auxin transport (PATYoubayidin and Ostergaar®014) which is
essential fomedialversus lateral tissue specification in gynogtiarsson et al., 2014)
SPT and IND control PAT by repres$tiiigOID(PID expression, and this promotes
apolar PINlocalisationand subsequent formation of the radial auxin ring at the
gynoecium apeXMoubayidin and Ostergaard, 2014)hese studies show the close
relationship between HECs, SPT and IND in fruit development sigriglgnd.4)Girin

et al., 2011, Liljegren et al., 2004a; Ostergaard, 2009; Seyet@lr, 2013)

CUC genes regulate SAM formation and separation of organs from the meristem. They
are expressed in the boundaries between organg et al., 2016 0verexpression of
CUCHNdCUCrevents carpel fusion in the apical region. Interestir@lyCland CUC2
expression is negatively regulated in the apical region of the ggiabprimordium by
SPTand this repression is essential for carpel fugiNahar et al., 2012hese studies
showthat SPTHECland CUCL1 play key roles in SAM development as well as carpel
fusion fFig 1.2, 1.4). Similar to SAEC1 in SAM, we do not know if SR has a role in

SAM development and this should be investigated.
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Figure 1.4 Key elements of Arabidopsis floral to gynoecium development pathway (1.4B

Arabidopsis inflorescence

modified image from (Schuster et al., 201%) Arabidopsisinflorescence isshowing floral
meristem (FM) and determinate flower. (A) FM prodsepals €), petals (pe), stamens (st) and
carpels (ca). The stigma, style, valve (V), replum (R), septum (S), transmitting tract (TT), valve
margin (VM) and gynophore are the different regions of the gynoechistribution of auxin

(red) andhypothetical distribution of cytokinin (green) across the apibalsal axis of the
gynoecium(A)AG, AGO1, AGO10 and class HZHE> regulate FM diffentiation by controlling

WUS. SPT heterodimerise with HEC and IND to regulate carpel developimeglynoeciunis
derivedfrom the fusion of two carpel¢B)HEC1, SPT and INDffer auxin and cytokinin signals

to regulate stigma formation and gynoeciudevelopment.(C) Schematiccrosssection of
gynoecium showing different tissue regions across mediolateral axes with genetic interactions

outlined above as discussed in the text.
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The fruit develops from the gynoecium after fertilisation. The stigma, style, ovary, and
gynophore are the four different regions of the gynoecium and the fruit. The ovary
houses the developing seeds and comprises several distinct tissues: two valve®seed
walls), replum (middle ridge), septum, and valve margins. The replum has meristematic
properties because early repla are essential for the development of all the marginal
tissues of the fruit (septum, repla, style, and stigni@jrin et al., 2009; Roeder and
Yanofsky, 2006)Replum development is promoted by the BHk& homeodomain
transcription factor REPLUMLESS (RPL). &Ptegulates stem cell fate in the SAM by
interacting withKNOX meristem geneBP/KNATIBhatt et al., 2004; Cole et al., 2006)
Interestingly, KNOX | meristem geri@B8and STMis also expressed in the replum and
are involved in replum developmeriRagni et al., 2008) ASYMMETRIC LEAVES (AS1)
and AS2 are involved in leaf primordia formatiby silencinglass | KNOKeristem
identity genes(lwasaki et al., 2013; Xu at., 2003) Similar to leaf primordia, AS1 is
involved in medidateral patterning of the fruit, particularly regulag valve and replum
development(AlonseCantabrana et al., 2007AS1 pssibly does this by negatively
regulatingclass | KNOXnheristem identity genes. CUC transcription factors activate
KNOX imeristem geneSTMexpression in the SAM and STM restrictdGexpression by
inducing miR164Laufs et al., 2004; Spinelli et al., 2Q1h) gynoeciaCUCland CUC2

are expressed in the inner edge and the middle of the septidamiuchi et al., 2014;
Nahar et al., 2012)CUC1 and CUC2 are required for septum and replum formation.
These studies demonstrate th&PL.AS1 KNOX and CUCgenesregulate both SAM

development and formation of medial tissues in gynoecilig 1.2, 1.4)

The valve margins are the zones where the fruit opens. Each valve margin consists of
two layers: a separation layer and a lignified layer. These layers allowallie to
separate from the replum. The SHATTERPROOF 1 (SHP1) and SHP2XVEDESs
specify valve margin identit{Fig 1.4)XLiljegren et al., 2000 SHP positively regulates
bHLH transcription factoi®NDandALCATRAZALC (Liljegren et al., 2004aND and ALC
heterodimerize to specify the separation layer, and IND is primarily responsitileef
development of the lignified layer of the valve margin. A local auxin minimum is
necessary for specification of the valve mar@orefan et al., 2009aND creates auxin
minima in the valve margin cells by inhibiting PID and related kinases to direct the

localisationof PIN auxin efflux carrie(Sorefan et al., 2009aRPL negativglregulates
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SHR restricting its expression to the valve mar@Roeder et al., 2003he MAD®0x
gene FRUITFUL(EUL indirectly regulates valve cell development. In fla mutant,
SHRIND, andALCare all ectopically expressed throughtahe valves, indicating that
FUL negatively regulatedHR IND, and ALCto prevent valve cell lignificatio(Fig 1.4)
(Roeder et al., 2003)In the fruit, JAGGED (JAG)/ FILAMENTOUS FLOWER (FIL) activity
promotes valve and valve margin fornat. JAG/FIL positively regulates the valve
promoting geneFULand the valve margin identity gen&HP1, SHP2, INIDd ALO(Fig

1.4) (GonzaleReig et al., 2012)n the SAM, JAG/FIL activity promotes leaf formation
and abaxial leaf specificatioffrig 1.2)(Kumaran et al., 2002; Siegfried et al., 1999)
Interestingly, induced overexpression IbfD produces several phenotypes, suchpas
andcupshaped leavegFig 1.5]Moubayidin and Ostergaard, 201/ Doverexpression
phenocopiesagol0, hdzip iii cucmutants and35S::miR166#&ansgenic seedlings (Fig
1.5). INDSPT regulates PAT gynoecia PAT also regulates leaf patterning in SAM
(Reinhardt et al., 2003 hissuggests that IND could regulate PAT and meristem genes

to control SAMor leaf development, but this shoulak investigatedurther.

1.4 Hypothesis and Objectives

The studies discussed in section 1.3 demonstritat genes involved in SAM
development also regulate gynoecium and fruit developmg@ig 1.5) IND regulates
PAT and patterning in gynoecium and fruit. An important question to address is what
roles does IND play to regulaBAM Wehypothesisedhat INDis associateavith PAT

and the AGO1®D-ZIPIII pathway tocontrol SAM and leaflevelopmentin Arabidopsis

The first results section ohy thesiswill examine the link between IND and AGEHD

ZIP Il pathway. The second results chapter will detail hotveo SAMassociated
proteins are involved in the INBGO16HD-ZIPIII pathway. The third results chapter will
detail how auxin and cytokinin regulate the IND geegulatory network.My three
result chapters integrate experimental data and pathwaynstructionand develop

novel insights into how AGO48ID function in SAM and gynoecium.
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Figure 1.5 Similar genes regulate SAM (left) and fruit (right) developmeimduced
overexpression ofND produces several phenotype85S::IND:GRDEX: pin and cughaped)
similar toagol0mutant and35S::miR166#&ransgenic seedlinggagol10EG: nemeristem, pin
and cup shapell Phenotypes suggest that IND may have a regulatory role iSAt\é but the

elements of this regulatory pathway are unknown.
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CHAPTER Raterials and Methods

2.1 Materials

2.1.1 General laboratory materials

General laboratory consumables such as Eppendorf tubes, polymerase chain reaction
(PCR) plates and tissue culture platgsre purchasedfrom StarLabs Levington®
Advance Seed and Modular F2+S compost plus horticultural grade sand mixture-(pH 5.3
6.0) was purchasedrom ICL, Ipswich, UK. General laboratory chemicals of analytical
gradewere purchasedrom SigmaAldrich, Fisher, ichefa Biochemie, Alfa Aesar, and
TAAB. Enzymes and reagemsre orderedfrom Abcam, GE, BIRAD, Invitrogen, Gen
script, and Roche, and gel extraction and miniprep kits were from Qiagen or Sigma.
Water used for preparing growth media, buffers and solasiovere either reverse
osmosis filtered or deionised ultia@igh-purity water; nucleasdree water formolecular

works involving DNA and RMAas purchasedrom FisherCustom oligonucleotides and

probes were synthesised by Sigma and Genscript

2.1.2 Plantmaterials

All plant lines were of the Columbia (Col) and Landsbkeggta (Ler) ecotypes. Details
of the mutant and transgenic lines used in this stadlg presentedn Table 2.1. Plant
lines were originally boughtfrom NASC seed stoatentre (Nottingham,UK) See

Acknowledgements for stock donors.

Table 2.1 Plant lines relating to multiple chapters

Line Allele Gene name Gene ID Mutation Reference
ind (Col) ind-2 (Liljegren et al.,
EMS 2004b)
ind (Ler) ind-6 Ds gene trap| (Wu et al.,2006)
insertion
35S:INBGR | 35S::IND:GR INDEHISCENT AT4G00120 Transaene (Sorefan et al.,
(Col) 9 2009b)
pIND:: GUS | IND::GUS Transaene (Sorefan et al.,
(Col) L0266 9 2009b)
agol0(Col) | agol04 T-DNA (Zhu et al., 2011a)
SALK 138011| ARGONAUTE1( AT5G43810| insertion
agol0(Lern) | zwl3 EMS (Endrizzi et al., 1996
phb er(Col) | phb-12 er2 PHABULOSA T-DNA (Prigge et aJ 2005)
SALK 023802 AT2G34710 insertion
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phv er(Col) | phw11 er2 PHAVOLUTA T-DNA (Prigge et al., 2005)
SALK JP91 AT1G30490 insertion
- REVOLUTA
rever(Col) | rev6er-2 AT5G60690 EMS (Otsuga et al., 2001
CS6961
35S:LhGR>> 35S:LhGR>>P| PHABULOSA (Dello loio et al.,
PHB (Col) B AT2G34710| Transgene 2012)
u REVOLUTA
?Lif)“RE%R 35S::REV:GR AT5G60690| Transgene | (Wenkeletal,, 2007
pIND::IND . . (Simonini et al.,
YERCol) pIND::IND:YFH INDEHISCENT AT4G00120| Transgene 2016)
agol0ind 2Wh3 ind6 El\gﬁeatr:g Ds Lab stock
(Ler) ARGONAUTE1L( AT5G43810 ?nsertionp (Dr. Karim Sorefan)
and and TDNA
agol10 ind . INDEHISCENT AT4G00120| . . Lab stock
(Col) ind-2 ago104 insertion (Peter Venn)
and EMS
35S::INBGR,| 35S::IND:GR INDEHISCENT AT4G00120 (Sorefan et al
pPIN1::PIN1| pPIN1::PIN1:G and and Transgene 2009b) v
GFR(Col) FP PINFORMED1| AT1G73590
35S::INBGR, I INDEHISCENT,
DR5::GFP ?[))??SSr:a'?I/DG(?:F\I)D and AT4G00120| Transgene (So;%fggbtit al,
(Col) " DR5 AuxREs

2.2 Plant methods
2.2.1 Plant growth conditions

Seeds were sown on Levington® compost and stratified at 4°C for three days. Plants
were illuminatedfor 16 hours with light delivered at 120mol nm? sec! at a constant
temperature of 23°C in a Versatile Environmental Test Chamber MLRIT3%8anyo,
Japan). Distilled watewas usedfor watering seeds in order to control the nutrient
supplementation. For growth on agar, seeds were suHstegilized in 70%ethanol for

10 minutes then treated with 106 bleach, 0.26 (v/v) Triton XL0O for 5 minutes, and
finally washed three times with autoclaved watéiter stratification at 4°C for three
days, the sterile seeds were sown on @8agar supplemented with Y2 Mashige and
Skoog salt@Murashige and Skoog, 196#ys vitamins (MS; Duchefa Biochemie, M0222)
and 0.5% (w/v) glucose (D+)Glucose, Sigma Aldrich, G7021) in sterile ple®dmstes
were sealed with micropore tape to maintain steriligile allowing gas xchange. For
growth in liquid culture, sterile seedsere sownin 10mL 0.5 % MS medium in a 50mL
Falcon tube. Tubes were constantly illuminated in light delivered agh20 n12 sect

at a constant temperature of 23°C, and aerated by shaking upright at 60 rotations per

minute (rpm).

28



2.2.2 Hormone and chemical treatments

Hormones and chemicals were ordered and stored according to Table 2.2. Seedlings
were grownin plant agar medium oliquid culture medium containing hormones and
chemicals: @enzylaminopurine (BAP), Ind@eacetic acid (IAA), -
naphthylphthalamicacid (NPA), Abscisic acid (ABAAMinocyclopropane carboxylic

acid (ACC), Jasmonic acid (JA), Cycloheximide (CHafhdlleasone (DEX) andock

solutions (Table 2.2). Final concentrationsl6OnM BAP,10ca L! *& min! X ™M~
> aABA,10> aACC10> aJA, 1uM DEX and 1AM CHY were used for treatment

The mock solution contained DMS6isher, BP231)XdH20O(Fisher, W/000/21) and
EtOHFisher, E/0650DF/17All treated plants withtheir respective controls were grown

simultaneously under the same conditions.

Table 2.2 Hormones and chemicals

Name Company name and Solvent Stock Storage
product code concentration | temperature (°C)

ABA SLS #A1049 EtOH 704 (v/v) 10mM -20

ACC Sigma Aldrich #A3903 dH0 10mM -20

BAP Duchefa #B0904 DMSO 100mM -20

IAA Duchefa #10901 DMSO 100mM -20

JA Sigma Aldrich #J2500 | EtOH 1.8% (v/v) 10mM 4

NPA Duchefa #N0926 DMSO 100mM -20

CHY Acros Organic357420010 DMSO 10mM -20

DEX Alfa Aesa#A17590 DMSO 10mM -20

2.2.3 Shoot apical meristem phenotype analysis

Analysisof SAM phenotypesvas doneon 3 and7 dayold seedlings. Seedlinggere
transferredto a Petri dish filled with sterile water. Forceps were used to hold one
cotyledon while pulling the second cotyledon downwards to peel the seedling into two.
This peeled cotyledon was transferred to a microscope slide and aligned on tdj of 1
agarose gk Two cotyledons of a seedling were observed under a light microscope to

analysethe phenotype of shoot apical meristem (Fig 2.1).
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Figure 2.1 Light microscope imagetbe 3-day-old shoot apical meristem

2.3 Nucleic acid techniques

2.3.1 Plantgenomic DNA extraction

DSy2YAO 5b! ¢+ & SEGNI OGSR (2ea my Hris PRZIHNRQa SEG |
250 mM NaCl, 25 mM EDTA, 0.5% SDS). Individalsidopsideavesor seedlingsvere

placedin 1.5 mL microcentrifuge tubes, flash frozeuth liquid nitrogen and then

ANRdzyR 6AGK LI I AGA0 LISaidtsSad nann x[ 2F 9RGI NR
by inversion. After centrifugation at 16000 rpm for 5 minutes, 300 pL of-€dxkaining

supernatantwas transferredto fresh tubes containing 30QL is@ropanol and 1ul

GlycoBlué (Ambion®, Thermo Fisher Scientific, U.S.), mixed by inversion and further

centrifuged for 10 minutes. The supernatant&re discardedand the pelletswere

washedwith 70% EtOH before being air dried for 15 minutes at roomgerature, and

finally resuspended in 100 pL of TEDTA (TE) buffer (10 mM THEI(pH 7.5),1 mM

EDTA) or 100 pL of g®l.

2.3.2 Plant total RNA extraction

Plant tissuevas collectednto 2mL tubes containing amm steel ball bearing. Seedlings
with metal balls are snafrozen in liquid nitrogen and vortexed until they form a pale
green powder. Once all samplage prepared total nucleic acid (TNA) was extracted
using a phenethloroform extraction procedure adégd from (White and Kaper, 1989)
Tubeswere transferredto ice, and600 pL of freshly made extraction buffer (106M
Glycine, 10nM EDTA, 10nM NaCl, 26 SDS, pH9.8)as added to each samplé&he

homogenized material was transferred to a chilled microcentrifuge tube containing 600
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uL phenol (pH4) and mixed immediately by vortexing for 10 seconds. Twéesthen
centrifuged for 10 minutes at 16,000 x g at 4°C to separate plant debris from the
supernatant. The upper phase was transferred to a fresh tube on ice, containing-600
of 25:241 phenol.chloroform:isoamydlcohol and centrifuged for 10 minutes at 16,000

x g at 4°C. The upper phase containing Rida transferredo a fresh tube containing
500pL chloroform:isoamylalcohol, onice. Tubes were vortexed for 10 seconds and
centrifugedfor 5 min 16,000 x g at 4°C. The upper phase was transferred to a sterile
tube, and the TNA fractiowas precipitatedy the addition of 4QuL 4M sodium acetate
pH5.2, 80QUL absolute ethanol, anddL GlycoBIu&. Thiswas mixed by inversion and
incubatkd for 15 minutes on ice or stored overnight-20°C. The TNA was recovered
from solution by centrifugation for 1&inutesat 16,000 x g at 4°C. The supernatant was
removed by aspiratiorifo remove residual saltthe pellet was rinsed with 8% ethanol

and immediately centrifuged for 5 minutes at 16,000 x g at 4°C. The ethanol was
removed by aspirationrandthe pellet was allowed to dry at room temperature for 10
minutes. The TNA pelletas resuspendeth the 30-50 uL RNasdree water on ice. fie

TNA extractvas storedat -80°C.

Total RNA yield was quantified using NanoDrop (Thermofisher). A 260/280 ratio of 2.0
is generally accepted & WLJJzZNB Q ¥ 2 Ndaswheckéonvald% THE dafafode (i &
gel. The gelvas loadedvith approximately Jug TNA extract denatured for 5 minutes at
65°C with an equal volume of 2x gehding solution containing 1@nl deionized
formamide, 200> f MIEDJFA, pH 8.0, 1mg xylene cyanol FF and 1 mg bromophenol
blue. To remove contaminating genomic DNA, W& treatel with DNase using the
AmbionDNAF NESxn (1A G 2 NJ { L Da {2ugprAwasSincubatyd’aiB7°6 ! at
for 30 minutes with 2WUDNaseln DNase | Buffer. The DNase was inactivated using a 1:5
volume of DNase Inactivation Reagent and incubated for 2 teénwat room
temperature, mixing B times. To remove the DNase enzyméhe tubes were
centrifugedat 10,000 x g for 90 seconds. The supernatant containing the RNA was

transferred to a fresh tube and stored #€0°C.

2.3.3 cDNA synthesis

Complementary DNACDNA) from ¢2 g of DNase | treated TNA vesithesisedising

a High Capacity cDNA Reverse Transcription Kit (Invitrogen, #437496@R TAn2aster
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mix was prepared on ice containing 10X RT buffeX RO random primers, 25X dNTP

mix, reverse transcriptse, RNase inhibitor anuucleasefree dH20. 10> |

master mix and 16 [

2F whb!

G6SNBE YAESR Ay |

27T H -
TNB K

to eliminate any air bubbles. Thermal cycler conditions listed belene usedfor the

run. After the run, diluted (1:4) cDN#as stored at;20°C until use.

Step 1 Step 2 Step 3 Step 4
Temperature fC) 25 37 85 4
Time 10 minutes| 120 minutes | 5 minutes | K

2.3.4 Primer design

Arabidopsisgenomic DNA or mRNA sequences were acquired using ErBéanbl

(http://plants.ensembl.org)j and TAIRh{tps://www.arabidopsis.org). ForgRFPCR, to

avoid amplification of contaminated genomic DNA, primers were designed to hybridize
0 SYR 2FSBYY SE&FGIAYFRE  ¥NISERY 20 KSNI K

the adjacent exon. Chromatin immunoprecipitation (ChtfQFPCR primersvere

G2 U0KS

designedeither side of the previouslgharacterisedor predicted transcription factor

binding sites. Genotyping primevgere designeckither side of the predicted mutation

site or reporter sequence. Primers fgRFPCR assays and sequencing were dedigne
using NCBI Primé8LAST. A list of the primers usegrovidedin Table 2.3

Table 2.3List of primers used fogRFPCR, genotyping, sequenciagd ChIRjPCR

gqRTPCR
Name Forward primer (53" Reverse primer (53"
ACTIN2 TCAGATGCCCAGAAGTGTGTT | CCGTACAGATCCTTCCTGATA
AGO10 CCTTTGTAGCCATGCGGGTATTC TGCACCGCGCATAGGTATAACAG
AGO7 GGCCGGTCAAGTTTAAGCTTTG(CH CGTGTCTGCAAATCAGTAGGGCAACG
ARF3 CCATATCGACCCATAGCGTTTTC| CCCAATGCAAAAGGGATAGTCAACA
ARF4 GCCATGGGCAGGTTTACTGGATA TAACATCAAACCCCTGTGAGGGTGA
ARR7 CTCAATGCCAGGACTTTCAGG | TCCTCTGCTCCTTCTTTGAGAC
AS1 TGAAGAAGGATGGTGAGATGGG| TCTCTCGGACCGAACTGTCT
AS2 CCAACTACACGCTTTTTGTATGC| TCCCTCTCCCTGCGAGTAAAT
CLVv3 AAGGACTTTCCAACCGCAAG AGTTGTTGAACTGGACCGGA
CuC1 GAGCCTTGGGAGCTTCCTGA TGTTCGTTCTCAGTCCCGTT
Ccuc2 CAAGTGTGAGCCTTGGCAACT | TAGTTCTCAGTCCCGTCGGAT
CUC3 CTACAAAGGTAGGGCTCCACG | TGCAAATCACCCATTCCTCCTT
HEC1 GATCTTCCGTATCGCCGTGA CTTCTATGCCTAGCCGCCAC
IND GAACCGCCGTAACGTAAGGA AAGCTGTGTCCATCTTCGCA
KAN GCGGCCATGAAAGAGCAACT CAGCAGGCTTGTTAGTGGTC
KNAT1 GGAGCTCCACCTGATGTGGTT | CAACATGTCACAGTATGCTTCCA
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MP AGGACTCAAACGTCAGCTCC CGCGGAATCAGGAACACGTA

PHB CATGCTGGAAACGACTCTTGTAG CGTTGCCTGCTCGTAAGATACCATC

PHV GGCTCCCAATACGGTAGCTCATT CATCGACACCATAGTCTGCCCATTC

PID TCCCTCTCTTCCGCCAGATT AGCATAATGTGACCGTCGGA

PIN1 CAGGGGAATAGTAACGACAACC | ACCTTAGCCTGCGTCGTTTT

REV GCTTCGACCCCTTTATGAGTCAT| CAGGCTGCCTTCCTAATCCATACAC

RPL CGACGAGGTTTACAAGAGGT TAAGTTAGCGTACGGAGCAG

SPT GGGAAGGTGGGTTAACTCATCCA ACATAGAGATCCCGAAGTTGGGACA

ST™M TTGTCAGAAGGTTGGAGCAC TCAAGCCCTGGATCTTCACC

WOX1 CGACACGCAACCAGAGAAAC CAACTGCATCATCTGCCACG

wus TCCCAGCTTCAATAACGGGA CCTCCACCTACGTTGTTGTAAT

YAB1 CGTAACTGTCCGATGTGGTTG | AAGTAAGAGTGAGGACCGAGC

YAB2 TTGTGACGGTGAGATGTGGC CCAGAGAGGTTGTGTGCTGT

YAB3 GGAGGAAATGCGAAGCGGAG CCACTGATCTTCCGTTGCGA

YUC1 CCGGAACACCGTTCATGTGT CGGTCGGTATTTCCAAACGA

ZPR1 TCAGACACACCCACGAGATTAG | CATCTTTTTCTCTTCCCGCCAC
Genotyping and Sequencing

Name Forward primer (53" Reverse primer (53")

AGOlel TCTCTAGCGTCACTCTTCTTCT | TTAGCTCTCTTGTTGGTTGAGT

AGO1e2 AGCTGCATTCATCGAGCCT CATACCGCCACTAACAGTACC

AGO1&3 AGAGAATCTGTGAAACCGAGC | AGCTTGAGGAACCGACGTAA

AGO16l (2) | CGCTGATTTGCCTACCAAGGA

AGO1@2 (2) | AGTATCACGAGAACGGGAAAG

AGO1& (2) | GCTTGTGCATCGCTTGAACC

CYP79B2 1 | CCATGCAGAGACAACAGAAACC | TCGGCTAAGAAGGACTTGACT

CYP79B2 2 | AGAACACTGCACCTGACGG GGCGTCGTCTCATCTCACTT

EGFP/YFP | CTACGGCAAGCTGACCCTGA CCTTGAAGAAGATGGTGCGCT

GR AGCATTACCACAGCTCACCC GATCTCCAACCCAGGGCAAA

ChIPgPCR

Name Forward primer (53" Reverse primer (53")

CucC1 CTGTCAAATATCACATCAGTTGC| AACCCTAGAGTTCCCAAATGTT

AGO10 CCTCTTTACACGTGATTTTTAAAA CACTCACCGACCAATGAAGAA

PID TTCGTTTATTCTAGCCATTTCACA CCTCTCGCTAATTTTTGTTTTGTT

2.3.5 Polymerase chain reaction (PCR)

PCR reactions were performed with 1X Q5 Reaction Buffer, 200 uM dNTR&) 0f5

each primer, 0.02U/pl Q5® Hot Start Higldelity DNA Polymerase (NEB, M0493), 1X Q5

High GC Enhancer aneHl x 3

GSYLX |

S Ay I G224l f

@g2ftd

Thermal Cycler (BiBad).PCR conditions were one cycle ab®@8or 30 seconds and 35

cycles of 98C for 10 seconds, %€ for 30 seconds followed by °@for 1 minuteand

one cycle at 72 for 2 minutes.PCR products were checked by agarose gel

electrophoresis Sampleswvere subsequently submittedor sequencing at the Core
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Genomicdgraciliyy, University of Sheffield. Samples were sequenced using the Applied
Biosystems' 3730 DN#nalyserand sequencing results weranalysedusingSnapGene

and BioEditor software.

2.3.6Quantitative reverse transcriptasé¢’CR (QRPCR)

gRTFPCR is a quick dndependable technique for monitoring the gene expression
profile. The gR-PCR has become thgold standardmethod of choice for the
guantification of specific mMRNAs and miRNAs. This method isfdstmely sensitive

and accurate. It requires onlery smallamounts of input total RNA and is relatively
simple to perform.Three biological and three technical repeatsre performedfor all

the experimentsgRFPCRwas performed withSYBR Green Jurstart Taq Readynix
(Sigma, S4438) on the Mx3005P gPCReRy§Agilent Technologies Genomics). The
SYBR Green | dye chemistry uses the SYBR Green | dye to detect PCR products by binding
to doublestranded DNA formed during PCR. Because the SYBR Green | dye binds to all
double-stranded DNA, the result is an inceeain fluorescence intensity proportional to

the amount of doublestranded PCR product producdgleactions were prepared using

2X JumpStart Taq Ready Mix, 1X ROX Referenc8@ya\ forward primer, 3000M
reverse primer, 500g template DNA anducleasefree waterand 15> of each reaction

was transferred to an optical 96 well plate (Star Labs). The plate was covered with an
optical adhesive film (Bi®ad, #MSB001), and the plate was centrifuged briefly to
eliminate air bubbles from the solaths.PCR conditions listed belomere usedfor the

run. After the run, PCR products were checked by agarose gel electrophoresis and the
melting curve analysidihe threshold cycle (CT) was automatically determined by the
Mx3005P gPCR Systeamd comparatie CT method (also known as thecg pn/ ¢
method) was used toanalysethe gRFPCR data(Schmittgen and Livak, 2008)
Housekeeping genes such @BIQUITIN BETAACTINGAPDH18S RIBOSOMAL RNA
(18S rRNASS RIBOSOMAL R(SA rRNAwere used as these ammmmonendogenous

references iIRTFPCRACTIN2vas used as aormalisationcontrol.

PCR
Step Initial CYCLE (40 Cycles) N
. Anneal/ Dissociation/melt
denaturation Denature
Extend
Time 2 minutes 15 seconds| 1 minute | 2 minute | 1 minute | 2 minutes
Temp 94 °C 94 °C 60 °C 94 °C 60 °C 94 °C
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The below equation was used to compare the gene expression in two different samples
(e.g. sample 1 and sample 2); each sample was related to an internal control gene.

Sample 1 may be the treated sample and sample 2, the untreated control or Calibrator.

NCT = (CT gene of interesET normalisation control)
cn/ ¢odn/ ¢o -BpYRIDSamYLIE S HOB
Fold change=en n/ ¢

2.3.7 Agarose gel electrophoresis

PCR products were mixed with 6x loading buffer ¢0.&/v bromophenol blue, 5% v/v
glycero)d ST2NB NRdziAySte SftSOGNRLK2NB&aASR G23
ladder (NEB) on 1% w/v 106well 100 mL agarose gels prepared using TAE
(Tris/Acetate/EDTA) buffer containing ethidium bromidep3of 10 mg/ml ethidium
bromide).Gels were rurat 150 V for 1 hour and then imaged using a gel imaging system

(UVP gel doc).

2.3.8 DNA gel extraction

DNA was recovered from agarose gel using the QIAquick Gel Extraction Kit (Qiagen,
#28704). Each DNA fragment of interest was excised from the agarosergehudean
scalpel blade over VP gel doc Utfansilluminator and transferred to a preeighed

2 ml microcentrifuge tube. Buffer QG was added in a 3:1 ratio to the gel (v/iw) and
incubated at 56C for 10 minutes with regular vortexing until all the maaérvas
dissolved Isopropanol was added at a 1:1 ratio to the dissolved solution. The dissolved
solution was then transferred to the QIAquick spin column, centrifuged at 14000 rpm
for 1 minute at room temperature. The fletihrough was discarded, the filtewas
washed with 500> [ . dzZF¥FSNJ D/ |yR GKS {(dzoS OSy{NRT
through was discarded, the filter was washed with 250 . dzZF FSNJ t 9 | Yy R
centrifuged for 1 minute at room temperature. Centrifugatiovas repeatedafter
disarding theflowthrough in order to remove any remnant drops of wash buffer and

dry the DNAcontaining filter The columnwas then transferredto a fresh
YAONROSY iNRTdz3S (wdmadded to glutethp DNAeFt to.ster@l IBrENI 9 .
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minutes, and hen the eluate collected after centrifugation at top speed for 1 minute at

room temperature.

2.4 Chromatin immunoprecipitation (ChIP) methods

2.4.1 Chromatin immunoprecipitation

ChIP is a powerful method for studying transcription factor (DRNA interactionsn

vivo. The immunoprecipitation (IP) ofosslinkedchromatin with antibodies specific for

TFs was followed by PCR, to detect a potential enrichment or depletion of a DNA
sequence of interest within IP fractions, and is already routinely used in many labs. In
contrast to animal cells, however, plant cells have a rigid cell wall which poses limitations
to the simple utilization of protocols established for animals. The laboygprotocol

has been optimised successfully in order to identify direct target genes of the IND TF in
ArabidopsigGirin et al., 2011)35S::IND:GReedswere grownfor 7 days in 50 ml of
liquid culture medium with constant shaking. Aftérdays of growth under constant
light, seedlingsvere treatedwith a final concentration of 10 uM DEX (treatment) and

DMSO (control) for 6 hour®MSO is a vehicle control.

Seedlings were washed distilled water and immersed in crodisk buffer consisting of
0.4 M sucrose,10 mM TrigHCI (pH 8.0)1 mM EDTA,1 mM PMSF and P4
Formaldehyde. Glycingas addedo 0.1 M and incubated for a furthetO minutes. The
seedlings were washed in distilled water and frozen in liquid nitrogen. The tgasie
resuspendedn chromatin extraction buffer 10(4 M sucrosel0mM TrigHCI (pH 8.0),
5Y a -mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSR)chProtease
Inhibitor Cocktai) and filtered through two layers ahiraclothinto a new icecold 50ml
tube. The solution was centrifuged for 10 minutes at 10,000 rpn?P@t ZFhe supernatant
was discarded and the pellet resuspended in 1.5 ml of EB2 Li@f2% M sucrose, 10
mM TrigHCI (pH 8.0), 5 mMimercaptoethanol, 10 mM Mgg&;11% Triton XL0O, 1 mM
PMSF, and Protease Inhibitor cocktail), before ngfarring the solution to a 1.8l
microcentrifuge tube. The tube was centrifuged at 14,000 rpm for iflutas at 4C,
andthe supernatant was discarded. The pellet was resuspended ipnS®0EB3 buffer
(1.7 M sucrose, 10 mM TgHCI (pH 8.0), 5 mM-mercaptoethanol, 2 mM Mgg;10.15
% Triton XL0O, 1 mM PMSF, and Protease Inhib{farcktai). The solution was layered
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onto another 500ul of EB3 in a new 1./l microcentrifuge tube and centrifuged at
14,000 rpm for 1 hour at°€. The supernatant was discarded, andtlear lysis buffer
(50 mM TrisHCI (pH 8.0), 10 mM EDTA%I1SDS, 2 mM PMSF, dhbtease inhibitor
cocktail) was added to the final pell&onication was performed on ice for 10 minutes
G Mo YAONRByYya T28Imni aCHENRACHOO OO S

Sonication sheared the DNéapproximately 300to 1,000bp fragments witlthe man

peak of 500 bp. Aftepre-clearingwith 30 ul of Dynabeadgprotein A (Invitrogen Ltd,
100-02D), immunoprecipitations were performed overnight &C4anttGR antibody
(Abcam, AB3580No antibody control was included during immunoprecipitation step.
After incubation, beadwere washednce with 1 ml of higfsalt wash buffer, once with

1 ml of lowsalt wash buffer, once with 1 ml of LiCl buffer (one wash), and 1 ml of TE
buffer. The washed beads and input fraction were resuspended in elution buffér (1
DS and 0.1 M NaHE)@nd incubated overnight at 8&.After crosslink reversal of the
immunoprecipitated and Input DNg&e DNA was purified using the pherailoroform
extraction.Each pellet was resuspended in dl%f TE bufferThe DNA concentration

was determined using NanoDrop and was storee2@fC until use.

2.4.2 ChIRgPCR and ChiBeq analysis

Before moving on to microarray hybridization or sequencing, the ChIP DNskadgsed

by qPCR to confirm enrichment of known tergyenes relative to notarget control
genes. Alternatively, if no known target was available as a positive control, the amounts
of immunoprecipitated DNA were compared to that of the negative control, which was
an immunoprecipitation that uses no antibpdor a sample without antigegPCR was
performed using35S::.IND:GRamples (DEX treated, DMSO treated amadantibody
control). The values correspond to the fold enrichment between DEX treated input with
the GR antibody and DMSO treated input with the &aRbody.Primers used for ChIP
gPCR are listed in Table 2.3. Processed-S#dffiles were visualised using Integrative
Genomics Viewer (IGV, Broad Institute, USA). Public datasets used f&dgghdRalysis

are listed in Table 2.4.
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2.5 Microarraymethods

2.5.1 Microarray

The microarrayis used to measure the expression levefslarge numbers ofjenes
simultaneously. For microarrag@pS::IND:GReedswere germinatedn 10 ml of liquid
culture medium with constant shakindgifter 7 days growth undeconstant light,
seedlings were treated with a final concentration of 100 y(MDEXal . ! t Sa/R ™M~
IAA diluted in DMSO for 6 hour§he netreatment controls were treated with the
equivalent volume of DMSO (Fisher, #BP231). Treatmerte donein biologcal
triplicates. Tissue was collected before and after treatment and snap frozen in liquid
nitrogen for TNA extractiorDr Paul Heath performed the microarragr@bidopsissene

1.0 ST Array, Thermofisher, #9019H5)the University of Sheffield core fatjlifor
microarray andnext generationsequencing. An Agilent 21@oanalysemwas used to
examine RNA integrity and concentration. Hybridization and scanning procedares
conducted according to themanufacturer (Affymetrix) using Affymetrix Gene Chip

hybridisationsystem.

2.5.2 Microarray analysis

Arabidopsissenel.0 ST Array CEL files were processechantialised RMA algorithm)
dzaAAy3a ! FFeYSONRET 9ELINBAAARY gehRajedaitdr Su  a2Fia o6l
normalisation Arabidopsisene 1.0 ST fay CHP files wernalysedusing Affymetrix®
Transcriptome Analysis Console (TAC) softwanabidopsissene 1.0 ST library files are
modified to add TAIR ID and protein family details. Thiges are transferred to
Affymetrix® TAC software. Statistiealalysis was performed using Affymetrix® TAC
software to obtain a list of differentially expressed genes following treatment. Fold
change (FC) was calculated for ConditieaXondition2 using 2*[Condition1-Bieight

Avg Signal (log2ondition2 Biweight Avg Signal (log2)]. Conditionvgight Avg Signal

(log?2) is the Tukey'sBieight average of exon intensity of all the samples in a condition.
Genes above 1.5 FC and beldws FGwere filtered based on significance g f dzS XK
0.05) OneWay BetweerSulject ANOVA alue (Conditionds. Condition2). Filtered

data were transferred to Excel for further analysis (Avg: Average).
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Hierarchical clustering and datasualisationwere done using EXPANDER (EXpression

Analyzer and DisplayER\ttp://acgt.cs.tau.ac.il/lexpande) (Shamir et al., 2005)

Similarity matrix analysis and heamaps were generated using Morpheus

(https://software.broadinstitute.org/morpheus). Pearson and Spearman rank

correlations were selected for similarity matrix analysis. Pathway analysis was
performed using MapManhttp://mapman.gabipd.org) and STRINGht{ps://string-
db.org/) software. VENNY2.0was usedor creating Venn diagrams. Gene ontology (GO)

analysis was performed using Gene Set Enrichment Analysis (GSEA) software

(http://software.broadinstitute.org/gsea) (Subramanian et al., 200@nd PANTHER

(http://pantherdb.org/). Publicdata setsused for the analysiare listedin Table 2.4.

Table 2.4Data setsused for analysis

Description Method | ArrayExpressGEO Reference
ID

AtGenExpress: Hormone treatment Microarray GSE39384 (Goda et al., 2008)
PlantCistromeDB DARSeq GSM1925338 | (O'Malley et al., 2016)
REVOLUTA ChIP ChIRseq GSE26722 (Brandt et al., 2012)
AGO1 and AGO10 CLIP CLIPSeq GSE39885 (Zhu et al., 2011b)
SPATULA inducible expression Microarray GSE12913 (Reymond et al., 2012
spatulamutant Microarray | NASCARRABS5 (Josse et al., 2011)
HECATE inducible expressiohe& Microarray EMTAB2193 (Schuster et al., 2014
mutant
CUCver expression Microarray GSE27482 (Takeda et al., 2011)
cuclmutant Microarray GSE20705 (Koyama et al., 2010)
Shoot meristem stem cell niche Microarray GSE28109 (Yadav et al., 2014)
IND inducible expression for 24 hours | Microarray | EGEOER8898 (Voinnetet al., 2011)
IND inducible expression with IAA and| Microarray EMTAB3812 This work
BAP
Lerand mutantsagol0, ind, ago10 ind | mMRNASeq - DrKarim Sorefan
Lerand mutantsagol0, ind, ago10 ind | sRNASeq - DrKarim Sorefan

2.6 Bioinformatics

2.6.1 Sequencalignments

CLC Sequence Viewer (Qiagen) was used for sequence alignment (DNA, RNA, or protein),
construction andvisualisationof phylogenetic trees. NCBI basic local alignment search
tool (BLASTyvas also usedor alignment. Multiple sequence alignments were done
usng multiple sequence comparison bylog-expectation tool (MUSCLE)

(http://www.ebi.ac.uk/Tools/msa/musclé).

2.6.2 GSEA analysis
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GSEA is a software developed by Bmad Institute. It wasused to peform GO and

MOTIF. Ntroarraydataset(*.gct format), GSEA library (*.gmt formaénd phenotype

label (*.cls format) fileswere used for GSEA analysis. One thousand sample
permutationswere selectedor any analysis. GSEA computes four key statistiahiéor

report: Enrichment Score (ES), Normalized Enrichment Score (NES), False Discovery Rate
(FDR), and NominaP-Value ES reflects the degree to which a gene set
overrepresentedht the top or bottom of a ranked list of genes (Fig 2.2). NES (actual ES/
mean (ESs against all permutations of the dataset)) can be used to compare analysis
results across gene sets. After analysis, GSEA report was viewsdbieowser (HTML

Report) and transferred to Excel. An enrichment map was createdvigndlisedusing

Cytoscapehttp://apps.cytoscape.org/apps/enrichmentmapThe parameters used for

enrichment map generation were av@alue of 0.05 or below, a-@alue cutoff of 0.05

and an overlap coefficienut-off of 0.5.

Enrichment plot: AUX_IAA_PROTEIN
Enrichment Score———5 =

SampleName

- N
o o

Zero cross at 14887

d list metric (Signal2Noise)

L Lbo0 -
h bbb

'DMSQ’ (negatively corelated)
5,000 10,000 15,000 20,000 25,000
Rank in Orderad Dataset

Rank at max——="—

e

Ran

| Enrichment profile — Hits Ranking metric scoresl

Figure 2.2 Profile of the running ES score and positiong@fiesetmembers on therank
orderedlist. BluePink O' Gram in the space of thalysedgeneset

2.6.3 Library files for GSEA

Gene set files for gene functioand protein families (Group of genes) were created

using previously published. thalianaTAIR GOhftp://www.geneontology.org and

Arabidopsissene 1.0 ST Array library files (ThermofisB84,915).

2.6.4 MOTIF ad DARSeq analysis
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PlantCistromeDBh(tp://neomorph.salk.edu/dap web/pages/index.phpwas created
08 hQalftSe S Ff®dX dzaAy3d 5isdg)(OMBIRWeyal, G & L
2016) PlantCistromeDB is the collection of motifs and peak$H29 Arabidopsis
transcription factors. Motif logos, peakBRiPKkp:2 0 | YR CFREBSHEO 36 KA

downloaded from PlantCistromeDBhe fractionof reads in peakd=RP) is the fraction
of all mapped reads that fall into the called peak regions, calculated by dividing the
usablereads in significantly enriched peaks by the total number otisdlblereads.

Downloaded Target geneBRiPk p:-were analysedn Microsoft Exel 2013.

ArabidopsidMotif Scanner (AMS) and TAIR Patmatch were used to identify the positions
of cisregulatory elements in the2000bp upstream promoter regiorin Arabidopsis
genome. Motifs collected from PlantCistromeDB aAdabidopsisprotein-binding
microarray database were used to search in A8 TAIR PatmatctA GSEA Motif
library file was created using the AMS output (Motifs and associated gene groups). This
file was usedor Motif GSEA analysis. Motif enrichment analysis usieg@BEA tool is
better when compared to the MEME Motif enrichment toohttp://meme-

suite.org/tools/centrimg because better statistics are generated using GSEA, such as a

higherpermutation.

2.6.5 Proein structure modelling

Available protein structures were downloaded frofrotein Data Bank (PDB).
Unavailable structures were created using protein structure prediction tools. One
method isab initiomodelling, which involves predicting protein 3D structures from the
amino acid sequence, but the prediction accuracy is low. Tools used for stirdgitigo
protein interactions and pathways were outlined in Figure 2.3. Phykeley et al.,
2015)was used to predict and analyse protein structure. Phyre2 uses advanced remote
homology detection methods to build 3D modefgabidopsigrotein sequences were
extracted from UniProt and submitted to Phyre2 for modelling. Predicted structures
were downbaded in pdb format and used for further analysis. -&sfembly of identical
protein  subunits was predicted using Rosetta Symmetric  Docking

(http://rosie.rosettacommons.org).
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Figure 2.3 Tools and pathay for protein structuremodelling.

2.7 Imaging techniques
H ® T -Ghlucuronidase (GUS) assay

The promoterdriven GUS assay is the most commonly used technique for {sgsafic
expression patterns irabidopsis In this procedure, the GUS enzyroenverts 5
bromo-4-chloro-3-indolyl glucuronide (XGluc) to a blue product. The staining is very
sensitive. Processed samplasre examinedunder adissecting microscopfor bright
blue colour over a transparent backgrounUS assawas performedon pIND:GUS
seedlings andleaves at different developmental stages. Samples were vacuum
infiltrated and incubated in the GUS assay buffer @ ghosphate buffer [pH 7], &M
EDTA, 0.% Triton XL0OO, Img/mL XGlue A, Z2nM potassium ferricyanide) overnight at
37°C, andclearedin 50% ethanol. GUS staining walsservedundera light microscope

and photographs were takenith a CCD camera.

2.7.2 Sample fixationglearing,and preparation
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Plastic embedding gives better cellular definition compared to paraffitbedding.
Histology samples were embedded using4lTechnovit 7100 resin solution (TAAB,
#T218). Technovit 7100 penetrates and polymerakgssue specimens everity light-
microscope examination. For this reason, this method is an ideal tool fa@lizisig plant
cellular morphology and phenotype. Samples were fixed in fixing buffer consisting of a
7:1 ratio of 100 % Ethanol and acetic aclgy vacuuminfiltration for 20 minutes.
Decolourised samplewere incubatedwith 2x 100% ethanol for 30 minutesAfter
incubation, samples were infiltrated in a sufficient amount of TECHNOVIT 1 solution for
1-48 hours, depending on specimen thickness and type of tigsiter. incubation, 1 ml

of the solution was poured into a Histoform S mould (TAAB, #T393), fallbywehe
infiltrated specimens, which were positioned as requirAtiroom temperature (28 )

the specimenset within approximately 22 hours.Histobloc(TAAB, #T395)as then
placedin the recess of the embeddimgouldHistoform S. Technovit 3040 (TAAB2&4)

was poured into the recess at the back of tHistoblocto a level of about 2 mm above

the base of theHistobloc After about 10 minutes thelistobloctogether with the fixed
specimerwas removedrom the Histoform S mouldlhe samples were sectioned 8-

10 um thick with aHistoknife (TAAB, #T55@) a microtome (Leica RM2145) and dried
on glass slides. Staining or enzymatic reactions were carried out without removing the

resin.

2.7.3 Embryo dissection and light microscopy

Forlate-stageembryo imaging, seeds were dissected usitigle stereo microscopeA

few seeds were transferred onto the slide with wet Whatman paper, and the embryos
were dissected out of the seed coat undelight stereomicroscopaliza Ay 3 Uy S T2
andneedles. The SSR ¢l &8 KSfR ¢A0GK UyS F2NOSLA o8
gla YIRS 2y GKS 20KSNJSYyR 2F GKS aSSR 021
Gentle pressure was applied on the micropylar side of the seed using the forceps slanted
to oneside, causing the embryos to pop out of the seed coat. These were immediately
transferred into a vial containing a few millilitres of cold water. Isolated embryos were
used for staining and imaging. Seedlings were also disseddied) alight stereo
microscope Peeled cotyledons with SAWere imagedat different focus distancessing

a Leica light microscophotographavere takenwith a CCD camera. Captured images
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were visualised in WinJoe software and transferred to Helicon 3D viewer for focus
stacking Focus stacking combines multiple images taken at different focus distances to

generate an image with a greater depth of field (Fig 2.4).

Figure 2.4 Single image (Left) and combined multiple images (right)

2.7.4 Confocal Microscopy

The small size of thérabidopsi{ ! a Y|l 1Sa AdG RAFTUOdzZ G G2 | 0O0Saz:
challenging. Analysis dirabidopsisembryonic SAMs using confocal laser scanning
microscopy permits the ready imaging of mature embryonic meristem organization,
cells and cell layers from whole mount samples. For imaging and visual analysis of the 3
to 10 dayold seedling phenotype, atereomicroscopenvasused to dissect and analyse

the plant materia.SAMswere analysedy staining withs pg/mL of propidium iodide

(P1) solution for 6 hourd he stained samples were mounted on microscope slides and
imaged on a confocal microscog&opidiumiodide can be excited by a 514 nm argon laser
beam and emits between 58810 nm. Transgenic embryos or seedlifgBIN1::PIN1:GFP
DR5:GFPand pIND::IND:YBRvere mounted on microscope slides with a slab of 1% plant
agar andmaged using an Olympus FV00fbnfocal microscope.FP can be excited by a

514 nm argon laser beam and emits betwee?20-530 nm.GFP can be excited by a 488 nm
argon laser beam and emits betwed®5-515 nm. Olympus FV1000 excitation laseese
listedin Table 2.5. Lasesettingwasselected and changed using software FARN.

Captured images were processed using FX$UV viewer or Image J.
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Table 2.5 Excitation Lasers

Laser source| Excitation | Dyes & Fluorophores Emission
wavelength colour
405 Diode 405 nm DAPI, Hoechst Violet
Multi-line 457 nm CFP Cyan
Argon 488 nm Alexa 488, Oregon Green, FITC, GFP, BBERy2 | Green
514 nm YFP, EYFP Yellow
Green HeNe| 543 nm Cy3, TRIT&Cherry Alexa 543, Alexa 594 Orangered
Red HeNe | 633 nm Alexa 633, Alexa 647, Cy5,-PRO3, Farred

2.7.5 Scanning Electron Microscopy (SEM)

Samples were fixed in% Glutaraldehyde/0.M sodium cacodylate buffer, washed in
0.1 M sodium cacodylate buffer to remove unbound fixative and secondarily fixed in 2
% aqueousosmium tetroxide for 1 hour.Specimens were dehydrated through a
sequentially graded series of ethanol, 100 %, for 30 minutes per step, finally into
100 % ethanol before being dried over anhydrous coppelphate Specimens were
critically point dried using G@s the transitional fluid. After drying, the specimens were
mounted on 12.5mm diameter stubs, attached with sticky tabs and coated in an
Edwards S150B sputt@oater with approximately 25 30 nm of gold.Dr Chris Hill
(Electron Microscopy Officefrocessed samples before imagin@pecimens were
viewed using a Philips SEM-2Q. Scanning Electron Microscope at an accelerating

voltage of 2V in Biomedical Science Electron Microscopy Unit, University of Sheffield.

2.8 Statistical analysis

Phenotype and RFPCR datavere analysedusing tools within the GraphPad Prism 7
a27F 061 NB d-tet wadziRe3fgiaed aisindvlicrosoft Excel 2013and one-way
analysis of variance (ANOVA) withkey's multiple comparisons test was performed in
GraphPad Prism 7. Unlestherwise stated, data are presented as mean standard
error of the mean (SEM). Significance was determined atvalye at or below 0.05.
False Discovery Rate (FDR)atpeswere also generatedrom bioinformatics analysis

(Microarray and GSEA):-\@lues are the name given to the adjusted/alues.
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CHAPTER RAGO10 and HEIP Il transcription factors
regulate IND

3.1 Introduction

In Arabidopsis leaf primordium development is dependent on establishing polarity
along the adaxial (upper side) and abaxial (lower side) axesaddnaal leaf face is
promoted by the HEZIP 1l transcription factors PHABULOSA (PHB), PHAVOLUTA (PHV)
and REVOLUTA (RENIti and Stasolla, 2009; Liu et &009; Mallory et al., 2004;
McConnell et al., 2001; Zhou et al., 200Zinsequently, los®f-function mutations in
HD-ZIP llgenes result in théormation of abaxialised and radialised leaves or terminated
meristem with no leaves. Conversely, gaiffunction mutations inHD ZIP llgenes
cause adaxialised and radialised lea{®arkoulas et al., 2007; Fambrini and Pugliesi,
2013; Prigge et al., 2005; Szakonyi et al., 2010; Tsukaya,. 20%3¥fore, HD-ZIP |II
expression musbe tightly controlledand this involves an elegant mechanism requiring
mMiRNAs 165/166, AGO1 and AGO10.

HD-ZIP lllexpression is targeted and subsequently downregulated by the AGO1
mMiR165/166 in the shoot apical meristem (SAM) and leaf primdidia et al., 2009;
Miyashima et al., 2013; Tier et al., 2013; Zhou et al., 2007; Zhou et al., 2015; Zhu et
al., 2011b) However,AGO1 and AGO10 compete for miR165/166 binding. Although
AGO10 has a stronger binding affinity for miR166 than AGO1, and AtGSitiDely
regulatesHD-ZIP lIfamily genes by acting as a specific decoy for miR166{Il@aN et

al., 1999; Mallory et al., 2009AGO10 is not involved in tipesttranslationalrepression

of HD-ZIP lligenes(Zhang and Zhang, 2012; Zhu et al., 201Al50,lossof function
agolOmutants and35S::miR166d&ransgenic lines appear similar ta-zip iii mutant
seedlinggEndrizzi et al., 1996; Moussian et al., 2003; Moussian e1298; Prigge et
al., 2005; Zhu et al., 2011@)ogethethese studies suggesiGO10 promotes thadaxial

leaffate by positively regulating HRIP 11l transcription facter

In the reproductive phase, termination of stem cell activities in the floral meristem is
essential fomormal flower development AGO10and HD-ZIP lligenes regulate floral
stem cell termination and promotaormal flower developmen(Ji et al., 2011; Landau

et al., 2015)Loss 0AGO1Cesults in prolongedtem cell ativity in floral meristem and
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agol0mutants produce abnormal, bulged gynoe¢ih et al. 2011) Thisshows that
AGO10and HD-ZIP lligenes play an important role in leaf development and floral
differentiation. Itis not knownhow AGO10 and HRIP Il transcription factors regulate

other factors that controgynoecium patterning and this shoub@ investigated

The bHLH transcriptiofactors IND and SPT regulaggnoecium patterningand their
interaction is crucial for the fusion of carpé(sirin et al., 2011; Groszmann et al., 2010;
Groszmann et al., 2008)heunfused apical carpel phenotype the spt mutant were
strongly enhanced in thd sptdouble mutant(Girin et al., 2011)This shows that IND
may regulate gynoecium development through the formation of a heterodimer with
SPT.Moubayidin showed that overexpression of IND gsBbS::IND:GRseedlings
produced radialised leaves (rod or piike and cugike structures)and this leaf
radialisationis lostin the spt mutant backgroundMoubayidin and Ostergaard, 2014)
Therefore,both IND and SPT are necessary for mediating orgdialisation, similar to

gynoecium development.

Since IND overexpression,agol0 and hd-zip iii caused similar phenotypes, we
hypothesisedhat INDis associateavith the AGO1EHD-ZIP 1l pathway toontrol SAM

or leafdevelopmentin Arabidopsisin this chapter, we show that SAM development is
regulated AGO10 by regulatindND expression. This chapter aims to study the
connection between IR and AGO18ID-ZIP 1.
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3.2 Results
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Figure 3.1 Argonaute protein family and their gene expressionAinthaliana (A) Circular
phylogramshowingArabidopsisAGO family amino acid sequence alignment classified into three
different  clades, namely the AGO1/AGO5/AGO10, AGO2/AGO3/AGO7, and
AGO4/AGO6/AGO8/AGO9 clad€B) Heat map with hierarchical clustering of samples and
genes (one minus Pearson correlation)TAtX developmental gene expression analysis of AGO
family members (Zcore),(C)AGOfamily gene expression idrabidopsisSAM protoplast cells
(Zscore) (GEO:GSE281(8)Jue: low gene expression, Red: high gene exprekssion
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3.2.1 Characterisation oAGOfamily gene expression in SAM and other

tissues

TheArabidopsiggenomeencodegen AGO family members. AGO amino acid sequences
were aligned using CLC bio software. Based on their amino acid sequence homology
AGO proteinswere classifiedinto three different clades:AGO1/AGO5/AGO10,
AGO2/AGO3/AGO7 and AGO4/AGO6/AGO8/AGO9 c{ades.1A) The Arabidopsis
AGO protein family carbe divided into three functional groups: RNA slicers
(AGO1/5/10), RNA binders (AGO2/3/7 (AGO7 also cuts)) arainatin modifiers
(AGO4/6/8/9)(Kim, 2011)AGO1and AGO10are expresseth SAM and leaf primordia,

but their gene expression in other tissues is not kndkm et al., 2009; Tucker et al.,
2008) Also,geneexpression of otheAGOdasnot been well characterisesh SAM and
other tissues. We investigated whether other AGOs may be important for SAM
development. Tocharacterise AGO1to 10 gene expression duringirabidopsis
development, gene expression data from tAeabidopsis thaliandiling Array Express
(At-TAX) databas@.aubinger et al., 2008)as anajsed using cluster analysis (Fig 3.1B).
Hierarchical clustering (one minus Pearson correlation) was performed using Morpheus
(Broad Institute, USA). Compared to othekGOs higher AGO2,AGO3,and AGO7
expressionwas observedin senescing leaves (Fig 3.1Bligher AGO4and AGO6
expressionwas observedn the vegetative shoot meristem and inflorescence shoot
meristem (Fig 3.1B). High&GO3, AGO4, AG@bd AGO%xpressiorwas observedn

stage 15 flowers and fruits (Fig 3.1B}GO10was highly expresseih seedlings, the
vegetative shoot meristem, inflorescence shoot meristem and stage 15 fruit (Fig 3.1B).
AGO1lwas highly expresseth roots, seedlings, stem and the inflorescence shoot

meristem (Fig 3.1B).

To investigateAGOexpression in the differentissues of theSAM,we mined the SAM
stem cell niché¢ranscriptomicdata setgYadav et al., 2009; Yadav et al., 20Y&da\et

al. (2009; 2014) used ddrent promoters with fluorescent reporters to mark cells of
SAM and protoplasted cells were FACS sorted (L1 epidermal celHigE MOBILITY
GROURHMG), L1 differentiating cehlSMERISTEM LAYERAIMLY), L2 subepidermal
cell type HOMEODOMAIN GLABRQU®SHDGY OCWUSexpressing cells, GZLV3
expressing cells, PZ organ circumfereK@eN1 Organ primordigll, LATERAL

50



SUPPRESSQR$-expressing cells, Phloer817and XylersAtHBg. FACS sorted cells
were processedor Affymetrix GeneChip ATH1 microarr@yadav et al., 2014)To
characteriseAGO1to 10 gene expression in the SAM, gene expression data from
processed microarray filel6GEO: GSE28109) was analyaed hierarchical clustering
was performed (one minus Pearson correlation) (Fig 3.1C). Hi&&2and AGO47
expressionwas observedn adaxi& cellsLAS(Fig 3.1C). HighekGO9expressionwas
observedin organ primordiaFIL(Fig 3.1C). HighekGO3expressionwas observedn
PhloemS17 and XylerpPAtHB8 (Fig 3.1C)AGO4to AGO7was highly expresseth
epidermal HMG AtML1, andHDG4, CLV3and WUScells (Fig 3.1CAGO1was highly
expressedin organ circumferenc&AN1 epidermal HMG AtML1, and HDGZ4 and
WUSCHEtells (Fig 3.1CAGO10was highly expresseith PhloemS17 XylemAtHBS§
CLVandWUScells (Fig 3.1C).

In summary AGO4and AGOGexpression in shoot meristenCLVXells,and WUScells
suggesthey may have a role in the function of the SAMzOland AGO10expression
in the SAM match with previously published wegkku et al., 2009; Tucker et al., 2008)
AGO1l@xpression in fruit, phloeroells,and xylem cells suggespassiblerole of AGO10

in fruit and vascular development.
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PpIND::IND-YFP

pZLL:ZLL-YFP Tmm 07 mm

pZLL:ZLL-YFP
pIND::IND-YFP

pZLL::ZLL-YFP

Figure 3.2 AGOXYFP and INYFP egression inArabidopsis No YFP expression observed in
Col0 controls: daysold SAM(A) and stage 8 gynoeciuf®) AGO18YFP expression observed

in the SAM and adaxial side of leaf primordia (3DBEAGOL1BYFP expression observed in the
floral meristem(H), style and nordistinct valves of stage 9 gynoeciyd) valves of stage 12
gynoecium and petal vasculatu(g). No AGO1&/FP expression observed in stage 17 fiit
Very weak+) INDYFP expressn observed in primordia and SAM (3DAG and 708G@nd D)
Image show GUS expression in primordia and the SANMNEGS::GU$7DAG)E).The histological
sectionshowsGUS expression in the SAM@ND::GUJ7DAG)(F). No INDYFP expression
observed in floal meristem(l). INDYFP expression observed in stigma, style and valve margins

of stage 14 frui(M).
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3.2.2 Characterisation of AGO10
3.2.2.1 AGO10 expression

To test whethe AGO1@ene expression pattern from th@evioussection matches with
AGO10 prtein expression, we used pZLL::ZLYFP(AGO10/ZLL/ZWILLENHEAP
transgenic lingo characteriseAGO10YFP expression in seedlinggnoeciumand fruit

using confocal microscopy. @Wwas used as a negative control. Confocal imaging was
done to detect YFP expression using an argon laser axetationwavelength of 514

nm (Chapter 2, Section 2.7.4). Fluorescence corresponding to YFP expvessinot
observedin the Col0 SAM with primordia (3DAG, Fig 3.2A) and stage 8 gynoecia (Fig
3.2G). AGO1OFP expressiomas observen the adaxial side of primordia and SAM
(Fig 3.2B) opZLL::Z1-¥FP(3DAG) Flower and fruit development is divided m&0
stages(Smyth et al., 1990)YFP expressionas observedn floral meristem (Fig 3.2H),
style and presumptive valves of g@9 gynoecia (Fig 3.2J), valves of stage 12 gynoecia
and petal vasculature (Fig 3.2K) pZLL::Zl-¥XFP AGO10YFP expressiowas not
observedin stage 17 fruit opZLL::ZLYFRFig 3.2L)The AGOIFP expression in leaf
primordia and floral meristem isonsistent with previously published wo(&i et al.,
2011; Tucker et al., 2008AGO160YFP expression in SAM, leaf and reproductive tissues
matched withAGO1Qyene expression. The AGQYBP expression in gynoecia suggests

a novel role in edy gynoecium development.

3.2.2.2 Genotypingagol0mutant zwl-3

Identification of the mutation in differenagol0alleles can help determine the function

of different domains and is also important for genotyping. &gel0alleleszll (1 to 19
andpinhead (pnh 1 to 11) have been commonly used in various studi@sulsen et al.,
2013) zIlF3is the most commonly useajol0allele(Endrizzi et al., 1996; Mcconnell and
Barton, 1995; Moussian et al., 199Bpwever,the mutation has not been characterised
(Poulsen et al., 2013)rherefore, theagolOlocus inzll-3 plants was sequenced. The
termszwillie-3 (zwk3) or ago13were usedn this thesis instead afil-3, althoughzwk
3/ago10™* andzIl-3 are one of the samél o study thenutation, AGO1&DNA was PCR
amplified usingzwt3 and Ler(wild-type) cDNA samples, and PCR products Vi&eger
sequencedat the University ofSheffield (UOS) sequencing facility (Chapter 2, Section
2.3). Sequences were aligned using Bioedit software (Ibis Therapeutics, Canada) and

analysedusing NCBI tools (NCBI, USA). Unusually for an EMS mutant, weliatititet
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zwk3 mutation was complex and had mutations that disrupted two domains of AGO10.
Sequence analysghowedthat zwh3 possess a missense mutation (G to A) at position
2399 bp downstream of the ATG. This mutation was predicted to cause an amino acid
substitution (G to D) at position 707 aa of the AGO10 Piwi domain (Fig 3.3B, Fig 8.1 and
8.2), which can change the amino acid sequence and its functional akwitlyizzi et

al., 1996) The zwt3 missense mutatin is identical tozIF2 (Moussian et al., 1998;
Paulsen et al., 2013ywl-3 alsoharboursa partialCYP79Bgene insertion in th&GO10
exon2 region (Fig 3.3B, Fig 8.1 and 8.2). There is a possibility of duplication or deletion
of CYP79BBene inzwl3. To examine mutations and changesdiP79B8Xequencing

was doneon PCR amplifieewl3 andLer CYP79B2DNA. Sequence analystsowed no
mutation or deletion inzwl3 CYP79BHh comparison toLer CYP79B2Fig 3.3B)This
suggests possibly part &fYP79B2Chr4) gene was copied to the&G010exon2 region
(Chr5). TheAGO10exon2 region codes for th&l-terminal domain, this domain is
variable across different AGOs. Gregetyal. showed mutation within the Merminus

of AGO1 results in weak developmental defectsgnl-38 (Gregory et al., 2008%imilar

to ago1-38,the partial CYP79Bhsertion in theAGO1(exon2 region may enhance the

loss ofagol0activity inzwk3.

3.2.2.3zwl-3 developmental phenotypes

ToanalyseSAM phenotypeswt3 and Ler were grownon 0.5 % MS plant agar plates.
3-day old seedlingsvere dissected to image th&AM,and 14-day old seedlingswere
imaged without dissection. Imaging was performed using a light microscope. After
imaging and analysigwl-3 seedlings were classified intaild-type looking WT), cup
shaped or single lea€UBR, pin-shapedor filamentouslike (PIN and nemeristem or flat
apex \\M) phenotypes (Fig 3.4). The 3DA@-3 WTimage shows two primordia, small
emerging primordia and SAM (Fig 3.4) and 14RAE3 WTimage shows cotyledons
and normal leaves similar teer (Fig 3.4). The 3DA&wvI3 CUPimage shows a bulged
SAM with no primordia (Fig 3.4) and the 14D#A%3 CURmMage shows cotyledons and
cup-shaped single leaf (Fig 3.4). The 3XAE3 PINimage showgointed SAMwith no
primordia (Fig 3.4) and 14DA®/I3 PINimage show cotyledons amuin-shaped SAM
(Fig 3.4)The 3ADAGwWI3 NM image shows dissected cotyledon with no SAM (Fig 3.4)
and 14DAGw3 NMimage show only cotyledons (Fig 3.4) z&ll3 seedlings produced
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two cotyledons, which suggests th@tJRPIN and NM were late stageembryo or post

embryonic meristem termination phenotypes.

The 14-day old zwl3 seedlings were quantified to examine tlfrequencyof different
phenotypes. The bar chart shows 296l 11%CUR 49%PINand 11%NM zwl-3
seedlings(3 biological replicates, n=5@jg 3.5). TheWT zwl}3 seedlings continued
development and produced flowers and fruits allowimgestigationinto the role of
AGO10in fruit development. ThelLer and zwl3 stage 17 fruitswere imagedfor
phenotype analysis (Fig 3.bA'he image shows wiiype Ler stage 17 fruit and small
bulged stage 1zw}3 fruit (Fig 3.5A When compared to stage 1&r fruit, a smaller
replum was observed in stage w3 fruit (Fig 3.5 From phenotypanalyss,we can
draw that many of thezwl3 seedlings undergo meristem termination and few of the
zwk3 seedlings undergo development and produce small bulged fruits with smaller

repla

3.2.2.4 Summary

In summary, thezwlk3 AGO10gene possesseswo mutations,a missense mutation
causing an amino acid substitution (G707D) in the Piwi domain, and insertiqgradfal
CYP79B8Benein the exon2 regionThe meristem termination by thikwssof AGO10n
agol0"3, and expressiomf AGO107-L-2XFPin SAM and leaf primordia demonstrates
that AGO10 is required for proper SAM development, in agreement with previously
published work(Moussian et al., 1998; Tucker et al., 2008; Tucker et al., 20h&)
bulged small fruit phenotypef ago1G3** and expressionf AGO16-2¥FAn gynoecia

suggests that AGO10 may also regulate fileielopment.
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A Argonaute 10 B Argonaute 10 (zwl-3)

(Wild type)
4110 4120 4130 4140 4150 4160 4170 418C
ISR E YA [Py [ BRG] LETessors ey o [Pyt Moty i, IRt P o Ly [aCasr | PP rrarat [r s 03
I 2G010 Genomic AACACAGTTCTAGTAGACGCCATAAGCTGTAGAATACCACTGGTTAGCGATATACCGACAATCATTTTTGGCGCAGACGTG
i 2G010 cDNA AACACAGTTCTAGTAGACGCCATAAGCTGTAGAATACCACTGGTTAGCGATATACCGACAATCATTTTTGGCGCAGACGTG
ler seq (AG010) AACACAGTTCTAGTAGACGCCATAAGCTGTANAATTCCACTGGTTAGCGATATACCGACAATCATTTTTGGCGCAGACGTG

zwl-3 seq (AGO10) AACACAGTTCTAGTAGACGCCATAAGCTGTAGAATTCCACTGGTTAGCGATATACCGACAATCATTTTTGACGCAGACGTG

=i /’i
v Wl -

AAACTTTGCTCCAAGACCTGGAT TTGGAACACT TGGAACTAAATGCATTGT TAAAGCTAACCACT TTCTCGCTGATTTGCCTACCAAGGA

S8LL
4na

AGO10 Genomic

m

AGO10 cDNA AAACTTTGCTCCAAGACCTGGAT TTGGAACACTTGGAACTAAATGCATTGT TAAAGCTAACCACT TTCTCGCTGATTTGCCTACCAAGGA
ler seq (AG010) AAANTTTGNNN - AAGNNCNGGAT TTGGAACACTNGGAANTAAATGCATTGT TAAAGCTAACCACT TTCTCGNTGATTTGCNTACCAAGGA
zwl-3 seq (AGO10) GNCCCGTTTTC - - - NNGNGGCTCCNCANNATCNTGAAGCANCT - CAATACNGANA- TAGC - - - - -GTGCGTGAAGTTAGGAAACACTCA
CYP79B2 cDNA GGCCCGTTTTC- - - - CGGTGGCTCCACAGCATCATGAAGCAGCT - CAATACTGAGA-TAGC- -~ - ATGCGTGAAGTTAGGAAACACTCA

ler seq (CYP79B2)  GGCCCGTTTTC----CGGTGGCTCCACAGCATCATGAAGCAGCT-CAATACTGAGA-TAGC- - - --GTGCGTGAAGTTAGGAAACACTCA
zwl-3 seq (CYP79B2) GGCCCGTTTTC- ---CGGTGGCTCCACAGCATCATGAAGCAGCTCAATACTGAGA-TAGC- - - - -GTGCGTGAAGTTAGGAAACACTCA

e il ‘ IQIS ZSID 37IS S‘ﬂ I’N ‘BID nls !:7
Query seq. . i
mecleic interface §\ A0 AA active zite
5" RNR guide strand anchoring site
J Specific hits
Superfanilies | pé50 suwper PR superfonily (Piwi-Tike superfamily
o 1785
S . — -
=t List of domain hits
Name Accession Description Interval ~ E-value
[+] PAZ_argonaute_like  cd02846 PAZ domain, argonaute_like subfamily. Argonaute is part of the RNA-Induced silencing complex ... 252-366 6.28e-37
[+ Piwi-like super family  cl00628 Piwi-like: PIWI domain. Domain found in proteins involved in RNA silencing. RNA silencing ... 411-701  1.30e-84
[+] DUF1785 pfam08698 Domain of unknown function (DUF 1785); This region is found in argonaute proteins and often ... 200-252 7.88e-21
[+ p450 super family ci12078 Cytochrome P450; Cytochrome P450s are haem-thiolate proteins involved in the oxidative ... 12-95 3.76e-10
n (NCBI Search for Conserved Domains within a protein)

Figure 3.3 Mutations irewli8 change the amino acid sequence in Piwi functional domain of
AGO10.AGOsconsist of a single variable-tdrminal domain and three conservedt€minal
domains (PAZ, MID, and PilinePAZ domainecognisesand anchors sSRNA iis target mMRNA,
and the Piwi domain regulates catalytic activity (slice, bind or lock). When compareittito
type AGO1(A), zwl3 possesses a missense mutati@3C taGAC) in the Piwi domain and also
harbours annsertion (cytochrome P450: CYP79B2héexon2 regiorB). A missensenutation

(GGC to GAC) at AGO10 Piwi domain can change the amino acid sequence (G to D)
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Wild Type (WT) Single Leaf (CUP) Pin Shaped (PIN) No-Meristem (NM)

& s

3 DAG

14 DAG

Figure 3.4 SAM phenotypes afvl-3 seedlingszwt3 seedlings grown for 3 and 14 days either
display cupshaped or single leaf (CUP), simaped or filamentoutike (PIN) and noneristem
or flat apex (NM) instead of a witgipe (WT). Scale bar for 3 DAG = 50 um. Seedivegs

imaged using a light microsge.
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Figure 3.5ind lossof-function mutation rescues fruit and seedling phenotypes afo1G".
(A) Stage 17ruit phenotypes oter, ind6, zwt3 andind-6 zwl3 plants.(B) GUS staining istage
17 fruit shows high expression in valve margins and replad6 zwt3 when compared tand-
6. (C)AGO10and INDregulatereplum width.White line with double arrowgndicatesrepla of
Ler, ind6, zwt3 and ind-6 zwlk3 stage 17fruits. (D) Seedlings (14 DAG) sheve higher
percentage of PIN and NM phenotypesziwt3 and the WT phenotype imd-6 zwt3 (n=3
biological replicates). Values are means = SE. Tukey's multiple comparisoimitéstvt3 vs.
zwlk3), *p<0.001.
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3.2.3 Characterisation of IND
3.2.3.1 INDexpression

Arabidopsighaliana- Tiling Array Express data analysis shoWddgene expression in
seedlings and the vegetative meristefhaubinger et al., 2008)Therefore, the
localisation of IND expression in the SAM and leaf primordia was investidatéds
study pIND::GUSand pIND:: INBYFPtransgenic hes were used tacharacteriseND
expression in SAM, leaf primordia and reproductive tissliegse transgenic lines were
also previously used in different studidsljegren et al., 2004a; Simonini et al., 2016)
Interestingly, INBYFP expressiamas not observeth floral meristems opIND:: INBYFP

(Fig 3.2I)However INDYFP expressiamas observedh stigma, style and valve margins

of stage # fruit (Fig 3.2M) opIND::INBDYFHRines The INDYFP expression in fruit was
consistent with previously published wo(simonini et al., 2016Very weak INEYFP
expressiorwas observedh primordia and SAMFig 3.2C and D) pfND::INDYFR3DAG

and 7DAG)In pIND::GUS7DAG) lines, GUS activity was observed in SAM and leaf
primordia and (Fig 3.2E). The histological resin sectioptNid::GUSeedlingy7DAG)
showedGUS accumulation in the SAM (Fig 3.2F) INNBpromoter-drivenGUS and IND
YFP expression in the SAM and leaf primordia suggest that IND may have a role in SAM

development.

3.2.3.2 Loss ahd developmental phenotypes

IND is required for valve marginwiopment, but we do not know if thiessof INDcan
affect SAM development. Thereforied SAM and fruit developmental phenotypes were
analysed using thénd allele ind-6. ind-6 is an enhancer trap line that carries a Ds
insertion after 183 nucleotides dND, carrying a GUS reporter gefi@/u et al., 2006)

To analysethe SAM phenotypesnd-6 and Ler were grownon 0.5% MS plant agar
plates. The3-dayold seedlings were stained using propidium iodide (PI) and dissected
to image the SAM. Imaging was done using confocal microscopy (Fig 3.8A). After
imaging, the width of the SAMas measuredor quantification (n=10 seedlings). The
mean width of theind-6 SAM wagi5 um whereas the &r SAM was significantly larger

or wider at 50um (p<0.05)(Fig 3.8B Regardless of the small SAMd-6 seedlings
continued development and produced flowers and fruitéie Ler and ind-6 stage 17
fruits were imagedfor phenotype analysis (Fig 3.%AThe image shows wiltype Ler

stage 17 fruit andnd-6 stage 17 fruit (Fig 3.9AWhen compared to stage 1ér fruit,
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largerepla(indicated by the white line with double arrows) and no valve margiase
observedin stage 17nd-6 fruit (Fig 3.5¢ Theind-6 fruit phenotype data match with
previously published woriLiljegren et al., 2004a; Wu et al., 200B)eind-6 small SAM
phenotype suggests that IND regulate SAM size.

3.2.3.30verexpression ofNDdevelopmental phenotypes

The balance of abaxial and adaxial polaritytes for normalleaf developmen{Szakonyi

et al., 2010) Loss of abaxial polarity produces adaxialikses,and loss of adaxial
polarity produces abaxialised leavgEmery et al., 2003; lwasaki et al., 2013; Kumaran
et al., 2002; McConnell et al., 2001; Xu et al., 2008ubayidin and Ostergaard
reported that overexpression dNDcouldproduceradialised leaves, such as rod or-pin
like and cugike structures, but thepolarity of these structuresvas not examinedn
detail (Moubayidin and Ostergaard, 2014)

To examine these phenotypes in det@&bS::IND:GRansgenic seeds were grown on

half MS plant agar plates supplemented with uM dexamethasone (DEX) DMSO.

DEX was used to induce IND activigfter 21 days, samples wermaged using light
microscopy and processed for SEM imaging. Processed samplesmagedat the
University of Sheffield Biomedical Science electron microscopy facility. The 21 DAG
35S::IND:GFDMSUOmages showiormalleaves and a floral meristem (Fig 3&#d L).

After imaging and analysis, 21 DAGS:: IND:GFRDEXwere classifiednto different
phenotypes: pointed leaves RL), cupshaped or single leafCUR, pin-shaped or
filamentouslike (PIN and large meristemLM) phenotypes (Fig 3.68). The PL images

(Fig 3.6E and F) show two leaves with trichomes on the adaxial surface and two pointed
leaveswith elongated epidermal cell¥he CUP imagéBig 3.6A and Bhow cotyledons,

and a single CUP shaped leaf with trictes on the inner epidermignd the outer
epidermis without trichomesThePIN imageg¢Fig 3.6C and Bhow cotyledons angin-
shaped SAM with elongated epidermal cellbe LM imageéFig 3.6GJ)show a large

SAM withpin-shaped primordia

In Arabidopss, leaves produced at an early stage of development lack trichomes on their
abaxial surfacéTelfer et al., 1997) Therefore, abaxialised and adaxialised leaves can be

defined based on thalistribution of trichomes on the leaf surface. The trichome
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distribution in 35S::IND:GFRDEXCUP, PIN and LM suggest thaerexpressiorof IND

promotes abaxialised leaves (Fig 3.6).

3.2.3.4IND regulates leaf polarity genes

We hypothesisedhat overexpression alNDcan regulate leaf polarity gene expression.
Using gqRPPCR leaf polarity gene expression was examinedl0 uM DEX,10 uM
cycloreximide (CHY) anDMSGtreated 35S::IND:GReedlings treated for 6 hours in
liquid media. CHY is an effective protein synthesis inhibitor which was used in
combination with DEX to examine IMIDly regulated gene expressioA.heat map of
gene expression fd change (DEXs. DMSO and DEX+CHMY. CHY) in35S::IND:GR
seedlings was generated using Morpheus. Gene expression fold changes(DEASO

and DEX+CH.CHYwas also presenteds a bar chart. Previous studies reported IND
downregulatesPINOID(PID expression, sd’IDwas used as a control to validate the
35S::IND:GBRTFPCR experiment. In this experimeRtDexpression was decreased in
the presence of DEX and significantly decreased in the presence of DEX+CHY (p<0.05, Fig
3.7B). Th&IDexpressiorpattern is consistent with other published studi@doubayidin

and Ostergaard, 2014; Sorefan et al., 2009a)

The abaxial and adaxial leaf polarity is regulated by different g@barcia et al., 2006;
Szakonyi et al., 2010)n ArabidopsisAGO10, PHB, PHV, REV, ZPR1, AGDAS1
regulate adaxial leaf polarity. These adaxial gewesge screenedn this experiment.
AGO1@xpressionwas decreaseth the presence of DEX withhaelve-fold decrease in
expression in the presence of DEX+CHY (p<0.05, FigR-iBBXpression was increased
two-fold in the presence of DEX (p<0.05) and DEX+CHY (FigP3dX&)Xpressionwas
significantly decreaseth the presence of DEX+CHY (p<0.05) whereas no cheasye
observedn the presence of DEX (Fig 3.7A). No significant charige\&ixpressiorwas
observedin the presence of DEX and DEX+CHY (Fig ZPR1lexpressionwas
significantly increaseth the presence of DEX (p<0.05) and increased-fimdrin the
presence of DEX+CHY (p<0.05, Fig 3AM@QD7expression was increasedree-fold in
the presence of DEX (p<0.05) and increased in the presence of DEX+CHY, (fig
3.7A).ASlexpressiorwas increaseth the presence of DEX (p<0.05) whereas no change
was observedn the presence of DEX+CHY (Fig 3.7A). This data suggeBtD naty

inhibit adaxial leaf polarity by downregulatifg010and upregulatingZPR1AGO10
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positively regulate?HB,PHV,and REVand ZPRhegatively regulates PHBHV ,and
REV by forming nefunctional heterodimergKim et al., 2008; Wenkel et al., 2007; Zhu
et al., 2011b) Loss ofPHB PHVand REVfunction promotes abaxialised leaf growth
(Emery et al., 2003; McConnell et al., 2001; Otsuga et al., 2001)

In ArabidopsisKAN, YABARF4andWOX1Iregulate abaxial leaf polarity. These abaxial
geneswere screenedin this experiment. There was a fi@d increase inWOX1
expressionn the presence of DEX (p<0.05) but no change in expressisrobserved

in the presence of DEX+CHY (Fig 3KRANandYABlexpressiorwere increasedn the
presence of both DEX (p<0.05) and DEX+CHY (FigARFxpressiorwas increased

in the presence of DEX and DEX+CHY (p<0.05, Fig 3.7Ahed@tvely regulateARF4
expression(Garcia et al., 2006; Hunter et al.,, 2006; Montgomery et al., 2008)
interestinglyAGO7was increased (p<0.05) compared A&®F4in the presence of DEX
(Fig 3.7A).Thissuggests that IND may not regulate abaxial leaf polarity ARE4.
However, overexpression 8iDmay promote abaxial leaf polaéyiby upregulatind<AN,
YAB1and WOX1.In ArabidopsisKNAT1WUS,and CLV3egulate SAM development.
KNAT1WUSand CLV3eneswere also screeneth this experimentWUSexpression
was variable (data not shown) a@lLV3xpressiorwas not significantlyegulatedin the
presence of DEX and DEX+CHY (Fig 3.7B). HaxWA&tlexpressiorwas increasedh

the presence of DEX (p<0.05) and also DEX+CHY (Fig 3.7A), suggesting IND upregulates
KNAT lexpression. Overexpression of KNAEDatively regulates leaf delgpment by
producing lobed leaves with ectopic meristerf@dhuck et al., 1996 However, these
phenotypeswere not observedn 35S:: IND:GRDEXseedlings and this suggests the

phenotypes observed INDGRIlines may not be caused B{NAT loverexpression

3.2.3.5 Summary

In summary, INEYFP expression and lossimd phenotype studies demonstrate that

IND may regulate SAM size. Phenotype analysis following IND overexpression and
induction, and gR'PCR suggests that IND may promote leaf abaxialisation and meristem

termination.
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Figure 3.6 Phenotypic and moleculaharacterisation of an inducible IND lin&5S::IND:GR
seedlings treated with 10 uM dexamethasone and DMSO (21 DAG) either prgdlacel B)
cup-shaped or single leafC and Dpin-shaped or filamentousike, (G-J)large meristem andE
and F)pointed leaves instead of & and Lhormal meristem(M) Heat map of the meristem
and leaf polarity identity genes that were differently expresse858::IND:GReedlings treated
for 6 hours with 10 uM dexamethasone (DEEXODMSO) and 10 uM dexamethasone plus.MD
cycloheximide (DEX+CMY.CHY) (Fold change from gfRCR data, n=3 biological replicates).

(Blue: low gene expression, Red: high gene expression
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Figure 3.7 IND regulate leaf polarity genés) The bar chart version of heat map from Fig 2.6M
show differentially expressed meristem and leaf polarity identity gene35®::IND:GRFold
change from gRPCR data, DEX.DMSO and DEX+C¥YCHY, n=3)Jhe bar chart showBHV
expressionwas decreasedn the presence of DEX+CHYRF4expressionwas significantly
increasedn the presence of DEX+CH¥&land WOXlexpressionwere significantly increased

in the presence of DEXPRIJand AGO7expressionwere significantly increasad the presence

of DEX and DEX+CHAN, YABKNATland PHBexpression was significantly increased in the
presence of DEX and also increased in the presence of DEX+CHY. No significant ¢&B&xge of
andCLVa&xpressiorwas observedh the presence of DE2d DEX+CH{B) The bar chart shows
PIDandAGO1@xpression was decreased in the presence of DEX and decreased in the presence
of DEX+CHY(C) INDAGO10 promoter interaction was tested by ChtfRFPCR using
35S:: IND:GRne, the bar chart shows fodiold enrichment forAGO1Qupstream 9261175 bp)

in the presence of DEK=3) Values are means = SE. Unpairgdst (DEXvs. DMSO and
DEX+CHWYs.CHY), *p<0.05.
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Figure 3.8 SAM phenotype oktLand mutants (nd-6, zwt3, and ind-6 zwt3). (A) Threeday-

old seedlings stained with propidium iodide showing SAM with leaf primordia (LP) and abnormal
phenotypeszwt3 CUP,zwt3 PIN andzwl3 NM (Scale bar = 50 pum). SAM size (width) was
measured.(B) Ler SAM was large compared iod-6, zwt3 and ind-6 zwlt3 (n=10). Values are

means * SE. Tukey's multiple comparisons test, *p<OdifygLmutants).
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3.2.4INDand AGOl1(athway
3.2.4.1INDand AGOl1lMegatively regulate each other

The data from section 3.2.3 shows that overexpressiontEXinduction of IND:GR can
downregulateAGO10 We tested whetherdND can possiblydownregulate AGO10by
binding to theAGO1(Qromoter by ChIP35S::IND:GReeds were grown in liquid media
and on dayseven seedlings wetesated with10uM DEX and DMSO féhours. Treated
sampleswere processedor ChlIP (Chapter 2, Section 2.4). From previous yeast one
hybrid interaction study we know that IND can bind tdh&x element CACGTGirn et
al., 2011) A Gbox element CACGT®@as located11621167 upstream ofAGO10
PAGO1Qprimers designed to amplify upstream 92675 bp) was tested by qgHPICR
(Chapter 2, Section 2.3) and fold enrichment (REXDMSO) was determined. There
was afour-fold enrichment forpAGO1Qupstream 9261175 bp) in the presence of DEX
(Fig 3.7C). This data suggests IND binds toAtB®10promoter and downregulates
AGO10.

AGO10 possibly downregulatddDto control the antagnistic function of IND in SAM
development.To examine thiscDNAwas preparedrom 14dayold Ler,andzw}3 (WT,
CURPIN andNM) seedlings and gene expressigeare quantified using gRPCR. Gene
expression fold changez {3 vs. Ler) shows thatIND was upregulatedn all zwl3
seedlings regardless of phenotype, and there was eaghtfold increase ofIND
expression irrwk3 PINwhen compared tavild-type Ler (p<0.05)Fig 3.9). Upregulation
of INDin zwl-3 suggests that AGO10 negatively reguldieB

IND interacts with SPT to regulate orgaatterning,and SPT also interacts with HEC1 to
regulate SAM developmei(Girin et al., 2011; Schuster et al., 2015; Schuster et al., 2014;
Sparks and Benfey, 20148PTand HEClgene expressionvas also screened this
experiment.HEClexpressiorwas decreaseth all zwt3 phenotypes,and there was a
nine-fold decrease oHEC kxpression irzwk3 NM compared towild-type Ler (p<0.05)

(Fig 3.9)SPTexpressiorwas weakly decreased all zwl3 phenotypes (Fig 3.9). This
data suggests AGO10 positively regulat##sCland may not regulaté&SPTexpression
Thisshows that loss oAGO10n ago1G** possibly promotes IND and SPT interaction.
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3.2.4.2INDand AGO1Qdouble mutantind-6 zwt3 developmental phenotypes

The data from sections 3.2.2 and 3.2.3 suggests that overexpresdidDplienocopies
agol0™. If IND overexpressiois associatedvith zwk3 phenotypes then the lossof

ind in zwk3 should rescue thevild-type phenotype.Ler, zwt3, and ind-6 zwt3 were
grownon half MS plant aggplates,and the SAM phenotypwas analysedThe3-day
old seedlings were stained using propidium iodide (PI) and dissected to image the SAM,
and 14-day old seedlings were imaged without dissection using light microscepy.
stainedseedlings were imaged using confocal microscopy (Fig 3.8A). After imaging, th
width of the SAMler, zwt3 WT, andind-6 zwt3 WT) was measuredor quantification
(n=10 seedlings). After imaging and analysis, 3 and 14 daydetdzwl3 seedlingsvere
classifiedinto WT, CUR PINand NM phenotypes and these phenotypes are simtiar
zwk3 (3.2.3, Fig 3.8A). Tigeday oldzwl3 CUPtissue appeared as a packed cluster of
small cells when compared to elongated cellgwt3 PIN(Fig 3.8A)The PI stainedw}

3 WTSAM andnd-6 zwt3 WTSAMappeared small when compared ter SAM (Fig
3.8A). The bar chart sho43.5 um zwk3 WT SAM, 46um ind-6 zwt3 WT SAM and
significantly large 5Qum Ler SAM [er vs. mutants, p<0.05)(Fig 3.8B No significant
differencewas observedetweenzwlt3 WTSAMs andnd-6 zwt3 WTSAMs. The 14 day
old zwl3 and ind-6 zwt3 seedlings were quantified to examine the frequency of
different phenotypes. Thénd-6 zwt3 WT phenotype was present in 75% of samples
when compared tewl3 WT(p<0.05)Fig 3.5D). No significant differersas dserved
betweenind-6 zwt3 CURPandzw}3 CURFig 3.5D)Theind-6 zwt3 PINphenotypes were
significantly decrease<0.05when compared t@wk3 PIN(Fig 3.5D). The proportion
of ind-6 zwk3 NM seedlingswas significantly decreaseghen compared tozwl-3 NM
(p<0.05)Fig 3.5D). These data suggest tloasof INDin the ind-6 zwl3 double mutant
rescues the WT phenotype.

Theind-6 zwt3 WTseedlings undergo development and produce flowers and fruits. The
Ler, zwk3 andind-6 zwk3 stage 17 fruitsvere imagedor phenotype analysis (Fig 3.pA
The image shows small bulged stagez®EF3 fruit and big bulged stage 1thd-6 zwt3

fruit (Fig 3.5A The stage 1ihd-6 zwt3 fruit was small when compared to stage L&t

fruit (Fig 3.5A The stage 1Zwl3 fruit wasvery small(Fig 3.5A When compared to
stage 17ind-6 zw}3 fruit, smallreplawere observedn stage 17zwl3 fruit (Fig 3.5¢

Thestage 17nd-6 zwk3 fruit replum looks similar to stage 1@r fruit replum (Fig 3.5C
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Fruit phenotype anakis suggests thadssof INDin the ind-6 zwl3 double mutantalso

rescues fruit size and size of replum.

Theind-6 mutantis an enhancer trap line that carries a Ds insertion and a GUS reporter
gene(Wu et al., 2006)Wuet al.reported that the expression pattern of the GUS gene
in anind-6 silique likely represents that ®NDin WT(Wu et al., 2006)They also stated
that the GUS signal was absent in other parts of the plartsshowsind-6 zw}3 can

be used to test if thdossof AGO10n ago1(3*3 can upregulaténd-GUSexpression in
ind-6 zwt3. To study this furtherthe GUS assay was used to examine stagedid and
ind-6 zwt3fruits, and the resulting fruits were imaged usirghlimicroscopy. The image
shows GUS activity accumulation in valve margins of stagel/andind-6 zwk3 fruits
(Fig 3.5B When compared to stage 1iid-6 fruit, high GUS activity accumulatiovaes
observedin valve margins and the replum of stageit@d-6 zwt3 fruit (Fig 3.5R This
data shows that loss #GO1Qpregulatesnd-GUSexpression in the valve margins and
replum. This suggests that AGO10 may negatively regul?® expression in valve

margins and replum.

3.2.4.3 Summary

In summary, IND binds to thAGOl1l0promoter and downregulatesAGO10.The
phenotype analysis and gHPICR studies suggeasiat AGO10 may negatively regulate
INDin seedlings to prevent meristem termination and in fruit to preserve the replum.

Thisdemonstrates thatiNDand AGO1hegatively regulate each other.
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Figure 3.9 AGO10 regulatddDand HECyene expressionND, HEChnd SPTgene expression
wasquantified inzwl3 andLer seedlings using gRACR (n=3 biological replicates). The bar chart
shows thatIND gene expression was upregulated dwl3 relative to Ler and significantly
upregulated irewk3 PIN and NMHECXyene expression was downregulatedzinl-3 relative to

Ler and significantly downregulated imwl3 WT, CUP and NM. Values are means + SE. Tukey's

multiple comparisons testérvs.zwk3), *p<0.05.
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3.2.5PHB and REV regulaldD, SPTand HEC yene expression
The data from section 3.2.4 shows AGO10 negatively reguldi2get the regulatory

mechanism is unknown. We do not know if AGO10 can downreglidideia miRNA.
TheArabidopsismall RNA project dataas used to examine iNDis targetedby small
RNAs lfttp://asrp.danforthcenter.org/).Arabidopsis thalianamall RNA project data is

a collection of different studies from the Carrington laboratory. The data include
identified Arabidopsissmall RNAs sequences (GSE6682) and ARGONAIATERNA
interactions GSE12037). These data tracks were loaded in a genome browser (JBrowse)
and analysed foPHB(Control) andIND miRNA target sites. The miRNA166 and 165
target siteswere observedn PHB(Fig 3.12A). No miRNA target sitesre observed in
IND(Fig 3.12B), ua transposable element (AT4ATE002@@ locatedat the end of 3
untranslated region (3UTR) region ofND.Small RNAs can prevent the expression of
transposable elements (Dr Karim Sorefan also identified a possible miRNA target site in
the transposableelement regionof IND and observednone in the coding region)
(Hollister et al., 2011; Sorefan et al., 201Zhe 5UTR and 3UTR do notode for
protein, so ths suggestghat small RNAs do not inhibiND expression. In addition,
Arabidopsis thalianaTiling Array Express small RNA data aisggesthat small RNAs
do not inhibit IND expression Fig 8.3. Thisshows that AGO10 inhibit®D via other
proteins. SinceAGO10 positively regulatdsD-ZIP llitranscription factors PHB PHV
and REY, they may regulatéND gene expressionTo test this hypothesjscDNAwas
prepared from 14 day old Coi0, ago104, phb-12 er2, phw11 er2 and rev-6 er2
seedlings and gene expression was quantified usingR{ER. Gene expression fold
change (mutantsss. Col0) was determined. There was a thrésd increase inND
expression irmgol104 (Fig 3.10A There was a threéold increase ifND expressiom
phb-12 er2, phw11 er2 andsixfold increase irrev-6 er2 (Fig 3.10A Upregulation of
INDin hd-zip llimutants phb-12 er2, phw11 er-2, and rev-6 er2) suggests that PHB,
PHV and REV negatively reguldteD.

PHB, PHV and REV transcription factors may directly reglBXf¢HECland SPTWe
failed to construct a35S::PHV:GRlasmid. Therefore only 35S:LhGR>>PH&nd
35S::REV:GRansgenic lines were used in this study to examine whether inducible
activity of overexpressedHD-ZIP Il transcription factors can reguléid, SPTandHEC1

gene expressiorGene expressiowas examinedollowing treatment with10 uM DEX,
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10 uM cycloheximide (CHY) anBMSGtreated seedlings (35S:LhGR>>PH&nd
35S::REV:GRsing qRIPCR (treated for 6 hours in liquid media). Gene expression fold
change (DEXs. DMSO and DEX+CHMY. CHY) was determinedND expression was
decreased twefold in the presence of DE3XSS:LhGR>>PHBd 35S::REV:GRp<0.05),
but no significant dference was observed in the presence of DEX+G85&L(hGR>>PHB
and 35S::REV:GRFig 3.10B)rhissuggests thaPHB and REV downregulaidD.HEC1
expressiorwas decreased.5 fold in the presence of DE36G:LhGR>>PHPB<0.05) and

no significant diffeence was observed in the presence of DEX+GbS:(hGR>>PHB
(Fig 3.10B)HEC1expressionwas increased twdold in the presence of DEX+CHY
(35S::REV:GRp<0.05) andcho significant difference was observed in the presence of
DEX 35S::REV:GHRFig 3.10B)Thissuggests thaREV upregulatedECIand this result
was consistent with previously published wdfReinhart et al., 20135PTexpression
was significantly increasawvo-fold in the presence of DEBFS:LhGR>>PH©<0.05)
and also increased in the presence of DEX+@838:(hGR>>PH<0.05)(Fig 3.10B).
SPTexpressionwas increasedthree-fold in the presence of DEX+CH¥®S::REV:GR
(p<0.05) buno significant difference observed in the presenc®BX35S::REV:GRFig
3.10B).Thissuggests that PHB afREV directly upregulatePT.

PHB, PHV and REV transcription factors may bind tprin@oter region ofIND,SPT,

and HEC1PHV DAReq (GEO:GSM1925338)'Malley et al.2016)and REV Chiseq
(GEO:GSE2672Brandt et al., 2012Jatasets were analysed to study whether PHV and
REV transcription factors bind to the promoter regioniD,SPTand HEC1(no PHB
datasets were found in GEO or ArrayExprd3NA affinity purification sequencing (DAP
seq) is a highthroughput transcription factor binding site discovery meth@lMalley

et al. used DARseq to examineArabidopsisgenomic DNA inteaction with in-vitro-
expressed transcription factors. PHV B3dg(GEO:GSM1925338) data were compared
with a list ofbHLHgenes curated from the TAIR database, and a Venn diagram was
generated usiny ENNY 2.1. The Venn diagram shows 7310 PHV target genes labelled in
the blue intersecting circle, d8HLHgenes labelled in the yellow intersecting circle and
the overlapping region shows that PHV binds6®bHLHs (Fig 3.11A3PTand HEC1
wereon the lig of 65bHLHsbut notIND. Thissuggests PHV binds 8 TandHEC1REV
ChIRseq(GEO:GSE26722) data were compared with a libHhiHgenes, and a Venn

diagram was generatedsingVENNY 2.1. Venn diagram shows 10744 REV target genes
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labelledin the blueintersecting circle, 5BHLHgenedabelledin the yellow intersecting
circle and the overlapping region shows that REV binds tobHMHgFig 3.11A)SPT
andHEC1wereonthe list of 10doHLHsbut notIND Thissuggests REV binds$&Tand
HECL1.

In summary, these studies demonstrate that PHB and REV may negatively reijiidate
by indirectly downregulatingIND gene expression. The Ckeq and gRPCR
experimentssuggestthat REV binds t&PTand HECland upregulatesSPTand HEC1
gene expression. The BPAeq and qRPCR experimentuggesthat PHV binds t&PT
andHEC1land PHRlirectly upregulatesSPTgene expression. This shows thiritiB and
REV may promot8PTand HECHnd inhibitIND
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Figure 3.10 PHB and REV transcription factors regulsite, SPTand HEC1(A) The bar chart
showsIND was upregulated in -day-old ago1064, phb-12 er2, phwv11 er2 and rev-6 er2
seedlings (fold change of witgipe Col0 vs. mutants) (n=3 biological replicategB) gRFPCR
was performed on DMSO, 10uM dexamethasone and 10ubjcloheximidetreated
35S:LhGR>>PHihd 35S::REV:GReedlings (6 hours)The bar chart show®HB and REV
downregulatelND (DEXvs.DMSO), PHB directly wggulatesSPTand REV directly upregulates
SPTandHECkexpression (DEX+CMY.CHY). Values are means + SE. Unpaitest {Col0 vs.
mutants, DEXs.DMSO and DEX+C#YCHY), *p<0.05
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3.3 Discussion

3.3.1 IND may regulate SAM size and promote leaf abaxial fate

Wu et al. reported that INDcould regulate cytokinesis (bynequalcell division) in the
sevenlayer zone of fruit at stage 1(fVu et al., 2006)Cell size and cell proliferation in
plants are organspecific In the meristem, cell divisions are oftemequal,and cells
actively control theirsize(SerraneMislata et al., 2015)This chapteishowthat INDis
weakly expresseth the SAM and primordia, and thatd seedlings produced a small
SAM but did not affect leaf polarity (Fig 3.2 and 3.8). If INBgslating cytokinesis in

the SAMcell division orientation alone is not sufficient to regulate morphogenesis in
the meristem. An altered cell division pattern in the meristem can lead to an altered
pattern of expression of genes implicated in leaf developm@ffyrzykowska and
Fleming, 2003)Interestingly, overexpression tfiDproduced a large meristem (failed

to produce leaves), with piand cup shapedabaxialised leaves (Fig 3.6). In addition,
induction of IND also upregulated leaf abaxial polarity gdo&l,Y AB1and WOX1(Fig

3.7). It has been demonstrated that YAB1 (FIL) acts redundantly to promote the
expression of SHP/IND in valeargins(Dinneny et al., 2005)hisindicates that IND

and YAB1 may regulate each other in fruit as well asavele Interestingly, induction of
IND directly downregulated leaf adaxial polarity g&x@®@0O10 Although overexpression

of INDseedlingphenotypes were also similar ago10* phenotypes These data, in
agreement with our results, suggest that IND may regulate SAM size by regulating
cytokinesis and promote leaf abaxial polarity by inhibith@O10However, the pattern

of cytokinesis innd shouldbe investigated

3.3.2 AGO1IND regulde SAM development

Argonaute proteinglay a significant role iall SRNA guidedenesilencingprocesses
(Kim, 2011; Meister, 2013)n ArabidopsisAGO10 is involved in maintaining SAM and
leaf polarity by preservinglD-ZIP llIgene expression. AGOiexpressedh seedlings,
and particularly in the SAM and adaxial domain of the (eaf et al., 2009; Tucker et al.,
2008; Zhang and Zhang, 2012; Zhu et al., 2014®s ofAGO10n agol1G* inhibits
SAM and leaf developmerithis chapter shows thaiDis upregulatedn ago13*“-3and
loss ofINDpartially rescuesigo13*“+ phenotypes (Fig 3.5 and 3.9hisdemonstrates
that AGO10 negatively regulatidDand thus promotes SAM development.
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AGO10 does not spliddiDvia the miRNA pathwafFig 4.12B)However, AGO10 may
regulate IND via HD-ZIP 1ll TFsiInterestingly, the PIN phenotype produced by
overexpression ofNDandagol1G"3resembles thephbrevmutant (Prigge et al., 2005)

This chapter shows th&®HB and REV indirectipwnregulateINDgene expression (Fig
3.10).Thissuggests that AGO10 indirectly inhidisDvia HDZIP llltanscription factors.

IND belongs to the same clade of bHLH transcription factors as HEC proteins; IND
regulatesSPTgene expression and also directly interacts with 8Rfin et al., 2011)
Moubayidin demonstrated that IND and SPT are necessary for mediating leaf
radialization (PIN and CUP) because the radialisatwoas lostin the spt mutant
backgroundMoubayidin and Ostergaard, 2014gterestingly this study has found that
PHB and REV can upregul&@PT and REV can also ugdate HEC1(Fig 3.11) In
addition, HEClexpressionwas downregulatedn ago1G"2 (Fig 3.9)Interestingly,SPT

and HEC1 interaction caagulate the SAMievelopment(Schuster et al., 2014; Sparks
and Benfey, 2014)Togetherthese studies suggesitat AGO16PHBREV may promote
SAM development by repressindD and promotingSPTand HEClexpression and
possibly SRHEC1 dimer signalliri§ig 3.13)

3.3.3 AGO1OND regulate gynoecium development

As well as in the vegetative SAMGO10 is also expressed in the floral meristem and
regulates floral meristem differentiatio@@i et al., 2011)Since AGO10 is also expressed

in the adaxial domain of carpe(di et al., 2011)AGO10may possiblyhave a role in
regulating adaxial polarity of fruit valves. AGO10 possibly regulates adaxial polarity of
fruit valves viaHDZIP llI(NoleWilson et al., 2010)This chaptershows AGO10
expressionn the floral meristem, gynoecium and up to stage 15 fruit, and thests of
AGO10in agolCG“ impairs replum and fruit growth (Fig 3.2 and 3.5). The
homeodomain protein RPL regulates the development of frapla (Roeder et al.,
2003) rpl-1 and zwl3 stage 17 fruits produce smalepla, and these fruits look alike
(Roeder et al., 2003pimilar to RPL, AGO10 may regulate repderdopment

In Arabidopsidruit, SHP positively regulatéiDto promote valve margin development
(Liljegren et al., 2000; Liljegren et al., 2004a)ss oSHPFor INDproducesindehiscent

fruits without valve margingLiljegren et al., 2000; Liljegren et al., 2004ajhas been
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demonstrated thatSHRand INDexpression are inhibited in the replum by RRbeder

et al., 2003) Roederet al. reported the ectopicexpression oSHPand IND (GT140in

the replum ofrpl-1 stage 17 duit and replum development iestoredin rpl-1 shpl shp2
Thisshows that SHP and IND inhibit replum development. Similgitbstage 17 fruits,
ectopicind-GUS expressiomas observedn the replum ofind-6 zwt3 fruit at stage 17,
and replum developmentvas restoredn ind-6 zwt3 (Fig 3.5). Similar to RPL, AGO10
also inhibitsINDto promote replum development. During fruit development, AGO10
expression was observed from stage 1 to stage 15 and IND/SHP expressiobserved
from stage 8 to stage 17 (Fig 3(d) et al., 2011; Liljegren et al., 2000; Liljegren et al.,
2004a; Savidge et al., 1995 hissuggests that AGO10 may inhitNiDat an early stage

of fruit development and that IND may inhibit AGO10 at a late stage of fruit
development. Fronthis, we can draw that AGO10 and IND may inhibit each other (Fig
3.13).

3.3.4 Conclusion

This chater demonstrates that IND regulates the size of the SAM and may promote leaf
abaxial polarity by inhibitingGO10We found that AGO10 inhibitdlDvia PHB and REV

in SAM to promote&SPTand HECXFig 3.13). Similar to the SAM, AGO10 negyesses

INDto promote replum development.

—] AGO10

|

HD-ZIP Il
(PHB and REV)

b IND 4= SPT 4= HEC1

Figure 3.13 Schematic representation of the AGERIBBREVIND signalling cascade
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CHAPTER 4ND and HEZIP Il transcription factors
regulate CUC1

4.1 Introduction

Leaf polarity inArabidopsisis regulated by various signalling elements such as
hormones, transcription factors and miRNAs. Importantly, gradients of these elements
are crucial forestablishing leaf adaxial and abaxial fate. In tomato, &tiral. showed

that movement of mMRNA across cetisuld cause changes in leaf morpholo@¢im et

al., 2001)

The celto-cell movement of proteins and nucleic acids is regulated by plasmodesmata
(Wu et al., 2002)and the auxin hormone gradient is regulated by PIN prot@tnsnl et

al., 2003) Change imgradientsof these elements canffect leaf adaxial or abaxial fate
and produce cup anpin-shapedeaves.These leaf phenotypes are also observedsh,
agol0, hdzip iii,andpinl cucl cuckutant lines as well as seedlings treated with polar
auxin transport inhibitorgAida et al., 2002; Moussian et al., 1998; Prigge et al., 2005;
Xu et al., 2003; Zhao et al., 201A%1lis one of thekeyregulatorsof leaf adaxiafate. In
tomato andArabidopsisloss ofaslresults in cup and needle pin-shapedabaxialised
leaves(Kim et al., 2003b; Xu et al., 2003; Zoulias et al., 2012)

In Arabidopsis AGO10 inhibits miRNA165/166 and positively regul&t&sZip Il to
establish the leaf adaxial domajhiu et al., 2009)n a recent studyhistological analysis
revealed thatago1(*! mutants were able to initiate the cotyledons (Leaf 1 and 2) and
embryonic meristem but failed to maintain the leaf polarity and the meristem in a
proportion of seedlings after late stages of embryogenfésee and Clark, 2015; Tucker
et al., 2008; Tucker et al., 2013hissuggestsagolF*3 cup and pin phenotypes are
embryonic or posembryonic. Thehd-zip iii mutant seedlings produce cu@nd pin-
shapedstructures. In contrast, thdnd-zip iii mutants produced cup ahpin-shaped
cotyledons Leaf 1 and 2), which suggdsBZip Il genes are involved in patterning at

an earlystage of embryogenes{tee and Clark, 2015; Priggeaét 2005)

During theearly stage of embryogenesis, the apical cell differentiates and establishes

peripheraland centraldomains,and at thisstageeach domain consists of four cells (Fig
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4.1B andC). These cells further divide to establish medial (SAM) and lateral (cotyledon
forming) domains at date stage of embryogenesis (Fig 4.1 D). PIN proteins maintain
high auxin levels in thapicalcell; loss ofpinl leads to frequent failure to form an
embryo proper(Friml et al, 2003)(Fig 4.1A and B). Prigget al. discussedhat HD-Zip

[l genesmaybe involved in differentiating between central and peripheral cells during
wild-type embryogenesis (Fig 4.1 B and C). Lolsd-pifp iiipromotesperipheral identity

and generges single, radially symmetric cotyledo(iarigge et al., 2005PIN1 and PID
regulate theformation of auxin gradient maxima at the tips of the lateral domains and
promote cotyledon outgrowth by preventinGUCgene expression from expanding to
the lateral domain(Furutani et al., 2004 A single cuiyshaped cotyledois formedwhen

the medialdomainis not distinguishedrom the lateral (cotyledofforming) domains
(Fig 4.1 C and D). Aie4 al. demonstrated thatcucl cucZouble mutant seedlings
completely lackan embryonic SAM, and twaptyledons are fused along both edges to
form one cupshaped structurgAida et al., 1997)CUC1 and CUC2 geres required

for preventing cotyledons and floral organs from fusing with each ofAéda et al.,
1997; Takada et al., 200Ifhisshows thatPIN1, PICand CUCgenes are crucial for
establishing theboundary between the SAM and primordia, and for cotyledon

outgrowth.

The pin ancup-shapedeaves iragol0mutants may have formed because of changes
in PIN1, PIEand CUCgene expression triggered during embryogenesis (e.g. modified
cotyledons) and post embryogenesis (e.g. modified leaves). In Chapter 3, phenotype
analysisshowedthat ago10'* seedlings prodced pin shaped meristems and thei"®

6 mutation partially rescued theigolG'*3 pin phenotype(Chapter 3, Fig 4.1E). We
hypothesised thaind"®® may rescue thago1G'3 phenotype by regulatin@IN1, PlDr
CUQ@ene expression (Fig 4.1E). A fevihef pin phenotypes may have switched to cup
phenotypes by rescuingINlandPIDbut not CUQn ind"¢ ago1('3 (Fig 4.1E). Loss of
agol0hd-zip iiiand overexpressiorof IND may promote cup and pin phenotypes by
regulating PIN1PIDand CUCWe hypothesisedhat IND may promote pin and cup by
negatively regulating’IN1, PIand CUC in ago®. In this chapter, the link between
the AGO16PHBREWIND pathway (Chapter 3) amdiN1PIDCUUs examined
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(Prigge et.al., 2005)

A B C
Apical
@
©)
Basal ~
.
.
.
’
.
L
polar auxin ;
transport
defective ~
rev phb phv  cuc- or polar auxin

revphb cna transport defective

cuc or polar auxin transport defective?

84



Figure 4.1 |lllustration depicting mutants defective in certain patterning steps in
embryogenesis. Image modified fronfPrigge et al., 2005)The first zygotiqA) division is
asymmetric angoroducesan apical and basal c€B). Apicatbasalpolarity is establishedafter
the first zygotic divisionApicatbasalpolarity is lostin multiple pin and hd-zip iii mutants and
these mutants produce defectiveembryo.Apical celldifferentiate to establishcentral and
peripheral domaingC).Medial and lateral (cotyledeforming) domainsre establishedt alate
stage of embryogenes{®). Cotyledons are fused win cucmutants because themedialdomain

is not distinguishedrom the lateral domaingred dashed arrow indicate the phenotypic
change).(E) Schematic diagram describing a hypothesis to enpla¢ various phenotypes of
agolOmutants.Image shows a high frequency of WT phenotypmd6 zwt3 (top green) and
high frequency of PIN phenotypezwl3 (top red). Severagol0pin phenotypes are caused by
highINDgene expression (lower red) andgsibly low expression &IN1, PInd CUQlower
green)or polar auxin transport defective. Thed"* mutation reduces the severity @igo1G**

3 phenotypes by reduciniNDexpression and restoringIN1, PIind CUGxpression and auxin

transport.
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4.2 Results
4.2.1PIN1, PIDCUGInd SAMassociated gene expression in mutants

We hypothesisedhat the ind"*6 mutation rescues thago1G3*3 phenotype by rescuing
PIN1, PIDCUC,and perhaps theexpressionof other genes associated with SAM
development (these genesere discussedh Chapter 1). We tested this hypothesis by
measuring gene expression using RIRPIN1, PIDand CUCgene expressionmwas
examined along with other genes involved in SAM anddekdrity in 7-dayold Ler, ind-

6, zwk3 (WT, CUP, PIN and NM) amdl-6 zw}t3 double mutant (WT, CUP and PIN)
seedlings A heat map depicting levels of gene expression in musaeidlings was
generated using Morpheus (Fig 4.2). The gene expression vatié¥sed for heat
map is providedin the Table 8.1 We also measured the expression of genes that
regulate leaf polarity such a&S1, AS2, AGO10, PHB, PHV andREKegulate adaxial
fate (Emery et al., 2003; lwasaki et al., 2013; Zhu et al., 20ah)Y ABBY,%KAN ARF3
and ARF4hat regulate abaxial leaf fatg=shed et al., 2004; Fahlgren et al., 2006; Garcia
et al., 2006 Kelley et al., 2012; Siegfried et al., 1999)

When compared toér,gene expression &AS2, PHB, PHMdREMWvas decreased in all
mutant phenotypes otwt3 andind-6 zw}3 double mutant but not as strongly iwk3
WT phenotypes(Fig 4.2) In addition, the severity aigo10*+3 phenotypes positively
correlated withPHB, PHYNdREYV InterestinglyASlgene expression was increased in
zwk3 (WT, CUP and PIN) and decreaseaddrb zwt3 double mutant(CUP and PINFig
4.2). Increase iSlexpression alone may not be sufficient to rescue adaxial fate/in

3.

Consistent with the abaxialisation afgolG*“*® mutant meristem phenotypeskKAN,
ARF3and ARF4expression was increased awl3 (PIN and CUP(Fig 4.2) ARF4
expression was also increasedzinl-3 WT seedlinggFig 4.2) When compared to ér,
gene expression dfAN, ARFa8nd ARF4was decreaseth ind-6, zwt3 (NM) andind-6
zwk3 double mutant seedlings (CUP and P(Nig 4.2) YAB3gene expressiomwas
deaeasedin zwl3 (CUP, PIN and NM) amdd-6 zwt3 (WT, CUP and PIBig 4.2)This
shows that abaxidhte-determininggenes were promoted inwt3 compared to thend-

6 zwk3 double mutant This suggests that IND may regulate leaf abaxial fate by
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upregubting KAN, ARF&8nd ARF4gene expressiom zwk3. However,several lines of
evidence suggest that overexpressionARRF3and ARF4in ago10*F® mutants is not

sufficient to cause the meristem phenotyp@sahligren et al., 2006; Hunter et al., 2006)

The class | KNOX transcription factors (STM and BP) positively regulate cytokinin
biosynthesigYanai et al., 2005BPand STMgene expressiowas examinedh mutants
BPgene expressiomwas increasedn zwk3 (WT, CUP and PIN) amdl-6 zwt3 double
mutant (WT and CURJFig 4.2)STMgene expressiowas decreaseth ind-6, zwt3 (WT,
CUP, PIN and NM) am-6 zwt3 double mutant (CUP and PIfHig 4.2) Thisshows
that BPmay be positively regulating cytokinlmiosynthesis irewt3 and ind-6 zwi3.
Cytokinins induce the expression ARR7and ARR7 negatively regulates cytokinin
signalling in the SAM. InterestinghARRfyene expressiowas increasea zwl-3 (CUP,
PIN andNM) andind-6 zwt3 (CUP and PINJig 4.2) Auxin signallingnhibits ARR7
expression in the SAM. YUCL1 regulates abiasynthesiswhile PIN1 and PID regulate
auxin transport.YUCIgene expressiowas decreaseth zwk3 (CUP, PIN and NM) and
ind-6 zwt3 (CUP and PINrig 4.2)Gene expression fold changeRIiNlandPID(Ler Vs.
mutants)is presentedn Figure 4.3BPIN1gene expressiowas decreaseth zwk3 (PIN)
andind-6 zwl3 (CUP and PINp<0.05) (Fig 4.2 and Fig 4.3BlDgene expresionwas
decreasedn ind-6, zwt3 (NM) andind-6 zwt3 (CUP and PINp<0.05) (Fig 4.2 and Fig
4.3B) Thisshows thatzwl-3 (CUP and PIN) amad-6 zwt3 (CUP and PIN) adefective

in auxinsignalling. Loss of auxin signalling may have promARR &xpression inCUP
and PIN because auxin signallingibits ARR7n normal SAMs via MP (ARF&hao et
al., 2010)

However, PIN1 is also necessary for the proper spatial expressiod©i(Aida et al.,
2002) Loss otucmutantsgeneratessup-shaped or fused cotyledon phenotypes wihni
are similar tocup-shapedleaf inzw}3 andind-6 zwt3 mutants.CUC1, CUGhd CUC3
gene expressiowere examinedn mutants Gene expression fold change@f/C1, CUC2
and CUCJ3Ler Vs.mutants)was presentedn Figure 4.3ACUCIgene expression was
decreased izwt3 (WT, CUP, PIN and NIpx0.05 (Fig 4.2 and Fig 4.3A)terestingly,
CUCIgene expression imd-6 zwk3 was similar to &r (Fig 4.2) CUC2and CUC3)ene
expressiorwas decreaseth zwl3 (CUP, PIN and NM) amal-6 zwl3 (CUP and PINfrig

4.2 and Fig 4.3BUCHNndCUCare requiredior STMexpressionand STMan directly
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activate CUClgene expression. InterestinghzfUCland CUC2gene expressiomwas
similar to ler (Fig 4.2) Thisshows thatloss ofind"#® in ago1(3" rescuesCUCIgene
expression, suggesting that IND may negatively req@&t€in zwl3.

In summary, these results demonstrate that IND may downregulate the boundary
specification geneCUC1land upregulate abaxial fate gendSAN, ARFand ARBR) in
agolC™*3. zwk3 (CUP and PIN) anidd-6 zwk3 (CUP and PIN) phenotypes may be
defective in auxirsignalling. The increase ARR7expressionsuggestghat cytokinin
signallingvas negatively regulateitt zwl3 (CUP and PIN) amma-6 zwt3 (CUP andPIN)
phenotypes.
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Figure 4.4 miRNA164, miRNA165 and miRNA166 expressioer inld mutants (nd-6, zwlt3,

and ind-6 zw}3). (A) Heat map with hierarchical clustering of samples and miRNA (one minus
Pearsoncorrelation): miR1664 expressiorwas inceasedin zwk3 and ind-6 zwt3, and
MiR164AC expressiomnvas decreaseth ind-6 zwt3 (Zscore of sRNAeq data, n=2 biological
replicates).(B) The northern blot image shomcreasedmiR166a expression awl-3 andind-6
zwk3, and decreased miR164 expressiomidt6 zwk3 (n=2 biological replicates)C)AGO1 and
AGO10 associated ClLiBeq (RNA isolated by crosslinking immunoprecipitation) data
(GEO:GSE3988%as analysedand fold enrichment of miRNAl164a miRNAl165ab,and
MiIRNA66&ag in the total recovered miRNA pool was determined. When compared to AGO1,
miRNA165aband miRNA166g was highly enriched in AGO10. When compared to AGO10,
MiRNA164a was slightly more enriched in AGOL1. Tukey's multiple comparisond ¢estq.

mutants), *p<0.05 (Blue: decreased expression, Red: increased expression).
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4.2.2 miRNA164, miRNA165 and miRNA166 expression in mutants

Previous studies show that miR164 can degradeCland CUC2transcripts in
ArabidopsigLaufs et al., 2004; Sieber et al., 200/e decrease oEUCIin ago1G'"+3
suggestghat AGO1 or AGO10 can possibly regu@t#CVia miR164CUCExpression
wasrescued inind"*6 ago1('+3, whichsuggestdND couldregulate CUClvia miR164
Small RNAeq was performed oker, ind-6, zwt3 andind-6 zw}3 seedlings (performed

by Dr Karim Sorefan). In addition, AGO1 and AGO10-SeqiRRNA isolated by
crosslinking immunoprecipitation) data (GEO: GSE39§8b) et al., 2011bwas
analysed to examine think between AGOJAGO16IND andmiR164 Northern blots
were performed to examine miR166a, miR164 and U6 (control) expresdien ind-6,
zwk3 andind-6 zwt3 seedlings (Fig 4.4B) (experiment performed by Dr Karim Sorefan).
MiR165ab and miR16&awere used as positive controls becaulseyt target HEZIP 111
transcripts and its knownthat AGO10 preferentially loads miR165ab and miRih6&
heat map of miRNA expression ierLind-6, zwt3 and ind-6 zw}3 seedlings was
generated using Morpheus (Fig 4.4A)zil-3 and ind-6 zwt3 seedlngs,the levels of
mMiR166ag are significantly increasedhen compared towild-type Ler (p<0.05, Fig
4.4A) Thiswas previously observea multiple agol0lossof-function mutants(Yu et

al., 2017; Zhou et al., 20159pata from northern blotting alsshows anincreaseof
miR166a expression awk3 andind-6 zwl3, which is consistent witRNASeq data (Fig
4.4B). Itis not knownhow AGO10 can upregulate the levels of miR165ab and miR166a
g. MiR164ec expression was decreasedima-6, zwt3 andind-6 zwt3 seedlingsvhen
compared to kbr(Fig 4.4A). Data from noréinn blotting alseshows alecreaseof miR164
expression innd-6 zwk3 andthis matches wittRNASeq data (Fig 4.4B).stnot known
how thelossof ind can significantly downregulate the levels of miR1-gdiaind-6 zwt

3 seedlings. AGO1 and AGO10 €klipdatawas presentedn Figure 4.4C. miR165ab
and miR166a& are highly enriched in AGO10 when compared to AGO1 (Fig 4.4C).
MiR164ac areslightly more enriched in AGO1 when compared to AGO10 (Fig #HE).
suggestsmiR164ac are preferentially loaded into AGOL1 to targétJCland CUC2
transcripts. If AGOMiR164ac is degradingcUC1|oss of CUCIexpressionshouldbe
observedin zwl3 andind-6 zwt3 seedlings. If AGO1@iR164ac is degradingUClan
increase INCUQ expressionshould be observed iawl3 and ind-6 zwt3 seedlings.

Interestingly, CUC Expressiorwas decreased inwl3 and restored innd-6 zwt3. These
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results suggest decreasean expression o€UC1n zwl3 seedlingss not associatedith

AGO16miR164ac or AGOiniR164ac.

4.2.3 PHB and REV upregul&&Chene expression

Priggeet al. demonstratedphb rev mutants could produce two cotyledons without a
meristem,a fused singleotyledon andpin-shapedradially symmetric orgagPrigge et
al., 2005) Thecucmutants also produce fusedotyledons. Thisuggests that there is a
possible link between PHBEV and CUC1. PHB and REV transcription factors may
regulateCUChene expressiamrherefore, 35S:LhGR>>PHBd 35S::REV:GRansgenic
lines were used in this studg £xamine whetheinduction ofPHB and REV can regulate
CUCDene expressioriGene expression was examined following treatment with 10 uM
DEX and DMSteated seedlings35S:LhGR>>PHid 35S::REV:GRising qRPCR
(treated 7day old seedling for 6 hours liquid media and also grown for 7 days I

UM DEX and DMSO treated half MS plant agar pla@=)e expression fold change (DEX
vs.DMSO) was determined. No significant chang€0fCexpressiorwas observedn
seedlings(35S:LhGR>>PHiBd 35S::REV:GReated with DEX for 6 hours (Fig 4.5D).
CUCZexpressionwas increasedn seedlingg35S:LhGR>>PHiAd 35S::REV:GRrown

on DEX for7 days (Fig 4.5D)rhis shows that PHB and REV transcription factors
upregulateCUCXgene expression. Since this is nagid response, PHB and REV may
be forming acomplexwith other transcription factors or regulating other proteins to
upregulateCUCIgene expression. Therefore, we tested whether Ré&ulatesCUC1
directly.

If REV is directly upregulatir@JCL1it may bind to the promoter region of CUC1REV
(35S::FLA@RREV{ ChiPseq dataset from the study published by Brareit al.
(GEO:GSE2672@randt et al., 2012\vas analysed to examine if the REV transcription
factor can bind to the promoter region &@UC1DEXinduced REANnd control tracks
were loaded into genome browser and aligned with #sebidopsisTAIR 10 genome.
Thetotal read countsCUCJromoter)from both DEXnduced REV and control samples

were logged and analysddr statistical significance
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Figure 4.5 REV Ch#tq andCUCXgene expression(A) Image exported from théGV genome
browser showingCUClgene, REV36S::FLAGRREVdinduced using DEX, CHEq from
GEO:GSE267pand control peakgB) Image show®REV binding sites (514bp, 657bp, 1221bp,

1704bp and 1910bp) located the upstreamregion of CUCIgene and REV binding sequence
AT[G/CAT. (C) The bar chartshowshigh CUC1lsequence read counts in REV and IBWC1
sequence read counts in contr¢D) CUChene expressiom 35S:LhGR>>PHBd35S::REV:GR
(fold change from gRPCR data, 6 hours DEX versus 6 hours DMSO and 7DAG. TIEXG
DMSO, n=3).The bar chartshows increased CUC1expression in35S:LhGR>>PH&nd

35S::REV:Gseedlingswvere grownin the presence of DEX f@rdays. Values are means + SE.
Unpaired ttest (6 hours DEXs.6 hours DMSO and 7DAG DEXDAG DMSD*p<0.05.
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When compared to controlCUCJlsequence read counts were significantly high in REV
(p<0.05, Fig 4.5CA.previousstudy identified AT[G/C]AT as thevitrobinding sequence

for HDZIP 11l proteins and this sequeneas identifiedn the top 50 putative REtarget
genes(Brandt et al., 2012; Sessa et al., 198)quence motif AT[G/C]AT was found in
the promoter region (514bp, 657bp, 1221bp, 1704bp and 1910bp) oCth€ene (Fig
4.5B). When compared to control, several REV pgake observedn the upstream
promoter region of theCUClgene (Fig 4.5A)Thisshows thatREV can bind to the

promoter region ofCUCTyene

In summary, these results demonstrate that RifiBegulatesSCUCHene expression and

REV may directly bind to tf@UCJromoter and upregulat€€UCXhene expression.

4.2.4 IND downregulate€UCXene expression

The data from Chapter 3 shows increased expressidiNbin ago1("3, and data in
Section 4.2.1 shows decreased expressio@d€Cin ago1('+3. Compared tagold'
mutants, CUCXgene expression was rescuedii"*6 ago10'-. Wehypothesisedhat

IND overexpression mgo1('+3 mutants may cause downregulation@tCExpression.
Thiswas studiedusing gRIPCRThe expression @UC1, CUGAdCUC3ranscriptswas
examined in 10 pMDEX,10 uM cycloheximide (CHY) amMSGtreated 35S::IND:GR
seedlings treated for 6 hours in liquid medi@HY is an effective protesynthesis
inhibitor which was used in combination with DEX to examine whether IND induction
immediately regulated gene expressidaene expression fold change (DEEXDMSO

and DEX+CHM¥.CHY)s presentedn Figure 4.6ACUCXHene expressiowasdecreased

in the presence of DEX (p<0.05) and DEX+CHY (p<0.05, FiGY®&Ene expression
was increasedn the presence of DEX+CHY (Fig 4.6A)C3gene expression was
increased in the presence of DEX and decreased in the presence of DEX+CHY).(Fig 4.6A
Thisshows that translatioms not required for ectopic induction of IND to regulai&C1

expression. Therefore IND immediately downregulaZ&sCIyene expression.
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Figure 4.6 IND CHERTFPCR andCUCgene expression(A) CUC1, CUCand CUC3gene
expressionn 35S::IND:GFFold change from gRACR data, DEX.DMSO and DEX+CWYCHY,
n=3).The bar chart show decreas&lJClexpression in the presence of DEX and DEX+CHY,
increasedCUC2xpression in the presence of DEX+CHY and incré&zdé&®xpression in the
presence of DEX and decreased in the presence of DEXBIIND-CUCromoter interaction

was tested by ChiBRFPCR using th&5S::IND:GRine, the bar chart shows threfold
enrichment fortCUCIupstream 29 bpp 1 6UTR)pn@he preserof DEXn=3) (C)lllustration

of the CUClgene showing #ox element CANNTG;hBx variant CACGCG, a@GHIPgRFPCR
forward and reverse primer site¥alues are means + SE. Unpairddst (DEX/s. DMSO and

DEX+CHY5.CHY), *p<0.05.
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IND can possiblydownregulateCUC1by directly binding to theCUCIpromoter. IND
CUCZXYromoter interaction was tested by ChiB5S::IND:GReeds were grown in liquid
media and on dageven, seedlings wetesated with10puM DEX and DMSO for 6 hours.
Treated samplewere pocessedor ChIP (Chapter 2, Section 2.4). From a previous yeast
one-hybrid interaction study we know that IND can bind to thé@x element CACGTG
and Ebox variant CACGJGirn et al., 2011)An Ebox element CANNT®@as located

ndog o0 LUTRAUCKFQ 4.6C)CUCEXxpression was tested by giRTR using primers
designed to amplify upstream 2%pn 0 LUTR Chapter 2, Section 2.3) arwddf
enrichment (DEX/s.DMSO) was determined. There washeee-fold enrichment for
CUC1(upstream 29bpo n 0 LWTR) (h the presence of DEX (Fig 4.6B). This data
demonstrates that IND binds to tteUCJpromoter.

In summary, these results demonstrated th&ND may directly bound to th€UC1

promoter and downregulate€UCXene expression.

4.2.5 SPT and HEC1 do not directly regulatéClyene expression
4.2.5.135S:SP-VP16GRand spt-12 microarray data analysis

In Arabidopsis SPT promotes thgrowth of carpel marginal tissues, including the
septum and transmitting tract. Giriet al. demonstrated thatspt single mutants are
defective in the development of septum, transmitting tract, stigma, and style (unfused
style) (Fig 4.700Girin et al., 2011)Stigma and style defects in teptmutant gynoecium
were strongly enhanced in thad sptdouble mutant (Fig 4.7B and [@irin et al., 2011)
A studyby Girinet al. showed that IND and SPT interaction is crucial for the fusion of
carpels (Girin et al., 2011) Interestingly, Nahar et al. reported that CUClwas
accumulated ectopically igptunfused carpels, and the split phenotype of carpels was
suppressedn the spt cucldouble mutant (Fig 4.7D and Bahar et al., 2012)This
showsthat SPT can positively regulate carpel fusion in the apical gynoecium through the
negativeregulation ofCUCZExpression. Results from section 4.2.4 suggest that IND can
directly downregulateCUCJexpression. Its not knownif SPT downregulation GUC1
is INDdependent or if SPT alone can directly downregulatéClgene expressionlo
test this, gene expression was analysed inspemutant (spt12,ATH1 Genome Array,
n=2, NASCARRAY®) and DEX+CHiediated induction of SPBES:SPTVP16GR
URGVArabidopsis thaliana25K CATMA v2.2, n=3, GSE12913) microarray datasets
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(Josse et al., 201Reymond et al., 2012PHB, PH¥nd REMvere also included in the
analysis because Chapter 3 shows that they reg 8&€.

A list of differentially expressed genems summariseth a table (Table 8.2). A total of
114 geneswere differentially expresseth 35S:SPTVP16GRseedlings (DEX+CHS.
CHY) (FC >1 or-1g p<0.05): 94 genes werapregulated and 20 geneswere
downregulated A total of 1524 genes were differentially expressedphl2 seedlings
(spt-12vs.Cot0); 734 genesvere upregulatedand 789 genewere downregulated(FC

>1 or <1, p<0.05).35S:SPTVP16GR (GSE12913data were compared witlspt-12
(NASCARRAB85) and a Venn diagram was generated usiieNNY 2.1The Venn
diagram shows 107 differentially expressed genes3h5:SPTVP16GR seedlings
(DEX+CHYs.CHY) labelled in the blue intersecting circle, 1517 differentially expressed
genes irspt-12 seedlingsgpt-12 vs.Col0) labelled in the yellow intersecting circle, and
the overlapping region shows 7 genes differentially regulated in both det¢5ey 4.8A).
The PHB, PHV, REV, CUitt HEClgenes were noton that list. However, genes
AT1G19310TZF5%and PYL4Avere downregulated irspt-12 seedlings gpt-12 vs. Col)

and uprregulated ir85S::SPVP16GRseedlings (DEX+CHY vs. CHY). This suggests SPT
may directly regulate AT1G19310TANDEM CCCH ZINC FINGER PROTERAr{d
PYRABACTIN RESISTANGEE4 (PYL3 gene expressionPYL4is an ABA receptor,
which is known to regulate ABA signall{@pnzalezGuzman et al., 201285PT promotes
seed dormancy by regulating ABA signal(Maistij et al., 2013)SPT many regulate this
process possibly by directly regulatifyL4.

The PHB, PHV, REV, Clad HECIgene expression fold changsp{-12 vs. Col0 and
35S:SPTVP16GRDEX+CHWYs.CHY)s presented-igures 4.8B and C. The expression of
PHB, PH\And REVwas significantly decreaseth spt-12 seedlings gpt-12 vs. ColO0,
p<0.05, Fig 4.8BNo change itUCERBndHECyene expressiowas observedn spt-12
seedlingsgpt12vs.Col0, Fig 4.8B)No change i?HB, PHV, REV, Cl@@dHECXene
expressionwas observedn 35S:SPTVP16GRseedlings (DEX+CMY.CHY, Fig 4.8C).
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(Nahar et al., 2012) ‘ (Kamiuchi et al., 2014)

SPTTl cuct |T HEC1

Figure 4.7 Thept cucl, ind spandhecl,2,3 spfruit phenotype images from(Girin et al., 2011;
Kamiuchi et al., 2014; Nahar et al., 2012; Schuster et al., 2018) ColO fruit imageshows
stigma (top arrow) and style (bottom arrowB-D) spt, ind spandhec1,2,3 spfruit imageshow
stigma and style defective unfused carpels (arrofig).spt cuclfruit image shows style and
stigma (arrow) without split phenotypéF) cuclcuc2 spffruit imageshowsnormal style and
stigma (arrow) without replum. s not knownif SPT and HEC1 can directly downregulte&1

gene expression.
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Figure 4.835S:SPTVP16GRand spt-12 microarray. (A) The overlapping region of the Venn

diagram shows genes differentially expressed in bo85S:SPTVP16GRseedlings (p<0.05,
DEX+CHYs.CHY) angpt-12 seedlings (p<0.05pt-12 vs.Col0). (B) The bar chart showBHB,
PHV, REV, CUaIdHECHene expression ispt-12 seedlingsgpt-12vs.Col0).(C)The bar chart
showsPHB, PHV, REV, HEC1, CaudIND gene expression iB5S:SPTVP16GRseedlings
(DEX+CHYVs. CHY). On&Vay ANOVA *p<0.05, Gene Fold Change (lineapr>&1, Blue:

decreasedjene expression, Red: increased gene expression.
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Figure 4.9pAlcA::HECHnd hecl,2,3microarray. (A) The overlapping region of the Venn
diagram shows 19 genes differentially expressed in bettil,2,3nflorescence apices (p<0.05,
hecl,2,3vs. Col0) and pAlcA::HECIInflorescence apices (p<0.0pAIcA::HECHEtH vs.
pAIlcA::GUEELH. (B) The bar chart showPHB, PHV, REV, Clidtl SPTgene expression in
pAlcA::HECInflorescence apicespAIcA::HECHEtH vs. pAlcA::GUEELH. (C) The bar chart
shows PHB, PHV, REV, HEC1, CandiSPTgene expressiomecl,2,3Inflorescence apices
(hecl,2,3vs. Col0). OneWay ANOVA *p<0.05, Gene Fold Change (linear) >t1oBtue:

decreased gene expression, Red: increased gene expression.
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4.2.5.2pAlcA:HECAnd hecl,2,3microarray data analysis

In Arabidopsis HEC1, HEC2 and HEC3 are essential for transmitting tract formation.
Schusteret al.demonstrated that HEC1 interacts with SPT to control carpel fusion, and
stigmastyle defects in thespt mutant gynoecium wre strongly enhanced in the
hecl,2,3 spguadruple mutant (Fig 4.7C and (®remski et al., 2007; Schuster et al.,
2015) SPT promotes carpel fusion in the apical gynordyy inhibitingCUC Expression
(Nahar et al., 2012)ut the results from section 4.2.5.1 suggest 8Bdsnot directly
regulateCUCXene expression. I not knownif SPT downregulation @UC1is HECL
dependent or if HEC1 alone can downregulatéCIyene expressionlo test this gene
expressionwas analysedn microarray datasets that characterise thecl,2,3triple
mutant (hecl,2,3ATH1 Genome Array, n=2Md AB-2193) and ethanol (EtHjhediated
overexpressionof HEC1(pAlcA:HEC1 ATH1 Genome Array, n=2;MHAB2193)
(Schuster et al., 2014YhePHB, PH¥ndREMvere also included in the analysis because
Chapter 3 shows that they regulaitéE=C1.

A list of differentially expressed genessgenerated from these analyses and these are
presentedin a table (Table 8.3). A total of 193 genes were differentially expressed in
hecl,2,3Inflorescence apicehécl,2,3vs.Col0) (FC >1.5 or4.5, p<0.05)106 genes
were upregulated and 87 genes were downregulated. Similarly, a total of 144 genes
were differentially expresseih pAlcA:HECInflorescence apicepAIcA:HEC1EtHvs.
pAIcA:GUSEtH: 43 genes werapregulatedand 101 genewere downregulated.The
hecl,2,3atawas compareavith pAlcA:HEChnda Venn diagram was generated using
VENNY 2.1The Venn diagram shows 174 differentially expressed genégdh,2,3
Inflorescence apiceshécl,2,3vs. Col0) labelled in the blue intersecting circle, 124
differentially expressed genesphlIcA:HEC1nflorescence apicepAICA:HEC1EtHvs.
pAIcA:GUSEtH) labelled in the yellow intersecting circle, and the overlapping region
shows 19 genes differentiglregulated in both datasets (Fig 4.9AhePHB, PHV, REV,
CUCHNdSPTgenes were nobnthat list. However,genesAT5G23820, AT3G219&Ad
AT1G5388%were upregulated ipAlcA::HECIhflorescence apicepAIlcA::HECHEtH vs.
pAlcA::GUEEtH) and downregulated imecl,2,3nflorescence apicetécl,2,3vs. Col

0). This suggests HEC1 may positively regi@®G23820, AT3G21980d AT1G53885
gene expression. AlternativelgenesNUCLEAR FACTOR Y, SUBUNITNAMALOQ,

NUCLEAR FACTOR BWUT AINFYAJ, NUCLEAR FACTOR Y, SUBUNNFX23,
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NUCLEAR FACTOR Y, SUBUNNFARS, SUBTILISINKE PROTEASE SB(EBTI},
AQUAPORIN PR2YPIP1B PURPLE ACID PHOSPHATA®BRRTY, MITOCHONDRIAL
UNCOUPLING PROTE[NIE3, GLUCOSEPHCGPHATE/PHOSPHATE TRANSLOCATOR
2 (GPT2 JASMONATE-METHYLTRANSFERABH), AT2G37770, AT1G329@0d
AT2G2967Were downregulated ipAlcA::HECIhflorescence apicepRIcA::HECGAEtH
vs.pAlcA::GUEEtH) and upregulated imec1,2,3nflorescence apicethécl,2,3vs. Col

0). This suggests HEC1 may negatively regMBéA10, NFYA3, NFYA2, NFYAS, SBTI1,
PIP1B, PAP17, DIC3, GPT2, JMT, AT2G37770, AT1@BA9802G29670gene
expression.NFYA Proteins positively regulate flowering via FLOWERING LOCUS T
(Siriwardana et al., 2016)his suggests HEC1 may control flowering by regulddirg

YAL10, NFrA3, NFYA2and NFYAb5gene expressian

ThePHB, PHV, REV, Cla@d SPTgene expression fold changeec12,3vs.Col0 and

pAlcA:HECEtHvs. pAlcA:GUSEtH is presentedn Figures 4.9B and o change in
PHB, PHV, REV, Clyd@d SPTgene expressiowas observedn hecl,2,3inflorescence
apices and pAIlcA:HEC1seedlings Ifec1,2,3 vs. Col0 and pAIcCA:HECZEtH vs.

pAlIcA:GUSEtH Fig 4.9B and C).

4.2.5.3 Summary

In summary, these results demonstrate that HEC1 does not regbRilgene expression
and SPT does not reguldtéDandHECXhene expression. SPT and HEEGAot regulate
CUCl1gene expressionThissuggestshat SPT and HEGiere not required for IND
downregulation ofCUCXene expression. Downregulation BHB, PH¥nd REMn spt-
12 suggests that SPT may positively requRitB, PH¥Nnd REV

4.2.635S:CUCand cuclmicroarray data analysis

In Arabidopsis CUCgenes prevent the fusion of cotyledons and are essential for the
formation of carpel margin meristem&€MM9g during fruit developmen{Kamiuchi et
al., 2014)cucl cuc2louble mutant fruits also often lack theeplain their upper parts
(Fig 4.7FjIshida et al., 2000; Kamiuchi et al., 2014yring embryogenesis, the KNOX |
protein STM positively regulat€J@ene expression and CUCL1 also activaiEsigene
expression(Aida et al., 1999; Spineét al., 2011) The STMexpression inCMMswas
strictly dependent onCUCHndCUC2activity. This regulatory activitincreases the
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amount of the STMRPL complex in CMMs amatagonisesthe valve/valve margin
factors(Kamiuchi et al., 20147 he results from section 4.2sthowthat the valve margin
factor IND downregulatesCUClgene expression. lis not knownif CUC1 can
downregulateIND gene expressionTo test this, gene expression was analysed from
microarray datasets characterisimgicl mutant (cucl,Agilent ArabidopsisvV3 (4x44Kk)
Microarray, n=3, GSE20705) and overexpression of CW363:QUC1 Agilent
Arabidopsisl Microarray, n=2, GSE2748Royama et al., 2010; Takeda et al., 2011)
ThePHB, PH¥Nnd REMvere also included in the analysis because section 4.2.3 shows
that PHB and REV upregul&& C1A list of differentially expressed genisspresented

in a table (Table 8.4). A total of 4648 genes were differentially expressedcih
seedlingsquclvs.Col0) (FC >1.5 or<4.5, p<0.05): 2319 gen&gere upregulatecand
2329 genesvere downregulatedA total of 326 genewere differentially expressenh
35S:CUC1seedlings 35S:CUC1vs. Ler) (FC >1 or -4, p<0.05): 245 genes were
upregulated,and 81 genesvere downregulatedcuc1(GSE20705data were compared
with 35S:CUCYGSE27482and a Venn diagram was generated ustigNNY 2.IThe
Venn diagram shows 4574 differentially expressed genesdhseedlingsduclvs.Colt

0) labdled in the blue intersecting circle, 252 differentially expressed gen@s3tCUC1
seedlings 35S:CUC1vs. Ler) labelled in the yellow intersecting circle, and the
overlapping region shows 74 genes differentially regulated in both datasets (Fig 4.10A).
ThePHB, PHV, REV, SPT,dNIHECIyenes were nobn that list.

However, STMexpressionwas increasedn 35S::CUC%eedlings 35S::CUCYs. Ler,
p<0.05, Fig 4.10A) and this is consistent with previously published(iankiuclhet al.,
2014) Interestingly, RPL expression was also increased 85S::CUCIseedlings
(35S::CUCHs. Ler). Thissuggestghat CUC1 upregulatédRPLgene expression (p<0.05,
Fig 4.10A)GA3x1 expression was increased gucl seedlings quclvs. Col0) and
decreased in35S::CUCIseedlings 35S::CUCWs. Ler). This suggeststhat CUC1
downregulatesGA3x1 gene expression (p<0.05, Fig 4.10A)addition, geneBETA
GLUCOSIDASE 1BGLU13 PROBABLE CARBOXYLESTERASE (CXBI1B
FERREDOXIN/THIOREDOD REDUCTASE SUBUNIT (RPRAPY LOB DOMAIN
CONTAINING PROTEIN (4BD40), 26S PROTEASOME NONPASE REGULATORY
SUBUNIT 4 HOMOL@KBPJ), PROBABLE INACTIVE PURPLE ACID PHOSPHATASE 1

(PAP), PROBABLE PEROXYGENAIE29, andRANBINDING PROTEIN 1 HOMOLOG
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A (SIRANBPRwere upregulated irtuclseedlingsquclvs. Col0) anddownregulated in
35S::CUC%eedlings 35S::CUCHs. Ler). This suggests CUC1 may negatively regulate
BGLU18CXE13FTRA2LBD40 MBP1 PAP1 RD20Q and SIRANB gene expression.
Alternatively genesPROBABLE ACGACTIVATING ENZYMHAAKELY, CASEIN KINASE
I SUBUNIT ALPRA(CKA} CYSTEINEICH RECEPTORE PROTEIN KINASE 10
(CRK1)) CDPKRELATED KINASE (BRKR PROTEIN EARLY RESPONSIVE TO
DEHYDRATION 1&RD15, ENFKAURENOIC ACID OXIDASEKAD2, INOSITOL
TRANSPORTER (INTJ), TRANSCRIPTION FACTOR (PIF3 and SMALL AUXIN
UPREGULATED RN&SAURLwere downregulated irtuclseedlings ¢uclvs. Col)

and upregulatedin 35S::CUC#%eedlings 35S::CUCHs. Ler). This suggests CUC1 may
positively requlatétAAE17CKA3CRK10CRK3ERD15KAO2INT] PIFaAandSAURbene
expression. PIF3 controls hypocotyl and cotyledon development by regulating
photoinduced signal transductidiiKim et al., 2003a; Ni et al., 1998)is suggests CUC1
may possibly regulate cotyledon development via controll®i§3gene expression.
SAURZN auxin responsive gene which is induced with auxin treatnf@oda et al.,
2008; Goda et al., 2004his suggests CUC1 may possibfutate auxin responseshe
PHB, PHV, REV, SPT, iNBHECIgene expression fold changeug¢lvs. Cot0 and
35S:CUCUVs.Ler) is presentedn Figures 4.10B and C. TPldBand PHVexpressiorwas
significantly decreaseih cucl seedlingsquclvs.Col0, p<0.05, Fig 4.10BINo change

in REV, SPT, INibhd HECIgene expressiomas observedn cucl seedlings quclvs.
Col0, Fig 4.10BRE\expression was twdold increased but this was not significant, and
no change inPHBor PHV gene expressiorwas observedin 35S:CUC1lseedlings
(35S:CUCUVs. Ler, Fig 4.10C).

In summary, these results demonstrate that CUC1 does not directly regdlBXgene
expression. Downregulation &fHBand PHVin cuclsuggests that CUC1 may positively
regulatePHBand PHVin seedlingsSTMandRPLlexpression was increas@u35S:CUC1
seedlings, which suggests th&UC1 may positively regulate replum by directly
promoting STMRPL in CMMsGA3x1 positively regulates gibberellin biosynthesis
(Arnaud et al., 2010; Talon et al., 199BA3x1 gene expression was increasectucl
seedlings and decreased & S:CUCIseedlings. This demonstrates CUC1 may inhibit
gibberellin biosynthesis by downregulatiGA3a1.
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Figure 4.1B5S:CUCHNd cuclmicroarray.(A) Theoverlapping region of Venn diagram shows
74 genes differentially expressed in bathclseedlings (p&.05,cuclvs.Cot0) and35S:CUC1
seedlings (p<0.085S:CUCVs.Ler). (B) The bar chart showBHB, PHV, REV, SPT, HIBGIND
gene expression icuclseedlingsduclvs.Col0), * denotes significanc€C)The bar chart shows
PHB, PH¥Nnd REMgene expession in35S:CUCkseedlings 35S:CUCWs. Ler). Unpaired 4test
*p<0.05, Gene Fold Change (linear)ork-1, Blue: decreased gene expression, Red: increased

gene expression.
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cuc1 cuc2

Ishida et al., 2000 Roeder et al., 2003 Modified image from Roeder et al., 2003

Figure 4.11 Theucl cuc2, ago10 (zv@) and rpl-1 fruit phenotype images from this study and

(Ishida et al., 2000; Roeder et al., 20083) cucl cucZruit imageshowsmall replum (spXB)
ago10G* fruit imageshowsmall replum(C)rpl-1 fruit imageshowsmall replum (Black arrow).

(D) Crosssection of thewild typereplum regionshowing replum (R), lignified layer (LL) at the
valve margins (VM). AGO10, RPL, CUC1 and CUC2 inhibit valve margin factors and promote

replum development. V= valves
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4.3 Discussion

4.3.1 AGO10 regulates auxin responses

In Arabidopsis PIN1 and PID proteins regulate auxin transport and they are important
for proper meristem and leaf developmefiteisler et al., 2005; Huang et al., 2010;
Larsson et al., 2014Quxin transport rapidly and dynamicatilocalisesauxin in plant
tissues to form auxin maxin{&arsson et al., 2014; Sorefan et al., 2008axin maxima

in the SAM promote thdormation of leaf primordia and auxin minima establish the
boundarybetween the SAM and leaf primordia, which is also known as organ separation
(Aida et al., 2002; Christensen et al., 20BQrutani et al., 2004; Heisler et al., 2005)
Multiple studies have demonstrated thptn1,pid andcucmutants produce cup anpin
shapedphenotypesAida et al., 1997; Aida et al., 1999; Aida et al., 2002; Furutani et al.
2004; Hibara et al., 2006The CUPral PIN phenotypes were also observegphbrev

and ago10"* mutants, suggestinghat the AGO1eHD-ZIPIl pathway regulates auxin
responsegMoussian et al., 2003; Moussian et 4B98; Prigge et al., 2005 everalihes

of evidence support this hypothesis. A study by Heeflat. showed that the expression
pattern of the REVgene PREV:REVENUSP coincides with the pattern of auxin
distribution and auxin transportDR5::GFPpPINL::PINIGFP (Heisler et al., 2005)
Interestingly, a study by Reinhaet al. reported that REV (GREV) overexpression
upregulated the auxin biosynthesis gend3CandTAA1suggesting that REV promotes
auxin biosynthesiéReinhart et al., 2013)lherefore, loss akvfunction may caus€UP

and PIN shaped phenotypes by disrupting auxin biosynthesis and auxin distribution. The
data presentedn this chapter show tha¥ UC1PIN,and PIDexpression are reduced in
zwk3 (CUP and PIN) anrad-6 zwt3 (CUP and PIN) mutants (Fig 4.2 and 4.3B). Rtk
expression is reduced agol0andind6 zwi3 (CUP and PIN) mutants it is plausible that

the CUP and PIN phenotypes are thsultsof alossin revdependentauxinresponses

4.3.2 AGO10 regulates cytokinin responses

Cytokinin is animportant regulator of meristem developmentARR7is the main
response gene of cytokinirsignallingand is often used as &arker of cytokinin
responses. For example, overexpression ARRR7suppresses shoot regeneration
(Buechel et al., 201@nd constitutive expression of AREBS::ARR&Alsoresults in the
PIN phenotype, which is reminiscent of thet3 PIN andnd-6 zwl3 PIN(Leibfried et
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al., 2005; Zhao et al., 201@ytokinin and auxin signalling are also integrated via ARR7.
Auxin downregulates expression ARR7Zhaoet al.alsoobserved arnincreasen ARR7
expression in the SAM of theig pinl, pid mutants as well as plants treated with auxin
transport inhibitor N1-naphthylphthalamicacid (NPA)(Zhao et al., 2010)This
demonstrates thatARR7activation canbe directly inducedoy the loss of local auxin
accumulation. Results from this chapter ateport anincrease ilARRgene expression

in zwk3 (CUP and PIN) amad-6 zwt3 (CUP and PIN) phenotypes (Fig 4.2). Since ARR7
is thought to be a negative regulator of cytokinin signalling, the cup and pin phenotypes

of ago10"* mutants maybe causedy reduced cytokinin signalling.

4.3.3Understanding the role omiR164ac inagol0 mutants
In Arabidopsis CUC1, CUC2nd CUC3genes regulate organ separation and SAM

development. The loss @UQoromotesorgan fusion and produces fused CUP shaped
cotyledons(Aida et al., 1997; Aida et al., 1999; Aida et al., 2002; Furutani et al., 2004,
Hibara et al., 2006; Takada et al., 2000hefused CUP shaped leaveszofl-3 andind-

6 zwk3 mutants look similar taucmutant CUP shaped cotyledons. The analysis in this
chapger also found decreased expression GJC1 CUC2and CUC3in zwl3 and
decreased expression G UC2aNdCUC3n ind-6 zwt3 (Fig 4.3A). The fused CUP shaped
leaf of zwl3 may be a result of thelecreasedCUC1/2/3expression. Multiple studies
have showntat miR164 target€€UCIand CUC2ranscripts(Hasson et al., 2011; Laufs

et al., 2004; Sieber et al., 2007; Spinetlal., 2011) and overexpression of miR164 in
the tomato and Arabidopsis plants affects leaf and floral organ development by
promoting organ fusionNRosas Céenas et al., 2017)However, resultsfrom this
chapter suggest that decrease irCUGexpression irewk3 andind-6 zwt3 seedlingds
probably not caused through misregulation of miRl@4aNe found mMiR164a
expressionwas significantly decreaseth ind-6 zwl3 seedlings which would be
expected to cause an increase@uCexpression (Fig 4.4A am). It is not known how

the lossof INDin ind-6 zwt3 seedlings can result in significant reduction of miRt6é4a

but this is probably not due to changes in AGO10 levels because miR164 does not bind
AGO10. Possibly, the decrease in miRiG4evels innd-6 zwk3 mutants represents a

negative feedback respoado maintainCUGexpression.
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4.3.4Understanding the role ofND-CUC1 irago10mutants

Similar tocucpinl mutants (Furutani et al., 2004)overexpression of IND produces PIN
and CUP shaped leaves (Chapter 3). To this effect, results from ChIP experiments
presented m Section 4.2.4 show that IND can bind to tk®JClpromoter and
downregulateCUClgene expression (Fig 4.6). In addition, a study by Soretfaal.
demonstrated that INOoromotes auxin minima by downregulation of PIN1 aRdD
(Sorefan et al., 2009aJhissuggestshat IND repres€UCland PINlexpression and
may impair SAM and leaf developmeiiihe analysis in this chapter and Chapter 3 also
found increased expression ¢fiD and decreased expression GUCIlin zwk3. The
increasedNDexpression and decreas€lUClgene expression patterooincideswith

an increase in thewl3 PIN phenotype (Fig 4.1E and 4.3A). The lofdD@and normal
CUCDXene expression patterns coincide with decreaset6 zwl-3 PIN phenotype (Fig
4.1E and 4.3A). Frothis, we can draw thatNID may negatively regulafeiN1,PID,and
CUC1in zwt3 and may promoteCUP and PIN phenotypadowever,IND does not
regulateCUC2nd CUC3jene expression. Thaecreased expression &flUC2andCUC3

in zwk3 andind-6 zwt3 may be the result of dossin rev dependentauxinresponses.
Results fronSection 4.2.3 show that AGO10 may positively regulai€ via PHB and
REV (Fig 4.5). AGO10 may also regulate STRUG@Gilbecause CUCfiromotes STM
expressior(Aida et al., 1999; Spinelli et al., 201Hpwever, STM also promoté&010

to maintain central meristem cel(&ndrizzi et al., 1996These data, in agreement with
our results, suggest tha&®GO10 repressdblDgene expressiomia HBDZIP llito regulate

CUCZXExpressiorand to promote SAM development (Fig 4.12).

4.3.5Understanding the role ofND-CUCL1 in gynoecium development
During fruit developmentCUCIland CUCZare expressedh the septum of gynoecium
(expressed from stage {)shida et al., 2000)CUCland CUCZ2are requiredfor the
septumand replum formation anadverexpressiorof CUCprevents apical carpel fusion
(Ishida et al., 2000; Kamiuchi et al., 2014; Nahar et al., AF1@%.7D and E, 4.11A).
different study showed that SRbuldnegativelyregulateCUCHNnd CUCZxpression to
promote carpel fusion in the apical gynoeci@Rahar et al., 2012)I'he results from this

chapter suggest that SRIoesnot directly regulateCUCIgene expression (Fig 4.8
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However, SPT and IND interaction is crucial for carpel fusion in the apical gynoecium

(Girin et al., 2011)Therefore, IND may be remgngCUCZExpression.

However in the medial tissue, CUC1 promotes STM expression and acts upstream of STM
in replum formation(Kamiuchi et al., 2014)nterestingly, STM also physically interacts
with the replum factor RPLByrne et al., 2003) The results from this chapter
demonstrate that CUC1 significantly upregula®@EMand RPLgene expression (Fig
4.10A). Fromthis, we can draw that CUC1 may promote replum formation by
upregulatingSTMand RPLand possibly by promotmtheir interaction in carpel margin
meristems. RPL promotes replum development by inhibiting valve margin factors
(Roeder et al., 20035inceCUC1 does not regulatdlD and SPTgene expressioliFig
4.10) CUC1 may inhibit the valve margiactors SPT and IND v@&IMand RPL.In
Arabidopsis gibberellins promote differentiation of fruitalve margingArnaud et al.,
2010) The results from this chapter demonstrate that CUC1 may negatively regulate
gibberellin biosynthesis by downregulatingA3ox1gene expression (Fig 4.10A).
Interestingly,GA3oxlisa direct target oiNDbecause IND directiypregulatesGA3ox1
gene expressiofArnaud et al., 2010 aken togetherthese studies indicate that CUC1
may inhibit valve margin development (Fig 4.11D), SPT and IND may @Uibito
promote valve margin development. Similar @JC1 CUC2and RPL.AGO10is also
esential for replum and septum development (Fig 4.(Ynn et al., 1999)n addition,
results from Chapter 3 and other published work demonstrate that AGO10 and RPL
inhibit the valve margin factor INQRoeder et al., 2003)These studies suggest that
AGO10 may inhibitND and promote replum development by upregulatifgUC1
expression(Fig 4.12).

4.3.6Conclusion
This chapter demonstrates thawl3 (CUP and PIN) andd-6 zwt3 (CUP and PIN)

phenotypes are defective iauxin and cytokinirsignalling In particular,a decreasen
PIN1,PID,and CUC1/2/3gene expression may promot€UP and PIN phenotypes.
Similar toPIN1and PID we found that IND can directly downregula@UC1lgene
expression and may promot€UP and PIN phenotypes &wl3. Since AGO10
upregulatesCUCIland downregulatesNDvia PHB and REV, AGO10 may iniiiitto

promote CUCIgene expression and thus coordinate SAM and leaf development (Fig
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4.12). In addition, CUC1 may promote replum deveiept by upregulatingRPLSTM
and may negatively regulate valve margin genes viaSIRLTogether these studies

suggesthat AGO1aIND-CUC1 may regulate both SAM and replum development.

—] AGO10

|

HD-ZIP Il
(PHB and REV)

e [ND 4= SPT ¢ HEC1

—p CUC1

Figure 4.12 Schematic representation of the AGERKIBREVIND-CUQ signalling cascade.
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expression



CHAPTER Ruxin and cytokinin control IND regulated
gene expression

5.1 Introduction

The yin and yang of auxin and cytokinin hormones can control gynoecium and SAM
patterning. Polar auxin transport is essential for the radialisation process and medial
versus lateral tissue specification rabidopsisgynoecia(Larsson et al., 2014;
Moubayidin and Ostergaard, 2014; Neddlson et al., 2010)Cytokininsignallingis
essential for carpel margin meristem (CMitpwth and carpel fusiom Arabidopsis
gynoecia(ReyesOlalde et al., 2017; Schuster et al., 201Bjerestingly, a recent study
showed that SPTcan regulate cytokinin signalling as well as auxin biosynthasis
Arabidopsisgynoecia.SPT enables cytokinin signalling regulatingARR1 and both
activate auxin biosynthesis vidAAland auxin transport via PIN3 at theedialdomain

of the gynoeciun{ReyesOlalde et al., 2017PIN1 proteins regulate auxin flux from the
base to the top of the developing gynoecium. Apical Piddisation at the plasma
membrane is regulated by PID, and lateral Piddlisationat the plasma membrane is
regulated by SERINE/THREONIRIEOTEIN KINASE (WAG23 (Moubayidin and
Ostergaard, 2014; Sorefan et al., 2008HT also interacts with IND and HEC1 to control
polar auxin transpor{Girin et al., 2011; Schuster et al., 201THEC1 promotes auxin
transport by directly inducingINlexpression in the lateral padf gynoeciaSchuster

et al., 2015)and SPAND regulates auxin transport by repressipbpexpression and
inducingWAG2expression in the valve margins as well as in the gynoecium @pieix

et al., 2011; Sorefan et al., 2009a)

Interestingly,auxin also limits HEC and SPT actifitgugh ETT functio(Gremski et al.,
2007; Heisler et al., 2001; Nemhauser et al., 2000; Schuster et al., EQTBxpression

is specific to theadaxial domairat anearly stageof gynoecium development. Loss of
ETTresults is abnormal patterning of gynoeciu@essions et al., 1997; Sessions and
Zambryski, 1995)Similar toSPTIND, ETT and IND also regulate carpel development by
repressing?IDexpressior(Girin et al., 2011; Simonini et al., 201@terestingly, ETT and
IND most likely heterodimerise to repreBtDexpression. Simonimt al. demonstrated

that ETT and IND proteins interact in an 4gehsitive manner. Thguggests thaauxin

can influence IND targeted gene expressi@mrecent staly also showed that cytokinin
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canrescue valve margin formation in and mutant (MarschMartinez et al., 2012)
These studies demonstrate that awdgtokinin and INESPTHECL activities are coupled

together n controlling gynoecium development.

As in gynoecium development, cytokirand SPTHECL1 functions are coupled together

in controlling SAM development. Cytokinin regulates the size of the SAM by controlling
stem cell proliferation, and cytokinisignallng can also control phyllotaxis via AHP6
(Besnard et al., 2014HEC1and SPTare also expressed in theentre of the SAM.
Schusteret al. demonstrated that HECG3PTcanregulate the size of SAKSchuster et

al., 2014) HECL1 also promotes stem cell proliferation in the SAM by regulating cytokinin
signalling(Schuster et al., 2014¢ytokinin promotes valve margin formation, but we do

not know if cytokinin can regulate IND in the SAM.

Polar auxin transport between leaf primordia and the SAM contributes to establishing
leaf polarity. Loss of auxin transport can lead to leaf ptlatefects(Qi et al., 2014)A
recent study demonstrated that PINdependent auxin effluxcan play a role in the
formation of the auxin minimum at the leaf axil. This is important for axillary meristem
initiation (Wang et al., 2014)nterestingly, IND alsegulatesauxin minimunformation

in the frit valve margin vi®?IDand WAG2expression(Sorefan et al., 2009a5ince
AGO10 negatively regulatédDin the SAM (Chapter 3 and 4), IND may possibly interact
with ETT to regulate auxin minima in the leaf (abaxial). Similar to gynoecia, auxin may
influence INBETT activity in the leaf (abaxial). SitdEC1lis not expressed in leaf

primordia, thissuggestshat ETT may be repressikidgeCExpression in leaf primordia.

Since auxin and cytokinin are key regulators of SAM and leaf development, it is
important to understand the bigger role of IND in SAM and leaf development. This can
be investigated by studyingNDregulated gene regulatory networks on their own as
well as in the presence of auxin and cytokinmthis chapterhow auxin and cytokinin

can influence IND in regulating target gene networks will be examined.
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5.2 Results

Descriptors used for mioarray sample comparisonDMSO was used as a vehicle
control, DEX was used to induce IND (IND), IAA is an auxin hJRBAP is a cytokinin
(CYT). DEX was compared with DMSO {®BIEMSO), DEX plus IAA was compared with
IAA (DEX+AUWXS.AUX)andDEX pus BAP was compared with BAP (DEXMAFAP).

5.2.1 Microarray analysis of INEBegulated genes

5.2.1.1 Differential gene expression analysis

We have shown that IND regulates several genes associated with SAM development,
however it is not known whether IND can affect other gene netw@dAwmaud et al.,

2010; Girin et al., 2011; Liljegren et al., 2004a; Moubayidin and Ostergaard, 2014;
Simonini et al., 2016; Sorefan et al., 2009H)erefore we investigated the effect of
upregulating IND on global gene expression changes usingamaycanalysis. For the
microarray, totalRNA was isolated frorB5S::IND:GReedlings (7DAG), which were
treated witheither 10 u(MDEX oDMSCior 6 hours in liquid media (n=3). Quality control

and microarray hybridisationAfabidopsisGene 1.0 ST Arrayhdrmofisher, 901915;
previously known as an Affymetrix arrayasperformed at the University of Sheffield

core facility for microarray andextgenerationsequencingArabidopsisGene 1.0 ST
Array CEL files were processed amdmalisedusing Affymetrix® ELINS aaA 2y [/ 2yazt S
software. Affymetrix® Transcriptome Analysis Console (TAC) software was used to

perform differential gene expression analysis.

Genes were considered to be differentially expressed if thegesre variance withp-
valuewas below 0.05 red the linear fold change was greater than 1.5 or beldvb
compared to control seedlings. A total of 921 gemesre signifcantly differentially
expressedn 35S::IND:GReedlings (DEXS.DMSO, FC >1.5 o#ls5, p<0.05): 339 genes

were upregulated,and 582 genesvere downregulatedFig 5.1). The heat map shows

the top 30 differentially expressed genes (Fig 5.1). For example the SENESCENCE
ASSOCIATED GENE 2AG29AT5G1317Pwas thirteen fold highly upregulated in

35S:: IND:GReedlings (Fig 5.1). INWabidopsisGene 1.0 ST microarray data was also

validated using gRPCRanda list of differentially expressed geness summariseth
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a table (Table 8.5 and 8.6). Out of 36, 24 genes broadly showed similar expression in
microarray analysis and gfPICR gxeriments (Table 8.5earson correlation coefficient
(r):0.85)

We compared our microarray results with a published IND overexpression and induction
dataset to validate our analysis and identify genes that are regulated over time (Table
8.7). The Voinet et al. (2011) microarray use@5S::IND:GReedlings but induced IND

for 24 hours. This study was published in array expressfA@EXinducedvs. non-
induced,Arabidopsighaliana34.6K CATMA_v5 microarrayGEOER8898).To identify
coregulated genes35S:: IND:GRinduced for 6 hours data were compared with
35S::IND:GRnduced for 24 hours A Venn diagram of genes from the two datasets was
generated usin ENNY 2.(Fig 5.2A)The Venn diagram shows 2869 (50%) differentially
expressed genes B6S::IND:GReedlings (induced for 6 houlSEXvs.DMSOFC >1 or

<1, p<0.03j labelled in the blue intersecting circle, 2121 (37%) differentially expressed
genes in35S::IND:GReedlings (induced for 24 hourBEXvs. DMSO,FC >1 or 4,
p<0.09 labelledin the yellow intersecting circle, and the overlapping region shows 746
(13%) genes eregulated or differentially regulated in both datasets (Fig 5.2A). In the
overlapping gene list, 671 genes wereregulated (Pearson correlation coefficient (r):
0.9)and 75 genes were differentially regulated (Pearson correlation coefficierd.@):

This shows that around 13% of genes were regulated by IND overexpression at 6hrs and
24hrs.

We selected several genes that were shown to be regulated by IND (influrcédand

24 hours). An expression profile of these genes were presented in a heat map (Fig 5.2B).
At 6 hours and 24 hours the expressiorS&G29GIBBERELLINBETADIOXYGENASE 1
(GA30x1pand SPTwere similar, and this suggests that IND targefsG29GA3ox1and
SPTFig 5.2B)TheGA3oxland SPTexpression patterngere consistent with previously
published work/Arnaud ¢ al., 2010; Girin et al., 2011; Groszmann et al., 20Ll06¢ HD

ZIP | genelOMEOBOX 1RIB12)regulates leaf growth by promoting cell expansion and
endoreduplication(Hur et al., 2015)When compared to 6 hourd{B-12 was 2fold
downregulated in 24 hours (Fig 5.2B). When compared to 6 hours, leaf polarity genes
PHB, KAN2, ARRAdJASIwere more upregulated. In particulalyUSelated homeobox

1 (WOX1yvas 6.2 fold highly upregulated at 24 hours (Fig 5\2E)X1promotes margin
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formation at the adaxiahbaxial boundary and overexpression \WMOX1negatively
regulate SAM development possibly by polyamine homeostasis or regul@tigg
expression(Nakata et al., 2012; Nakata and Okada, 2012; Zhang et al., 2011b€)
suggests that IND may negatively regulate leaf groatidt SAM developmenby

downregulatingHB12 and upregulatingvVOX1

When compared to 6 hoursTCP5 (TEOSINTE BRANCHEEyclhideaand PCF
transcription factor 5) wag-fold upregulated in 24 hours (Fig 5.2B). A study by Koyama
et al. showed that TCP transcription factors negatively regulat€UCby directly
activating expression dASland miR164(Koyama et al., 20107CP3, TCP8, TCRht
TCP14vere also upregulated i85S::IND:GReedlings in both datasets (DEXDMSO,
p<0.®, Fig 5.2C). Data from Chapter 4 suggests that IND directly downregla@s
gene expression and IND may also downregutkC via the TCP pathway (Fig 5.2D).
CUC1/2/3genes were not differentially expressed3hS::IND:GReedlings at 6 and 24
hours h the microarray datasets (Table 8.5), therefore IND downregulati@udl Inay

not be an immediate response.
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Figure 5.135S:: IND:GRDEXvs. DMSO) differential gene expressiorscatter plot showing

Tukey's biweight average signal (log2) of 10pM Dexamethasone (DEX) and DMSO treated

35S::IND:GRamples: 339 genes were upregulated (Redy 582 genes were downregulated

(Green) in DEXs.DMSO (the smallerpalue, the bigger the)XHeatmapof top 30 differentially

regulated genes in DEX.DMSO (On&Vay ANOVA p<0.05, Gene Fold Change (linear) >1.5 or

<-1.5). (Blue: low gene expression, Red: high gene expression).
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35S::IND:GR 35S::IND:GR
DEX vs. DMSO DEX vs.DMSO
(6 hours, n=3) (24 hours, n=6)
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35S::IND:GR (DEX vs. DMSO, 6 hours) D
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v
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AS1, miR164
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cucC
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(Koyama et al., 2010)
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Fold change of untreated
-

Figure5.2 Comparative analysis d35S::IND:GRnicroarray data (induced for 6 hours and 24
hours). (A) Theoverlapping region of the Venn diagram shows 746 genes were expressed in
35S:: IND:GBeedlings (induced for 6 hours, DEEXODMSO, FC >1 o+ls p<0.05) an@5S::IND:GR
seedlings (induced for 2dours, DEXs.DMSO, FC >1 ofls p<0.05)(B) Theheatmapshows
selected genes from the overlapping gene list, which were differentially expressed following 6
hours of IND induction (DEX.DMSO) and 24 hours (DEXDMSQO)(C)The bar chart shows
TCP3 TCP5, TCP8, TCPdArid TCP14gene expression ir85S:: IND:GRseedlings (6 hours
induction, DEXvs. DMSO). (D) Pathway showing that IND may downregulat€UC by

upregulatingTCPAS1 (Blue: low gene expression, Red: high gene expression)
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Figure 5.335S:IND:GR(DEX vs. DMSjrabidopsisbiological process genset enrichment
analysis (GSEALytoscape generated GSEA dat839%::IND:GReated with DEX and DMSO
showing significantly (p<0.05) enriched gesets (Blue- negatively enriched; Redpositively
enriched). Closely related geisets are connected by green line Gene sets for gibberellin
biosynthetic process, pollen tube, cell wall modification and asymmetric cell division sets were
positively enriched irDEX treated35S::IND:GReedlings. Gensets for defence response,
ethylene, salicylic acid, jasmonic acid, abscisic acid and ion transigmllingsets were

negatively enriched iDEX treate®5S::IND:GReedlings.
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5.2.1.2 Geneset enrichment analysis (GSEA)

We use GSEA to understand whigthways are regulated by IND overexpression. GSEA
is a powerful analytical tool used to study groups of genes or proteins that share
common biological function, protein domain, chromosomal location, or reguldtion
largedatasetqSubramanian et al., 2007; Subramanian et al., 208&pnalysisspecific
data is required, namely expression datasets, phenotype lakels., control vs.
treated), gene sets, and annotations. There are orfgwapre-madegene sets in GSEA
database,and Arabidopsiggene sets are not available in the GSfafabase Yiet al.
created anArabidopsiSGSEA gene sdatabasan 2013,however it is outdatedYi et al.,
2013) Wetook the initiativeto create anArabidopsiggene set GSEA library file based
on biological function and protein familg collaboration withMatthew Parker, (UoS,
data not shown). WanalysedArabidopsisSO annotation files from the Gene Ontology
Consortum to create arArabidopsiggene set GSEA library filrabidopsi<sene 1.0 ST
microarray expression data sets (6 hours, RERMSO)Arabidopsidiological function
gene,set GSEA librarffle, and phenotype label (DEY. DMSO)were usedfor GSEA
analsis. Analysed data waxportedto Cytoscape for analysis amisualisation(Fig
5.3). When compared to DMS8h gene sets were positively enrichaad 147 gene sets
were negatively enricheth DEX (p<0.0%;ig 5.3, Table 5.1). Significantly enriched gene
setswere summarisedn a table (Table 8.10). When compared to DM@ e sets for

the gibberellin biosynthetic process, pollen tubes, cell wall modification and asymmetric
cell division were positively enricheit DEX(p<0.05, Fig 5.3). Consistently, tbe
positively enriched IND biological functions are also reported in different studies
(Arnaud et al., 2010; Kay et al., 2013a; Mitsuda and OGhalagi, 2008; Ogawa et al.,
2009; Wu et al., 2006)When compared to DMSQ@jgnalling gene sets for defence
response, ethylene, salicylic acid, jasmonic aaliscisic acid and ion transport were
negatively enrichedh DEXp<0.05Fig 5.3. GSEA results suggest that IND may possibly
regulate hormone signalling(gibberellin, ethylene, salicylic acid, jasmonic acid and

abscisic acid).

5.2.1.3 Induction of INDor 24 hours caraffect meristem gene expression
Since overexpression of IND promotes leaf polarity defects (Chapter 3), it is important
to understand whether IND regulates any meristem gene sets. GSEA analysis showed

that meristem maintenanceand merisem initiation gene sets wereot significantly
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enriched inDEXireated 35S::IND:GReedlingqFig 5.8 A total of 29 genes from all
meristem gene sets were core enricheddi&X (6 hourgjeated 35S::IND:GReedlings

(p<0.05, Fig 5.8 AGOl1l0was weakly downregulated iDEX (6 hoursjreated
35S::IND:GReedlinggp<0.05Fig 5.8¢and this was consistent with gfPTCR data from
Chapter 3.EMBRYONIC FACTOR 1 (FAC1) encodes an AMP deaminase (AMPD) that
converts AMP to IMP to maintain the energytential for the zygote to proceed through
development(Xu et al., 2005)FAC1 is essential for further development of the zygote.
FAC1vas weakly downregulated DEX (6 hoursjeated 35S::IND:GBeedlinggp<0.05,

Fig 5.8¢C WALEASSOCIATED KINASE 2 (WAleRpressed in shoot apical meristems

and in expanding leaves. WAIKrequired for cell expansiof\WWagner and Kohorn,

2001) WAK2was downregulated inDEX (6 hoursjreated 35S:IND:GRseedlings
(p<0.05,Fig 5.8B and)CARABIDOPSIS THALIANA HOMEOBOX GENE1 (ATH1) interacts
with STM and regulates SAM developmé@ble et al., 2006; Rutjens et al., 2009)
Similar to CUCgenes, ATH1 is also required for proper development of the basal
boundaries of shoot organdGomezMena and Sablowski, 2008)ATH1 was
downregulated inDEX(6 hours)treated 35S::IND:GReedlinggp<0.05,Fig 5.8¢ This

data suggests thdtNDmay negatively regulate SAM development by represBiAG1,

WAK2, ATHBndAGO10

Longer induction of IND may significantly downregulate genes involved in meristem
development. To test this, INBicroarray data (induced 6 and 24 hours) was compared

with a list of meristem associated genes. Gene expression in the SAM was extensively
studied and published by different research groups, and &  dzZRé FTNRY wS
reported a list of 70 genes that areexpressed predominantly in the meristem
characterised by microarray and R¥situanalysigYadav et al., 2009The PID gene

was added to the list becaud®lDis also expressed in theeristem These meristem
associated genes were compared with DEX (6 hours and 24 hours) (Fig 5.11A and B). The
Venn diagram overlapping region shows 6 meristem genes were differentially regulated
following 6 hours of IND induction (Fig 5.11A) and 15 meristem genes were differentially
regulated by 24 hours of IND induction (Fig 5.11B). When compared to 6 hol{® of |
induction, 11 meristem genes were differentially regulated by IND following 24 hours of

induction.
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Here we summarise the expression changes of the 15 genes that were differentially
regulated at either 6hrs and/or 24hrslLTRAPETALQAILT) gene contrés shoot size

and also regulates floral meristem by promotbhGAMOUSAG (Engelhorn et al., 2014,
Fetcher, 2001) ULT1 also promotes apical polarity by negatively regulating SPT in
gynoecium(Pires et al., 2014)LT1and SPTwere upregulated by IND following both 6

and 24 hours of induction (Fig 5.14E). LATE MERISTEM IDEMIOMEOBOX 51
(HB51) is aneristem identity regulato(Saddic et al., 2006yvhich wasupregulated by

IND following both 6 and 24 hours of induction (Fig 5.116MBODOMAIN GLABROUS2
(HDGZ2) is one of the keggulatorsof stomatal differentiation(Peterson et al., 2013)
HDG2was upregulated by IND following 6urs of induction (Fig 5.11EB)HBand AS1

were both upregulated by IND following 24 hours of induction (Fig 5.2B, Fig 5.11E) (these
genes were also discussed in theevioussection). CHOLINE KINASEX) regulate
phospholipid biosynthesis israbidopsigLin et al., 2015; Tasseva et al., 20@K3wvas
downregulated by IND following both 6 and 24 hours of induction (Fig 5.11E). Lipid
transport geneAT3G53980vas downregulated by IND follamg 24 hours of induction

(Fig 5.11E). Sucrose transporter geSB8VEET1@vas also downregulated by IND
following 24 hours of induction (Fig 5.11E). TERMINAL FLOWER1 (TFL1) is a key regulator
of the development of the inflorescence meristefhiljegren et al., 1999)IFL1was
downregulated by IND following 24 hours of induction (Fig 5.11E). GIBBERELLIN 3
OXIDASE 3 (GA30x3) is one of the key oxidase enzymes in the biosynthesis of gibberellin
(Hu et al., 2008 GA30x3vas downregulated by IND following 24 hours of induction (Fig
5.11E). PID kinase regulates proper auxin distribution via PIN pr@feing et al., 2004)
PIDwas downregulated by IND following both 6 and 24 hours (Fig 5.1tEheresult

is consistent with previously published wdi&orefan et al., 2009apAINTEGUMENTA

like 5 (AIL5) and (AIL7) proteins control phyllotaxis, and they are required to maintain
PIN1 expression at the periphery of the meristé?mon et al 2013; Prasad et al., 2011)
AlL5and AlL7were downregulated by IND following 24 hours of induction (Fig 5.11E).
G-BOX BINDING FACT®OR:BF6) transcription factor recruits the histone acetylation
machinery to activate auximduced transcriptiorfWeiste and Drogéaser, 2014GBF6

was downregulated by INBllowing 24 hours of induction (Fig 5.11BYWARF IN LIGHT

1 (DFL}belongs to the auxiinducible gene family. DFL1 regulates hypocotyl elongation
(Nakazawa et al., 200DFLwas downregulated by IND following 24 hours of induction

(Fig 5.11E).Hese results suggest that longer induction of IND may inhibit PAT and auxin
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signalling by repressir@iD, AIL5, AILandGBF6These represent genes that are either
regulated by IND over a long time period or are genes that function indirectly after IND

induction and have functions later in meristem development.

5.2.1.4 IND regulates genes involved in hormone biosynthesis

Results from GSEA analysis show that INDregylatehormonesignalling(gibberellin,
ethylene, salicylic acid, jasmonic acid and abscisic acid). Since IND regulates gibberellin
biosynthesis via GA3o0x1, IND may also regulate other genes involved in hormone
biosynthesisTo test this gene expression of genes involved in homadiosynthesis

were examined irB5S::IND:GReedlings following 6 hours of induction, DEEXDMSO,
p<0.05, Fig 5.4).

Gibberellin biosynthesis: GA3oidlinvolved in thgroduction of bioactive gibberellin
(GA)(Talon et al., 1990)GA3ox1lwas upregulatedn 35S::IND:GReedlings (DEXs.
DMSO, p<0.05, Fig 5.4).

Auxin biosynthesis:L-.TRYPTOPHANYRUVATE AMINOTRANSFERASEAAL) is
involved inauxin (IAA) biosynthesis. TAALl can convdriyptophan and pyruvate to
indole-3-pyruvic acid (IPA) and alaniftepanova et al., 2008; Tao et al., 2008)ole
3-pyruvate monooxygenase YUCCA2 (YUC2) converts the IPA produced by the TAA1 to
indole-3-acetic acid (IAAJZhao et al., 2001)TAAL, YUC2, YUC&d YUCbwere
upregulatedin 35S::IND:GReedlings (DEX.DMSO, p<0.05, Fig 5.4).

Cytokinin biosgthesis: Adenosine phosphatsopentenyl transferas€IPT) proteins
regulate cytokinin biosynthesis. LosdBT 3abolishes cytokinin productiofGGalichet et
al., 2008)IPT3was downregulatedh 35S::IND:GReedlings (DEXS.DMSO, p<0.05, Fig
5.4).
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DEX Bi- | DMSO Bi- |Fold Change| ANOVA
Tair ID WEI.ght wel.ght {lineae) | pvakie Gene Symbol| Hormones
Avg Signal | Avg Signal | (DEXvs. | (DEXvs.
(log2) (log2) DMSO) DMSO0)
AT3G19820 7 7.3 0.03395 DWF1 Brassinolide
AT3G63110 4.67 5.6 0.008277 IPT3
AT1G75450 4.44 3.88 1.47|0.016862 CKX5 Cytokinin
AT5G21482 6.07 5.7 1.3/ 0.019991 CKX7
AT2G28305 5.4 5.73 0.046469 LOG1
AT3G14440 3.73 3.21 1.43| 0.000877 NCED3
AT3G43600 6.92 7.08 0.011598 AAO2 Abscisic acid
AT2G27150 5.49 6.28 0.01418 AAO3
AT4G16760 8.26 8.43 0.002141 ACX1
AT5G20900 7.71 7.27 1.36/ 0.003656 JAZ12
AT1G72450 6.59 7.3 0.005884 JAZ6
AT2G06050 5.65 5.39 1.19| 0.006091 OPR3 Jasmonic acid
AT1G20510 6.29 6.51 0.006287 OPCL1
AT3G06860 7.76 8.09 0.007614 MFP2
AT1G76680 3.33 4.43 0.043072 OPR1
AT1G15550 7.21 4.97 0.000419| GA30X1
AT4G02780 2.93 2.42 1.42|0.001571 GA1 Gibberellin
AT1G30040 3.68 4.07 0.037584| GA20X2
AT4G21690 3.79 3.68 1.08| 0.04749 GA30X3
AT1G18870 3.76 3.04 1.66| 0.000208 1CS2 Salicylic acid
AT4G26200 5.45 6.67 0.000067 ACS7
AT2G22810 5 4.03 1.97/0.003354 ACS4
AT4G11280 4.42 5.3 0.01191 ACS6
Ethylene
AT5G65800 3.13 2.73 1.32|0.025771 ACSS5
AT5G36880 8.81 8.98 0.040947 ACS
AT3G61510 3.28 2.91 1.3/ 0.043338 ACS1
AT4G24670 4.13 4.67 0.001648 TAR2
AT1G70560 5.82 5.32 1.41/0.001914 TAA1
AT4G13260 4.49 3.71 1.71| 0.003359 YUC2 Auxin
AT5G43890 5.57 4.81 1.7 0.014994 YUCS
AT1G04610 4.47 3.99 1.4/ 0.050694 YUuC3

IND

Gibberellin
Auxin

Figure 5.4 IND regulatdsormone biosynthesis genegA) Table showing a list of differentially

expressed genes for hormone biosynthesis in 10 uM Dexamethasone (DEX) and DMSO treated

35S::IND:GReedlings. Pathway showing IND may positively regulate gibbe@BQX)Land
auxin(TAA1, YUC2, Yu@ad YUC) biosynthesis and may negatively regulate cytokifirT8
and CKX% ethylene ACS@&nd ACSY, jasmonic acid{CX1, JAZ6, OPCL1, M&RPOPR]) and
abscisic acid¥AO2and AAOJ biosynthesis.
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Ethylene biosynthesis: -Aminocyclopropand-carboxylate synthase (ACS) enzymes
play a major role irthylene biosynthesis. AC&talysethe conversion of @denosyiL-
methionine into1-AMINOCYCLOPROPANEARBOXYLATACC), a direct precursor of
ethylene(Adams and Yang, 1979; Peng et al., 2005; Yang and Hoffman,AQ@8&nd
ACS7vere downregulatedn 35S::IND:GReedlings (DEYS.DMSO, p<0.05, Fig 5.4).

Jasmonic acid biosynthesBEROXISOMAL A@QENZYMEN OXIDASE (ACX1) is
involved in the biosynthesis of jasmonic acid (§@8juz Castillo etl., 2004) 12-
OXOPHYTODIENOATE REDUCTASR JIréduces 12oxophyodienoiacid (OPDA) to
3-0x0-2-(2'-pentenyl}cyclopentanel-octanoic acid (OR8:.0), the natural precursor of
jasmonic acid. ORP&0 CoALIGASEIOPCL1) converts OB@ into OPEB:0-CoA,
respectively(Kienow et al., 2008Y0PE3:0-CoA undergoes three rounds of oxidation to
form (+)7-iso-JA, jasmonic aci{Schaller and Stintzi, 200ACX1, OPCLand OPR1
were downregulatedn 35S::IND:GReedlings (DEX.DMSO, p<0.05, Fig 5.4).

Abscisic acid biosynthesiBBSCISIELDEHYDEGXIDASEAAO) is involved in the last
step of the abscisiacid (ABA) biosynthesis. ABA precursor abscisic ald&hgd&lised
to ABA, via AA(Beo et al.,, 20000A02and AAO3were downregulatedn 35S::IND:GR
seedlings (DEX.DMSO, p<0.05, Fig 5.4).

These results demonstrate thBiD may promote auxin and gibberellin biosynthesis and

may inhibit cytokinin, ethylene, jasmonic acid and abscisic acid biosynthesis (Fig 5.4).
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