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ABSTRACT OF THE DISSERTATION
Live Imaging Study on Cytokinin Function and Regulatioistem-cell Homeostasis
by
Mingtang Xie
Doctor of Philosophy, Graduate Program in Plant Biology

University of California, Riverside, August 2010
Dr. Venugopala Reddy Gonehal, Chairperson

Stem-cell homeostasis is mediated by multifacetédorks involving plant hormones
and local cell-cell communication. Earlier studieséhanplicated cytokinins in regulating
shoot apical meristem (SAM) growth. However, the precde of cytokinin in SAM
remains largely unknown because cytokinins have beenicagd in several
developmental processes and merely studying thertakpinenotypes may not reveal their
function in actively developing SAMs. The live-imagechnology allows studying the
function of any given regulator immediately afterperturbations in transient experiments.
The live-imaging work presented here provides: 1) Fanatianalysis of SAM-enriched
cytokinin activating enzymes, 2) The live-image study key regulators in cytokinin

biosynthesis and signaling, 3) The function of SHOOTMERIMLESS (STM).

The cell-type specific genomics has predicted and RNgitu analysis has confirmed
the enrichment of cytokinin activating enzymes ie ®AM-stem cell niche. Knock-out
three centrally expressed members alters phyllotésgnsient manipulation of cytokinin

results in organ positioning defects within the peenal zone (PZ) of SAMs. The levels of
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cytokinin are correlated to auxin responses. More@xternal application of auxin fails to
induce auxin responses suggesting that cytokininsregeired for activating auxin
response pathway components. Cell division analyseslrévat cell mitotic activities are
correlated to the levels of cytokinins. We conclude tyabkinin controls phyllotaxy by

regulating auxin signaling, auxin transport and cell divisages.

We find that WUSCHEL (WUS) regulates a type-B resmoregulator, ARR1. Then,
we have studied the effects of positive cytokinimalong by using inducible activation of
constitutively active forms of ARR1 coupled withdimage technology. This analysis has
revealed that constitutive activation of cytokinin sigrgaresults in expansion of stem-cell
domain leading to de-differentiation of differentiatimglls and this process is WUS

dependent.

Genetically,stm mutant phenotype implies that STM function is reqglifer SAM
initiation and fulfills a complementary role to tratWUS. Inducible inactivation of STM
has shown that it is required for preventing the CZ cebsnfresponding to auxin.
Furthermore, other differentiation markers were &smd to be mis-expressed in the CZ
cells. These findings lead to conclude that STM prevkat stem-cell domain from

differentiation.
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INTRODUCTION
a. A historic view of Shoot Apical Meristem (SAM)

The development of above-ground architecture of pladylis determined by the
continuous proliferative activities of a small groupturipotent-stem cells residing at the
tip of shoot apical meristem [SAM] [1-4]. In the nebgblantArabidopsis the shoot apical
meristem is a dome-shape structure located at thef #pplant. It consists of about 500
cells and it is organized as different functional z(f@gure 0-1. A). The central zone
[CZ] harbors a set of 35-40 stem-cells, that istedat the tip of SAM, and it serves as a
source of long-term stem-cells which renew themseltgd,[6]. The stem-cell daughters
that are displaced into the adjacent peripheral g@Agenter into differentiation pathways
at specified locations to form either the leaves or éiew The PZ can be further sub-
divided into the inner PZ [IPZ] and out the outer PPKD Based on the analysis of
transient loss of CLAVATA3 [CLV3] (detail explanation grovided in subsequent
sections), a gene required for stem-cell homeostagdyeen shown that the IPZ cells that
abut the CZ can retain the capacity to acquire stéinfate, however, the OPZ cells fail to
be re-specified as stem-cells. Thus, the IPZ can be diawa buffer zone in which cells at
the border of the CZ and the PZ can be specified @peeified as stem-cells [7].
Underneath the CZ, the cells of the organizationerd@C]/stem cell niche [Niche] fulfill
two roles. One is to specify the overlying cells lué CZ as stem cells at early stages of
embryogenesis and also provide cues constantly to aimathiem as a stem cell population
throughout the life of a plant. It also generates cells fonthintenance of the rib meristem

(RM) cells and to support the stem-growth. The expregsattern ofCLV3 coincides with



that of the CZ [8-9], thus it has been used widslgt@m-cell marker (Figure 1A). PZ can
be marked by genes that are expressed in this regioaxample UNUSUAL FLOWER
ORGANI[UFQ] (Figure 0-1B). The homeodomain transcription faMtidSCHELL[10] is

expressed in

R
" Stem Cells “'%no,;e
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Figure 0-1. Cell types and organization of SAM stzet niche marked by fluorescent reporter
constructs. (A—C) The side views of SAMs, showihg stem-cell domain (CZ) marked by
CLAVATA3 promoter (A), the adjacent peripheral zofleZ) is marked by UNUSUAL
FLORAL ORGANS (UFO) promoter (B), the Rib-meristgfiRM)/organizing center (OC)
revealing WUSCHEL expression (C). The 3 clonal tayef cells are marked by FM4-64, a
lipophilic dye which marks cell outlines (red). (O3chematic representation of SAM
organization depicting the three clonal layers #edstem-cell niche showing the positions of
stem-cell cells (the central zone; CZ), the diff¢iaging cells (the peripheral zone; PZ) that can
be sub-divided into the inner PZ [IPZ] (the regibat can de-differentiate into stem-cells upon
CLAVATA3 down-regulation) and the outer PZ [OPZhédtregion that remain differentiated
upon CLAVATAS down-regulation). P1 and P2 represent orgenqgoedia at different stages of
differentiation.

organization center and serves as an ideal marker $abset of the RM cells (Figure 0-1.
C). Clonally, the SAM can be clearly divided into #areell layers based on their cell
division orientation (Figure 1A and 1D). Cells in thetmost L1 layer and sub-epidermal

L2 layer divide only anti-clonally to maintain the latergbansion of these two layers [11].



However, a few cells of the L2 layer located in regiof the organ primordia have been
shown to divide in periclinal orientation and theyghti play a role in early stages of
primordial out growth. The underlying cells of the mas/the L3 layers form a multi-

layered structure and they divide in random oriematioTherefore the SAM maintenance
involves a tight co-ordination of cell division pattsrbetween cells located both within

and across different cell layers.

b. Cell-cell communication mechanisms of stem-cell nidenance: The CLAVATA
(CLV)-WUSCHEL (WUS) feedback loop
In the past two decades, a large number of genesréhavalved in SAM function

and development have been identified through forward geragifmroach [12] (Figure 0-3).

Stem Cells

Figure 0-2. CLAVATA:WUSCHEL feedback networlCLAVATA3 (CLV3kexpressed in the
central zone (CZ) [green] along with CLAVATAl (CLY1CLAVATA2 (CLV2) and
CORYNE (CRN) forms a signaling complex [not yet coetply understood] that signals to
restrict WUSCHEL (WUSExpression to the organizing center (OC). WUSuim, activates
CLV3 expression and also positively regulate stethfate in cells of the CZ through an un-
identified signal.



Among them, the feedback network mediated by CLV andSVgenes play a central role
in stem-cell homeostasis and SAM growth control.[Tbe mutations iIfCLAVATAclass
of genes CLAVATA1L (CLV1), CLAVATA2 (CLVa@pdCLAVATAS (CLV3)result in both
over-proliferation of stem-cells/expansion of the @l also make larger SAMs [8, 13-
14]. Whereaswusmutants fail to maintain a functional SAMs and termenieir activity
very early in development [10, 15]. The molecular reatf these genes, their expression
patterns have been characterized in great detail amtahkiprovided clues to their function
stem-cell maintenance. CLAVATA3 (CLV3), a small exethalar protein synthesized in
stem cells located within the CZ, signals to the ugdeglOC/RM by activating receptor
kinase complex that includes CLV1 which is expresseBM cells, CORYNE which is
ubiquitously expressed and also CLV2 which encodescepter like kinase but lacks
intracellular kinase domain [Figure 0-2][8, 13-14, 16-17¢& studies have demonstrated
that CLV3 may be processed to yield a biologically active dr2ino acid peptide which in
turn binds to CLV1[16, 18-20]. Activated CLV1 andated receptor kinase complexes
function to spatially-restrict the expression of honwmodin transcription factor
WUSCHEL (WUS) which is also expressed in cells ef @M/OC [Figure 0-2] [21-24]. It
has also been shown that ectopic expressioWwOf results in upregulation of CLV3
expression in the overlying stem-cells, via an unkneignal [Figure 2] [22]. Therefore,
CLV3 can regulate its own expression levels and also thefsstem-cell domain, through
a feedback loop involving CLV3-expressing stem-cellthan CZ and th&vVUSexpressing
cells of the OC/RM.

c.Other cell-cell communication networks regulating the @inction of SAM



The gene interactions that have implicated in SAMminoand patterning are very
complex [25-41]. Though, comprehensive network anatgsjgires high resolution spatio-
temporal data. Nevertheless, the understanding of gemetoitry has improved

enormously in the past two decades and it has been dedoelosv (Figure 0-3).

P2

P1

T

IPT7
AS1/2 L1 .

o
Cytokiniry.---

L3/Corpus

Figure 0-3. Expression domains &&y regulatory genes are color coded. CLV:WUS
feedback network receives inputs from STIMPY (ST#)d POLTERGEIST (POL), a
predicted nuclear protein phosphatase. CLV:WUS otwnters into a complex network of
interactions with  SHOOTMERISTEMLESS (STM) which, iturn, promotes un-
differentiated state by inhibiting the expressidrdifferentiation promoting factors sucs
ASYMMETRIC LEAVESAnd2. STM positively regulates IPT7 (a rate limitingzgme in
plant hormone cytokinin [CK] biosynthesis, negaiveegulates GA20oxidase (key enzyme
in plant hormone gibberellic acid [GA] biosynthesiile positively regulates GA2oxidase
at the organ boundary regions. Recently identii@INELYGUY (LOGXlass of genes has
been shown to convert inactive forms of CK intoivectforms. The net effect of these
interactions is expected to create a region ofdriglytokinin levels and lower GA levels in
the central region of SAMs. A more detailed viewhofmonal interactions and their effects
on SAM function can be obtained from a recent @ié2]. Red colored arrows indicate
interactions derived from genetic analysis. Blackoed arrows represent interactions
derived from molecular analysis. Dotted lines repre enzymatic reactions leading up to the
regulation of hormonal levels.



SHOOTMERISTEMLESS (STM) is another key regulator ttmediates SAM
initiation and maintenance [43-51]. STM a member of homeodomain-containing
proteins of the KNOTTED-1IHOMEOBOX (KNOX1) family. TM is expressed
throughout the SAM surface and downregulated in cellshef organ primordia [52].
Complete loss of function alleles suchsas-1andstm-5fail to initiate embryonic SAM
[42, 53-54]. Genetic interaction studies have showah 3TM represses the expression of
ASYMMETRIC LEAVESL1 (AS1), a Myb-domain containing tiscription factor which is
expressed in primordial initiation sites in wild tyBAMs. asl; stmdouble mutants have
been shown to rescue the SAM defects sbin mutants [55-56], whereaSTM
misexpression has been observed in leavesasdf mutants suggesting a reciprocal
antagonism betweerSTM and AS1 class of genes implying that STM prevents
differentiation of SAM cells. But, the hypothesiatSTM-expressing cells inhibit the
expression of AS1 in SAM cells is yet to be tested dineestrong stm mutant alleles fail to
develop a functional SAM.

Genetic interactions between STM and genes of the BIUS network have been
carried out [47] [54]. . The genetic interactionvieenstm andclv mutants has revealed
that stm mutations can dominantly suppresks phenotypes indicating that th&m
phenotype is sensitive to the levels of CLV activity [54].s&hon the genetic interactions,
it has been proposed that these genes play relatezgpposing roles in the regulation of
cell proliferation and/or differentiation in SAMs. fBic interactions, based on loss of
function and gain of function analysis, between STM WAAdS have suggested that they

perform independent functions [47]. WUS is required toigpstem cells in the CZ, while



STM is required to suppress differentiation throughbat$AM dome and thus allowing
the proliferation of stem cell daughters within the PZ

Two lines of evidences indicate that the functibrf5®M may regulate plant hormone
pathways, including cytokinin and GA biosynthesis][53pecifically, inducible activation
of STM by using STM-GR (STM fused the hormone binding danoéirat glucocorticoid
receptor) was found to activate expressionSSDPENTENYLTRANSFERASE7 (IPTQ)
key enzyme in cytokinin biosynthetic pathway[48].eBaxpression of IPT7 by usir&M
promoter has been shown to partially resstra-1 mutant phenotype demonstrating a
functional link between STM and cytokinin biosyntlsegi8]. STM was found to repress
the expression o65A20 oxidasga Gibberellic (GA) acid biosynthetic enzyme] while
promoting the expression GfA2 oxidase Ja GA degradation enzyme] whose expression
is restricted to few cells of the boundary region betweneristem and developing
primordia [57]. Thus, STM seems to control the Gatribution in SAM by not only
inhibiting its biosynthesis at the meristem centerdisn preventing its movement into the
meristem to achieve a GA free or relatively low GA @ntcation in the center of SAM.

Cytokinin, N’ adenine derivates, is one of five classical plant baes [58]. Cytokinin
was first identified as a cell division promoting wégor in tobacco tissue culture half
shown to function in array of plant growth and depehental processes including, cell
division, senescence, growth and patterning in shodtraot apical meristems (RAMS)
[58-73]. The major cytokinin biosynthetic pathway mediated by ADENOSINE

PHOSPHATE-ISOPENTENYLTRANSFERASE (IPT) which catadyg the first and the



rate-limiting step. IPT utilizes dimethylallyl diphasate (DMAPP) and either adenosine

B Know enzymes
1 Enzymes to be discovered

Blue color: active form : tRNA
Blue color: inactive conjugated form 1 +
Red color: irreversible degradation 1 DMAPP
1
1
AMPI/ADPIATP 1
+ [P ribotide {STIELTY> 1Z ribotide | ¢Z ribotide
DMAPP \ } R
iP riboside tZ riboside! cZ riboside
% AT, AN T A .
Active form iiP e L LCZ o
% '
Cytokinin
G‘,’:cosides —J#+ AdelAdo" TSide chain

Figure 0-4. Cytokinin biosynthesis pathways: Keyyemzs and intermediates

century ago [74]. Since then cytokinin has been Stoaar di- or tri-phosphate (AMP,
ADP, or ATP) to produce iP-ribotides [Fig 0-4] [75]. Thenyilsbtides are hydrozylated to
tZ-ribotides by CYTOCHROME P753 [CYP753] [76]. Aher possible route for
cytokinin biosynthesis includes the conversion of tRIdAZ ribotide through prenylation
by tRNA-IPT by using DMAPP [Fig 0-4][77-79]. In the hdassical pathway the
conversion of inactive forms of cytokinins to activenfisris a two step process and the
enzymes that catalyze these steps are unknown [Fydie An elegant work in rice
recently identified the function of LONGLEY GUY (LOGhat can convert the inactive
form of cytokinins into active form of cytokinins by @ngle step reaction [80]. The
functional orthologs i\rabidopsisare encoded by a family of nine members indicating the
evolutionary significance of this pathway[81]. Cyitok homeostasis is achieved through

regulated conjugation or irreversible degradation @2, The conjugation of active



cytokinins into inactive glucosides is mediatedliyP GLYCOSYLTRANSFERASE
(UGT) [83-86]. The Glucose-cojugati@an happen at the N3, N7, and N9 position of the
purine ring, or in the hydroxyl group of the prenydiesichain [83-84]. The irreversible
degradation reaction is catalyzed by cytokinin oxiddg®/drognease (CKX) to break
down active cytokinins into ade/ado group and a sidenci87-91]. Understanding the
developmental regulation of spatial activation patesf key biosynthetic enzymes will be
crucial in deciphering their role in SAMs and also todgt the function of cytokinin

homeostasis in SAM growth and patterning.

alin’ 1]
—| PP %p?x —
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Figure 0-5. A schematic representation of the twogmmment-circuit of cytokinin signaling.
AtHK (Arabidopsis thalianaHISTIDINE KINASE), HP (Histidine phosphate transfer
Protein).

Plants employ a histidine kinase (HK) phosphor retaguit in mediating cytokinin
signaling, which is very similar to the two-componeystem utilized by bacteria (Figurel-
4). In Arabidopsis, three Arabidopsis thaliana HISINE KINASE (AtHKs) which

belong to a gene family of six members serve as cytoketeptors [92-100]. The AtHK



receptors self assemble into homodimers upon bindingytokinin. Conformational
changes within the receptor homodimer facilitate the fieaia$ phosphate from histidine to
aspartic acid through a self phosphorylation process. Nexthttephate on aspartic acid is
transferred to downstream ARABIDOPSIS RESPONSE RESIMRS (ARRS) through
HISTIDINE PHOSPHATE TRANSFER PROTEINS (HPs) [59,010Recently, it has
been shown that AtHPs are evenly distributed biothcytosol and nucleus. Thus,
challenging the previous assumption that AtHPs mowen fcytosol to nucleus upon
cytokinin perception at the cell surface[101-102]. sTkwork also raises the question
whether the transfer of phosphate between AtHPs arRisAf®es occur. lArabidopsis,
two types of ARRs have been identified [103-105]. ThpeB-ARRs have both a receiver
domain that could be phosphorylated by the phosphay terough unstream cytokinin
signaling and a DNA binding domain that could act agastriptional factor. Without
phosphorylation of the receiver domain of the TypeB-ARR® function of the
transcriptional factor domain is masked[103]. On theeotand, the TypeA-ARRs have
only the receiver domain that could be phosphoryldtgdthe upstream cytokinin
signaling[104, 106]. They act mainly as negative regudato modulate the cytokinin
signaling but the mechanism how they work remains unkn@me possibility is that the
TypeA-ARRs compete with the TypeB-ARRs to receive thesphor relay signaling.
Another possibility is that the TypeA-ARRs form dimars with the TypeB-ARRs to
prevent the TypeB-ARRs from working. It has been spésdlthat different
combination of receptor(s) and ARR(s) may execute Bpgatant process. For example,

AtHK1 and ARR2 have been shown to function togethaotatrol plant senescence [68,
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100]. The functional specificity of different receptarsd downstream components could
also be due to their differential distribution in dint cell types in a developmental
context [107-109]. Arabidopsis AtHK, WOODENLEG (WOL) shdbeen shown to be
expressed specifically in cells of the RM of SAMs [68),1010]. Based on this it has been
speculated that it might play role in RM cells segscytokinin to activate WUS
expression. However, the other two receptors have peedicted to be uniformly-
expressed in all cells of the SAM which calls for future stsidd clarify the significance of
local expression of WOL [36]. A notable progress lbesn made with a group of type A
ARRs (ARR5, ARR6, ARR7, ARR15) which were found torbpressed by WUS [111].
Over-expression of dominant negative form of ARR7leen shown to cause termination
of SAM. Multiple mutant line carrying mutations inves type A ARRs (5, 6, 7, 8, 9, 10,
12) has been shown to result in abnormal phyllotaxy 128]. However, the traditional
analytical methods, based on single time point obsenstdo not take into account the
spatial and temporal aspects of cell identity tteorss and cell division patterns within the
SAMs. Therefore, the mechanisms by which CLV-WUSdféack loop, the STM-
mediated pathways and cytokinin-mediated control @mu@sims come together to maintain
a functional SAM will have to be explored in live-imaging estments.
d. The live-image technology and its impact on researan SAM

Live-image technology was developed to visualize gene expmemstbgrowth patterns
in different regions of SAMs by using spectral vaisaot fluorescent proteins as reporters
and by observing under the Laser Scanning Confocalosttope (LSCM)[4, 7]. Multi-

spectral imaging allows visualization of multipleldgpes or multiple sub-cellular events
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in a given cell type in real time by live-imaging. A pionegmwork was the finding of stem
cell re-specification in SAM by using both the transiperturbation oCLV3 gene and the
live-image technology [7]. Although the markers thah caport different cell types in
SAMs are still a limiting factor, however, enough repmthave been developed to
visualize the broad functional domains [112]. For eplam the pCLV3::mGFP5er
[endoplasmic reticulum-localized green fluoresceotgn undetCLV3 promoter control]
reporter marks the stem cell domain, while phNeUS::mGFP5efendoplasmic reticulum-
localized green fluorescent protein unffiéSpromoter control] marks some cells of the
organization center. The movement of auxin can beitored by thepPIN1::PIN1::GFP
protein fusion [auxin efflux transporter PIN1::GFP piotfusion driven by the native
PIN1 promoter to reveal the direction of auxin flow] [11B3PR5rev::3XVENUS-N7auxin
responsive promoter driving a nuclear-localized vamdntFP) has been used to monitor
sites of auxin accumulation or response within tAMS [113]. Reporters that mark cells
of the boundary region between SAMs and the developiggnoprimordia include
pPLATERALSUPRESSOR::GFRand thepCUPSHAPEDCOTYLEDONZ::YFP-N[2.14].
Therefore, the development of live-image technology tedavailability of plethora of
reporters should allow the dissection of spatio-tenilyecaupled events in SAM
development. New developments and improvements of datmmal analysis, such as
automatic tracking of cell growth parameters and liesaglay facilitate functional
understanding of growth and gene expression dynami®}. [Hlowever, analyzing cellular
phenotypes in terminal mutants several days after gesmes been inactivated may not

reveal immediate function/s of genes rather it reflectsiulative effects that have been
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accumulated over several days. Since development ahgftgssues occurs in a spatio-
temporal sequence, it will be essential to analyze geratidns in transient experiments by
live imaging.
e. Inducible systems to achieve transient perturbatn or expression of SAM
regulators

To achieve transient perturbation or expression of regslaof interest, several

inducible systems have been described which can be cdopiee-imaging technology.
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Figure 0-6. Schematic representation of Alcohol inducible gysteAlcR
(transcription factor that can sense alcohol), Al&/R binding sequence).

An ideal inducible system should be tightly regethso that induction could be achieved
only in the presence of the inducer and it is alséeped to have the system with a shorter
half-life so that the induction can be tuned reversibligusl a careful choice of the
induction system will be crucial in achieving spatio-tempooatrol of gene manipulation.

Alcohol inducible system is a two-component systensising of transcription factor Alc
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Figure 0-7. Schematic representation of Dexamettgaismiucible system.

it. Alc R upon sensing alcohol changes its conformatigrh that it can now bind &ic A
and activate downstream genes [115-118] (Figure U¥&).widely used alcohol inducible
system system has been shown to result in robusttiod of transgenes and responds to
alcohol within few minutes.

Dexamethasone (Dex) inducible system is also two compasystem based on
bacterial-derived Lac Operator (Op) principle. It caiss a transcription factor, LhG4
which can bind to multimeric operator sequences (@X&hd activate downstream genes
[119-121]. Induction of LhG4 is achieved by fusing Lhte4hat of the hormone binding
domain of rat glucocorticoid receptor (GR) to genetdt€4.GR. In the absence of Dex
the LhG4 is retained in the cytosol as a comples. Upaiti@udf Dex, the fusion protein
migrates into the nucleus and binds to 6XOp sequdncastivate genes. This system has

been couple with live-imaging to study the effects ahsient downregulation of CLV3
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[7]. Dex inducible strategy has also been used to achewmporal activation of several
transcription factors in plants [122-131]. Other indle systems that are based on
estradiol, tetracycline have also been described buthirey not yet been couple to live-
imaging [132-135].

Design of inducible systems has been modified in sughyathat the two components
could be placed in independent vectors; this reguine development of independent
transgenic lines and combining them in one plantutdinogenetic crosses [119-120].
Alternatively both the components can be placed imgles vector such that transgene
activation could be achieved in a single transgenic plansactia system will be useful to
efficiently incorporate several different markers fioe imaging experiments. Thus, the
ways how inducible transgene activation could be actiave divided into two component
inducible system and one vector system. Howevertissae-specific spatial expression of
a regulator is needed, the two component system mayobe useful because the same
target line (6XOp::Transgene) can be crossed to rakevalifferent driver
(Promoter::LhG4:GR) lines. The inducible systems ehey manipulations can be
combined with live imaging to analyze the effectsafsient perturbations in real time.

f. Specific aims

In order to dissect the function and regulation of cytokievels and cytokinin
responses in SAMs, transient perturbations, live image cell type specific genomics
have been employed. These approaches were choselsdegtokinin has been shown to

function in almost every cell and every developmendd fiwhich makes it impossible to
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gather useful analytical information to decipher itsction. Four specific goals are listed

below.
a. Genetic and expression studies on gene family thatderSAM-enriched
cytokinin activating enzymes.
b. Transient manipulation of cytokinin levels and liveamging based analysis
of its effects on stem-cell maintenance and organ patterni
C. Determining the role of cytokinin signaling in sterli hemeostasis.
d. Dissecting the regulation of cytokinin and auxin lostasis by

SHOOTMERISTEMLESS in transient manipulation experitaen

16



MATERIAL AND METHODS
a. Plant materials and growth condition

All' Arabidopsis thalianglants were grown as described in an earlier SiB6ly Plants
were grown under a continuous light af@3and were typically 20-25 days old at the time
of transgene induction. Plants for live-image experisi\@ere grown in a plastic growth
chamber as described earlier [7, 113].

The double transgenic reporter lingDR5::3xVenus::N7 pPIN1::PIN1::GFP has
been described previously[113]. The double transgeniortexpline, p35S::YFP::29-1
pCLV3::GFPerhas been described previously [7].

b. Plant transformation

All Binary T-DNA vectors were introduced intAgrobacterium Tumefacienstrain
GV3101 by A freeze-thaw method [13@rabidopsisplants were transformed by using
floral dip method [137].

. Dex treatment

Dexamethasone (Dex) was dissolved in ethanol to prepstecla solution of 30mM.
The stock solution was diluted in water containing182% of silwet-77 to a working
concentration of 10uM when used to treat the plardgs/ig on soil and 20uM Dex was
used for live-image experiments. Mock solution contaisache amount of ethanol but
without Dex. To make Murashige-Skoog (MS) medium vid#x, the stock solution was
directly added to the medium to a final concentratiotOptM.

d. Congtruction of plasmids
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The p35S::ARRADDK::GR plasmid was a kind gift from Dr. Takashi Aoyama
(Institute for Chemical Research, Kyoto Universitydl d@nhas been described in an earlier
study [138-139]. ThepARRS5::GFP reporter construct was a kind gift from Dr. J.
Kieber[140].

All plasmid constructions were carried out accordiogstandard molecular biology
techniques[141]. ThEPT7 andCKX3 genes were cloned from cDNA generated by reverse
transcription system. The cDNAs were first cloned itite pENTR D-TOPOvector
(Invitrogen) and were sequenced to confirm error-free liaoghon. By employing
Gateway methogolyAterminator of 35S gene was addedR®7 andNOSterminator was
added taCKX3 Subsequently, the genes were clonedpOPOFF2 (HYJ)L21] into the
Kpnl site and partially-digested Xhol site to generadTX009: IPT7::polyA and
pPMTX009::CKX3::NOS constructs. TheARRUDDK:GR was amplified from The
p35S::ARRADDK:GR plasmid and cloned intpENTR/D-TOPO After sequencing the
amplified fragment was movemto pMX6xOPs::GWby the LR reaction to generate
6XOP::ARRUDDK:GR A fragment of STM cDNA (545-1147) was cloned into
PENTR/D-TOPOand subsequently moved iniPOPOFF2(HYG)vector to make the
STMRNAIconstruct.

e. Genotyping T-DNA mutants
SALK T-DNA insertion lines and SAIL lines were obtadh from ARBC stock center.

GABI-KAT lines were obtained fronhttp://www.gabi-kat.deand the FLAG lines were

ordered from http://www-ijpb.versailles.inra.fr/en/sgap/equipesiabilite/crg/index.htm

Seeds were stratified for 4 days ¥Edefore planting on soil. DNA was isolated according
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to a method described earlier with modification [14R)o fully-expanded leaves were
ground into fine powder in liquid nitrogen. 600 pl DNtraction buffer (100 mM Tris,
PH 8.0, 50 mM EDTA, 250 mM NacCl, 5% SDS) was addegdith sample. Samples were
incubated at 6% for 60 minutes. After samples were cooled down to reemperature,
200 pl potassium acetate was added to each safmgle, samples were cooled fC4for
at least 30 minutes. Samples were centrifuged at 1802KL5 minutes. 750 pl of
supernatant was dispensed into a new tube and cegetlifagain at 13.2K for 5 minutes.
600 ul of the supernatant was transferred into aigestitube and was mixed with 600 pl
isopropanol for 5 minutes at room temperature. DNA yweecipitated by centrifuging at
4000K for 2 minutes. The DNA pellets were washed &/l of cold 75% EtOH and
dried by Speed-Vac. Each DNA sample was dissolvelDinpul sterilized water and 1 pl
was used for PCR. T-DNA border primers were LB1-3 (5 ATGCCGATTTCGGAAC
3’) for SALK lines, LB4 (5 CGTGTGCCAGGTGCCCACGGAATAGT 3°) (FLAG) for
Flag lines, LB1 ¥ GCC TTT TCA GAA ATG GAT AAA TAG CCT TGC TTC C 3) for
Sail lines, and LB2 (5 ATAATAACGCTGCGGACATCTACATTT 3 ) for GABI-
KAT lines. Other LP and RP primers for individual T-DNiAe is listed in primer list
(Table M-1, M-2).
f. Live-image

Live-image studies were carried out according to previdescribed [7]. Seeds
were surface sterilized by 25% bleach plus 0.05% Tw2€efoer 8 minutes followed by
sterilized-water washes three times. After coleitreent at 2C for three days, seeds were

planted on MS medium. At four leaves stage, four saegsiiwere transferred into each
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plastic box containing MS medium which was overlaichvat thin-layer of 1% agarose.
Immediately upon bolting each shoot apex was dissecteremove older floral buds,
supplemented with 1.5% agarose to stably anchor #uet pb avoid vibrations during
imaging. Plants were imaged under Zeiss 510 confoaalogstope fitted with Argon-
Krypton laser. 63X water immense lense with 0.95 nome@perture (NA) was used to
acquire images by employing the laser parameters and thsi@miilter as described in an
earlier study [7]. Images were then reconstructed by usigs-LSM software.
g. RT-PCR

Real-time RT-PCR was performed according to the naetiescribed previously with
minor modifications [143]. Inflorescences apices of Drerted or Mock treated transgenic
plants were hand dissected after removal of oldéy apen flowers. About forty to fifty
apices from each sample were used to isolateRNA by using Plant RNAeasy mini-Kit
(Qiagen). On-column DNase | treatment was carriedbefdre elution of RNA. cDNA
synthesis was carrienlit in a 20 pl reaction using 1 pg total RNA and oligo (dimer by
the ImProm-1I™ Reverse Transcription System according the manufacturer’s
instructions (Promega). Tle®NA reaction mixture was diluted 1:10 using DnaB#ase-
freeMilli-Q water and 5 pl was taken for RT-PCR analy#il.reactions were performed
independentlytwice to ensure reproducibility. F@l samples the cDNA levels were
normalized using an UBIQUITIN levels as control. Remsiused in each reaction have
been provided in Tablel.

h. RNA in-situ hybridization
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For RNAIn situ hybridization, shoot apices of 3 weeks old plantsevierated with either
10 pM Dex or Mock solution every day till3r 6" day. Shoot apices were harvested and
fixed as previously described [36]. We followed the prpheparation methods described
earlier with minor modifications[144-145]. The prireaused for each gene fragments to
prepare probes have been listed in Table 1. T7 prometgresce was incorporated in
reverse primers to facilitata vitro transcription to prepare RNA probes. The primer pairs;
mx319AS1F 5  caccatgaaagagagacaacgttgga 3 and mSEWEN 5
TAATACGACTCACTATAGGGACTggggcggtctaatctge 3’ (The uppeases indicate T7
promoter sequence) were used for amplifyigl by usingpET101/D-TOPO:ASDNA
as template. The primers mx321AS2F 5’ gaattcatggcatetacthaactcac 3’ and
mx322AS2RT7 5 TAATACGACTCACTATAGGGACTaagcttagacggahcagtacggeg 3’
(The upper casse indicate T7 promoter sequence) weretasadplify AS2 by using
pBSKS:AS2cDNAs template. The primers used for generating RNAgsrdor CKX,
LOG, and PUM family members have been listed in Thble
i. Gel mobility shift assays

Gel mobility shift was carried out according to poais report with modifications
[138]. DNA fragment of ARR1 M (aa. 236 to 299) waspdfied by PCR using
p35S::ARRIADDK::GR as template and using primer ARR1Mf Ndel andRARIr Xhol
Table 1). Subsequently, the PCR products were digdsteddel and Xhol and gel
purified, ligated in frame int@ET28avector at the corresponding sites to generate His-
tagged version. The fragments used were 5'-

CGACGTGAATTCTAAGATTGTCTCGCATACACTG-3 and two 1 bp substitution

21



derivatives within the 5 bp core sequences (underliA&HhTc and AgtTT).3?P-labelled
DNA fragments (about 2 ng, 1 x°6pm) were incubated for 30 min at 20°C wih coli
crude extract (about 50 ng proteins) containing a fupiatein in 20 pl binding buffer
supplemented with 2 pg sheared salmon sperm DNA. thigeincubation step the mixture
was immediately loaded on 4% polyacrylamide gels (agnge:bis-acrylamide, 19 : 1).
Electrophoresis was carried out in 0.25 x TBE (1 *EFB39 mm Tris-borate, 2 mm
EDTA pH 8.3). Gels were wrapped in Saran wrap and tbbjected to autoradiography
using phosphor imager Typhddh(GE Healthcare).
J. Indole-3-acetic acid (IAA) analysis

Transgenic plants harboring either dex inducible CKIX3PT7 were germinated and
grown in soil until they were bolting. When the primanflorescences were about 5 to 10
cm tall, a drop of 10 uM dex solution or mock solutisas applied to the tip of each
inflorescence, once per day, for four days. The apices essected by removing the extra
floral buds and frozen into liquid nitrogen until enoughmples were ready. IAA
measurements, samples were extracted, puried andandlys@és chromatography-
selected reaction monitoring-mass spectrometry (GC-8#8)1-as previously described
[146-148].
k. List of primersthat were used in this dissertation

Table M-1. The sequences of primers

Primer sequence 5’ to 3’ Primer names
attttgccgatttcggaac mx66lbb1-3

tgtcaacattttcttcacaaaaag mx67ckx3Ip
aaacggacggtgtagatttcttag mx68ckx3rp
agacgtttttgagatgagtttgtg mx69ckx5Ip
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tcatatgtgcaattgaaaacactg

mx70ckx5rp

caccgtcgacggtaccatggcgagttataatcttcgttc mx85ckx3f
tttggatcctaactcgagtttattttttgaaatatattttgtc mMx86ckx3r
taatacgactcactatagggactttacgtagcggtagctacc mx90t7at5g06300r
tttggatccatttctctctctttctctttg mx91pat5g06300rbam
caccactccggtgaatcttgctgagtc mx92pat5g06300f
cagctatctactttactcgggtc mx104ckx3f-285
catggtaaaccgggatcgagg mx107ckx3seqf399
gtgtattgagaagtttcgtc mx108ckx3seqr999
caccgtcgacggtaccatgaatcgtgaaatgacgtcaagc mx121ckx5f
ggatcctcaccatgaagccgctgacgaag mx122ckx5r
cacctcgagatgaagttctcaatctcatcac mx129at3g23630ipt]
ttggatcctcatatcatattgtgggctc mx130at3g23630ipt 71
caccggtaccatggaggtcaacaatgaaacc mx156 atlog6fk
taatacgactcactatagggactggatcctcagtcttcagaagagtagtc mx1%rtabog
taatacgactcactatagggacttcaccatgaagccgctgacgaag mx158ckx5t7r
caccatgagctatctacatgcaagcctc mx159ckx6f
taatacgactcactatagggacttcatgagtatgagactgcc mx160ckx6t7r
caccatggagatagaatcaaagttc mx161atlog8f
taatacgactcactatagggacttcatcttgagatttcacaagtgggac mx162atlog8t7r
caccatggaaatagtgaagtcgaggttc mx163atlog3f
taatacgactcactatagggactctacttgttgctgttgttgc mx164atlog3t7r
gttcttgaagcacaagattg mx165ipt7sr220
caccgtcgacatggaagagacaaaatcgagattcaagaggatg mx166atloglf
ttgaattaatgaattatagtttgatacg wusla(genotype)
ttgaagttatggatcttgattgg wusls(genotype)
tcctagaactcatggtgggtg mx171ck30x5Ip
ccgaagataagaccctcttcg mx172ck30x5rp
ccgaagataagaccctcttcg mx173ck31x5Ip
taacggacggtgaagagacac mx174ck31x5rp
taacgctatgcgactattggg mx175ck32x5Ip
ataatcaatgatgtgcggagg mx176ck32x5rp
agtttgatccgcgacacatac mx177ck33x5Ip
acagcaatgggcatatttgtc mx178ck33x5rp
tctacagtgtggattcccctg mx179ck34x6Ip
cctttcgatcggagttttacc mx180ck34x6rp
tctacagtgtggattcccctg mx181ck35x6Ip
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gaagcagggatagggttgaag

mx182ck35x6rp

tgttatgcaatggaccactcc mx183ck36x6Ip
gtaaaactccgatcgaaaggg mx184ck36x6rp
tcattccaaaaaccttgatgc mx185lo15bglp
attacgacatgggaagcttcc mx186115bgrp
cacatccatggcttaatctcttcgtac mx224f1136¢ckx3
tgtttttgccaaagaagatgg mx225l025g6Ip
tcctcaaaatctgtttccttcc mx226l025g6rp
tgtccaaaagagttcgtgacc mx22710269g3Ip
aaaccatctcagcgtcacatc mx228l026g3rp
caccactagtatggaggtcaacaatg mx233log6f
gcactagtaggcctcagtcttcagaagagtagtcaatccg mt234log6r
atggcattgtaagcaaattgg mx235atl25bog6lp
aggcaaagaaaagtttcgagc mx236atl25bog6rp
tcaattgagacaaaacaggcc mx237atl27bog8lp
tcacgatcgattaatcgttcg mx238atl27bog8rp
aagccgatttcttccaatctc mx239atl28bog4lp
attaggggcacgatacaaacc mx240atl28bog4rp
taatacgactcactatagggacttcagtcttcagaagagtagtc mx241atlog6rt7
caccatggaaatagtgaagtcgag mx244atlog3f
taatacgactcactatagggactctacttgttgctgttgttg mx245atlog3rt7
gtacgtcgtgacaacacatcg mx264lo44g1lp
cagagaatctcgtttcaatgacc mx265lo44g1rp
caccatggaagataatcagcgaag mx246atlog4f
taatacgactcactatagggactttattgcggcttgttttcttg mx247atlog4rt7
caccatggagatagaatcaaagttcaag mx248atlog8f
taatacgactcactatagggacttcatcttgagatttcacaagtg mx249atlog8rt7
ctcaatccatagccacgcagcgtcc mx279ckx3r450
caccatggaagataatcagcgaag mx246atlog4f
taatacgactcactatagggactttattgcggcttgttttcttg mx247atlog4rt7
ctcaatccatagccacgcagcgtcc mx279ckx3r450
gagcattgaggagactggcg mx280arr1f500
gatacccctccaagccgtcttag mx28larrlr896
gtgagggtgaaatcagagag mx281larr1f1903
taagattaggggcacgatacaaac mx282l069g4gp
ataataacgctgcggacatctacatttt mx283gabilb
atattgaccatcatactcattgc mx284gabiseq
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tagcagaaggagcagatacaatga mx285l070g8gp
atgatgaatccgagtcacggaag mx311farrl
tcatttttgatgaaacagaag mx312r
tcatttttgatgaaacagaag mx312rgrr
caccatgaaagagagacaacgttgga mx319as1f
taatacgactcactatagggactggggcggtctaatctgc mx320as1rt7
gaattcatggcatcttcttcaacaaactcac mx32las2f
taatacgactcactatagggactaagcttagacggatcaacagtacggeg22as2rt7
caccatgcatattg agcac mx326log5f
taatacgactcactatagggacttcattgaggcttgttctc mx327log5rt7
cggtgtccccacgggtttac mx330arr1f1209
gcagtgacaccaaggtaggg mx331r100
caccatggttaggaagaggagaagtgaatggagtgtac mx318f457ncoi
gct tcc tat tat atc ttc cca aat tac caa tac a SailLB2
cgtotoccaggtocccacggaatagt LB4(Flag)
gttcaaggactttccaaccgcaagatgat clv3 ¥’
ccttctetgettetceatttgetccaace clv3 3
ccagcttcaataacgggaatttaaatcatgea Wus 5’
tcatgtagccattagaagcattaacaacaccacat Wus 3’
ttCaCttggtcCtgcgteticgtetagtttc ubql0 5’
cgaagcgatgataaagaagaagttcgactty ubqg10 3’

Table M-2. The application of primers

Primer names Application

mx66lbb1-3 To isolate SALK T-DNA
mx67ckx3lp To isolatekx3insertional mutant
Mx68ckx3rp To isolatekx3insertional mutant
mx69ckx5Ip To isolatekx5insertional mutant
mx70ckx5rp To isolatekx5insertional mutant
mx85ckx3f To Clone CKX3

mx86ckx3r To Clone CKX3
mx90t7at5g06300r To make in situ probe
mx91pat5g06300rbamh To Clone At5g06300
mx92pat5g06300f To Clone At5g06300
mx104ckx3f-285 Sequencir@KX3
mx107ckx3seqf399 Sequenci@ifXIRT
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mx108ckx3seqr999 SequenciB§X3RT
mx121ckx5f To clon€KX5

mx122ckx5r To clon€KX5
mx129at39g23630ipt7f To clon®T7/RT
mx130at3923630ipt7r To clonPT7

mx156 atlog6fk Kpnl and BamHI for 6xOPs
mx157 atlog6rt7b for probe

mx158ckx5t7r to make probe

mx159ckx6f to make probe

mx160ckx6t7r to make probe

mx161latlog8f to make probe

mx162atlog8t7r to make probe

mx163atlog3f to make probe

mx164atlog3t7r to make probe
mx165ipt7sr220 to sequent@T7reverse/RT
mx166atloglf to clone full length LYSDC at5g06330
wusla(genotype) To genotypels-1mutant
wusls(genotype) To genotypels-1mutant
mx171ck30x5Ip To isolatekx5insertional mutant
mx172ck30x5rp To isolatekx5insertional mutant
mx173ck31x5Ip To isolatekx5insertional mutant
mx174ck31x5rp To isolatekx5insertional mutant
mx175ck32x5Ip To isolatekx5insertional mutant
mx176ck32x5rp To isolatekx5insertional mutant
mx177ck33x5Ip To isolatekx5insertional mutant
mx178ck33x5rp To isolatekx5insertional mutant
mx179ck34x6Ip To isolatekx6insertional mutant
mx180ck34x6rp To isolatekx6insertional mutant
mx181ck35x6Ip To isolatekx6insertional mutant
mx182ck35x6rp To isolatekx6insertional mutant
mx183ck36x6Ip To isolatekx6insertional mutant
mx184ck36x6rp To isolatekx6insertional mutant
mx185l015bglp To isolatlgl insertional mutant
mx186115bgrp To isolatlgl insertional mutant
mx224f1136¢ckx3 To sequenCKX3
mx225l025g6Ip To isolatlg6 insertional mutant
mx226l025g6rp To isolategb6 insertional mutant
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mx2271026g3lp To isolatlwg3 insertionalal mutant
mx228l026g3rp To isolatl®g3insertionalal mutant
mx233log6f To clone OG6 gene

mt234log6r To clon€ OG6 gene
mx235atl25bog6lp To isolaleg6 insertional mutant
mx236atl25bog6rp To isolateg6 insertional mutant
mx237atl27bog8Ip To isolateg8insertional mutant
mx238atl27bog8rp To isolateg8insertional mutant
mx239atl28bog4lp To isolaleg4 insertional mutant
mx240atl28bog4rp To isolateg4 insertional mutant
mx24latlog6rt7 To make probe tb©G6
mx244atlog3f To make probe faOG3
mx245atlog3rt7 To make probe flo©OG3
mx264lo44g1lp To isolatgl Flag line
mx265lo44g1rp To isolatl®gl Flag line
mx246atlog4f To make probe foOG4
mx247atlog4rt7 To make probe fio©G4
mx248atlog8f To make probe faOG8
mx249atlog8rt7 To make probe fioOG8
mx279ckx3r450 for sequencing

mx246atlog4f To make probe faOG4
mx247atlog4rt7 To make probe fibOG4
mx279ckx3r450 for sequencing

mx280arr1f500 SequencifgRR1construct
mx281arrlr896 Sequenci®@RR1construct
mx281arr1f1903 Sequenci®@RR1construct
mx282l069g4gp log4 gabi line gene specific primer
mx283gabilb Gabi line LB

mx284gabiseq Gabi line sequencing
mx285l070g8gp log8 gabi line gene specific primer
mx311farrl endogeneous ARR1 forward
mx312r GRr

mx312rgrr ARR1-GReverse

mx319as1f To make AS1 in situ probe
mx320as1rt7 To make AS1 in situ probe
mx321as2f To make AS2 in situ probe
mx322as2rt7 To make AS2 in situ probe
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mx326log5f

To make probe fWOG5

mx327log5rt7 To make probe faOG5
mx330arr1f1209 To sequence ARR1
mx331r100 To sequence ARR1
mx318f457ncoi To maek GR fusion with MX312r
sail Ib2 SAIL line T-DNA left border
b4 FLAG line T-DNA left border
arrlm709fndei RT-PCR

arrAm900rxhoi RT-PCR

clv3 5’ RT-PCR

clv3 3’ RT-PCR

wus 5’ RT-PCR

wus 3’ RT-PCR

ubql0 5’ RT-PCR

ubgl0 3’ RT-PCR
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CHAPTER |
Sub-title: Genetic Studies on the Stem Cell-enrichedes
Introduction

Though genetic studies have identified crucial links @ll-cell communication
networks that operate in SAM development and maintendrmeever, network-level
description is far from understood [1, 4, 36, 149]. &mmple, how activated-CLV1 and
related receptor kinases-mediated signal reachesndickeus to downregulate WUS
expression is not clear [150]. Also how WUS which isregped in the OC communicates
with overlying cells of the CZ to specify them as stegitls and also activate CLV3
expression is not well-understood [37]. Though gersetieens have uncovered molecules
such as POLTERGEIST (POL), a member of protein phdapbddamily, it is not clear
how they function within the CLV-WUS feedback loop [1L5Ihe earlier genomic studies
have also failed to uncover specific molecules thattfan in stem-cell specification and
this could be because there are only about 35 stemircéiis entire plant and these results
in dilution of relevant transcripts when whole seagflimre used for expression profiling
[111]. Reddy lab at UCR has established new methodssblation of stem-cells and
analysis of stem-cell enriched transcriptome [3d}isRnalysis has resulted in several new
genes that are enriched in specific sub-sets of aEllse stem-cell niche which were not
part of the whole seedling microarray. One of the mggals now is to understand the
function of these genes in stem-cell homeostasis. bfdke genes enriched in cells of the
stem-cell niche belong to incredibly complex gene familresraultiple knock out mutants

in family members may unravel their function. Thisymze one of the reasons why

29



forward genetic screens have failed to identify tinecfion of these genes. Here | have
analyzed the function of three gene families by revgenetic approach. They include;
genes involved in cytokinin biosynthesis that shamalaities to LONELYGUYof rice
[AtLOQG [80-81], genes involved in cytokinin degradatigdt§KX (Cytokinin Oxidase)]
[70, 87, 152] and genes that encode evolutionarihseoved PUMILIO class of RNA
binding proteins [153-162]. The main objective of thigrkvis to identify single mutants
for all members of each gene family whose transcapsenriched in cells of the stem-cell
niche. Then generate higher order mutant combinationsigh genetic crosses to test for
phenotypic abnormalities. Thus far, the triple mutanias aiembers oAtLOG gene family
have revealed phenotypes associated with SAM function. Thaughenotypes have been
associated witiAtPUM and AtCKX family thus far, however, these mutant combinations
should provide a base to introduce mutants in othenlmees of the gene family to study
their functions. The results related to this work are sumethbelow.

Results

1.1 Genetic study on AtCKX family

Arabidopsisgenome contains seven members that beloAyG&X family. Cell type-

Name Gene ID T-DNA lines
AtCKX2 at2g19500 SALK 068485C
AtCKX3 At5g56970 SALK050938c
AtCKX4 at4g29740 CS120294
AtCKX5 AT1G75450 SAIL 693 E12
AtCKX6 AT3G63440 SALK 070071
AtCKX7 AT5G21482 SALK 092241C

Table 1-1 Gene IDs and T-DNA lines of tRECKX family
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specific transcriptome predicted that the expressiot@©KX3andAtCKX5is enriched in
centrally-located cells of SAMs [36][Figurel-1A, ,Blhile AtCKX6 was found to be
enriched in peripheral cells of SAMs (Figurel-1A)CKX7was not represented on ATH1
(Affymetix) gene chip. Therefore the spatial expresgatiern ofAtCKX7was studied by
cell-type specific real-time RT-PCR and found toelneiched in peripheral cells of SAMs

in a manner similar to that 8fCKX6(Figurel-1F).

Genetics of AtCKX family

=

\
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C: singlc mutants
1. WT
2-4. ckx3
5-6. ckx5
7. ckx6
8. ckx7

T-DNA A ckr AN TE KX

Figure 1-1. Genetic study gitCKXfamily. (A) Expression patterns 8tCKX family members
as revealed by cell type-specific transcriptome.gBjuence plots showing junction of T-DNA
insertion within each gene. (C) Phenotypes of singiutants. (E) Expression pattern of
AtCKX3by RNAIn situ. (F) Expression oAtCKX7by qRT-PCR.

As a first step, single T-DNA insertions ATCKX2, ATCKX3, ATCKX5, ATCKXénd
ATCKX7were obtained from ABRC stock center and insertiwitsin these genes were

confirmed by PCR genotyping (Figurel-1. B; Table 1-1).
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None of the single mutants revealed dramatic phenstypecept for mild organ
positioning defects iratckx3 atckx5 and atckx7 (Figurel-1C). The double mutants of
atckx3 and atckxiwere found to be normal except for mild defects in fewiliany
meristems failed to develop (Figurel-1D). From thialysis, it appears that the local
degradation of cytokinin may not play a significaoie in SAM development. It is also
possible that generating higher order mutant combinsitwith atckx6 and atckx7 which
are enriched in peripheral cells of SAMs may unravel foeiction.

1.2 Genetic study oAtLOGfamily
Spatial regulation of synthesis of bioactive cytokimims unraveled through the

identification of LONELYGUY (LOG) class of genes in rice [80].

Expression Pattern of AALOGs in SAM by Cell Type-sp  ecific
Transcriptome
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Figure 1-2. The expression patterrAdfOGsin SAM by cell type-specific transcriptome.

The log mutants of rice were originally isolated as SAM defectivaetants [80]. This
apart, log mutants also revealed defects in branching pattern, reduced psiziele
reduction in the number of floral organs terminating in a singhd. pisiese phenotypes

suggested defects in SAM maintenance. Consistent with this notioregbtative SAMs
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of log mutants were smaller than wild type. In reproductive plugsmutant meristems
and panicle branch meristems terminate after producing aedinmtumber of lateral
meristems. By usinglISTONE H4marker, they further show reduced mitotic activity in
log mutant meristems compared to wild type. Reduced SAM Bctivas further
confirmed by a reduction iI®SH1 a meristem marker encoding a KNOTTED1-type
homeobox (KNOX) protein, expression in mutant meristems. Taken togetherabeks r

indicated that local synthesis of bioactive cytokinins is critical for SAMhteaance.

Names | Names in

in  this | reference(Kuroha,

study et al, 2009) Gene IDs T-DNA lines

AtLOG1 | AtLOG7 At5g06300 | FLAG_439F05, SALK 113173C
AtLOG3 | AtLOG5 AT4935190| FLAG 564D07

AtLOG4 | AtLOGS AT5G11950 GABI_378H10

AtLOG6 | AtLOG4 AT3G53450 SALK 092241

AtLOGS8 | AtLOGL1 AT2G28305 GABI 744G12, SALK 143462C

Table 1-2. Gene IDs and T-DNA lines of the AtLOG figm

A recent study iPArabidopsishas shown that the biosynthetic pathway involvingatire
activation of cytokinin plays an important role [81]. &yploying ectopic overexpression,
expression pattern analysis by reporter assay, enzymgyaasisay, and genetic analysis of
three family members has revealed that these gened ptay a role inArabidopsis.
However, this study did not directly address the tioncof gene family members whose
expression is enriched in cells of the SAM stem-celhaicThe cell type-specific
transcriptome analysis in our lab revealed that tkgession of at least fivé&tLOG

(AtLOG1, AtLOGS6, ALOGS8, AtLOGENdALLOG4 family members could be detected in
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SAMs (Figurel-3). RNAIn situ hybridizations revealed th#&tLOG1 and AtLOG6 are
expressed in central regions of superficial cell igy& SAMs. This expression pattern
could partially overlap with CLV3 but wider than thaf CLV3 expression domain
(Figurel-4A and B). Expression patterndAif OG8revealed that it is expressed in cells of
the RM which could overlap with WUS expression domainufét-4 C). The expression
pattern ofAtLOG3is confirmed not in the stem cell niche (Figurel-5Ahe expression

pattern ofAtLOG4is confirmed not in the stem cell niche either (Figus&)-
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Figure 1-3. The junction of the T-DNA insertion atfog mutants. Triangle points
to the junction of T-DNA border and the LOG genes.

Thus,AtLOG1, AtLOG3, AtLOG4, AtLOGEandAtLOG8were chosen for genetic analysis.
Insertional T-DNA mutant lines were obtained from dife& sources (Table 1-2) and the
T-DNA insertion sites were mapped through PCR gemmogygFigurel-4). Initially we
focused on generating triple mutants AfLOG1, AtLOG6,and AtLOGS since these

exhibited specific expression in cells of the stem+uehe (Figurel-4. A-C).
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Figure 1-4. Phenotype of triple mutaisittog1/6/8 (A-C) Expression pattern of stem cell
related AtLOGs. (A) AtLOG1 (At5G06300). (B) AtLOGEAt3G53450). (C). AtLOGS
(At2g28305). (D) Phenotypes of triple mutatitog1/6/8 Wild type (left),log1/6/8 (right
bottom corner). Both plants were at the same agale$ar = 1cm. (E) Enlargement of
log1/6/8in D. (F) Enlargement of E. (G) Phyllotactic defeittsatiog1/6/8triple mutant.
Insert shows termination of a secondary infloreseen

Figure 1-5. Expression patterns of stem cell utedlatLOGs. (A) AtLOG3. (B) AtLOG4
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Each of single mutants did not show striking phenotyphs. double mutant dbgl and
log6 also did not reveal any phenotype (data not shown). Théog8eas introduced into
logl andlog6 double mutants to generdtgl, log6, log8triple mutant. PCR genotyping
confirmed the presence of three T-DNAs in homozygougliton. The triple mutant
displayed dramatic phenotypes (Figurel-4. D-F). The dronate was much slower
compared to wild type resulting in stunted, small-seatyplant (Figure 4D). They were
delayed in bolting and ultimately produced a single flovefore terminating the
meristematic activity (Figure 4-5E and F). They progl few secondary inflorescences and
they displayed irregular phyllotactic pattern comgate wild type with two flowers
developing next to each other (Figurel-4G, white anemas). Ultimately the secondary
inflorescences were terminated after making one or towefs at the tip (Figurel-4G,
Inset). In summary, the phenotypes of meristem-enritbgdriple mutant phenotypes
reveal that local activation of cytokinin biosynthesigmportant for SAM function and
also suggest that it might play a role in regulatihgllptaxy either directly by regulating
auxin homeostasis or indirectly by controlling growtherais.
1.3 Genetic study cAtPUMILIO (AtPUM10)family

The cell-type specific transcriptome revealed enricitimef PUMILIO class of
sequence specific RNA binding proteirstFUM10 and AtPUM12 in centrally-located
cell types of SAMs (Figurel-3A). Though the expressidnstioer family members were
detected in SAMs, however, they were not differertiakpressed (Figure1l-3A). RNiA
situ analysis was carried out by usidgPUM10 and AtPUM12 specific probes. This

analysis revealed thatPUM10was specifically-expressed in cells of the CZ, \anyilar
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to theCLV3 expression pattern (Figurel-3B). However, our repeatethpts of RNAIn
situ by usingAtPUM12probe failed to yield any signal on SAM sections (aetashown).
We considered three members of the gene faralyYUM10, AtPUM12 and AtPUN9or
genetic analysiAtPUM9was also considered because it shares very close sinslaritie
AtPUM1Q In order to test the functional significance adrstcell specific expression of
AtPUM1Q transgenic plants with constitutive overexpressiobAtPUM10were generated.
The overexpression of the transgene was confirmed bR -analysis on independent
transgenic lines (Figurel-3D). Majority of the T1 gextien plants showed strong stem-
fasciation and irregular arrangement of flowers with tw more flowers clustered together
on fascinated stem (Figurel-3C). However, none adethghenotypes were stably-
inherited by the T2 generation progeny of several inadga T1 plants. In order to test
whether this was due to transgene silencing, the sanstract was transformed intdr6-
11 [suppressor of gene silencing2(sgs2)/silencing deédctiysdel)/rna-dependent
polymerase6-1]1 mutant background which is defective in transgeibenang [163].
However, even the T1 transgenic plants did not sholwious phenotypes that were
observed in T1 wild type plants. Therefore we decidedetosit this perplexing
phenomenon at a later stage, if the loss of functiotysisaevealed relevant phenotypes.
T-DNA insertion mutants were identified in botPUM9 andAtPUM12,however, no T-
DNA insertion was available for AtPUM10 (Table 1-3).

The double mutants atpum9/atpuml12lid not show any phenotype&tPUM9 and
AtPUM10were located close to each other in the genomehwihiakes it impossible to

generate double mutants. Therefore, double strandd&déak construct dAsSRNAIPUM10
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Genetics of AtPUM family

A
Expression pattern of AtPUM in SAM
by Cell Type-specific Transcriptome

-

24000

>

2350

g:«m oCLVap

£2500 IWUSp

20000 1 SALp

S1s00 OKANe

£ 1000 | 5CLVAn

S0 [l ] 1 8

s 0 OX1 Ox2 OX3 WT

£ APRR APIMS APIRG APIRHO APURH2 APURMZ3 APURR4 F‘—m PUM10 (35x)

B > BUM10 D SIS SIS G | UBQ (26X)
11 .Lln" X
“r A v

- o, gy .f"‘,_’l,', EFe 280 290 300 310 320
” _:{!,, s .ll EAIEy J :l,‘ EQ“‘Q" lgwmrnrg;llgngmlcr‘nro‘nmg__lcmrcclml icicagy
0y o pnid l':’f%;q v .-"§A’,._’ -
..:,’. ,':,l "‘j,’j :": ,(_',:“ A7 -

P 4 Ikl i [

570 480 590
ATGAG ICACANNATE GANGAC T TTEGT IGCAGAATCARG T TCCCEAGGATATAT
2z T-DINA

Figurel-6. Genetic study on tA¢PUM family. (A) Expression pattern of AtPUM family by
Cell type-specific transcriptome. (B) Expressioritgra of atPUM10. (C) Phenotypes of
overexpression atPUM10 in T1 generation. (D) RT-R@ORyses of AtPUM

was generated to silence the endoge®dB&/M1Q The construct was introduced into wild
type, atpum9 single mutants andatpum9/atpuml2double mutants. None of these
combinations showed any effect on plant growth and dpmetnt suggesting that they
may not play a significant role in SAM developmentArabidopsis the AtPUM family
consists of 24 members and several of them are not represaiteabidopsisATH1 gene
chip. Therefore, it is also possible that the extreadeindancy makes it difficult to unravel

the function of theses genes.
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Name Gene ID T-DNA lines
AtPUM9 At1g335730 SALK 028441
AtPUM10 At1g335750 SALK 022907
AtPUM12 At5g56510 SALK 137138

Table 1-3. Gene IDs and T-DNA lines of the AtPUM iigm

Discussion
Cytokinin homeostasis: Local cytokinin activation andrddation

Cytokinin levels are regulated by several differeechanisms involving biosynthesis,
irreversible degradation and conjugation of activeokiyiins [75]. Spatially-restricted
expression of both cytokinin activating genégLOG family) and cytokinin oxidases
(AtCKX family) in SAMs suggest that they locally balanceo&inin levels. This is an
emerging paradigm for plant hormone action in contrasthe classical view of long
distance signaling. By generating multiple knock outanticombination in thé&tLOG
family we have shown that it affects SAM developmentouldh Arabidopsismutants
show some similarities with that of phenotypes obskmeice, yet significant differences
could be found. Irregular arrangement of flowers o inflorescence axis suggests that
local activation of cytokinin could be important fauxin homeostasis or for maintaining
local growth patterns influence primordia positioningasrmediating both. Future studies
aimed at analyzing the expression of key genes ingidiveauxin biosythesis [26], auxin
transport and auxin response AILOG triple mutants may reveal how centrally-
synthesized cytokinin may affect primordia patterniagy the SAM periphery..

Quantification of auxin levels in triple mutants wallso reveal whether cytokinins
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influence auxin levels in SAMs. Insights obtained frimse analytical studies should
enable future studies aimed at exploring the genetit molecular interactions among
relevant pathway components. Analyzing the expressiather key meristematic genes
such asCLV3 WUS and STM in triple mutants may also reveal the function afalo
cytokinin in regulating stem-cell homeostasis. Howgdgnamic analysis is required to
separate the short term effects from long term effenstSAM growth and patterning.
However, transient downregulation of all three fgmilembers may be difficult. Therefore
we have attempted alternate strategies to both tralysiecrease and decrease cytokinin
levels in SAMs to follow their effects in live-imagirgxperiments (refer to chapter II).
Transient over-expression bDG genes and live imaging of relevant marker genes and
growth patterns may also reveal the functional sigaice of spatial activation of
cytokinin.

Ubiquitous activation of cytokinin oxidase&tCKX) have been shown to mimic
cytokinin deficient mutants demonstrating that they déecively breakdown cytokinins
[152, 164]. Thus far the double mutants of SAM-enrichetkx3 and atckx5 have not
revealed any dramatic phenotypes, though their expressittaerns suggested a local
degradation of cytokinin. This could be due to the fumati redundancy with other two
family membersAtCKX6 and AtCKX7 which are enriched in peripheral cells. Generating
guadruple mutants obtckx3, atckxb atckx6 and atckx7 may reveal their function.
Alternately, they may not be required for developn@r8AMs in normal conditions, but
their function may required for development in alteeedironmental conditions. Clearly

new experiments are required to understand how locayaaoh and degradation
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mechanisms converge in regulating local cytokinin lewsld its significance to SAM
development. NeverthelegsCKX genes can be effective tools to transiently downregulate
cytokinin levels for live imaging analysis and this hagrbeliscussed in considerable
details in chapter II.

We have also explored the function of third class ofegethat belong t€UMILIO
(AtPUM) family. The three geneA(PUM9, AtPUM10and AtPUM12 explored in this
study belong to a large family of RNA-binding protekisown as PUF proteins (named
after Drosophila Pumilio and C. elegansFBF [fem-3 binding factdy found to be
conserved in all eukaryotes [165-166]. PUF proteinsl bd cis-regulatory sequence in
3'UTR of mRNA targets and control their expressionrégulating mRNA translation or
stability. PUF proteins have been studied in modghimisms such aBrosophilg C.
elegans mouse and humans, and found to perform diverseidmsctiuring development.
Interestingly, the PUF protein function has been immitah stem cell maintenance and
renewal [156-157, 167ProsophilaPUMILIO protein binds to NRE sequence in 3-UTR
region ofcyclin Bltranscript and inhibits its translation to maintain the bigmental state
of germline stem cells [168]. Similarly, in humaasd mouse, PUM homologues are
found to express in stem cell lineages and mainkargermline pool [169]. There are 25
PUF proteins present ilsrabidopsisconstituting the largest group identified so famiry
organism. Recent work has shown that some of the ATRui#®ins (ATPUM1-6) share
considerable homology with Drosophila PUF domain (50% icainand 75% similarity)
and are shown to bind ATPUM-binding element within BRJ of WUSCHEL and

CLAVATA-1 Binding domain of ATPUM10, however, is dissimilarthat ofDrosophila
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PUF proteins and hence the members of the second grRaRUM7-ATPUM12) are
unlikely to recognize the same target sequence or iy not function as sequence
specific RNA binding proteins[161]. Therefore, it issential to explore the function of
other SAM-enriched, though not differentially-expresseamong different cell types
(Figurel-3A), ATPUM genes in future experiments.

Taken together, we have shown that cell type specHitstriptome-guided reverse
genetics approach is effective in analyzing the functi@omplex gene families consisting

of several members with overlapping functions.
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CHAPTER I

Sub-title: Transient manipulation of cytokinin lesehnd live-imaging of shoot apical
meristems

Introduction

Cytokinin is one of the five classic phytohormonesstfrecognized for its ability to
promote cell division in tobacco tissue about culture t&ttury ago, since then it has been
implicated in varieties of physiological and developrakptocesses [74]. The first step in
cytokinin biosynthesis is the conversion of dimethyladliphosphate (DMAPP) to iP-
ribotides by adenosine phosphate-isopentenyltranséei@as), which is a rate-limiting
enzyme [170]. Cytokinin levels are also controllddough irreversible degradation
reaction catalyzed by cytokinin oxidase/dehydrogneake] that breaks down the active
cytokinin into an ade/ado group and a side chain [§7-88ytokinin employs a two-
component phosphor relay to trigger downstream siggalkevents [reviewed in
Introduction][64, 68, 93, 171-172].

Cytokinin has been shown to interact with other plantmioores in regulating both
physiological and developmental processes [40, 173)aiticular, cytokinins have been
shown to interact with auxins to control many of develamaleprocesses in plants, such as
apical dominance, branching patterns root and shoatlagment [27, 174-175]. The
classic experiments of Skoog and Miller demonstratedthigatelative ratios of cytokinin
and auxin control organogenesis [74]. A higher atdinytokinin ratio resulted in root
development, whereas a low ratio of auxin-to-cytwkinesulted in shoot formation.

Though, both mutant analyses and transgenic altensatib auxin and cytokinin levels
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have also shown that they enter into complex interactionggulate an array of plant
growth and development processes [29, 31, 40, 42, 5&,164,08, 112, 174, 176-184].
However, the interaction between these two plant hoesas very complicated and has
been shown to be synergistic or antagonistic or tiaddidifferent developmental

contexts[39-40, 58, 185-187].

Cytokinin is believed to be a central player in shapical meristem initiation and
maintenance [25, 69, 109, 188-189]. The higher order motenbinations in members of
IPT gene family (involved in cytokinin biosynthesidpnely guy (involved in local
activation of cytokinin biosynthesis) of rice and cop@sding Arabidopsismutants [80],
triple mutants of cytokinin receptors and mutantdomwnstream transcription factors of B-
type ARRs have been shown to develop smaller SAMs Eadaffect overall growth
[190-191]. STM has been shown to directly regulagg®kinin biosynthetic enzyméPT7
and this was further supported by the rescugtrafl mutant upon overexpression|efT7
by usingSTMpromoter [48]. It has also been shown that WUS neglgitregulates A-type
ARRs by directly binding to some of the family memshan mediating stem-cell
homeostasis [111]. Through developing two componersdasgi CS) reporter and genetic
studies, it has been reported that auxin antagonizes cytokimutaat the basal cell
lineage by direct transcriptional activation of ARABIDOPSIS SRONSE
REGULATOR genes, ARR7 and ARR15, feedback repressors of cytokimalisig.
Loss of ARR7 and ARR15 function or ectopic cytokinin signaling in thel lceiaduring
early embryogenesis results in a defective root stemsgstem [192]. The research on

embryogenesis suggests that an accurate spatial-temporaltioegtitaough the cross
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talk between auxin and cytokinin is needed in order to speayfitst root stem cell
niche. During the root development, the activation of SHORTROOT2(SHAX3) by a
cytokinin primary positive signaling represses the auxin siggathat negatively
regulates the PIN auxin transporters [193]. As a result, cytokiomsd promote
differentiation in the transitional zone of roots by modulating auedhstributions. The
process is accurately controlled in that the auxin antagonyzekirun by depredating
SHY2 so that PIN proteins can be sustained and cell division adivdan be
maintained. Evidences has been provided to reveal that in the rastemecytokinin
acts in defined developmental domains to control cell differentiattenttaus controlling
root meristem size [108]. However, although elegant studiesaled that cytokinin
played a negative regulatory role in root meristamplants, the accurate mechanism how
cytokinin controls stem cell initiation and maintana in shoot apical meristem waits to be
solved [40, 107-108]

It is clearly documented that auxin regulates cytokiaevels and vice versa. Using in
vivo deuterium labeling and mass spectrometry, theanycs of homeostatic cross talk
between the two plant hormones has been achieved [4in mediates a very rapid
negative control of the active cytokinin pool via gigssing cytokinin biosynthesis via the
isopentenyladenosine-5'-monophosphate-independent  pathwehereas  cytokinin
overproduction mainly modifies plant developments sbteof directly altering the
composition of the active auxin pool. In root, cytokiman cause auxin redistribution
through ARR1-SHY2/IAA3 pathway to direct cell diffeteation (Loio, et al., 2008).

However, it is difficult to distinguish between caumad effect in these studies because
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both auxin-cytokinins appear to function in developrakergvents that are spatio-
temporally-coupled [194]. Therefore, a dynamic studsolving inducible manipulations
of these two hormones may provide new insights.

Auxin has been implicated in several developmental pe@se including shoot
development [25-26, 28-29, 42, 58, 178, 195]. A numifegenetic and biochemical
analyses have revealed that $€Fis responsible for ubiquitination and subsequent
degradation of the Aux/IAA transcriptional repressors [99;19F. Auxin is perceived by
its TIR1 class-receiptors that are a key componernthefubiquitin-proteasome system
(UPS) that mediates protein degradation [196, 198fh Wgh level auxin, the Aux/IAA
family genes will be degraded to release auxin resptagers (ARFs) so that auxin
induced genes could be transcribed. On the other halde iauxin level is low, the
Aux/IAA family genes will form dimmers with their caasponding ARFs to prevent auxin
induced genes to be expressed [180, 199-202]. Auxionaid also regulated by polar
transportation of auxin through PINFORMED family trams$er [203-208]. The
movement of auxin is regulated by phosphorylation WD and de- phosphorylation
by protein phoshpotases 2A [209-213]. During the eondmgesis, the auxin maxima
accumulate at the basal part of zygotes to cause the pofatty single cell to asymmetric
divide into the apical cell that give rise to thebeyo and the basal cell that contribute
mainly into root [214]. After the formation of rodhe quiet center of root shows the
greatest amount of auxin and auxin response. In the sheglbpment, auxin has been
shown to regulate phyllotaxy, a process of spatiangement of leaves and flowers [181,

215]. Auxin is well-known for its ability to induce organogdases plants [216-219]. It has
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been shown that local accumulation of auxin at specific sité®iRZ of SAMs is required
for primordia specification and growth [219]. The awaocumulation is mediated by
PINFORMED1 (PIN1) protein which is an auxin efflux transpoendpinl mutants fail to
form organ primordia [205, 220]. PIN1 expression basn shown to be dynamic and
accumulates at higher levels in regions of incipiamh@rdia in such a way; auxin is
pumped toward the new primordia [113]. External aggpion of auxin to pin-like
inflorescence of thpinl mutant was proved necessary and sufficient to promote oultgrowt
of lateral organs [218-219]. Taken together, the asxik-model can explain the periodic
spatio-temporal specification of organ primordia verenew primordial act as auxin sinks
to sequester auxin from surrounding cells. This presvepecification of new organ
primordia within the vicinity [181, 215]. However, altgh the auxin maxima can explain
the spacing component of phyllotaxy, it can not exphaiw the primordia are initiatede
novo [221]. In addition, no mutant in auxin pathway with fpbtaxy defects has been
described so far.

Cytokinin is also involved in patterning in plants.raize, a mutation iABPHYL1
changes its alternative into decussate phyllotaggprapanying with a small shoot apical
meristem [222]. This was the only case that thastamation of phyllotactic patterns
occurred from one to another within a given speciesecgnt study showed thBIN1 is
expressed at PO in tlddphellmutant at a delayed fashion [221]. Recently, cyliokivas
also reported to modulate the auxin efflux to decide atein-induced organogenesis
(AIO) [217]. Therefore, it is possible that a comoptied network involving multiple

signaling pathway cross talks to control the phyllotgudittern.
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To examine the interaction between cytokinin and aixiorganogenesis in the shoot
apical meristem in plants, we decided to take adgestaf the live-image technology
coupled with the transient manipulation of cytokiteaels. This analysis was also inspired
by the fact that local cytokinin activation mediatedUYNELY GUYfamily of genes is
required for phyllotaxy (Chapter I).

Results
2.1. The pattern of cytokinin response in SAMs

Cytokinins play crucial roles in an array of developtaé processes including the
growth and patterning of SAMs [31, 42, 58, 66, 68720108, 223]. However, the spatial
patterns of cytokinin synthesis, cytokinin sensing antbkiyin responses are not
completely understood. It has been shown ARABIDOPSIS RESPONSE REGULATORS
of A-Type class respond to cytokinins and can be useskasors to detect cytokinins at
cellular resolution [192]. To map the distribution ©ftokinins in SAMs, we generated
PARR5::ARR5:GFP(ARRS promoter sequences driving the expressionABRRS5:GFP
translational fusion) transgenic plants. A high-resotutconfocal microscopy images
revealed a uniform expression of the transgene ioeallrally-located cells of the SAMs,
however, the expression is downregulated in the PZjfeadlg in regions of primordia
development and also in deeper layers correspondinigetdRM (Figure 2-1A, B, C).
Recent studies have employed a synthetic cytokininortep pTCS:.GFP
(concatemerized sequences of B-type ARABIDOPSIS RESPONSE

REGULATOR (ARR)-binding motifs and a minimal 35S promoter drivihg

expression of GFP) which functions as a two-component-output-sensalimgve
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cytokinin perception [192]. This reporter has been shown to expresssioiciie
RM coinciding with the WUS expression domaincombination ofpARRS5::GFP
and pTCS::GFP expression suggests that the cytokinin is preferentially-syattbsn
superficial cell layers of SAMs and then it is sensed bis ad#l the RM. The implied
synthesis of cytokinins centrally-located cells in superfi@gkts is consistent with the
expression of STM which positively regulates cytokinin biosynthesisatso with the
expression of AtLOG family members in these cells. However|abk of expression of

PARRS5::GFP was found in cells of the RM, despite of the expression of one of the

Figure 2-1. Distribution of cytokinins in SAMs asvealed bypARRS5::ARR:GFP(A) SAM
showing the expression pARRS5::ARR5:GFP(B) A deeper optical section showing lack of
expression in central cells of the RM. (C) A optisaction of superficial cell layer showing
intense expression in the central region and loxellexpression in developing primordia. (1
and 2) Side views. (3) Top view.

AtLOG family member there (Figure 1-1. C), suggests a nmeshm for efficient
breakdown to cytokinin in these cells. This notion is consistent with the expression of one
of the family members of cytokinin dehydrogenase/oxidase (At®)HiXthese cells [36].
Sensing of cytokinin by RM cells as revealedddCS:;GFPis consistent with enriched
expression of one of the three cytokinin recept?/ ODENLEG (WOL)n these cells

[109], though the other two receptors appear to express uniformlylf3§)pears that on
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a quantitative basis, the centrally-located, superficial laghs-©of SAMs are rich in
cytokinin content and it is sensed preferentially by cells of the RM.
2.2. Development of a system to transiently reduce oytolevels

The CYTOKININ OXIDASES (AtCKXs) have been shown teewersibly breakdown
active cytokinins into an ade/ado group and a sidendfi&, 87, 96]. Arabidopsisplants
overexpressing CKX family members have been shown to mimicinyiadkeficient plants
and downregulate the expression of cytokinin seBR5[152]. To transiently degrade
cytokinins, AtCKX3 was activated-inducibly. Thisatigy was chosen because achieving
transient downregulation of componenets in cytokimistithesis, perception and response
is complicated because of functional redundancy impdsednultiple gene family
members [70, 96, 152, 164]. In addition, it was ininguthat the atCKX3 was found to
express at the center of SAM by both cell type-specitamscriptome and in situ
hybridization (Figure 1-1. E) [36]. Therefore overexpimssof AtCKX class of genes

provides a straightforward and robust means of reddl#gctive cytokinin pool.

Figure 2-2. Phenotypes of inducible CKX3 transggménts. (A-B) Plants were on plates for
21 days. (A) MS+mock, (B) MS+Dex. (D-E: Transgeplants were transferred to plates at the
age of 10 days after germination. (C-F) F1 planisdiicible CKX3 crossed withARR5:GFP
(marked by green) reporter were treated four days. (C ambéR, C is side view of E. (D and
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F) 10 uM Dex, D is side view of F. The cells wetaireed by FM-64. Images were taken using
the same parameters. (G) Alcohol inducible CKX3pléhts were treated with acholol from 4
true leave stages for 5 fays. A transgenic plaft)(Bnd a segregated wild type plant (right).
The image was taken at the age of thirty days. (H) Indu€iKX3 plants were grown on plates
with MS + 10 uM Dex for 12 day and then transfemmadsoil. Images were taken on 25 days.
(I-L) Dex inducible CKX3 transgenic plants wereatied by 10 uM Dex after bolting. (1)
Treated every other day for two days. (J) Treatgdob four days. (K-L) Inducible CKX3
plants were treated only one day.

Both ethanol and dexamethasone (Dex) inducible systeens used to downregulate
cytokinin levels and both yielded similar phenotypgson induction (Figure 2-2 and 2-
2G). The ethanol inducible system was found to bkyle@hen plants were grown in
plastic boxes with MS-agar medium and could not be usdivésimaging experiments [4,

7]. Dex-inducible system based on GR-LhG4 and 6XoBctivate AtCKX3 (Vector map

A.3.3) was adapted for live-imaging study. When tgam$c plants overexpressing
AtCKX3 were grown on MS- MS-agar plates containing 10pbk, they developed into
much smaller seedlings than mock-treated plants (&ige2. A-B). Similar phenotypes
were observed when transgenic plants were treatdd Déx upon bolting (Data not
Shown). The above described phenotypes of Dex-indu€iKlE3 transgenic plants are
consistent with those reported in the literature [70,98), 140, 152, 224]. Finally, the Dex-
inducible CKX3 transgenic line was introduced intdine carryingpARR5::ARR5:GFP

reporter [152]. The reporter expression was eliminatad SAMs upon Dex treatment for
four days demonstrating lower cytokinin levels in thgdants (Figure 2-2. C-F). Token
together, these results indicate that cytokinin leegeldd be inducibly-downregulated by
using this system.

2.3. The transient downregulation of cytokinin levelmmatically reduces the auxin

response
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Apart from effects on overall plant growth and depehent, the cytokinin deficient
plants also revealed organ positioning defects (Fige2e G-L). In order to test whether
these defects could be due to the disruption of auxuoiatezl phyllotactic patterning, the
Dex-inducible AtCKX3 transgenic plants were crossed aoline carrying both
pPIN1::PIN1::GFP protein fusion [auxin efflux transporter PIN1::GFotein fusion
driven by the nativePIN1 promoter to reveal the direction of auxin flow] to mitor
direction of auxin flow angpDR5rev::3XVENUS-NTauxin responsive promoter driving a
nuclear-localized variant of YFP) to monitor spatietlanulation patterns of auxin or
response to auxin [113]. Upon Dex treatment, a progeesicrease in PIN1 expression
levels was observed, though the PIN1 enrichment rpattat sites of organ primordia
formation was unaffected [n = 3 plants, repeat threes] (Figure 2-3. A-D). In addition,
the pDR5 expression which is normally-associated with the stie®rgan primordia
formation as a discrete set of 3-4 cells in moelatied plants fails to express in dex-treated
plants [n = 3 plants, repeat three times] (Figure 2-B). On the other hand, the mock
treated plants show normal both auxin movement aroh aasponses as reported [n = 3

plants, repeat three times] (Figure 2-3. E-H) [113].

In order to test whether the dex-induced effects afkiyin downregulation on auxin
pathway components are reversible, the recoveryIdfl and DR5 expression was
observed upon withdrawal from dex treatment. Sevevyhours after withdrawal of dex,
the expression of bofAIN1 andDR5recovered and theR5expression begin to initiate in
a normal spatio-temporal sequence [n= 5 plants, tepawice] (Figure 2-4 C to E, red

arrow) (Figure 2-4. E, Blue arrow). The reconstitutibbath PIN1 andDR5expression
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Figure 2-3. The reduction @DR5::Venus:N7andpPIN1::PIN1:GFP expression upon dex-
induced downregulation of cytokinin levels. (A-H) -88constructed top views of SAMs
showing expression @PIN1:;PIN1:GFP (green) an@DR5::Venus-N1{red). (E-H) Mock-
treated plants showing maximal auxin respon&d#fexpression associated with developing
organ primordia and specific enrichment BfN1 expression that overlaps withR5
expression. (A-D) Dex-treated plants showing pregjkee decrease iRIN1 expression and
also loss opDR5expression.

upon release from dex-mediated cytokinin downreguiatevealed that cytokinin levels
play important roles both in maintaining auxin transpbalso shows that critical levels of

cytokinins are necessary for maintaining auxin levebsuain responses or both.

Dex
(10uM)

Figure 2-4. The recovery @DRS5 (red) andpPIN1 (green) expression upon withdrawal of
dex-mediated downregulation of cytokinin. (A-E) 3Roastructed top views of SAMs
showing expression gfPIN1:;PIN1:GFP (green) andhDR5::Venus-N7red). Plants were
treated with dex for 3 days and allowed to recoVbe time series in (A-E) represents events
during the recovery process. Red arrow indicaterd¢hgppearance @R5 expression. Blue
arrow indicates the expression@R5in one cell in the second primordia.
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2.4, Overproduction of cytokinin results in ectopiuaxia responses and formation of

additional organs

In order to increase cytokinin levels Dex-inducible IPVérexpression system was
employed because it has been shown in earlier sttloelPT7 overexpression results in
higher cytokinin content [48, 78, 225-226]. The traamg seedlings carrying Dex-
inducible IPT7 expressed from ubiquitous promotercf@iemap A.3.4) tuned pale and
failed to grow on MS-agar plates containing Dex, ekipin overproduction effect that

has been observed in

Figure 2-5. Phenotypes of Dex-induced over-expoessf IPT7 transgenic plants. A-F:
Mock treated plants showing the shoot apex (A anch8)mal spacing of siliques on the
stem (C), normal stem-thickness (D) and a siliqith two carpels (E). G-H; Dex-treated
plants showing slightly enlarged shoot apex (G Bhdirregularly-arranged additional
siliques (1), thicker stem (J) and silique with didehal carpels (K). The number of flowers
produced within a window of one week of Dex treattr{&h compared to mock treatment

(F).

earlier studies [120]. One week of continuous Deattnent (10uM) of inflorescence

meristems, upon bolting, resulted in a slight increase M Size [n=8] (Figure 2-5. A, G),
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additional carpels (Figure 2-5. K) and stem-fasam{iéigure 2-5. J) when compared to
mock-treated plants (Figure 2-5. A-F). In addititme dex treatment for week resulted in
production of significantly higher number of irregujadrranged flowers (20.8 + 5.2)
when compared to mock treatment (8.6+1.3) (Figure 2-5. [E)v3his suggested that the
golden angle rule of 18%eparation between successive primoodiald be reduced in

plants overexpressing cytokinin.

In order to dissect this phenotype further, Dex-indeclBIT7 plants were crossed to
plants carrying bothpPIN1::PIN1::GFP protein fusion [auxin efflux transporter
PIN1::GFP protein fusion driven by the nati?&N1 promoter to reveal the direction of
auxin flow] to monitor direction of auxin flow an@DR5rev::3XVENUS-N7auxin
responsive promoter driving a nuclear-localized variahtYFP] to monitor spatial
accumulation patterns of auxin or response to auxi8][1The mock-treated plants
displayed a normal spiral phyllotaxy pattern asviogsly reported (Figure 2-6. A to F).
However, the pattern of PIN1 and DR5 expression deviated irtrBated plants in several
ways (Figure 2-6. G to L). First, an increase R3domain of expression was observed
between 24 to 48 hours after Dex treatment (Figure H)aanad this increase became very
pronounced at 72 hours after Dex treatment (Figure B-6Second, the expression of
pPIN1::PIN1::GFP intensified suggesting either theirmmease in PIN1 transcription or
improved stability of PIN1 protein (Figure 2-7. J to Third, the meristem size in Dex-
treated plants enlarged with time compared to thatafk-treated plants (Figure 2-6. J to
L vs D to E). Most importantly, a careful examinatmfrthe pattern of primordia initiation

revealed development of additional organs interspergbdiva regular pattern (Figure 2-6.
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Figure 2-6. Extra sets of primordia formed by inseeaf auxin signaling upon the inducible
expression of IPT7. Mock: A to F treated with Maahution. Dex: G to L treated with 10 uM
Dex. P: plastochron number. I: primordia initiatrmmmber. E: extra primordia number.
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G-L). For example, the ectopic primordiuml;Bbserved at 72 hours could be traced
back to images acquired at 24 hours and 48 howyar@2-6. H to J, white arrowhead). At
96 hours after Dex treatment, at least three ecfmpimordia (E to E;) could be observed
along with the regular set of primordia P1 to P3 ({Feg2-6. K). Some of these ectopic
primordia developed furtherinto flower buds (Figure.2-@E3 and E4)). Taken together,
both the transient depletion and overproduction oflkiyios revealed that maintenance of
critical levels of cytokinins is crucial to regulatpatio-temporal patterning of auxin

responses and phyllotactic patterning.

2.5. Alterations in cytokinin levels do not affect aubauels in shoot apical meristems

Auxin measurements after
alteration of cytokinin levels

80

% :iii""f"f::::::{:::::::J:::
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Figure 2-7. Auxin measurements after alteration of égytnkevels. Plants
were treated with either Mock or 10 uM Dex for four sldgefore the apex
were harvested after removing extra floral buds. Moegresented the
average of both CKX3 mock and IPT7 mock.

The effect of cytokinin levels on auxin responsivBR® expression suggested that

either the auxin levels or responses are alteredéasetiplants. In order to distinguish
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between possibilities, we directly measured auxin (IAA) eatration from shoot apices of
plants either mock-treated or dex-treated plantsyicgreither the CKX or the IPT7
transgene. Shoot apices were carefully hand dissectedieafteving the older flower buds
from plants that were either treated with mock ex dor a period of four and were
immediately frozen in liquid nitrogen. The frozemgdes were sent to the laboratory of
Dr. Karin Ljung (Sweden) for mass spectrometry-based djgatiopn of auxin levels. The
guantification of auxin (IAA) levels revealed no sigreint differences in auxin levels in
plants either overexpressing CKX3 or IPT7 when compdcednock-treated plants
suggesting that cytokinin levels may not regulate aledrls in the shoot apex (Figure 2-

7).

2.6 External application of auxin upon cytokinin doegulation fails to rescue auxin

responses

Figure 2-8. Auxin treatment upon cytokinin remo\ald to restore auxin responses. (A-
H) 3D-reconstructed top views of SAM showing eittlex pDR5::Venus-YFP:N7 (red)
or pPIN1::PIN1:GFP (green) expression. Plants gagr{pex-inducibleAtCKX3 over-
expression construct either treated with Mock (A &) or mock with 25 pM IAA (C-
D), treated with Dex (E and F) or treated with dong with 25 uM IAA (G and H).
Total time elapsed after individual treatmentsiadgecated on each panel.
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The lack of auxin responses upon cytokinin depletionlct either be an indirect
consequence of reduced PIN1 expression or it could bech akegative effect on the auxin
response pathway elements. It has been shown that gianformation inpinl mutants
can be rescued by a localized-external application wing219]. Therefore we tested
whether external application of auxin upon cytokinin leféggn can reconstitute auxin
responses. Plants carrying Dex-inducible AtCKX3 plarggse simultaneously treated with
both dex and auxin26 uM IAA). Both mock and IAA-treated and dex without 1AA
treatment served as controls. Mock-treated plantsvesthanormal expression ddR5
reporter [n= 5 plants, repeat twice] (Figure 2-8. A &). While plants treated with the 25
UM IAA showed dramatically-enhanced expressiorpDBR5 within the PZ cells [n= 5
plants, repeat twice] (Figure 2-8. C and D). Placasrying Dex-inducibleAtCKX3
transgene upon dex treatment resulted in dramaticadiyeedpDRS5 expression [n= 5
plants, repeat twice] (Figure 2-8. E and F; Figu® A and D). When the same transgenic
plants were treated with Dex in the presence of IAAailed to inducgpDR5 expression
[n= 5 plants, repeat twice] (Figure 2-8. G and IHjvas noticed that PIN1 expression was
restored in plants treated with both dex and IAA when cordpardex alone but it was not
sufficient to restore auxin responses (Figure 2-8.THe restoration of PIN1 expression
could be a secondary consequence of increased auris kv it has been shown to that
auxin induces PIN1 expression [179]. These resuligesi that the removal of cytokinin

affects auxin responses by directly regulating componéitsxin signaling pathway.
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2.7. Depletion of cytokinins reduce PIN1 transcrgvels

A Mock  Dex FR B Mock Dex . C\es
ckx it D . P77 e WD .
ARRS S 30x  ArRS s (D 2o

PINT st s 30X PINT . S 32X
uBQ10NIIID S 05 UBQ10 M SN 25X

Figure 2-9. RT-PCR analysis of few candidate gend3ex-treated plants carrying dex-
inducible CKX3 or IPT7. (A) CKXS3 transgenic plan{8) IPT7 transgenic plants. Plants
were treated with mock or 10 uM dex for 4 days tosueathe expression levels of CKX3,
IPT7, ARR5, PIN1 and UBIQUITIN10 was used as cdnffitne number of PCR cycles
was indicated on the right hand side of individuahel.

Our analysis has shown that transient depletion @kayin results in downregulation
of pPIN1::PIN1:GFP expression. However, since it isgnotusion, it was not possible to
distinguish whether this downregulation representdeerease in PIN1 transcription or
reduced protein stability of PIN1:GFP fusion proteifherefore RT-PCR was carried out
on RNA samples extracted from plants expressing Dexeibtk AtCKX3 and IPT by
using gene specific primers f&tCKX3, PIN1, ARR&nd UBIQUITIN10 was used as a
control. RT-PCR analysis revealed, as expected, arease in CKX3 expression,
accompanied by a dramatic reduction of cytokinin resp@eneARRSiIn Dex-inducible
AtCKX3 expressing plants upon 4 days of Dex treatment (Figt@eA). This result is
consistent with the reduction @fARR5::GFP upon dex induction (Figure 2-2. C-F).
Similarly, in Dex-inducible IPT7 plants, the expressiof IPT7 was elevated along with
the expression AARR5(Figure 2-9. B). Though the expressiorPbNFORMED 1(PIN1)
decreased marginally in inducicd¢CKX3after four days of dex treatment (Figure 2-9. A),

the expression dPIN1 in inducibleIPT7 did not change much (Figure 2-9. B.). The live
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imaging data revealed a reduction in PIN1::PIN1:GFRlgein AtCKX3which could be
due to the decreased PIN1 transcription as revealeRTYCR experiments and a
marginal increase iMPT7 overexpressing plants (Figure 2-3, 2-4, 2-6). However, n
changes irPIN1 transcript levels were observed IIRT7 overexpressing plants though a
mild increase in pPIN1::PIN1:GFP fluorescence waseoled in live-imagery (Figure 2-
8). Taken together these results suggest that cytskana required for maintainirigiN1
transcript levels though their effect on PIN1 pnotsiability can not be completely ruled
out.

2.8. Cytokinin control overall cell division in SAM

It has been shown that cytokinins are required foriatied cell division [5, 188, 227].
Mutants with altered levels of cytokinins and ddfextsignaling components show
changes in SAM size and shape [70, 80-81, 221-22fjrefore the observed phyllotaxy
defects in plants with varied levels of cytokinins part, could also be due to the changes
in cell division patterns. To better understand thpaioh of cytokinin on the patterning of
SAMs, cell division analysis was carried out on theetlapse imagery obtained from
inducibledPT7 and inducibleEKX3 plants. Cell division rates were analyzed by
reconstructing individual cell lineages of the. kydr cells from time lapse data acquired
between 48 and 96 hours (the depletion of cytokiniddyinducible CKX3) and 24 to 73
hours (the increase of cytokinin by dex inducible7RTell division rate was expressesl
the size of individual lineages (the number of daeglcellsat second time point that

originated from a single cell present at the starhfpoi Lineage reconstruction was
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performed for all of the cells of the outmost layertled SAM, L1 layer, of Dex-treated

IPT7 (n=3), CKX3 (n=3) and mock-treated plants (n=3)engsed as controls.
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Figure 2-10a. Cell division analysis of inducibr7 transgenic lines upon Dex induction.
(A) Mock treated. (B) Dex treated. (The images from the same SAM were used to
score for cell division events to reconstruct lineagiiin the 48-hour period (24
to 72 hours after treatment) and expressed as sibe afidividual lineages against
mean number of lineages per SAM. Error bars represemiasthdeviation.

In inducible-IPT7 plants, SAMs become enlarged assume irregular shape 48
hours after the Dex treatment and with appearancetopie pDR5 expression. The cell
division analysis carried out within this time windawvealed an increase in size of
individual lineages when compared to mock-treatedtpl@figure 2-10a) revealing higher
cell division rates.

On the other hand, in the Dex-induciBliECKX3plants, cells stopped dividing after 48

hours of Dex treatment except for a few cells (Fig2f#0Ob. C-D and E). This was

associated with a decrease in size of SAMs. Ceisidn analysis, as expected, revealed
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that cytokinins are necessary and sufficient for tammg cell division in SAMs and its

possible impact on phyllotactic patterning is discdssesubsequent sections.
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Figure 2-9b. Cell division analysis of inducible X& transgenic lines upon Dex
induction. (A) Mock treated. (B) Dex treated. (()elimages from the same SAM
were used to score for cell division events to metwict lineages within the 48-hour
period (48 to 96 hours after treatment) and exprkas size of the individual lineages
against mean number of lineages per SAM. Errorlegresent standard deviation.

Discussion

Cytokinins have been implicated in SAM development 4,42, 58, 66]. It has been
shown that maizebphyll mutants display aberrant phyllotaxy and enlargedSsize
[222]. ABPHYL1has been shown to encode a member of the type-A ARRs which function
as negative regulators of cytokinin signaling. Inténgbt ABPHYL1lis expressed in few
cells of organ anlagen of the SAMs suggesting a ralecytokinin signaling in either
maintaining growth patterns in proper spacing of organ pdiaar in maintaining proper

spatio-temporal regulation of auxin responses thaltédei proper organ initiation or both
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[221-222]. These possibilities cannot easily be migstished in maize studies due to the
lack of analytical tools and reagents. It has also beemrsti@at multiple mutants of type-A
ARRs inArabidopsideads to mild phyllotaxy defects but the causal reabams not been
addressed so far [228]. Our own study (chapter Bhenfunctional analysis of cytokinin
activating enzymes of th&tLOG family has revealed that local activation of cytokinin pool
is critical to maintain both meristematic activitydaregular spacing between successive
organ primordia. Though all these studies have impglitaither the local synthesis of
active cytokinins or local regulation of cytokiniigsaling, it is not yet clear whether they
affect patterning elements within auxin pathway onpy a secondary consequence of
altered growth patterns. In order to address these jssaegttempted live-imaging studies
upon transient manipulation of cytokinin levels.

We have shown that transient downregulation of actiykinin pool results in
reduced auxin responses and reduced organogenesisr€abynweansient upregulation of
cytokinin levels results in ectopic auxin responseth vein associated development of
additional organs. These results demonstrate thattenmaince of a threshold level of
cytokinins is critical to initiate auxin responsesongan anlagen within the PZ of SAMs.
More importantly, it shows that the observed phylititadefects are not simply a indirect
consequences of altered growth patterns or altetkdacestates caused by the absence of
gene products for several days in terminal mutant®okiyns could play such a role by
several means; a) It could affect auxin movement hwisccritical to generate regions of

maximum auxin concentrations in a specific spatiop@mal sequence. b) It could mediate
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auxin biosynthesis, c) it could mediate auxin respsr@ d) a combination of all three
factors.

Both modeling and experimental studies have implied thah @epletion from regions
surrounding the organ anlagen results in auxin maximahwig critical for organ
outgrowth [28, 34, 42, 215, 219, 229-230]. PIN1 hasnbskown to preferentially
accumulate in cells of the organ anlagen with maxinmavels of PIN1 on the walls
pointing towards cells of the anlagen. This behavas been postulated to create auxin
maxima in a periodic spatio-temporal sequence within the PZ Bis3A81-182, 203, 215,
218-219, 222, 231-233]. Though the mechanisms of R¢imulation in cell membranes
pointing to the organ anlagen against the directicsuafn flow have not been understood
[221]. However, the mathematical modeling studies halewn that both “flux
mechanism” in which PIN1 could sense the auxin flux @analization mechanism” in
which the direction of auxin flow carves channelsmediate PIN1 accumulation and
further auxin flow against the concentration grad@anild operate [34, 230]. Our study
shows that PIN1 expression is rapidly downregulated uponioyiakepletion (Figure 2-3,
2-4, 2-9A) although the preferential accumulation I¥Pin organ anlagen occurs during
this period before significant reduction of PIN1 expres (Figure 2-3C, 2-4A-B). This
suggests that cytokinins are required for maintainfiyl levels and thereby auxin
movement which results in its preferential accunmtain organ anlagen. Reduced PIN1
might create sub-optimal accumulation of auxin inaor@nlagen resulting in failure to

initiate auxin responses.

65



Though the role of PIN1-mediated auxin movement has beshestablished in
regulating phyllotaxy, however, the source of auxin han l@ematter of debate. Based on
the orientation of PIN1 expression in cells of the epithl layer of SAMSs, it has been
argued that PIN1 could be transported into the SABI® fmature leaves/flowers [219]. In
contrast, the immunolocalization studies by using Kp&cific antibody have shown
maximal auxin concentration within cells of the CZS#&Ms suggesting that they could be
the auxin supply centers [234]. This notion has bieetmer supported by mathematical
predictions for the requirement of CZ-originated dadh regulating phyllotaxy. It has also
been shown thaf UCCA genes involved in auxin biosynthesis are expressed iret#sc
sets of SAM cells further indicating a role for local auxintBgsis in regulating phyllotaxy
[26, 235-237]. Taken together, the unequivocal detextioin of auxin source requires
further studies involving quantification of both steadgte levels of auxin ande novo
synthesis at a cell type-specific resolution as itlteen shown in the root system [148].
Our study shows that the transient manipulation dbligin levels does not lead to
significant changes in auxin levels (Figure 2-7). @ieat with this observation, the
expression levels of several of UCCA genes remain unchanged upon transient
manipulation of cytokinin levels (MTX and GVR, undocurted results). These results
suggest that cytokinin levels are not required fomtaan auxin levels and the reduction in
PIN1 expression upon transient downregulation of cytokisirggest that cytokinins
regulatePIN1 expression independently of auxin levels. This is in centoaearlier studies
wherein it has been shown that exogenous applicatiorytokinin results in enhanced

auxin levels and also the auxin levels are found teeaced imbphyllmutants of maize
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[221]. This is simply could be due to the differeniteBssue types examined, the duration
of treatment or could reflect real differences inchenisms between maize and
Arabidopsis

This study shows that external application of auxin upanstent downregulation of
cytokinin fails to restore auxin responses. This suggést active cytokinin pool plays a
critical role in mediating auxin responses within a2 and subsequent organogenesis.
This also demonstrates that cytokinin apart from maimig PIN1 levels and auxin
movement, also has additional targets within the aresponse pathway. Cytokinin could
either positively regulate the positive regulatofsauxin signaling such as the ARFs or
negatively regulate the negative regulators such a€/IAAs or could regulate other
elements in auxin response pathway. The cell typefspemnomics has shown that
several family members of auxin response pathway are enrichelisiofche PZ of SAMs
[36]. Future studies involving transient perturbatiomscytokinin levels and cell type-
specific transcriptome analysis may reveal the itderdf auxin response elements

regulated by cytokinins.
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CHAPTER I
Sub-title: Manipulation of cytokinin positive signalingytokinin-mediated stem-cell
homeostasis can be uncoupled from growth dynamics aeglitres WUSCHEL function
Introduction

Cell-cell communication is critical for stem-cell rheostasis in shoot apical
meristems (SAMs) of higher plants [8, 37, 238] AirabidopsisSAMSs, the CZ harbors a
set of 35-40 stem-cells. The stem-cell progeny anglatied into the adjacent PZ where
they differentiate. The Rib-meristem (RM)/organizocenter (OC) located beneath the CZ
has been shown to provide cues for stem-cell speaiircdty activating WUSCHEL
(WUS), a homeodomain transcription factor. WUS noy eplecifies stem-cells but also
activatesCLAVATA3 (CLV3which encodes a secreted ligand. CLV3 has been shown to
bind CLAVATAL1 (CLV1) receptor kinase to activate saing network involving other
CLV1-related membrane bound kinases which functiongpressvVUSexpression [111].
Thus WUS controls its own expression and the CZ sioaighh a feedback loop involving
cells of the CZ and the RM/OC. This apart, plant hormoytekinin (CK) has been
implicated in SAM development. It has been shown thdiSMegatively regulates a set of
ARABIDOPSIS RESPONSE REGULATORS (TypeA ARRs) thatndion in
downregulation of CK signaling [104, 111, 239]. Heoer the significance of this local
downregulation in stem-cell homeostasis is notwelerstood. It is also not clear how
this local regulation of cytokinin signaling interfacevith CLV-WUS feedback loop in
regulating stem-cell homeostasis. It has also beenrshioat external application of CK

elevatesWUS expression within the RM [109, 240]. Though these ssudiitk CK
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signaling to SAM development, however, its role in aghitrg the CZ to the PZ ratio and
regulation of overall growth of SAMs are not well-enstood. This is because CKs have
been implicated in several developmental and physi@dbgitocesses starting from
embryogenesis and also in mediating cell division [3, 5B, 68-73, 223], therefore,
merely studying the defects in terminal phenotypes mayeveal their function. Genome
wide expression profiling studies aimed at identifyingegedirectly regulated by WUS
revealed that ARR1, a type-B ARR is directly-actidaby WUS. It has been shown that
multiple mutant combination of type-BRRgenes ARR1, ARR10 and ARRl2sult in
SAM defects among other defects in overall growth andldewent of plants [228]. In
order to examine the relevance of WUS-mediated loctwadion of ARR1, we have
transiently-activated CK signaling by dex-inducibletiaation of constitutively active
ARR1 and followed SAM organization in live-imaging eximents. We show that
constitutive activation of CK signaling results in @dind sequential expansion of the CZ
abutting the native CZ. This expansion of the CZ isheeitlue to the over-proliferation of
stem-cells or due to a delayed transition of cellmftbe CZ pattern of gene expression to
the PZ pattern of gene expression. Our analysis rethedlthe expansion of the CZ is due
to the de-differentiation of stem-cell progeny withire PZ into stem-cells. Surprisingly,
constitutive activation of CK signaling did not resuitincreased cell division rates and
enlargement of SAM size, thus uncoupling stem-cell édmstasis from growth dynamics.
We further demonstrate that the CK-mediated effentthe CLV3 expression require the
function of homeodomain transcription factor WUSCHERIggesting that elevated CK

signaling either modifies WUS activity or levels in regui@ stem-cell homeostasis.
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Results

3.1 Direct activation of ARABIDOPSIS RESPONSE REGULATOR1 (ARRY)

WUSCHEL

The ARABIDOPSIS RESPONSE REGULATORS (ARRS) of typeclBss have

been shown to function downstream of CK receptommediate CK signaling [103, 138-

139].
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Figure 3-1. ARR1 is directly-activated by WUS. (A)A#®5-normalized intensity values
showing ARR1 upregulation in the presence of cyekimide (cyc) and dex. (B) qRT-PCR
scanning of CHIP-DNA by using WUS-specific antibodyowing enrichment in intronic
regions of ARRL1.

The expression of ARR1 could be directly regulated\8yS (data not shown). CHIP by

using WUS-specific antibody revealed that specific enmafit of ARR1 genomic regions
can be obtained and this enrichment was detectedamiotregions of ARR1 (Figure 3-1.
B). This further confirmed that WUS directly bindsABR1 to activate it.

3.2 Constitutive activation of cytokinin signaling leaol®€xpansion of stem-cell domain
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In order to understand the functional significance of Whkliated local upregulation of
ARR1, constitutively-active form of ARR1 was actiedtby using Dex inducible system.
The deletion of signal receiver domain (DDK) of ARR1 (a type B AR&s been shown to
constitutively activate CK signaling by unmasking themsactivatingunction of ARR1
[138]. The ARR1 deletion construct was fused to ghecocorticoid-inducibleartificial
transcription factor (GR) and expressed from the ftawr mosaic virus 3S coat protein
gene promoter to generate dexamethasone (Dex) indi858eARRADDK-GR [139].
The 35S::ARRADDK-GR construct was introduced into plants carryip@LV3::mGFP5-
ER (CLV3 promoter driving the expression of endoplasmic rktrodocalized green
fluorescent protein), a fluorescent reporter fomstells and35S::YFP29-1(ubiquitous
promoter driving the plasma membrane-localized yefloarescent protein), a marker for
cell boundaries which allows visualization of all SAdIIs. In the absence of dex, the
transgenic plants carryin85S::ARRADDK-GR constructwere phenotypically-normal
(Figure 3-2. A). Upon addition of dex, typical phermtyeffects that have been described
for plants experiencing elevated levels of CK signaling saglcallus-like growth on
seedlings (Figure 3-2. B and C) and ectpoic shoot-likectstres were observed on the
adaxial surface of the cotyledons [139]. A closer eration of ectopic shoot-like
structures that appear on the leaves revealad promoter activity (Figure 3-2 F). SAMs
that were treated with dex, upon bolting, for 4-5 daysaled enlarged stem-cell domain
as revealed by the CZ markg€LV3::mGFP5-ERFigure 3-2. D and E). The ectopic leaf-
like structures that appeared on cotyledons of dexetieptants also showepCLV3

activity suggesting ectopic stem-cell specification.
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Figure 3-2. Phenotypes pB5S::ARRADDK::GR. (A-C) phenotypes of transgenic plants
on plates (11 days on plates after germination).wihout dex, (B) with dex, (C) higher
magnification image of (B). (D and E) 3D-recoosted top views of shoot apical
meristems (SAMs) showingpCLV3::mGFP5-ER (CZ/stemcell reporter; green) and
35S::YFP29-1(plasma membrane-localized YFP marks the outlofed| cells, red). (D)
mcok-treated SAM 4 days after treatement. (E) deattd SAM four days after
treatement. (F) a confocal section of an ectopf (25-30 days of after dex treatemnt)
showingpCLV3expression (green).

3.3 Expansion of the stem-cell domain is due to dedifftiation of differentiating cells
The expansion of the stem-cell domain, upon dex tredtno®uld be because of
several possibilities such as the higher rates ofdpakions in cells of the CZ, lack of
transition of gene expression from CZ pattern tqBffern upon displacement of stem-cell
progeny into the PZ or de-differentiation of PZ caldo CZ cells [7]. In order to
distinguish between possibilities, we repeatedly olgsesame SAMs continuously for 4-5

days after dex treatment and mock-treated SAMs sersecbatrols. The first visible
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effects of CZ expansion, as revealed g&§i.V3::mGFP5-ERexpression, were observed

between 24 and 48 hours after dex treatment (Figure 3J3. Expansion of the CZ

Figure 3-3. Expansion of stem cell domain upon timise activation of cytokinin
signaling. (A-L) 3D-reconstructed top views of eh@pical meristems (SAMs) showing
pCLV3::mGFP5-ER (CZ/stemcell reporter; green) aB®:3¥FP29-1 (plasma membrane-
localized YFP marks the outlines of all cells, rd&)-E) Time-lapse series of a mock-treated
SAM (note no dramatic changes in CZ size). (F-ieFlapse series of a dex-treated SAM
(note dramatic expansion of the CZ). (K and L). Hé¢igmagnification views of (G and H)
showing the appearance of pCLV3 promoter activgieén) in cells of the peripehral zone
(PZ) [arrows point to the corresponding PZ cellat thave acquired pCLV3 expression].
Elapsed time is indicated on individual panels.

continued for next 48-96 hours and sequential expanbi@ys occurred abutting the pre-
existing CZ pattern (Figure 3-3. F-J). We also noti@eiimilar radial expansion of the CZ
in cells located in the deeper layers of SAMs. In otdemnderstand the reasons for CZ
expansion, we analyzed higher magnification images ftiome-lapse series that were

double labeled bpCLV3::mGFP-ER(CZ marker) andB5S::YFP29-1(marks outlines of
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all SAM cells to follow cell divisions). This anaig revealed that the pre-existing PZ cells
that have left the CZ re-acquiredCLV3::mGFP5-ER expression revealing de-
differentiation of differentiating PZ cells (Figure33K and L). While the mock-treated
plants did not show dramatic changes in the CZ sigpu(@ 3-3 F-J). In addition to the
sequential expnasion pCLV3activitiy, we also noticed a lack of initiation of newgan
primordia suggesting a functional conversion of the PZ idemtitythe CZ identity (Figure
3-3. H-J).
3.4. Constitutive activation of cytokinin signaling doesalter cell division rates

Though our analysis has revealed that the CZ expansttueito the re-specifiction of
the PZ cells into stem-cells, however, upon downreigmaf CLV3 expression a similar
expansion of the CZ was associated with increasesl oateell division in the PZ cells [7].

Moreover, cytokinins primarily have been implicated il cgtle

®
o
'

[ Dex
B Mock

D
o
L

40 A

N
o
L

Mean number of lineages/SAM

24 tO 72 C 2Lineag?:s sizes4

Figure 3-4. Constitutive activation of ARR1 resuih expansion of stem-cell domain
without altering cell division rates. (A) Mock tted. (B) Dex treated. (C) Histogram of

mean number of lineage/SAM. The images from the <3¢ were used to score for cell

division events to reconstruct lineages within #&hour period (24 to 72 hours after
treatment) and expressed as size of the individual lisesggnst mean number of lineages
per SAM. Error bars represent standard deviation.
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progression and have been shown to function at G1-&eptensition [242]. Therefore, we
examined the effects of constitutive activation of kitm signaling on cell division rates
of cells within distinct functional domains of SAMs. drder to analyze cell division rates,
we reconstructed individual cell lineages of the L1 layes drdim time lapse data acquired
between 24 and 72 hours after dex treatment. Gadlioin rate was expressas the size of
individual lineages (the number of daughter callZ2 hours that originated from a single
cell present at 2dours). The lineage sizes in dex-treated plants a@mgarable to mock-
treated plants revealing that a ubiquitous elevatiocytokinin signaling did not result in
increased cell division activity of SAM cells (Figu3-4. C). The visualization of spatial
patterns of mitotic activity, carried out by supgumsing individual lineages on the
reconstructed L1 layer of the SAM also confirmed nodase in mitotic activity in cell of
the PZ.
3.5. ARRZinduced expansion of stem-cell domain requité$SCHEL

Earlier studies have shown that WUSCHEL which is exyaesn the RM provides
signals to overlying cells of the CZ to specify thems stem-cells [10, 21-22, 243].
Therefore, we examined whether the expansion of the @@h activation of cytokinin
signaling, is mediated through WUS activity or it islependent of WUS function. We
introduced 35S::ARRADDK-GR transgene intavus-1 mutant background by genetic
crosses. Seedlings carryingus-1 mutation and35S::ARRADDK-GR transgenewere
treated repeatedly with 10uM dex for several days. Thewgyobserved callus-like growth

on cotyledons and leaves, however, we did not obsescaeaf the SAM growth (Figure
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3-5). The dex-treated plants produced axiallary sha@otd occasional flowers that

resembledvus-1mutants. We also did not notice ectopil V3::mGFP5-ERexpression

p35S::ARR1dDDK/wus-1 p35S::ARR1dDDK/WT

Figure 3-5. The genetic analysis of constitutivimkinin signaling orwus-1mutant.

in cells of the cotyledons and in leaves of dex-tekatants (Figure 3-5. E vs F). These
results suggested a requirement for WUS in mediatytakinin induced expansion of the
CZ. Therefore, cytokinin signaling mediated by ARR1 fuwiddi through WUS in
mediating stem-cell homeostasis either by regulatipgession levels oWUS or WUS
protein activity or it could also function as a pasiail signal to create local environment
for WUS to specify stem-cells.
3.6. ARR1 regulates CLV-WUS feedback loop

In order to further understand the influence of ARR1-@tedi signaling with that of
CLV-WUS feedback network, we measured WUS transdéepels in plants carrying
35S::ARRADDK-GR transgene that were either treated with dex or motkisn. The
semi-quantitative RT-PCR analysis revealed no changgansgenicARRADDK-GR
expression levels upon dex induction because of itstitgige expression (Figure 3-6).

However, the endogenodkR1expression was found to be elevated upon dex application
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(Figure 3-6) suggesting that constitutive activatidn ARR1-mediated CK signaling
positively reinforces ARR1. The expression of the staih marker geneCLV3 was
elevated upon dex induction which is consistent wighexpansion giCLV3::mGFP5:ER

domain observed in live-imaging experiments (Figure 3+kEFRagure 3-3 F-J). However,

Mock 3d Dex 1d Dex 3d

o e —
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28x

Figure 3-6. RT-PCR analyses on CLV-WUS feedback lmpon constitutive activation of
ARRL1. The plants were treated with Mock for thregsi(3d) or with Dex for one day (1d)
and three days (3d). The number of PCR cycles neisated on the right side by (x).

the expression daiVUSwas found to be down-regulated which could be due tonthesct
consequence of negative influence of elev&kd3expression. But it reveals that ARR1-
mediated expansion of stem-cell domain is not due téeaatedWUSexpression levels.
3.7.in vitro experiments reveal ARR1 binding sites within @ie/3 promoter

ARRL1 binding sites have been characterized by usindora oligonucleotide library
through in vitro selection approach [138, 244]. Thesgperiments have revealed that
ARR1 binds to AGATT/C motif [138]. It has been showmat Adenine nucleotide at the

third position is critical to the ARR1 binding [138h order to explore the possibility that
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ARRL1 could possibly activate CLV3 by binding to it®moter sequences, we examined
CLV3 promoter and identified putative ARR1 binding siathin the upstream region. We

tested ARR1 protein binds

Figure 3-7. ARR1 binds tpCLV3 promoter in vitro in Gel Retardation. Binding sites
sequences: TTAGATT TC, AGATC TTm, AGITT. (+) E.coli BL-21 (DE3) plus
pET28a::ARR1Maa. 236-299)-) E. coli BL-21plus only emptypET28a vector.

to these sequences within t8&V3 promoter by gel mobility shift assay and found that
ARRL1 indeed binds to these sequences (Figure 3-7). Témdes suggest th&tl V3 could
be a direct target of ARR1, howevervivo validation is required.
3.8. Spatial manipulation of cytokinin signaling

Direct activation ofARR1by WUS, ARR1-induced sequential expansionCafV3
domain suggested that local activation of cytokjninaigg within cells of the CZ may be
required for stem-cell specification. To get furthesights into the importance of local
activation of cytokinin signalinghARRUDDK:GR was expressed from various promoters
active in different domains of SAMs by using two-com@an system. The
ARRUDDK:GR  was introduced into 6XOP promoter  to generate

pMX6xOPs::ARRADDK:GR and this construct was used for transforming various driver
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Figure 3-8. ActivatingARRUDDK::GR in CLV3 domain gives rise to enlargement of stem
cell domain. (A) treated with mock for 4 days. (Beated with 10 uM Dex for 4 days.
Images were taken after 8 days with the same maignitu

lines (tissue specific promoters driving the expressibtranscriptional activatothG4).
The drivers selected include, tip€€LV3::LhG4 (active in the CZ), thegWUS::.LhG4
(active in the OC), thpLAS::LhG4(active in organ boundary cells), and g&TM::LhG4
(active in the PZ). Among the transgenic lines obtaifmdthese driver lines, only
pCLV3::LhG4;6XOP::ARRADDK:GR combination resulted in dramatic increase in SAM
size and fascinated SAMs upon dex treatment (Figt8eB. Misexpression using other
driver lines did not result in enlarged SAMs greiTM::LhG4combination did not yield
sufficient number of transgenic plants to draw any kmmns.
Discussion

Our work reveals that WUS directly activaté®kR1 However, cell type-specific
transcriptome has revealed t#gRR1and related Type-BRRs are uniformly-expressed
throughout the SAM surface [36]. This suggests thatl lactivation of WUS acts as dose
dependent regulator of ARR1, rather than an on oswitich. Similar hypothesis has been
generated in studies wherein it has been shown that Wdd&tively regulates Type-A

ARRs which function as negative regulators of cytakisignaling [25, 104, 111]. It is
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expected that negative regulation of Type-A ARRs alsmulsl facilitate maintenance of
higher levels of cytokinin signaling in central paft ®AMs. WUS could ensure higher
levels of CK signaling in SAM center by direct and opposigeilaion of both Type-B and
Type-A ARRSs, thus ensuring a critical threshold of kiytm signaling to regulate stem-
cell homeostasis. Genetic evidence based on constitattivation ofARR1suggests that
maintenance of critical levels cytokinin activation dstical for regulating stem-cell
number. Losses of function alleles of ARR1 have motealed any dramatic defects.
However, the triple mutant allelic combinationARR1, ARR1@ndARR12has revealed
phenotypes that are similar to the ones observed pte tmutants of CK receptors,
including smaller SAMs and premature SAM termina{®®3]. Future studies analyzing
different cell types of SAMs by using cell type-specifnarkers should reveal their
function in stem-cell homeostasis. Inducible inackratof all three genes followed by
live-imaging of SAMs will also be illuminating.

This work also shows that ARR1-mediated stem-ce@t#igation requires the function
of WUSCHEL. However, overexpression of constitutivattivated form of ARR1 does
not result in upregulation o¥WUS transcript levels, rather results in decrea¥eédS
transcription. This negative effect ®¥UStranscription could be an indirect consequence
elevatedCLV3levels which potentiate the negative feedback loppdtivating CLV1 and
related receptor kinase signaling network. It needs tedted whether ARR1-mediated
signaling modifies WUS protein activity or its localipst to mediate stem-cell
specification. Alternatively, ARR1-mediated function abpkovide spatial cues for WUS

to function in stem-cell specification.
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CHAPTER IV
Sub-title: The SHOOT MERISTEMLESS (STMjene maintains the center zone in
undifferentiated state by preventing auxin responses
Introduction

In higher plants, the above-ground architecture of plaody is derived from
continuous cell division activities of shoot apicagnstems (SAMS) [17, 54, 221-222]). In
typical dictots, the dome-shaped SAM is divided inteehclonally distinct layers, the L1,
the L2, and the L3 (corpus) [11]. Cells in the outmdstiayer and the sub-epidermal L2
layer divide exclusively in anticlinal orientation (perpeuntar to the SAM surface) and are
maintained as single layers, while the underlying corp8slayer forms a multi-layered
structure where cells divide in random orientation[Etinctionally, the SAM is organized
as specialized zones; the center zone (C2), thehmeal zone (PZ), and Rib-Meristem
(RM). The CZ harbors a set of stem cells that can imitidly self-renew and give rise to
progenitor cells that differentiate as leaves or fieweithin the PZ in a specific sptio-
temporal sequence termed phyllotaxy [181-182, 215, 2483, 231-233]. The homeostasis
of stem cell population is the result of a precidarze between the rate of self-renewal of
shoot apical meristem cells and the rate of depart@ir¢har progenitors through
differentiation pathways.

Genetic studies have revealed function of many geneseiipatiate various aspects of
SAM activities [2, 58, 66, 188]. Among those genesAVATA3 (CLV3IWUSCHEL
(WUS)mediated feed back loop controls the size of the stdindar@ain and SAM size in

plants [8] [245] and it has been reviewed in theothtiction and the chapter Ill.
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It has been shown th&HOOT MERISTEMLESS (STigne is required for SAM
initiation and maintenance [46, 58 TMis a member of the homeodomain-containing
protein of theKNOX family. STMis initially expressed in the SAM founder cells in the
embryo and remains expressed throughout the SAM during ¢hspiegn of plants [246].
However, cells in the PZ that are specified as organgodia no longer expresSTM
whereas a set of differentiation marker genes exjmegsung organ primordia in a near-
reciprocal pattern [1, 149]. These marker genes InclAdTEGUMENTA (ANT),
ASYMMETRICLEAVES1 (AS1), ASYMMETRICLEAVES2 (A®R) regions of the PZ
that are specified as organ primordia also express aesonsive-synthetiDR5 reporter
[113, 220]. Though, the timing of spatial activationdifferentiation genes is not well-
understood, however, it is believed that the onset of DR5 expmassirks the early step in
organ initiation which also coincides with STM dowgulation [43-44]. However, the
functional relationship between pattern of STM expoegssand DRS5 initiation/auxin-
responsiveness is not clearly-understood.

Strong mutant alleles &TM thestm-1phenotypes indicate that its function is required
to prevent premature differentiation of meristemegigion during embryonic development
[43-44] [54]. But it is also believed to suppresh dision in inter-cotyledonary region as
mutants develop fused cotyledons at the base. Theréf@recise function dTMin
regulating the SAM growth and patterning is not weltlerstood. The shoot meristem
maintenance that is controlled by STM remains to berohéed due to the lack of a
suitable system. Here, we have used inducible regste transiently turn off STM activity

and followed SAM reorganization patterns in live-inmagiexperiments [7]. This study
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reveals that the most important functionfM s to prevent differentiation of centrally-
located cells of SAMs by preventing their response tot plarmone auxin.
Results

4.1. Phenotypes of inducib&rMRNAI transgenic lines

Figure 4-1. Inducible phenotypes 8TM RNAitransgenic plants. (A) WT control with mock
treatment. (B to J)STM RNAilines were treated with 10uM DEX. (B) Side viewfafed
flowers as a single flower with multiple flower arg. (D) Top view of C showing two fused
flowers. (G) Top view of F showing defected floweiighout siliques and no SAM at the center
after flower organs fell off. (H) Enlarged top view of Fwing fused flowers. (I) Side view of
a fused flower.

In order to transiently silenceTMgene, Dex-inducible system was employed to drive

the expression ddTMfold-back construct that is capable of making hairpith sifencing

the endogenous gene through dsRNAI mechanisms.STiMdsRNAI sequences were
introduced into 6XOP promoter sequence which was haasadinary vector which also
contained 35S::GR-LhG4 driver. This construct was thiced into wild type plants and
the T1 generation transgenic plants were treated with DexT T'ipéants that showed SAM
termination were chosen for further characterizatiorthe T2 generation. Upon Dex
treatment several phenotypes were observed depending durdien of treatment and the

stages at which it was imposed. The Dex-treated S#dviminated both in vegetative and
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reproductive growth phases, as reported previouslgtitoss-of-function alleles and for
the estradiole-baseditM RNAIines [46, 49, 54]. Besides the termination of infkm@nce
SAM (Figure 4-1), various other phenotypes were alseoied depending on treatment
duration. In many cases, the SAM terminated with few dimmvbunched together and
appeared as if they were fused. The fused floweragwed floral organs; sepalgetals,
stamens, but they were either devoid of carpels and conéfective carpels (Figure 4-1.
B-H). Frequently, changes in phyllotactic patterns wdrgerved either with a altered
arrangement of flowers or with a development of clustdélowers at the same inter-node,
indicating improper initiation of lateral primordiaigkre 4-1. J). Upon shorter Dex
treatments lasting only for 1 or 2 days, the SAMs vadrle to recover and initiate growth
showing that the system is reversible (data not showhgse phenotypes showed that the
Dex-inducibleSTM RNAIines function as expected.
4.2 STM is required to maintain auxin non-responsivenésentrally-located SAM cells
The auxin responsive reporteDR5 has been widely used as a marker to either to
monitor sites of auxin accumulation or auxin respomsgs of cells [113] Analysis of
pDR5expression pattern in SAMs has revealed that it is esguliés only a specific sub-
sets of cells of the PZ and those cells are beliegetet the founder cells of organ
primordia [113]. External application of auxin results inagon of thggDR5expression

within the PZ suggesting that cells adjacent to prinafdunders are
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Figure 4-2. 3D-reconstructed time-lapse series BigpWIN1:GFP expression (green) and
DR5::YFP (red) of STMdsRNAI plants treated withheit dex (A-F) or mock (G-L).

capable of responding to auxin [233]. However, exteamlication of auxin fails to
induce pDR5 expression in cells of the CZ suggestingttieste cells are recalcitrant to
auxin signaling and response. Since there is a spatmaélation between STM
downregulation and upregulation of differentiation genge decide to examine whether
STM the CZ cells from responding to auxin. We introduced deweihle STMdsRNAIine
into pPIN1::PIN1:GFP and pDR5::Venus:YFP-N#through genetic crosses. Time-lapse
images were acquired from F1 progeny of this croggying them every 24 hours for a
period of 5 days. Expression of bgBR5and pPIN1 appeared normal in mock-treated
control plants (Figure 4-2. A-F). However, in dexatesl plants the expression @DR5
was detected as a block cells located within the CHowtit much spatial separation that
was seen in mock-treated plants (Figure 4-3. L)s Tservation is consistent with the
phenotypes observed wherein flowers bunch together aredogefrom within the central
regions of SAMs.

4.3. Transient removal of STM resultsA&2misexpression in SAM center
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STM and AS1 have been shown to repress each aRpression, thus forming a mutually-
exclusive expression domains [247]. Therefore wstetk whether AS1 and AS2 genes are

misexpressed in central cells of SAMs upon dowredigun of STM and if they are misexpressed,

Mock 6 day

DEX 3 days

DEX 6 days 8

Figure 4-3.AS1andAS2expression ir6TMdsRNAtransgenic plants. (A and E) Mock
treated for six days. (B and F) 10 uM Dex treatedtiree days. (C and G) 10 uM Dex
treated for six days. (A-GASlexpression. (D-GAS2expression.

what is the temporal relationships between misesgiva of these genend pDR5 expression.
The RNAIn situ expression pattern ddS2upon STM downregulation revealed that its
misexpression in cells of the CZ as early as 3 dags thife dex treatment (figure 4-3. F).
By six days after dex treatment, tA82expression was associated with few central cells of
SAMs which assumes a flat structure with primordi#idgtion occurring very close to the
CZ (Figure 4-3. G). In contrast to AS2, the expressfoAS1 was not clearly concentrated
in the CZ cells, upon 3 days of dex treatment, bueitpression appeared rather diffused
(figure 4-3. B). Even after six days of dex treatmentlear misexpression of AS1 was

detected in cells of the CZ, though it is associatdtl giowing organ primordia which
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arise very close to the CZ (figure 4-3. C). Our eipents reveal that STM specifically
prevent the misexpressionA82in cells of the CZ and the misexpressioA&2in central
cells occurs much earlier than the appearancep@R5 in these cells upor5TM
downregulation.
4.4. Transient removal STM delays onseCbfC2expression

Early studies have described genetic interaction betv&¥M and CUPSHAPED
COTYLEDON (CUC)genes that are responsible for boundary formation aity e
embryonic development [248]. Double mutantSifMandCUC1 genes have been shown
to result in cotyledon fusion defects [249-251]. Wave observed that SAM terminates
with a bunch of fused flowers upon transient downreguiadf STM suggesting that STM
could function in boundary establishment that sepamd®gloping primordia from the
SAM and also in maintaining spacing between successiveomtia. Therefore, we
examined the fate or developmental sequence of boundanationmupon transient
downregulation oSTM by usingCUC2::CUC2:venus-YFRluorescent reporter construct
[114]. Live imaging of mock—treated plants revealedt tthe onset of CUC2 expression
occurred in few cells located between stage P2 orgarogatia and cells of the CZ (Figure
4-4. A-D). Usually, the P1 stage primordia progressastage within 24 hours in mock-
treated plants (Figure 4-4. P1 marked as star at Obdemame P2 at 24 hours). However,
the onset of CUC2 expression was delayed in dex-trgdaets (Figure 4-4. E-H). Even
after 72 hours of dex treatment, the primordia-Platietieat O hour failed to progress and
develop into P2-stage primordia could with the ladkCUC2 expression and proper

separation of organ primordia from the SAM (Figure #).Instead, a discrete expression
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of CUC2appeared in only few cells. Taken together, these resuliasl tbae STM function
is required for timely appearance of boundary formingegeand primordia maturation.
However, this could either be a direct effect of Siviegulation of boundary genes or
could be an indirect effect of reduced growth rates AMSells affecting primordia

maturation in general.

Figure 4-4. The expression 61JC2 at the boundary of SAM was delayed in inducibleMST
RNAi lines. (A-D): mock treated. (E-H): 10 uM derated. Time points (hours): Oh, 24h, 48h,
and 72h. Primordia were numbered at Oh. The sanmmomtia were tracked by arrowgjRand
star (R) at different time points.
Discussion
STMin Arabidopsiswas isolated as a gene that affects SAM establishmeneady in
embryonic stages and shares structural similaritiéls theat of KNOTTED-1 (KN1) of
maize [44]. Strong, most-likely null, allelgm-1completely lacks SAM structure and
produces just two cotyledons that are fused at the [E& 44, 46, 49, 57]. STM is

expressed in all cells of the SAM and downregulatecealts of the organ primordia

suggesting that it could play a role in maintainingeterminate growth of SAM cells
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either by keeping the differentiation program away frdme tneristem center or by
sustaining their cell division capability or both [46, 57The fused cotyledon phenotype of
stm-1mutants also suggest that it might play a role pragsing cell division activity in
boundary cells resulting in their proper separation.[#4ken together, STM appears to
control different aspects of growth in a context dejgmt manner. However, analytical
studies have not been able to address the function of SiHvregpect to patterning and
growth owing to the lack of meristematic tissue devalept in mutant embryos.

In this work, it has been attempted to transiently down reg8lEtélevels and monitor
the changes in SAM growth and patterning in live imagrgeriments to obtain better
insights into its function. Dex-mediated downregulatio®®Mby using dsRNAI approach
has revealed that inactivation of STM function at atage of development results in
termination of SAM growth. It has been observed thaonudex application, the
differentiation program gradually moves closer to theristem center, culminating in
termination of indeterminate shoot growth by producingiach of fused and incomplete
flowers at the tip. The gradual appearance of diffia&on program in cells closer to the
center was evident by both the appearandeRB expression andS2expression in cells
of the CZ upon 3-4 days after dex application. Ssimpgly enough thé&Slexpression was
detected in central cells of SAMs up&TM downregulation. HoweveAS1 expression
appears in outgrowing primordia from cells located cltséne CZ upon six days after dex
application. This suggests that STM could cor&8Pexpression far more directly, where
as the appearance Af51 expression in cells located closer to the CZ couid pe an

indirect consequence of the premature shift in diffeméon program. Ectopic
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overexpression oAS2has been shown to result KNOX gene misexpression in leaves
apart from defects in adaxial-abaxial patterning, sugggstirole for AS2 expressing cells
or AS2 itself in timely downregulation of meristematic pragraand switch to
differentiation program [1, 149]. Therefore it appedi STM is required to repress2
expression from the SAM-center and at the sameAiS&may be required to turn of STM
expression and allow for differentiation program to progress.

Establishment of maximal auxin response regions witnRZ of SAMs has been
considered to be one of the early steps in the diffateorii program [43-44, 113].
However, the casual relationship between STM-downatigul in organ anlagen and
appearance dDR5 expression has not been understood. Work presenteddwaals that
DR5 appears in cells of the CZ upon STM downregulatioggsesting that one of the
functions of STM is to prevent the CZ cells from responding to atxnte STM has been
shown to activate cytokinin biosynthesis, it is pass that the resulting lower
cytokinin:auxin ratios upo®TM downregulation may create a local environment her t
CZ cells to respond to auxin. However, such simplestiolanation does not hold because
lowering cytokinin levels (see chapter Il) does netltein ectopidR5 expression in cells
of the CZ, on the contrary it results in complete abolitioDRb expression even in the PZ
cells. This suggests that the STM-mediated inhibigbdifferentiation promoting factors
such asAS1and AS2could play a predominant role in keeping the CZ celtenf not
responding to auxin than the higher cytokinin:auxin ratlose.

It has been shown that double mutant combinatiazuol andstmenhance cotyledon

fusion defects observed cuc mutants in early embryonic development suggestingea
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for STM in boundary development either by directly ahnectly controlling the activities

of CUC genes. This study reveals that the downregulatio®8Tdfl results in a temporal
delay in the appearance @UC2, marker gene expressed in cells that give rise to l@wynd
regions separating the organ primordia and the SAM. dlbéervation is consistent with
the development of fused bunch of flowers in terminating SAMET Mdownregulation.
Whether the delay inCUC2 expression is a cause or consequence of boundary
development requires future work and it involves anaty#ie timing of cell behavior with
respect to th&CUC2 expression. Analysis of cell behavior in differenttpaf the SAM
upon STM downregulation will also reveal the interplay betwemsl behaviors and

patterning.
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APPENDIX A
A. New vectors (design, map, and applications)
A.1 pMTX003vector map, construction, and applications.

Al.1 The map opMTX003

Bglll (540)
NPTH %T—DN& LB
NOS terminator
V< BASTA
Bglil (5837) NOS
7. pMTX003(promoterLESSH2BmYFP) i °
T-DNA RB Kpnl (1935)
355 PolyA
EcoRI (5166)
NOS terminator
Sacl (4906)

Bgill (3910) BamHI (3726)

Al.2 The construction gsdMTX003
A standard molecular biology was used to consfrMT X003vector ().
Al.3 The application gpMTX003

ThepMTXO003is a Gateway compatible destination vector. gl X003can be used to
analyze the promoter of a gene of interesting. Certaen (8Kb to 5Kb) of a promoter
sequence is cloned inpENTR D/TOPOQrector (Invitrogen). After verifying the sequence
and orientation of the promoter pENTRcloning vector, LR reaction is carried out to

move the promoter intpMTX003 ThepMTX003vector ispGreen02%ased vector that
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pSoupis required forpMTX003in Agrobacteria GV3101. An example application of
pMTXO003is illustrated by the analysis of tl&.2 promoter. Thé&sL2 gene is expressed in
L2 layer in the shoot apical meristem.

A.2 The construction ggMX6xOPs-GWector

A.2.1 The map opMX6xOPs-GWector

RB

/ pMX207PZP222
/ EcoRI (1078)

p6xOPs+mini

Clal (1414)

Cla1(8794)
—

Kpnl (1569)

W\ attR1
pMX60Ps GW \
|\ BamHI (1799)

11200 bp qu-

| EcoRI (2049)
CMR)

“ Ncol (2350)
\BamHI (2502)
Smal (2920)
cddB

Pst1(3175)
attR2

Spec

BamHI (3363)
\\ 35S PolyA
\PstI (3590)

indrir (3598)
Necol (4588)

GENT

LB

A.2.2 The construction giMX6xOPs-GWector

A standard molecular biology was used to constphdTX003vector (). A gateway
module was moved from pMDC32 into the original p6x@&stor by Kpn | and blunt end
of Sacl into Kpnl and blunt end of BamHI (3363). ThaenB11(3363) was re-created by

blunt end ligation. pMX207PZP222 can be used to sequenéa@fs cascade.
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A.2.3 The application gpMX6xOPs-GWector

The pMX6xOPs-GWector is a gateway compatible destination binary vehtd can
be used to express genes, RNAI hairpin, microRNA aatificial microRNA of interest by
dexamethasone induction. Once the component of interedbnged and verified into
PENTR D/TOPO vector (Invitrogen). LR reaction can bedito move the component into
the pMX6xOPs-GWvector. The backbone of theMX6xOPs-GWvector is based on
pPZP222. The antibiotic selection for bacteria ixspemycin. The selection for plants is
gentamicin. Both ASE and GV31G@rabacteriumstrains can be used for this vector to
transform plants.

An example of the application of tipdX6xOPs-GWector is illustrated by the spatial
manipulation of cytokinin positive signaling ARR1dhapter 2
A.3. The maps of constructs that were used in thiedason

The plasmids listed here were used in this dissamtéad manipulate cytokinin levels

and or alter the cytokinin signaling.
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A.3.1. pENTR::ARRADDK::GR

MX312rGR
HindIIl (4961)

EcoRI (4892) TOPO® binding site

HindllI (4808) attL.2
GR T7 promoter
Aval (4271) T7 primer
st (4168) /—/ M13 reverse primer
BamHI (4144) g Kan(R)
Smal (4140) w_]
Aval (4138)
Xmal (4138)
MX281ARR1F1903 nd
pENTR/D-TOPO::ARR1/dDDK::GR
ApaLl(3705)
Aval(assa) ) 4983 bp |
Aval (3477)
ARRL/ADDK - pUC origin
MX281ARRLR896  Apall (1573)
Aval (2058) :
MX318F459 \ rmB T2 transcription terminator
Ncol (2580) rrB T1 transcription terminator
directional TOPO® overhang M13 (-40) forward primer
TOPO® binding site M13 (-20) forward primer
attL1 Aval (2453)
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A.3.2.pENTR/D-TOPO::CKX3

NOS
Spe 1(4164) TOPO hinding site
Ava 1(4154) attL2
Ava 1(3888) T7 promoter
Neo 1(3732) T7 primer

Neo 1(3443)
CKX3
Eco RI(3366)

M13 reverse primel
Kan(R)

Neo 1(2959)

Eco RI(2718) |
Neo T0g) pENTR/D-TOPO::CKX3::NOS < ~
e L 4436 bp
sl
Ava 1(2580) .
XmaT(2s80) A\ < puUC origin
5-GGTG overhang ‘k 7 Apa 11 (1573)
directional TOPO overhang
TOPO binding site rmB T2 transcription terminator
attL1
Ava 1(2453)

M13 (-20) forward primer
M13 (-40) forward primer

rmB T1 transcription terminator
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A.3.3.pMTXone6xOPs::CKX3::NOS

pOP06x Xhol (1)
- CKX3
P i,
XhoI(1634)
KpnI(1966)
WOS
RB
pMTXone6x0Ps::CKX3::nos
Xhol (15884) ——
21089 bp
Xhol (14792) -

/

LB

A.3.4.pMTXone6xOPs:: IPT7::35S poly(A)

pOPO6X Xhol (1)

Kpnl (1384)

WS poly(A)

RB

pMTXone6xOPs::IPT7::35SPoly(A)
Xhol (15302) e
20507 bp

Xhol (14210) ~—

_/

LB

A.3.5.pBInNSRNACN::CKX::NOS
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Clal (16966)
NOS T?
NPTII P35S
Pstl (15477)
pNOS

Right Border /\

~ Pst1(653)
—___PstI(1760)

AlcR

_Pst1(3043)
: " PstI (3266)

\ * NOS Terminator
Hm dIII (3529)
pAIcA
Pst1(3814)

pBinSRNACN CKX3
17298 bp |

Spel (3816)
CKX3
Pst1(10545) Spel (5394)
Pst1(5410)
NOS terminator
HindlII (5668)
Left Border

A.3.6.pMX6xOPs::ARRADDK::GR::35S poly(A)

RB
pMX207PZP222
NEcnRI (1078)
/ ~_P6xOPs+mini
N Clal (1414)
Kpnl (1569)
\\\\attBl
" Neol (1646)
MX281ARR1R896
ARR1/dDDK
MX281ARR1F1903
Smal (3206)

ClaT (9583) ~__

\
\

pMX6x0Ps::ARR1dDDK::GR:35S Poly)

11989 bp

BamHI (3210)
Pst1(3234)
GR
HindIII (3874)

Spec

EcoRI (3958)
HindlIII (4027)
1| Mxaz2rGR
||{TOPO® binding site
attB2
|\ BamHI(4152)
355 polya

“‘;PstI (4379)
| ‘HindIII (4387)
“Ncal (5377)
GENT

A.3.7.pENTR?D-TOPO STM NS
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TOPO binding site
attL2
T7 promoter

/\TYprimer

M13 reverse primer

BamHI (3740)

STMNS

HindIII (3147) Kan(R)

Pst1 (2585)

5'-GGTG overhang
directional TOPO overhang

TOPO binding site

PENTR/D-TOPO STM NS@2 |
3750 bp I

attL1
Aval (2453)
M13 (-20) forward primer
M13 (-40) forward primer pUC origin
rrnB T1 transcription terminator Apdll (1573)

rrB T2 transcription terminator

A.3.8.pENTR/D-TOPO::SRDX

SRDX
BamHI (2582)
5'-GGTG overhang

directional TOPO overhang
TOPO binding site TOPO binding site
attL1 attL.2
Aval (2453) T7 promoter
M13 (-20) forward primer/\’;\\ \//> ﬁmprimer
M13 (-40) forward primer o <J M13 reverse primer

rmB T1 transcription terminator

B T2 transcription terminator 7

MXSRDX in pENTR/D-TOPO@2

2625 bp

Apall (1573)
puUC origin
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