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CHAPTER 1: GENERAL INTRODUCTION

The plant vascular system is a network of continw@seular bundles that extend throughout the
plant and transport water, nutrients, and regulatory moledasesi( 1965; Nelson & Dengler,
1997, Taiz &Zeiger, 201). Vascular bundles are cylinders of radially juxtaposgdm and
phloen® thetwo vascular tissues. Xylem transports water from root to shoot, and phloem
transports photosynthates from source to 88gues Taiz & Zeiger, 201] The continuiy of
vascular tisge® a requirement for transport functidns achieved by the erd-end alignment

of cells in files that extend the length of the vascular bundlaiz & Zeiger, 201D During plant
growth by lengthening primary growtld xylem and phloem ffierentiate from within bundles

of files of continually dividing, vascular precursprocambial cellsBeck, 200%. In some plants,
a layer of mitotically inactive procambial cells remains in each vascular bundle, between the
xylem and phloem formed durimggimary growth Beck, 200%. Duringplant growth by
thickening secondary growth this procambial cell layer resumes cell division to give rise to
the vascular cambium, from which secondaylem and phloem differentiate

Auxin Transport in Vascular Development
A number of substances can trigger vascular cell differentiéitouse & Sasse, 199Bettmer
et al., 2009Werner & Schmulling, 2009 but auxin is the only molecule that promotes the
formation of continuous vascular strands. Exogenouscgtign ofauxinto hypocotyl or root
tissues inducesthe differentiation of parenchyma cells intascular cell files thatonnect the
appliedauxin withthe pre-existingvasculature$achs, 1981 The auxirinduced vascular
differentiationresponses characterized by five definimroperties $achs, 1981; Berleth et al.,
2000. First, the response is local: the vascular strand is initiated at the specific site of auxin
application. Second, the response is polar: vascular strand formpedimedg$rom the site of
auxin application towards the bagalle of the plant Third, theresponse is continuous: the
differentiation process generates uninterrupted files of vascular cells. Rbartesponse is
radially constrained: vascular cell files areamized in narrow bundles. Fifttheresponse is
dependent on auxin transport: tiesponse is obstructed by polar auxin transport inhibitors
suggesting that it is the transport of auxin, and not goeirse that is required for vascular
strand formatia. Theseconsideration§ or m t h e GaaaizatorHy p ot hSachd) s 6 (
1981; Sachs, 1991The hypothesis proposes that auxin flow through a cell gradually increases
t hat cell 6s capability to tr ansenayasttheeellixi n, t h
able to transport higher volumes of auxin. Canalization occurs because broad areas of auxin
transportcompetent cells, with a net apolarity of transport, gradwa#ifrict tonarrow cell files
of robust, polar auxin transport. |t is these
(Sachs, 1991

Theapicatbasal polarity ohuxininducedvascular strand formation suggests that the
underlying mechanism recruitslpocues already present in the organi$hre sensitivity of
auxirnrinducedvascular strand formatidio polar auxin transport inhibitors suggest that those
polar cues may be provided by the polar transport of auxin occurring in plant tissues. Auxin is in
fact synthesized primarily in young leaves and floral buds and is transported, mainly through
vasculattissuestowardsthe root§Lomax etal., 19956. The O Chemi osmoti c Hy|
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proposes a cellular mechanism by which laiigfance, polar transport of>an could occur
(Rubery & Sheldrake, 1974; Raven 197bhe hypothesis is based on theetvation that
Indole-3-Acetic Acid (IAA), the most prevalent auxin in higher plants, is a weak &uddry &
Sheldrake, 1974 and is therefore protonated to IAAHtime acidic extracellular space; the non
polar IAAH could enter the cell by passive d#fon across the plasma membrane. Once inside
the cell, the neutral pH of the cytosol would cause IAAH to deprotonate to the anionic form,
IAA". To exit the cell, thegdar IAA" would require the action of efflux carrier proteins.
Importantly, the hypothesis predicts that these auxin efflux carriers are localized to the basal
plasma membrane onlgnd that this polar localization of auxin efflux carriers is the driving
force of polar auxin transpomR(bery & Sheldrake, 1974; Raven 1975

The Arabidopsi®IN-FORMED(PIN) gene family has eight membeRI1-PINS)
(Papanov et al., 2005five of which encode proteins tHatalize to the plasma membrane
(Galweiller et al1998; Muller et al., 1998 riml et al., 2002Friml et al., 200B; Vieten et al.,
2005. The plasmanembrandocalized PIN1 protein has 12 transmembrane alghal
segmentsa structure that is common to a superfamily of bacterial and eukaryotic transport
proteins, whose substrates are as diverse as drugs, sugars, and oligosaccharides (Marger & Saier
Jr., 1993; Galweiller et al., 1998)he PIN1 protein had originally beenphtated as a crucial
component of the auxin transport machinery becpirsemutants have reduced auxin transport
andpinl mutant phenotypes can be mimicked by growing syfoe plants on polar auxin
transport inhibitors (Okada et al., 1991; Galweillealetl998; Mattson et al., 19p9Consistent
with the predictions made by the Chemiosmotic Hypothesis for auxin efflux carriers, PIN
proteins localize polarly to theggma membrane of mature cé(Balweiller et al., 1998; Muller
et al., 1998; Friml et gl2002b;Friml et al., 2002Vieten et al., 2005)and are sufficient to
promote auxin efflux in both Arabidopsis and heterologous cell systeetsaéek et al., 2006

While the Chemiosmotic Hypothesis does not predict the existence, or requirement, of
auxin influx carriersAUXIN-RESISTANT{AUX]) andLIKE-AUX1(LAX) 1, LAX2andLAXS,
which encode proteins similar to plant and fungal amino acid permeases, encode putative auxin
influx proteins (Bennett et al., 199Barry et al., 2001 To datehowever, only AUX1 and
LAX3 have been biochemically characterized as auxin influx prot&iasd et al., 2006;
Swarup et al., 2008AUXL1 is localized polarly to the apical é@tateral plasma membrane of
leaf epidermal cellsReinhardt et al., 200&nd tle apical plasma membrane of root phloem
cells Swarup et al., 20Q01while LAX3 is apolarly localized to the plasma membrane of root
phloem cells $warup et al., 2008Chromaographic measurements of auxin concentrations
indicate thauxlmutants oveaaccumulate auxin in leaves, but ungercumulate auxin in roots
(Marchant et al., 2002As such, AUX1 may be involved in loading auxin in source organs (i.e.
leaf) and unloadig it in sink organs (i.e. rootBvarup et al., 2001; Marchant et al., 2002

Auxin Signal Transduction in Vascular Development

If proper auxin transport is required for vascular strand formation, auxin signal transduction
should be required to trigger vascular cell differentiation. The auxin signal transduction cascade
is initiated with the binding of auxin to an auxin receptothefTRANSPORT INHIBITOR
RESISTANT1/AUXIN SIGNALLING FBOX PROTEIN (TIR1/AFB) family Dharmasiri et

al., 2005; Kepenski & Leyser, 2005IR1 is the Fbox protein subunit of the SCR* (SkpL-
Cull-F-box protein) E3 ubiquitin ligase comple@ray et al., 199), which also comprises
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CULLIN1 (CUL1) [encoded bAUXIN RESISTANTEAXRG (Hellmann et al., 2003and two
proteins relatd to yeast Skpl, ASK1 and ASK2 (ARABIDOPSIS SkpKE1 and 2) Gray et
al., 1999. Upon binding to auxin, TIR1 recruits proteinstioé AUXIN/INDOLE-3-ACETIC
ACID (AUX/IAA) family into SCF™™, where ubiquitination targets them for degradation by the
26S proteasom@harmsiri et al., 2006 TheHEMIVENATA(HVE) gene encodes a CAND1
(CULLIN-ASSOCIATED AND NEDDYLATION-DISSOCIATED) protén that interacts with
CUL1/AXR6 to regulate the formation of the SEEE complex(Alonso-Peral et al., 2006

When not bound by TIR1, AUX/IAA proteins interact with transcription factbth®
Auxin Response FactgARF) family. ARF proteins bind AuxilResponse Elements (AuxRES)
in the promoter of auxinesponsive geneki(l et al., 1994; Kim et al., 199Guilfoyle et al.,
1998 through an aminderminal, plantspecific DNAbinding domain (Liu et al., 1994
Domains Il and 1V in the carboxierminal egion allow ARF proteins to form homor hetere
dimers with other ARFs, or with AUX/IAA proteins, which also contain doséinand 1V in
their carboxyterminal regionsKim et al., 1997. ARFmediated transcription is repressed by the
formation of a complex between ARFs, AUX/IAASs, and the global transcriptionateqressor
TOPLESS (TPL), which binds to domain | of AUX/IAABrough an EAR ([Ethylene Response
Factor}associated Ampiphilic Repression) mofizémenyei et al., 20R8TPL functions as a
trarscriptional cerepressor through its histone deacteylase activity, which by chromatin
remodelling inhibits spatial availaliyf of DNA to transcriptional machinery at the location of
the ARFAUX/IAA -TPL complex on the chromosonieofg et al., 2006

AuxREs are cisacting elements that confer auxin responsiveness to the promoter of
auxinresponsive gene8dllas et al., 1993; Li et al., 1994; Liu et al., 1994; Ulmasov et al.,
1995. Naturally occurring AuxREs contain a TGTCTC element, or an element watiedel
sequencelonner et al., 20Q9Valcher & NemhauseR011), and an adjacent or overlapping
coupling elementylmasov et al., 1995The TGTCTC element confers auxin responsiveness to
the promoter, while the coupling element confers constitutive expnetssthe genel{imasov et
al., 1997. The TGTCTC element represses activity of the coupling element when auxin levels
arelow; at high auxin levels, repression of the coupling element is released and the auxin
inducible gene is transcribedlmasov et al 1995. Synthetic AuxREs have been created that
employ multimers of the TGTCTC element with appropriate spacing andairen@Jimasov et
al., 1997. The synthetic AuxRE DRS5 contains tandem repeats of the TGTCTC element and a
TATA box (Ulmasov et al.1997. DR5 has found widespread use among plant biologists as a
means to visualize auxin distribution. Fused to a repoeee gOR5 confers auxiresponsive
reporter gene expression that provides a snapshot of auxin distribution at the cellular level in
wild-type or mutant backgrounds (e.8abatini et al., 1999; Mattsson et al., 2003; Friml et al.,
2003.

The role of auxirsignal transduction in vascular development is reflected in the high
levels of auxin signallingy visualized through DRS8Irivenreporter gene expressidrihat
defines prospective vascular cells (Friml et al., 2008ttson et al., 2003; Aida et al., 2004;
Ibanes et al., 2009and in the vascular defects of mutants in components of-dependent
gene regulation, such 86l (Ruegger et al., 1998axr6 (Hobbie et al., 2000 andhve (Alonso
Peral et al., 2006 However, the most dramatic examples of imphaexin signal transduction
and associated vascular defects are found in mutaAiRES/MONOPTEROSVP) (Berleth &
Jurgens, 1993Przemek et al., 1996; Hardtke & Berleth, 1998; Mattsson et al.) 203
mutants have fewer vascular strands, and within these vascular strands cells are misaligned
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(Berleth & Jurgens, 199®8rzemek et al., 1996Because mutation P greatlyreduces or
abolishes levels of an integral component of the auxin signal transduction machinery, vascular
defectsn mphave beemterpreted as failure foroperlyexpress auxiiesponsivegenes that
regulatevasculardevelopmen{Mattson et al., 2003)onner et al., 2009)

Leaf Vascular Development
The leaf is a convenient organ in which to study vascular patterning because leaf vascular strands
( 6vei ns 6)dermvaiuring therdavelapment of every new leaf. A mature leaf is
characterized by mumber of vascular pattern hallmarks: a prominent, central, primary midvein
that extends the entire length of the leaf; secondary vein loops that branch off the midvein, and
connect distally to the midvein or other vein lspgnd tertiary, higheorderveins that branch
from the midvein or loops, and can either connect two veins or end freely in the leaf (Kang &
Dengler, 2002

At early gages of leaf developmenhe subepidermal tissue of the leaf primordium is
composed of morphologicatigentical, i®diametric ground cells. Ground cells differentiate into
one of two mutuallyexclusive cell types: mesophyll cells and procambial cells. Procambial cells,
which are characteristically elongated cells with dense cytoplasms, are the precursors of all
maturevascular cell types (Esau, 1965; Nelson & Dengler, 199fbund cellghatwill
differentiate into procambial cells initiagxpression of the gen@§ HB8(ARABIDOPSIS
THALIANA HOMEOBOX BandSHR(SHORTROOT) (Kang & Dengler, 2002Scarpella et al.,
2004 Gardiner et al., 2031Direct downstream targets AT HB8have not yet been reported,
but available evidence suggests possible functionaTétB8in procambial development
(Donner et al., 2009 While the function oSHRIn leaf vascular developmentnst known,
SHRIs required for the corredifferentiation of vascular tissues in the r¢du et al., 2010

Auxin Transport in Leaf Vascular Development

Consistent with theritical role of auxin transport ithe development adther organs, polar

auxin transport is crucial to the development of the leaf and its veins. Because expression of
plasmamembrandocalized PIN proteins marksiax i n 6 s e x i t \Wisniewskafet om t he
al., 2006, auxin transport paths in leaf development can be vigaehby imaging PIN protein
localization. PIN1 is the only plasamembrandocalized PIN to be expressed at early stages of
leaf developmen{Scarpella et al., 20063tages at which PIN1 localizes to the apical plasma
membrane of all epidermal cells, sugges auxin transport towards the apex of the leaf.
Coordinated apical localization of PIN1 in epidermal cells results in formation of argence
point of opposing PIN1 polarities at the leaf t§rérpella et al., 200&Venzel et al., 20Q7and
successe appearance of a subepidermal domain of PIN1 expression connected with the
epidermal convergence point suggest that auxin enters sulrepidisisues at epidermal
convergence points. The subepidermal PIN1 expression domain is initially broad butlgventua
narrows to the site of midvein formatioBdarpella et al., 2006; Wenzel et al., 200his

dynamic seems to be reiterated during foramabf the lateral (i.e. lower) component of each
vein loop: formation of a PIN1 convergence point in the margipalermis at the side of the

leaf; formation of a broad bapidermal domain of PIN1 expression that connects the epidermal
convergence point with the developing midveingdrestriction of the broad subepidermal
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domain of PIN1 expression to the futureesif formation of the lower component of the vein

loop. Consistent with these dynamiepjdermal expression &fIN1 is sufficient to direct normal

patterning of midvein and vein loops (Bilsborough et al., 20didwever, unlike the midvein

and lateral commonents of vein loops, marginal (i.e. upper) components of vein loops and-higher

order veins both originate from subepidermal PIN1 expression domains that branch off of pre

existing PIN1 expression domaiwith no correlation to any epidermal points of gergent

PIN1 polarity Gcarpella et al., 2008Yenzel et al., 2007 Marginal and higheorder PIN1

expression domains are initially freelgddng but can connect to pexisting PIN1 expression

domains on both sides, the latter being usually the casenaithinal PIN1 expression domains.

In all narrow PIN1 expression domains, PIN1 polarity is always directed 4exs#ng veins:

freely endng PIN1 expression domains display a single uniform PIN1 polarity, while in

bilaterally-connected PIN1 expressionrdains the two opposite polarities at the extremities are

integrated by a bipolar cell along the course of the connected PIN1 expression domain.

Consistent with expression of PIN1 at stages critical for vein pattepimbmutant leaves

showcharacteristic defects: bifurcation of the midvein towards the learigblateral veins

often failto connect to thenidvein and instead run parallel to it to form a wide midvein

(Mattsson et al., 1999; Bilsborough et al., 20More severely affgedleaves inpinl show

separation defects (6fused | eave)sd) (Okada et
Disruption of auxin transport by treatments with auxin transport inhibitors provides an

additional means to analyze the contributions of auxin transport to legattanning.

Obstruction of auxin transport in wiype leaves causes major alterations in auxin distribution

that are associated with defects in vascular patterning similar to, yet more severe than, those in

pinl (Mattsson et al., 1999; 2003; Sieburth920 Enhanced sensitivity aithb8mutant leaves

to auxin transport inhibitors suggest thdatHB8is required to stabilize developing veins against

disruptions in auxin transport (Donner et al., 2009

Auxin Signalling in Leaf Vasaular Development
Visualization of auxin response in developing leaves through the activity of the DR5 promoter
has implicated auxin signalling in leaf vein development: DR5 expresdibasgongestn
ground cellgust prior to the elongationinto procambial cellssuggesting that vascular
differentiation occurs at sites of maximum auxin respokktéson et al., 2003DR5
expression fades during differentiation of procambial cells into vascular cells, and is very low or
absent in mature veinMattsson et al., 2(B).

The necessity of auxin signal transduction to proper leaf vein development can be
observed in leaf vascular phenotypes of mutants in components ofdmpendent gene
regulation, such aaxr6 (Steynen & Schultz, 200&ndhve (Alonso-Peral et al., 208). MP
mutant leaves show the most severe examples of impaired auxin signal transduction phenotypes.
Leaves of strongpalleles have an extremely reduced and simplified vascular pattern, which
often consists of only a bifurcated midvein and scatteredfregments Przemek et al., 1996;
Donner et al., 2009 Veins inmpleaves are often interrupted and composed of few, improperly
aligned vascular cells (Przemek et al., 996nner et al., 20Q9Leaves of weakipalleles
show a spectrum of vascular phgmes, ranging from a complexity similar to that of wild type
to a more simplified vascular pattern with a bifurcated midvein (Donner et al).2009
Additionally, leaves ofwveakmpalleleslack vascular tissues at the leaf margins and therefore
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showamorédicentr al i zedo v as c U.lTkespatial@assdciBtiopetween et al
location ofauxin maxima and sites of vein formationthe leafappear to bdisruptedn mp
mutantsand this may be responsible for the severely reduced vascular compferipyeaves
(Wenzel et al., 2097 Consistent with a role in leaf vein patterniMp transcripts initially

accumulate in broad, subepidermal domaithe leaf that become restect during leaf

development to sites of incipient vdiormation (Hardtke & Berleth, 1998; Wenzel et al., 2007
Restriction of transcript accumulation seems to coincide with increase in transcript abundance at
sites that prelude vein formatiowénzel et B, 2007). MP transcript accumulation is highest in

files of procambialell precursorsintermediate in procambial strands, and very low or absent in
fully differentiated, mature veins (Wenzel et al., 20@&Xpression of the MP proteduring leaf
development follows a similar dynamic:tial expression in broad domains that resolve into

narrow sites of vein formation before subsiding to undetectable I&amér et al., 2009 MP

is a direct, positive regulator &THB8 and this interaction is essential &arly (/einand auxin
responsiveexpressiorof ATHB8(Donner et al., 2009 suggesting that activation ATHBS8

expression is one of the direct inputs of liediated auxin signal transduction in leaggular
development.

Scope ofthe Work

This research will investigate the contributions of light perception and polarity alterations in leaf
vein development. Although light provides a crucial energy source for plants, its role in
regulating plant development through signal transduction hggecgntly been elucidated, and

any possible role that light perception plays in tissue patterning has been largely uninvestigated.
Similarly, althoughchangesn PIN1 polarity occuthroughouteafvein patterning(Scarpella et

al., 2006; Wenzett al., 2007, the expresen and functiorof the AGCVIlla seringhreone

kinase® proteins that regulate PIN1 poladtyduring early stages of leaf and vein development
remains unknown. My research will investigate these two areas, and provide imipsitdris

into previously unexplored facts atixindependent vein formation.



CHAPTER 2: THE ROLE OF LIGHT SIGNALLING IN ARABIDOPSIS
LEAF VEIN DEVELOPMEN T

Introduction

Thevascular system of platgaves is a continuous network wdiscular strands i v e that s 0 )
transport watemutrients, and regulatory molecul&séu, 1965; Nelson & Dengler, 1997; Taiz
& Zeiger, 2010. From a developmental standpoint, the formation of the vein network is
particularly intriguing because it seems to oadeinovaduring the development of each new
leaf (Foster, 1952; Pray, 1963\t early stages of leaf development, the subepidermal tissue of
the leaf primordium is composed of ground @elisodiametric, morphologically identical

cellsd that will differentiate into éher photosynthetic mesophgklls or vasculaprecursor
procambial cells$carpella et al., 2004Files of ground cells that will differentiate into
procambium can be recognized because they selectively express the homeoldok-tigBe
(ARABIDOPSIS THAIANA HOMEBOX GENE)&andSHR(SHORTROOT) (Baima et al.,

2001; Scarpella et al., 2004, Gardiner et al., 2011

While the molecular details are not entirely clearole for the plangignalling molecule
auxinand its polar transport wein formation is supported by varied evidenaaxin application
induces formation of neweins Sachs, 1989 the inductive effect of applied auxin on vein
formation is suppressed by auxin transport inhibit@srgéani, 198)f and auxin transport
inhibitorsinduce defined and reproducible defects in \g@tterns lMattsson et al., 1999;
Sieburth, 1999 Auxin is primarily synthesized in young apical organs, and is transported
polarly to the rootgLjung et al., 2002 This polar auxin transport &complished at the cellular
level by the asymmetriotalization to thgplasma membrane of vascular cells of auxin efflux
proteins of the PINNORMED (PIN)family (Galweiller et al., 1998; Muller et al., 1998riml| et
al., 2002;Friml et al., 2002pVieten et al., 2005Petrasek et al., 2006 The pinl mutant of
Arabidopsis shows a range of leafdvascular defects, which can inclu@af fusionmidvein
bifurcation,andimproper veinconnection Qkada et al., 1991, Mattsson et al., 1999; M.
Sawchuk & E Scarpella, unpublish¢dwhich suggestghatPIN1is a critical component of
auxin transport duringpaf andvein development.

While auxin transport is required for vein formation, auxin signalling is reqéored
vascular celldifferentiaion (Friml etal., 2003 Mattson et al., 2003; Aida et al., 2004, lIbanes et
al., 2009. Auxin promotes vascular cell differentiation through complex transcriptional cascades
that are mediated by the ARF (AUXIN RESPONSE FACTOR) family of transcription factors
(Ulmasov ¢ al., 1999. ARFs bind auxirresponse elements in the promoters of av@gponsive
genes, buin the absence of auxtranscription is repressed by formation of a complex between
ARFsand repressor proteins of tA&JX-IAA (AUXIN/INDOLE-3-ACETIC ACID) family
(Ulmasov et al., 1997 Auxin promotes gene transcription by bindirtg anauxin receptoof the
TIRVAFB (TRANSPORT INHIBITOR RESISTANT1/AUXIN SIGNALLING FBOX
PROTEIN)family and to AUX/IAAs, thustargetng AUX/IAAs for degradatiorand releasing
ARFsfrom inhibition (Dharmasiri et al., 20Q%Kepinski & Leyser, 200b Thearf5/monopteros
(mp mutant of Arabidopsis has fewer vascular strands, and in which vascular cells are
frequently misaligned, suggesting t#&F5/MPis a crucial component of auxin signal
transduction in veinlevelopmentBerleth & Jurgens, 199®rzemek et al., 1996



Light is the primary source of energy to plaatsd the mairsignal plantsise to acquire
information ontheir surrounding environmerlants have developed sophisticated methods to
sense the quality, quantity, direction, and duration of light throughdigising proteins called
photoreceptorsyhich initiate transductionascadeto triggercomplexdevelopmentaind
physiological regonsegSmith & Whitelam,1997; Devlin et al., 1999; Quail, 2002; Devlin et
al., 2003. There are three main families of photoreceptoirabidopsis CRYPTOCHROMES
(CRY1,CRY2)andPHOTOTROPINSPHOT1, PHOT?2), which perceiug¢V-A andblue light
(Cashmoreet al., 1999Briggs & Huala, 1999 andPHYTOCHROMES(PHYA, PHYB,

PHYC, PHYD, PHYE) which perceiveadfar-redlight (Sharrock & Quail, 198Clack et al.,
1994). Available evidencdas associatgehotoreceptemediated light signal transductievith
mostlyguantitativeresponse plant developmen(e.g., hypocotyl elongation, cotyledon
expansion, and transition to flowerin@g., Neff & Chory, 1998 Mockler et al., 1999 and

very few studies have investigated the role of light in patterning of plant featuge¥ ¢shida
et al., 201} Here | have expled a possible role fdight signaling in vein patterningl found
thatspecific photoreceptors perceiving both 44¥blue and red/fared light are expressed at
early stages of vein developmenhhe photoreceptoiSRY1, CRY2 PHOTY], andPHOT?Z2 as

well asPHYA B, D, andE, are redundantly requirdd negativelycontrolvein network
formation.l also found thaPHY Cantagonizes function ®#HYA PHYB PHYD, andPHYEIn
vein network formationAdditionally, PHYB-mediated red/fared light perception antagonizes
the function of PINidependent polar auxin transport in vein formation.

MATERIALS AND METHOD S

Vector construction

To generat€RY::YFP, PHOT::YFP and PHY::YF®anscriptional fusions, the respective
genesb6 upstream r e gArabidogsis thaian@cotgpm@dl gehomic NA r o m
using Finnzymes Phusion higidelity DNA Polymerase (New England Biolabs Inc., Ipswich,
MA, USA) and gensspecific primergTable 1) To generate CRY1::YFP, the 23bB region
from -2587 to-274 (with respect to the start codoo) CRY 1(AT4G08920) was used. To
generate CRY2::YFP, the 11-b® region from1303 to-184 of CRY2(AT1G04400) was used.
To generate PHOT1::YFP, thé3l-bp region from4636 to-5 of PHOT1(AT3G45780) was
used. To generate PHOT2::YFP, the &@dregion from898 to-34 of PHOT2(AT5G58140)
was used. To generate PHYA:YFP, the 26@3region from2609 to-6 of PHYA
(AT1G09570) was used. To generate FB4YFP, the 1674p region from1809 to-132 of
PHYB(AT2G18790) was used. To generate PHYC::YFP, the 8&gion from5542 to-54
of PHYC(AT5G35840) was used. To generate PHYD::YFP, thel322gion from760 to-38
of PHYD(AT4G16250) was used. Tgenerate PHYE::YFP, the 75 region from763 to-7

of PHYE(AT4G18130) was used. The amplified regions were integrated into pPDONR221
(Invitrogen, Carlsbad, CA, USA) with BP Clonase II (Invitrogen), sequence checked, and
recombined into the Gatewayaped pFYTAG binary vector, which contains a translational



fusion between the coding region of histone 2A (HTA6; AT5G598700) and that of the enhanced
YFP (EYFP) (Zhang et al., 2005), with LR Clonase Il (Invitrogen).



Table 11 Oligonucleotidesu s ed t o amplify photoreceptor genesb®b

Gene

Oligonucleotides

CRY1

CRY1 FOR: GGG GAC AAG TTT GTA CAA AAA AGC AGG CTC AAATAT AAAATAGTT GGA G
CRY1 REV: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTG GAC AAA GTA GTC TCT AAG

CRY2

CRY2 PROM FOR 2: GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG GTG TGA GAT CAG TTA AAG
CRY2 PROM REV 2: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC ATA ACA GAG AGA GAT TCG

PHOTY

PHOT1 FORW: GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG ATA CCA TAA AGG AAT ACAG
PHOT 1 REV: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC TCT CTC TAT ACA CGA AAC

PHOTZ

PHOT2 FORW: GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG CGG GAA AAT AAT AAG GC
PHOT2 REV : GGG GAC CAC TTT GTA CAA GAA AGC TGG GTA GAG TAATGA ATAGTC TGC

PHYA

PHYA FORW: GG5 GAC AAG TTT GTA CAA AAA AGC AGG CTC AAA CTG AAG AAG AAG ATG
PHYA REV: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTT CCT GAC ACA GAG ACAAGAC

PHYB

PHYB FORW: GGG GAC AAG TTT GTA CAA AGC AGG CTG ATT ATG AGA GAACGAACAC
PHYB REV: GGGGAC CAC TTT GTA CAA GAA AGC TGG GTG AGG AAG AAG AAA ATG GGG

PHYC

PHYC FORW: GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG AGC ACG CAA GAT GAT GAA AG
PHYC REV: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC AGA AAT GGA GGT GAG AG

PHYD

PHYD FORW: GGG GAC AAG TTTGTA CAA AAA AGC AGG CTG AGA ATC AAA AGA GTC CTG AG
PHYD REV: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTG AAT TAG TGC GAG AGA CGA AG

PHYE

PHYE FORW: GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG CGT AAG GAAGTG ACCTGAC
PHYE REV : GGGGAC CAC TTT GTA CAA GAA AGC TGG GTG GGG AAA GTG TGG AGT GAG
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Plant material, transformation, and growth conditions

Origins of lines used in this study are in Table 2itihts were genotyped with gesgecific

pri mers and 0L BDb-DNApdimeo @hyApSyS phyD, ghyE 2r§l, piotl,

phot2, with genespecific primers followed by restrictieenzyme digestiorphyB9, pinl-1,
mpB4149, or with genespecific primersdry2-1). Arabidopsisseeds were surfaeerilized,
synchronized, and germinated on growth meddurhalf strength Murashige and Skoog (MS)
Salts (Caisson Labs, North Logan, UT, USA), 15 gucrose (Fisher Scientific, Fair Lawn, NJ,
USA), 0.5 mg T MES (BioShop Canada IndBurlington, ON, Canada), 0.8% (w/v) agar
(Phytotechnology Laboratories, Shawnee Mission, KS, USA), p8l &f/the approximate
density of 1 seed chas previously describde(Scarpella et al., 2004Sealed plates were
incubated at 25°C under continuous fluorescent light (100 pfialin. 6 Days aft er
(DAG) are defined as days following exposure of imbibed seeds to lightFe@rseedling

were transferred to Promix BX soil (Evergro/Viggs) in 7 x 7- x 8-cm pots at a density of 0.1
seedlings cif. Seedlings were grown at 22°C under a 16 h/8 h light:dark photoperiod-of 130
140 pmol n¥s? (vein density analyses) or 1460 umol n¥s* (all other studies). Arabidopsis
plants (ecotyp€ol-0) were transformed witAgrobacterium tumefaciersdrain
GV3101::pMP90Koncz & Schell, 198pharbouring single photoreceptor transcriptional
fusions. Primary transformants were selected on growtiumesupplemented with 200 ug Tl
carbenicillin (T&nova, Hollister, CA, USA), 10 ug It glufonsinate ammonium (Sigr#sdrich
Canada Ltd., Oakville, ON, Canada), and 50 Ui§ nystatin (Bioshop Canada, Burlington, ON,
Canada)Ten singleinsertion lines per construct were analyzeddtermine the most
representative expression pattern of the gene. Detailed analyses were performed o at least
lines per construct that were chosen because of strong HTA6:EYFP expression that was
representative of the expression pattern of the.gene
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Table 27 Plant lines and their origins

Line Origin
ATHB8::CFP (Sawchuk et al., 2007)
cryl SALK_069292 (ABRCAlonso et al., 2003Ruckle et al., 2007) containirsgsingle TDNA at
position-1521 of CRY1(AT4G0892(
cry2-1 Guo et al., 1998
photl SAIL 147 _B12 (ABRC McElver et al., 2001¢ontaining a single -DNA at position-1880 of
PHOT1(AT3G45780)
phot2 SALK_051046 (ABRGC Alonso et al., 2003) containiragsingle TDNA at position-71 of
PHOT2 (AT5G58140)
phyAT SALK_014575 (ABRGC Alonso et al.2003; Folta, 2004) containiraysingle TDNA at
position-1164 ofPHYA(AT1G09570)
phyB9 Reed et al., 1993
phyG2 SALK_057517(Monte et al., 2003)
phyD SALK_ 126326 (ABRC; Alonso et al., 2003) containing a singleNA at position-55 o
PHYD (AT4G16250)
phyE SALK_ 092529 (ABRC; Alonso et al., 2003) containing a singlbNA at position-882 of
PHYE(AT4G18130)
pinl-1 Goto et al. 1987; Galweiler et al. 1998; WT at the TTG1 (AT5G24520) locus (M. Sawch
and E. Scarpella, unpublished)
mp~ 4 Weijers et al., 2006
arfs-2 Donner et al., 2009
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Table 37 Oligonucleotides and enzymes used to genotype mutants

Mutant

Oligonucleotides and enzymes

phyAT

phyA-LP: CCA GTC AGC TCAGCAATTTTC
phyA-RP: AAT GCA AAA CAT GCT AGG GTG
LBb1.3: ATT TTG CCG ATT TCG GAAC

phyB9

phyB91: AGC TAG TGG AAG AAG CTC GAT GAG GCC TTG
phyB9-2 2: ACC GTC ACATTT CAC TAA GTC CAT GAT ACT
Styl digestion

phyG2

PHYC 057517 RP: GAT GGA GCT GAG CAT AGA ACG
PHYCO057517 LP: TTAGGC TTACGT AGC TTG CCC
LBb1.3

phyD

PHYD-RP2: ATC GGT TAC AGT GAA AAT GCG
PHYD LP2 : AAC CCG GTA GAATCA GAATGG
LBb1.3

phyE

phyE-RP: TAT CAG TGG TTA AAC CCG TCG
phyE-LP: TTT GAT TGC TGT CGA AGA ACC
LBb1.3

photl

PHOT1 RP: TCACGATTG CTC CCATTA AAG
PHOT1 LP: TAT CGG GAA GCC TAG GAT CAG
SAIL LB3: TAG CAT CTG AAT TTC ATA ACC AAT CTC GAT ACAC

phot2

PHOT2 RP2b: AGT GTC ATT GCT CAC GGATTC
PHOT2 LP: ATG GCG CAT GTT CTG TTC TAC
LBb1.3

cryl

CRY1-RP: TCCCGA CAG ACT GGA TAC ATC
CRYLLP: TTC ATG CCACTT GGT TAG ACC
LBb1.3

cry2-1

CRY2 U/S FORCAG TCT CCATTG CGA CAAG
CRY2 U/S REV CAA CCT GTT ATC CTC CAC ATG

pinl-1

PIN1-1 FOR ATG ATT ACG GCG GCG GACTTC TA
PIN1-1 REV: TTC CGA CCA CCA CCA GAA GCC
Tatl digestion

m FFAMQ

MP1498S CTC TCA GCG GAT AGT ATG CAC ATC GG
MP 2082 ASATG GAT GGA GCT GACGTT TGAGTT C
Msel digestion

arf5-2

mp SALK 021319 RP: CCT TCT TCACTC ATC TGC TGG
mp SALK 021319 LP: CCT GGA AAC TGA TGA GCT GAC
LBb1.3
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Microtechniques and microscopy

Dissected leaves were mounted in water and observed with a 20x Planaprochromat (NA, 0.8)
objective on a Zeiss Axiovert 100M microscope equipped with a Zeiss LSM510 laser module
confocal unit (Carl Zeiss, Oberkochen, Germany). YFP was excited with therbllde of an
Argon laser at 55% of output (equivalent to approximately 6 A) and 5% transmission and
emission detected with a BP5635 filter. For colocalization analysis, leaves were observed
with a 40x GApochromat water (NA, 1.2) objective. CFP was teatiwith the 458 nm line of an
Argon laser at 55% of output and 85% to 100% transmission and emission detected with a
BP480520 filter, while YFP was excited with the 5h4n line of an Argon laser at 1% to 45%
transmission and emission detected with a filter. Mature (141 DAG) first leaves

were fixed in 3:1 (v/v) ethanol:acetic acid and stored in 70% (v/v) ethanol. Fixed leaves were
rehydrated in distilled water prior to mounting in chloral hydrate:glycerol:water 8:3:1 (w/v/v),
and viewed underatk-field illumination with an Olympus SZ61TR stereomicroscope (Olympus
Optical Co., Tokyo, Japan). Images were captured with an AxioCam HR camera (Carl Zeiss).

Image analysis and processing

Brightness and contrast oft#t images were adjusted throughear stretching of the histogram

in ImageJ (National Institute of Healthttp://rsb.info.nih.gov/ij). Images were colowroded in

ImageJ by applying a loelp table (LUT) in which blackvas used to encode global

background, blue to encode local background, and cyan, green, yellow, orange, and red to
encode increasing signal intensiti€agchuk et al., 2007Signalcolocalization was visualized

with an extended duahannel LUT from cyan to magenta through green, yellow, and red
(Demandolx and Davoust, 199Tluorescencén each detection channel was displayed in either
cyan or magenta, and then merged using tierdntial operator in Adobe Photoshop 7.0

(Adobe Systems Inc., San Jose, CA, USA). As a result, excess of cyan signal over colocalized
magenta signal is encoded in green; opposite in red; and colocalized cyan and magenta signals of
eqgual intensity in yetiw. Images were cropped using Adobe Photoshop 7.0 (Adobe Systems Inc.
San Jose, CA, USA), and assembled into figures in Canvas 8 (ACD Systems International,
Victoria, BC, Canada).

RESULTS

Expression of Arabidopsis photoreceptor genes at early stagesvain development
Expression data at the organ level are availalenostArabidopsis photoreceptor gengdack
et al., 1994Kupper et al.2007 Kang et al., 2009; In Arabidopsis, photoreceptor gene
expression isontrolledmainly at the transcriptiondével (Sharrock & Quail., 1989; Clack et al.,
1994). Therefore, to visualize expression of Arabidopsistpreceptor genes egllular
resolution | usedtranscriptional reporter gene fusions

The 3kb sequence upstream of the translation start codon is sufficient to recapitulate the
endogenous mMRNA expression patterndsof 44 tested Arabidopsis transcription factdred
et al., 200%. Thereforeto construct transcriptional fusions of photoreoegenes, | used either
~3 kb of upstream necoding sequence or the entire upstreamcmding region, whichever
was shorter (see Materials and Methods).
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To improve sensitivity of gene expression detection, all upstreancaoding sequences were
fused toa nuclear yellow fluorescent protein (YFR&)nsisting of a translational fusion between
the coding regions of histone 2A (HTAG; At5g59870) #matof the enhanced YFP (EYFP;
Zhang et al., 2005Since YFP is approximately 50% brighter than GFP, andtiimas brighter
than the cyan fluorescent protein (CE®bbie et al., 2008 | reasoned that YFP should allow
detecting transcriptional fusions at much lower expression lévatsGFP or CFP.
Furthermoreby targeting all the YFP produced amindividual cell to the nucleyst is possible
to locally increase the concentration of YB}P30-50%,whichresuls in anenhanced sensitivity
of signal detectiofJoly, 2007. Finally, YFP signals can be eas#gparated from both CFP and
GF P p u oaireptacte(eigkato et al., 20025awchuk et al., 20Q7and therefore YFP
fusionscan reliablybeused in colocalization studig¢see below).

Most photoreceptor genes are expressed in le@lask et al., 1999 but whether
photoreceptor genes are expressed at early stages of vein development remains ditknown.
address ths | visualized expressioof transcriptimal fusions of photoreceptor genes in first
leaves of seedlings 4 days after germination (DAG) bectnesr veirs are predominantly at
preprocambial and procambial stages of developii8awchuk et al., 2007; Donner et al.,
2009. | found that fusions c€RY1 CRY2 PHYC andPHYEare expressed neabiquitously
and evenlythroughout the leaf (FidA,B,G,l). Expressiorof thePHOT 1fusion seemed to be
excluded from veins (Fig. 1C). The fusionRIHOT2wasexpresse@xclusivelyin trichomes
(Fig. 1D), and fusions d?dHYAandPHYBwere expressethore strongly at sites of vein
formation(Fig. 1E,F). Finally, thePHYDfusion was expresseatronglyatthe leaf margin and
weakly ininnerregionsof the leaf(Fig. 1H).

15



Fig. 1. Photoreceptogeneexpression in Arabidopsis leaves.lAFirst leaves 4 days after
germination (DAG). Overlay afonfocal laser scanning and differential interference
microscopyimages subepidermal focal plane. A loalp table (LUT; displayed in D), in

which black was used to encode background, and cyan, green, yellow, orange, and red to
encode increasing signatémsities (Sawchuk et al., 2008), was applied to édghgray

scaled images to generate colour coded images. Top right, gene identity. Bottom left,
fraction of samples showing the displayed features. ScalgS8ap/.
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Stagesp e ¢ phptoreceptor gene expression in vein development

Transcriptional fusions of specific photoreceptor genes seem to be expressed at sites of vein
formation (Fig. 1), but a stringent criterion to test this hypothesis would be to visualize the
expression of pbtoreceptor genes relative to that of the early vascular markeAgé+ig8

(Baima et al., 1995 | thereforevisualizedthe degree of colocalization betwestpressiorof
transcriptional fusions of photoreceptor geteeBITA6:EYFPandexpression of a transcriptional
fusion of ATHB8to a nuclear CFP (ATHB8::ECFRuc, Sawchuk et al., 2007n secondrein

loops of4-DAG first leaves.

The human eye has a differential sensitivity to light perception across the visible spectrum
(Russ, 200 Thereforein order to improve the discrimination of fluorescence signals in
doublelabeling imaged andthusaccurately visualize signal colocalizatébh used an extended
duaktchannel lookup table (LUT). The LUT ranges from cyan to magenta thraugan, yellow,
and red Demandolx & Davoust, 1997Fluorescence each detection channel was displayed in
either cyan€.g.Fig. 2A) or magenta (e.g. Fig. 2B), and single fluorophore images were then
merged using a differential operator (see MateriatsMathods). As a resulijgher levels of
cyan signal over colocalized magenta signal is encoded in green, and the oppositeiscenario
encodedn red.Colocalized gansignalsand magenta signals of equal intensitg encodeth
yellow (e.g. Fig. 2C).

As shown in Figur, transcriptional fusions d€RY2 PHYA PHYB andPHYC(Fig. 2D-

F), (Fig 2M-0), (Fig. 2P-R), (Fig. 2S5 U), but not of all other photoreceptor genes, were
expressed icells expressing ATHBS8::ECFRuc, suggesting th&RY2 PHYA PHYB and
PHYCareexpressed at early stages of vein development.
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A CRY1::YFP B ATHBS::CFP C overlay D CRY2:.YFP E ATHBS::CFP F overlay

G PHOT1::YFP H ATHBS::GFP J PHOT2::YFP

M PHYA::YFP P PHYB::YFP

S PHYC::YFP \/ PHYD:YEP X syoverlay

Y PHYE::YFP Z ATHBS::GFP overlay

Fig. 2. Stagespecific photoreceptor gene expression in vein developméAtAADetails of second loops of
4-DAG first leaves. Confocal laser scanning microscopy images, subepidermal focal plane. Top right, gene
identity. Bottom left, fraction of samples showitihg displayed features. A,C: Magenta,

CRY1::HTAG6:EYFP expressiom,C,E,F,H,|,K,L,N,0,Q,R,T,U,W, X,Z, AA: Cyan, ATHB8::ECFRuc

expression. D,F: Magenta, CRY2::HTAG:EYFP expression. G,l: Magenta, PHOT1::HTA6:EYFP expression.
J,L: Magenta, PHOT2::HTAG:EYFP pression. M,O: Magenta, PHYA::HTAG:EYFP expression. P,R:
Magenta, PHYB::HTAG6:EYFP expressiod,U: Magenta, PHYC::HTAG6:EYFP expression. V,X: Magenta,
PHYD::HTA6:EYFP expression. Y,AA: Magenta, PHYE::HTAG:EYFP expressiork,|,L,0,R,U,X,AA:

Merge of imags in Aand B, Dand E, Gand H,Jand K, Mand N, Pand Q, Sand T, Vand W, and Y and Z,
respectively. Images are colooded with a duathannel LUT from cyan to magenta through green, yellow

and red Demandolx and Davoust, 199 Fluorescence in eaclei@ction channel was displayed in either
magenta or cyan. Singfuorophore images were then merged using a differential operator. As a result,
preponderance of cyan signal over colocalized magenta signal is encoded in green, opposite in red, and
colocalzed cyan and magenta signals of equal intensity in yellow. Scale bars, 10 pM.
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Function of photoreceptor genes in &in network formation

Because genes encoding photoreceptors that detect both blu€ R é@nd red/faired light
(PHYA PHYBandPHYQ are expressed at early stages of vein development (Fig. 2), | asked
whether mutation of photoreceptor genes may result in defects in vein development. To address
this question, | created single, double, triple, and quadruplefartrdy photoreceptor mutds
(e.g.cryl;2, phot12, phyAB;C;D), and analyzed vein patterns of first leaves. Leaves of all
photoreceptor mutant combination had wiyge (WT) vein patterns (data not shown), but leaves
of cryl;2, photl, photl;2, and of triple and quadruphlautant combinations gfhyA phyB

phyD, andphyEhad greater numbers of vein branching points per leafusnieérig. 3)d a

proxy for complexity of veimetworks Candela et al., 1998 suggestinghatCRYL, CRY2

PHOT1 PHOTZ2 andPHYA B, D, andE are redundantly requirdd negativelycontrolvein

network formation. Mutation dPHYCin phyAB;D, phyAB;E, andphyB D;E backgrounds
normalizes vein network complexiiig. 3), suggestinghatPHY Cantagonizes function of

PHYA PHYB PHYD, andPHYEin vein network formation.

Greater numbers of vein branching points per leaf area unit could result from smaller leaves
with vein networks of WT complexity, from normsize leaves with more complex vein
networks, or from combinations of the twaaves otryl, cry2andcryl;2 are smaller thakiVT
(Fig. 4), but onlythe doublemutant leaves have greater numbers of vein branching points per
leaf area unit, suggesting that the effeatryflandcry2 on vein network complexity is, at least
in part,independenof the effects otryl andcry2 on leaf growthSize ofphotlleavess
comparable tohat of WT, while phot2leaves are larger amqhotl, 2 leaves are smaller than WT
(Fig. 4). However, onlyjeaves ophotlandphotl 2 have greater numbers of vein branching
points per leaf area unit, suggesting that the effeqib@flon vein network complexitgre at
least in part, independent of the effectplobtlon leaf growththe effects ophot2on vein
network complexity may be attributabbg,least inpart, to increaskleafsize

Separating theffects of mutation of phytochrome genes on leaf growth and vein network
complexity is more difficult because of opposing functi@f PHYA, on one side, and PHYB,
PHYC, PHYD, and PHYE on the other, in leaf growth; however, for examppi&leaves are as
smallphyAB;D leaves (Fig. 3)but onlythe triple-mutant leaves have greater numbers of vein
branching points per leaf area unit (Fig. 4), which suggests that the effpbtg?pphyB and
phyDon vein network complexitgre at least in part, independent of the effectshofA phyB
andphyDonleaf growth.

In summary CRY1/CRY2 and PHOT1/PHOT2nediated blue light perception
negativelyregulatessein network formation. PHYA/PHYB/PHYD/PHY-mhediateded/farred
light perceptioralsonegativelyregulatesrein network formation, and the function of the
PHYA/PHYB/PHYD/PHYEdependent pathway in vein network formation is antagonized by
PHYC-mediateded/farred light perception
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Average # vein branching pointsffirst-leaf area(mm?)

Fig. 3. A, Veinnetwork complexityof photoreceptor mutants. Data indicatean +SE
number of vein branching poinger firstleaf area iimnm? (Candela et al., 1999
Difference betweesample and positive control was significanP<0.05 (*) or ~0.01
(*)byoneway ANOVA a test. SGmplk gopuéatson size: 10 leaves per
genotype. BF, Darkfield illumination of clearedmature first leavesf WT and of
genotypeswith significanty differert vein densies B: WT; C:cry1;2; D: phyAB;D;E; E:
photl, F: photl;2. Scale bars0.46 nm.
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Fig. 4. Area of photoreceptor mutant first leaves. Data bars indicate average leaf area

(mn?). Difference between sample and positive control was signific&@x@05 (*), or

P<0.01 **)byoneway ANOVA and Tukeybs test. Popul at
each genotype.
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Genetic interaction between red/fafred light perception, auxin transport and auxin
signalling
Red/farred light perceptiorontrols vein network formatioffrigure3), andauxin transport and
signalling provide crucial cues for vein fortiman (Sachs, 1991; Mattsson et al., 1999; Sieburth,
1999; Mattsson et al., 2003; Chaptgrlithereforeasked whethered/farredlight perception
interacted withauxin transport or signallinig control of vein patternind®HYBis strongly
expresseat sites of vein formatio(Fig. 1F) and is the least redundant photoreceptoedifar
redlight perception(Vandenbussche et al., 2Q0Similarly, the PINFORMED1 (PIN1) auxin
transporter and the MONOPTEROS (MP) auxin response transcription facsbrosugly
expresseat sites of vein formation and are the least redundant components of the auxin
transport and signalling machinergspectively Qkada et al., 1991; Mattsson et al., 1999;
Scarpella et al., 2008Yenzel et al., 200MDonner et al., 200 hapter 1. Therdore, to test for
interactionbetween red/fared light perception, auxin transport and auxin signalliramalyzed
vein patterns of double mutants betwgayBandpinl or mp.
WT Arabidopsis grown under normal conditions forms separate leaves, whogmiterns
are characterized by a single, narrow midvein
narr ow mi dv and bydateraliveing that irahgh from the midvein and join distal veins
to formloops (Nelson & Dengler, 1997; Candelaatt, 1999. pinl mutationcauss leaf fusion
( A f us e drig.|5®,andeird vein patterngliffer from WT inat leastwo respects: the
mi dvein may bifurcate near t heandlatardlveinsnmy (Aibi f
fail to join the midvein and instead run par a
Fig. 5B D). phyBnormalizeginl vein defects (FigoF). mpleaves have fewer and incompletely
differentiatedveins Berleth & Jurgens, 1998rzemek et al., 1996) (Fig).ohyBmpleaves are
indistinguishable fronmpleaves (Fig. 6)In summaryphyBnormalizeginl vein pattern
defects, whilgphyBhas no effect ompvein patterrdefects.
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Fig. 5. Interaction betweephyB andpinlin vein pattermg. A-E, Darkfield illumination
of cleared mature first leaves illustrating phenotype classami@®anchednarrow
midvein B: untranchegdwide midvein; C: bifurcated narrowmidvein; D: bifurcatedwide
midvein; E: fused leave&cale bars, 0.50 mi Percentages of phenotype claspasl is
significantly different fromWT at P<0.001(*** ) andphyBpinlis significantly different
from pinlatP<0.01(**) by MannWhitney testSample population sizes: WZ5, phyB
26; pinl, 91;phyBpinl, 78.
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Fig. 6. Interaction betweephyB andmpin vein pattering. A: Percentage of leavegth
unbranched, bifurcated or no midve1.Percentage of leavesth zero, one, two, three
or more than foucomplete loopsC: Percentage of leavesth zero, one, two, threar
more than foumcomplete vein loopBlack, WT;light grey, phyB white, mp, charcoal
phyB;mp. Samplepopulation sizes: WT, 23hyB 27;mp 88;phyBmp, 42.
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DISCUSSION

Leaf and vein pression of photoreceptor genes

My analysis of photoreceptor gene expressbawsPHYA PHYB PHYC andCRY 2are
expressed at early stages of vein development, Wil PHOTL PHOT2 PHYD, andPHYE
are not My results arén agreement witlhower-resolution studies dhe expression d?HYAand
PHYB(Clack et al., 1994Somers & Quail, 1995Toth et al., 200landof CRY2 (Toth et al.,
2001, Endo et al., 2007n the leaf.However, ascrepanciegxistbetween my data and previous
reports othe expression dHYC,PHYD, andPHYE andCRY1(Goosey et al., 1997 oth et

al., 200). PHYCexpression was shown to be absent from the leaf (Toth et al.,, #@@igh |
found expression to be ubiquitous and even at early stages of leaf develdpiént.
expression wareported agven throughout the leaf (Goosey et al., 199@ntirelyabsent from
the leaf(Toth et al., 2001)whereas | foundtrong expression at the leaf margins and weak
expression in subepidermal regioR$1Y Eexpression was reported strong irsubepidermal

and vascular tissues at the leaf margin (Goosey et al., @9absent from the lealtogether
(Toth et al., 2001)whereas | founé?HYEto be expressed strongly and evenly throughout the
leaf. Repated CRY lexpression is too low in resolution to verify (Toth et al., 2001), although |
found CRY 1to be expressed nearly ubiquitously throughout the llgatpective of similarities

or differencedbetween my findings anddbein previous studies (Clack et al., 1994; Somers &
Quiail, 1995; Goosey et al., 1997; Toth et al., 3081 analyses rely on transcriptional fusions as
means taletermine gene expression patterns. There arergasdns to use transcriptional
fusions for thigourpose most regulation of photoreceptors gene expression occurs at the
transcriptional level (Sharrock & Quail., 1989; Clack et al., 129180% of genes that have
been tested in Arabidopssiow that the mRNA expression patterns can be recapitulated by
transcriptional fusiond_ge et al., 2006 Forthese reasonsféelthat my datanayrepresent the
endogenous gene expression patternth®iPHY andCRYgenesHowever, it is possible that
regulatory elements controllifgHY andCRYgene expression are located in regions outside the
upstream sequences used in mygt{Deyholos &Sieburth, 2000)This may not be the case for
PHOT1andPHOT2 however a functional translation&HOTL fusionhas been reported to be
expressedn the leaf epidermi€Sakamoto & Briggs, 20Q02Addtionally, the expression of a
functional PHOT2::PHOT2:GFP construct has been reported in the epidermis of the cotyledons
(Kong et al. 2008 which is somewhat ingreement with my expression dat&PéfOT2in the
trichomes.

A role for light perception in vein network formation
Neither singlenor multiple photoreceptor mutanssiow vein pderning defectshowever,
photoreceptor mutants shalefectsn vein networkcomplexity.

Leaves otryl andcry2 do not show defects in vein network complexity, tuytl ;2
leaves show a more complex vein network than WT ledvesincrease in vein network
complexityobservednly uponloss of bothCRYlandCRY 2functionshows thaCRY land
CRY 2functionredundantlyas negative regulators of vein network complex@iRY lis not
expressed at sites of vein formation, wiilRY 2is. It is therefore possible th@RY 2is the
primary gene involved iVT vein networkformation while CRY 1lcompensates for the missing
function of CRY2 in thery2 single mutant by becoming ectopically expressed at sites of vein
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formation. However, it is also possible tl2RY lor CRY2act in a norcell-autonomous manner
in vein network development.

Leaves ophotlandphotl;2 havemore complex vein netwoskhan WT leaveswhile
phot2leaveshave vein networks of WT complexityhis suggestshatPHOT1andPHOT?2
functionredundantlyas negative regulators of vein network comple)ityt thatthe redundacy
is asymmetricAs it has a broader, neanypiquitous expession patterrPHOT1is likely the
primary partnem WT vein networkformationand can be expressed ectopically in the absence
of PHOT2 It is also possible th&®HOT1andPHOTZ2regulate vein network complexity by
acting noncell-autonomously.

Leaves of tripleand quadrupleombinations ophyA phyB, phyD, andphyE have more
complex vein networks than WT. This suggests YA PHYB PHYD, andPHYEact
redundantly to negatively regulate vein network formatMuatation ofPHY Cin phyAB;D,
phyAB;E, andphyB D;E normalizes vein complexity defectsuggesng thatPHY Cfunction
antagonize$unction of PHYA, PHYB, PHYDandPHYEin vein network formation. This
possibility is supported bgxpression dat&PHY Cis ubiquitously expressed at early stages of
leafand veindevelopment anis expressiordomainis thusequal to te combinedexpression
domainsof PHYA PHYB PHYD, andPHYE whichwould be expected if PHYC function were
to antagonize the function of tie¢herfour PHY genes.

Genetic interferencef light perception results in small leaves with more complex vein
networks.Therefore, tiis possible that the increased vascularization in leaves of photoreceptor
mutants is a consequence of thevleaseduced capacity for photosynthesis. There are a aumb
of reasons why these leaves could have a lower photosynthetic dtitptia smaller leaf will
have less area with which to capture light for photosynthesis. Sdosadfphotoreceptor
functionmayinhibit photosynthetic activity in the leahis is most notablen mutants oPHOT
genes Third, interferencevith light perception affects stomatal opening, which is necessary for
photosynthesis to occur. Stomatal opening is mediated baMWe-light perception, and as
suchcry andphotmutants are impaired in stomatagjulation Kang et al., 2000 The
autotrophic nature of plants requires them to adapt to constant physiological stresses imposed by
their environment in order to survivEherefore, to compensdiar possiblereductionin
photosynthetic capabilityeaves ophotoreceptor mutantaay increase vascularization to
penetrate deeper into the mesophykccess even the smallest amount of photosynthetic
product.

It is also possible that increased vascularization is a direct, negative response to reduced
light perception. For example, UX/blue light perception by PHOTs develops mesophyll cells
in theleaf (Briggs & Huala,1999, andso obstucted blue light percéjon could result in an
increase of vascular tissyes the vasdar and mesophyll ceti/pesare mutuallyexclusive
This hypothesis is consistent with my expression data, which shoRH@iT 1is expressed
ubiquitously in subepidermal tissues, but is absent ftewelopingveins, indicating thaPHOT1
could be expressed in ground cells prior to vein development. Additionally, Yoshida et al. (2011)
have show that lightdirectly affects the edtéishment of effluxdependent auxin gradients in
the shoot apical meristerim the absence of light, PIN1 became lost from the plasma membrane,
which abolished auxin maximahis interaction between light and auxin efflux could be present
in the leafas wdl, and would result in a decrease in vein development as light perception
becomes impaired.
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A role for red/far-red light perception in auxin-dependent veinformation
ThatphyBnormalizesinl vein defectsuggests that the function BHYBis antagonistic to that
of PIN1, and that the two genes work in opposing pathwglysrefore, red/fared light
perception, mediated by PHYB, is antagonistic to PihEdiated polar auxin transport in leaf
vein development. ConversephyBappears to haveo effect ormpvein defectsThis suggests
at leastwo possiblescenariosFirst, MP andPHYBcouldwork in the same pathwandmp
would beepistatic togphyB Alternatively,the two genesouldwork in independent pathways
and becausehyBlacks vein defectghe phenotype gphyBmpd thoughindistinguishable from
thatof mpd would actually represerdn additive phenotypélowever, becaugbe pathways
controlled byMP andPIN1 overlap, at least in part (Schuetzal., 2008 andbecausé®HYB
andPIN1work in separate, opposing pathways, it is less likelyMaandPHYBmaywork in
the same pathwayVere that so, one would expect mutatiodiéf or PHYBto hawe the same
effec® whether arenhancing onormalizingon&d on pinl defects insteadmpenhances
(Schuetz et al., 200&ndphyBnormalizeginl defects Therefore, it idikely that red/fasred
light perceptiormediated byPHYBis independendf MP-mediated auxin signalling during vein
development.
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CHAPTER 3: THE ROLE OF AGCVIllla SERINE -THREONINE
KINASES IN VEIN DEVELOPMENT

Introduction
Thevmascul ar system of | eaves is composed of a ¢
that transport water, tnients, and regulatory molecules (Esau, 1965; Nelson & Dengler, 1997;
Taiz & Zeiger, 2010). Matureeins differentiate from continuous files mdirrow, cytoplasm
denseprocambial cells that forrde novdrom within a population of the morphologically
identical subepidermal cell s of t2hPeay 19%5H.f pri m
The mechanisms by which files of ground cells are selected to differentiate into procambial cell
files is not entirely known, but available evidence supports a role for the plant signalling
molecule auxin in this process (Sachs, 1981; G&rd@87). When applied to leaves, auxin
inducegthe formation of new veins (Sachs, 1989). Auxin is synthesized primarily in young
apical organs (i.e. leaves and shoots), and is transported polarly to tideagatenomenon
known agpolar auxin trasport At the cellular levelpolar auxin transpois accomplished by
the asymmetritocalization of certain PINFORMED (PIN) auxin efflux proteins in the plasma
membrane of auxitransporting cells (Wisniewska et al., 2006bstruction®f polar auxin
transport block auxinbés capability to induce
wild-type leaves grown on polar auxin transport inhibitors show reproducible leaf vein defects
(Mattsson et al., 1999; Sieburth, 1999), suggestiagttie polar transpodf auxin is the
inductive signal in vein formation.

Thepinl mutant of Arabidopsiss the onlypin singlemutantwith vein pattern defects
(Mattsson et al., 1999; M. Sawchuk & E. Scarpella, unpublished), suggesttiRiN 1 is the
least redundant auxin efflux proteinuain formation Consistent with this interpretation, PIN1
is the onlyPIN gene to be expressed at early stages of vein formation (Scarpella et al., 2006),
and all veins seem to derive from two modules of RéXdression dynamid®EDs, hereafter)
(Scarpella et al., 2006; Wenzel et al., 2007)dth modulesPIN1 expression dynamically
narrows down from broad to narrow areas of expreshiimnemodule vein-associated
subepidermal PIN1 expression domaanise in association wittonvergence points of opposing
PIN1 polarity in theepidermisof theleaf margin the midvein andateralveinsare formed this
way. In theothermodule vein-associatedubepidermal PEDarise in association witbre-
existingsubepidermal PEDsnarginal and higheorder veinsarise this wayAlthough both
marginal and higheorder PEDs are initially freelgnding, marginal domains are usually
connected to other domains on both siéibsl1 polarityis not uniformly directed toward pre
existing veinsacrosdroadPIN1 domains, but it is s@ithin narrow PIN1 domainsn free
ending domains, a singpolarity exists, while in connected domains, two opposite polarities are
bridged by aipolar cell (Scarpellatal.,2006; Wenzektal., 2007).
In epidermal cells of the shoot apical merist€iNOID (PID), a plasmamembraneassociated
serinethreonine kinasghosphorylats PIN1 taargetit to theapicalplasma membran®IN1
phosphorylation b¥ID is revergd by the activity oPP2A protein phosphataseghich target
PIN1 to the basahembrae (Friml et al., 2004; Michniewicz et al., 2007). Pia member of a
plantspecific subfamily of the AGCVllla serifgreoninekinases, named after eukaryotic
protein kinase A (PKA)¢yclic GMP-dependent protein kinas@®KG), and protein kinase C
(PKC) (Zegzouti et al.2006; GalvarAmpudia & Offringa, 2007)The clade of the AGCVllla

28



kinases that contair®ID has three other membeWWAG1 WAGZ2 andAGC3.4PID2 (Galvan
Ampudia & Offringa, 2007)PID, WAG1, and WAG2 ardocalized to the plasmaembranef
epidermal cells ofhe root(Dhonukshe et al., 201@nd phosphorylate plasrmaembrane
associated PIN proteins to target them to the apical plasma membrane (Dhonukshe e).al., 2010
A function has yet to be assignedAGC3.4.Becausehangesn PIN1 polarityin the leaf
epidermis concide with the onset ofascular patterningand becausAGCVllla kinasesegulae
PIN1 polarityin epidermal cells of the rogat is possible thathe AGCVIllla kinasesegulate
vein developmentas well Here | have exploredpossiblerole of AGCVIlla serinethreonine
kinases invein patterning | found thatPID, WAG1, andWAG2 are apolarly localized to the
plasma membranaf the leaf epidermiduring early stages of leaf developmearid thaPID is
also expressedabiquitouslyin ground cellsbut declines in expression quickly in presumptive
veins at the prior to differentiatioAGC3.4is expressed in veins, but accumulatethe
nucleusA functional redundancy exists betweeld, WAG1 andWAGZ2in vein patterning, and
PID andWAG2genetically interact witlPIN1in vein patterning

MATERIALS & METHODS

Vector construction

To generat®ID::PID:EYFP, AGC34::AGC3.4:EYFP, andWAG2::WAG2:EYFP, the
respect ientire upgtreamereggions and coding sequences were amplified from
Arabidopsis thalianacotype Cold0 genomic DNAusing Finnzymes Phusion higidelity DNA
Polymerase (New England Biolabs Inc., Ipswich, MA, USA) and -gpeeific primers (Table
1), and clond upstream of the EYFP coding sequence (Clontech) using aRrasply linker,
as describeth Gallagher et al., (200470 generat®ID::PID:EYFP the 5661-bp regionfrom -
4043(relative to the start codon) to +1618RID (AT2G34650) was used. To generate
AGC3.4:AGC34:EYFP, the 498&p region from2654 to +2334 oAGC34 (AT2G26700)
was used. To generdféAG2::WAG2:EYFP, the 4923p region from3484 to +1439 ofWAG2
(AT3G14370) was used.
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Table 11 Oligonucleotides used in the construction of kinase translational fusions

Gene | Oligonucleotides
PID |PID SALI FOR: AAT GTC GAC GTT TAT ATG AGT ATA GTA GAT AAC AC

PID KPN1 REV: ATA GGT ACC AAA GTA ATC GAA CGC CGC TGG

AGC3.4 | AGC3-4 SALI FOR: AAT GTC GAC CAA TTA AGG CAT CAA TG
AGC3-4 KPNI REV: ATA GGT ACC AAA ATA ATC AAA ATA ATT AGA CAC ATG G

WAG2 |WAG2 SALI FOR: CAG GTC GAC TTT ATT TAT CTC TTT TAA GTT GTA GCC
WAG2 KPNI REV: ATA GGT ACC AAC GCG TTT GCG ACT CGC

EYFP |MCHERRY C KPN1 FOR: ATA GGT ACC GTG AGC AAG GGC GAG GAG

MCHERRY C SAC1 REV: ATT GAG CTC TTACT GTA CAG CTCGTCC
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Plant material, transformation, and growth conditions

Origins of lines used in this study are in Table 2it&hts were genotyped with gesgecific

pri mer s ampdl4dMadgRb,1 .03r6 aydgli T-BNAGrin(er, or with genespecific
primers followed by restricticenzyme digestionp{n1-1) (Table 3)Arabidopsisseeds were
surfacesterilized, synchronized, and germinated on growth medlibalf-strength Murashige

and Skoog (M$Salts (Caisson Labs, North Logan, UT, USA), 15 gucrose (Fisher

Scientific, Fair Lawn, NJ, USA), 0.5 mg MES (BioShop Canada Inc., Burlington, ON,
Canada), 0.8% (w/v) agar (Phytotechnology Laboratories, Shawnee Mission, KS, USA), pH
5.7 at the aproximate density of 1 seed &ms previously describg@carpella et al., 2004).
Sealed plates were incubated at 25°C under continuous fluorescent light (100 fsthl m
06Days after germinationd (DAG) ar eseetdetbi ned as
light. 4-DAG seedlings were transferred to Promix BX soil (Evergro/Westgro) x@-7& 8-cm

pots at the approximate density of 0.1 seedling$.cBeedlings were grown at 22°C under a 16
h:8 h light (100150 pmol n¥ s*):dark photoperiod. Arabipsis plants (ecotype G6) were
transformed withAgrobacterium tumefaciersdrain GV3101::pMP90 (Koncz & Schell, 1986)
harbouring single AGCVllla seriri@reonine kinase translational fusions. Primary transformants
were selected on growth medium suppéeied with 200 pg rifl carbenicillin (Teknova,

Hollister, CA, USA), 15 pg mt hygromycin (Bioshop Canada, Burlington, ON, Canada), and 50
pg mit nystatin (Bioshop)A minimum of fifteen singldnsertion lines per construct were
analyzed to determine the most representative expression pattern of the gene. Detailed analyses
were performed on at lea&tines per construct that were chosen because of strong EYFP
expressn that was representative of the expression pattern of the gene.
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Table 21 Plant lines and their origins

Line Origin
WAG1::\WAG1:EGFP [Dhonukshe et al., 2010
pid-14 Huang et al., 2010
wagl Dhonukshe et al., 2010
wag2-1 Santner & Watson, 2006
pinl-1 Goto et al. 1987; Gélweiler et al. 1998; WT at the TTG1 (AT5G24520) locus (M. Sawchuk
and E. Scarpella, unpublished)
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Table 371

Oligonucleotides and enzymes used to genotype mutants

Mutant [ Oligonucleotides and enzymes
pid-14 | PID-14 RP: ATT TTG CGA TGA AAG TTG TGG
PID-14 LP: CAG TCG GGA AAC TCA ACT GTC
LBb1.3: ATT TTG CCG ATT TCG GAAC
wagl |[WAGL1RP 3: GGA GAA ACA ACC GCC AGG ACG
WAGL1 LP 3: ATG GAA GAC GAC GGT TATTACC
JMLB1: GGC AAT CAG CTG TTG CCC GTC TCA CTG GTG
wag2 |[WAG2 RP: CCA AAA CCC CCA AAC ATA AAC
WAG2 LP: TAA AG GAATAT TCC GAACGC C
LBb1.3
pinl1-1 |PIN1-1 FOR: ATG ATT ACG GCG GCG GAC TTC TA

PIN1-1 REV: TTC CGA CCA CCA CCA GAAGCC
Tatl digestion
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Microtechniques and microscopy

Dissected leaves were mounted in water and observed with a 20x Planaprochromat (NA, 0.8) or
40x GApochromat water (NA, 1.2) objective on a Zeiss Axiovert 100M microscope equipped
with a Zeiss LSM510 laser module confocal unit (Carl Zeiss, Oberkochena@®grnYFP was
excited with the 514 m line of an Argon laser at 55% of output (equivalent to approximately 6
A) and 5% transmission, and emission detected with a BBbBSilter. Mature (1421 DAG)

first leaves were fixed in 3:1 (v/v) ethanol:acetic ad stored in 70% (v/v) ethanol. Fixed
leaves were rehydrated in distilled water prior to mounting in chloral hydrate:glycerol:water
8:3:1 (w/vlv), and viewed under dafield illumination with an Olympus SZ61TR
stereomicroscope (Olympus Optical Co., Tokyapan). Images were captured with an AxioCam
HR camera (Carl Zeiss).

Image analysis and processing

Brightness and contrast oft#t images were adjusted through linear stretching of the histogram
in ImageJ (National Institute of Health, http://rsb.unib.gov/ij). All images were cropped in
Adobe Photoshop 7.0 (Adobe Systems Inc. San Jose, CA, USA) and assembled into figures in
Canvas 8 (ACD Systems International, Victoria, BC, Canada).

RESULTS

Expression of AGCVIlla serine-threonine kinases in Arabidopsis leaf development
Changes in PIN1 polarity recur during véimmation Scarpella et al., 2006If thoseare
changes necessdiyr vein formation regulators of PIN1 polarization would be expressed at
critical stage®f vein formation. In theshoot apical meristen®IN1is localizedto the apical
plasma membrane of epiderncalls Reinhardt et al., 200Q3and this localization is regulated by
phosphorylation of three serine residues catalyzed by PINOID (PID) (Huang et a)., R0
belongs to a small subfamily of seritteeonine kinases (the AGCVllla [PROTEIN KINASE
CYCLIC GMP-DEPENDENT PROTEIN KINASES, PROTEIN KINASE] subfamily) that in
Arabidopsis include8VAG1 WAG2andAGC3.4/PID2(GalvarAmpudia& Offringa, 2007.
However, vhetherAGCVIllla serinethreonine kinases arexpressed during leaf development is
unknown. To address this question, | obtained seeds of a translational fusion of WAG1 to GFP
(WAG1::WAGL1:EGFP) (Dhonukshe et al., 20QJnd created translational fusianfsPID,
WAG2, and AGC3.4 to EYFP (PID::PID:EYFWAG2::WAG2:EYFP,
AGC3.4::AGC3.4:EYFP, and visualized their expression in first leaf primordia at 1, 2, 3, and 4
days after germination (DAG).

Throughout leaf developmemRID:EYFPwas localized apolarly to the plasma membrane

(Fig. 1A-F). At 1 DAG, PID::PID:EYFPwasexpresseaveakly, yet ubiquitouslyin epidermal

andsubepidermatells (Fig. 1A). UbiquitousPID::PID:EYFPexpression was maintained in

epidermal cells until 4 DAGFig. 1A-E), but already from 1.5 DAG expressionsinbepidemal
cellshad subsidein presumptive vascular cells: first in the developing midy€ig. 1B), then
in developing lops (Fig. 1D)and higherorder veingFig. 1F).
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Throughout leaf developme™WAG1:EGFPwas localized apolarly to the plasma
membrane of epidermal cells, to whilPAG1::WAG1:EGFPexpression seemed to be restricted
(Fig. 1G-L). WAG1::WAG1:EGFPwas expressed ubiquitously in epidermal cells fio&to 3
DAG (Fig. 1G-l), but expression hasubsidedt the tip of 4DAG leaves Fig. 1J-L).

As WAG1: EGFR WAG2:EYFP was localized apolarly to the plasma membrane of
epidermal cells, blVAG2::WAG2:EYFPexpression seemed confined to epidermal cells of the
leaf tip (Fig. IM,N), petiole (Fig. D,P,Q), and hydatodéFig. 1R).

Finally, throughout leaf developmeAGC3.4:AGC3.4EYFP expression was restricted
to presumptive vascular cells, in the raidf whichAGC3.4:EYFPpreferentiallyaccumulated
(Fig. 1S-V).
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Fig. 1. Expression of AGCVllla serinthreonine kinases in Arabidopsis leaf development.
Overlay of confocal laser scanning and df&ial interference microscopyages Top

right, time point (DAQ. Bottom left, fraction of samples showing the displayed features.
C,,JK,L,0,Q: epidermal focaplane. A,B,DE F,G,HM,N,PR,ST,U,V: subepidermal

focal plane A-F: PID::PIDEEYFP. G-L: WAG1::.WAG1.:EGFP M-R:
WAG2::WAG2:EYFP.SV: AGC3.4::AGC3.4:EYFPScale bars:15 uM
(A,B,G,HL,M,N,S,T); 20 uM (C,DJ,J,0,P,QV); 50 uM (E,FK,L,Q,R).
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