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Zusammenfassung

Zusammenfassung

Der COP1/SPA Komplex ist ein zentraler Regulatar Pleotomorphogenese in Arabidopsis.
COP1 wird fur die Streckungsantwort des Hypokotyls baiem niedrigen Verhéltnis von
Rotlicht zu Dunkelrotlicht (R:FR) bendtigt, welchetirch dichtstehende Nachbarn an
naturlichen Standorten auftreten kann. In dieserdiSt wurde gezeigt, dasSPA Gene
essentiell fur Streckungsantworten bei niedrigeRRRBedingungen sind. Von deBPA
Genen waren vor allerBPAlund SPA4flr die Keimlingsantworten zustandig. Nachbarn
I6sen auch eine Streckungsantwort der Blattstiele &lierbei waren di&SPA Gene und
COP1lessentiell. Die Blutenbildung wird durch niedrigd=R Bedingungen beschleunigt und
der COP1/SPA Komplex reguliert den Blihzeitpunkt Kuarztag. Es wurde gezeigt, dass
weder COP1 noch SPA Gene eine Funktion in der Beschleunigung der Bhitdung in
niedrigen R:FR Bedingungen haben. Eine Promotosdlafnalyse vorSPAlund SPA2in
der Hypokotylstreckungsantwort auf niedrige R:FRJiBgungen enthullte eine potentielle
Funktion fur SPA2 in diesem Prozess, allerdings menn SPA2 unter der Kontrolle des
SPA1 Promoters exprimiert wurde. Genetische Interaktudien zeigten, dasspa
Mutationen mit derhfrl Mutation in der Hypokotylstreckungsantwort beidrigen R:FR
Bedingungen interagieren. Dies deutet darauf lasseine Akkumulierung von HFR1 in den
spa und copl Mutanten zum Fehlen der Streckungsantwort beitragennte. Genetische
Interaktionsstudien zeigten auch eine Interaktion dercopl und derphyB Mutation und
von spaMutationen mit dephyA Mutation in der Hypokotylstreckungsantwort aufdrige
R:FR Bedingungen. AulRerdem wurde bei einer gewelzdésgrhen Analyse eine Funktion
von SPAL in der Epidermis gefunden, wahrend dieré&sgion von SPAL1 im Phloem auf die
meisten Entwicklungen von Keimlingen dominiert. Oiaer hinaus wurde gezeigt, dass eine
Zunahme der Auxinsignaltransduktion in R:FR Bedmggn in spa Mutanten nicht
stattfindet. Die Transkriptmengen vonuC8 einem Auxinbiosynthesegens, die im WT
hochreguliert wurden, reagierten in dgma Mutanten nicht auf niedrige R:FR Bedingungen.
Die Auxinsignaltransduktion war igpa Mutanten auch im Keimlingsstadium in Dunkelheit
und monochromatischem Licht verandert und in Biattevas darauf hindeuten kénnte, dass
eine veranderte Auxinsignaltransduktion zu den ndeéien Keimlingsphanotypen und dem
Zwergwachstum despa Mutanten beitragen konnte. Es ist bekannte, dis Anzahl von
auxin-induzierten Genen lichtreprimiert ist, abmy,diese Lichtregulation direkt oder indirekt
Uber Auxin funktioniert ist noch nicht geklart. dilesem Zusammenhang konnten fur zwei G-
Box Motive desAA19 Promoters eine Beteiligung an der Lichtregulatron IAA19 gezeigt

VI



werden, wahrend ein Auxinantwortselement (AuxRibgr nicht die G-Box insAUR-AC1-|
Promotor zur Lichtregulation d&3AUR-AC1-IGenes beitrug. Dies beflrwortet die Ansicht,
dass die Lichtsignaltransduktion direkt die Promaktvitat von Zielgenen beeinflussen

kann, aber auch Uber die Manipulation von Hormaraigegen Gene reguliert.



Abstract

Abstract
The COP1/SPA complex is a central regulator of matrphogenesis in ArabidopsiSOP1

is required for the elongation response of the bgpd to a low red light to far-red light ratio
(R:FR ratio), which is caused by close neighboarsatural habitats. In this study, it was
shown thatSPAgenes were also essential for elongation respdoskesv R:FR conditions.
SPAland SPA4were the mairSPA genes that regulate the responses of seedlingseCl
neighbours also trigger an elongation responsecaff petioles. Here, th8PA genes and
COP1were essential. Flowering is accelerated by lowRRconditions and the COP1/SPA
complex is a regulator of flowering time in SD.whas shown that neith€eOP1 nor SPA
genes had a function in the acceleration of flomgein response to low R:FR conditions. A
promoter-swap analysis &PAland SPA2revealed a function for SPA2 in the elongation
response of the hypocotyl to simulated shade, Imly when expressed from thePAl
promoter. Furthermore, genetic interaction studle®wed thaspamutations interacted with
the hfrl mutation in the elongation response of the hypdduot low R:FR, indicating that
over-accumulation of HFR1 may contribute to theklat elongation response gpa and
copl mutants. Genetic interaction studies also revealegenetic interaction of theopl
mutation with thephyB mutation and ofspa mutations with thephyA mutation in the
hypocotyl elongation response to low R:FR. Morepegtissue-specific function for SPA1 in
the elongation response to low R:FR was found endpidermis, while seedling growth in
darkness and light was largely controlled by exgmsof SPA1 in the phloem. Furthermore,
it was shown that the increase of the auxin sigralby low R:FR conditions was absent
from two spamutants and that the transcript level&@fC8 an auxin biosynthesis gene, were
unresponsive to low R:FR inspamutant, while up-regulated in the WT. Moreoverxiau
signalling was found to be altered spamutants at the seedling stage in darkness and ligh
and in adult leaves, which suggests that alterathaignalling may contribute to the aberrant
seedling phenotype and dwarfed growtrspdmutants. It is known that a number of auxin-
induced genes are light-repressed, but whethetigheregulation is indirect via auxin or
direct is not fully resolved. Here, two G-Box cametifs of thelAA19 promoter were shown
to contribute to the light-regulation of tHAA19 gene, while an auxin response element
(AuxRE), but not the G-Box present in t8BAUR-AC1-lpromoter was contributing to the
light-regulation of theSAUR-AC1-lgene. This supports the notion that light signgllican
directly act on promoter activity of target genlest can also regulate genes via manipulation
of hormonal pathways.



Introduction

|. Introduction

I.1 Light perception and photomorphogenesis irArabidopsis thaliana

Plants vitally depend on the energy they receiwnfithe sunlight. The electromagnetic
spectrum of the light that they can absorb to their photosynthesis is referred to as the
photosynthetically active radiatio(PAR; 400-700 nm wavelengths). Beyond their energy
consume, plants utilize light as a source of infation about the environment they inhabit.
They have developed the capacity to measure thelamgth composition, direction and
duration. Light signals are used for the adaptatbigermination, seedling and adult plant
development and the transition to flowering to #mvironmental conditions in order to

optimise reproductive success.

400 500

UVRS photl cryl ZTL

phot2 | | ery2 FKF1

LKP2 phyE
Qo
Germination Stedling Phototropism  Shade - f .
De-etiolation avoidance Transition to flowering
‘ phy ‘ phy phy phy
cry cry

phot

Figure I-1: The photoreceptors ofArabidopsis thaliana and their functions in plant development.UV-B light activates
the ULTRAVIOLET RESISTANCE 8 (UVR8) receptodV-A and blue (B) light are perceived by the phototropinsofih
2) and the cryptochromes (cry1-2). B light alsowattis the ZEITLUPE (ZTL) family of photoreceptoféie red (R) and far-
red (FR) light spectrum is perceived by phytochroifpés/A-E). The phytochromes are involved in gerrtiova seedling-
deetiolation, shade avoidance and the transitiom fvegetative to reproductive growth. The cryptoames also act on
seedling-deetiolation and the transition to flowgriThe Phototropins control growth towards or arayn a light source
(phototropism), while ZTL factors are involved idowering time control and the UVR8-receptor conitds to
photomorphogenic responses in seedlings.
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Introduction

Light perception is mediated by an array of phateptors that can be grouped into five main
classes inArabidopsis thaliana These consist of five PHYTOCHROMES (phyA-E) that
predominantly absorb in the red (R) and far-red )(FRght spectrum; two
CRYPTOCHROMES (cryl and cry2) and the two PHOTOTRC3E(photl and phot2) that
perceive ultraviolet A (UV-A) and blue (B) light dnthe ZEITLUPE protein family
(ZEITLUPE / FLAVIN-BINDING, KELCH REPEAT, F-BOX / IOV KELCH REPEAT
PROTEIN 2 (ZTL/FKF1/LKP2)) that also absorbs blught (B) (Briggs and Christie, 2002;
Clack et al., 1994; Huala et al., 1997; Lin, 200&lson et al., 2000; Somers et al., 2000).
Furthermore, the recently identified ULTRAVIOLET BESTANCE LOCUS 8 (UVRS8)
receptor is activated by UV-B light (Christie et, &012; Rizzini et al., 2011). A selection of
important developmental processes regulated byptiodoreceptors is shown in figure 1-1.
First, the germination of seeds is induced by light red light-dependent manner by the
phytochromes (reviewed in Franklin and Quail, 20B3edlings that grow in the absence of
light depend on their seed storage of energy amchdliecules. They display long hypocotyls,
closed apical hooks and closed, pale cotyledons. Jkotomorphogenesis is continued until
light is perceived. Once the seedlings reach thlet,lithey undergo de-etiolation, which is
characterised by the inhibition of the hypocotylrgjation, the opening of the cotyledons and
the apical hook and the development of green chlasts. Morphological changes triggered
by light are called photomorphogenesis. The ddatiom of seedlings is driven by actions of
phytochromes and cryptochromes (Strasser et dlQ)2The transition from the vegetative to
the reproductive growth is regulated by light thgbuthe photoperiodic pathway, which
involves the function of phytochromes, chryptochesmand the zeitlupe protein family
(Yanovsky and Kay, 2002; Valverde et al., 2004; 8mret al., 2004). The floral inducer
CONSTANS (CO) acts downstream of the photoreceptotee photoperiodic pathway and
is stabilized by long photoperiods that favour feouag (Laubinger et al., 2006; Valvere et al.,
2004). CO promotes the expression of the floradgrdators FLOWERING LOCUS T (FT)
and of TWIN SISTER OF FT (TSF), which move to theat apical meristem (SAM) to
promote the induction of flowering (Corbesier et 2D07; Wenkel et al., 2006; Yamaguchi et
al., 2005).

Besides the adaptations to the abiotic environnahts have also developed the capacity to
extract information about surrounding competitomf the ambient light, which represent a
threat, as they might eventually shade the pladtsse neighbours can be detected well
before they outgrow the plants as they reflect mBRe light photons than any other
component of the sunlight, because FR light is me¢d for photosynthesis and hardly
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Introduction

absorbed (reviewed in Vandenbussche et al., 200B¢ phytochromes are capable of
detecting this drop of the red light to far-redhligR:FR) ratio of the ambient light, and
subsequently induce an increase in elongation psese resulting in a longer hypocotyl,
extended internodes and elongated petioles compaitedplants grown in open sunlight
(Ballare, 1999). Furthermore, the low R:FR condisidrigger an increase of the leaf angles
(hyponasty), reduction of the leaf blade area, welobranching of the shoot and an
acceleration of flowering (Ballare, 1999). Thesact®ns are collectively referred to as the
shade avoidance syndrome (SAS). However, fastevtgrtowards the sunlight to outcompete
close neighbours is itself energy-consuming and mnoayy be successful in certain
environments, such as open fields, but futile imeat (Yanovsky et al., 1995). Thus, plants
have developed mechanisms to react appropriatdlyetalifferent stages of canopy shading.
Figure 1-2 illustrates the main stages of shadetb@ddaptations in Arabidopsis plants that
detect competitors.

A
oco—- oy
[ I
High PAR High PAR Low PAR
High R:FR Low R:FR Low R:FR
B . .
Seedling Rosette stage Reproduction

High PAR e

o'

High PAR
Low RFR I

Figure I-2: Shade avoidance responses @éfrabidopsis thaliana. A) Plants monitor the R:FR ratio of the ambient light t
detect neighbours. Overgrown plants suffer fromoveer photosynthetically active radiation (PAB). A low R:FR ratio of
the ambient light triggers several elongation reses and leads to the acceleration of flowering.
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I.1.1 Red and far-red light perception by the phytochrome

R (660nm)

Nuclear
Pr Pfr tanslocatioL PHOTO-
inactive 7 active MORPHOGENESIS
FR (730 nm)
Dark-reversion
hyA
R (660nm)
oL, 152 o - Nuclear .
Pr j\f 8 Pir tanslocation  [pHOTO-

7 active MORPHOGENESIS

o
\
N, ° W
¥ N e
! |
i
i
Coon Goow \
G0t boon

Degradation
FR (730 nm)

|

FR-HIR

PHOTO-
MORPHOGENESIS

inactive

Figure 1-3: Phytochromes perceive light of the redand the far-red light spectrum. Phytochromes are synthesised in the
inactive Pr form that absorbs red light. The Pfrnfds active and moves to the nucleus and caus®mpioophogenesis. The
Pfr form is transferred to the Pr form by FR light lmy a light-independent mechanism called darkngwea. PhyA
additionally functions as a FR light receptor in #R high irradiance response. The Pfr form of phyAapidly degraded
after activation by red light.

The reactions to R and FR light and to differenER:ratios are solely mediated by the

phytochromes and depend on their unique propedigsd antagonistic activities. Each

phytochrome consists of a 125 kDa polypeptide thatries a linear tetra-pyrrole

chromophore (reviewed in Quail et al., 1995; Daatisl., 1999). Phytochromes act as dimers
4



Introduction

and both, homo- and hero-dimerisation has beennaddevithin the phytochrome family
(Sharrock and Clack, 2004). The phytochromes casubdivided into two groups according
to their stability in the light. In Arabidopsis,alphytochrome type | consists only of phyA,
which accumulates in darkness and is highly phalbild. The phytochrome type Il is formed
by the remaining phyB, phyC, phyD and phyE, which more stable in the light, but have
also been shown to be regulated by protein degoadé$Sharrock et al., 2002; Jang et al.,
2010). One of the most striking features of thetpblyromes is their function in R/FR
reversible responses that are known as the lomdérieesponses (LFR; reviewed in Nagy and
Schafer, 2002). Upon absorption of red light (acb®®0 nm wavelength), the tetra-pyrrole
chromophore changes its conformation and this léadke activation of the phytochrome,
which is transferred to its FR light-absorbing fofffr). The absorption of FR photons
(around 730 nm wavelength) transfers the phytockrback to the inactive R light-absorbing
form (Pr). The cycling between the Pr form andRifieform creates a dynamic equilibrium of
the phytochromes (photoequilibrium) that is rapidlyered in response to different light
conditions (Nagy and Schéafer, 2002). Figure |-Bsiitates the R/FR reversibility of the
phytochromes. It follows from the above that in IBWR conditions, the photoequilibrium of
the phytochromes is shifted towards the inactivestte. The inactivation gbhyB is
considered as one of the major functions of theqathyomes in neighbour detection,Hs/B
mutants display a constitutive shade avoidance gilgpa even in open sunlight conditions
and display only weak responses to low R:FR treatr(idalliday et al., 1994; Reed et al.,
1993). Two additional phytochromes, phyD and phyatdbute to the shade avoidance
responses, presumably employing the same moleowtghanism as phyB (Devlin et al.,
2003).

In contrast to the type Il phytochromes, phyA ads FR light receptor in the high irradiance
response to FR light (FR-HIR; Nagy and Schafer,220Burthermore, phyA senses very low
fluences of light (very low fluence response, VLFR)e to the high levels of phyA that
accumulate in dark-grown seedlings and promotesigetion (Botto et al., 1996). The
photoconversion of phyA is similar to phyB, butthe phyA Pfr form is rapidly degraded, the
phyA levels decrease strongly upon B and R lighsogttion (Sharrock et al., 2002).
Therefore, phyA activity is negligible in directrdight. Moreover, phyA shows a maximum
of activity in FR light (Nagy and Schéafer, 2002hefefore, phyA activity is increased in low
R:FR conditions. In deeper canopy shade, whichheracterised by an additional loss in
PAR, phyA is further stabilised by the low lightensities, which again increases its activity

(Smith et al., 1997). Overall, phyA contributeshe shade avoidance responses especially at
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Introduction

lower light intensities and at very low R:FR comalis and counteracts the low R:FR-
dependent inactivation of phyB (Smith et al., 199The phyA inhibition of elongation
responses in deep shade conditions is relevanhéofitness of plants, because phyA mutants
die in deep shade. Thus, phyA function is adaptiveleep shade, presumably because
elongation in deep shade situations is too eneogguming for the seedlings (Yanovsky et
al., 1995).

After activation by R light, the Pfr form of the ytbochromes is imported to the nucleus by
transport facilitators, which has long been esshigld for phyA, but has recently also been
shown for phyB and proposed to represent a getramport mechanism for phytochromes
(Hiltbrunner et al., 2005 and 2006; Kircher et 4099; Pfeiffer et al., 2012). The nuclear
localisation is crucial for phy function and resulh a drastic change in the transcriptome
(Huq et al., 2003; Tepperman et al., 2001).

[.2 Light signalling downstream of the photoreceptors

.2.1 The PHYTOCHROME INTERACTING FACTORS (PIFs) promote
skotomorphogenesis and shade avoidance responses

In darkness, the PHYTOCHROME INTERACTING FACTORSH® that belong to the
basic HELIX-LOOP-HELIX (bHLH) transcription factdiamily are important to maintain
skotomorphogenesis and the associated elongatspomses (Martinez-Garcia et al., 2000;
Duek and Fankhauser, 2005). Henceifa pif3 pif4 pifSquadruple mutantpi{fg) exhibits
constitutive photomorphogenesis in darkness (Leiearal., 2009). Furthermore, the
transcriptome of dark-growpifqg mutants largely resembles the transcriptome ditdggown
WT seedlings, which shows that the PIFs are impoftectors of gene expression in darkness
(Leivar et al., 2009; Shin et al., 2009). PIF pmtebind to specific promoter sequencés,
Boxesthat have a CACGTG core consensus motif and indoeesxpression of genes that
mainly promote cell elongation (de Lucas et alQ20Huqg et al., 2004; Martinez-Garcia et
al., 2000; Moon et al., 2008). G-Boxes are a menobéne E-Box motif family that share a
CANNTG consensus and are targeted by bHLH transonigactors in eukaryotes (Atchley
and Fitch, 1997). Upon light perception, the phigtomes are transported to the nucleus and
interact with the PIFs (Duek and Fankhauser, 280fyrunner et al., 2005 and 2006; Kircher
et al.,, 1999; Pfeiffer et al., 2012). The interastiwith the phytochromes leads to the
phosphorylation of the PIFs and their subsequeijuitination and degradation via the 26-S

proteasome (Bauer et al., 2004; Huq et al., 2004din et al., 2008). Thus, light negatively
6
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acts on PIF protein levels and inhibits the expoessf genes that are up-regulated by the
PIFs (see fig. I-4). However, low R:FR conditionsipote PIF protein levels and enhance the
expression of elongation promoting genes that adeuthe control of PIFs (Martinez-Garcia
et al., 2000; Li et al., 2012; Lorrain et al., 2D08hree members of the PIF family, PIF4,
PIF5 and PIF7, were shown to be involved in thengdbion response of hypocotyls in
response to low R:FR conditions (Li et al., 2012rrhin et al., 2008). As pif4pif5 double
mutant and a PIF5 over-expresser both display écextielongation response of the hypocotyl
to low R:FR compared with the WT, balanced PIF4 Rtieb levels are thought to be required
for the elongation of the hypocotyl in low R:FR.rthermore, PIF4 and PIF5 negatively
regulate phyB level, further promoting their owrtieity and shade reactions (Leivar et al.,
2008). PIF4 and PIF5 act directly by binding tompater elements in shade avoidance up-

regulated genes.

1.2.2 The COP1/SPA complex is a central repressor of tratription factors

Besides the PIF transcription factors, additionabtgins act downstream of the
photoreceptors. A number of genes that promote oskotphogenesis and inhibit
photomorphogenesis were identified through theyasmalbf mutants that exhibit constitutive
photomorphogenic development in darkness. Theseesgewere unified in the
CONSTITUTIVE PHOTOMORPHOGENESIS (CORE-ETIOLATED (DET) FUSCA
(FUS) gene group (Wei and Deng, 1996).

CONSTITUTIVE PHOTOMORPHOGENIC 1 (COPl1l) is a membeof the
COP/DET/FUSCA family that was shown to function as E3 ubiquitin-ligase that acts
negatively on photomorphogenesis by targeting tr@oison factors for degradation that
promote light signalling (Deng et al., 1991; revesirin Hoecker, 2005). It contains a WD40-
domain and a coiled-coil domain that serve as prgisotein interaction domains and a
RING finger domain, which is central for the E3-gbitin-ligase function (Deng et al.,
1992). Multiple mutants of theuppressor of phyA-105¢&pal) andspal-like(spg mutations
exhibit constitutive photomorphogenic phenotypesilair to thecopl mutants. This indicates
that the SPA proteins are also important suppressgsphotomorphogenesis. TB®Algene
was initially identified in a screen for suppressof a weakphyA mutant and isolated by
positional cloning (Hoecker et al., 1998 and 198PAlcounteracts phytochrome meditated
inhibition of hypocotyl elongation (Parks et alQ(). Three additionabPAl-LIKEgenes
(SPA2-4 have been uncovered in the Arabidopsis genomabibger and Hoecker, 2003).
The four SPAgenes have overlapping, but also distinct funstionthe regulation of light-
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mediated plant development (Laubinger and Hoeck&03; Laubinger et al., 2004;
Fittinghoff et al., 2006; Balcerowicz et al., 2010) dark-grown seedling§PAland SPA2
are the main contributors to the repression of @inorphogenesis, while overstimulation of
photomorphogenesis in the light is mainly repredse8PA1 SPA3andSPA4(Laubinger et
al., 2004). Adult plant development and final ls&de is mainly controlled b§PA3andSPA4
(Laubinger et al., 2004; Fackendahl, PhD Thesig1P0Flowering time in short days (SD)
depends on function&PA] as aspalsingle mutant flowers early in short days (Lauleingt
al., 2006). The SPA proteins contain a C-termin&4Q domain and a central coiled-coil (cc)
domain, which they both share with the COP1 proteid a more diverse N-terminal domain
(Hoecker et al., 1999). The cc-domain is necesgarysPA-SPA interaction (Hoecker and
Quail, 2001; Zhu et al., 2008). The N-terminus eom a region that is reminiscent of a
kinase-domain, though a kinase function of the $RAeins has never been shown (Hoecker
et al., 1999; Hoecker, 2005).

Photoreceptors

Photoreceptors

SPA SPA SEAY HEA
genes X

G-Box

26-S-
Proteasome —
Light-upregulated
‘ genes
o®
Dark-grown seedling Light-grown seedling

Figure 1-4: COP1/SPA and PIF function in transcriptional control of light regulated genes downstream fothe
photoreceptors. In darkness, the COP1/SPA complex is active andetsrgranscription factors for degradation by
ubiquitination. Additionally, PIF proteins bind RIF-binding sites (G-boxes) of target genes andnpte the expression of
dark-up-regulated genes. These conditions leatdtmsophogenesis. The photoreceptors are actiatdiht and inhibit
the COP1/SPA complex. The transcription factors axdate and light regulated genes are expressedhdforore, PIF
proteins are inhibited by the phytochromes and egisntly degraded, which inhibits the expressiodark-up-regulated
genes. This causes photomorphogenesis.
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It was shown that COP1 and SPA interact via thekid@mains and act together in a
tetrameric complex consisting of two COP1 prot@nd a homo- or hetero-dimer of the SPA
proteins and that the interaction with SPA prote@nbkances the activity of COP1 towards its
targets (Saijo et al., 2003; Zhu et al., 2008). Ti@P1/SPA complex interacts physically and
genetically with phyA, phyB and the cryptochromesl dhe protein-protein interaction can
negatively regulate the function of COP1/SPA andhefphotoreceptors (Boccalandro et al.,
2004; Jang et al., 2010; Lian et al., 2011; Lialet2011; Seo et al., 2004; Wang et al., 2001,
Yang et al., 2001).

The COP1/SPA complex acts on virtually all aspettsght-regulated plant development by
controlling different factors that are involved ithe photomorphogenic development
throughout the lifecycle. The activity of the COBRA complex is also illustrated in figure I-
4. The well-characterised substrates of the COPAL/&nplex at the seedling stage include
the bZIP transcription factor LONG HYPOCOTYL 5 (Hy%he MYB transcription factor
LONG AFTER FAR-RED LIGHT 1 (LAF1l) and the atypicddHLH factor LONG
HYPOCOTYL IN FAR-RED 1 (HFR1) (Ballesteros et &0Q01; Duek et al., 2004; Fairchild
et al., 2000; Hardtke et al., 2000; Holm et alQ20Jang et al., 2005; Osterlund et al., 2000;
Saijo et al., 2003; Seo et al., 2003; Yang et28l05a,b). HY5 is rapidly up-regulated by light
and regulates the expression of genes by bindisgweral LIGHT RESPONSE ELEMENTS
(LREs) in promoters. It activates or repressesetkgression of the target gene (Lee et al.,
2007). HY5 predominantly binds to G-Box element&@GTG), but also to other LRE (Lee
et al., 2007). A large portion of light-requlateéngs, around 20% of the genes of the
Arabidopsis genome, was shown to be regulated byXCanhd HY5 antagonistically regulates
a subset of the COP1 regulated genes (Tepperman 001; Ma et al., 2001 and 2002). A
high number of transcription factors were identifte be expressed under the direct control
of HY5 (Lee et al., 2007). In the regulation of Hdeaaf size, COP1/SPA is proposed to act
via the regulation of B-BOX DOMAIN transcriptiondtor BBX21 and HY5 (Fackendahl,
PhD Thesis, 2011).The COP1/SPA complex inhibitsvélong in short day (SD) conditions
by regulating the protein levels of the B-BOX tramgtion factor CONSTANS (CO) that
induces the expression of FLOWERING LOCUS T (FTY aWVIN SISTER OF F{TSH in
long day (LD) conditions, two floral inducers th@bmote the transition from vegetative to
reproductive growth (Jang et al., 2008; Laubingeale 2006; Liu et al., 2008). It is expected
that novel COP1/SPA targets are yet to be discdvaseonly a subset of the phenotypes of
the copl and multiple spa mutant can currently be explained with the knowvangets
(Fackendahl, PhD Thesis, 2011; Maier, PhD Thefi$]12Falke, Master Thesis, 2009).
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The response of the hypocotyl to low R:FR condgiogrquires theCOP1 gene, asopl
mutants display diminished elongation responsespeoed with the WT (McNellis et al.,
1994). COP1 is required for normal PIF level accumulation {laei et al., 2008) and
genetically interacts with transcription factors tbe BBX family that are involved in the
shade avoidance response of the hypocotyl (Crocab,2010). Thdbx mutantsbbx19 bbx

21 andbbx 22exhibit increased elongation responses of hypteatylow R:FR treatments
compared to the WT, whilbbx18 and bbx24 display the opposite effect on the hypocotyl
length (Crocco et al., 2010). The low R:FR indudsgbocotyl elongation of theopl-4
mutant is restored whebbx21 and bbx22 are introduced into the mutant background,
indicating that BBX proteins may act downstreanC@P1 and that COP1 may in part exert
its function in shade by repression of negativeadiac(Crocco et al., 2010). Wheth8PA

genes are also involved in the regulation of th& 34 currently unknown.

[.3 Light signalling in the shade avoidance responses

The shade avoidance responses are tightly regudgtachumber of promoting and repressing
factors. The elongation responses are negativglylaiged by atypical (b)HLH factors in order
to prevent overstimulation (Hornitschek et al., 20Boig-Villanova et al., 2007; Sessa et al.,
2005). These factors include HFR1, which lacks recional basic domain essential for the
binding to DNA (Hornitschek et al., 2009; Sessalgt2005). It physically interacts with PIF4
and PIF5 via the HLH domain and forms non-functlometerodimers (Heim et al., 2003;
Hornitschek et al., 2009). This repression of efdimgn promoting factors is in agreement
with the observed exaggeratkffl hypocotyl elongation exhibited in response to RWR
compared with the WT (Sessa et al., 2005; Horngkat al., 2009). OverexpressionHFR1
and especially of truncated versions of the HFRdtgan lead to a diminished hypocotyl
elongation in response to simulated shade, whiclicates that HFR1 protein levels are
negatively regulated in low R:FR conditions to mmelover-accumulation of the negative
factor (Galstyan et al.,, 2011). The transcript levaf HFR1 are elevated shortly after the
onset of low R:FR conditions and they remain elegafor days in prolonged shade
conditions providing a negative feedback-loop (e®2i003; Sessa et al., 2005). Similarly to
HFR1, two genes coding for small and atypical bHLH s@iption factorsPHY TOCHROME
RAPID REGULATED And2 (PAR1 PAR2, are involved in the repression of the elongation
responses to low R:FR. They are swiftly upregulatedesponse to low R:FR and the

induction of the expression can be reversed by RgFR treatment (Roig-Villanova et al.,
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2006). The simultaneous reduction of PAR1 and PARZein levels caused a stronger
hypocotyl elongation response to low R:FR condgiccompared with the WT, while
overexpression of both factors diminished the hgpgcresponse (Roig-Villanova et al.,
2007). PAR1 (and presumably PAR2 as well) acts tn fBnction similar to HFR1 by
forming heterodimers that are incapable of bindmghe PIF target sequences of promoters
(Galstyan et al., 2011; Hao et al., 2012). Addaibn PIF3-LIKE 1 (PIL1) is also highly up-
regulated in low R:FR conditions in a phytochronspehdent manner by the binding of PIF
transcription factors to the promoter (Devlin ef 2D03; Salter et al., 2003; Roig-Villanova et
al., 2006; Lorrain et al., 2008). In contrast HF-R1 and PAR1/2 positive and negative
functions in the shade avoidance response have d&ssgned td°IL1 in different studies,
suggesting a more complex function (Salter eR8I03; Roig-Villanova et al., 2007).

Two positive regulators of the shade avoidance amesgs are the homeodomain-leucine
zipper transcription factor, ARABIDOPSIS THALIANA ®MEOBOX 2 (ATHB2) and
ATHB4, which are implicated in the light-hormonetaraction necessary for full shade
response (Carabelli et al.,, 1993 and 1996; RoitgNava et al., 2006; Sorin et al., 2009).
Overexpressors oATHB2 exhibit longer hypocotyls, while reduced leveladeto shorter
hypocotyls compared with the WT (Steindler et 4999). ATHB2 is also strongly up-
regulated in low R:FR conditions by the PIFs (Lorr&@t al.,, 2008). Furthermore, the
regulation ofATHB2 in the first hour of the low R:FR-dependent regmis regulated by
COP1in an HY5independent manngRoig-Villanova et al., 2006). Factors that promote
elongation responses to low R:FR also include egthalar proteins that modify the cell wall
(Cosgrove et al., 2005). Two main classes of call modifying enzymes are involved in cell
wall loosening. First, the expansins form a lafi@mily of nonenzymatic proteins in the cell
wall that rapidly promote cell wall extension inp&l-dependent manner (Cosgrove et al.,
2000). The expansins function equally in white fighd shade and are solely influenced by
acidification of the cell wall (Cosgrove et al., ). Second, the XYLOGLUCAN
ENDOTRANSGLUCOSYLASE / HYDROLASES/ XYLOGLUCAN ENDOTRANS-
GLUCOSYLASE/HYDROLASES — RELATED PROTEINS (XTH/XTRjre a large family
of enzymes that modify the xyloglucans that crodskhe cellulose fibres of the cell wall
(EkI6f et al., 2010).
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Figure I-5: Molecular network of the shade avoidane response irArabidopsis thaliana. In open sunlight, the COP1 and
the PIFs are inactivated by the active Pfr formpbfyB and elongation responses are inhibited. In RWR, the
photoequilibrium of phyB is shifted to the inacti?e form and COP1 and the PIFs are activated and gieothe shade
avoidance elongation responses. COP1 acts on BBX2h#tlinhibit elongation and the PIFs promote tkpression of
elongation promoting factors. HFR1 represents a-Beetk loop that negatively acts on the PIFs.

They are required for the loosening of the walbpto cell elongation (Cosgrove et al., 2005).
In contrast to the expansins, XTH function is spe&ily enhanced in petioles in response to
shade conditions, with a distinct set of XTH enzgnoperating preferentially in different
shade conditions (Sasidharan et al., 2010). Imptiytaa xtr7/xth15knock-out line shows no
induction of growth rate of the petioles in low R:[Eonditions andKTR7is an established

target gene of PIF4 and PIF5 that is up-regulatecesponse to low R:FR conditions (De
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Lucas et al., 2008; Lorrain et al., 2008; Sasidhatal., 2010). The factors that regulate
elongation responses in low R:FR conditions aremsarsed in figure 1-5.

The control of accelerated flowering in responselde R:FR conditions is primarily
regulated by phyB and to a minor extend by phyDv(lDeet al., 1999; Halliday et al., 1994).
In low R:FR conditions, phyB has been proposedctaralependently of the CO pathways on
FT expression via PHYTOCHROME AND FLOWERING 1 (PHTttanscription factor
(Cerdan and Chory, 2003). Before flowering, evensiort days, a large increase Kt
transcript levels inphyB mutant compared with WT has been reported. Howethex
acceleration of flowering has also been observagqaireGIGANTEA(GI) andCO and the
role of PFT1 has been questioned (Kim et al., 2008: Wollenketrgl., 2008). The early
flowering in response to close competitors canupprsessed by high FLOWERING LOCUS
C (FLC) levels in a dose-dependent manner, whictses later flowering in shade in some
Arabidopsis accessions (Adams et al., 2009; Wodenlet al., 2008). Loss of phytochrome
function overrides any FLC effect on FT expressias,in aphyB phyD phyEriple mutant,
high FLC level cannot inhibiET induction (Wollenberg et al., 2008).

Taken together, the SAS mainly consist of elongafwocesses and the acceleration of
flowering. Both depend largely on phyB inactivatiand downstream signalling events that
involve promoting and inhibiting factors. COP1 isemntral regulator of light-dependent plant
development downstream of several photoreceptatadimg phyB and has been assigned an
important function in the hypocotyl elongation pges in response to low R:FR. Whether the
COP1-interacting SPA proteins also contribute te ttontrol of the shade avoidance
responses remains an open question. Preliminamjtsesbtained under my supervision point
towards a function folSPA genes in the shade avoidance response of seedttgshen
Dickopf, Master Thesis, 2011; Jan Sahm, Examengagid 0).

I.4 Interactions of the light and auxin pathways

Auxin is a phytohormone that is regarded as thetenaggulator of plant development
(Jaillais and Chory, 2010). Auxin acts on cell glation, proliferation and differentiation and
is required for proper embryogenesis, root inibiati vascular patterning and apical
dominance. Furthermore, it drives directional plgriwth reactions, such as phototropism
and gravitropism, towards or away from environmemiaes, highlighting the interplay

between sensory input and the mediation of plaotwtr responses by auxin. The levels of

active auxin are tightly controlled by biosynthesienjugation and breakdown (Tam et al.,
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2000; Staswick et al., 200&taswick, 2005) Furthermore, auxin is actively transported by
cellular import and export and the responsivendégbetarget tissues can be modulated by
differential regulation of the auxin signalling nmaery (Fig. 1-6). Light signalling can be

found to manipulate virtually all levels of the auypathway (Halliday et al., 2009).
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Figure I-6: The pathway of auxin biosynthesis, tranport and signalling. IAA is mainly synthesized by TAAl and
YUCCA from tryptophan and transported from the sitdiosynthesis via auxin influx and efflux cargesf the AUX/LAX

and PIN families. Auxin can be perceived by the FERIin receptor that targets Aux/IAA protein forgdadation that
negatively regulated ARF transcription factors. ARfen bind Auxin response elements (AuxRE) to induedn regulated

genes.
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I.4.1 Auxin-Biosynthesis, conjunction and catabolism

Indole-3-acetic acid (IAA) is the main active awm Arabidopsis and mainly synthesized
from tryptophan (Tao et al., 2008). ThRRYPTOPHAN AMINOTRANSFERASHAAl)is a
key IAA biosynthesis gene that has been isolateoh findependent screens for altered auxin
associated phenotypes, which include hypocotyl gdton in simulated canopy shade
(SHADE AVOIDANCE JSAV3, ethylene dependent root elongatioWNHAK ETHYLEN
INSENSITIVE 8 (WEI8) and the resistance to auxin transport inhibitoeatment
(TRANSPORT INHIBITOR RESPONSKT2R?2) (Stepanova et al., 2008; Tao et al., 2008;
Yamada et al., 2009). TAA1 possesses enzymatigiggtconverting tryptophan to indole-3-
pyruvate (IPA) which is subsequently metaboliset®a (Tao et al., 2008; Stepanova et al.,
2008; Mashiguchi et al., 2011). FOUAA-RELATEDgenesTAR1-TAR4are present in the
Arabidopsis genome, withAR1andTAR2being the most related family membersTiAl,
exhibiting additive functions in IAA biosynthesisStepanova et al., 2008). Single and
multiple mutations in the genes coding for the TAPAR protein family result in severe
auxin related phenotypes, including loss of respaiesgravity, deficit in the formation of
primary roots and reduced length or complete alesehbiypocotyls (Stepanova et al., 2008).
TAAL is the predominant enzyme of the TAAL/TAR féyninvolved in the rapid increase of
free auxin levels in response to shade (Tao e2@08). A second family of enzymes involved
in auxin biosynthesis, the flavin monooxygenase-MUCCA (YUC) proteins, consists of 11
members in Arabidopsis with largely overlappingdiions (Cheng et al., 2006; Cheng et al.,
2007; Zhao et al., 2001)XUC genes are equally important as &A1 gene family with
regard to the development of Arabidopsis plantee Ruredundancy in the gene fami$JC
genes have first been noticed by high-auxin phgrestyesulting from the overexpression of
single YUC (Zhao et al., 2001). Multiplyuc mutants exhibit defects as early as during
embryogenesis, because auxin produceWZCAgene is essential for proper development
of the embryo (Cheng et al., 2007). Seedling dgraknt, the development of the vascular
tissue and also the development of flowers deperida same way ordUC function (Cheng

et al.,, 2006, Cheng et al., 2007). Despite the -lasting proposition of multiple parallel
auxin biosynthesis pathways, recent findings fav@umajor straightforward two-step auxin
biosynthesis pathway comprising of the TAAL/TAR fpmof enzymes and the YUC
enzymes, in which TAA1 produces IPA from tryptoptand YUC metabolises IPA to IAA
(Mashigushi et al., 2011; Phillips et al., 201le&tnova et al., 2011; Won et al., 2011). IAA
is oxidized to an inactive form by an unknown megtba and can also be temporally

inactivated by conjugation to a sugar, amino acignethyl-group and may subsequently be
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reactivated or degraded (Li et al., 2007; Ljunglet2002; Woodward and Bartel, 2005; Yang
et al., 2008). IAA is mainly produced in the cotydms, young leaves and the meristems and
transported to the other parts of the plant, buh&r local auxin biosynthesis exists in the
meristem of the root, the tips of lateral roots anesumably further locations (Ljung et al.,
2001)

1.4.2 Auxin transport

Auxin is transported from the sites of synthesisrdong distances throughout the plant. First,
IAA can be loaded to the phloem and passively ibisted via the stream to all sink tissues.
Second, besides this passive and fast auxin flavacéive auxin transport mechanism exists,
the polar auxin transport (PAT) (Gao et al., 2002)is mode of transport is considered to be
unique among the phytohormones and is dependeatsat of auxin carriers that function in
each individual cell contributing to the PAT (Delimmet al., 1996). Auxin enters the cell by
diffusion and active uptake that is mediated bytrahsmembrane AUXIN RESISTANT1 /
AUXIN RESISTANT1-LIKE (AUX/LAX) carriers (Bennett eal., 1996; Swarup et al., 2004)
(see Fig 1-5). In the cytoplasm, auxin is largedpmbtonated due to the higher pH and the
charged auxin is unable to diffuse out of the delN FORMED (PIN) proteins are essential
components of the major efflux carriers of auxionirthe cytoplasm to the apoplast (Friml et
al., 2002). They form a family of eight membershwitvo subgroups. The PIN1 subgroup
members (PIN1, PIN2, PIN3, PIN4, and PIN7) can yeadhically relocated to the apical or
basal sides of the plasma membrane (PM) by phoglaiion or dephosphorylation,
respectively, which influences the direction of mwefflux (Friml et al., 2002, 2004; Sukumar
et al., 2009; Zhang et al., 2009). The phosphdonastatus of the PIN proteins is regulated
by PINOID (PID) serine-threonine kinases and th@OPRIN PHOSPHATASE 2A (PP2A)
(Christensen et al., 2000; Friml et al., 2004; So&uet al., 2009). Furthermore, three ATP-
binding cassette class B (ABCB) transporters aeeifip for auxin transport and efficiently
exclude it from the cytoplasm to the apoplast (Kuékal., 2012; Wu et al., 2010).

1.4.3 Auxin signalling

Two types of auxin receptors were identified toed#A is bound by the AUXIN BINDING

PROTEIN 1 (ABP1) auxin receptor that contributestiie early phase of auxin induced
elongation independent of regulation of gene exgioas(Perrot-Rechenmann, 2010). Auxin
perception by ABP1 was shown to promote the agtviittwo Rho GTPases, which act on the

lobbing of pavement cells (Xu et al., 2010). A famaf six F-Box E3-ubiquitin ligases named
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TRANSPORT INHIBITOR RESPONSEL1 (TIR1)/ AUXIN SIGNALNG F-BOX (AFB)
also possess auxin receptor function (Gray e2@01; Dharmasiri et al., 2005; Kepinski and
Leyser 2005). Upon auxin binding to the catalyiie ®f the TIR1/AFB receptors, the E3-
ubiquitin-ligase binding and activity towards AUXINNSENSITIV/ INDOLE-3-ACETIC
ACID (Aux/IAA) proteins are strengthened and theacbme ubiquitinated and subsequently
degraded by the 26S-proteasome (Kepinski and Le66d; Tan et al., 2007). The Aux/IAA
proteins are inhibitors of AUXIN RESPONSE FACTORSRE), as they hetero-dimerization
via conserved domains and prevent their bindingotomoters of auxin-induced genes
(Overvoorde et al., 2005). Hence, auxin inducedrdescription of target genes by activation
of the ARF proteins (see fig. I-5). ARF transcriptifactors form a family of 23 members in
Arabidopsis and bind to AUXIN RESPONSE ELEMENTS (RESs) in promoters of auxin-
responsive genes (Okushima et al., 2005; Ulmasal.efl997 a). The majority of the 29
Aux/IAA genes in Arabidopsis are rapidly auxin-inducedictviprovides a primary negative
feed-back loop on auxin signalling, shaping theimgignal (Abel et al., 1994; Remington et
al., 2004).

1.4.4 Interactions of light signalling and the auxin respnse

Like other light signalling mutants, multiplgpa mutants anccopl mutants exhibit short
hypocotyls and dwarfed plant growth with the numlaad the size of leaf cells being
diminished (Fackendahl, Phd thesis, 2011; Ranjaml.et2011; Laubinger et al., 2004;
Fittinghoff et al., 2006). It remains an open gi@stwhether these phenotypes are caused by
misregulation of the auxin response (Ranjan e28f11). Non-cell-autonomous functions for
SPAgenes have been described for seedling growthinthection of flowering time and the
regulation of leaf size by the tissue-specific @ggion of SPAL protein ispatriple mutants
(Ranjan et al., 2011). Light can act on all levdlshe auxin pathway. Auxin biosynthesis was
shown to be regulated negatively by phyB, whicls dxgt lowering TAAl-dependend auxin
production (Tao et al., 2008). The PAT is also omigd by light. The intracellular
distribution of PIN proteins is controlled by bllight via HY5 action in root cells (Laxmi et
al., 2008). The ABCB19 auxin transporter is undher ¢ontrol of cryl and phyB, which also
influences auxin flow in a light-dependent fash{@vu et al., 2010). Additionally, the root to
shoot ratio of auxin is controlled by phyB and criflirthermorephyA phyBdouble mutants
are largely deficient in the shoot to root disttibn of auxin, causing aberrant growth
responses of the root (Salisbury et al., 2007)tHéamore, the auxin signalling network is
regulated by light signalling. Severnala gain-of-function mutants exhibit growth defects in
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light-associated phenotypes, such as inHN@/IAA3gene, which regulates auxin and light-
mediated development of the shoot and the rootn(Biad Reed, 1999; Soh et al., 1999).
Strinkingly, a high number of auxin-related genesinong the genes rapidly regulated by R
and FR light (Tepperman et al., 208dd 2006; Ma et al., 2001; Devlin et al., 2003hds
been noticed that sever@lux/IAA genes are light-regulated (Tepperman et al., 284d
2006). Studies of amAA19 promoter::GUSfusion revealed thalAA19 expression was
strongly repressed in a time and fluence-depena@niner in white light (Saito et al., 2007).
IAA19is strongly auxin-induced, mainly in the hypocotyld the root, dependent on ARF7
that binds to théAA19 promoter (Tatematsu et al., 2004). Due to thengtiap-regulation by
auxin, thelAA19 promoter has been used to visualize auxin sigmpl(Keuskamp et al.,
2010). Interestingly, the transcript levelslAA29 have been reported to be down-regulated in
a multiple pif mutant and up-regulated in a PIF4/PIF5 dependeamtner at the end of the
night in SD grown plants (Leivar et al., 2009; Khind et al, 2011). Whether PIF4 and PIF5
directly bind to thdAA29 promoter to modulate auxin signalling or whethp+regulation of
IAA29 requires additional factors has not been solvediréct regulation of Aux/IAA genes
by light signalling has also been proposed duénéoHY5 binding to the promoters of the R
repressedAA8, IAA16 IAA17 and IAA18 (Lee et al., 2007). Furthermore, the transcript
abundance ofAA7 andlAA14 are lower inhy5 mutants compared to the WT and HY5 can
bind thelAA7 promoterin vitro (Cluis et al., 2004). The majority &VALL AUXIN UP RNA
(SAUR genes are rapidly and strongly auxin-inducedtaeg code for small proteins unique
to plants that have repeatedly been noticed tdipelyi correlate with cell elongation (Knauss
et al., 2003; Esmon et al., 2006). TRAUR19-24subfamily promotes cell expansion in an
auxin-dependent fashion and the overexpressionAQfRR9 in thepif4 mutant restores the
auxin-induced hypocotyl elongation response to higimperatures (Franklin et al., 2011;
Spartz et al., 2012). SAUR proteins may in partactwuxin transport by association to the
PM (Spartz et al., 2012). Sevef@AURpromoters have also been identified as direcietarg
of HY5-binding (Lee et al., 2007).

Two systems are employed to monitor the auxin nes@oA synthetic auxin-responsive
promoter sequence has been generated that cotdaitsm repeats of AuUXRE core motifs
DR5 promoter that is fused to reporter genes @S and LUC).The Dll-domain of IAA28
was fused to VENUS (fast maturating YELLOW FLUORHESCI PROTEIN (YFP)), which
was shown to represent a more direct and more tsensiuxin signalling sensor system
(Ulmasov et al., 1997; Brunoud et al., 2011).
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Due to the complexity of the auxin pathway, ligkpression of auxin-up-regulated genes
could be caused by a direct or indirect regulatioa the auxin signalling pathway
(Tepperman et al., 2006). The characteristic premgtquences of auxin-regulated genes are
auxin response elements (AuxRE) and most of thearesthe common consensus core motif
TGTCT(C), though cryptical AuxRE exist that do rebtare the consensus (Ulmasov et al.,
1997 b; Walcher and Nemhauser, 2011). Light regdlaenes carry LRE in their promoter
sequences, such as G-BOX motifs that can be boyrfllb and HY5 and may promote or

repress the expression of the gene (Martinez-Gatah, 2000; Lee et al., 2007).

Auxin

9

l M Auxin induced AND
| )( light repressed gene

5°UTR

Figure I-7: Possible modes of the regulation of ligg- and auxin-regulated genesShown is a representation of the
pathways that could influence the regulation ofiatup-regulated and light-repressed genes. Thiliexp a large subset of
auxin-associated genes.

For the twoAux/IAA genes,IAA19 and IAA6, three AuxRE motifs were identified by
sequence analysis within the 300-bp promoter regiRkemington et al., 2004). A G-Box
motif has also been detected in the 1000-bp pranadidA19 (Sibout et al., 2006).

For virtually all auxin-induced genes, it remairms lde solved, if direct light-regulation is
involved in their light-repression or if their rdgtion is only controlled by AuxRE.
Therefore, in order to unravel the input of lightthe auxin signalling pathway, it will be
important to investigate the interaction of lightdsauxin on the level of individual promoters
to dissect direct and indirect regulation of gexgression (Fig. 1-7).

By controlling the regulation of auxin-regulatedngse, such asAA19 light could directly
influence auxin-responsiveness of cells and tissoemodulate the output of the auxin
system, such as elongation responses (Cluis &08l4; Sibout et al., 2006; Tepperman et al.,
2006).
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1.4.5 Light regulation of the auxin response in the SAS

The interplay of light and auxin responses is @lsginning to be unravelled in the SAS. The
shade induced elongation responses of the hypocetylire the modulation of auxin
biosynthesis, transport and signalling. TAAL isees&l for the increase of auxin levels in
low R:FR conditions which is in turn required foetelongation response of the seedling (Tao
et al., 2008). The gene expression of auxin-regpergenes (e.dAA genes) is elevated in
low R:FR conditions and the auxin response inledgns is higher in low R:FR than in high
R:FR (Devlin et al., 2003; Tao et al., 2008). Hoeeuthe transcript level 6cfAAlis not
responsive to the shade treatment (Tao et al.,)200& two family member¥UC1 and
YUC4 are expressed in the aerial part of the seedinigtiaey are together important for the
hypocotyl elongation in low R:FR compared to higrR (Won et al., 2011). Furthermore,
overexpression ofYUC1 in the sav3 mutant background restores the shade avoidance
phenotype of the mutan¥UC2 YUC5 YUC8 and YUCS9 transcript levels are elevated in
shade, butyuc multiple mutants includingyuc8 yuc9 and theyuc3 yuc5 yuc7 yuc8 yuc9
quintuple mutantyuc-Q exhibit normal elongation response of the hypgctt simulated
shade (Tao et al., 2008). This indicates that the&¥enzymes that catalyse the rate-limiting
step in the auxin biosynthesis may be up-regulatedhade conditions to increase auxin
levels (Tao et al., 2008; Won et al., 2011). Tlamsport of auxin is also essential for the low
R:FR dependent elongation response of the hypo¢8tgindler et al., 1999; Pierik et al.,
2009; Keuskamp et al., 2010). PIN3 is requiredtha hypocotyl elongation response, up-
regulated on the transcript level and the staluline the protein level in shade avoidance
conditions (Devlin et al., 2003; Friml et al., 20&2uskamp et al., 2010). Furthermore, PIN3
is relocated in order to redirect auxin flow towarthe epidermis, which promotes auxin-
responsive gene expression in the epidermis (Fetral., 2002; Keuskamp et al., 2010). Also,
SAUR genes, which function in auxin regulated elongafocesses, are up-regulated in

shade conditions (Roig-Villanova et al., 2007).
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.5 Aims of this thesis

(1

(I

(I

Investigation of functions of the SPA genes andCOP1 in shade avoidance

responses:COP1is an important positive regulator of the shadeidgance syndrome

in seedlings, but a function f@PAgenes in shade avoidance has not been described.

Thus, the first aim of this study was to unraveble of SPAgenes in shade avoidance
including an investigation of functions 6OP1and theSPAgenes in shade avoidance
responses of adult plants. The examination wasedaout on the phenotypic and the

molecular level.

Analysis of auxin response inspa mutant backgrounds: The spa mutants exhibit
seedling and adult leaf phenotypes that are phgmeddyy auxin signalling and auxin
biosynthesis mutants. Furthermore, SPA1 was imiglitan non-cell-autonomous
signalling. Thus, the second aim of this study twamvestigate the auxin response in
spa mutants.DR5::GUS was introduced in thespal spa2 spadackground and
analysed alongside thepal spa3 spad4 DR5::GUS darkness, light, SAS and adult

plant development.

Dissection of the light- and auxin-regulation of adin-induced and light-repressed

genes: The evidence for light-regulation of auxin-inducgenes is substantial, but
whether direct light signalling to the promoters afixin-induced genes down-
regulates them in the light is still unexplored. 8ee third aim of this study was to
investigate the regulation of genes that are aindoced and light-repressed on the
level of the promoters. To this engromoter::luciferaseconstructs were generated

and analysed for the regulation in darkness vsligatl (Rc).
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Results

[I.1 SPA gene function in the SAS

Severakcoplmutants exhibit a reduced elongation responsartolated shade and tlvepl
mutation genetically interacts with tvidox mutations in shade avoidance (Crocco et al., 2010;
McNellis et al., 1994). As SPA proteins commonly @agether with COP1 (reviewed in

Hoecker, 2005), functions &PAgenes in shade avoidance were tested.

A FR-LED sources B FR-LED sources

Wc+FR
Low R:FR (0.15)

We We
High R:FR (10)

3-4 days Further growth
Shared Seedling development Wc or We+FRe
in Wc (50 umol/m?2sec) (PAR: 50 umol/m?sec)

Percival light chamber
(AR-36L)

Figure 1I-1: Simulated shade set-up for adult plantanalysis.All seedlings were initially grown in continuous ithlight
(WCc) in the lower shelfA) and a subset subsequently shifted to Wc suppledenith continuous far-red light from LED
light sources (Wc+FRc) in the upper sh@j.(The Wc+FRc set-up resulted in a lower R:FR ratithe ambient light than in
Wc alone, but the PAR was identical in both lightditions. Experiments with seedlings were analysddo identical light
chambers employing the same strategy.

The simulated shade conditions employed in thigystonsisted of continuous white light
(Wc) supplemented with additional continuous FRitlig/Vc+FRc), resulting in a lower R:FR
ratio in comparison with the Wc light condition a& but an unchanged PAR. Only de-
etiolated seedlings are capable of exhibiting loniggpocotyls in response to low R:FR
conditions compared with sunlight conditions. Dgrkwn seedlings react to low R:FR light
treatment with inhibition of the hypocotyl elongatj due to the high activity of dark-
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accumulated phyA (Smith et al., 1997; Strasser R00iterefore, all seedlings were grown for
three to four days in Wc, which was provided byofkscent light tubes (chamber for adult
plant growth) or white light LED light sources (chbers for seedling experiments).
Subsequently, one part of the seedlings was maovdtid low R:FR conditions that were
generated by additional FR LED light sources (sege /-1 for spectral analyses). The
growth strategy for the analysis of adult plantpmesses to simulated shade is exemplarily
presented in figure 1lI-1.

First, soil-grown WT seedlings were analysed in tieavly constructed simulated shade
conditions and displayed elongated hypocotyls v RiIFR conditions compared to Wc (data
not shown; Sahm, 2010). Additionally, seedlingsavgrown on MS plates in the simulated
shade in order to allow transcript level analysas @ther applications. When the response of
the hypocotyl to low R:FR was analysed in seedliggsvn on MS plates, no elongation
response to the low R:FR treatment was observegaed with the seedlings grown in Wc.
It was reasoned that the shade avoidance respoigée adepend on the dark surface of the
soil or other properties that differ between soitl dMS plates in our set up. The hypocotyl
elongation to low R:FR conditions could be restomedeedlings grown on blackened MS
medium (agar supplied with 1% activated charcdalckbMS), but not on MS plates, which
had a blackened bottom (supplemental figure S1is $hggests that the obscureness of the
soil was the decisive factor for the elongationpese of the seedlings to low R:FR in
contrast to the translucent MS medium. Thus, abshexperiments were either performed on

soil where indicated or on MS medium that contaib®charcoal (black MS).

[1.1.1 Phenotypic and molecular analysis ofpa mutants and the copl mutant in low
R:FR conditions

[1.L1.1.1 SPA genes are essential for the shade avoidancepasses of seedlings

In order to investigate functions f@PAgenes in the SASpasingle and multiple mutants

were analysed in the Wc and Wc+FRc conditions. I8eedwere grown in Wc for three days
and shifted to low R:FR conditions (Wc+FRc) for aidehal three days, while a second set of
seedlings was kept in Wc. WT seedlings respondedetdow R:FR treatment with increased
hypocotyl elongation, exhibiting an approximatelyottimes longer hypocotyl compared to
seedlings grown in Wc (Fig. 11-2 A,B). This demaages that the low R:FR set-up triggered

an elongation response in seedlings. phgB-9 mutant displayed long hypocotyls in Wc,
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when compared to the WT and shorter hypocotyl®w R:FR conditions when compared to
Wec.
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Figure 1I-2: SPA genes are essential for hypocotyl and petiole elgation in low R:FR. A) Shade phenotype of six-day-
old black MS growrspamutant seedlings. Within each pair of seedlingsref genotype, seedlings grown in continuous
white light (Wc) are on the left, seedlings growrcontinuous white light supplemented with far-ligtit (Wc+FRc) on the
right. The white bar represents 5 ni&).Hypocotyl length obpamutants in Wc and Wc+FRc (>15 seedlings were
measured, data presented as mean + standard &tinerrnean (SEM))C) The petiole length of the cotyledons of triple and
quadruplespamutants (the length of the two petioles per segdlias averaged, >15 seedlings were measured, data
presented as mean + SEM)
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The reduction of hypocotyl elongation in thleyB mutant was described before and was most
likely caused by the phyA-mediated HIR triggeredtbg higher FR fluences (Devlin et al.,
2003). Thus, the observed low R:FR triggered elbogaesponses reflect the net sum of low
R:FR dependent increase and FR-HIR dependent decifathe hypocotyl length of the
seedlings (Devlin et al., 2003). Tlpa single mutants did not show an altered elongation
response of the hypocotyl compared with the WT lgegsl However, thespal spa2 spa3
spa4 quadruple mutantspaQ) did not show a hypocotyl elongation responséot R:FR
compared with Wc. This indicates that tB&A genes are essential for the response of
hypocotyls to low R:FR and function redundantlyttBtested double mutantgpal spazand
spa3 spa4xhibited longer hypocotyls in low R:FR than in Vdat the elongation response to
simulated shade was diminished compared with theaWfl'the single mutants (Fig. 11-2 B).
Similarly, thespa2 spa3 spadndspal spa2 spaBiple mutants responded with a significant
hypocotyl elongation response to the simulated stamhditions. The hypocotyl elongation
response of thespal spa2 spa3nutant to low R:FR conditions compared to the Wc
conditions was stronger than the hypocotyl elongatesponse of thgpa2 spa3 sparhutant
that showed a reduced elongation response to IdvR RThe hypocotyls of the two other
triple mutants failed to respond to the applied IBWFR treatment, exhibiting the same
hypocotyl length under Wc and simulated shade. @mesults suggest th&8PAgenes have
redundant, but also distinct functions in the ebdman response of the hypocotyl to low R:FR
treatmentSPAland SPA4are sufficient to sustain a shade avoidance respohseedlings,
when the other thre8PAgenes are mutated.

The petiole elongation of the cotyledons of six-@&y plants in response to Wc and Wc+FRc
treatment was also analysed. It was observedhkaphl spa3 spadnd thespal spa2 spa4d
triple mutants failed to exhibit a petiole elongatiresponse to the low R:FR conditions
compared with the elongation response seen in thé€Rgure 11-2 C). The same was true for
the spaQ mutant. The two other triple mutants still exgmieg SPA1 or SPA4 displayed an
elongation response of the petioles to the low Rtfeatment. Again, thepal spa2 spa3
mutant showed a stronger response to the low RrE&ntent than thepa 2 spa3 spad
mutant. Thus, similar results were obtained fordlmgation response of the hypocotyl and
the elongation response of the petioles of theledons. This suggests that both responses

are connected by a common mechanism which is dedroy theSPAgenes.
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[1.1.1.2 Transcript analysis of shade marker

genes igpa mutants andcopl-4
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Figure 11-3: Expression of early shade marker genesn spa

multiple mutants. A) Transcript levels oPIL1, ATHB2,

XTR7/XTH15andIAA19 were analysed with quantitative gRT-PCR. Seedlingsewgrown for 4 d in continuous white light
(Wc) and subsequently shifted to low R:FR condition&ept in Wc for 3 hUBQ10was used as endogenous control. Data

represent the mean of three biological replicateSEM. B)
Seedlings were grown for 4 d in Wc and subsequaesitifted

Transcript level ofHFR1 were analysed with qRT-PCR.
to low R:FR conditions or kept in Wc for Bdand 48 h.

UBQ10 was used as endogenous control. All data wasratdith to 0 h Wc sample and represents the meahreé t

biological replicates +SE) Time-course analysis of the tran
was used as endogenous control. All data was esdithrto 0
replicates + SEM.

script level$dfl in Wc and low R:FR condition$JBQ10
h Wc sample and represents the meanreg thiological
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Genes, which are swiftly up-regulated by shade itimmd, are referred to asady shade
marker genesThese include the transcription fact&/BHB-2 PIL1 andHFR1 (Lorrain et al.,
2008) and genes encoding enzymes that are invadlvezkll wall modification, such as
XTR7/XTH15(De Lucas et al., 2008). Furthermore, a set ofiratesponsive genes is up-
regulated in response to low R:FR ratios (Devlialet2003). As a loss of the shade-induced
hypocotyl elongation response was observed in fwbeofourspatriple mutants and thepa-
Q, the involvement ofSPA genes in the regulation of the transcript levdlearly shade
marker genes was tested. To this end, seedlings grewwn for four days in Wc and were
subsequently shifted to Wc+FRc (low R:FR) condisiam kept in Wc for the indicated time
and the transcript levels of the shade marker gerees determined (Fig II-3). A significant
up-regulation ofHFR1, ATHB-2andPIL1 in the WT was observed as early as 30 minutes
after the onset of the shade treatment, the eatlimg-point tested in this study (data not
shown). Transcript levels of the shade marker gehBdB2 PIL1 and XTR7 increased
strongly in simulated shade conditions after threers compared with Wc in the WT (Fig. II-
2 A). The transcript levels ATHB2 andPIL1 equally increased in afpa multiple mutants
in low R:FR compared to the WT. This indicates t8&A genes are not required for the
initial accumulation of these transcripts in resgwto shade.

The transcript levels ATR7were found to be significantly lower in all muligspamutants
in low R:FR conditions compared with the WT and itheguction of theXTR7transcript level
by low R:FR was weaker. The highest induction @& ttanscript level oXTR7in the spa
mutants was found in thepal spa2 spa3nutant that exhibited a significantly higher
induction compared to all othespa mutants (Fig. 1I-3 A). This indicates that the Iful
induction of XTR7 by simulated shade requires functiof®A genes. It also provides a
correlation between the aberrant elongation pherstyf thespamultiple mutants compared
to the WT and the transcript levels of a gene tlyeovolved in the elongation of cells,
except for the results obtained with gga2 spa3 sparhutant (Fig 11-2 B; Fig. 11-3 A).

The transcript levels of another shade marker g€l 9, were also determined in the WT
and thespal spa3 sparhutant in response to simulated shade treatméetinduction of the
IAA19 transcript level was equal in WT and thgal spa3 spa#utant, though théAA19
transcript exhibited lower levels in tlspal spa3 spautant in both conditions compared
with WT. This indicates that the overall transaoptlevels oflAA19 but not the induction in
response to low R:FR conditions, depend in pa$BAgene function (see also figure 11-24).
To test, ifSPAgenes might be required for the induction of tcaips$ levels of shade marker

genes in the seedling after prolonged shade treapitine transcript levels of the shade marker
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HFR1 were analysed after 24 and 48 hours of simulatedes treatment and Wc in tepal
spa3 spadiriple mutant and theopl-4 mutant (Fig. II-3 B).HFRL1 transcript levels were
found to be strongly increased in simulated shadbe WT and both mutants after 24 and 48
hours. This indicates that neith@PAgenes, noCOP1are limiting for the up-regulation of
HFR1transcript levels in shade avoidance. This isgireament with the previous observation
that the regulation oHFR1 transcript levels in response to low R:FR condsgias largely
independent o€OP1(Crocco et al., 2010).

PIL1 is rapidly and strongly up-regulated by shade @mws. FurthermorePIL1 levels
remain elevated in prolonged shade. The transteiysls of PIL1 were also analysed in
prolonged shade in a time-course experiment (FH§.G). Thespal spa3 spadnd thecopl-

4 mutants showed strongly increased transcript $ew#IPIL1 in response to low R:FR
conditions that compare to the induction in the Whe PIL1 transcript levels in Wc
remained low in all lines. This suggests tB&Agenes andCOP1 are not limiting for the
maintenance of high transcript levelsRiL1 and presumably other shade marker transcripts
(dataATHB2 not shown) in prolonged shade conditions. Theltesi this study contradict
the proposed function d€OP1 in the general regulation of early shade markerege as
COP1was observed to negatively act on the increageléfB2andPIL1 transcript levels in
response to a low R:FR treatment (Roig-Villanovaalket 2006). On the other hanH|L1
transcript levels increased similarly in the WT aogp1mutant in short term shade previously

(Crocco et al., 2010), which is in agreement wiitis study.

11.1.1.3 SPA gene function in adult leaves in low R:FR conditins

SPAgenes regulate adult stages in plant developriréhtencing final leaf size and also the
timing of flowering (Laubinger et al., 2004 and BQG-ittinghoff et al., 2006; Fackendahl,
PhD Thesis, 2011 Ranjan et al., 2011). Hence, & t@sted, iiSPAgenes are involved in the
control of adult plant growth in response to oundated shade conditions. Plants were
grown on soil for four days in Wc and moved to dated shade or kept in Wc for additional
seven days (Fig. 1I-4). The elongation respondewoR:FR conditions of the leaf petiole was
detected in the WT that exhibited longer petiolas, leaf blades of similar size compared
with Wc conditions (Figure 11-4 B). The petioleifn all spatriple mutants upheld robust
responsiveness to the low R:FR treatment, whilegheeispa-Q nor copl-4 showed any
elongation response of the true leaf petioles. @mesults suggest th&PAgenes an€COP1
have an essential function in the elongation respaf leaf petioles to low R:FR conditions.

In contrast to the seedling phenotype, wh8feA genes differentially contribute to the
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elongation response of hypocotyls and petiolesobfledons, no qualitative difference in the
SPAgene function could be found in the elongatiorpoese of petioles of true leaves in

response to FR enriched conditions.
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Figure 11-4: Adult plant growth in response to low R:FR is regulated by SPA genes and COP1. Bictures of 11-day-
old plants grown in continuous white light (Wc)ghifted to Wc supplemented with continuous fardigdt (Wc+FRc) after
four days B) Leaf length measurements. The total leaf lengththadetiole length of the longest leaves of plgntsvn in
the Wc () or Wc+FRc ¢) conditions were measured for each genotype amdetf blade length calculated by substraction
of the petiole length from the total leaf lengthat® is represented as mean of blade length (+ SEddtal length) and
petiole length + SEM, n > &) Sketch of the two values represented)nthe blade (dark green) and the petiole (light
green) of a true leaf.
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11.1.1.4 Accelerated flowering in low R:FR is independent oBPA and COP1 genes

Shaded Arabidopsis plants react by acceleratinggitimg in long day conditions (Wollenberg
et al., 2008)COPlandSPAlhave a function in the photoperiodic pathway oféring time
control, as they inhibit early flowering in shodys (Laubinger et al., 2006; Jang et al., 2008).
Thus, the flowering time of alpatriple mutants and thspa-Q and copl-4 mutants were

determined in Wc and low R:FR light after four daysnitial development in Wc (Fig. 11-5).
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Figure 1I-5: Acceleration of flowering time in response to low R:FR is independent oSPA genes andCOP1. The
number of daygA) and number of true leavgB) at bolting counted from plants grown on soil in teaous white light
(Wc) or Wc supplemented with continuous far-rechligWc+FRc) conditions after four days of Wc treatmeData
represented as mean of the flowering time of siptgats (*8). Error bars represent SEM.

The WT plants incubated in low R:FR conditions edltmarkedly earlier and with fewer
leaves compared with the plants grown in Wc (Ri®. A,B). The flowering time in Wc of all
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spatriple and quadruple mutants, except fipgal spa2 spa#nutant was indistinguishable
from the WT. Thespal spa2 spadnutant was found to flower significantly later Wc
conditions than the WT or any othgsamutant or theeopl-4mutant. This was supported by
observations in flowering time experiments in lahy conditions (P. Fackendahl, personal
communication). All genotypes displayed an accél@maof flowering time in simulated

shade for both parameters similar to the WT flongtime.
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Figure 11-6: The regulation of flowering time control genes in low R:FR conditions bySPA genes andCOP1. The

transcript levels of the floral integraté3, CO andFLC were analysed in WT5pal spa3 spadndcopl-4seedlings grown
for four days in continuous white light (Wc) andfsd to Wc supplemented with far-red light (Wc+FRoj additional
seven days or kept in Wc. At a second time-point (&ter), seedlings were harvested from both dmrdi. UBQ10was

used as endogenous control. Data represent the shéaree biological replicates + SEM.
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This result shows that neith&PA genes norCOP1 are involved in the acceleration of
flowering in our simulated shade conditions. Timdicates that phyB causes the acceleration
of flowering time in low R:FR conditions independgrof the COP1/SPA complex which is
an important player in the photoperiodic floweripgthway in high R:FR (Laubinger et al.,
2006).

In order to investigate the gene regulation ofdlanducers and repressors implicated in the
acceleration of flowering in low R:FR, the trangtrievels of FT, CO and FLC were
determined in the WTspal spa3 spadnd thecopl-4mutant using gRT-PCR (Fig. 1I-6). The
transcript levels oFT were strongly elevated in the WT background attétee chosen time-
points in low R:FR grown plants compared with Wown plants. This elevation was also
observed in thespa triple and thecopl-4 mutant. This indicates th&T accumulates in
response to the low R:FR treatment independent§R#or COP1genes and correlates with
the observed flowering time phenotypes.

CO transcript levels in the WT were similar at botne-points and in both conditions, but
increased slightly in thepal spa3 spa#hutant and the€opl-4 mutant in response to low
R:FR conditions compared with WEELC levels were unresponsive to the low R:FR treatment
in all backgrounds, but the levels were low in YW& and thespal spa3 spa#utant and
highly elevated in theopl-4background. The elevatéd C levels in thecopl-4background
correlate with the overall lower transcript levelsFT, but theFT transcript levels in the
copl-4 mutant were induced in the low R:FR conditionsepehdent of the highdfLC
transcript levels. The increased levels FifC transcript in thecopl-4 mutant should be
subject to further investigation with additior@pl mutants. Taken togethdfT levels were
elevated in response to low R:FR independentlyhefGO and FLC transcript levels in all

backgrounds.

[1.1.2 Analysis of the distinct functions ofSPA1 and SPA2 in the regulation of the SAS

11.L1.2.1 SPA1/SPA2 promoter-swap analysis

SPAlsustains a hypocotyl elongation in response toRRR compared to Wc in trepa2
spa3 spadnutant, whereaSPA2could not serve this function in tispal spa3 spautant
(Figure 1I-2). This difference i8PAlfunction compared wit8PA2could be due to sequence
differences in the protein-coding sequences orrégeilating regions. The overlapping and
distinct functions ofSPAland SPA2in photomorphogenesis were previously investigated

using a promoter-swap approach (Balcerowetal, 2011; Fittinghoff, PhD Thesis, 2009).
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Transgenic lines expressing SPAL1 or SPA2 from3RAlor SPA2regulatory sequences (5’
and 3’ regulatory regions) inspaQ mutant were analysed for complementation of tla@sh
dependent elongation of the hypocotyl (Figure 11A1) lines that expressed the SPAL protein
over-complemented thgpa-Q mutant hypocotyl shade phenotype. As observediqusly,
also the white light phenotype is at least fullymmemented in all SPAL1 expressing lines
(Fittinghoff, PhD Thesis, 2008). Driven by tl&PA2promoter, SPA2 did not cause over-

complemention of the elongation response.
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Figure 11-7: Divergent function of SPA1 and SPA2 in low R:FR derives from a combination of the reglatory
sequences and the protein coding sequencéfpocotyl measurements of black MS grown seedlamgspresented. Lines
expressing SPA1 or SPA2 from the 5" and 3’ reguilategions ofSPAlor SPA2(promoter-swap constructs described in
Balcerowicz et al., 2011 and Fittinghoff, PhD The&309). Seedlings were grown in continuous whdktl(Wc) for 6 days

or shifted to Wc supplemented with far-red lightq¥¥Rc) after 3 days>(10 seedlings were measured per genotype and
condition, data presented as mean = SEM)). Steriak (*) indicates a still segregating line.

However, when expressed from t88Alregulatory sequences, the SPA2 protein caused an
elongation of the hypocotyl in response to low Ré&énpared to the Wc conditions at least
in one transgenic mutant line (in a second independxperimentSPAL::SPA2468-5 also
exhibited a more pronounced hypocotyl elongationilar to #61-8, data not shown). Thus,
SPAZ2alone is able to elicit the shade avoidance respanaspal spa2 spa3 spajuadruple
mutant, but only if SPA2 is under the control@PAlregulatory sequences. This indicates
that the protein sequence and the promoter actbati contribute to the distinct function of

SPAlandSPAZ2in the low R:FR triggered elongation responseeafdtings.
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[1.1.2.2 Analysis of SPA transcript levels in response to low R:FR

As SPAgenes are important for the hypocotyl elongatioresponse to low R:FR conditions,
it is conceivable that their expression would bedsaregulated. Moreover, differential
regulation of the foulSPA genes might contribute to their difference in fime. As the
transcript levels oSPA1 SPA3and SPA4are light-induced, it could be expected that the
supplemental FRc in the low R:FR conditions migkdult in elevated transcript levels of
these genes (Hoecker et al., 1999; Fittingho#fl.e2006).
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Figure 11-8: Regulation of SPA transcript levels in response to low R:FR conditins. Relative transcript levels of the four
SPAgenes were determined by gRT-PCR. Seedlings werengfomfour days in Wc and transfered to low R:FR thoe
indicated time or kept in We&JBQ10was used as endogenous control. Data were calibtatCol-0 0 h for each gene and
shown as the mean of three biological replicateéSEM. A) Short-term experiment between 0 h and B)hLong-term
experiment between 0 h and 48 h.
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The transcript levels of th8PAgenes were determined in seedlings after diffedenations
of Wc+FRc treatment (Fig. 11-8). Thirty minutes eftthe onset of the shade treatment, the
SPAtranscript abundance was similar to the Wc comal#tj thus theSPAtranscript levels
were not regulated in short-term shade (Fig. 118 Also, longer shade exposure did not
result in an increased difference $f*Atranscript levels between Wc and low R:FR grown
seedlings (Figure 11-8 B)SPAltranscript levels increased over time in both $ated shade
and Wc conditions, presumably indicating developt@ledependent gene regulation. These
data indicate tha®PAtranscript levels are not regulated by low R:FRditions. Hence, the

difference in SPA function is likely determined tfferential activity of the SPA proteins.

[1.1.2.3 Analysis of SPA1 protein level in response to low:RR

SPA protein levels are subject to regulation irpoese to light signals (Balcerowicz et al.,
2011). Thus, stabilisation of SPA1 could contribigtats activity in the elongation responses
to low R:FR. To determine the protein levels of 3HA Wc-grown seedlings and seedlings
shifted to low R:FR conditions, an immunoblot walSPA1-specific antibody was performed
(Fig. 1-9). The total protein levels in all sampleiere comparable as indicated by the overall
equal tubulin levels. The SPAL signal was absemh fthespal-100null mutant and strong in
the SPA1 overexpressing lin8RAL1::SPA1-HANn RLD; Fittinghoff et al., 2006), though a
faint background band was repeatedly observedeimtii mutant.

Col-0
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Oh 1Th 3h Oh 1h 3h
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Tesssess @
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SPA1 Ox

Figure 11-9: SPA1 protein levels in simulated shadelmmunodetection of SPAL protein levels in 4-day-@ld seedlings
grown in continuous white light (Wc) and shiftedgionulated shade for the indicated timéR) or kept in Wc {). SPAL
was detected with a SPAL specific antibody (MaRhD Thesis, 2011). Tubulin levels were detectedbading control.
Forty pg of total protein extract were loaded. Each time-point and light condition, two biologicaplicates are shown.

The SPAL levels in the protein samples taken from &id Wc+FRc treated seedlings
showed no difference after one or three hours efttbatment. 24 and 48 hour time-points

were also analysed with the same trend (data rotrsh This indicates that the SPA1 protein
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levels are not altered in response to the low RtfERtment. Nevertheless, differences in
SPA2 protein levels in Wc and simulated shade nayribute to the distinct function of
SPAland SPA2in the elongation responses of seedlings to lowRRtreatment. However,
this question was not addressed as nuclear prepeatvould be necessary to determine

SPA2 levels, which was not attempted due to tins&iction.

[1.1.3 SPA genes genetically interact wittHFR1, but not HY5 in shade avoidance

The COP1/SPA complex acts as a negative regulétioarscription factors that trigger light
responses (reviewed in Hoecker, 2005). Among tHéB&1 serves a prominent function as a
negative regulator of shade avoidance responsesd®¢t al., 2005; Hornitschek et al., 2009).
Overexpression of the HFR1 protein leads to a redlinypocotyl elongation response to low
R:FR conditions (Hornitschek et al., 2009; Galstgmal., 2011). Thus, the question was
addressed, whether tH&PA genes might act viddFR1 to function in shade avoidance.
Preliminary data in this regard were already oladimn our group under my supervision
(Sahm, J., Examensarbeit 2010). Thifel mutant,spa mutants and &pa hfrl quadruple
mutant were used for the genetic interaction sty seedlings grown as described in figure
[I-2. In accordance with its function as a negatregulator of shade avoidanday1-101
mutants exhibited a longer hypocotyl only in lowFR: conditions compared to the WT
(Figure 11-10 A,B). As seen earlier in this studlye triple mutant only expressing the SPA2
protein gpal spa3 spaddid not show a shade avoidance phenotype. Howeter
introduction ofhfrl-101into this background partly restored the elongatiesponse. This
indicates thaSPAgenes interact wittHFR1 in the response of the hypocotyl to low R:FR
conditions and suggests tt&PAgenes act positively on shade avoidance by thessjon of
negative regulators as proposed @®P1 earlier (Crocco et al., 2010). It was reported tha
HFR1 inhibits transcript over-accumulation ATHB2as early as one hour after the onset of
low R:FR conditions (Sessa et al., 2005). To ingast the regulation AATHB2in response
to our shade avoidance conditions, the transcepels were determined in thdrl-101
mutant and thdafrl spal spa3 spadquadruple mutant after three hours of simulatedisha
treatment (Fig. 1I-10 C). No over-accumulation bgttranscript was observed in th&l
mutant, thus the reported transcript levels in Ifiel mutant background could not be
confirmed (Sessa et al.,, 2005). When compared ¢oWfi, ATHBZ2 transcript levels were
equally up-regulation within 3 hours of low R:FRdatment compared with Wc. Also, in the
spatriple mutant background, the induction of thNEHB2level was comparable to the WT,

though lower levels were observed in Wc conditions.

36



Results

os/

] O Wc B WctFRe
E 0
g ]
: -
B
§
z ]
=]
8 £I
3 il
z | M .
N » > < \ \ M B 5
OO\ \'\Q %Qo b(\{\ 5’5 ‘)f> QQ\ ‘)n’ :1*\
\ @ o W W ¢ W 5
A\ S 2 o N
0\ QO A\ Y
R 0\$ Q&) o
C $ &
K

100 O Oh ®3h Wc+FRe O 3h We

ATHB2/UBQI10

0.1
N Q\ X <
o W %%QQ W
W o &
\ $Q o) S
O
R 0\ L
A\

Figure 11-10: hfrl, but not hy5 mutation can rescue the hypocotyl elongation respse to low R:FR in aspa triple
mutant background. A) Continuous white light (Wc) and simulated shade @\pplemented with far-red light; Wc+FRc)
phenotypes of eight-day-old seedlings. Within epalr of seedlings of one genotype, Wc grown segdliare on the left,
seedlings grown in low R:FR on the right. The white bepresents 10 mrB) Hypocotyl length osoil-grown mutants in
Wc and Wc+FRc (>15 seedlings were measured, dasemerl as mean + SEMY}) Relative transcript levels &fTHB2
were analysed with quantitative gRT-PCR. Seedlingeweown for 4 days in Wc and subsequently shiftetbtv R:FR
conditions or kept in Wc for 3 HJBQ10 was used as endogenous control. Data represemhdéha of three biological
replicates + SEM.
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However, theATHB2 transcript levels increased stronger in $pal spa3 spa4 hfrthutant
background than in thepatriple mutant background. Thus, the up-regulatbthe transcript
levels of ATHB2was not limited by th&PAgenes oHFR1 alone in this experiment, but a
genetic interaction betweeBPA genes anHFR1 was suggested on the level ATHB2
regulation.

Another target of the COP1/SPA complex, HY5, hagnbassociated with the shade
avoidance response of seedlings recently (Sellaab,2011). HY5 is a positive regulator of
the sun-fleck response that is elicited in shadedtp that sporadically receive high R:FR
signals, due to a changing lighting of the envirenin Thus, altered regulation of HY5 in the
copl-4and thespal spa3 spattiple mutant may cause shade avoidance relatedgbypes
and the elongation responsehyb mutants. Crosses afy/5with thecopl-4and thespal spa3
spadmutants were analysed accordingly (Fig. 1I-10 A,Byth hy5 mutants exhibited longer
hypocotyls in Wc, but normal elongation responsegared with the WT. Furthermore, the
hy5 mutations were not able to restore the diministledgation response to low R:FR of the
spa triple mutant or thecopl-4 mutant. ThusHY5 was not required for the elongation
response to low R:FR conditions. Furthermore, ramlstspecific genetic interaction GOP1

or theSPAgenes was observed witlY5 while the exaggerated elongationhgb mutants in
white light was clearl\6PAand COP1 dependent as described previously (Osterlund. et al
2000; Saijo et al., 2003).

[1.1.4 Genetic interaction of phytochrome photoreceptors vwh SPA and COP1 genes in
low R:FR

The COP1/SPA complex is a central regulator oftlgjgnalling that is a direct and indirect
downstream target of a large portion of the phatepéors. It also functions upstream of phyA
and phyB by regulating the protein levels of thphetoreceptors (Boccalandro et al., 2004;
Jang et al., 2010; Lian et al., 2011; Liu et a&12;, Seo et al., 2004; Wang et al., 2001; Yang
et al., 2001). The function of the COP1/SPA compiexshade avoidance may thus be
upstream or downstream of phyA and/or phyB, as pbtitochromes regulate the elongation
response antagonistically. Thpal spa3 sparhutant background was employed to analyse a
genetic interaction o6PA genes withPHYA under low R:FR conditions (Fig. 11-11). The
phyA-211single mutant exhibited an exaggerated shade py@mmaompared to the WT,
while no difference was observed in Wc betwpbhgA-211and the WT. Thepal spa3 spad
phyAquadruple mutant displayed a pronounced elongaésponse in low R:FR conditions

compared to thepal spa3 spafriple mutant. This may reflect the relief of apleyactive
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phyA-pathway in thespa triple mutant or may originate from @PA independent phyA

function.
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Figure II-11: Introduction of phyA mutation restores elongation response of spal spafia4 to low R:FR.

A) Shade phenotype of six-day-old seedlings. Withithgzair of seedlings of one genotype, seedlinga/grim continuous
white light (Wc) are on the left, seedlings groven three days in Wc and shifted for three day®to R:FR, are on the right.
The white bar represents 10 mB). Hypocotyl lengths of black MS grown mutants. Seeghiwere grown under Wc for 6
days or shifted to white light supplemented with-ried light (Wc+FRc) after 3 days (>15 seedlingsevemeasured per

genotype, data presented as mean + SEM).

A putative dependency of phyB signalling @®P1in low R:FR was tested with @pl-6

phyB double mutant (Fig. II-12). Theopl-6single and theopl-6 phyB-double mutants

exhibited shorter hypocotyls than the WT andpghgB-9mutant in both light conditions.
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Figure 11-12: copl is epistatic overphyB in Wc and low R:FR. Hypocotyl length measurements of black MS grown WT
(Col-0), phyB-9 copl-6andcopl phyBdouble mutants. Seedlings were grown in continwehige light (Wc) for six days or

shifted to Wc supplemented with continuous farirght (Wc+FRc) after 3 days 15, data presented as mean +*

SEM).
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Furthermore, the hypocotyl was not responsive ¢éldiv R:FR treatment in theopl-6and
the copl-6 phyB-3ouble mutant, that both exhibited similar hypgtégngths in both light
conditions. This result shows thabpl-6 suppresses the constitutiyethyB phenotype
completely, indicating thatoplis epistatic over thphyBmutation in both light conditions.

Notably, the spal-2 mutation is capable of completely suppressing pingB mutant

phenotype of adult leaf blades inspal-2 phyB-ldouble mutant (Ranjan et al., 2011)
indicating an essential SPA1 function downstreamlofB involved in the constitutive shade
avoidance phenotype of the adult plant. Thus, & aaalysed, ipalwas also epistatic over

phyBin seedlings incubated in simulated shade (Hid.3).
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Figure 11-13: Genetic interaction analysis of thespal-2 single mutant with phyA and phyB in low R:FR. A) White light
(Wc) and shade phenotype of six-day-old seedlimga/ig on black MS in Wc (left) or shifted to low R:FRRer three days
(right). The white bar represents 5 mB). Hypocotyl lengths of black MS grown mutants. Seggiiwere grown in Wc for
six days or shifted to Wc supplemented with far-figght (Wc+FRc) after 3 days ( >15 seedlings wereasured per
genotype, data presented as mean + SEM).

Unlike the spal-7 mutant (Col-0 background), thspal-2 single mutant exhibited a
significantly reduced hypocotyl elongation in respe to low R:FR conditions compared with
the RLD wild type (Fig. 11-13 B). ThehyA mutant exhibited an increased elongation in
response to the simulated shade. Ingb&lphyAdouble mutant, the reduction of the shade
phenotype of thepal-2single mutant was reversed, as the mutant exhilitedxaggerated
shade dependent elongation response comparedneipal-2mutant or the RLD WT.

The hypocotyl length of thepal-2 phyB-ldouble mutant was reduced in white light and
simulated shade conditions compared to ghgB-1 mutant, but still considerably elevated

compared to thepal-2single mutant.
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Taken together, these results indicate 8faAlcontributes to the elongation response to low
R:FR conditions and that phyB partly dependsSétAl but to a far lesser extent than what

was previously observed for the adult leaf pheneti{anjan et al., 2011).

[1.1.5 Structure-function analysis of SPA4 in low R:FR
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Figure 11-14: The N-terminal domain of SPA4 is not Imiting for the hypocotyl elongation response to v R:FR. A)
Domain structure of the SPA4 protein and of the &BAletions expressed in thpa3-1 spa4-Houble mutant background.
Lines were described earlier (Fackendahl, PhD $h@6i11)B) Hypocotyl length measurements of black MS grownamts.
Seedlings were grown in continuous white light (W) six days or shifted to Wc supplemented witin-risd light
(Wc+FRc) after three days (> 15 seedlings weresomea per genotype and conditions, data presestettan + SEM).

SPA4 (alongsideSPA) has a function in shade avoidance related elangaesponses, as
supported by thepal spa2 spaBiple mutant phenotype in this study (see figik2). The
investigation of the contribution of the differedmains of SPA4 to the elongation response

could promote the understanding of the functior6BfA4 in shade avoidance. SPA proteins

41



Results

contain a conserved coiled coil (cc)-domain forerattion with COP1 and other SPA
proteins, a C-terminal WD-40 domain for substra@éeognition and a more variable N-
terminal domain that carries a kinase-like domdiged unknown function (Figure 11-14 A).

The N-terminus of SPA1 has been found to be impoftar SPA1 function in seedlings and
flowering time control (Fittinghoff, PhD Thesis, ¢keendahl, PhD Thesis; Dieterle, personal

communication).

In order to unravel functions of different SPA4 daons in the elongation response of
seedlings, lines that express truncated proteisiomes of SPA4 driven by th@sS promoter
were tested for complementation of tepa3 spadmutant phenotype (Fackendahl, PhD
Thesis, 2011). Except thecc-SPA4 construct (SPA4 lacking the coiled-coil @amp that
showed no complementation of the hypocotyl elomgatneither in Wc, nor in response to
simulated shade, all lines fully complemented oreresomplemented the hypocotyl
elongation in response to low R:FR conditions (Fegil-14 B).

Here, making use of lines expressing different titteconstructs of SPA4, it was shown that
the coiled-coil domain of SPA4 was necessary foA&PRunction in shade avoidance,
suggesting that complex formation of COP1 and SRAd presumably with other SPA
proteins is important for SPA4 function. Neithee tkinase-like domain, nor the entire N-
terminal domain of SPA4 is likely to serve a limdifunction for the elongation response.
The fact that over-expression of SPA4 by 8%S promoter leads to an elevated hypocotyl
elongation in low R:FR indicates a dose-dependetitity of SPA4. Moreover, the function
of SPA4is not dependent on regulation of the endogenBB#&4 promoter in shade

conditions.

[1.1.6 Expression of SPA1l from the epidermis-specifidML1 and CER6 promoters
rescues thespal spa3 spad response to low R:FR

Functional SPAlis sufficient to maintain a pronounced shade aawig response of the
hypocotyl in thespa2 spa3 spattiple mutant (Figure 11-2). SPAL is ubiquitoustypressed

throughout the seedling at high levels, but expoesen the phloem is sufficient for its
function in dark- and light-grown seedlings andflowering time control (Fittinghoff et al.,

2006; Ranjaret al, 2011). In order to elucidate a tissue-spefiRAlfunction in the shade
avoidance response of seedlings, lines expressifglSfrom various tissue-specific
promoters in thepal spa3 spathutant were analysed for complementation of theohwgtyl

elongation phenotype (Figure 11-15) (Rangtral, 2011).
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Figure 11-15: Expression of SPA1 from two epidermisspecific promoters ML1 and CERG6) restores the elongation
response of the hypocotyl to low R:FRLines expressing SPA1 from various tissue-spegifitmoters were described
earlier (Ranjan et al., 20114)) White light (Wc) and shade phenotype of six-day-s¢edlings grown on black MS in Wc
(left) or shifted to low R:FR after three days (tighThe white bar represents 5 mB). Hypocotyl length measurements of
black MS grown mutants. Seedlings were grown infé¥six days or shifted Wc supplemented with fai-fight (Wc+FRc)

after three days (n > 15, data presented as m&&HM)).
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The tissue-specificity of the SPA1 expression iis #pa mutant background has not been
analysed, but differential expression of the prarois assumed&PAlover-complemented
the mutant shade avoidance phenotype, when exprésse the endogenol®PAlpromoter,
as it was observed witBPAL1::SPAllines in thespa-Qbackground, analysed in this study
(Figure 11-15 A,B,C see also figure 1I-7).When SP#as expressed from tiL1 promoter
or the CER6 promoter (epidermis-specific promoters), the etdiuypn response to low R:FR
was partly restored in all transgenic lines. Thiggests a function fdPALlin the epidermis
that leads to an elevated elongation of the hypbaotiow R:FR conditions. The expression
of SPALlin the shoot apical meristerKNAT1::SPA}, the phloem $UC2::SPA), the root
(TobRB7::SPAJLor the mesophyllGQAB3::SPA] did not restore the hypocotyl elongation in
low R:FR compared to Wc, while slightly longer hgptyls were observed for lines
expressing SPA1 from tHeUC2promoter in both conditions (Fig. 1I-15 C). Takemether,
this suggests that SPA1 expressed in single tissthes than the epidermis cannot rescue the
hypocotyl response to low R:FR conditions.

[I.2 SPA genes interact with the auxin response

It has been recognised that ggamutant phenotypes overlap with auxin-related phgres,
such as short hypocotyls in darkness and light esatpwith the WT and a reduced number
and size of leaf cells in true leaves (Ranjan et2011; Fackendahl, PhD Thesis, 2011).
Furthermore, the shade avoidance phenotypespaf triple and quadruple mutants also
resembles an aberrant auxin response. Thus, the @sponse was analysed in seedlings in
different light conditions and in adult leaves inTVdndspatriple mutantsDR5::GUSwas
crossed with thespal spa2 spadnutant (See Material and Methods for details oa th

selection of the mutants).

[1.2.1 Auxin signalling in SPA triple mutant seedlings in darkness and low FR ligt

Seedlings of DR5::GUS and two lines from independent crosses sphl spa3 spa4
DR5::GUSandspal spa2 spa4 DR5::GU&ere grown in darkness or low FR light (0.2 umol
x m?x se¢’) for four days and a GUS staining was performesha3ally, allDR5::GUSlines
employed throughout this study showed a pronourstaithing at the root tip that reflects a
local auxin signalling maximum, which was not obger to change in any condition. In a
first set of experiments, high variations of the &Wignal distribution and intensity was

observed within each genotype (data not shown).eMegless, the trend showed that the
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GUS staining was strongest in dark-gro@R5::GUS seedlings, where the cotyledons and
the apical hook were stained. Also in low intersitof FR light, the staining was weaker in
DR5::GUS seedlings compared to dark-grown seedlifie staining was overall weaker in
thespal spa3 spadnd thespal spa2 spautant backgrounds, exhibiting staining in dark-
grown seedlings that resembles the Wc grown WT Isggsdin case of thepal spa2 spa4d

seedlings.
darkness FRc
DR5::GUS
6.13
spal spa3 spa4
DR5::GUS
31.7
spal spa2 spa4
DR5::GUS

Figure 11-16: The auxin response in darkness is reaced in thespal spa3 spad and spal spa2 spad4 mutants. GUS stainings of seedlings
which were grown for four days in darkness or lamtinuous far-red light (FRc) (0.2 umol 3w sec’). The black bar represents 200 um.
The two lines per cross derived from independergses.

Subsequently, the experiment was conducted withaléered procedure that minimized
manipulation of the seedlings prior to the GUS mstej (Fankhauser, personal
communication, 2011). In the second set of expearimaith the new method, the staining
was mostly weaker, but more reproducible resultevebtained. GUS activity was visible in
cotyledons of dark-grown DR5::GUS seedlings, bus wémost absent from most of the

cotyledons of FR grown seedlings even at low FRnsities (Fig. 11-16). In most seedlings
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from the spal spa2 spaéndspal spa3 spa4rossings, the GUS signal was faint or no
staining was visible in the cotyledons in all cdimtis, apart from single seedlings that
showed staining. This indicates that at the segsllgtage, the auxin response differs between
WT and thespatriple mutants. Thus, the phenotypes of $p@a mutant seedlings correlate
with an altered auxin response, which could pagkplain the shorter hypocotyl and

photomorphogenesis of the mutants in darkness.

[1.2.2 Auxin signalling is not enhanced by low R:FR inspal spa3 spa4 and spal spa2

spad mutants

We Wce+FRe

DR5::GUS
6.13
spal spa3 spa4
DR5::GUS
31.7
13
spal spa2 spa4
DR5::GUS
41.11
¥

Figure 11-17: DR5::GUS expression is not elevated in spal spa3 spa4 amas spa2 spa4 mutants in response to low
R:FR. GUS staining of seedlings grown for four days in Wifted to Wc+FRc for seven hours or kept in Woygh at
27°C). A representative seedling@R5::GUSand of two independent crossespal spa3 spad DR5::GUsdspal spa2

spad DR5::GUSre shown.
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DR5::GUS activity is enhanced in the cotyledons of seedliby shade treatment, which
indicates increased auxin signalling (Tao et &08). Auxin is required for the hypocotyl
elongation in response to low R:FR conditions (Eaal., 2008; Keuskamp et al., 2010).
Thus, the question was addressed, if auxin sigwplihay be affected in the cotyledons of
spal spa3 spadnd spal spa2 spadnutants that lack the elongation response of the
hypocotyl and the petioles of the cotyledons to RWR conditions. Preliminary results with
DR5::GUS lines in shade avoidance were obtainetieeamder my supervision (Dickopf,
Master Thesis, 2011). In order to enhance the faR®%::GUSsignals obtained in preliminary
experiments, the seedlings were grown in 27°C, whauses overall elongation compared to
growth at 21°C, but does not affect the elongatesponse to the low R:FR treatment (Figure
S2). The majority oDR5::GUSseedlings showed a strong blue staining of thgledbns in
response to seven hours low R:FR treatment, whitieWc grown seedlings showed blue
staining only at the margins of the cotyledons amdthe root tip (Figure 1I-17). The
pronounced increase in GUS staining in respondewoR:FR was not observed in tlspa
triple mutantDR5::GUSIlines tested. This indicates that the increash®fauxin response is
absent from the twepatriple mutants that lack the elongation resporfstn@ hypocotyl in
response to low R:FR and th&PA genes are involved in the enhancement of the auxin

response in response to low R:FR conditions.

[1.2.3 SPA genes regulate auxin biosynthesis genes in respens low R:FR

The reduced DR5::GUS expression in shade-tregp@dmutants compared to WT may be
caused by a lower auxin biosynthesis or reducedhasignalling or altered auxin transport.
De novoauxin biosynthesis by the TAA1 pathway is requif@dshade avoidance elongation
responses (Tao et al.,, 2008AAlis thought not to be regulated by low R:FR cowdisi, but
was shown to be a direct PIF4 target in temperatignealling (Tao et al., 2008; Franklin et
al., 2011).YUC genes have also been implicated in the contrchwdin biosynthesis in
response to low R:FR and the expression of sewdddl genes is responsive to low R:FR
treatment in the hypocotyl and the petioles of temves (Konzuka et al., 2010; Tao et al.,
2008; Won et al., 2011). Thus, the transcript IevadlYUC genes in WT and thgpal spa3
spadtriple mutant were measured from samples takem ftd-day-old plants (Fig. 11-18A).
YUC2 transcript levels were neither elevated in the W®r in thespa triple mutant in
response to the simulated shade/C8transcript levels were higher in response to lawRR
conditions in the WT, but the elevation by simutbghade conditions was diminished in the

spal spa3 sparhutant. The same trend was observedridC9 though the induction by low
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R:FR conditions was not significant in the WT. Timslicates that the transcript levels of
YUC8are under the control &PAgenes in a shade-dependent manner. TH¥&L transcript
was determined in seedling tissue including WT,dpal spa3 spafutant and theopl-4
mutant grown in Wc and low R:FR conditions for thdicated time (Fig. 1I-18 B).
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Figure 11-18: Transcript levels of auxin biosynthess genes in thespal spa3 spa4 mutant in simulated shade.

A) Relative transcript levels afUC2 YUC8andYUC9in Col-0 andspal spa3 spatiple mutants under Wc and Wc+FRc
were analysed in seedlings grown for 4 days underWd shifted to Wc+FRc for additional 7 days ortkep/Nc. UBQ10
was used as endogenous control. Data represemdae of three biological replicates + SEB). TAAltranscript levels in
prolonged simulated shade (24h / 48h of Wc+FRcrireat compared to Wc treatment) in 8matriple mutant andopl-4
mutant.UBQ10was used as endogenous control. Data represemiettie of three biological replicates + SEM.

The TAAL1 transcript levels were similar in all tested cdiotis and backgrounds. The
transcript ofTAAlwas unresponsive to the low R:FR conditions &tdr or 48h of treatment
compared to Wc in the WT thepatriple mutant and theopl-4mutant. This suggests that
TAALis not differentially induced in our shade coratitt and thaSPAgenes an€COP1lare
not limiting for TAAlexpression. Taken together, the data presentedian response ispa
triple mutants and on the transcript abundanceY0fC genes in thespa triple mutant

backgrounds support the notion tHalPA genes may act on the shade avoidance related
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elongation responses in part by manipulating thenabiosynthesis pathway. The transcript
levels of YUC genes should also be measured at the seedling istaggder to correlate the

hypocotyl and cotyledon phenotypes with ¥igC transcript levels.

[1.2.4 Auxin signalling in young leaves of adulispa mutants
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Figure 11-19: Auxin response is reduced in young laves ofspal spa3 spa4. The auxin response in the youngest leaves of
2- week-0ldDR5::GUS spal spa3 spa4 DR5::GUshdspal spa2 spa4 DR5::GUffants, determined by GUS analyses.

A) GUS staining of the youngest leavedDdi®5::GUSandspal spa3 spa4 DR5::GUSants. Leaves were bisected to allow
uniform substrate uptakdd) A quantitative GUS analysis @R5 activity in Col-0,spal spa2 spadndspal spa3 spa4
Samples were analysed in technical duplicates. Begarepresented as the mean of three biologigdicates + SE. A
student's t-test was performed and significant (p5Pdifferences compared with the WT backgroundevessterisked(*).

The leaf size obpamutants has been analysed previously and fourte teeduced due to a
lower cell number and a diminished cell size whempared to the WT (Fackendahl PhD
Thesis, 2011). SPA4 is the ma@PAgene acting on adult plant growth (Fackendahl, PhD
Thesis, 2011)SPAlcan act non-cell-autonomously from the vascuksuge or the mesophyll
to control the leaf size, which indicates that thegy act on hormone pathways (Ranjan et al.,
2011).Thus, the question was addressed, if auxin respwasealtered in the young leaves of
spal spa3 spaéhat grows small leaves compared to the WT, g9 A) and thespal spa2
spad mutant that grows larger leaves compared withsgheel spa3 spatiple mutant more
similar to the WT.
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The activity of theDR5 promoter was analysed in the youngest leaves @wrgransion takes
place) of two-week-old plants grown in long day®JL(Fig. 1I-19). The GUS staining was
strong along the leaf margins in the WT background, was confined to the leaf tip in the
spal spa3 spathutant (Fig. 11-19 A). The lack of auxin resporadengside most of the leaf
margins correlates with the dwarfed leaf phenotgpéhis mutant, because elevated auxin
response is associated with cell elongation andsidiv in growing tissues. The auxin
response in the leaves was also quantified withadmetric MUG assay (Fig. 1I-19 B). The
WT and thespal spa2 spa#hutant exhibited higheDR5::GUS activities compared to the
spalspa3 spadriple mutant in the youngest leaves of two-wetkjaants. This correlates
with the phenotypes, aspal spa2 spa4nutants grow larger leaves thapal spa3 spa4
mutants (Fackendahl PhD Thesis, 2011) and sugtjestseduced auxin response may be

involved in the dwarfedpamutant phenotypes.

[1.2.5 Auxin-responsiveness of seedlings in darkness angHt
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Figure 1I-20: 1-naphthaleneacetic acid(NAA) dose-response curve of DR5::GUS seedlings irnakness and light.
Seedlings were grown in darkness for five daysiqoidl culture and treated with different NAA contettions or mock-
treated. Seedlings were then incubated in darkmekght for 24 hours. A gquantitative GUS assay \wasformed. The data
represent the mean of three biological replicat&&!.

If light affects auxin response on the level of iatwesponsiveness of the tissues, the auxin-
responsiveness to externally applied auxin shoiifdrcdbetween light and darkness. In order
to address this hypothesis, a series of dose-respaturves with increasing 1-
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naphthaleneacetic acid (NAA) concentrations weradocted.DR5::GUS seedlings were
grown in darkness and transferred to continuousgemMmght or kept in darkness in liquid
cultures and supplemented with different conceiatnadf NAA for 24 hours. A difference in
the response was repeatedly observed in the flustramassays most notably between’ 10
and 10° M NAA, as light-grown seedlings showed a lowemp@sse in this range, but similar
responses at higher concentrations (data not shoWwns was also observed in the
representative transfer experiment shown in figli89. The induction oDR5::GUSactivity

is increasing with a different slope betweer? 2hid 10 M externally applied NAA.

Taken together the data favour a slight light-deleen difference in auxin-responsiveness of
seedlings, pointing towards a direct light-mediatetnipulation of auxin signalling

components.

[1.2.6 COP1 and SPA act on root elongation in darkness in an auxin-trasport

dependent manner

It has been observed previously thaipl mutant plants kept developing under dark
conditions and even flowered when supplied withrgse (McNellis et al., 1994; Ranjan, A.,
unpublished data). In contrast to WT seedlings #megst root growth in darkness at some
point roots were found to further extend in proledglarkness in theopl-4 background.
Root elongation is under the control of multipleyf@ihormones, including auxin, which is
necessary for root initiation and root growth, man also inhibit primary root growth
depending at high auxin levels in the tissue (Rahetaal., 2007). Thus, it was tested for the
auxin dependency of the root elongation phenotypidecopl-4mutant. The root length of
11- and 15-day-old dark-growDR5::GUS the constitutive photomorphogenspal spa2
spad4 DR5::GUSndcopl-4seedlings, was determined on MS with 1% sucroslevath or
without auxin transport inhibitor 1-N-naphthylplaalic acid(NPA) (Fig. 11-21 A-C). The
WT arrested root growth as it has been reportedeahdbited similar root lengths on plates
with and without NPA. Both, thepal spa2 spa4 DR5::GURutant lines and theopl-4
mutant displayed longer roots on MS plates comptreéde WT after 11 days that were even
longer after 15 days, indicating further extensi@yond day 11 in these backgrounds. The

exaggerated growth of the roots in the two mutackigrounds was reversed on NPA.
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Figure 11-21: Roots of spal spa2 spa4 and copl-4 show elevated elongation in darkness that is reveed by NPA.

A+B) Phenotype of 15-day-old seedlings grown in darkeessertical MS + 1% sucrose platés) or plates containing in
addition 5 UM NPA(B). The white bar represents 10 m@). Root length ofDR5::GUS spal spa2 spa4 DR5::GUfes
andcopl-4mutant after 11 and 15 days of growth in darkressertical MS +1% sucrose plates or additionatySouM
NPA. Data shown as the mean of measured roots + @EM20). D+E) GUS staining of 15-day-ol®R5::GUSand spal
spa2 spa4 DR5::GUSeedlings grown in darkness withdX) or with (E) 5 uM NPA. Representative seedlings are shown.

The black bar represents 10 mm. The arrows inditeggposition of a cotyledon @) DR5::GUSandb) spal spa2 spad
DR5::GUSseedlings.
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This suggests an essential requirement for augimsgrort of the observed elongation of the
roots inspal spa2 spadndcopl-4mutants, while normal root elongation in darkniesthe
WT was independent of auxin transport.

A subset of the 15-day-ol®R5::GUS and spal spa3 spa®dR5::GUS seedlings were
analysed with a GUS staining to analyse the intgrdi auxin signalling in the WT and the
mutants (Fig. 1I-21 D,E). In the seedlings grownM8 plates, GUS staining was absent from
the cotyledons (Fig. 1I-21 D). The cotyledons DR5::GUS seedlings grown on MS
supplemented with NPA, exhibited blue staining (Fig21l E). The staining was much more
intensive in thespal spa2 spaseedlings tested. This indicates that the auxspaese
increased in the cotyledons when polar auxin trarispyas blocked and that the auxin
response was stronger gpal spa2 spadnutants in darkness when auxin transport was
blocked. These data point towards increased awxiald in thespal spa2 spa#nutant in

darkness or altered responsiveness of auxin indtydedons.

To determine the NPA dependency of root growthhe light in WT andspa and copl
mutant, dark-grown seedlings were compared withdidevn seedlings in a second set of
experiments. Roots of 15-day-offhal spa2 spa#nutants ancdtopl-4were shorter in Wc
compared to the WT, but longer than in the respeatiark-grown seedlings. NPA had an
effect on the root length of the WT and the mutamtd/c, but only on the root length spal
spa2 spadnutants and theopl-4mutant in darkness (Fig. 11-22).

This suggests that NPA reversed the exaggerataderbension in the mutants in darkness,
but NPA does not contribute to the shorter roospd triple mutant anaop1-4in Wc. This
leads to the speculation th&PA genes andCOP1 may regulate auxin transport or are

involved in the root length control in an auxin-@pendent process in darkness.
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Figure 1I-22: The root length is decreased by NPA irthe WT only in Wc, but in Wc and darkness inspa triple mutant
and copl-4. Seedlings were grown in white light (Wc) or darkaés 15 days on vertical MS plates containing 136r8se
+/- auxin transport inhibitor (5 uM NPARN+B) Total root length measurments of Wc or dark-groeediings of WTspal
spa2 spad4 DR5::GUandcopl-4 C+D) Relative root length in Wc and darkness comparirmvtt on plates with and
without NPA calculated as ratio. The mean of that tength on MS+NPA was divided by the mean on M8 the data are

presented as mean *
asterisked(*).

SEM. A student's t-test watopeed and significant (p<0.05) differences frone tWT were
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[1.3 Functional promoter analysis of light and auxin regilated genes

At the onset of photomorphogenesis, a high numbegrenes are swiftly regulated, most of
which are up-regulated to serve functions in tigatligrowth of the seedling. Other genes are
down-regulated in response to light. This down-tagon may originate from a loss of dark-
up-regulation or a repression by a light-activatedtor or additional indirect effects
(Tepperman et al.,, 2006). Among the down-regulajedes, known hormone responsive
genes were found to be over-represented, such ress gesponsive to auxin. These genes
includelAA19 IAA29 andSAUR-AC1/SAUR1aNnd severabAUR-likegenes, such &8AUR-
AC1-l (At4g13790). This led to the question, if the lighgnal has a direct impact on the
regulation of these genes. In order to unravelitberactions of light and auxin signalling
pathways in regulation of the expression of auxim and light down-regulated genes, an
analysis of the regulation was performed on thelle¥ the promoters. It was hypothesized
that, if auxin was to solely account for light regsion, AuxREs should be essential for the
light regulation of the genes.

SAUR-AC1;la member of th&€ AUR-LIKEgene family contains a transcribed 509 base pair
(bp) fragment, which contains a single 279 bp escoding a 92 amino acid (aa) protein (11
kda protein). The 5’ promoter region up to the ngahe is 2074 bp long including the 5’
untranslated region (UTR) and was included in thed\sis in this study.

First, 2.5kb fragments (or in case ®AUR-AC1-ithe 5’ region up to the neighbouring gene)
of the 5 untranslated regions of candidate geneseviused to luciferasd.JC) and j-
glucuronidaseGUS genes and stably transformed into Arabidopsi® dbown-regulation of
promoter activity by light was more prominent inethines expressing the luciferase,
presumably due to a higher GUS protein stabilitggket al., 2007, data not shown). Thus, the
analysis was continued with the lines expressin@LU

Seedlings of independent T2 lines were grown irkmakess for three days and subsequently
shifted to Rc (30 pmol x tx se¢") or kept in darkness. The LUC activity per ug lota
protein was determined for each individual line anddition and the ratio of LUC activity in
Rc and darkness was calculated. The mean valuige ohtio of the LUC activity in Rc and
darkness of thg@romoter::LUC expressing lines are presented in figure [I-23ults of
individual T2 lines: Supplement figure S3).
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Figure 11-23: Light regulation of auxin-induced promoters. A set of quantitative luciferase analyses (qLUC) was
performed withPromoter::LUClines of auxin-responsive genes (T2). Seedlingeweown in darkness for four days and
transferred to Rc (30 pmol x 7 sec) for 24 h or kept in darkness. Around 50 mg déuis was harvested and luciferase
activity measurements and protein estimation peréot with protein extracts in technical duplicat€be ratio of LUC
activity (counts (photons)/(10 sec x pg proteim)Ric divided by the activity in darkness was caladdor each individual

line. The mean of 15 T2 lines is presented with error bars indigatirSEM.

The two Aux/IAA promoters,JAA5 and IAA30, were also analysed, though the genes were
previously not reported to be pronouncedly regdlaby light on the transcript level
(Tepperman et al., 2001 and 2006). While the luadfe activity of the T2 lines expressing
LUC from thelAA30 promoter showed a slight upregulation of the esgitn in red light in
most lines compared to darkness (Fig. 1I-23 andpfmpental Fig S3), thEAAS5::LUC lines
showed a down-regulation by Rc. TH&A29 promoter caused a decrease of the luciferase
signal in the light compared with dark-grown seegi, but an overall weak luciferase
activity in the T2 lines (Fig. 11-23, Fig. S3).

The two construct$AA19::LUC and SAUR-AC1-Il::LUCshowed a strong luciferase activity
in darkness and Rc. Furthermore they both exhilatsanificant repression of the luciferase
activity by red light, which is present in mostdstested (Fig. S4).

The two promoterdAA19 andSAUR-AC1-kthat showed the highest overall expression and a
clear light regulation, were chosen for a deepalyasis of auxin and light regulation. Also,
IAA19 has been proposed to be a good candidate foreatlgtirlight-regulatedAux/IAA
(Sibout et al., 2006). In order to confirm the awxnduction and light reduction of the
transcript levels ofAA19and RAUR AC1-] a gqRT-PCR was performed prior to the promoter
function analysis (Fig. 11-24).
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Figure 11-24: Auxin inducibility and light repressi on of IAA19 and SAUR-ACL-L transcript levels. Transcript levels
were analysed using gRT-PCBBQ10was used as endogenous control and data wereatatito 0 hours (Col-0). The data
are presented as mean of two biological replicatéEM on a logarithmic scal&+B) Col-0 seedlings were grown in liquid
MS + 1% Sucrose in continuous white light (Wc) arehted with 18 M NAA or mock-treated for 24 hours and gRT-PCRs
performed C+D) Four day-old dark-grown Col-8pal spa2 spadndcopl-4mutant seedlings were incubated in continuous
red light (Rc; 30 pmol x fhx sec') for the indicated time or kept in darkness and 4FCRs performed.

Both transcripts accumulated in the samples trefme@4 hours with NAA compared to the
mock-treated samples (Figure [I-24 A,B). In the samay, the transcripts were down-
regulated by continuous red light treatment over ¢burse of 24 hours with a substantial
reduction observed after one hour. These resudtsnaagreement with the auxin-inducibility
and light regulation of the genes previously repaiin microarray studies (see also: Goda et
al., the AtGenExpress Consortium, http://jsp.weigeld.org/expviz/expviz.jsp.), supporting
the view that the two genes are good candidatbe &iudied further.

Similarly to what can be observed for virtually kdjht up-regulated genes (e @hlorophyll
a,b-binding proteifCAB)) both light down-regulated genes showed lowersicapt levels in

the spa triple mutant background ancbpl-4in dark conditions (Fig. II-24 C,D) as the
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transcriptomes of dark-gronsopl-4largely resembles the one of light-grown WT seegi
(Ma et al., 2002).
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Figure 11-25: Activity of 1AA19 promoter deletion constructs and point-mutated costructs in darkness and light.The
5' 2.5 kb promoter fragment and mutated and dele¢esions o1AA19were cloned and fused to the firefly luciferase @,U
yellow boxes).The dark blue boxes indicate the position of the foanonical AuxRE core motifs (Al1-4), the green dmx
represent the two G-Box motifs (G1-2). Trianglesespnt mutated motifs. A set of quantitative lueife analyses (QLUC)
was performed with individual lines of the indic&A19::LUC constructs (T2). Seedlings were grown in darkf@siur
days and transferred to continuous red light (Rou8®I x n x sec') for 24 h or kept in darkness. Around 50 mg cuis
was harvested and luciferase activity measuremamds protein estimation performed with protein estsain technical
duplicates. The ratio of LUC activity (counts (phieg)/(10 sec x pg protein)) in Rc divided by thevitgtin darkness was
calculated for each individual line. The mearrdf8 T2 lines is presented + SEM (exceptichkA19D2 seven T2 lines).

In addition to AuxRE core motifs (TGTCTC) that wgneesent in both promoters, core motifs
of G-Box elements (CACGTG) that represent well-eletgrised LREs bound by PIF and
other light signalling factors, such as HY5, weretedted in the sequence of the two
promoters. These core motifs were subsequentlykeldetor their contribution to the light
and auxin regulation of the genes. To this end,atedt versions of théAA19::LUC
promoter-reporter construct were generated by applst site-directed PCR approach. The
mutated sites were the fodwuxREelements core-motifs TGTCTC that were altered from
TGTCTC to T@GCTC (MAuUXRE). The introduced mutation was reportedabolish ARF
binding to the sequence in tIORNROSCHENDRN) promoter causing the inhibition of
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auxin induction of the corresponding gene and lraady been known from early studies of
AuxREs (Cole et al., 2009; Ulmasov et al., 1997agditionally, the two G-Box elements
were also mutated by two point mutations in thasiee central nucleotides from CACGTG
to CAatTG (mG-Box) (Izawa et al., 1994). | also generaletétion constructs of the 2.5 kb
IAA19 promoter named deletion construct oBd)(and deletion construct tw®g®) (Fig. II-
25). The first deletion construct contains three AuxRé&reents and both G-Boxes, while the
second fragment only contains the second G-Box e@mutains no AuxRE core motif.
Transgenic plants were generated and processeesashid for theAA19::LUC construct,
the resulting T2 lines screened for luciferasevéagtand mean values of the Rc to darkness
ratio of the LUC activities calculated (Fig. 11-25)he individual results for each line are
presented in Figure S5. TI®A1%:::LUC lines showed a similar Rc/d ratio of LUC activity
compared to the full-length fragment analysed nesly. ThelAA1%,::LUC lines exhibited
very low luciferase signal intensities under botnditions in all lines examines (seven),
which likely reflects the loss of important regalat elements that uphold overall
transcription, though the core promoter is expedtede included in the chosen region
(Supplemental fig...). The mean value of the repassdf LUC signal by light was
significantly higher for thdAA19,c-sox1,2:LUC lines compared to the IAATHL::LUC, the
IAA19mAuUXRE1L,2,3,4::LUGNd also théAA19::LUC lines, but was still detectable in most
T2 lines which is also represented by the mearev@tig. 11-25 and fig. S4).

Taken together, the data suggest a function fotvileedeleted G-Box core motifs in the light
regulated repression ®RA19. The deleted AuxRE core motifs on the other haitd rebt
influence regulation ofAA19in Rc in this study.

Mutated versions of th€AUR-AC1-Ipromoter were generated as described above for the
IAA19 promoter. One core motif was found for each, Auxdid G-Box, respectively. Also,
two deletion constructs were generated that coverdy the G-Box or none of the two
elements (Fig. 1l-26). The first deletion constr([21) resulted in comparable LUC activities
and repression of activity after transfer to Rc pared to the full length construct (Fig. 11-26,
Fig. S5), but the second deletion constriz?)(showed a reduced regulation in response to
light and a reduced overall activity in both coralis compared to th8 AUR-AC1-Ifull
length and thé1 construct. In lines that contain the mAuxRBAUXREand mAuxRE mG-
box, the repression by light was considerably reléasenile lines carrying th6AUR -
sox.LUC construct still showed a strong decrease of lugse activity between dark and

light-grown seedlings. Taken together, in conttastAAl9, where G-Box elements were
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more important for light regulation of the promotkan the AuxREs, a function in the light

regulation could be assigned to the mutated AuxRIEnot to the G-Box motif.

Promoter::LUC activity (Rc)/
Promoter::LUC activity (darkness)
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Figure 11-26: Activity of SAUR-AC1-l promoter deletion constructs and point-mutated costructs in darkness and
light. The SAUR-AC1-genomic region and the mutated and deleted versi@me cloned and fused to the firefly luciferase
(LUC, yellow boxes). The dark blue box indicateg fhosition of the canonical AuxRE core motif (A)etigreen box
represent the G-Box motif (B). The triangles représantated versions of the motifs. A set of qualtitita luciferase
analyses (qLUC) was performed with individual limfghe SAUR::LUCconstructs (T2). Seedlings were grown in darkness
for four days and transferred to Rc (30 pmol ¥ xmsec!) for 24 h or kept in darkness. Around 50 mg o$uis was
harvested and luciferase activity measurementpeotdin estimation performed with protein extrantsechnical duplicates.
The ratio of LUC activity (counts (photons)/(10 segig protein)) in Rc divided by the activity in dadss was calculated
for each individual line. The mean®»16 T2 lines is presented = SEM.

On the other hand, tiRAUR); fragment that does not contain the AuxRE is stponsive to
the Rc treatment, while tH@AURy, fragment that lacks both core motifs shows a dishied
response. It is hypothesised that the SAUR fulglkerpromoter may contain additional sites
in the region missing in the SAURD1 fragment thahfer negative influence on the light
regulation, which is relieved in th2l fragment and counteracted by the AuxRE.

The auxin response curve ©AA19 determined from seedlings grown in liquid culture,
exhibited a steeper slope than the slope obsenitbdtive IAAL9auxrer 2.3 lines (Fig. 11-27).
This indicates that the auxin response was dimatisin these lines by the introduced
mutations. This was also observed in a prelimireyeriment, where representative lines of

IAA19D]1 IAA19D2 IAA19MG-Box1,2and IAA19MAuUxXRE1L,2,3 dvere treated with DM
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NAA or mock treated and the fold induction was cangal between the lines. While the other
lines all showed an induction between 10- and 1@-fthe three mAuxRE lines exhibited a

10-fold or less induction of the LUC signal (data shown).
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Figure II-27: Auxin dose-response ol AA19, |AA19mauxre1 234, SAUR (AC1-L) and SAURpauxre Promoter::LUC lines.
The luciferase activity was analysed in protein exsaftbm liquid culture grown seedlings treated watistinct NAA
concentrations for 24h or mock-treated (logarithedales). Data represent the mean of three bi@bggplicates + SEMA)
Auxin response curves of three transgdAi19::LUC andIAAL19auxre12,3.4:LUC lines (T4).B) Auxin response curves of
three transgeniBAUR (AC1-L)::LUCGANd SAUR, auxre::LUC lines (T4).

The auxin inducibility of the promoter constructsaswvtested subsequently in an NAA-
induction assay based on liquid MS grown seedI{ftg 11-27).

SAUR-AC1-llines showed a similar slope with increasing NA@&ncentrations, indicating
that they respond to NAA in the same way, sugggdtiat the mutation does not alter auxin
responsibility of the promoter in the range of thigeriment (Fig. 11-27B). In a preliminary

set of experiments, similar results were obtained &l SAUR AC1-Iconstructs, further
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supporting the notion thgbromoter::LUC lines carrying themAuxREelements are still
responsive to auxin (data not shown).

Taken together, thAuxREmutated in the&SAUR AC1-lpromoter that showed a function in
the light regulation o6AUR AC1-did not alter the inducibility of the construct byogenous
NAA. Reversely, the four mutated AuxR&bre motifs of thelAA19 promoter were not
required for normal light regulation of tHAA19auxre12,34LUC constructs, but evidence
points towards an involvement of the AuxRE in theA\responsiveness of the promoter.

It was repeatedly attempted to also analyse the tiggulation of all promoter constructs of
IAA19 and SAURtogether in one experiment in the T3 and T4 gdimran homozygous
lines, but the results were not as convincing asTth data and not repeatedly reproducible.
This might be due to the handling of the high numiifeLUC samples that are worked with
during this experiment, as experiments with lowample number resulted in reproducible

results, such as the NAA treatment and the shaoieavwce analysis.

However, here, evidence is provided that suggesisdistinct mechanisms by which auxin-
responsive genes may be repressed at the onskotinporphogenesi&duxREsmay play an
important role in the expression of some genes. SAUJR AC1), while direct light
signalling viaG-Box elements could provide a more direct repressiontbér genes (e.g.

IAA19 that may modulates auxin-responsiveness by light.
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1. Discussion

1.1 SPA gene function in the shade avoidance syndrome @irabidopsis
thaliana

Shade avoidance responses are important for thevauof shade-intolerant plants. Thus,
Arabidopsis seedlings constantly monitor the R:&#orof the ambient light, which provides
an unambiguous clue for the presence of close ctiogge Low R:FR conditions are sensed
by the phytochromes and trigger elongation resporesed early flowering. The central
repressor of light signalling, COP1, acts as atp@asregulator of the elongation response of
the hypocotyls to low R:FR signals. The fo@PA genes code for repressors of
photomorphogenesis that act together with COP 1cionaplex. In this study, functions for the
SPAgenes in the elongation responses and the adeeldlawering were investigated.

[11.1.1 SPA genes are essential for elongation responses iradk avoidance

High PAR
Low R:FR
@0 QO™
o~
NN\ /

/

v’
Seedling Leaf petiole

Figure IlI-1: SPA gene function in shade avoidance representation of the functions of the f@PAgenes an€OP1in
the elongation responses to low R:FR. Red arrowsatelithe elongation processes regulated.

COP1is required for the elongation response of hypgsdb low R:FR conditions and was

shown to genetically interact witBBX21and BBX22 (Crocco et al., 2010; McNellis et al.,

1994). Our evidence shows th&PA genes are also essential for low R:FR - associated
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elongation responses of the hypocotyl and of theles of cotyledons, as seedlings of the
spal spa3 spadhespal spa2 spadnd thespa-Qmutants failed to respond to the low R:FR
treatment (Fig. 1l-1; Dickopf, Master Thesis, 201%ahm, Examensarbeit, 2010). The
hypocotyl elongation responses of all fajpa single mutants and the double, triple and the
spa-Q mutant revealed redundancy among 8RA genes, as no singlgpa mutant was
defective in the low R:FR response. Also, diffetl@nfunctions of theSPA genes were
observedSPAland SPA4are the main regulators of shade avoidance elmmgegsponses,
based on the phenotype of theatriple mutants (Fig. 1ll-1). Furthermore, the pbgrpes
suggest thaBPAJis the major player of shade avoidance withinSRé&gene family and that
SPALlis contributing. Divergent functions have commoblen assigned to tl&PAgenes
(Laubinger et al., 2004; Fittinghoff et al., 200Bue to sequence similaritgPAgenes have
been divided into th8PA1/SPAaNd theSPA3/SPA4lade (Laubinger and Hoecker, 2003).

! - >eae

skoto- photo- J— Induction-
morphogenesis morphogenesis adult piant size  of flowering

J SPA3

| ————

Figure lII-2: Overlapping and distinct functions of SPA genes.SPA genes function throughout the lifecycle of
Arabidopsis. The SPAs mainly involved in the cohwb the respective developmental stage are shoddagted from
Fittinghoff, 2009).

While SPAland SPA2are predominant in the repression of light signgllof dark-grown
plants,SPA1 but notSPA2has a function in light-grown seedlings (Laubingel., 2004).
Thus, low R:FR conditions do not simply resemblekdike conditions, whereSPAland
SPA2are the predominant factors, nor do they resef@Bléight conditions, wher8PA3has
a function in addition t®&PAland SPA4(see fig. 1ll-2; Laubinger et al., 2004). Low R:FR
conditions rather represent a novel mode of diffeaéSPAgene activity in seedlings, which

resembles adult plant development and mostly theefting time control, wher8PALlis the
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predominant gene ar8PA4is contributing (Laubinger et al., 2006; Fackerd&hD Thesis,
2011). The differences iBPAgene function may result from differential regidat of the
transcript levels, of the protein levels, differextbstrate specificity of the SPA proteins or
additional different contribution to the stabiléynd function of the COP1/SPA complex. The
transcript levels of th&PAgenes were determined and found to be unrespotwsithe low
R:FR conditions, which indicates that the differenn function in simulated shade is not
solely due to differential regulation of tHePA genes or the transcript levels, but likely
involves differences of the SPA protein activityigiFII-8). While SPA1transcript levels
increased over time in both conditioi®?A4transcript levels did not increase, which could
contribute to th&SPAlfunction, but would not favour a function f8PA4in shade avoidance
compared witltSPA2andSPA3

As SPA protein levels are controlled by light, diffnces in the accumulation to higher levels
of the SPA proteins may contribute to their différal function (Balcerowicz et al., 2011).
SPA1 protein levels were analysed, but no changéhé protein levels in low R:FR
conditions was observed, suggesting that SPAL ipréggels are not altered in response to
low R:FR conditions (Fig. 11-9). This indicates thather mechanisms are involved in the
different activities of th&PAgenes, given that SPA2 and SPA3 protein levelsatreeduced
by low R:FR conditions, which has not been addiksée order to further unravel the
contribution of the promoter activity and the pmt&inction of SPA1 and SPA2, promoter-
swap lines were analysed that express SPA1l or SRA2 the SPAL1or SPA2regulatory
sequnces in thepa-Q background (Fig. 11-7). While SPAL rescued t@a-Q phenotype
expressed from either promoter, SPA2 was ablerotion in the simulated shade conditions,
but only when expressed from tB®Alregulatory sequences. Similar results have alsa be
obtained for adult plant development in the lighitit not for seedling phenotypes
(Balcerowicz et al., 2011). It indicates that thadtivation of the SPA2 protein in the light in
seedlings is partially reversed by the low R:FRditbons, but SPA2 activity is insufficient to
cause SPAZ2 function in thepal spa3 spathutant background (Fig. [I-2/11-7, Balcerowicz et
al., 2011). SPA1 and SPA2 have previously been shtmwvbe ubiquitously expressed in
seedlings, buSPA1ltranscript accumulates to higher levels in ligravgn seedlings than
SPA2levels (Fig. 1I-8; Balcerowicz et al., 2011; Fighoff et al., 2006). As both promoters
express ubiquitously and no regulationS®Aland SPA2transcript levels was observed in
low R:FR, it is likely that SPA2 protein functiors ithreshold-dependent, as the SPAl
promoter expresses stronger than the SPA2 prorffeiggrlil-7, Fig. 1I-8, Balcerowicz et al.,

2011). To support this view, tIf&PA2protein levels could be analysed in #pal spa3 spa4
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mutant and compared with the protein levels in & and theSPAL1::SPA2ines. SPAl
expressed from either promoter is functional, whstlygests that the difference between
SPA1 and SPAZ2 is partly conferred by the protemuseace, which might be due to protein
stability, COP1/SPA complex activity or differertiateraction with downstream targets. To
address the possibility that different protein lsvef SPA1 and SPA2 in light-grown
seedlings may cause the difference between SPA1S&APR function, lines that express
comparable levels of SPA1 and SPAZ2, respectivélgulsl be identified and analysed in the
low R:FR conditions (Balcerowicz et al., 2011).

SPAlandSPA4are the main regulators of the low R:FR elongatiesponses of seedlings
and both likely act in a dose-dependent mannehénelongation response to low R:FR, as
lines that were previously shown to overexpress £Réd to over-complementation of the
mutant phenotype, which was also observed for SRAfis study and previously (Fig. 11-14,
Fig. 1I-15; Dickopf, Master Thesis, 2011; Fackendahl, PhD T™)e2011). The coiled-coil
domain of SPA4 was essential 8PA4function in the hypocotyl elongation in responge t
low R:FR conditions (Fig. II-14). This suggeststttiee interaction of SPA4 with other SPAs
or COP1 or both is required f@PA4 function in shade avoidance, which adds on the
compelling evidence for common COP1 and SPA funstithat form the COP1/SPA
complex dependent on the cc-domain interface (Zhal.£2008). Given that overexpression
of SPA proteins is capable of over-complementirggalongation response of the hypocotyl,
the SPA protein levels are a limiting factor foe flow R:FR response of Arabidopsis (Figures
[I-14 and [I-15). This further supports the notittirat SPA genes are important positive
regulators of the elongation response. The oveesgmon of SPA1 and SPA4 may cause
over-complementation, because the amount of SPédmaining complexes is expected to
be increased compared with other residual COP1/&Aplexes, which may increase the
activity of the complexes in the elongation res@sng o further support the function iPA1
andSPA4and show a lack of function &PA3andSPA4 | attempted to isolate spal spa4d
and aspa2 spa3double mutant from crossings, but the detectiorwamftect mutants failed
(data not shown). The newly available null mutasfg1-100 spa2-2andspa4-3 could be
used for a new round of shade avoidance experintentsile out effects from truncated
proteins still expressed as was shown for SPABaspa2-1mutant (Zhu et al., 2008).
SPAgenes andCOP1 are both required for the elongation responseadodt leaf petioles
(Fig. 1I-4 see also Fig. llI-1). While thgpa-Qlacked a response of the petiole to the low
R:FR treatment, abpatriple mutants retained the elongation responsés iE in agreement

with the observation th&PAZ2has no function in light-grown seedlings, but aonifunction
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in adult plants that can even be strengthened Ipyesging SPA2 under the control of the
SPA1lregulatory sequences (Laubinger et al., 2004inghoff et al., 2006; Balcerowicz et al.,
2010). All SPA genes contributed to the elongation of the petiaé true leaves, which
contrasts the seedling phenotypes of #pa triple mutants that showed a differential
contribution of theSPAgenes to the low R:FR response. This could beaegd with the
action of different elongation promoting factorswehstream to the COP1/SPA complex in
true leaf petioles compared with the hypocotyl @dlings or differences in the abundance
and activity of COP1/SPA complexes in seedlings ashalt plants. Though some genes, such
as certainrXHT genes, are only up-regulated in the true leafékattl/or petiole and not in the
seedling in response to low R:FR, the importantdshaarker genes, such E$R1 and
ATHBZ2are also up-regulated in the adult leaves, whigjgssts largely similar mechanisms
of the two elongation responses (Devlin et al.,, 20Rozuka et al.,, 2010). Thus, the
difference in function ofSPA2 and SPA3in seedlings and adult leaves may be due to
differences of the activity of the COP1/SPA compkexHowever, it was shown that SPA1
has different functions in different tissues and 8PA/COP1 complex may serve a different
function in the two processes (Ranjan et al., 2011)

As thoroughly discussed by Fackendahl (2011),sgpeetriple mutants and thgpa-Qmutant
used in this study only contain one true null-aljepa3-1 while the othespamutant alleles
are not considered to be null alleles. Thus, $ha mutants may still express truncated
versions of the SPA proteins, which was shownsfma2-1 which still expresses a truncated
SPA2 protein (Laubinger and Hoecker, 2003: Zhu.e2808).The difference in seedling and
adult elongation phenotype may not reflect a dififeie inSPA2function in these processes,
but could reflect a different influence of the Nrteni of SPAL1 or SPA4. There is evidence
that the N-terminus of SPA1 is involved in the cohof flowering, but not at the seedling
stage (Fittinghoff, PhD Thesis, 2009). However, en@cent observations indicate that the N-
terminus of SPA1 might also be contributing in agrspamutant backgrounds, also in the
seedling (Dieterle, S., unpubished data; Fackend4ii) Thesis, 2011).

COP1land other components of the shade avoidance d¢longasponse pathway have been
discovered in a genome wide association study (GYw#th 180 Arabidopsis genotypes, but
SPAgenes were absent from the list of genes assdaitk shade elongation response of the
hypocotl (Filiault and Maloof, 2012). This may mdt an unexpected invariability &PA
genes in the accessions included or might be dtleeteedundancy in th@PAgene family, as
single mutants in the Col-0 background do not exhiefects in the shade avoidance

responses (Fig. 1I-2 A,B). However, tepal-2single mutant displayed a reduced elongation
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response to the low R:FR conditions, which indisateat singleSPAgenes may be limiting
for the shade avoidance response in certain Argkidacotypes or that certain mutations in
SPAgenes can elicit aberrant shade-related phenotgrapared to Col-0 (Fig. 1I-13).

[11.1.2 SPA gene andCOP1 are not involved in the acceleration of floweringn response

to low R:FR conditions

Prolonged shade conditions lead to an acceleraifothe transition from vegetative to
reproductive growth, which is anticipated by arr@ase ofT transcript level well before the
development of flowers (Cerdan and Chory, 2003; l@vblerg et al., 2008). The COP1/SPA
complex acts in the photoperiodic flowering pathyaggatively influencindg=T expression
by the repression of CO protein levels in SD caadd (Laubinger et al., 2006; Jang et al.,
2008). Accordingly, the acceleration of flowerimgsimulated shade in tlspatriple mutants,
the spa-Qandcopl-4mutant was analysed (Fig. 1I-5). All mutants floe@ at the same time
and with the same number of leaves compared t0Whan low R:FR conditions. Th&T
transcript levels were uniformly up-regulated ispense to prolonged low R:FR conditions
compared with the Wc conditions in the WT, thgal spa3 spa4nutant and theopl-4
mutant, which is consistent with the similar flowgy time phenotypes in low R:FR (Fig. II-
6). The CO transcript levels were reported to increase shatiler the onset of low R:FR
conditions (Kim et al., 2008) and showed a minogutation in response to the shade
treatment in thespal sp3 spafnutant andcopl-4 mutant. No significant regulation of CO
was observed in the WT. As the expressioQ0Ofis regulated by the circadian clock, the WT
and the mutants may differ in the timing of t8@® regulation or the regulation may generally
differ in the backgrounds (Kim et al., 2008). Ndhetess, these differences@® transcript
levels are not dramatic and do not result in dififéFT transcript levels or altered flowering
time phenotypes. In order to investigate, wheth@rr€gulation is generally different in WT
and thespatriple mutant and¢op1-4 additional different time-points could be analyssCO
transcript levels are regulated by the clock wité highest differences between 12 hour time-
points (Imaizumi et al., 2003FLC transcript levels were highly up-regulated in topl-4
background with correlates with the lower oveFlllevels in thecopl-4mutant. FLC levels
were reported to be elevated up to 5-fold in $pal spa3 spaénd thespa2 spa3 spa4d
compared with the WT dependent on the time of da$D (Laubinger et al., 2006). In order
to unravel, ifFLC transcript levels are up-regulated i@l dependent manner, additional
copl mutants also from other ecotypes could be analysgxhrallel. Furthermore, the high
FLC levels may be connected with the constitutive phmtrphogenic phenotype, thus the
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constitutive photomorphogengpal spa2 spafutant should be tested accordingly. Thus, it
is concluded that neither th8PA genes, norCOP1 are involved in the acceleration of
flowering time in the low R:FR environment. It hatteady been proposed that phyB may
control CO protein levels independently of COP1 eadld act on flowering time in a COP1
independent fashion (Jang et al., 2008). Furthezm®PA1 represses flowering in SD when
expressed in the phloem, while phyB acts in theopleg! to inhibit flowering, which likely
places the COP1/SPA complex downstream of cry fonah flowering time control and is
likely to be independent of phyB input (Endo et 2005; Ranjan et al., 2011). The presence
of CO was shown to be important for the acceleration loWéring, asco mutants are
impaired in the early flowering in response to IBWR (Wollenberg et al., 2008). To further
support the notion thaEOP1 and theSPA genes are not involved in the acceleration of
flowering, the genetic interaction &0 and COP1and SPA1lin the flowering time cold be
analysed with thecopl-4 coand thespal comutants in our simulated shade conditions
(Laubinger et al., 2006; Jang et al., 2008).

Taken together with th&PAand COP1 function in the elongation responses to low R:FR,
these results also support the hypothesis thatdistinct molecular pathways of different
evolutionary origin operate in the shade avoidayw&rome, as the elongation responses and
the acceleration of flowering time are unrelatedvastream of phyB (Botto and Smith,
2002).

[11.1.3 SPA genes interact with a negative regulator of low RER signalling

HFR1 is a negative regulator of shade avoidance itifabits PIF proteins to prevent
overstimulation of the shade avoidance responsesn{tdchek et al., 2009; Sessa et al.,
2005). COP1 and SPA1 physically interact with HF&®1d regulate HFR1 levels during
photomorphogenesis (Duek et al., 2004; Yang ek@D5a/b).Therefore, it was testedSPA
genes may also interact wihFR1 genetically in the elongation response to low Rdifhe
seedlings. A genetic interaction betwe®RA genes andHFR1 in the hypocotyl elongation
response to low R:FR conditions could be obserasdntroduction of théfrl mutation into
the thespal spa3 spafnutant restored the elongation response to lowRR#Hg. 1I-10;
Sahm, Examensarbeit, 2010).
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Figure I1I-3: Model of SPA function via HFR1 in low R:FR. In the WT background, SPAs acts on HFR1 levelg¢ognt
over-accumulation, which positively acts on the-p&#hway. In spa mutant backgrounds, HFR1 may cceraulate and
the PIF pathway blocked. AlsGOP1acts on BBX proteins that inhibit elongation.

It is hypothesised that HFR1 over-accumulation eauke lack of elongation response of
multiple spamutants and theopl-4mutant (see Fig. 1lI-3). The differential functiohSPA1
and SPA4in shade avoidance together with the genetic actean of HFR1 fostered the
speculation that differential interaction of SPAofgins with HFR1 may account for the
differences inSPA function. The results accumulated in two recentliss do not allow a
clear conclusion, whether or not SPA proteins déffially interact with HFR1, because the
data are contradictory (Dickopf, Master Thesis,2Meller, Master Thesis, 2011).

It has been stated that mutants deficient in sirggimponents of the shade avoidance
signalling network exhibit mostly mild effects dtethe complexity of the signalling network
(Galstyan et al., 2011). The complete lack of etdimy responses in the seedlings of spa
triple mutants and thepa-Qmay seem unlikely to solely result from absencthefregulation

of HFR1 protein levels in these mutants, as HFRjaheely acts on PIF4 and PIF5 and the
pif4 pif5 double mutant still exhibits a pronounced elorgatiesponse (Lorrain et al., 2008).

This would indicate that thEPAgenes act on additional target genes or that HF®id act
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on additional targets others than PIF4 and PIFxiBpaly in shade conditions. The N-
terminus of HFR1 is important for HFR1 stabilitydans N-terminus and bHLH domain are
important for the interaction with COP1, while irgetion with SPA1 depends on the
presence of several domains (Yang et al., 200%aiek et al., 2004). Overexpression of the
bHLH domain alone or the bHLH domain together vitie C-terminal part of HFR1 causes
severe reduction of the hypocotyl elongation irpoese to low R:FR treatment compared
with the WT and leads to partial photomorphogeniestiarkness (Galstyan et al., 2011; Yang
et al.,, 2003). Thus, HFR1 fragments, which lack thgulatory N-terminal domain for
degradation by the COP1/SPA complex, cause a stexhgction of the elongation response
of the WT, while overexpression of full length HFR&uses only mild phenotypes in the
response to low R:FR conditions. These findingsiar@greement with the notion that over-
accumulation of HFR1 in theoplandspatriple and quadruple mutants may cause the severe
seedling phenotypes observed in low R:FR conditemmspared with the WT.

HFR1 and COP1 have been proposed to affect the expression oflesimarker genes
previously. The transcript levels BIL1 have been reported to be elevated inhing mutant
and reversely reduced after 3h in bagpif4 pif5 double andpif4 pif5 hfrl triple mutants
specifically in response to low R:FR (Hornitschelak, 2009). In the same studyTR7has
also been shown to be antagonistically regulatetHBR1 and PIF4 / PIF5. PIF5 directly
binds to theXTR7andPIL1 promoters and the binding is inhibited by HFR1 r(ischek et
al., 2009). Furthermore, the transcript level$l6R1 were lower inpif4 pif5 mutants (Lorrain
et al. 2008) Overexpression of truncated HFR1 inhibits the aadation of PIL1 transcript
levels after 1h of shade treatment in 7-day-olchgslaand a milder effect was observed in
HFR1-HA overexpression lines (Galstyan, 2011). AGOP1has been reported to negatively
act on the increase &fTHB2andPIL1 transcript levels in response to low R:FR, whiglni
agreement with £0OP1 function upstream oHFR1 (Roig-Villanova et al., 2006). On the
contrary,PIL1 transcript levels were found to increase similanlfhe WT andcopl mutant

in short term shade and aldd HB2andHFR1 transcript levels were only slightly affected by
COP1in a different study (Crocco et al., 2010). Instlstudy, the up-regulation of the
transcript levels oPIL1, ATHB2 (three hours of low R:FR treatment) aH&R1 (24 hours
and 48 hours) were similar in tlgpa multiple mutant seedlings in response to low R:FR
conditions compared to the WT. AlddFR1 levels were equally up-regulated in ttepl-4
background compared to the WThis contradicts the proposed function f6OP1 in the

general regulation of early shade marker genegyRidianova et al., 2006).
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The PIL1 transcript levels were strongly increased in respato the low R:FR treatment in
the WT, thespal spa3 spa#utant and theopl-4 mutant. No difference in the transcript
levels of PIL1 was observed between the genotypes in the timeseoexperiment that
covered 48 hours of low R:FR treatment (Fig 1I-3 Oh the one hand, this would contradict
the notion that HFR1 may over-accumulate in twahaf multiplespa mutants and theopl
mutant, asHFR1 has repeatedly been reported to act on the tighdevels of PIL1 and
ATHB2in a low R:FR-specific way (Hornitschek et al. 020 Sessa et al., 2005). On the other
hand, the transcript levels BTR7were found to be differentially regulated betwéee WT
and thespatriple mutants in response to low R:FR conditidhsvas shown previously that
overexpression of AN-HFR1 construct suppress¥3 R7expression, which leads to shorter
hypocotyls in darkness (Yang et al., 2003). Furtiee, in this studyATHB2 transcript
levels in low R:FR and Wc were analysed in Hiel mutant and thepal spa3 spa4 hfrl
guadruple mutant. In response to low R:FR treatntBetATHB2levels increased strongly in
all backgrounds tested and no over-accumulatiokTéiB2transcript was detected in th&l
mutant background compared to the WT (Fig- 1I-10T)is indicates that the reporteidFR1
function on the expression &fTHB2is not detectable in our shade setup. This suppbet
notion thatSPAregulation ofHFR1 may not be detected on the level of transcripellef
shade marker genes, apart fromXidR7levels.

Taken togethelSPAgenes acted differentially on the expression aflshmarker genes. The
difference in regulation d?IL1 in the different studies could be explained byitoldal, PIF-
independent, mechanisms that may override H#R1 function in specific low R:FR
conditions, as it was reported that the bindingPt# factors to the G-Boxes of thaL1l
promoter are not the only factors that influeri&él expression in response to low R:FR
conditions (Li et al., 2012). Furthermore, A&HB2 PIL1 andHFRL1 transcript levels were
strongly up-regulated in trpamultiple mutants, a functional significance foetimcrease in
the transcript levels of these genes in the elomgatesponses to low R:FR is to be
guestioned. XTR7/XTH15 is up-regulated swiftly imost-term shade and remains up-
regulated in long-term shade, which is rare amdwegXHT genesxtr7 mutants display no
induction of growth rate of the petiole in low R:FERnditions (Sasidharan et al., 2010). As
the shade-induction XfTR7is directly associated with the increased elogatf seedlings,
the transcript levels in low R:FR conditions candoerelated with the observed hypocotyl
and cotyledons phenotypes of thga mutants, with the exception of tlspa2 spa3 spad
mutant that exhibits an elongation response toRoR conditions, but loweXTR7levels in
low R:FR compared to the WT and tigal spa2 spafutant (Fig. 11-3 A).
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Further evidence to support the hypothesis that-ageumulation of HFR1 may cause the
observed elongation phenotypes of #pa mutants could derive from the determination of
HFR1 protein levels irspa triple andspa-Q mutant backgrounds. No HFR1 antibody is
available to date, so lines that express taggesiores of HFR1 could be crossed into Hpa
and copl mutant backgrounds to compare protein levels in &d low R:FR conditions
between the mutants and the WT (HFR1-HA; Jang.e2@05).

COP1 was shown to act on two B-BOX transcriptiogutators of shade avoidand&@B3X21
andBBX22(Crocco et al., 2010). Als®8BX21/STH2vas shown to act downstreamS&A
genes in the control of adult plant growth (FackdndPhD Thesis, 2011). Yeast-two hybrid
protein-protein interaction studies revealed a tprgainteraction of SPA4 with BBX21
(Falke, Master-Thesis). Taken together, it is fkiéHlat SPA proteins negatively regulate the
function of BBX21 and presumably BBX22 in regulatiof shade avoidance responses,
which could be further investigated by the analgdisrosses witlspatriple mutants and the
bbx21/bbx22single mutants and the determination of BBX protlgvels in the mutants.
Taken together, the data suggest that the COP1{8R®plex acts on negative regulators of
the elongation responses to low R:FR conditionsh s HFR1 and BBX21/22 to control the
negative feed-back on elongation (Fig. lI-3).

HY5 is targeted for degradation by the COP1/SPAmemin darkness, which inhibits HY5
function that in turn promotes photomorphogenegiemthe inhibition by COP1 is released
in the light (Osterlund et al., 2000; Saijo et aD03). HY5 was recently described to be up-
regulated in response to a sunfleck treatment, lwisicharacterised by a rapid and transient
reversion of low R:FR conditions to high R:FR thdtibit the low R:FR triggered hypocotyl
elongation (Sellaro et al., 2011). HY5 counteradloesshade avoidance machinery in response
to sunfleck conditions. Thus, over-accumulatioHdf in thespamutant backgrounds could
contribute to the lack of elongation response ofeser(Fig. [1-10 A,B). In our simulated
shade conditions, no genetic interactionSéfAgenes andHY5 or COP1andHY5 could be
observed, afy5 mutations in thespal spa3 spatackground and theopl-4background
rescued the Wc hypocotyl phenotype of the mutanis, did not restore the elongation
response to simulated shade. The functioMd5 likely depends on the fact that in natural
light-dark-cycles,HY5 transcript levels are highly up-regulation in dadk conditions.
Furthermore, in natural conditions, HY5 is up-reged at dawn even in shade conditions,
which is different from our continuous light condits (Sellaro et al., 2011). Hence, it is
conceivable that COP1/SPA may be important to ocbriiY5 protein levels in shade and

sunfleck conditions in light/dark cycles to prevener-accumulation of HY5, but not in our
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simulated shade conditions. To test this hypothdésshould be attempted to elicit sunfleck
responses in WT seedlings with modifications of b R:FR setup and reproduce the
results obtained foHY5 in sunfleck. The sunfleck response could then ryaed inspa
mutants and theopl-4mutant and in theopl hy5double mutant and thepal spa3 spa4 hy5
mutants to check for a genetic interactionC&®P1andHY5 andSPAgenes andiHY5in the

sunfleck response.

[11.1.4 Genetic interaction of photoreceptors with SPA genes andCOP1 in shade

avoidance
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Figure IlI-4: Model of the interaction of SPAs andphyA in low R:FR. phyA is activated in low R:FR and acts negatively
on the elongation responses. The SPAs may acteapstof phyA to negatively regulated phyA signalli#g or could act
downstream of phyAB).

The COP1/SPA complex is a mediator of light signétat are perceived by the
photoreceptors and downstream transcription fadt@sare repressed in the absence of light
stimuli. It was shown to interact with phyA, phyBdathe cryptochromes and functions in B,
R and FR light signalling (Jang et al., 2010; Letnal., 2011; Liu et al., 2011; Seo et al.,
2004; Wang et al., 2001; Yang et al., 2001). Betwibe Wc conditions applied in this study
and our low R:FR conditions, which are enricheddeRditions on top of the Wc setting, the
two phytochromes phyB and phyA are antagonisticafyulated. phyB is largely transferred
to the inactive Pr from, while phyA is stabilizeddastimulated by the FR fluence-enriched
environment. This is reflected by the phenotype tlié phyA mutant that exhibited
exaggerated hypocotyl lengths in the shade comdittmmpared with the WT and the phyB
mutant, which displays shorter hypocotyls in the B:FR compared with the Wc conditions,
but elongated hypocotyls in Wc (Fig. [11-11-13). Agpl-6 phyBdouble mutants resemble
copl-6mutants, theghyB9 phenotype is completely repressedcbpl, which placesCOP1
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downstream of phyB. This indicates that the ination of phyB is mainly acting on
elongation responses via COP1 (Fig. 1I-12).

While spal spa3 sparhutants failed to respond to low R:FR treatmamA spal spa3 spad
mutants exhibited elongated hypocotyls in respotselow R:FR, which means that
introduction of thephyA mutation into thespa triple background restored the elongation
response of the mutant (Fig. 1-11). This sugge#lséd thespa mutant is hypersensitive to
phyA signalling, which is absent from the phyA mmitaThis could be due to phyA over-
accumulation in the mutant, as COP1/SPA is shovattmegatively on phyA signalling (Seo
et al.,, 2004). Alternatively, phyA may more effiotly inactivate COP1/SPA2 complexes
than other COP1/SPA complexes, which would lead toss of activity of the COP1/SPA
complex. These two possibilities are presentedigaré 1l1-4. In order to discriminate
between them, it would be helpful to examine ¢bpl phyAor spal spa2 spad phyghade
phenotypes, as these mutants are constitutivelyoptmphogenic, so no input from the
phytochromes is expected and the mutants shouiddependent of phyA input, whilgpal
spa3 spads still responsive to phyA signalling due to SRAich functions in darkness to
repress photomorphogenesis (Laubinger et al., 2004)

Previously it was shown th&PAlis fully epistatic ovePHYBIin the development of the leaf
blade (Ranjan et al., 2011). Analysing the intecscof SPA1with PHYAandPHYRB it could

be seen that thgpal-2mutation only had mild effects in the backgroumdighe phyAand
phyB mutants (Fig. 1I-13). Asspal-2is not fully epistatic oveiphyB in the elongation
response of the hypocotyl to low R:FR conditiohg, phyB-dependent leaf expansion and the
phyB-dependent hypocotyl elongation should be atred as two distinct pathwaySPA1
has a more prominent function in the leaf expansi@m in the elongation response of the

hypocotyl downstream of phyB (Fig. 1I-13; Ranjaraéf 2011).

[11.1.5 SPA1 expression from the ML1 and CER6 promoters triggers an elongation

response to low R:FR in thespal spa2 spa4 mutant background

Tissue-specific functions of SPAl were discoveregvijpusly (Ranjan et al., 2011).
Expression of SPA1 from thBUC2 promoter represses the constitutive photomorphogen
phenotype of dark-growspa mutants and causes an increase of the hypocatgthein
darkness and the light. Furthermore, SPA1 expressithe phloem restores proper flowering
time and controls leaf size. Expression in the eqpids with theML1 promoter in darkness
and theML1 andCER6promoter in the light has only mild effects congzhto the expression
from theSUC2promoter in thespal spa2 spafutant background (Ranjan et al., 2011).
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Expression from th&L1 andCER6promoters did not complement the hypocotyl phepety
in Wc, but restored the elongation response okgadriple mutant (Fig. 11-15 A,B). Provided
that low R:FR conditions do not alter the expresgattern oML1 or CER6and that SPA1
functions in the tissue it is expressed in and doees move, it can be concluded that
expression of SPA1 in the epidermis was suffictentescue the elongation response to low
R:FR in thespal spa3 spa#nutant. Both genedML1 and CER§ are stably expressed in
different light conditions, which makes it likelpdt they uphold their expression pattern in
response to low R:FR, but it will be necessarynigestigate the GUS staining in the Wc¢ and
low R:FR conditions on a cellular level to rule dbé possibility that ectopic expression is
responsible for the rescue of the shade phenotiypieechypocotyl. The data reveal that the
site of SPA1 function in shade avoidance relatedgdtion responses of the hypocotyl differs
from darkness- and light-regulated elongation raspe of the hypocotyl. This suggests a
function of SPA1 that is independent from its fumctin photomorphogenesis in the vascular
tissue. Thus, an additional and likely distincstis-specific function was discovered by the
results obtained in this study. The epidermis ¥®ived in the regulation of plant growth and
drives elongation responses (Savaldi-Goldsteinl.et2807). This involves BR signalling.
Hence, one hypothesis is that SPAL in the epidecoutd act on the BR signalling pathway,
which is implicated in the elongation responsethefhypocotyl. BR biosynthesis mutants fail
to elongate the hypocotyl in response to low R:ERc€ioni et al., 2002). Furthermore the
BR pathway is under negative control of the phateptors, which could place the
COP1/SPA complex downstream of the photoreceptotsupstream of BR biosynthesis or
signalling (Vandenbussche et al., 2005). Also thkpression ofXTR genes is under the
control of BR and auxin signalling arXiTR7 transcript levels are reduced spa mutants
compared to WT in low R:FR conditions. Alternativelredistribution of auxin to the
epidermis and auxin signalling in the epidermis iarportant for the elongation response of
the hypocotyl and SPA1 may be important for theimugsponse in the epidermis (Keuskamp
et al., 2010).

[11.2 Phenotypes ofspa mutants correlate with auxin signalling

Auxin is involved in cell elongation and prolifei@ and determines final organ size and
shape. The dwarfed phenotypecofpl and multiplespa mutants from the seedling stage to

adult plants may reflect an aberrant regulatiothefauxin pathway in thepamutants.
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Furthermore, non-cell-autonomous functions havenbessigned to SPA1, which makes it
likely that SPA genes act on hormonal pathways, such as auxiryrileesis, transport or

signalling.

[11.2.1 Auxin response inspal spa3 spa4 and spal spa2 spasd seedlings

Auxin response in the hypocotyl and the cotyledsnsder the control of the photoreceptors
that act on auxin biosynthesis and transport (Heeek al., 2004; Salisbury et al., 2007; Tao
et al., 2008). Auxin-transport is not necessaryeiongation of seedlings in darkness and the
PAT is under tight control in the light, which cdarates shoot and root development
(Salisbury et al., 2007). Apart from that, lightti®ught to act on the responsiveness of the
tissues to auxin (Cluis et al., 2004; Nozue et2811,1; Sibout et al., 2006).

Taken together, the auxin response differs in da@okvn and light-grown seedlings, which
contributes to the skotomorphogenic and photomayehiz phenotypes.

It was tested, whether twapatriple mutants showed altered auxin response eallggys in
darkness and low FR light (Fig. II-16). While theTv8howed high auxin response in the
cotyledons in darkness, auxin response was mokfigreed to be constraint to the root tip in
the pal spa3 spadndspal spa2 sparhutants. This indicates that the auxin responghdn
mutants is already lowered in darkness in both nistahough thespal spa3 spa#hutant
retains skotomorphogenesis comparable to the WTs Tridicates thatSPA genes act
positively on auxin response in darkness. In thktJithe photoreceptors may inhibit tiSBRA
function. To further study the responsiveness @&f 4ha mutants to auxin, dose-response
curves with NAA could be carried out comparing BieR5::GUSresponse to exogenous auxin
in WT and spa mutant backgrounds in darkness and light. Alse, lilgpocotyl elongation
responses in response to the auxin treatment sheutdrrelated with the results of the NAA

dose-response curves.

[11.2.2 SPA genes are involved in the increase of auxin respsain response to low R:FR

Auxin is essential for the low R:FR triggered elatign responses. Auxin levels are elevated
in low R:FR conditions, which likely results frorhet up-regulation oi¥UC genes that act
downstream o AA1(Tao et al., 2008; Won et al., 2011). Also, thgiauesponse is elevated
in the cotyledons of seedlings in response to stedl shade (Tao et al.,, 2008). A recent
publication places PIF7 directly upstreamYdfC gene expression specifically in low R:FR
conditions (Liu et al., 2012). The auxin response analysed in thegpal spa3 spadndspal
spa2 spadmutant backgrounds that both failed to respondoto R:FR treatment at the
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seedling stage. At 27°C, overall auxin levels desaed, which facilitates the visualisation of
the increase of the auxin response in the WT backgt (Franklin et al., 2011). Nevertheless,
the elongation response on top of the increaseddogpl length is comparable to 21°C (Fig.
S2). The increased auxin response that could beradss in theDR5::GUSIine, was absent
from the spatriple mutantDR5::GUS lines, which indicates that the auxin responseois
increased in these background and which correlaibsthe aberrant elongation phenotypes
in low R:FR (Fig. 1I-17).

A B
High PAR High PAR
Low R:FR Low R:FR

AUXIN SIGNALLING T Trp — TAAI [—| YUC [=3>{ JAA T

Figure I1I-5: Model of SPA function in auxin signalling in response to low R:FR. A)SPAs are important for the elevated
auxin signalling in low R:FR conditior3) SPAgenes act on the expression of auxin biosyntlyesiss (shown foYUCS to

elevate auxin levels.

The data could be explained with a lack of an iaseeof the auxin biosynthesis in thga
mutant backgrounds, as it is established that spaese to low R:FR, auxin levels are
elevated, which leads to the increaseD&t5 activity (Tao et al., 2008). Indeed, this study
points towards a close link betweSRAgene function and the control of auxin biosyntbesi
The transcript levels ofUC8 an auxin biosynthesis gene reported to be uplagliby low
R:FR treatment in seedlings and in the leaf petjokhowed similar levels in Wc and
Wc+FRc in thespal spa3 spattiple mutant background compared to the WT ipoese to
low R:FR (Fig. 1I-18 ; Kozuka et al.,, 2010; Tao at, 2008). The same trend could be
observed folYUC9 but the induction in response to the low R:FRittreent is not significant
in the WT. As has been reported, the transcripglle¥ TAALlwas unresponsive to the shade
treatment in the WT and also in thpatriple mutant andopl1-4(Fig. 11-18 B). This leads to
the conclusion that at least one auxin biosynthgsie is differentially regulated in one of the

spatriple mutant background that displays no elorggatiesponse of the hypocotyl. On the
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other hand, it had been reported thatyhe8 yucdouble mutant displays a normal response
to simulated shade avoidance (Tao et al., 2008weder, a second study has provided
evidence that auc3 yuc5 yuc7 yuc8 yua@ultiple mutant exhibits a weaker elongation
response to low R:FR treatment and that auxin bib®gis genes are direct targets of PIF7,
which has been assigned a novel function in shadielance (Li et al., 2012). Furthermore, a
yucl yucddouble mutant exhibited a reduced elongation mrespaf the hypocotyl to low
R:FR conditions compared to the WT (Won et al.,190The transcript levels 6fUC8and
YUC9 and additionally ofYUC1 YUC3 YUC4 YUCS5 and YUC7 should be tested at the
seedling stage in white light and shade in the Wdl spatriple and quadruple mutants to
further investigate the regulation of auxin bio$ytis genes reported to be involved in shade
avoidance. A function folYUC genes in the response to low R:FR conditions rthéu
supported by evidence from a genome wide assogiatiody (GWAS), that discovered the
two genes,YUCS8 and YUC9 as important genes for the elongation respondevioR:FR
conditions traits (Filiault and Maloof, 2012).

Apart from their putative action on auxin biosyrglseSPAgenes may also be involved in the
control of auxin transport and the manipulatioraokin signalling by differentially regulating
auxin-response genes. In contrast to DR5::GUS results obtained in this study, the
transcript levels ofAA19were up-regulated in response to three hoursvoRd=R treatment

in the spal spa3 spadnutant. This may indicate thdAA19 expression is not solely
dependent on auxin (see chapter 11.3) in theseittond or that auxin signalling increases in
thespal spa2 spadackground, but does not reach the threshold sapefor theDR5::GUS
detection. It can also not be ruled out that thevaion of auxin levels at the higher
temperature may be absent in tepal spa2 spadnd thespal spa3 spadnutant.
Nevertheless, also results obtained at 21°C degpes@sted towards an elevation of

DR5::GUSactivity specifically in the WT in response to I&%wFR conditions.

[11.2.3 Auxin signalling in young leaves ofspal spa3 spad4 and spal spa2 spad4 mutant
plants

It was shown that cell size and cell number of dedspal spa3 spakaves is diminished,
which could be connected to altered auxin respamdbe developing tissues (Fackendahl,
PhD Thesis, 2011).

The GUS activity was measured from the youngesteleaf two week-oldR5::GUS spal
spa3 spad4 DR5::GU&ndspal spa2 spa4 DR5::GUSants (Fig. 11-19.). The GUS activity
was significantly reduced in thspal spa3 spa4 DR5::GURaves, but comparable in
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DR5::GUSandspal spa2 spa4 DR5::GU8ants, which correlates with the leaf sizes @&f th
three genotypes. This indicates that auxin responge spal spa3 spafutant background
is reduced, which could cause the lower elongatiod proliferation of cells in the leaves,
which results in the dwarfed phenotype. The difieeein auxin response between young
leaves of thespal spa3 spashutant and the biggespal spa2 spafhutant points towards a
function of SPAS3 in the regulation of the auxinpesse that cannot be compensated for by
SPA2. Total auxin levels could be determined in gpa triple mutants to correlate auxin
levels with the observed phenotypes. Furthermbe trianscript levels of auxin biosynthesis
genes could be determined in the mutants. Also,ldbalisation of PIN proteins and the
expression of auxin signalling components couldabalysed in the mutant backgrounds to
gain further insight into the causes of the altesedin response observed in t#gal spa3
spadmutant background. However, the reduced auxinorespin thespatriple mutant could
be a secondary effect in tepamutants e.g. reduced leaf size itself, as the gdeaves and
the shoot apex are the main sources of auxin. Theiguxin supply might be limited as a

consequence of the phenotype and not vice versa.

[11.2.4 COP1/SPA inhibits the root elongation of dark-grown seedlings in an NPA

dependent way

Dark-grownspal spa2 spa#nutants and theopl-4 mutants largely resemble light-grown
WT seedlings. This holds true for the elongatiorraats in darkness as well, as roots keep
extending in dark conditions compared to the WTg(HI-21/22; Dyachok et al., 2011,
McNellis et al., 1994). It was hypothesised thatiaumay contribute to the extension of the
roots, so the seedlings were treated with auximsprart inhibitor (NPA). The application of
NPA was able to reverse this extension, while th€ ot was unaffected by the NPA
treatment (Fig. 11-21 A-C). Furthermore, the roobwgth in the light can be inhibited by NPA
treatment to the same extend in the WT,gpal spa2 spathutantand thecopl-4mutant,
which indicates that the effect @OP1andSPAon root extension prevented by NPA was
restricted to darkness.

As light controls the shoot to root transport okiaudownstream of phyA and phyB by acting
on PIN3 auxin efflux carrier function, auxin trawespinto the root in thepaancopl mutants
may contribute to the root elongation in darkneSalibury et al., 2007). Through PIN
proteins, auxin gradients are also establishedinvitie root, which regulate cell elongation
and proliferation. PIN2 is stored in root cells darkness and moves to the membrane
triggered by light signalling (Laxmi et al., 2008)us, PIN2 localisation to the membrane in
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dark-grownspamutants and theopl-4mutant could contribute to the growth responsthef
primary root in these mutants. The localisationPdN2 could be analysed in the mutant
backgrounds with GFP-PIN2 fusion proteins.

26-S-
SCARI Proteasome

Primary root growth

A

WT spal spa2 spa4

Figure 111-6: Model of a possible SPA function in he root growth in darkness.SPAs could be important for the negative
regulation of SCAR1 by COP1, which is important fdribition of primary root growth in darkness (Dya&het al., 2011).

Though commonly associated with the inhibition oikia transport, NPA has also been
shown to reduce cell proliferation in the elongatzmne of roots acting by depolarising actin
filaments independent of auxin (Rahman et al., 200/us, it could be concluded that g
triple mutant and theopl-4mutant extend their roots in darkness due topreliferation in
the root that can be abolished with NPA treatmehich may be unrelated to an auxin effect,
but related to an effect on the cytoskeleton ot i®ls. Interestingly, COP1 was shown to
interact with SCAR1 and to regulate the activitytled SCAR/WAVE protein complex, which
is important for the polymerisation of actin an@aived in the root elongation (Dyachok et
al.,, 2011). COP1 and SCARL1 interact geneticallythie regulation of root elongation in
darkness, which firmly establishes a link betweaght] COP1, the SCAR/WAVE complex,
the actin filaments and root elongation, which e#so explain the observed phenotypes in
this study obtained with NPA treatment of the ro@isgy. 11-21). Asspatriple mutant roots

also kept extending in darkness, SPA proteins maptribute to the control of the
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SCAR/WAVE complex in darkness (see Fig. llI-6). flmther investigate this possibility, all
spatriple mutants should be tested for root growtldamkness and a physical interaction of
SCAR1 with the SPA proteins should be tested. Feuntlore, to support the hypothesis that
SPAgene function in the root is necessary and sefiiicio inhibit root extension in darkness,
thespal spa2 spadndspal spa2 spattiple mutants that express SPAL under variogsiéis
specific promoters could be employed to rescuerdlo¢ elongation phenotype with tissue-
specific expression of SPA1 (Ranja et al., 201fLlyodt-specific expression of SPA1 could
rescue the extension phenotype, it could be hygaibeé thaBPAgenes also act as regulators
of the SCAR/WAVE complex in the root. If the expses of SPAL in aerial tissues was
necessary or sufficient for the rescue of the ptyre SPA1 may likely act on the auxin
transport (Salisbury et al., 2007).

Taken together, the apparent links betwB&#gene function and auxin signalling that were
further explored in this study are good startingnis for further investigation of the

involvement ofSPAgenes in auxin biosynthesis, transport and siigagll

[11.3 The function of auxin response element$AuxRE) and G-Boxes in

auxin-induced and light-repressed promoters

Light signalling and auxin signalling are closehtartwined. Light signals manipulate the
auxin system on the level of auxin biosynthesiangport and response (Keuskamp et al.,
2010; Salisbury et al., 2007; Tao et al., 2008yhtiregulated transcription factors, like PIFs
and HY5 regulate the expression of auxin-inducedegeand may bind to the promoter
sequences to regulate their expression directlivélcest al., 2009; Sibout et al. 2006) On the
other hand, the expression of auxin-induced gerssindirectly result from decreased auxin
signalling in the light via the AuxREs without ditenput from light signalling.

Six auxin-induced promoters were analysed for thgit regulation (Fig. I1-23). It was found
thatlAA19 andSAUR-AC1-were the best candidate promoters to investidgegalirect input
of regulation via AuxREs and G-Box motifs due teithhigh expression levels and robust
light regulation. The light-regulation and auxirguction was also confirmed on the transcript
levels (Fig. 11-24). LUC assays on the T2 generasbowed that the mutation of the two G-
Box elements resulted in a reduced light-repressfdhelAA19 promoter, while mutation of
the four AuxREs had no effect on the light-regaati(Fig. 11-25). Furthermore, the
IAA19mauxres 3,2,i:LUC lines were less responsive to exogenous auximghwinidicates that

the AuxRE elements are important for auxin regatatf the promoters, but not limiting for
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the light-repression of thiAA19 gene (see Fig. IlI-7 A for a model bAA19 regulation by
light).
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Figure 1lI-7: Model of the regulation of IAA19 and SAUR-AC1-l by light. A) The G-Boxes in théAA19 promoter are
important for light-regulation ofAA19 and may be bound by PIFs or HY5, which is negbtivegulated by the COP1/SPA
complex.B) The AuxRE core motif in th8 AUR-AC1-lpromoter is important for light-regulation of tgene and could be
bound by ARFs in darkness, while no function wastbfor the G-Box.

HY5 has been implicated in the regulation of th&imuesponsiveness as mutations in the
HY5 gene cause phenotypes that are thought be repsaeased auxin sensitivity (Oyama
et al., 1997). The transcript levelsI&fA19 have been reported to be up-regulated inhifte
and thehy5 hyhdouble mutant in Wc, which corresponds with thediing thatIAA19
transcript was lower in theopl-4and thespal spa3 sparhutants, because HY5 is repressed
by the COP1/SPA complex (Fig. 11-28go0 et al., 2003; Sibout et al., 2006). Therefibregn
be hypothesised that HY5 may directly bind to tA&19 promoter and lead to its down-
regulation. Furthermore, it has been suggested upakegulation oflAA19 in low R:FR
conditions depends on the G-Boxes in the promuteich would suggest that PIFs also bind
to the G-Boxes (Christian Fankhauser, personal cancation, unpublished data). Thus, it is
concluded that the G-Boxes tAA19 may function in a dual mode, being bound by PIF
factors in darkness and in response to low R:FRlitions, which up-regulatdéA19 and by
HY5 in the light, which inhibitsAA19 expression.
To further support the function of the G-Boxeshg tegulation of théAA19 promoter and to
show a PIF and HY5 dependency of the regulatib19::LUC, IAA19yauxreL 2:3,4:LUC
and IAA19c-ox12:.LUC could be crossed into thgifq mutant background or into PIF
overexpressors, such as PIF4 or PIF5 overexprebsag)(Leivar et al., 2009; Lorrain et al.,
2008). Furthermore, the promoter lines could bessd with thehy5 mutant and a HY5
overexpressor (Oyama et al., 1997; Hardtke e8D0). A direct light action on genes that
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regulate the auxin response, likax/IAA genes, is furthermore in agreement with the
observed difference in auxin-responsiveness oflsgsdgrown in darkness or shifted to R
light in this study (Fig. 11-20).

The SAUR-AC1-l::LUCpromoter-reporter construct also showed a downlagign of SAUR-
AC1-l by light in this study. However, the mutation bétG-Box element was not sufficient
to alter the light response of the promoter. liedithat expressed LUC from the promoter that
contained the mAuxRE, the light-down-regulation wasreased, which was observed in two
independent constructs (MAUXRE and mAuxRE/mG-Bdk)s indicates that the AuxRE is
important for the light-regulation seen with thegaral promoter. The G-Box on the other
hand is not contributing to this regulation (Fid=26). However, theSAUR); promoter
fragment, which only contains the G-Box motif, gt the AuxRE, also showed a strong
down-regulation of the reporter gene comparabl¢heofull lengthSAUR-AC1-Ipromoter.
This suggests that the AuxRE is not the only faetoting on the light-regulation of the
promoter and that the deleted region upstreamesd &Ry, promoter fragment may contain
other important regulatory elements. Furthermane, tresponsiveness of three independent
SAURmauxre:LUC lines (T4) to exogenous auxin was similarttmee SAUR::LUC lines
(T4), which indicates that the AuxRE mutated wascfional in the light-regulation, but not
limiting for the auxin response of the promoterg(Hi-27). It has been recognised that beside
the canonical AuxRE motifs, additional cryptical ¥RE exist that confer auxin-
responsiveness to promoters (Walcher and Nemha2@&2). Such motifs are likely to exist
in the SAUR-AC1-lpromoter, as the AuxRE element mutated was n@néss$ for the auxin
regulation of the promoter.

Taken together, the two analysed promoters thah lmoinfer down-regulation by light
function differentially, as light-regulation dAA19 largely depends on the G-Boxes in the
promoter sequence, while the AuxREs have no limigffect on the light-regulation. On the
other hand, the light-regulation &AUR-AC1-lis independent on the G-Box motif, but the
AuxRE motif is contributing to the regulation (seedel in Fig. 1lI-7 A,B).

The functions of the AuxREs and G-Boxes in the pvomoters should be dissected with
further experiments, including time-course experitaen Rc and other light conditions and
may also be used to investigate the up-regulatfoA19 in shade conditions. Preliminary
results indicated that the AuxRE motifs are notomgnt for the upregulation ¢AA19 four
hours after the onset of the low R:FR treatmentilevthe G-Box elements limited the

response in two of three lines (data not shown).
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To my knowledge, this study provides the first evide for a direct light- regulation of an
auxin-induced gene via G-Box elements from a stofdgromoter elements, though a large
body of evidence for close light-auxin interactiohas been accumulated (reviewed in
Halliday et al., 2009).
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V. Materials and Methods

V.1 Materials

IV.1.1 Plant material

The Arabidopsis thaliandines created, crossed and used in this studprasented in Table

1. All plants were Col-0 ecotype except stated ovtise.

Table 1: Arabidopsis lines used in this study.
The name of mutations and transgenes, the backgmeoession, the mutagen and references are listed.

Allele / Transgene Mutagen Source / Reference

copl-4 EMS McNellis et al., 1994

hy5-215 EMS Oyama et al., 1997

copl-4 hy5-215 EMS Ulm, R., unpublished

phyB-9 EMS Rosler et al., 2007

copl-6 EMS McNellis et al., 1994

copl-6 phyB-9 EMS/T-DNA Boccalandro et al., 2004
hfr1-101 T-DNA Fankhauser and Chory, 2000
hfr1-101 spal-7 spa3-1 spa4-1 T-DNA Fackendahl, PhD Thesis, 2011
spal-2 EMS Hoecker et al., 1998

spal-7 T-DNA Fittinghoff et al., 2006
spal-100 T-DNA Yang et al., 2005a

spa2-1 T-DNA Laubinger et al., 2004

spa3-1 T-DNA Laubinger and Hoecker, 2003
spa4-1 T-DNA Laubinger and Hoecker, 2003
spal-7 spa2-1 T-DNA Fittinghoff et al., 2006

spa3-1 spa4-1 T-DNA Laubinger and Hoecker, 2003
spa2-1 spa3-1 spa4-1 T-DNA Fittinghoff et al., 2006

spal-7 spa3-1 spa4-1 T-DNA Fittinghoff et al., 2006

spal-7 spa2-1 spa4-1 T-DNA Fackendahl, PhD Thesis, 2011
spal-7 spa2-1 spa3-1 T-DNA Balcerowicz et al., 2011
spal-7 spa2-1 spa3-1 spa4-1 T-DNA Fittinghoff et al., 2006
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hy5-SALK (renamed hy5-51) T-DNA Ruckle et al., 2007

spal-7 spa3-1 spa4-1 hy5-51 T-DNA Fackendahl, PhD Thesis, 2011
phyA-211 T-DNA Nagatani et al., 1993

spal spa3 spa4d phyA-211 T-DNA Hoecker, U., unpublished
phyB-1 (RLD) EMS Parks et al., 2001

spal-2 phyB-1 (RLD) EMS Parks et al., 2001

phyA-101 (RLD) EMS Dehesh et al., 1993

spal-2 phyA-101 (RLD) EMS Hoecker et al., 1998

spa3 spas5S.GFP-SPA4 (FL) T-DNA Fackendahl, PhD Thesis, 2011
spa3 spassS. GFP-AN-SPA4 T-DNA Fackendahl, PhD Thesis, 2011
spa3 spadsS. GFP-Akin-SPA4 T-DNA Fackendahl, PhD Thesis, 2011
spa3 spassS. GFP-Acc-SPA4 T-DNA Fackendahl, PhD Thesis, 2011
spa2 spa3 spag@AB3:.GUS-SPA1 T-DNA Ranjan et al., 2011

spa2 spa3 spa@ER6:GUS-SPA1 T-DNA Ranjan et al., 2011

spa2 spa3 spadNAT1:.GUS-SPA1 T-DNA Ranjan et al., 2011

spa2 spa3 spalL1:GUS-SPAL T-DNA Ranjan et al., 2011

spa2 spa3 spa8PAl:GUS-SPAL T-DNA Ranjan et al., 2011

spa2 spa3 spa8UC2:GUS-SPA1 T-DNA Ranjan et al., 2011

spa2 spa3 spaflobRB7:GUS-SPAL T-DNA Ranjan et al., 2011

spal spa2 spa3 sp&PAL.:SPA1-HA T-DNA Balcerowicz et al., 2011

spal spa2 spa3 sp&PAL:SPA2-HA  T-DNA Balcerowicz et al., 2011

spal spa2 spa3 sp&PA2::SPA1-HA T-DNA Balcerowicz et al., 2011

spal spa2 spa3 sp&PA2::SPA2-HA  T-DNA Balcerowicz et al., 2011

pl AA5::LUC T-DNA Generated in this study
plAA29::LUC T-DNA Generated in this study

pl AA30::LUC T-DNA Generated in this study
plAA19::LUC T-DNA Generated in this study
plAA19::GUS T-DNA Generated in this study
plAA19p;::LUC T-DNA Generated in this study

pl AA19p,::LUC T-DNA Generated in this study

pl AA19nauxre1 234 :LUC T-DNA Generated In this study

pl AA19mG-Box1 2:: LUC T-DNA Generated in this study
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pPSAUR (AC1-l)::LUC T-DNA Generated in this study
pPSAUR::GUS T-DNA Generated in this study
PSAURp;::LUC T-DNA Generated in this study
pPSAURp,::LUC T-DNA Generated in this study
PSAURmauxre::LUC T-DNA Generated in this study
PSAURmG-Box:: LUC T-DNA Generated In this study
PSAURmAuxREmG-Box: :LUC T-DNA Generated in this study
DR5::GUS T-DNA Ulmanov et al., 1997a

spal spa3 spaBR5::GUS T-DNA Hdcker, U., unpublished
spal spa2 spaBR5::GUS T-DNA Crossed in this study

IV.1.2 Bacterial strains

The bacterial strains used in this study weseherichia colstrainDH5a for standard cloning
procedures and thecdB gene resistanE. coli strain DB3.1 for handling of empty Entry

Gateway™ vectors and Destination GatewHyectors. The respective genotypes are:

DH5a: F- ®80dlacZAM15 A(lacZYA-argF) U169 deoR recAl endAl
hsdR17(rk mk+) phoA supE44.-thi-1 gyrA96 relAl

DB3.1 F gyrA462 endAA(srl-recA) mcrB mrr hsdS20 (rBmB-) supE44
ara-14 galK2 lacY1 proA2 rpsL20 (SmR) xyldeu mtl1

The strains were obtained from Invitrogen (KarlguGermany) and Stratagene (Santa Clara,

USA). For plant transformationigrobacterium tumefacienstrain GV3101 (pMK90RK)

(Konczet al, 1994) was used.

IV.1.3 Cloning vectors

The created and used cloning vectors are listéabie 2.
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Table 2: Cloning vectors used and created in thidusdy.
The vectors are listed with name, resistance, gasnr and reference.

Description

Resistance

pDONR207

pl AA30-pDONR207

pl AA5-pDONR207

pl AA19-pDONR207

pI AA19D1-
pDONR207

pI AA19,-
pDONR207

PlAA19mauxrEL 234
pDONR207

Pl AA19mAuxRE1,2,3.4mG-
Box1.2-PDONR207

pl AA19mG-Box1,2-
PDONR207

PSAUR(ACL-])-
pDONR207

PSAURp;-pDONR207

PSAURp2-pDONR207

pSAU RmAuxRE—
pDONR207

PSAURmAUXREMG-Box-
PDONR207

pSAU RmG—Box'

Gateway" entry vector, used for
recombination with PCR products

containing att-sites

Invitrogen

ENTRY vector carrying 2.5 kb
IAA30 5’ regulatory sequence

ENTRY vector carrying 2.5 kb IAA5

5’ regulatory sequence

ENTRY vector carrying 2.5 kb
IAA19 5’ regulatory sequence

ENTRY vector carrying IAA19 5’

regulatory sequence

ENTRY vector carrying IAA19 5’

regulatory sequence

Gentamycin

ENTRY vector carrying mutated
IAA19 5’ regulatory sequence

(Gent)

ENTRY vector carrying mutated
IAA19 5’ regulatory sequence

ENTRY vector carrying mutated
IAA19 5’ regulatory sequence

ENTRY vector carrying 2 kb SAUR

AC1-1 5" regulatory sequence

ENTRY vector carrying SAUR 5’

regulatory sequence

ENTRY vector carrying SAUR 5’

regulatory sequence

ENTRY vector carrying mutated
SAUR 5’ regulatory sequence

ENTRY vector carrying mutated
SAUR 5’ regulatory sequence

ENTRY vector carrying mutated

Generated in this

study
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pDONR207 SAUR 5’ regulatory sequence
GWR3 GUS gene fusion, binary vector for
P plant transformation
Nakagawa et al., 200
GWR3S LUC gene fusion, binary vector for
p

pl AA30- pGWB35

pl AA5-pGWB35

pl AA19-pGWB3

pl AA19-pGWB35

pl AA19p;-pGWB35

pl AA19p,-pGWB35

PlAA19mauxrEL 2:34°
PGWB35

Pl AA19mAuxRE1,2,3.4mG-

Boxl,z-pGWB.?)S

Pl AA19mG-Box1,2-
PGWB35

PSAUR(ACL])-
pGWB3

PSAUR(ACL)-
pGWB35

PSAURp;-pGWB35

PSAURp,-pGWB35

PSAURmAuxRE-
PGWB35

Kanamycin
(Km'),
hygromycin
(Hyg)

plant transformation

Expression of. UC driven by 2.5 kb
IAA30regulatory sequence

Expression oL UC driven by 2.5 kb

IAA5 regulatory sequence

Expression oGUS driven by 2.5 kb
IAA19regulatory sequence

Expression of. UC driven by 2.5 kb
IAA19regulatory sequence

Expression ot UC driven bylAA19

5’ regulatory sequence

Expression ot UC driven bylAA19

5’ regulatory sequence

Expression of. UC driven by mutated

IAA195’ regulatory sequence

Generated in this

Expression oL UC driven by mutated

IAA195’ regulatory sequence

study

Expression oL UC driven by mutated
IAA195’ regulatory sequence

Expression oGUS driven by 2 kb
SAUR AC1 5’ regulatory sequence

Expression oL UC driven by 2 kb
SAUR AC1-b’ regulatory sequence

Expression oL UC driven bySAUR

5’ regulatory sequence

Expression of. UC driven bySAUR

5’ regulatory sequence

Expression oL UC driven by mutated

SAURS’ regulatory sequence
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PSAURMAUXREMG-Box-
PGWB35

pSAU RmG—Box'
pGWB35

Expression oL UC driven by mutated
SAURS'’ regulatory sequence

Expression of. UC driven by mutated

SAURS' regulatory sequence

IV.1.4 Oligonucleotides

Oligonucleotides were used for cloning, site-dieectmutagenesis, sequencing, genotyping

and qRT-PCR, respectively and are listed in Tabl®@3tagenic nucleotides are in red and

capitalised.

Table 3: The oligonucleotides created and used ihis study.

The oligonucleotides (primers) are listed with nasegjuence and further description and reference.

Name

IAA30 2,5kb Prom for

Sequence (5'-3’)

ggggacaagtttgtacaaaaaagcaggctcgtattgttt|
ctttcacaaatagga

Method/Reference

(tata

GATEWAY cloning

IAA30 Prom rev

ggggaccactttgtacaagaaagctgggtcttttttttattt
tactatttctctc

Cttt

GATEWAY cloning

IAA30 Prom int | for

gaaacaagttacgttgtacatataaac

Sequencing

IAA30 Prom int Il for

gatgtgttttggtctctgec

Sequencing

IAA5 prom for

ggggacaagtttgtacaaaaaagcaggctcgtgatca
gtttttcctatttc

ittty

GATEWAY cloning

IAAS5 Prom rev

ggggaccactttgtacaagaaagctgggtgctttgatgti
attgaaagtattg

titg

GATEWAY cloning

IAA5 Prom int |

ctcacatcatcatggctcg

Sequencing

IAA5 Prom int Il

ctattaatgatgcaacaatctgaac

Sequencing

plAA29 prom 2.5kb for

ggggacaagtttgtacaaaaaagcaggctctcgeggd
agcagatac

atga

GATEWAY cloning

pPIAA29 5’ rev

ggggaccactttgtacaagaaagctgggtcttctaagg
ttcgtcttty

agc

GATEWAY cloning

IAA29 Prom int | for

caacaccatatttttatagctttac

Sequencing

IAA29 Prom int Il for

ggacgttgtccgttccaac

Sequencing

IAA19 2,5kb Prom for

ggggacaagtttgtacaaaaaagcaggctgcgagttct
tttgacttaactaaaag

laaat

GATEWAY cloning

IAA19 prom rev

ggggaccactttgtacaagaaagctgggtcttcttgaac
tttttcctc

(tctt

GATEWAY cloning

IAA19 Prom int | for

gactacctgaatttccagttg

Sequencing

IAA19 Prom int Il for

gttcgagactaactttggagat

Sequencing

SAUR AC1-L Prom
compl for

ggggacaagtttgtacaaaaaagcaggctcgagaca
gtcttcataaac

ctcct

GATEWAY cloning

SAUR AC1-L Prom rev

ggggaccactttgtacaagaaagctgggtcttcgagtattag

aaagjaaaaaaaaac

GATEWAY cloning

19 mAuxRE1 for

gtctctgeccccactigtccccacacaaactgaataa

L

Site-directed mutagenesis|

19 mAuxRE1 rev

gttattcagtttgtgtgggdacpaagtgggggcagaga

C

Site-directed mutagenesis
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Sequence (5'-3’)

Method/Reference

19 mAuxRE2 for

cctcagttgaccdigtctgcccccactttgtetce

Site-directed mutagenesis

19 mAuxRE2 rev

ggagacaaagtgggggcayamgtcaactgagg

Site-directed mutagenesis

19 mAuxRE3 for

cagcaccaaacttatgctcatgtgaccgacc

Site-directed mutagenesis

19 mAuxRE3 rev

ggtcggtcacatgagamtaagtttggtgctg

Site-directed mutagenesis

19 mAuxRE4 for

cgtataagaaacat@agtgtcacaatcac

Site-directed mutagenesis

19 mAuxRE4 rev

gtgattgtgacdtgtcatgtttcttatacg

Site-directed mutagenesis

IAA19 mGbox 1 for

gatatcaaatgactécatgtcgatattgg

Site-directed mutagenesis

IAA19 mGbox 1 rev

ccaatatcgak@tggagtcatttgatatc

Site-directed mutagenesis

IAA19 mGbox 2 for

catataatttéd tggcccaacttg

Site-directed mutagenesis

IAA19 mGbox 2 rev

caagttgggcea tgaaattatatg

Site-directed mutagenesis

IAA19 G1 BACK for

gatatcaaatgactccacgtgtcgatattgg

ite-8irected mutagenesis

IAA19 G1 BACK rev

ccaatatcgacacgtggagtcatttgatatc

ite-&irected mutagenesis

IAA19 G2 BACK for

catataatttcacgtggcccaacttg

Siteected mutagenesis

IAA19 G2 BACK rev

caagttgggccacgtgaaattatatg

Siteailed mutagenesis

SAUR mAuxRE1 for

catcgtatttttcttertctigggtagatattttc

Site-directed mutagenesis

SAUR mAuUxREL1 rev

gaaaatatctacccadgegpgaaaaatacgatg

Site-directed mutagenesis

SAUR mGBOX1 for

gcttataatgttéd tgtacaacgtttacgtc

Site-directed mutagenesis

SAUR mGBOX1 rev

gacgtaaacgttgtéadagaacattataagc

Site-directed mutagenesis

IAA19 D1 for ggggacaagtttgtacaaaaaagcaggctgcgttmda Deletion construct, GATEWAY
ctttaaaagttttcc .
cloning
IAA19 D2 for ggggacaagtttgtacaaaaaagcaggctgcccaaeac Deletion construct, GATEWAY
ctgaataacaag .
cloning
SAUR D1 for ggggacaagtttgtacaaaaaagcaggctgcgggtagat Deletion construct, GATEWAY
ttcagatattttg .
cloning
SAUR D2 for ggggacaagtttgtacaaaaaagcaggctgccccacacadaeletion construct, GATEWAY
ctgaataacaag .
cloning
PIL1f Lo08 aaattgctctcagccattcgtgg RT-PCR; Loretiml., 2008
PIL1r Lo08 ttctaagtttgaggcggacgcag RT-PCR; Lorgdial., 2008

ATHB2r Lo08

gcatgtagaactgaggagagagc

RT-PCR; Loetal., 2008

ATHB2f Lo08

gaggtagactgcgagttcttacg

RT-PCR; Lorrain et al., 2008

hfr1f Lo08 taaattggccattaccaccgttta RT-PCR; Lorgdial., 2008

hfrir LoO8 accgtgaagagactgaggagaaga RT-PCR; Loetaih, 2008
XTR7 f Ho09 cggcttgcacagcctctt RT-PCR; Hornitschek et al., 2009
XTR7 r Ho09 tcggttgccacttgcaatt RT-PCR; Hornitscbehl., 2009
SAUR AC1L_for I acgggcggtttgagtttac RT-PCR

SAUR AC1L rev i tgggattaacgaatctgagaag RT-PCR

IAA19 for RT Il tgctaccgggtttgggcetge RT-PCR
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Name Sequence (5’-3) Method/Reference

IAA19 revRT I accagctccttgcttcttgttcaagtc RT-PCR

TAAL Frlin_11 F caagaagcatgtccgagtca RT-PCR; Franklin et al.,2011
TAAL Frlin_11 R agcttcatgttggcgagtct RT-PCR; Framlgt al.,2011
YUC2 F ataggcggtgtgggttatg RT-PCR

YUC2 R catccttcttecctceggtt RT-PCR

YUCS8 F atgcccttccctgaggactt RT-PCR

YUC8 R gatgaactgacgcttcgtcg RT-PCR

YUC9 F gtcccattcgttgtggteg RT-PCR

YUC9 R ttgccacagtgacgctatgc RT-PCR

FT F_Wol08 ctcaggaacttctatactttggttatg RT-PCR; Wollenberg et al., 2008
FT R_Wol08 gttccagttgtacgagggatatcag RT-PCR; Wollenberg et al., 2008
CO F_Wol08 cattaaccataacgcatacatttcatc RT-PCR; Wollenberg et al., 2008
CO F_Wol08 tccggcacaacaccagttt RT-PCR; Wollenberg et al., 2008

ggatccatgggaagaaaaaaacta RT-PCR; Adams et al., 2009

FLC F_Adams09

ggtacctcacacgaataaggtacaaagttca RT-PCR; Adams et al., 2009

FLC R_Adams09

SPAL RT F tcttaccgatgccaatgact RT-PCR; Maier, A. unpublished
SPALRT R cacacgctcgacacacaaactg RT-PCR; Maier, A. unpublished
SPA2RTF tcaggtaaggacatagaggaggac RT-PCR; Maier, A. unpublished
SPA2 RTR tgtagaactttgattgacccattt RT-PCR; Maier, A. unpublished
SPA3 RT for tcgtgtaccacaaggcattc RT-PCR

SPA3 RT rev tcgtgtaccacaaggcattc RT-PCR

SPA4 RT F4 cgtgtttgtctctttatgtaatca RT-PCR; Fadkéh 2011
SPA4 RT R3 gaggagacagggcagaatag RT-PCR; Fackendahl, 2011

IV.1.5 Chemicals

Chemicals and reagents were ordered from the follpwompanies: Applichem (Darmstadt,
Germany), Applied Biosystems (Carlsbad, USA), BedRLaboratories (Hercules, USA),
Clontech (Palo Alto, USA), Colgate-Palmolive (HamipuGermany), Difco (Detroit, USA),

Duchefa (Haarlem, Netherlands), Gibco BRL (Neu lisgg, Germany), Fermentas (St. Leon-
Rot, Germany), Invitrogen (Karlsruhe, Germany), dke(Darmstadt, Germany), Promega
(Mannheim, Germany), Riedel-de-Haen (Seelze, Geyinddoche (Mannheim, Germany),
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Roth (Karlsruhe, Germany), Serva (Heidelberg, Geagjpa Sigma-Aldrich (Minchen,
Germany), Thermo Scientific (Rockford, USA), VWR4ginstadt, Germany).

IV.1.6 Antibiotics

Antibiotics were dissolved and stored at -20°C tevile-filtered 1000x stock solutions

(except 100x in case of spectinomycin). Used @oittds are listed in Table 4.

Table 4: Antibiotics used for selective growth media

Antibiotics Abbreviation Concentration Dissolvent (if not dHO)
Ampicillin (Amp ") 100 mg/ml

Gentamycin (Gent) 15 mg/ml

Hygromycin (Hyg") 50 mg/ml

Kanamycin (Km") 50 mg/ml

Rifampicin (Rif") 100 mg/ml DMSO
Spectinomycin (Spe 10 mg/ml

IV.1.7 Enzymes

All enzymes (including restriction endonucleaseslymerases, clonases and reverse
transcriptase) were purchased from Fermentas €dh-Rot, Germany), Clontech (Palo Alto,

USA) and Invitrogen (Karlsruhe, Germany).

IV.1.8 Antibodies

Antibodies were diluted from stocks before use BSTbuffer (NaCl 0.14 M; Tris 10 mM; pH
7.3 (HCI)) containing 4% (w/v) non-fat milk powd€Fable 5). Secondary antibodies were

conjugated to the horse radish peroxidase (HRP).
Table 5: Primary and secondary antibodies for immunablot analysis

Primary antibodies

Antigen Dilution Reference / Supplier

a-SPA1 (rabbit) 1:300 Maier, A., PhD Thesis, 2011

a-Tubulin (mouse) 1:50000 Sigma-Aldrich (Minchen, Germany)

Antigen Dilution Reference / Supplier

a-mouse (goat) 1:10000 Sigma-Aldrich (Munchen, Germany); HRP-cgajed
a-rabbit (goat) 1:80000 Sigma-Aldrich (Miinchen, Germany); HRP-cgajied
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IV.1.9 Media

Media for bacteria and plant growth were preparetisted below:

Luria Bertani (LB) medium

Tryptone 10.0 g/l

Yeast extracts 5.0 g/l

NaCl 5.0 g/l

1.5% (w/v) agar was added for LB plates

Murashige and Skoog (MS) medium for plants
MS salt 4.62 g/l

pH 5.8

1 % (w/v) agar was added for MS plates

Black MS medium (for shade avoidance experiments)
MS salt 4.62 g/l

Charcoal 10 g/l

pH 5.8

1 % (w/v) agar was added for black MS plates

All media were autoclaved at 121°C for 20 min.

V.2 Methods

IV.2.1 Molecular biological methods

Precipitation of DNA and RNA, gel electrophoresssaining of DNA and other standard
methods were performed according to standard potd#oSambrook and Russell, 2001).
Purification of nucleic acids was performed witle Qiagen Gel Extraction Kibr Qiagen
PCR Purification Kit(Qiagen GmbH, Hilden, Germany). Plasmids werefigarifrom E.coli
with theQia-prep Spin Miniprep Kior Qia-prep Vacuum Miniprep KiiQiagen).
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IV.2.1.1 Polymerase chain-reaction (PCR)

PCRs were performed with 100 ng of genomic DNA frplants, 1ul cDNA or 100 ng of
plasmid DNA as template in a volume of @lOvhen using Taqg polymerase and 50 ul for Pfu
polymerase protocol (Oligonucleotides @M; dNTPs 0.5 mM; 1x PCR reaction buffer).

For a standard reactionul of Tag polymerase was used.

Standard PCR runs consisted of a first step oftdeaizon by 95°C for 5 min followed by 35
to 40 cycles of denaturing at 95°C for 30 sec, ahng at 56°C for 30 sec and elongation at

72°C for 1 min / 1 kb. Final elongation step wami.

IV.2.1.2 PCR based site-directed mutagenesis

Site-directed mutagenesis was performed accordimgthe Stratagene kit protocol

(www.stratagene.com). PCR was run using Pfu preatling polymerase (5 pl 10X Pfu
buffer; 1ul 10 mM dNTPs; 2ul of each primer (100)n¥ pl template vector (50 ng/ul); 1 ul
Pfu DNA polymerase; ad to 50 pl gbl) amplifying the vector carrying the target seqeen
with two specific primers containing the desiredinponutation (Primers designed with
Primer3, http://biotools.umassmed.edu/ bioappsm@nwww.cgi). The PCR reaction was
performed with the following steps: B5°C for 1 minute 2.95°C for 30 seconds,60°C

for 30 seconds, followed by 72°@r 1 minute/kb of plasmid with 18 cycles and a final
extension with 72°C degredsr 10 minutes.

The template vector was subsequently digested byl Dgr 2h at 37°C and the mix
transformed into chemically competent Dikl5Vector DNA from clones was test-digested

and sequenced to obtain clones carrying the desitedtion.

IV.2.1.3 Molecular cloning Gateway" technology

BP and LR recombination reactions were performeddescribed in the manufacturer’s
manual (Invitrogen, Karlsruhe, Germany). The pDORRZInvitrogen, see Table 2) was

used as Entry Gatewd vector for all BP reactions performed in this thes

IV.2.1.4 Transformation of E.coli cells

Cells of theE.coli strainsDH5a and DB3.1 were made chemically competent, flash frozen
and stored at -80°C (Inow al,1990).
For transformation, a test tube with pl0suspension of the competent cells was placed®n i

and incubated with 10 to 100 ng of plasmid DNA 1& min. After incubation at 42°C for 1
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% min (“heat-shock”) the tube was placed on iceIfanin. 500ul liquid LB medium was
added to the mixture and incubated at 37°C for 4% ifhe transformation suspension was
centrifuged for 30 sec at 14000 rpm and the supenbhaemoved up to approximately hD
medium. The pellet was resuspended and the suspepkited onto LB plates containing

antibiotics.

IV.2.1.5 Transformation of A.tumefaciens cells

Electro-competent cells &. tumefacienstrain GV3101 (pMK90RK) were transformed with
approximately 100 ng of vector DNA employing thiicroPulser™ electroporator (Bio-Rad
laboratories, Hercules, USA) according to the mactirer's manual. 50@l liquid LB
medium was immediately added to the cuvette afterdurrent surge and the suspension
incubated at 37°C for 45 min. The transformatiospsmsion was centrifuged for 30 sec at
14000 rpm. Transformed cells were resuspended inul50B medium and plated onto

selective media.

IV.2.1.6 DNA Sequencing

DNA sequences were verified by sequencing, whick wadertaken by GATC (Konstanz,
Germany) The quality of the sequencing result was examineath wWPeaks software
(Mekentosj B.V., Amsterdam, The Netherlands)

I\VV.2.1.7 DNA sequence management

Sequence data was analysed, edited and stored &sotpr NTe (Invitrogen) and

Lasergene (DNASTAR, Madison, USA) software packages.

IV.2.2 Transcript analysis

IV.2.2.1 Extraction of total plant RNA

Total RNA from Arabidopsis seedlings was obtainethwhe RNeasy Plant Mini Ki{Qiagen,
Hilden, Germany) according to the manufacturer'sinad for plant tissue. The concentration
of the total RNA was determined in 1.5 pl of thetragt using a Nanodrop®
spectrophotometer (Thermo Scientific). The intggoit the total RNA was analysed on a 2%
agarose gel, checking for the visibility of the dweristic rRNA bands.
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IV.2.2.2 Reverse transcription of plant mRNA

1 pg of total RNA was DNase treated (2 DNase (RNase-free); gl of 10x DNase buffer
(FermentagSt. Leon-Rot, Germany); ddH20 (RNase-free)) fordt 37°C.

2 ul of EDTA (25mM) was added and the DNase digestiliated at 65°C for 10 min. Oligo-
(dT).s primers were added to the digested RNA and deedtat 72°C for 10 min in a PCR
cycler. The PCR reaction tube was afterwards dyreptaced on ice and the reverse
transcriptase mix (4l of 5 mM dNTPs; 8ul of 5x reverse transcriptase buffer;ul of
RevertAID™ H Minus M-MuLV reverse transcriptase (Fermentas@svadded. The sample
was incubated for 1 h at 42°C and finally at 708€ X0 min in a PCR cycler. The obtained
cDNA was stored at -20°C.

IV.2.2.3 Quantitative RT-PCR-PCR (qRT-PCR)

1 ul of cDNA was used as template in a @gRT-PCR reaction (12,5 [ROWER SYBR
Green PCR mixXApplied Biosystems, Darmstadt, Germany); 0,25%fieach gene specific
primer (100 nM); 11 ul of autoclaved dgB). The gRT-PCR was performed and analysed by
the 7300 Real-Time PCR Systdipplied Biosystems). Two to three biological ieptes
were used and each was analysed in technical adigsicCvalues gained from the detection
were statistically evaluated using thé*%: method (Livak and Schmittgen, 2001)BQ10

was amplified as endogenous control.

IV.2.3 Biochemical methods

IV.2.3.1 Protein extraction and preparation

A sample of around 200 mg of seedlings was hargdestel flash frozen in liquid nitrogen.
The tissue was subsequently ground with cooled anamd pistil and the resulting powder
resuspended in 15@ protein extraction buffer (50 mM Tris pH 7.5, 15@M NaCl, 1 mM
EDTA, 10% glycerol, 1 mM DTT, 1% protease inhibitmocktail (Sigma), 1M MG132,
1% Triton-X-100) per 100 mg tissue. The lysate wastrifuged at 4°C for 15 min at 14000
rom and the supernatant transferred to a new oceattibe. The protein concentration was
determined with the Bradford assay (Bio-Rad) usand:10 dilution of protein extract. 5x
Laemmli buffer (310 mM Tris-HCI pH 6,8, 10% (w/vPS, 50% (v/v) Glycerol; 0,5% (w/v)
Brom phenol blue, 500 mM DTT) (Laemnat al, 1970) was added to the protein extract and
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the mixture was incubated at 96°C for 5 min. The&awted protein samples were stored at -
20°C.

IV.2.3.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Discontinuous SDS polyacrylamide gels were prepaecbrding to Laemmli (Laemmli
1970). The stacking gel contained 5% acrylamide, while ghparation gel contained 7,5%
acrylamide. Protein samples of similar total pretemount were loaded onto the gel (40uQ)
and separated. The proteins were then transfemem an activated PVDF membrane (GE
Healthcare, Piscataway, USA) usingemidry blotting systefLTF, Germany), employing
Towbinbuffer (96 mM Glycin, 10 mM Tris, 10% (v/v) Methal). The transfer was achieved
with a current of 0.35 mA / chfor 2 h.

IV.2.3.3 Immunoblot analysis

The PVDF membrane was blocked usiRgti®-Block (Roth, Karlsruhe, Germany) and
incubated in the primary antibody for 2 h at roe@mperature or over-night at 4°C. After
washing three times for 5 min with TBS-T buffer Ml&.14 M; Tris 10 mM; Tween®0 0.1

% (v/v) pH 7.3), the membrane was incubated with ¢brresponding secondary antibody
conjugated to a horseradish peroxidase (HRP) for After washing three times for 5 min
again, bioluminescence was triggered with B€L Plus™ Western Blotting Detection
Reagents(GE Healthcare, Piscataway, USA) &uperSignal® West Femto Maximum
Sensitivity Substrate kff'hermo Scientific, Rockford, USA) according tetmanufacturers’
manuals and detected with a LAS-4000 mini (Fujifilmwvw.fujifiim.com). Intensities of
specific protein bands were quantified wiMulti-Gauge 4.0 software (Fujifilm) and

normalized to tubulin (TUB) signals.

IV.2.4 Plant growth and transformation

IV.2.4.1 Seed sterilisation

Seeds were surface-sterilized by incubation in larcte gas atmosphere (80 ml of sodium
hypochlorite; 2.5 ml of concentrated hydrochloridd for approximately 3 hours. Seeds
were subsequently transferred to a sterile bendhranubated for 1 h to let the gas evaporate.
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IV.2.4.2 Plant growth

Seeds that were to be used in the same experimdnthat originated from different seed

batches were regrown in the green-house and hadsemt the same point in time for

synchronization.

Seeds for seedling analysis were sterilized (se@qus section), sown on sterile MS plates or
dropped into liquid MS (+ 1% sucrose) and incubated°C for three to four days. After 3 h

of white light treatment at 21°C, the plates watkez kept in white light (Wc) or moved back

to darkness for 21 h at 21°C and subsequently atedbin the desired light regime at 21°C.
Monochromatic light was produced by LED light smg¢Quantum Devices, Barneveld, WI,

USA). Prior of being sown on soil, Arabidopsis se&cre incubated at 4°C in darkness for
three to four days in water. Seeds were sown inxaune of three parts soil and one part
vermiculite. Plants were either grown in the gremrde for propagation or in light chambers

for plant analysis (Percival Scientific).

IV.2.4.3 A.tumefaciens-mediated stable transformation of Arabidopsis

The floral dip method was applied for Agrobacterioradiated transformation of Arabidopsis

flowering organs (Clough and Bent, 1998).

IV.2.5 Strategy of transgenic plant generation for promote analysis

The 2.5 kb 5’ upstream genomic regions includirgy3HJTRs (or the complete 5’ upstream
region up to the next gene) AUX/IAAS, 19, 29, 3@ndSAUR AC1l-were amplified from
genomic DNA and cloned into pDONR207 (Invitrogeent) by BP reaction, resulting in
promoter entry clones verified by sequencing arstriction analysis. They were recombined
by LR clonase reaction into pGWB35 and pGWpR®vidingLUC andGUSgene fusions for
promoter analysis (Nakagawa et al., 2007). Theltreguvectors are listed in table 2 and
represented by vector maps in figure 1V-1. Primessd for the amplification of the promoters
are listed in table 3. Th&A5 promoter fragment (around 2.5 kb up to the nexieyevas
amplified with thelAA5 prom for / IAAS5 prom reprimers. ThelAA19 promoter was
amplified with thelAA19 2.5kb prom for / IAA19 prom rgwimers andlAA29 with the
plAA29 prom 2.5kb fof IAA29 5’ revprimers. The IAA30 promoter fragment was ameitifi
with the IAA30 2.5 kb prom for / IAA30 prom rev pmers and the complete 5° SAUR
promoter fragment was amplified with t8&UR AC1-I prom compl fdrSAUR AC1-l prom

rev primer pair.
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Figure 1V-1: Promoter::LUC constructs. The Luciferase gene (LUC) is depicted in yellow dhe insertion-site of the
promoter sequence indicated. The pGWB35 carriemarkgcin resistance and a hygromycin resistancgréen). Unique

restriction sites are shown.
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The deletion constructs @flAAL19 and pSAUR AC1;lplAA1D1p2 and pSAUR ACldip2
were amplified from promoter entry vectors by PCRI grocessed fotUC fusion as
described for the full length promoters. For tA&1%; andlAA1Sy, fragments, the primers
IAA19 D1 foror IAA19 D2for were combined with thiAA19 prom revprimer. Similarly, for
the SAUR AC1l4d; andSAUR AC14, fragments, the primeiSAUR D1 foandSAUR D2 for
were used with th8 AUR AC1-l prom regrimer.

Point mutated versions ®AA19 andSAUR AC1l-bromoters were generated by site-directed
mutagenesis (See 1V.2.1.2) of the two promoteryenectors plAA19-pDONR207 and
pSAUR-pDONR207. Mutations were generated in cAtxRE and G-Box sequences and
verified by sequencing and test digestion.

ThelAA19promoter sequence was mutated in the G-Boxes irctwisecutive PCR reactions
using the primer pairltAA19 mGbox 1 fof IAA19 mGbox 1 reandlAA19 mGbox 2 fof
IAA19 mGbox 2 revihe IAA19nauxrer 2,3 plasmid was generated from a previously obtained
IAA19G-Box1 2mauxrEL 2,3 Plasmid by mutation of the mutatgd-Boxesback to the Col-0
sequence. The four primer pairs for the consecutivgation of the four AuxREs were
19mAuUxREL1 for/rev to 19AuxRE4 for/réethe G-Boxes were mutated back the original
sequence by the two primer paisA19 G1 BACK for/revandIAA19 G2 BACK for/reun
consecutive PCR based site directed mutagenedisaams. The SAUR promoter sequence
was mutated with the primer p&#AUR mAuxREL1 for/reand theSSAUR mGBOX1 for/rev
primers, respectively. For details, refer to thppemental figures S6 and S7, which display
detailed sequence maps of the two promoter fragsnent

Successfully mutated promoters were recombined p@WB35 (:LUC) as described before.
Transgenic plants carryinBromoter::LUC and Promoter::GUS fusions of SAUR AC1;l
IAA5, IAA19 IAA29 andIAA30 promoter sequences and of mutated or deletedovsrsvere
generated by the floral dip method and the T1 geiter was harvested and selected on MS
plates containing kanamycin. Resistant plants wweopagated in the green house to obtain
the T2 seeds. Around 20 T2 lines were screenedotal Luciferase activity and the light
regulation (24 h Rc/darkness). Segregation on kgommplates was analysed and

homozygous T3 lines generated and propagated toh&de indicated.

IV.2.6 Crossing of plant lines

The DR5::GUSIine was crossed into tlepal-7 spa2-1 spad+hutant background (Ulmasov
et al., 1997 a; Fackendahl, unpublished). The Fieggions from two independent crosses
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were propagated and the obtained F2 generatioerssdefor plants exhibiting spal spa2
spadphenotype in darkness widipal spa2 spa4pal spazand Col-0 WT as contrals

The F3 seedlings were selected for a homozygmal spa2 spad4nutant phenotype in
darkness again, were shifted to MS+1% sucrosefataecreation and finally shifted to the
greenhouse on soil. In parallel, around 20 F3 gegsiwere treated with TONAA for 24 h
and subsequent stained with GUS solution to confirenDR5::GUS insertion. The coupling
of thespal spa2 spaghenotype and the DR5::GUS insertion was very. ran® lines,#1.3
and#41.11could be identified and were propagated to olfdiiseeds.

IV.2.7 Shade avoidance setup

For adult plant growth analysis and determinatibficavering time, seeds were pre-treated in
water for 3 days at 4°C and plated on soil in Engklls of 77-well trays in a randomized
fashion. Plants were grown in constant white ligh21°C, 60% humidity for four days and
were subsequently incubated in continuous low ReBRitions in the upper shelf or kept in
continuous white light on the lower shelf (GrowthamberAR-36L, cool-white fluorescent
light sources; Percival-Scientific, Perry, USA). elThpper shelf was additionally equipped
with LED light sources (Quantum Devices, Barnevéld, USA) for far-red light emission.
The white light photon fluence rate was kept camtséa 50 pmol x M x se¢' in both shelves
and the R:FR ratio was adjusted to 0.15 for lowRRifr the upper shelf. The R:FR ratio was
9.8 in the continuous white light conditions (lowarelf). The settings were: Upper shelf
(Wc+FRc): 98% Wc and 98% far-red light LEDs (aduhital far-red light fluence rate: 90
pumol x m? x sec'); lower shelf (Wc): 50% Wec.

For seedling experiments and all transcript deteations and protein extractions, seeds were
surface-sterilized and sown on MS plates contaitiigactivated charcoal (black MS). Seeds
were stratified at 4°C for three days in the damll ancubated in continuous white light (50
pumol x m? x se¢") provided by white light LED light sources. Seedt were grown at
constant 21°C. The R:FR ratio of the white lightswi0.3 (Percival light chamber E-30B
equipped with flora LEDs, CLF, Plant Climatics GmbBermany). Shade conditions were
simulated by additional far-red light emitted by DHEght sources in a chamber of identical
construction (Model: E-30B with floral LEDs, CLF]aat Climatics GmbH, Germany). The
PAR was kept at 50 umol xfrx sec* and the R:FR ratio adjusted to 0.23 with additiaita
umol x m? x sec* of far-red light. The settings for the white ligahd low R:FR light
conditions were: Wc channel: 93%; FR channel 0%)(M3©% (Wc+FRc).
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All photon fluence rates and ratios were quantifieding a SpectroSense2+Skye
Instruments, Powys, United Kingdom) equipped with-a&hannel white light sensor or a 4-
channel sensor (red and far-red light specific @e)s

Furthermore, the spectral composition of the Wc fodFRc conditions are shown in figure
IV-1 (analysed with spectrometer F600, Stellar Net)
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Figure IV-2: Analysis of spectral composition of tle Wc and Wc+FRc conditions for seedling and adultlpnt growth.
The fluences at the wavelengths between 400 nmg88Adnm were plottedA+C) Composition of the Wc and Wc+FRc
conditions used for adult plant growt+D) Composition of the Wc and Wc+FRc conditions usedsémdling experiments
on black MS plates.
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IV.2.8 Plant phenotypic analyses

IV.2.8.1 Hypocotyl, petiole and leaf length measurements

Seedlings were flattened to the agar plates anirpi were taken with a NIKON D5000
digital camera (Nikonwww.nikon.com). Adult plant stages were documeriteth above or
from one side. The measurements of hypocotyl lengplyledon dimensions and leaf size
were carried out withmageJ 1.43wsoftware (Wayne Rasband National Institutes ofltHea

USA). The values were statistically processed &itbel 201QMicrosoft Corporation, USA)

I\VV.2.8.2 Determination of flowering time

Plants were grown randomized on soil in single svatlconstant distances. Flowering time in
simulated shade (Wc+FRc) and continuous white I{gitit) conditions was determined by
the number of true leaves at the day the firsbneicence was visible to the unaided eye and
the number of days to flower from the day of sowiAgleast eight plants were analysed for
each genotype. The data was analysed kxitel 2010 The experiment was rerun twice with

similar results.

IV.2.8.3 Determination of root length

Plants were grown on square MS plates incubatetically. The root length was then

determined as described in section hypocotyl le(iyt!2.8.1).

IV.2.9 Quantitative luciferase assays

Around 100 mg of seedlings were harvested intavd 2afe-lock reaction tube that contained
five metal beats (Biorad). The tissue was flaslzdroin liquid nitrogen. Homogenisation of
the cooled sample was achieved by shaking for 1anB0 se¢ with a Retsch Mill®. 200 pl

of extraction buffer (100 mM NaRQH7.5; 1 mM DTT) were added to the homogenized
tissue and the tube placed on ice. After centrifiogaat 4C for 10 min at 14000 rpm, 100 pl
of the supernatant was transferred to a new reatiize.

The amount of total protein was estimated by preiogs12.5 ul of a 1:10 dilution of the
supernatant with th@ierce® BCA Protein Assay K{lThermo Scientific) according to the
user manual (microtiter plate application). The sueaments were carried out byTacan

M200 plate reader (Tecan, Mannedorf, Schweiz).
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10 pl of undiluted protein extract was added toqul2 mM EDTA in a well of a microtiter
plate (Greiner Bio-one, Germany). The plate reagdas programmed to inject 100 pl
luciferase assay buffes@ mM Tris-HCI, pH 7,8; 10 mM MgGJ] 1 mM EDTA 15 mM DTT; 1
mM ATP; 0,5 mM Luciferin (Roth)) into a well, hdibr two seconds and count the number of
emitted photons within the following ten secondi.easurements were performed for two
to three biological replicates (in case not statdterwise) in technical duplicates for each

sample.

IV.2.10 GUS assays

GUS enzymatic activity was quantified and visualibg the following methods.

IvV.2.10.1 Quantitative GUS assay (MUG assay)

Protein extraction and determination of the totedt@n concentration was performed as
described in thguantitatve LUC assagection (see 1V.2.9). 25 ul of the undiluted pirote
extract were transferred to a white flat bottomegiw@ll microtiter (Greiner Bio-One,
Frickenhausen, Germany) plate and 100 pl qGUS/dmsdéer (extraction buffer; 1mM MUG
(4-methylumbelliferylg-D-glucuronic acid)) were added. The detection bé t4-MU
production was performed by a preheafieetan M200plate reader (Tecan, Mannedorf,
Switzerland) measuring the fluorescence at 455 fien excitation with 365 nm in each well.
Data were collected 150 times at two-minute intlsnat continuous 37°C and the results
plotted as a time chart. The linear slop of eacliewas extracted from the data and the GUS
activity calculated in pmol (4-MU) x mihx ug (total proteir} using a standard curve with

increasing 4-MU concentrations.

IvV.2.10.2 Histochemical GUS assay

GUS activity was made visible as described preWowsth minor modifications (Jeffersoet
al., 1987). Seedlings or leaves were incubated imisigibuffer (0.1% TritonX-100, 10 mM
EDTA, pH 7; 0.5 mM NaP@ pH 7.0; 0.5 mM KFe(CN); 0.5 mM KsFe(CN); 1 mM 5-
bromo-4-chloro-3-indolyB-d-glucuronic acid (X-Gluc; Duchefa) for two to Ifurs at
37°C. The reaction was stopped by adding 70% ethargestain the samples. Blue staining

was observed and documented with a Nikon 5000 Gamer
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IvV.2.11 Auxin (1-naphthaleneacetic acid (NAA)) treatments

Seeds were incubated over night at -80°C to prefwengal growth and subsequently surface-
sterilized as described (see IV.2.4.1). Seedlingeevgrown in liquid MS supplied with 1%
sucrose under white light conditions or in darkn&ssfive days after 3h of white light
treatment to synchronize germination. Sterile NA#&uson or mock solution (containing
DMSO) was added to the MS medium and plants werebiated for 24 h or the indicated
time. Seedlings were then removed from the liquetiimm, dried on a paper towel and flash
frozen in liquid nitrogen. Tissue was stored at®@@ntil use. Triplicates of each genotype

and condition were taken as biological replicates processed in parallel.

IvV.2.12 1-N-naphthylphtalamic acid (NPA) treatments (auxintransport inhibitor)

In order to inhibit polar auxin transport, seedseveeated as described previously (1V.2.4.1)
and subsequently sowed on plates that contained SRM or seedlings were transferred to

NPA plates after growth on MS plates.
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Figure S1: Hypocotyl elongation response of seediis in low R:FR conditions is enhanced on black MSlates. WT
and phyB-9 seedlings were grown on MS plates, on MS platdab Wwiackened bottom (BBP) or on black MS plates.
Seedlings were treated for three days with Wc fe#id by additional three days of low R:FR treatmentMar. Hypocotyls
were measured, the mean was calculated and expre&EM (n > 15).
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Figure S2: Hypocotyls of WT seedlings responded tow R:FR treatment at 27°C.WT seedlings were grown at elevated
temperatures (27°C) for 3 days in Wc and shiftetbio R:FR or kept in Wc for additinal 3 days. Thesmditions were
applied for the DR5::GUS experiment to boost basatls of auxin in the plants.
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Figure S3: Activity of auxin-responsive promoters m darkness and light. The individual results obtained from
quantitative luciferase analyses (QLUC) for eacHifi@ in the set of promoters from auxin-inducedegerShown is the LUC

activity in darkness (black bars), after 24 hodrRotreatment (red bars) and the fold-induction ¢Rdtness; in blue).
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Figure S4: Activity of 1AA19 promoter constructs in darkness and light. The individual results obtained from
guantitative luciferase analyses (qLUC) for eacHhifi@ from the set ofAA19 deletions and mutation constructs. Shown is

the LUC activity in darkness (black bars), afteri®trs of Rc treatment (red bars) and the fold-indactRc/darkness; in
blue).
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