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Abstract

Abstract

Plants have evolved a complex regulatory network to perceive and transmit light signals.

In Arabidopsis, the COP1/SPA complex acts as a central repressor within this network. It

forms part of a ubiquitin ligase that targets activators of the light response for degradation

and thereby regulates processes such as seedling development, stomata di�erentiation,

vegetative plant growth and the induction of �owering. But while light signal transduction

has been extensively studied over the past decades, light regulation of the COP1/SPA

complex is still not fully understood and in some aspects of plant development, additional

regulators of the light response are yet to be identi�ed.

In the �rst part of this study, I investigated the role of the SPA proteins within the

COP1/SPA complex and their regulation by light. Light controls COP1 nucleocytoplas-

mic partitioning, but monitoring COP1 subcellular localisation in a spa quadruple mutant

showed that its nuclear accumulation in darkness is not changed by the absence of the

SPA proteins. However, analysis of protein levels revealed that SPA1 and SPA2 are them-

selves regulated by rapid, light-induced proteasomal degradation, suggesting that light

inactivates COP1/SPA complexes in part by reducing SPA protein levels. SPA2 is more

strongly degraded than SPA1, which correlates with the fact that SPA2, but not SPA1,

loses its repressor function when seedlings are exposed to light. However, degradation is

not the sole reason for the lack of SPA2 function in light-grown seedlings, implying that

an additional post-translational mechanism must inactivate the remaining SPA2 protein

in the cell.

In the second part of this study, I characterised the Aux/IAA protein AXR3, a repressor of

auxin signalling, as a novel regulator of light-dependent stomatal development. The axr3-1

gain-of-function mutant displays enhanced stomata formation in darkness, which results

from increased cell divisions in the stomatal lineage. Epistasis analysis demonstrated

that AXR3 acts genetically upstream of the YDA MAP kinase cascade, but in parallel

with COP1, TMM and members of the ER family to regulate stomatal development.

Furthermore, this study showed that auxin is required for the suppression of stomata

formation in darkness while light appears to counteract its e�ect. Taken together, these

results imply that AXR3 regulates stomatal development in response to light and auxin

signals although the mechanism of this regulation remains elusive.
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Zusammenfassung

Zusammenfassung

P�anzen haben ein komplexes Regulationsnetzwerk für die Wahrnehmung von Lichtsig-

nalen entwickelt. Der COP1/SPA-Komplex fungiert als zentraler Repressor innerhalb die-

ses Netzwerks in Arabidopsis. Er ist Teil einer Ubiquitinligase, welche die Degradation

von positiven Faktoren der Lichtantwort induziert und damit Prozesse wie Keimlings-

entwicklung, Stomatadi�erenzierung, vegetatives P�anzenwachstum und Blühinduktion

reguliert. Obwohl die Lichtsignaltransduktion innerhalb der letzten Jahrzehnte umfas-

send untersucht worden ist, ist die Lichtregulation des COP1/SPA-Komplexes noch nicht

vollständig geklärt. Darüber hinaus sind weitere Faktoren für eine normale Lichtantwort

erforderlich, doch nicht in allen Bereichen der lichtgesteuerten Entwicklung sind diese

Faktoren bereits identi�ziert worden.

Im ersten Teil der vorliegenden Arbeit habe ich die Rolle der SPA-Proteine innerhalb

des COP1/SPA-Komplexes und ihre Regulation durch Licht untersucht. Licht kontrol-

liert die Lokalisation von COP1 innerhalb der Zelle, allerdings zeigte die Beobachtung

der subzellulären Lokalisation von COP1 in einer spa Quadrupelmutante, dass seine Ak-

kumulation im Zellkern in Dunkelheit durch die Abwesenheit der SPA-Proteine nicht

beein�usst wird. Analyse der SPA-Proteinlevel zeigte jedoch, dass SPA1 und SPA2 selbst

durch rasche, licht-induzierte Degradation im 26S -Proteasom reguliert werden, was na-

helegt, dass Licht den COP1/SPA-Komplex zumindest zum Teil durch Reduzierung der

SPA-Proteinlevel inaktiviert. SPA2 wird stärker degradiert als SPA1, was mit der Tatsache

korreliert, dass SPA2, aber nicht SPA1, seine Repressorfunktion verliert, wenn Keimlinge

dem Licht ausgesetzt sind. Allerdings ist die Degradation nicht der einzige Grund für die

Unterdrückung der SPA2-Repressorfunktion in im Licht gewachsenen Keimlingen, wes-

halb angenommen werden kann, dass ein weiterer post-translationaler Mechanismus das

verbliebene SPA2-Protein in der Zelle inaktiviert.

Im zweiten Teil dieser Arbeit habe ich das Aux/IAA-Protein AXR3, einen Repressor

der Auxin-Signaltransduktion, als einen neuen Regulator der lichtabhängigen Stomata-

entwicklung charakterisiert. Die �Gain-of-function�-Mutation axr3-1 führt zu verstärkter

Stomatabildung in Dunkelheit, welche aus erhöhter Zellteilung innerhalb der Stomata-

Zelllinie resultiert. Epistasieanalyse o�enbarte, dass AXR3 oberhalb der YDA MAP-

Kinasekaskade, jedoch parallel mit COP1, TMM und Mitgliedern der ER-Familie wirkt.

xiii



Zusammenfassung

Darüber hinaus konnte gezeigt werden, dass Auxin für die Unterdrückung der Stomata-

entwicklung im Dunkeln benötigt wird, wohingegen Licht diesem E�ekt entgegenwirkt.

Zusammengenommen weisen diese Ergebnisse darauf hin, dass AXR3 die Stomataent-

wicklung in Antwort auf Auxin- und Lichtsignale reguliert, auch wenn der Mechanismus

dieser Regulation noch unklar ist.

xiv



Introduction

1 Introduction

1.1 Light signal transduction

Plants have evolved a remarkable degree of plasticity to cope with changes in their envi-

ronment, thereby ensuring their survival and reproductive success. To this end, they need

to perceive environmental factors and adjust their growth and development accordingly.

Light is among the most crucial environmental factors as it serves as the plant's primary

source of energy. Hence, plants monitor its quality, intensity, direction and periodicity and

use this information to modulate many processes throughout their development, includ-

ing seed germination, seedling de-etiolation, stomata di�erentiation, phototropic growth,

shade avoidance and the transition to �owering (Ne� et al., 2000). At the molecular

level, a complex regulatory network that includes photoreceptors, transcription factors

and components of the protein degradation machinery acts to perceive, transmit and

respond to light signals.

1.1.1 Light is perceived by several sets of photoreceptors

In the model plant Arabidopsis thaliana (Arabidopsis), �ve classes of photoreceptors have

been described, which regulate many developmental processes in response to di�erent light

qualities (Figure 1.1). Among them, phytochromes are the most well characterised. They

are dimeric receptors that absorb red (R) and far-red light (FR) through a covalently

attached linear tetrapyrrole chromophore, phytochromobilin, and exist in two distinct

conformations: they are synthesised in the biologically inactive Pr form, which upon R-

absorption is converted to the biologically active Pfr form. Pfr can be reconverted to

Pr by absorption of FR or more slowly by dark reversion (Rockwell et al., 2006). This

photoconversion results in a dynamic photoequilibrium of Pr and Pfr that allows the plant

to measure the ratio of R to FR (Franklin and Quail, 2010).

The Arabidopsis genome contains �ve phytochrome-encoding genes (PHYA-E ), which

belong to two di�erent classes: PHYA encodes the only light-labile type I phytochrome,

1
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Figure 1.1: Light regulates plant development through distinct sets of photoreceptors.
Distinct classes of photoreceptors have evolved in Arabidopsis to perceive light of di�erent wavelengths:
the UVR8 protein mediates UV-B responses, while cryptochromes, phototropins and members of the ZTL
family respond to B. Phytochromes absorb R and FR; phyB-E signal in response to R whereas phyA
mainly signals in response to FR although it is involved in responses to B and R as well.
Arrows indicate the developmental processes regulated by the respective photoreceptors.

whereas PHYB-E encode light-stable type II phytochromes (Sharrock and Quail, 1989;

Clack et al., 1994). In response to R, type II phytochromes translocate from the cytosol to

the nucleus (Sakamoto and Nagatani, 1996; Kircher et al., 1999, 2002), where they mediate

R/FR-photoreversible low �uence responses (LFRs) as well as non-photoreversible high-

irradiance responses (HIRs) to continuous R (Rc) (Casal et al., 1998; Li et al., 2011). In

contrast, phyA is involved in very low �uence responses (VLFRs) over a broad range of

wavelengths and in HIRs to continuous FR (FRc), both of which are non-photoreversible

(Casal et al., 1998; Li et al., 2011). phyA is imported into the nucleus upon interaction

of its Pfr form with the nucleocytoplasmic shuttle proteins FAR-RED ELONGATED

HYPOCOTYL 1 (FHY1) and FHY1-LIKE (FHL) (Hiltbrunner et al., 2006; Genoud et al.,

2008), but its FRc-speci�c action peak arises at least in part from FR-induced dissociation

from FHY1 and FHL in the nucleus (Rausenberger et al., 2011).

Cryptochromes are photolyase-like proteins that absorb blue (B) and UV-A light through

their non-covalently bound �avin adenine dinucleotide (FAD) chromophores (Chaves et al.,
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2011). Of the three cryptochrome-encoding genes (CRY1-3 ) of Arabidopsis, only CRY1

and CRY2 have so far been shown to encode functional photoreceptors (Yu et al., 2010).

Light-stable cry1 mediates both low and high light responses while light-labile cry2 is

mainly involved in responses to low B and has a major role in the perception of pho-

toperiod (Ahmad and Cashmore, 1993; Guo et al., 1998; Lin et al., 1998; Mockler et al.,

1999; Yu et al., 2007). Both receptors act primarily in the nucleus although cry1 may

also function in the cytoplasm (Wu and Spalding, 2007; Yu et al., 2007).

Phytochromes and cryptochromes cooperatively regulate several aspects of plant devel-

opment. Cryptochromes, phyB and phyA promote seedling de-etiolation and stomatal

development in response to B, R and FR, respectively (Nagatani et al., 1991; Somers

et al., 1991; Ahmad and Cashmore, 1993; Dehesh et al., 1993; Nagatani et al., 1993;

Reed et al., 1993; Whitelam et al., 1993; Kang et al., 2009). Shade avoidance is normally

triggered by a low R:FR ratio perceived by phyB (Nagatani et al., 1991; Somers et al.,

1991), but recently a shade avoidance response caused by attenuated B has been assigned

to cryptochrome function (Pierik et al., 2009; Keller et al., 2011). Antagonistic func-

tions have been observed in the regulation of �owering time: the transition to �owering

is promoted by cry1, cry2 and phyA but repressed by phyB (Guo et al., 1998; Mockler

et al., 2003; Valverde et al., 2004). Finally, seed germination is exclusively mediated by

phytochromes, primarily phyB (Botto et al., 1996; Shinomura et al., 1994). In contrast

to phyA and phyB, phyC-E have comparatively minor roles in plant development and in

many cases appear to act redundantly with phyB (Hennig et al., 2002; Franklin et al.,

2003a,b).

Besides cryptochromes and phyA, two other photoreceptor families mediate B responses in

Arabidopsis. The phototropins phot1 and phot2 absorb B through �avin mononucleotide

(FMN) chromophores bound to their light oxygen voltage (LOV) domains (Christie,

2007). They regulate phototropic growth responses, cotyledon and leaf expansion as well

as hypocotyl growth (Liscum and Briggs, 1995; Folta and Spalding, 2001; Sakai et al.,

2001; Sakamoto and Briggs, 2002; Ohgishi et al., 2004), but also direct movements such

as stomatal opening and chloroplast translocation (Kinoshita et al., 2001; Sakai et al.,

2001). Members of the ZEITLUPE (ZTL) protein family, including ZTL, LOVE KELCH

PROTEIN 2 (LKP2) and FLAVIN-BINDING KELCH F-BOX PROTEIN 1 (FKF1), also

perceive B via LOV domains (Demarsy and Fankhauser, 2009; Ito et al., 2012). These

proteins act as components of E3 ubiquitin ligases and regulate the circadian clock and

photoperiodic �owering through light-dependent protein degradation (Más et al., 2003;

Imaizumi et al., 2003, 2005; Kim et al., 2007; Sawa et al., 2007). Finally, UV-B RESIS-

TANCE 8 (UVR8) has recently been identi�ed as the UV-B photoreceptor (Rizzini et al.,

3
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2011). It regulates UV-B-dependent seedling de-etiolation (Favory et al., 2009), but may

also be involved in leaf expansion and stomatal development (Wargent et al., 2009).

1.1.2 Transcription factors and the COP1/SPA complex convey

light signals downstream of photoreceptors

More than 20% of all expressed genes in Arabidopsis are regulated by light (Ma et al., 2001;

Tepperman et al., 2001; Jiao et al., 2005); this regulation involves a large set of transcrip-

tion factors, which a�ect expression of their target genes by binding to light-responsive

elements (LREs) in the promoters of these genes (Jiao et al., 2007). Some of these

transcription factors are directly controlled by photoreceptors, among them the PHY-

TOCHROME INTERACTING FACTORS (PIFs) of the basic helix-loop-helix (bHLH)

superfamily. PIFs are constitutively localised in the nucleus (Castillon et al., 2007) and

act as negative regulators of light responses as they repress seed germination but pro-

mote skotomorphogenesis as well as shade avoidance (Leivar and Quail, 2011). In the

light, binding of the PIFs by phytochromes results in PIF phosphorylation, ubiquitina-

tion and subsequent degradation in the 26S proteasome (Bauer et al., 2004; Shen et al.,

2005; Al-Sady et al., 2006; Shen et al., 2007, 2008). Conversely, cry2 positively regulates

the function of the bHLH transcription factor CRY-INTERACTING BHLH 1 (CIB1) by

B-dependent interaction to promote �oral initiation (Liu et al., 2008a).

In addition to direct regulation of transcription factors, photoreceptors indirectly control

gene expression via post-translational mechanisms. Genes of the CONSTITUTIVELY

PHOTOMORPHOGENIC/DE-ETIOLATED/FUSCA (COP/DET/FUS ) group are in-

volved in this process; cop/det/fus mutants show a constitutively photomorphogenic phe-

notype, displaying short hypocotyls and open cotyledons in darkness (Figure 1.2) (Kwok

et al., 1996), suggesting that they represent negative regulators of light signalling. Ex-

tensive research over the last 20 years has shown that COP/DET/FUS proteins act as

parts of CULLIN 4 (CUL4)-DAMAGED DNA BINDING PROTEIN 1 (DDB1)-based E3

ubiquitin ligases, which control targeted protein degradation, and in the COP9 signalo-

some (CSN), which controls activity of these CUL4-DDB1 ligases (Lau and Deng, 2012;

Stratmann and Gusmaroli, 2012).

COP1 is the most well characterised member of the COP/DET/FUS group: it is found

in many higher eukaryotes including humans (Yi et al., 2002), where it has a role in

tumourigenesis (Marine, 2012). In Arabidopsis, COP1 is involved in many developmen-
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Figure 1.2: The COP1/SPA complex acts as a repressor of photomorphogenesis.
A: In darkness, the COP1/SPA complex suppresses photomorphogenesis by ubiquitination of
photomorphogenesis-promoting transcription factors (TFs), thereby targeting them for degradation in
the 26S proteasome. Therefore, dark-grown wild-type seedlings display a skotomorphogenic phenotype
characterised by a long hypocotyl and closed cotyledons whereas cop1 and spa1 spa2 spa3 spa4 (spa-Q)
mutants show constitutive photomorphogenesis. B: In the light, photoreceptors are active and repress
the COP1/SPA complex. Therefore, photomorphogenesis-promoting TFs accumulate and promote the
expression of light-induced genes by binding to light response elements (LREs) in their promoters. This
leads to a photomorphogenic phenotype of wild-type seedlings, characterised by a short hypocotyl and
open cotyledons. But even under these conditions the COP1/SPA complex retains residual activity as
cop1 and spa-Q mutants are overstimulated by light (Photographs modi�ed from Hoecker, 2005).

tal processes, most of which are light-dependent: it represses seedling de-etiolation and

stomatal development in darkness (Deng et al., 1991; Deng and Quail, 1992; Kang et al.,

2009), controls root and vegetative plant growth (Deng and Quail, 1992; Sassi et al.,

2012), promotes the shade avoidance response and prevents the induction of �owering

under non-inductive short-day conditions (McNellis et al., 1994).

COP1 encodes a 76 kDa protein that contains an N-terminal RING-�nger motif, a central

coiled-coil domain and seven C-terminal WD40 repeats; in addition, it features both a
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nuclear localisation sequence (NLS) and a cytoplasmic localisation sequence (CLS) (Deng

and Quail, 1992; Torii et al., 1998; Stacey et al., 1999, 2000). A RING domain is found

in many E3 ubiquitin ligases and is known to recruit E2 ubiquitin-conjugating enzymes

(Deshaies and Joazeiro, 2009). COP1 was indeed shown to ubiquitinate positive regulators

of the light response such as the basic leucine zipper (bZIP) transcription factor LONG

HYPOCOTYL 5 (HY5), the bHLH transcription factor LONG HYPOCOTYL IN FAR-

RED 1 (HFR1) and the MYB transcription factor LONG AFTER FAR-RED 1 (LAF1)

in vitro and to be responsible for their proteasomal degradation in darkness in vivo (Ang

et al., 1998; Osterlund et al., 2000; Seo et al., 2003; Jang et al., 2005; Yang et al., 2005).

The WD40 domain of COP1 is essential for interaction with HY5, HY5-HOMOLOGUE

(HYH) and HFR1 (Torii et al., 1998; Holm et al., 2002; Jang et al., 2005). It also

interacts with other COP1 targets including the �oral promoter CONSTANS (CO) (Liu

et al., 2008b; Jang et al., 2008), the photomorphogenesis-promoting B-box zinc �nger pro-

tein BBX22 (SALT TOLERANCE HOMOLOG 3/STH3, LIGHT-REGULATED ZINC

FINGER 1/LZF1) (Datta et al., 2008), the anthocyanin biosynthesis-controlling MYB

transcription factors PAP1 and PAP2 (Maier et al., 2013) and the photoreceptors phyA,

phyB and cry2 (Wang et al., 2001; Yang et al., 2001; Seo et al., 2004). Thus, the WD40

domain appears to be the primary substrate recognition site of COP1.

In contrast to the WD40 repeats, the coiled-coil domain of COP1 is necessary for self-

dimerisation (Torii et al., 1998) as well as for interaction with its co-factors of the

SUPPRESSOR OF PHYA-105 (SPA) family (Hoecker and Quail, 2001; Laubinger and

Hoecker, 2003; Laubinger et al., 2004). Mutations in all four SPA genes of Arabidop-

sis result in a constitutively photomorphogenic phenotype similar to that of cop/det/fus

mutants (Laubinger et al., 2004). Moreover, the SPA proteins show a high similarity to

COP1 as they also contain a coiled-coil domain and C-terminal WD40 repeats, but their

N-terminus features a domain with high similarity to serine/threonine kinases (Hoecker

et al., 1999; Laubinger and Hoecker, 2003). All SPA proteins interact with COP1 and

each other (Hoecker and Quail, 2001; Laubinger and Hoecker, 2003; Laubinger et al.,

2004; Zhu et al., 2008) and appear to form tetrameric complexes consisting of two COP1

and two SPA proteins (Zhu et al., 2008), lending further support to the hypothesis that

these proteins act in concert to repress light signalling. However, the exact role of the

SPA proteins within COP1/SPA complexes is still unclear.

Although COP1 on its own has ubiquitin ligase activity in vitro (Osterlund et al., 2000; Seo

et al., 2003; Yang et al., 2005), which can be either enhanced or reduced by the presence

of recombinant SPA1 (Saijo et al., 2003; Seo et al., 2003), the COP1/SPA tetramer is now
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thought to act in a multi-subunit ubiquitin ligase complex including CUL4, RING BOX 1

(RBX1) and DDB1 (Chen et al., 2010). CUL4 serves as sca�old that binds RBX1 and

DDB1, RBX1 recruits E2 enzymes to the ligase and DDB1 acts as an adapter protein

that binds WD40 proteins such as COP1 and SPAs (Biedermann and Hellmann, 2011),

which serve as the substrate recognition unit of the complex (Chen et al., 2010).

Activity of the COP1/SPA complex is strongly regulated by light: in darkness, it targets

positive regulators of the light response for degradation in the 26S proteasome (Figure 1.2)

and thereby represses light signal transduction. In the light, it is thought to be repressed

by cryptochromes, phyA and phyB although the mechanism is still under debate (Yi and

Deng, 2005; Lau and Deng, 2012). COP1 accumulates in the nucleus in darkness, but is

excluded from the nucleus in the light (von Arnim and Deng, 1994) and thereby separated

from its target proteins. However, nuclear exclusion of COP1 upon light exposure is

a relatively slow process that takes approximately 24 h (von Arnim et al., 1997) and

therefore appears to be a long-term response that can neither account for rapid changes

in the transcriptome induced by B, R and FR irradiation (Tepperman et al., 2001; Jiao

et al., 2003; Tepperman et al., 2004) nor for rapid re-accumulation of the COP1 targets

HY5 and HFR1 upon light exposure (Yang et al., 2005; Li et al., 2010). In the case of

the cryptochromes, direct interaction with COP1 is required for fast inhibition of the

complex, but their interaction with COP1 is light-independent (Wang et al., 2001; Yang

et al., 2001). However, they interact with SPA1 in a B-dependent manner (Lian et al.,

2011; Liu et al., 2011a; Zuo et al., 2011). Binding of cry1 to SPA1 disrupts COP1-SPA1

interaction and thereby presumably reduces activity of the complex (Lian et al., 2011; Liu

et al., 2011a) while binding of cry2 to SPA1 does not impair COP1-SPA1 interaction but

strengthens cry2-COP1 interaction and thereby may repress COP1 function (Zuo et al.,

2011). Mechanisms for rapid inhibition of the COP1/SPA complex by the phytochromes

have not yet been identi�ed (Lau and Deng, 2012).

Notably, the COP1/SPA complex retains residual function also in the light as light-grown

cop1 and spa1 spa2 spa3 spa4 quadruple (spa-Q) mutant seedlings exhibit increased light

responses (Figure 1.2) (McNellis et al., 1994; Laubinger et al., 2004). In this regard,

COP1-dependent degradation of phyA, phyB and cry2 in the light (Shalitin et al., 2002;

Seo et al., 2004; Jang et al., 2010) may represent a negative feedback loop that �ne-tunes

light responses and prevents overstimulation by light.
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1.1.3 The SPA proteins regulate di�erent aspects of plant

development

The spa1 mutant was �rst identi�ed as a suppressor mutation of a weak phyA allele

(Hoecker et al., 1998) and identi�cation of the corresponding gene led to discovery of the

SPA1-RELATED genes SPA2, SPA3 and SPA4. Based on sequence similarity, they can

be divided into two subgroups: The �rst subgroup comprises SPA1 and SPA2, which

originate from a gene duplication during evolution (Simillion et al., 2002). The respective

proteins contain an N-terminal extension as well as NLSs, which are not found in the

members of the second subgroup, i.e. SPA3 and SPA4 (Laubinger and Hoecker, 2003;

Laubinger et al., 2004).

Among the spa single mutants, spa1 displays the strongest phenotypic di�erences com-

pared to the wild type as it exhibits increased photomorphogenesis in B, R and FR

(Hoecker et al., 1998, 1999; Baumgardt et al., 2002) and also �owers earlier in short days

(Laubinger et al., 2006). A mutation in a single SPA gene does not change the sko-

tomorphogenic growth habit of a dark-grown seedling, but spa-Q mutants show strong

constitutive photomorphogenesis in darkness (Laubinger et al., 2004). These plants are

also strongly impaired in vegetative growth and �ower very early (Laubinger et al., 2004;

Balcerowicz et al., 2011), suggesting that a high degree of redundancy exists among the

SPA genes. However, analysis of spa double and triple mutants showed that the SPA

genes have not only overlapping but also distinct functions during plant development

(Figure 1.3). Both SPA1 and SPA2 are su�cient to suppress photomorphogenesis in

dark-grown seedlings; in contrast, only SPA1, and to a minor extent SPA3 and SPA4,

prevent excessive light responses in light-grown seedlings whereas the function of SPA2 at

this stage is negligible (Laubinger et al., 2004; Fittingho� et al., 2006; Balcerowicz et al.,

2011). SPA3 and SPA4 appear to be the major regulators of vegetative plant growth

(Laubinger et al., 2004) while SPA1 and SPA4 are the predominant players in the shade

avoidance response (Rolau�s et al., 2012). Finally, SPA1 represents the major regulator

of �owering time among the SPA genes (Laubinger et al., 2006).

The di�erent contributions of each SPA gene to distinct developmental processes are also

re�ected at the regulatory level. The transcript levels of SPA1, SPA3 and SPA4 rise upon

light exposure while those of SPA2 remain unchanged (Hoecker et al., 1999; Fittingho�

et al., 2006). Furthermore, the SPA proteins exhibit distinct light- and organ-speci�c
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Figure 1.3: SPA proteins have overlapping but also distinct functions during plant develop-
ment.
The COP1/SPA complex regulates many stages of plant development. It targets transcription factors
such as HY5, HFR1 and LAF1 for degradation and thereby represses seedling de-etiolation and promotes
hypocotyl elongation during shade avoidance. It is also involved in the suppression of �owering in short-
day conditions by preventing CO protein accumulation and in vegetative growth regulation although in
this case its targets are yet unknown. SPA proteins contribute di�erently to these processes. Both SPA1
and SPA2 are su�cient to suppress photomorphogenesis in dark-grown seedlings while SPA1, and to a
lesser extent SPA3 and SPA4, prevent overstimulation of seedlings by light. SPA1 and SPA4 are main
regulators of the shade avoidance response, SPA3 and SPA4 are the major regulators of vegetative plant
growth and SPA1 is the predominant player in the suppression of �owering under short-day conditions.
Arrows indicate positive regulation, perpendicular lines indicate negative regulation. Size of the SPA
spheres corresponds to their importance at the respective developmental stage (Photographs modi�ed
from Laubinger et al., 2006; Balcerowicz et al., 2011; Rolau�s et al., 2012).

accumulation patterns (Zhu et al., 2008). Taken together, these observations suggest that

spatiotemporal control of the SPA proteins may contribute to functional speci�city of

distinct COP1/SPA complexes.
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Figure 1.4: The SPA2 protein sequence accounts for the lack of SPA2 function in light-
grown seedlings.
A: Schematic representation of chimeric SPA1/SPA2 constructs containing the SPA1 or SPA2 promoter
(pSPA1, pSPA2 ), the SPA1 or SPA2 ORF, an HA tag and the 3' untranslated region of SPA1 or SPA2
(3' SPA1, 3' SPA2 ). B: Visual phenotype of 4-d-old transgenic spa-Q seedlings expressing the chimeric
SPA1/SPA2 constructs shown in A. Seedlings were grown in darkness or FRc (0.05µmolm�2 s�1). Col-0,
spa-Q and spa triple mutant seedlings are shown as controls (modi�ed from Balcerowicz et al., 2011).

The molecular basis for the di�erent functions of SPA1 and SPA2 in light-grown seedlings

was analysed in detail. To this end, chimeric constructs were generated that express the

SPA1 and SPA2 open-reading frames (ORFs), fused to an HA tag, under control of the

SPA2 and SPA1 5' and 3' regulatory sequences, respectively. Constructs expressing the

SPA1 and SPA2 ORFs from their own regulatory sequences served as controls (Balcero-

wicz et al., 2011; Figure 1.4 A). These constructs were introduced into a spa1 spa2 spa3

and a spa-Q mutant background. Phenotypic analysis revealed that all four constructs

suppress photomorphogenesis in dark-grown spa1 spa2 spa3 and spa-Q mutant seedlings

whereas only those containing the SPA1 ORF prevent overstimulation of the seedlings

by light (Balcerowicz et al., 2011; Figure 1.4 B). Therefore, only the protein sequence

of the respective SPA gene appears to determine its functionality, or the lack thereof, in

light-grown seedlings.
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1.2 Auxin

The ability of plants to adjust their development to a multitude of environmental condi-

tions requires a sophisticated regulatory network to coordinate the required developmental

processes. The phytohormone auxin is considered to be a master regulator of plant de-

velopment as it controls cell proliferation, cell elongation and cell di�erentiation at many

developmental stages from embryogenesis to senescence (Teale et al., 2006; Vanneste and

Friml, 2009; Perrot-Rechenmann, 2010). Hence, auxin function is tightly controlled via

its metabolism, transport and perception.

1.2.1 Several metabolic pathways contribute to auxin

homeostasis

Indole-3-acetic acid (IAA) appears to be the major naturally occurring auxin (Woodward

and Bartel, 2005). In Arabidopsis, IAA is mainly synthesised from L-tryptophan (L-Trp)

(Ljung, 2013) although a Trp-independent pathway has been suggested as well (Ouyang

et al., 2000). The IAA-precursors indole-3-pyruvic acid (IPyA), indole-3-acetamide (IAM)

and indole-3-acetaldoximine (IAOx) are characteristic compounds of three separate, Trp-

dependent IAA-biosynthesis pathways (Mashiguchi et al., 2011; Stepanova et al., 2011),

among which the IPyA pathway is the most well characterised. TRYPTOPHAN AMINO-

TRANSFERASE OF ARABIDOPSIS 1 (TAA1), which has also been described as WEAK

ETHYLENE-INSENSITIVE 8 (WEI8) and SHADE AVOIDANCE 3 (SAV3), and its

two homologues TAA1-RELATED 1 (TAR1) and TAR2 synthesise IPyA from L-Trp

(Stepanova et al., 2008) while �avin monooxygenases of the YUCCA (YUC) family sub-

sequently convert IPyA to IAA (Figure 1.5 A) (Mashiguchi et al., 2011; Stepanova et al.,

2011).

Besides biosynthesis, conjugation and degradation also a�ect levels of free IAA. IAA can

be conjugated to amino acids and sugars and amido synthases of the GH3 family appear

to be involved in this process (Staswick et al., 2005). IAA can also be degraded to 2-

oxoindole-3-acetic acid (oxIAA), but enzymes involved in this oxidation process have so

far not been identi�ed (Ljung, 2013).
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1.2.2 Auxin is transported in a polar fashion

While all parts of a young plant have the capability to synthesise auxin, de novo biosyn-

thesis is highest in dividing tissues of cotyledons and young leaves as well as in shoot and

root meristems (Ljung et al., 2001). Since auxin distribution, manifested in local auxin

maxima and minima as well as auxin gradients, is involved in the control of many devel-
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Figure 1.5: Overview of auxin biosynthesis, transport and signalling.
A: IAA is primarily synthesised from L-Trp by a pathway involving TAA1 and TAR tryptophan amino-
transferases as well as �avin monooxygenases of the YUC family. B: Auxin is transported into the cell
by a pH-driven ion-trap mechanism: uncharged IAA (IAAH) di�uses through the membrane and is con-
verted to its anionic form (IAA) in the cytosol. In addition, auxin is imported via transporters of the
AUX1/LAX family and exported via transporters of the PIN and ABCB families. C, D: Auxin signalling
takes place at two di�erent locations. At the plasma membrane, ABP1 mediates rapid auxin responses
such as activation of ion channels and H�-ATPases (C). In the nucleus, Aux/IAA proteins and their
co-repressor TPL inhibit the activity of ARFs in the absence of auxin. Auxin allows TIR1 and Aux/IAA
proteins to interact, whereupon the Aux/IAA proteins are ubiquitinated by the SCFTIR1 E3 ubiquitin
ligase and subsequently degraded in the 26S proteasome (D). Therefore, the ARFs are de-repressed and
regulate auxin-responsive genes by binding to auxin response elements (AuxREs) in their promoters.
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opmental responses, auxin transport needs to be tightly regulated (Tanaka et al., 2006).

Auxin can move long distances via mass �ow in the phloem, but it is also distributed via

cell-to-cell translocation in a mostly polar way (Figure 1.5 B) (Zazímalová et al., 2010).

A chemiosmotic model was proposed for polar auxin transport (Rubery and Sheldrake,

1974; Raven, 1975): protonated, lipophilic IAA molecules enter the cell via passive dif-

fusion through the plasma membrane; due to the higher pH in the cytoplasm, IAA is

deprotonated and the negatively charged IAA-anions are unable to di�use back through

the plasma membrane. Therefore, auxin can only leave the cell with the help of trans-

porters and the location of these transporters can direct auxin e�ux.

Several di�erent classes of auxin transporters have been identi�ed since postulation of the

chemiosmotic model: while members of the AUXIN-RESISTANT 1 (AUX1)/LIKE-AUX1

(LAX) family contribute to auxin in�ux by IAA-proton-symport, auxin e�ux is mediated

by B-type ATP-binding cassette transporters (ABCBs) and carriers of the PIN-FORMED

(PIN) family by ATP- and gradient-driven mechanisms, respectively (Petrásek and Friml,

2009; Zazímalová et al., 2010). All these transporters exhibit asymmetric distributions

within di�erent tissues (Swarup et al., 2001; Bandyopadhyay et al., 2007; Feraru and Friml,

2008), which is in agreement with the polarity of auxin transport. The PIN proteins seem

to be particularly crucial for proper plant development because perturbations in their

localisation or functionality result in severe defects in embryo development, root meristem

patterning, lateral organ development, vascular tissue di�erentiation and tropic growth

responses (Friml, 2010).

1.2.3 Two spatially separated signalling pathways transduce the

auxin signal

At the cellular level, auxin is perceived by two di�erent types of receptors. The glycopro-

tein AUXIN BINDING PROTEIN 1 (ABP1) is largely localised in the ER, but several

lines of evidence suggest that a small portion of ABP1 is secreted from the cell and acts as

an auxin receptor at the plasma membrane (Figure 1.5 C) (Jones and Venis, 1989; Jones

and Herman, 1993; Henderson et al., 1997; Woo et al., 2002). ABP1 is thought to control

rapid auxin responses such as turgor-induced cell elongation by regulation of ion �uxes

and membrane potential (Sauer and Kleine-Vehn, 2011) and prevents endocytosis of PIN

proteins, thereby increasing auxin e�ux and desensitising the auxin response (Robert

et al., 2010).
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Auxin regulates the expression of hundreds of genes, but this e�ect is largely independent

of ABP1 (Mockaitis and Estelle, 2008; Chapman and Estelle, 2009). In contrast, auxin

receptors of the TRANSPORT INHIBITOR RESPONSE 1 (TIR)/AUXIN-BINDING F-

BOX (AFB) family act in the nucleus to control auxin-dependent gene expression (Fig-

ure 1.5 D) (Kepinski and Leyser, 2005; Dharmasiri et al., 2005a,b). They form the sub-

strate recognition unit of SCF (Skp1, CUL1, F-box) ubiquitin ligases that target repressors

of the auxin response for degradation in an auxin-dependent manner (Gray et al., 2001).

At low auxin concentrations, AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) repressor

proteins, together with their co-repressor TOPLESS (TPL), inhibit the transcriptional

regulatory function of AUXIN RESPONSE FACTORS (ARFs) by heterodimerisation

(Ulmasov et al., 1999; Tiwari et al., 2001; Szemenyei et al., 2008). Aux/IAAs interact

with the C-terminal domain of ARFs via two conserved domains termed domain III and IV

(Ulmasov et al., 1999) whereas domain I of the Aux/IAA proteins is an active repressor

domain that is required for the recruitment of TPL (Szemenyei et al., 2008). Finally,

domain II controls stability of the Aux/IAA repressors (Worley et al., 2000; Ouellet et al.,

2001). Auxin promotes hydrophobic interaction of the TIR1/AFB receptors with this

domain; this interaction leads to ubiquitination of Aux/IAA proteins by the SCFTIR1/AFB

ubiquitin ligase and thereby to their subsequent degradation in the 26S proteasome (Gray

et al., 2001; Kepinski and Leyser, 2005; Dharmasiri et al., 2005a,b; Tan et al., 2007).

Thus, Aux/IAA proteins are degraded at high auxin concentrations, thereby ARFs are

de-repressed and can regulate the expression of auxin-responsive genes through binding

of auxin response elements (AuxREs) in their promoters (Ulmasov et al., 1997a,b; Tiwari

et al., 2003). Many Aux/IAA genes are themselves positively regulated by auxin (Abel

et al., 1995), providing another feedback mechanism that desensitises auxin signalling.

The Arabidopsis genome encodes 6 TIR1/AFB proteins (Dharmasiri et al., 2005b), 29

Aux/IAA proteins and 23 ARFs (Liscum and Reed, 2002). Speci�city of auxin responses

is determined by several factors that control the function of these signalling components,

including their spatiotemporal regulation at the transcriptional and post-translational

level, their stability and their a�nities to each other (Hayashi, 2012).

1.2.4 Auxin and light signalling pathways interact

Light a�ects auxin levels, transport and responsiveness to manipulate plant growth and

development (Halliday et al., 2009). Con�icting results have been obtained for the e�ect
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of light on auxin biosynthesis. On the one hand, IAA levels are lower in dark-grown

than in light-grown seedlings (Bhalerao et al., 2002) and low �uences of R induce Trp-

independent auxin biosynthesis (Liu et al., 2011b); on the other hand, phyB negatively

regulates auxin biosynthesis by decreasing transcript levels of TAA1 (Tao et al., 2008)

and increasing those of SUPERROOT 2 (SUR2 ) (Hoecker et al., 2004), a suppressor

of auxin biosynthesis (Delarue et al., 1998). In agreement with these �ndings, auxin is

required for hypocotyl elongation under a low R:FR ratio (Tao et al., 2008) when phyB

is mostly inactive.

Light also controls auxin transport and thereby the shoot:root auxin ratio. A high

shoot:root ratio favours hypocotyl elongation whereas a low shoot:root ratio promotes

cotyledon and root development (Halliday et al., 2009). To regulate auxin transport,

light a�ects levels of auxin transporters such as PIN3 (Devlin et al., 2003) and PGP19

(Nagashima et al., 2008) as well as intracellular distribution of PIN proteins (Friml et al.,

2002; Laxmi et al., 2008; Sassi et al., 2012).

Finally, components of the auxin signalling pathway are also light-regulated. Gain-

of-function mutants of the Aux/IAA genes SHORT HYPOCOTYL 2 (SHY2 )/IAA3,

AUXIN-RESISTANT 2 (AXR2 )/IAA7 and AXR3/IAA17 exhibit constitutively photo-

morphogenic phenotypes (Timpte et al., 1994; Leyser et al., 1996; Reed et al., 1998) due to

a mutation in domain II that disrupts their auxin-dependent interaction with TIR1 (Gray

et al., 2001). In addition, expression of AXR2 and SOLITARY ROOT (SLR)/IAA14 is

positively regulated by HY5 and HYH (Cluis et al., 2004; Sibout et al., 2006). The pho-

toreceptors themselves may also directly control auxin signalling; recombinant oat phyA

was reported to bind and phosphorylate recombinant Arabidopsis IAA1, SHY2/IAA3,

IAA9 and AXR3/IAA17 (Colón-Carmona et al., 2000) and interaction was also shown for

Arabidopsis phyB with SHY2/IAA3 and AXR3/IAA17 (Tian et al., 2003). The biological

relevance of these in vitro interactions, however, remains unclear since they appear to be

light-insensitive.
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1.3 Stomatal development and patterning

Stomata are epidermal pores that regulate gas exchange and transpiration. They are

essential innovations of land plants because along with formation of a cuticle they allow

CO2 uptake while minimising transpiration (Peterson et al., 2010). Since CO2 uptake and

water loss strongly a�ect photosynthetic performance, not only stomatal opening but also

stomatal development is strongly regulated by both intrinsic and environmental factors.

1.3.1 Stomatal development and the stomatal lineage

Stomatal development in Arabidopsis is a post-embryonic process that relies upon a set of

cell divisions and cell state transitions within a speci�c epidermal cell lineage (Figure 1.6).

Some protodermal cells do not undergo symmetric divisions to form pavement cells, but

enter this stomatal lineage by becoming a meristemoid mother cell (MMC). The MMC

divides asymmetrically, forming a larger daughter cell, the stomatal lineage ground cell

(SLGC), and a smaller cell, the meristemoid, which retains self-renewing capability. This

division is referred to as entry division and can be followed by up to two rounds of

asymmetric amplifying divisions, by which the meristemoid surrounds itself with SLGCs,

before it di�erentiates into a guard mother cell (GMC). This GMC then divides once

symmetrically to generate two paired guard cells (GCs) that form the stoma (Nadeau and

Sack, 2002b).

SLGCs may eventually become pavement cells, but they may divide asymmetrically as

well, giving rise to satellite meristemoids. Such divisions are called spacing divisions

because the satellite meristemoid is always oriented away from the existing stoma or

stomatal precursor, thereby reinforcing the one-cell spacing rule, which states that two

stomata are separated by at least one non-stomatal cell (Geisler et al., 2000).

16



Introduction

Protodermal 

cell

MMC

Entry division

(asymmetric)

Amplifying divisions

(asymmetric)

M GMC

GCs SM

SLGCs

PC

Symmetric

division

Spacing

division

(asymmetric)

Symmetric

division

Figure 1.6: Schematic representation of stomatal development in Arabidopsis.
A protodermal cell can either divide symmetrically to form pavement cells (PCs) or it becomes a meris-
temoid mother cell (MMC) that divides asymmetrically to enter the stomatal lineage. This asymmetric
division gives rise to a larger stomatal lineage ground cell (SLGC) and a smaller meristemoid (M), which
retains self-renewing capability. The meristemoid can divide asymmetrically twice more, surrounding
itself with SLGCs, before it di�erentiates into a guard mother cell (GMC). The GMC undergoes one
symmetric division, producing two guard cells that form a stoma. The surrounding SLGCs can either
di�erentiate into pavement cells or can undergo additional asymmetric divisions, giving rise to satellite
meristemoids (SMs). In this case, the new meristemoid is always formed away from the existing stoma.

1.3.2 Stomatal development is regulated by intra- and

intercellular signalling

The isolation of mutants with aberrant stomatal phenotypes has led to the identi�ca-

tion of many key factors involved in stomatal development, which have been placed in

a common regulatory pathway (Figure 1.7) (Serna, 2009; Lau and Bergmann, 2012; Pil-

litteri and Torii, 2012). The three bHLH transcription factors SPEECHLESS (SPCH),

MUTE and FAMA are core components of this pathway and control consecutive steps of

stomatal development. SPCH promotes entry and amplifying divisions in the stomatal

lineage; correspondingly, it is expressed broadly in the protoderm in young tissues, but

its expression is con�ned to MMCs and meristemoids later in development (MacAlister

et al., 2007; Pillitteri et al., 2007). MUTE is required for the termination of amplifying

divisions and the cell-state transition from the meristemoid to the GMC and is therefore

exclusively expressed in late meristemoids (Pillitteri et al., 2007). Finally, FAMA restricts

symmetric division of the GMC to one round and promotes the transition to GCs; hence,

FAMA is expressed in GMCs and young GCs (Ohashi-Ito and Bergmann, 2006).
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Figure 1.7: Stomatal development is regulated by a complex signalling pathway that inte-
grates intrinsic and environmental signals.
SPCH, MUTE and FAMA, in concert with SCRM and SCRM2, regulate consecutive steps of stomatal
development. Upstream of these bHLH transcription factors, a MAPK cascade consisting of the MKKK
YDA, MKK4/5/7/9 and MPK3/6 suppresses stomatal development by phosphorylation of SPCH and
possibly other factors involved in later developmental steps. The MAPK cascade is regulated by LRR
receptor-like kinases of the ER family (ERf), whose activity is modulated by the LRR receptor-like pro-
tein TMM. The TMM-ERf module is in turn activated or inhibited by binding of EPFLs.
Brassinosteroids (BRs) regulate stomatal development by inhibition of BIN2, and the BR signalling com-
ponents BRI1, BSK and BSU are required for this process. Active BIN2 phosphorylates and inactivates
YDA, MKK4, MKK5 (thereby promoting stomata formation in cotyledons) and SPCH (thereby sup-
pressing stomata formation in the hypocotyl). In contrast, light strongly promotes stomatal development
through inhibition of the COP1/SPA complex, which acts genetically upstream of YDA.
Arrows indicate positive regulation, perpendicular lines indicate negative regulation. Solid lines represent
con�rmed biochemical interaction, dotted lines represent indirect or genetic interactions.

Two additional bHLH proteins, SCREAM (SCRM)/INDUCER OF CBF 1 (ICE1) and

SCRM2, with largely redundant functions are expressed broadly throughout the stomatal

lineage and promote all steps of stomatal development (Kanaoka et al., 2008). Both of

them interact with SPCH, MUTE and FAMA and are required for their function (Kanaoka

et al., 2008), suggesting that they act as heterodimers to regulate gene expression. Be-

sides, two R2R3 MYB transcription factors, FOUR LIPS (FLP) and MYB88, control the
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GMC to GC transition in parallel with FAMA, but no interaction with any of the other

transcription factors has been observed (Lai et al., 2005).

Upstream of the aforementioned transcription factors, a mitogen-activated protein kinase

(MAPK) cascade negatively regulates entry into and progression through the stomatal

lineage although it appears to promote the transition from GMCs to GCs (Lampard et al.,

2009). The MAPK module implicated in stomatal development comprises the MAPK ki-

nase kinase (MKKK) YODA (YDA), the MAPK kinases (MKKs) MKK4, MKK5, MKK7

and MKK9 as well as the MAPKs MPK3 and MPK6 (Bergmann et al., 2004; Wang

et al., 2007; Lampard et al., 2009). MPK3 and MPK6 directly phosphorylate SPCH in

vitro, and this phosphorylation is required for the repression of SPCH activity in vivo,

which likely involves phosphorylation-dependent degradation (Lampard et al., 2008). The

MAPK target site of SPCH is not present in the other transcription factors that regulate

stomatal development (Lampard et al., 2008), but in vitro phosphorylation of MUTE and

MYB88 by MPK4 and MPK6, respectively (Popescu et al., 2009), raises the possibility

that some of these factors may be controlled by MAPK cascades as well.

Additional negative regulators of stomatal development act upstream of the MAPK cas-

cade. Leucin-rich repeat (LRR) receptor-like kinases of the ERECTA (ER) family (ERf),

comprised of ER, ERECTA-LIKE 1 (ERL1) and ERL2, control stomatal patterning and

di�erentiation by inhibiting discrete steps of stomatal development (Shpak et al., 2005).

ER primarily restricts entry divisions whereas ERL1 mainly represses the transition of

meristemoids to GMCs and orients spacing divisions; ERL2 acts redundantly with both

ER and ERL1 in suppressing stomata formation (Shpak et al., 2005). In agreement with

their partially distinct functions, ER is expressed in protodermal cells while ERL1 and

ERL2 expression is restricted to meristemoids, GMCs, SLGCs and young GCs (Shpak

et al., 2005). ER and ERL1 were also shown to homo- and heterodimerise in vivo (Lee

et al., 2012), but whether this interaction is important for their function is yet unknown.

Activity of the ERf is modulated by the LRR receptor-like protein TOOMANYMOUTHS

(TMM). TMM is widely expressed in the stomatal lineage (Nadeau and Sack, 2002a). In

cotyledons and leaves, it restricts stomata di�erentiation and guides spacing divisions in

concert with the ERf (Yang and Sack, 1995; Nadeau and Sack, 2002a; Shpak et al., 2005),

but in hypocotyls and stems, it promotes stomatal development and thereby antagonises

ERf function (Yang and Sack, 1995; Bhave et al., 2009). TMM lacks an intracellular

e�ector domain (Nadeau and Sack, 2002a) and may therefore act as co-receptor of the

ERf receptor-like kinases. Indeed, TMM heterodimerises with ER and ERL1 in vivo and

thereby possibly a�ects their function (Lee et al., 2012).
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Secreted, cysteine-rich peptides of the EPIDERMAL PATTERNING FACTOR-LIKE

(EPFL) family represent ligands of the ERf receptors (Rychel et al., 2010; Lee et al.,

2012). Two founding members of this family, EPIDERMAL PATTERNING FACTOR 1

(EPF1) and EPF2, act at speci�c stages of stomatal development corresponding to those

of ERL1 and ER, respectively: EPF1 is expressed in late meristemoids and GMCs and

reinforces the previously mentioned one-cell spacing rule (Hara et al., 2007) while EPF2

is expressed in MMCs as well as early meristemoids and SLGCs and restricts the number

of cells that enter the stomatal lineage (Hara et al., 2009; Hunt and Gray, 2009). EPF1-

ERL1 and EPF2-ER represent speci�c ligand-receptor pairs as EPF1 binds to ERL1 but

not ER or TMM whereas EPF2 interacts with ER and TMM but not ERL1 in vivo (Lee

et al., 2012). Both EPF1 and EPF2 promote phosphorylation of SPCH via MPK6 when

expressed in tobacco leaves (Jewaria et al., 2013), supporting the idea that EPF-ERf

ligand-receptor pairs control activity of the YDA MAPK cascade.

Additional EPFL peptides have been implicated in stomatal development: STOMA-

GEN/EPFL9 appears to be a mesophyll-derived signal that promotes stomata formation

(Hunt et al., 2010; Sugano et al., 2010) whereas CHALLAH (CHAL)/EPFL6 as well as

CHAL-LIKE 1 (CLL1)/EPFL5 and CLL2/EPFL4 can act as negative regulators of stom-

atal development, but their e�ect is attenuated by TMM (Abrash and Bergmann, 2010;

Abrash et al., 2011).

1.3.3 Phytohormones control stomatal development

Several classes of phytohormones have been reported to a�ect stomatal development, and

recently, a direct link between brassinosteroid (BR) signalling and stomatal development

has been established (Figure 1.7). This link requires the BR signalling intermediate BR

INSENSITIVE 2 (BIN2), a glycogen synthase kinase 3 (GSK3)-like kinase, but is inde-

pendent of BR-regulated gene expression (Gudesblat et al., 2012; Kim et al., 2012). BIN2

phosphorylates YDA, MKK4, MKK5 and SPCH, thereby repressing the respective pro-

teins (Gudesblat et al., 2012; Kim et al., 2012; Khan et al., 2013). BR signalling through

the BR receptor BR INSENSITIVE 1 (BRI1), BR SIGNALING KINASE 3 (BSK3) and

the phosphatase BRI1 SUPPRESSOR 1 (BSU1) inactivates BIN2, thus inhibiting stom-

ata formation in cotyledons and leaves via de-repressing the YDA MAPK cascade (Kim

et al., 2012) but promoting stomata formation in the hypocotyl via de-repressing SPCH

(Gudesblat et al., 2012).
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Other phytohormones may also in�uence stomatal development. Abscisic acid (ABA)

negatively regulates stomata formation upstream of SPCH and MUTE (Franks and Far-

quhar, 2001; Tanaka et al., 2013) whereas ethylene was reported to induce stomata for-

mation (Kieber et al., 1993; Serna and Fenoll, 1996). Furthermore, gibberellin (GA)

treatment increases stomata formation in the hypocotyl, an e�ect that can be enhanced

by additional application of ethylene or auxin (Saibo et al., 2003). However, no direct

biochemical link to the stomatal development signalling pathway has yet been provided

for any of these hormones.

1.3.4 Light promotes stomatal development

Environmental signals such as light, CO2 concentration, temperature and humidity also

control stomatal development (Casson and Gray, 2008; Casson and Hetherington, 2010),

but the underlying mechanisms are largely unknown. HIGH CARBON DIOXIDE (HIC )

is the only gene that has so far been shown to regulate stomata formation in response to

CO2 levels (Gray et al., 2000) while several components of the light signalling machinery

have been reported to be involved in light-dependent stomata di�erentiation.

Light strongly promotes stomatal development; increased intensities of R correlate with an

increased proportion of stomata in the leaf epidermis, an e�ect that depends on the repres-

sion of PIF4 by phyB (Boccalandro et al., 2009; Casson et al., 2009). Light also induces

the formation of stomata at the seedling stage as stomata are found at very low numbers

in the abaxial cotyledon epidermis of dark-grown seedlings (Kang et al., 2009). Cryp-

tochromes, phyB and phyA promote the di�erentiation of stomata during de-etiolation of

seedlings in response to B, R and FR, respectively, and this promotion requires repression

of the COP1/SPA complex (Kang et al., 2009). The COP1/SPA complex acts genet-

ically upstream of YDA, but in parallel with TMM, to regulate stomatal development

(Figure 1.7) (Kang et al., 2009), but biochemical evidence that the COP1/SPA complex

indeed a�ects activity of the YDA MAPK cascade has not yet been obtained.
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1.4 Aims of this thesis

The COP1/SPA complex is a central regulator of light-dependent plant development and

has been thoroughly investigated over the past 20 years, but the function of its components

is still not fully understood. In addition, light also acts independently of the COP1/SPA

complex to a�ect plant development. Hence, this thesis aimed both to further examine

molecular and biochemical properties of the COP1/SPA complex and to characterise

additional regulators of light-dependent plant development:

(1) Analysis of the e�ect of SPA proteins on COP1 subcellular localisation

The role of the SPA proteins within the COP1/SPA complex is still largely unknown.

Since COP1 subcellular localisation, and thereby its function, is regulated by light,

the �rst aim of this study was to investigate whether the SPA proteins are involved

in the nuclear accumulation of COP1 in darkness.

(2) Dissection of the functional divergence of SPA1 and SPA2 in light-grown

seedlings

SPA1 and SPA2 can both repress photomorphogenesis in dark-grown seedlings, but

only SPA1 is active in light-grown seedlings; this e�ect is accounted for by the

di�erent sequences of the two proteins. Therefore, the second aim of this study was

to analyse the di�erential regulation of SPA1 and SPA2 proteins by light and to

identify the basis for their di�erent functions in light-grown seedlings.

(3) Identi�cation and characterisation of putative novel regulators of light-

dependent stomatal development

Light promotes stomata formation by repression of the COP1/SPA complex, but

a direct link between components of the light and stomatal development signalling

pathways has not yet been identi�ed. Auxin-insensitive aux/iaa mutants with a

constitutively photomorphogenic phenotype similar to cop1 and spa mutants also

fail to suppress stomata formation in darkness. Hence, the third aim of this thesis

was to further characterise stomatal development in these aux/iaa mutants and

to establish a genetic network that links auxin and light signalling to the intrinsic

pathway that controls stomatal development.

22



Results

2 Results

2.1 SPA proteins do not a�ect COP1 subcellular

localisation in darkness

Genetic interaction between cop1 and spa mutants as well as direct physical interaction

of all four SPA proteins with COP1 suggest that COP1 acts in concert with the SPA

proteins in many aspects of plant development (Hoecker and Quail, 2001; Laubinger and

Hoecker, 2003; Saijo et al., 2003; Laubinger et al., 2004). Furthermore, SPA1 was shown

to modulate the ubiquitination activity of COP1 in vitro (Saijo et al., 2003; Seo et al.,

2003). The exact mechanism, however, by which the SPA proteins a�ect COP1 function

is yet unknown. Possible functions include recruitment of substrates, modi�cation of the

COP1 protein, stabilisation of the functional complex and regulation of COP1 nuclear

accumulation (Yi and Deng, 2005).

In contrast to the constitutive nuclear localisation of SPA1 and SPA2 (Hoecker et al.,

1999; Laubinger et al., 2004), COP1 subcellular localisation is dependent on light condi-

tions: in darkness, COP1 resides in the nucleus, where it targets transcription factors for

degradation, while in the light, it is excluded from the nucleus and therefore separated

from its target proteins (von Arnim and Deng, 1994). Hence, promotion of COP1 nuclear

accumulation could represent one mechanism by which the SPA proteins support COP1

function. To test this hypothesis, COP1 protein levels were examined in nuclei-depleted

and nuclei-enriched protein fractions of dark-grown wild-type and spa quadruple null mu-

tant (spa-nQ) seedlings. The COP1 protein was exclusively detected in the nuclei-enriched

fractions of both genotypes (Figure 2.1 A), demonstrating that its nuclear accumulation

in darkness is not changed by the absence of the SPA proteins.

In addition, COP1 subcellular localisation was monitored by �uorescence microscopy

using a 35S::YFP-COP1 reporter line (Subramanian et al., 2006). In this line, YFP-

COP1 accumulated in nuclear speckles as well as cytoplasmic inclusion bodies in darkness

and hence, YFP-COP1 was detected both in nuclei-depleted and nuclei-enriched protein

fractions of dark-grown 35S::YFP-COP1 seedlings (Figure 2.1 B, C, F, G; Supplemental
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Figure 2.1: COP1 nuclear accumulation in darkness is not altered in the spa-nQ mutant.
A: Immunodetection of COP1 protein in nuclei-depleted (nuc�) and nuclei-enriched (nuc�) protein frac-
tions of 4-d-old dark-grown Col-0 and spa-nQ mutant seedlings. PEPC was used as a cytosolic marker,
Histone H3 was used as a nuclear marker. Proteins were detected using anti-COP1, anti-PEPC and anti-
Histone H3 antibodies, respectively. The nuclei-enriched fractions were 15 � concentrated compared to
the nuclei-depleted fractions. Two independent biological replicates are shown. B-I: Representative nu-
clei in hypocotyls of 4-d-old dark-grown transgenic Col-0 (B, C, F, G) and spa-nQ (D, E, H, I) seedlings
expressing a 35S::YFP-COP1 construct. The upper panel shows �uorescence microscopy images, the
lower panel presents the corresponding bright�eld images. Filled arrowheads denote nuclear speckles,
un�lled arrowheads denote cytoplasmic inclusion bodies.

Figure S1). The 35S::YFP-COP1 line was crossed into the spa-nQ background, but

no di�erence of YFP-COP1 accumulation was observed compared to the parental line

(Figure 2.1 D, E, H, I). Thus, the similar localisation patterns of YFP-COP1 in the

wild-type and spa-nQ backgrounds are in agreement with the subcellular localisation of

native COP1 protein observed in the nuclear fractionation experiments. Taken together,

these results strongly suggest that the SPA proteins are not required for COP1 nuclear

accumulation in darkness.
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2.2 SPA2 function in the light is repressed by rapid

degradation as well as selective post-translational

inactivation

The four SPA genes are di�erentially regulated by light at the transcriptional level (Fit-

tingho� et al., 2006) and the respective proteins exhibit distinct light- and tissue-speci�c

accumulation patterns (Zhu et al., 2008). This di�erential regulation is accompanied by

overlapping but also distinct functions of the SPA genes during plant development (Laub-

inger and Hoecker, 2003; Laubinger et al., 2004; Fittingho� et al., 2006; Laubinger et al.,

2006). In particular, SPA1 and SPA2 function equally well to suppress photomorpho-

genesis in dark-grown seedlings, whereas only SPA1 is active in light-grown seedlings to

prevent overstimulation by light (Laubinger et al., 2004; Fittingho� et al., 2006; Balcero-

wicz et al., 2011).

2.2.1 SPA2-HA protein accumulates to lower levels than

SPA1-HA protein in light-grown seedlings

Previous analysis of chimeric constructs harbouring di�erent combinations of SPA1 or

SPA2 ORFs with SPA1 or SPA2 regulatory sequences had shown that the protein se-

quence accounts for the lack of SPA2 repressor function in light-grown seedlings (Balce-

rowicz et al., 2011; Figure 1.4). To examine whether the functional di�erences conferred

by the SPA protein sequences in seedlings are related to the levels of the respective pro-

teins, their accumulation was analysed in transgenic seedlings grown in darkness and

weak FRc, conditions in which the di�erent phenotypes conferred by the SPA1 and SPA2

ORFs were apparent (Balcerowicz et al., 2011; Supplemental Figure S2 A, B). SPA1-HA

and SPA2-HA were detected using an anti-HA antibody that allowed direct comparison

of SPA1-HA and SPA2-HA protein levels. Several independent, homozygous transgenic

lines were analysed per construct. Lines in the spa1 spa2 spa3 rather than the spa-Q back-

ground were used in most cases since the former display a large and healthy adult plant

phenotype due to the wild-type SPA4 gene (Laubinger et al., 2004) and therefore produce

larger amounts of seeds necessary for the experiments.
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Figure 2.2: SPA2-HA protein accumulates to lower levels than SPA1-HA protein in the
spa1 spa2 spa3 mutant background.
A, B: Immunodetection (A) and quanti�cation (B) of SPA1-HA and SPA2-HA protein levels in 4-d-old
spa1 spa2 spa3 mutant seedlings grown in darkness or FRc (0.35 µmolm�2 s�1). SPA1-HA and SPA2-HA
were expressed from the SPA1 promoter (left) and SPA2 promoter (right), respectively, and detected
using an anti-HA antibody. Numbers indicate independent transgenic lines. Tubulin levels are shown as
loading control. Protein levels were normalised to tubulin levels and expressed relative to the respective
highest-accumulating line. C: Transcript levels of SPA1-HA and SPA2-HA in darkness or FRc in the
lines shown in A. Transcript levels were normalised to UBQ10 and calibrated to the highest-expressing
line.
Error bars represent the standard error of the mean (SEM) of two to three biological replicates.

Strikingly, SPA2-HA accumulated to lower levels than SPA1-HA when expressed from

the same promoter (Figure 2.2 A, B). While most SPA1-HA lines also displayed higher

SPA-HA levels than the SPA2-HA lines in darkness, the e�ect was even more pronounced

in FRc-grown seedlings. When expressed from the SPA1 promoter, SPA2-HA levels were

3- to 10-fold lower than SPA1-HA levels in FRc; similarly, levels of SPA2-HA expressed
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from the SPA2 promoter were 4- to 15-fold lower than those of SPA1-HA expressed from

the same promoter (Figure 2.2 A, B). Comparable results were obtained for SPA-HA

levels in transgenic spa-Q seedlings (Supplemental Figure S3 A, B) and in the leaves of

adult spa-Q plants grown in short day conditions (Supplemental Figure S4 A), showing

that the protein levels are similarly a�ected in young and adult tissue.

These di�erences in SPA1-HA and SPA2-HA protein levels were not re�ected by the re-

spective SPA-HA transcript levels. Lines expressing SPA-HA proteins from the SPA1

promoter showed elevated transcript levels in FRc- compared to dark-grown seedlings

while levels were similar in darkness and FRc when SPA-HA proteins were expressed

from the SPA2 promoter (Figure 2.2 C; Supplemental Figure S3 C). This con�rms previ-

ously described characteristics of the two promoters (Fittingho� et al., 2006). Moreover,

levels of SPA1-HA and SPA2-HA transcripts were very similar when expressed from the

same promoter (Figure 2.2 C; Supplemental Figure S3 C), demonstrating that di�erential

expression is not the cause for the observed di�erences in protein levels.

2.2.2 Light exposure leads to rapid degradation of SPA1-HA and

SPA2-HA in the 26S proteasome

Since SPA2-HA accumulates to lower levels than SPA1-HA in FRc-grown seedlings, their

stability appears to be di�erentially regulated by light. To investigate whether this is a

rapid response, transgenic seedlings expressing SPA1-HA and SPA2-HA from the light-

insensitive SPA2 promoter were grown in darkness and then exposed to FR for short

periods of time. While COP1 levels were unchanged by exposure to FR, SPA1-HA and

SPA2-HA levels were strongly reduced within 1 h of FR irradiation (Figure 2.3 A-C).

Only a weak additional decrease was observed in the following 23 h, suggesting that this

light-dependent reduction in SPA-HA protein levels is a relatively fast process. SPA-HA

transcript levels remained unchanged throughout the experiment (Figure 2.3 D), sug-

gesting that light downregulates SPA-HA protein levels in a post-transcriptional manner.

Moreover, light exposure reduced SPA1-HA levels 3-fold at most, but reduced SPA2-HA

levels up to 12-fold (Figure 2.3 A, B). Thus, light appears to destabilise SPA2-HA more

strongly than SPA1-HA.
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Figure 2.3: Light exposure leads to rapid destabilisation of SPA1-HA and SPA2-HA.
A-C: Immunodetection (A) and quanti�cation of SPA1-HA, SPA2-HA (B) and COP1 (C) protein levels
in 4-d-old spa1 spa2 spa3 seedlings grown in darkness and then shifted to FR (0.35 µmolm�2 s�1) for the
indicated periods of time. SPA1::SPA1-HA line 28 and SPA2::SPA2-HA line 32 were used for these
experiments due to similar protein levels in darkness. SPA-HA protein levels were detected using an
anti-HA antibody. Tubulin levels are shown as loading control. SPA-HA and COP1 protein levels were
normalised to tubulin levels and expressed relative to SPA1-HA and COP1 levels in darkness, respectively.
D: Transcript levels of SPA1-HA and SPA2-HA in the lines shown in A. Transcript levels were normalised
to UBQ10 and calibrated to SPA1-HA levels in darkness. Error bars represent the SEM of two biological
replicates.

Proteasomal degradation represents an important mechanism by which light controls the

stability of proteins (Hoecker, 2005). To test whether SPA1-HA and SPA2-HA are de-

graded in the 26S proteasome, dark-grown seedlings were shifted to FR while being treated

with the proteasome inhibitor MG132. MG132 treatment was able to eliminate light-

induced destabilisation of both SPA1-HA and SPA2-HA proteins without a�ecting the

respective transcript levels (Figure 2.4). Hence, light destabilises the two proteins by

promoting their degradation in the 26S proteasome.
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Figure 2.4: SPA1-HA and SPA2-HA are degraded via the 26S proteasome.
A, B: Immunodetection (A) and quanti�cation (B) of SPA1-HA protein levels in 4-d-old spa1 spa2 spa3

seedlings (line 28) grown in darkness and then shifted to FR (0.35µmolm�2 s�1) for the indicated periods
of time while being treated with MG132 or mock-treated. SPA1-HA protein levels were detected using an
anti-HA antibody. Tubulin levels are shown as loading control. SPA1-HA protein levels were normalised
to tubulin levels and expressed relative to SPA1-HA in darkness before MG132 treatment. C: Transcript
levels of SPA1-HA in the lines shown in A. Transcript levels were normalised to UBQ10 and calibrated
to SPA1-HA levels in dark-grown seedlings before MG132 treatment. D: Immunodetection of SPA2-HA
protein levels in 4-d-old spa1 spa2 spa3 seedlings (line 32) grown in darkness and then shifted to FR
(0.35µmolm�2 s�1) for the indicated periods of time while being treated with MG132 or mock-treated.
Protein levels were too low to be quanti�ed.
Error bars represent the SEM of two biological replicates.

2.2.3 Lack of SPA2 protein function in light-grown seedlings is

not solely due to SPA2 degradation

The di�erential destabilisation of SPA1 and SPA2 by light likely represents an important

mechanism by which their functional diversity is obtained. To test whether the light-

induced reduction in SPA2 protein level accounts for the observed lack of SPA2 function

in light-grown seedlings, transgenic lines are required that accumulate SPA1-HA and

SPA2-HA at equal levels in FRc. To this end, 30 additional transgenic lines were screened

that express SPA1-HA or SPA2-HA in the spa1 spa2 spa3 mutant background. All lines
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Figure 2.5: Accumulation of high
SPA2 protein levels does not re-
store SPA2 repressor function in
FRc.
A, B: Immunodetection (A) and quan-
ti�cation (B) of SPA1-HA and SPA2-
HA protein levels in 4-d-old transgenic
spa1 spa2 spa3 mutant seedlings express-
ing the indicated SPA promoter::ORF

constructs when grown in weak FRc
(0.05µmolm�2 s�1). SPA-HA protein
levels were detected using an anti-HA
antibody. Tubulin levels are shown as
loading control. SPA-HA protein lev-
els were normalised to tubulin levels
and expressed relative to the highest-
accumulating line. Error bars repre-
sent the SEM of two biological repli-
cates. C: Visual phenotype of 4-d-old
FRc-grown seedlings of the SPA pro-

moter::ORF lines used for immunoblot
analysis shown in A.
Numbers indicate independent trans-
genic lines that were selected from a set
of 30 lines screened for similar SPA1-HA
and SPA2-HA protein levels.
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displayed lower levels of the respective SPA-HA protein in FRc-grown compared to dark-

grown seedlings (Supplemental Figure S5). Most lines also showed lower levels of SPA2-

HA than SPA1-HA, but two lines expressing SPA2-HA from the light-induced SPA1

promoter (lines 3 and 5) accumulated levels of SPA2-HA in FRc that were as high or even

higher than those of SPA1-HA in lines expressing SPA1-HA from the light-insensitive

SPA2 promoter (Figure 2.5 A, B).

Analysis of the seedling phenotype revealed that even the lines expressing high levels of

SPA2-HA did not show any repression of photomorphogenesis in weak FRc while all lines

expressing SPA1-HA did (Figure 2.5 C). Thus, increasing the level of SPA2 to that of

SPA1 does not convert SPA2 into a functional repressor of light signalling in light-grown

seedlings, implying that there must be an additional mechanism by which light selectively

inactivates SPA2.
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2.3 The repressor of auxin signalling AXR3 is involved

in light regulation of stomatal development

Photomorphogenesis of Arabidopsis seedlings is not only characterised by the suppres-

sion of hypocotyl elongation and the opening and greening of cotyledons, but also by the

formation of stomata (von Arnim and Deng, 1996). The abaxial cotyledon epidermis of

dark-grown seedlings contains almost no mature stomata, whereas light-grown seedlings

display a large number of fully developed stomata (Kang et al., 2009). Promotion of stom-

ata formation by light requires repression of the COP1/SPA complex by phytochromes

and cryptochromes, but the exact mechanism by which the COP1/SPA complex regulates

stomatal development is yet unknown (Kang et al., 2009). The auxin-insensitive mutants

axr2-1, axr3-1 and shy2-2 were previously reported to be defective in the suppression of

stomata formation in darkness (Ranjan, 2010), suggesting that the respective genes may

represent novel regulators of light-dependent stomatal development.

2.3.1 Gain-of-function aux/iaa mutants fail to suppress stomata

di�erentiation in dark-grown seedlings

The gain-of-function aux/iaa mutants axr2-1, axr3-1 and shy2-2 display a constitu-

tively photomorphogenic phenotype similar to, although less pronounced than, cop1-4

and spa1 spa2 spa3 mutants, with short hypocotyls and partially opened cotyledons when

grown in darkness (Timpte et al., 1994; Leyser et al., 1996; Reed et al., 1998; Figure 2.6 A).

Dark-grown cop1-4 and spa1 spa2 spa3 mutants show in addition an increased proportion

of mature stomata among all epidermal cells, also referred to as the stomatal index (SI),

in the abaxial cotyledon epidermis (Kang et al., 2009; Figure 2.6 B, C). I quanti�ed the

stomatal phenotype of the aux/iaa mutants to determine whether their reported defect

in the suppression of stomatal development in darkness is re�ected by an increased SI as

well. Indeed, the SI of the three mutants was increased compared to the wild type, in

which almost no mature stomata were found (Figure 2.6 B, C; Supplemental Figure S6).

In contrast, the proportion of stomatal precursors, i.e. meristemoids and GMCs, was

not changed or only mildly reduced in the three aux/iaa mutants, suggesting that these

mutations not only promote the di�erentiation of stomatal precursors to mature stomata,
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Figure 2.6: The constitutively photomorphogenic mutants axr2-1 and axr3-1 display in-
creased stomata formation in darkness.
A: Visual phenotype of 4-d-old dark-grown seedlings of the indicated genotypes. B, D: Confocal images
of the abaxial cotyledon epidermis of 10-d-old dark-grown seedlings of the indicated genotypes. Cell out-
lines were visualised by propidium iodide (PI) staining. C, E: Quanti�cation of the stomatal phenotypes
shown in B and D, respectively, expressed as the percentage of stomata and stomatal precursors among
total epidermal cells. Error bars represent the SEM (n = 10).

but also enhance early steps of stomatal development. The axr2-1 axr3-1 double mu-

tant displayed no additional increase in stomata formation when compared to the single

mutants (Figure 2.6 D, E), implying that the respective genes have largely redundant

functions with regard to stomatal development.

The stomata-overproducing phenotype of the aux/iaa mutants appears to be darkness-

speci�c; no strong changes in the percentage of stomata and stomatal precursors were

observed in the abaxial cotyledon epidermis of seedlings grown in continuous white light

(Wc) or in the abaxial epidermis of true leaves (Figure 2.7 A-D). A weak phenotype,
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Figure 2.7: The stomatal phenotype of axr2-1 and axr3-1 is speci�c to dark-grown seedlings.
A, C: Bright�eld images of the abaxial cotyledon epidermis of 10-d-old seedlings grown in Wc
(25 µmolm�2 s�1) (A) and of the abaxial epidermis of true leaves of 3-week-old long day-grown plants
(C) of the indicated genotypes. Cell outlines were traced in dark grey. B, D: Quanti�cation of the stom-
atal phenotypes shown in A and C, respectively. E: Quanti�cation of stomata in hypocotyls of 10-d-old
seedlings of the indicated genotypes grown in darkness or Wc (25 µmolm�2 s�1).
Error bars represent the SEM (n = 10).

however, was found in hypocotyls as those of dark-grown wild-type seedlings did not

contain any stomata whereas two to three stomata were found in the hypocotyls of dark-

grown axr2-1 and axr3-1 mutant seedlings (Figure 2.7 E). Furthermore, only axr2-1,

but not axr3-1, displayed a weak increase in the SI of the adaxial cotyledon epidermis

in darkness (Supplemental Figure S7), indicating that the defect in the suppression of

stomata di�erentiation primarily a�ects the abaxial epidermis.

To investigate whether the enhanced stomata formation in dark-grown aux/iaa mutants

is a post-embryonic defect, the abaxial cotyledon epidermis of dark-grown seedlings was

examined over a time course from 2 to 10 days post germination (dpg). Virtually no

mature stomata were observed in the cotyledon epidermis of 2-d-old wild-type, axr2-1 and

axr3-1 mutant seedlings; the �rst stomata appeared between 3 and 4 dpg and excessive
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Figure 2.8: The axr3-1 mutant shows a post-embryonic increase in epidermal cell division.
A: Confocal images of the abaxial cotyledon epidermis of dark-grown Col-0, axr2-1 and axr3-1 seedlings
between 2 and 10 days post germination (dpg). Cell outlines were visualised by PI staining. B: Quanti�-
cation of stomata and non-stomatal cells in the abaxial cotyledon epidermis of 2- and 10-d-old dark-grown
Col-0 and axr3-1 seedlings. C: Quanti�cation of GFP-positive and GFP-negative cells in the abaxial
cotyledon epidermis of 2- and 10-d-old dark-grown Col-0 and axr3-1 seedlings expressing a TMM::TMM-

GFP construct. Error bars represent the SEM (n = 10).

stomata developed in axr2-1 and axr3-1 in the following days (Figure 2.8 A). In 10-d-old

seedlings, the number of stomata in axr3-1 was approximately �ve times higher than in

the wild type (Figure 2.8 B). Notably, not only the number of stomata but also the number

of non-stomatal cells increased strongly between 2 and 10 dpg in the axr3-1 mutant, but

not in the wild type (Figure 2.8 B).

Similar results were obtained from the analysis of 2- and 10-d-old dark-grown wild-type

and axr3-1 seedlings harbouring a TMM::TMM-GFP construct, which has previously
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been reported to be expressed in meristemoids, GMCs and SLGCs (Nadeau and Sack,

2002a) and could thus be used as a marker for not completely di�erentiated stomatal lin-

eage cells. In the wild-type background, only the number of GFP-positive cells increased

from 2 to 10 dpg whereas the number of both GFP-positive and GFP-negative cells in-

creased in the axr3-1 background during this period (Figure 2.8 C). These results further

support the hypothesis that the stomatal lineage contains the only epidermal cells divid-

ing in cotyledons of dark-grown seedlings and that axr3-1 increases epidermal cell number

likely by enhancing both entry into and progression through the stomatal lineage.

2.3.2 The stomata-overproducing phenotype of axr3-1 depends

on functional SPCH, MUTE and FAMA

The genes SPCH, MUTE and FAMA encode bHLH transcription factors that are master

regulators of consecutive steps in stomatal development. Loss of function of any of these

genes results in the arrest of stomatal development at the step controlled by the respective

gene: spch mutants display an epidermis completely devoid of stomata (MacAlister et al.,

2007; Pillitteri et al., 2007) whereas mute and fama mutants have arrested meristemoids

and GMC clusters ("fama tumours"), respectively, in place of mature stomata (Ohashi-

Ito and Bergmann, 2006; Pillitteri et al., 2007). To investigate genetic interactions of

the Aux/IAA genes with SPCH, MUTE and FAMA, axr3-1 spch-3, axr3-1mute-1 and

axr3-1 fama-1 double mutants were generated. The abaxial cotyledon epidermis of dark-

grown axr3-1 spch-3, similar to that of the spch-3 single mutant, consisted exclusively of

pavement cells (Figure 2.9 A). Phenotypes of the axr3-1mute-1 and axr3-1 fama-1 double

mutants also resembled those of the mute-1 and fama-1 single mutants, respectively, al-

though the numbers of meristemoids and "fama tumours" were increased by the additional

axr3-1 mutation (Figure 2.9 A-C), indicating that the mute-1 and fama-1 mutations are

not completely epistatic to axr3-1. Taken together, these observations suggest that AXR3

acts genetically upstream of the three bHLH factor genes and requires their functionality

to enhance stomata di�erentiation.

Strikingly, cell division was severely impaired in the spch-3 background: no di�erence in

cell numbers was observed in the abaxial cotyledon epidermis of 2- and 10-d-old spch-3

mutant seedlings (Figure 2.9 D), con�rming that stomatal lineage cells are the only epi-

dermal cells undergoing division in dark-grown cotyledons. The epidermis of axr3-1 spch-3

contained slightly more cells than that of the spch-3 single mutant, but again no changes

in cell number were detected between 2- and 10-d-old seedlings (Figure 2.9 D). This indi-
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Figure 2.9: The axr3-1 mutation requires functional SPCH, MUTE and FAMA to promote
stomatal development.
A: Confocal images of the abaxial cotyledon epidermis of 10-d-old dark-grown seedlings of the indicated
genotypes. Cell outlines were visualised by PI staining. Brackets highlight "fama tumours". B, C:
Quanti�cation of stomata, stomatal precursors and "fama tumours" in the abaxial cotyledon epidermis
of 10-d-old dark-grown seedlings of the indicated genotypes. D: Quanti�cation of pavement cells in the
abaxial cotyledon epidermis of 2- and 10-d-old dark-grown spch-3 and axr3-1 spch-3 seedlings.
Error bars represent the SEM (n = 10).

cates that the e�ect of the axr3-1 mutation on cell division is dependent on the presence

of the stomatal lineage.

Despite the observed dependence of the axr3-1 phenotype on the presence of the three

bHLH factors, their transcripts were only slightly elevated in dark-grown axr2-1 and

axr3-1 mutants compared to the wild type (Supplemental Figure S8) whereas SPCH and

FAMA transcript levels are clearly increased in dark-grown cop1-4 mutants (Kang et al.,

2009; Supplemental Figure S8). Furthermore, no visible change in localisation or signal

strength was observed for the GFP signal of the transcriptional reporters SPCH::nucGFP
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and MUTE::GFP (MacAlister et al., 2007) as well as for the translational reporters

MUTE::MUTE-GFP and FAMA::FAMA-GFP (Pillitteri et al., 2007) when introduced

into the axr3-1 background (Supplemental Figure S9). Thus, any major e�ect axr3-1

may have on the three bHLH transcription factors appears to be post-translational.

2.3.3 A constitutively active YDA MAPK cascade completely

suppresses stomata formation in axr3-1

The YDA MAPK cascade acts upstream of SPCH, and probably also MUTE and FAMA,

to suppress stomatal development (Ohashi-Ito and Bergmann, 2006; MacAlister et al.,

2007; Lampard et al., 2008). It integrates signals from the light and BR signalling path-

ways (Kang et al., 2009; Kim et al., 2012; Khan et al., 2013), raising the possibility that

it is also a downstream factor in AXR3 signalling.

Loss-of-function yda and mpk3mpk6 mutants as well as MKK4-MKK5RNAi plants have

an epidermis consisting almost exclusively of stomata (Bergmann et al., 2004; Wang et al.,

2007); therefore, additive e�ects of the axr3-1 mutation would be di�cult to detect in
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Figure 2.10: A constitutively active MKK
suppresses stomata formation also in the
axr3-1 background.
Confocal images of the abaxial cotyledon epi-
dermis of 10-d-old dark-grown seedlings of Col-
0, axr3-1 as well as transgenic Col-0 and axr3-1
seedlings expressing the DEX-inducible GVG-
Nt-MEK2DD construct. Seedlings were grown
on medium supplemented with 0.02µM DEX.
Cell outlines were visualised by PI staining.

these backgrounds. In contrast, expression of

constitutively active versions of YDA, MKK4

and MKK5 results in an epidermis completely

devoid of stomata (Bergmann et al., 2004;

Wang et al., 2007), but many lines expressing

these constructs show strong silencing e�ects

(Wang et al., 2007) and were thus not suit-

able for crossing and subsequent epistasis anal-

ysis. Instead, axr3-1 was crossed to GVG-Nt-

MEK2DD plants, which harbour a dexametha-

sone (DEX)-inducible construct of a constitu-

tively active version of tobacco MEK2, which

is functionally interchangeable with Arabidop-

sis MKK4 and MKK5 (Ren et al., 2002). This

transgenic line was reported to be very stable

in Arabidopsis (Wang et al., 2007). Both in the

wild-type and the axr3-1 background, induc-

tion of Nt-MEK2DD expression resulted in the

complete absence of stomata (Figure 2.10), in-
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dicating that the positive e�ect of the axr3-1 mutation on stomatal development cannot

overcome the e�ect of a constitutively active YDA MAPK cascade. Therefore, AXR3

seems to act genetically upstream of MPK3, MPK6, MKK4 and MKK5.

2.3.4 AXR3 acts in parallel with TMM and members of the ER

family to regulate stomatal development

Upstream of the YDA MAPK cascade, the LRR receptor-like protein TMM and LRR

receptor-like kinases of the ERf act cooperatively to restrict stomatal development in

cotyledons of light-grown seedlings and in true leaves (Bergmann et al., 2004; Shpak

et al., 2005; Lee et al., 2012; Jewaria et al., 2013). To test whether AXR3 acts through

these proteins to a�ect stomatal development, genetic interactions between axr3-1, tmm-1

and various er(l) mutants were tested.

The tmm-1 mutant exhibits a strong stomata-overproducing and clustering phenotype

in leaves and cotyledons when grown in the light (Yang and Sack, 1995; Supplemental

Figure S10 A, B). In darkness, however, tmm-1 hardly forms any mature stomata at

all, but shows an increased number of meristemoids compared to the wild type (Kang

et al., 2009; Figure 2.11 A, B). This phenotype was dramatically altered by an additional

axr3-1 mutation; the axr3-1 tmm-1 double mutant not only displayed a higher proportion

of stomata than the axr3-1 single mutant, but also developed stomatal clusters in darkness

(Figure 2.11 A, B). In contrast, its stomatal phenotype was similar to the tmm-1 single

mutant in the light (Supplemental Figure S10 A, B). Thus, the two mutations have

synergistic e�ects and axr3-1 seems to provide a sensitised background in which lack

of TMM causes the formation of stomatal clusters also in darkness.

The TMM::TMM-GFP translational reporter was also used to investigate any e�ects of

axr3-1 on TMM : the GFP signal was detected in meristemoids, GMCs and adjacent

cells in both the wild type and axr3-1. In addition, the subcellular localisation of TMM-

GFP appeared to be una�ected by the axr3-1 mutation as the GFP signal was observed

at the plasma membrane and in intracellular structures in both cases (Supplemental

Figure S10 C). This is in agreement with the lack of epistasis between the axr3-1 and

tmm-1 mutations and further supports the hypothesis that TMM and AXR3 act in

parallel to regulate stomatal development.

Members of the ERf act in concert with TMM (Shpak et al., 2005; Lee et al., 2012), but
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Figure 2.11: The axr3-1 mutation shows additive and synergistic e�ects with loss-of-function
mutations in TMM and ERf genes.
A, C: Confocal images of the abaxial cotyledon epidermis of 10-d-old dark-grown seedlings of the indi-
cated genotypes. Cell outlines were visualised by PI staining. B, D, E: Quanti�cation of the stomatal
phenotypes shown in B and D, respectively. Error bars represent the SEM (n = 10).
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di�erent ERf genes a�ect di�erent steps of stomatal development: in the light, ER pri-

marily prevents entry divisions into the stomatal lineage whereas ERL1 predominantly

inhibits subsequent development of stomatal precursors; ERL2 has minor functions in

both processes. A knock-out of all three ERf genes results in a stomata clustering phe-

notype that is even stronger than that of a tmm mutant (Shpak et al., 2005).

Functional divergence of ERf members was also seen in dark-grown seedlings: er and

er erl2 mutants showed an increased proportion of stomatal precursors whereas erl1 and

erl1 erl2 mutants formed more mature stomata than the wild type (Figure 2.11 C, D).

An additional axr3-1 mutation increased the proportion of stomata in each of these mu-

tants although the increase caused by axr3-1 was less pronounced than in the wild-type

background (Figure 2.11 C, D). Furthermore, axr3-1 also slightly increased the number

of clustered stomata in the er erl1 erl2 triple mutant (Figure 2.11 C, E). Taken together,

these results suggest that, although an additional e�ect through receptors of the ERf

is possible, AXR3 is able to act independently of these proteins to regulate stomatal

development.

2.3.5 Light a�ects stomatal development separately through

COP1 and AXR3

To date, the only established signalling pathway that links light signalling to the stomatal

development signalling pathway involves inhibition of the COP1/SPA complex by phy-

tochromes and cryptochromes and acts genetically upstream of YDA, but in parallel with

TMM (Kang et al., 2009). AXR3 exhibits similar genetic interactions with components

of the stomatal development signalling pathway. To determine whether COP1 and AXR3

act in a common pathway, epistasis between axr3-1 and the weak cop1-4 mutation was

tested. In contrast to the seedling-lethal cop1-5 allele, which forms an epidermis consist-

ing almost entirely of stomata regardless of light conditions, cop1-4 has a relatively mild,

darkness-speci�c stomata-overproducing phenotype (Kang et al., 2009) and was therefore

suitable to test for additive e�ects with axr3-1. The axr3-1 cop1-4 double mutant indeed

produced a larger fraction of stomata than either single mutant (Figure 2.12 A, B), sug-

gesting that both genes act in independent pathways. This is further corroborated by the

fact that neither COP1 levels nor its subcellular localisation were changed in dark-grown

axr2-1 and axr3-1 mutants (Figure 2.12 C, D) and that the transcript levels of AXR2,

AXR3 and SHY2 in dark-grown cop1-4 mutants were not signi�cantly di�erent from

those detected in the wild type (Figure 2.12 E).
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Figure 2.12: AXR3 and COP1 act independently in light-dependent stomatal development.
A: Confocal images of the abaxial cotyledon epidermis of 10-d-old dark-grown seedlings of the indicated
genotypes. Cell outlines were visualised by PI staining. B: Quanti�cation of the stomatal phenotypes
shown in A. Error bars represent the SEM (n = 10). C, D: Immunodetection of COP1 protein in
total protein extracts (C) as well as nuclei-depleted (nuc�) and nuclei-enriched (nuc�) protein fractions
(D) of 5-d-old dark-grown Col-0, axr2-1 and axr3-1 seedlings. Tubulin levels are shown as loading
control for total protein extracts, PEPC is shown as a cytosolic marker and Histone H3 is shown as a
nuclear marker. Proteins were detected using anti-COP1, anti-α-Tubulin, anti-PEPC and anti-Histone H3
antibodies, respectively. The nuclei-enriched fractions were 15 � concentrated compared to the nuclei-
depleted fractions. Two independent biological replicates are shown. E: Transcript levels of AXR2,
AXR3 and SHY2 in 5-d-old dark-grown Col-0 and cop1-4 seedlings. Transcript levels were normalised
to UBQ10 and calibrated to the levels of dark-grown Col-0 seedlings. Error bars represent the SEM of
three biological replicates.
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2.3.6 Auxin can suppress stomata formation

The stomata-overproducing phenotype of the auxin-insensitive mutants axr2-1, axr3-1

and shy2-2 implies that auxin might be involved in the regulation of stomatal devel-

opment. To test this hypothesis, the stomatal phenotypes of axr2-1, axr3-1 and wild

type were analysed in seedlings grown on media containing di�erent concentrations of the

synthetic auxin 1-naphtaleneacetic acid (NAA). In light-grown wild-type seedlings, NAA

concentrations of 10µM or higher strongly reduced the SI in the abaxial cotyledon epider-

mis, an e�ect that was much weaker in axr2-1 and axr3-1 (Figure 2.13 A; Supplemental

Figure S11 A). In dark-grown seedlings, the low proportion of stomata in the wild type

was further reduced when grown at 1µM NAA, but was increased when grown at higher

NAA concentrations (Figure 2.13 B; Supplemental Figure S11 B). This was not observed

for axr2-1 and axr3-1, which showed a slight reduction in their SI at NAA concentrations

of 100µM only (Figure 2.13 B; Supplemental Figure S11 B). Taken together, these results

suggest that auxin inhibits stomatal development in a dosage-dependent manner and that

the sensitivity to the auxin signal di�ers between dark- and light-grown seedlings.

Many auxin-regulated processes require the establishment of auxin gradients via polar

auxin transport (Tanaka et al., 2006). Therefore, the stomatal phenotype of wild-type

seedlings grown on medium supplemented with the polar auxin transport inhibitor 1-

N-naphthylphthalamic acid (NPA) was analysed as well. Seedlings treated with NPA

showed an increased SI in darkness compared to the mock-treated control whereas no

di�erences were observed in Wc-grown seedlings (Figure 2.13 C). This indicates that

proper distribution of auxin via polar auxin transport is required for the suppression

of stomatal development in darkness, but that it is not necessary for the promotion of

stomata di�erentiation by light.

To further test the hypothesis of auxin as a negative regulator of stomatal development,

stomatal phenotypes of additional mutants exhibiting perturbed auxin biosynthesis or

signalling were examined. The single mutants wei8-1 (Stepanova et al., 2008) and tir1-1

(Kepinski and Leyser, 2005), which show defects in auxin biosynthesis and perception,

respectively, displayed no visible di�erences to wild-type stomatal patterning (Supple-

mental Figure S12 A, B). Higher order biosynthesis and signalling mutants, in contrast,

showed clear defects with regard to their stomatal development. The wei8 tar2 auxin

biosynthesis mutant (Stepanova et al., 2008) exhibited enhanced stomata formation in
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Figure 2.13: NAA and NPA treatments a�ect stomatal development.
A, B: Fold change in the SI of the abaxial cotyledon epidermis of 10-d-old Col-0, axr2-1 and axr3-1

seedlings grown in Wc (25µmolm�2 s�1) (A) or darkness (B) and treated with di�erent concentrations
of NAA. C: Quanti�cation of stomata and stomatal precursors in the abaxial cotyledon epidermis of
10-d-old Col-0 seedlings grown in darkness or Wc (25µmolm�2 s�1) and treated with 10µM NPA or
mock-treated.
Error bars represent the SEM (n = 10).

darkness similar to axr3-1 (Figure 2.14 A; Supplemental Figure S12 A). In tir1 afb2 afb3

auxin receptor mutants, di�erent classes of growth phenotypes have been described: class

A seedlings are similar to the wild type, but have an agravitropic root and lack an apical

hook in darkness; class B seedlings lack a root, form a rudimentary hypocotyl and often

have a single cotyledon; class C seeds do not germinate (Dharmasiri et al., 2005b; Parry

et al., 2009; Figure 2.14 B). Seedlings of classes A and B also di�ered in their stomatal

phenotypes; class A seedlings formed more stomata in darkness while class B seedlings

showed not only an even larger proportion of stomata in dark-grown seedlings, but also

developed clusters of two to three stomata in darkness and Wc (Figure 2.14 A; Supple-

mental Figure S12 B). In summary, reduction of auxin biosynthesis or auxin perception

caused enhanced stomata formation; this observation is consistent with a negative role of

auxin in the regulation of stomatal development.
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Figure 2.14: Mutants with impaired auxin biosynthesis or auxin signalling show altered
stomatal phenotypes.
A: Quanti�cation of stomata and stomatal precursors in the abaxial cotyledon epidermis of 10-d-old
seedlings of the indicated genotypes grown in darkness or Wc (25 µmolm�2 s�1). Error bars represent
the SEM (n = 10). B: Classi�cation of tir1 afb2 afb3 seedling phenotypes: class A seedlings are similar
to wild type but show an agravitropic root, while class B seedlings are rootless and class C seeds do not
germinate (Photographs modi�ed from Parry et al., 2009).

2.3.7 YDA and members of the ER family are important for the

regulation of stomatal development by auxin and light

Auxin appears to have an inhibitory e�ect on stomatal development whereas light clearly

promotes stomata formation. To determine which components of the stomatal develop-

ment signalling pathway are essential for the e�ect of auxin and light on stomata for-

mation, stomatal phenotypes of a set of stomata-overproducing mutants were examined

in response to these factors. The set comprised loss-of-function mutants of the MKKK

YDA, of the TMM and ERf receptors and of the ERf ligands EPF1 and EPF2.

To test for the e�ect of auxin on the stomatal phenotypes of these mutants, seedlings were

grown in Wc on plates containing 10µM NAA. The proportion of stomata was clearly

reduced in the cotyledon epidermis of NAA-treated epf1 epf2 and tmm-1 mutants in

comparison to the untreated controls whereas it remained almost unchanged in er erl1 erl2

and yda-10 mutants (Figure 2.15 A). Therefore, the inhibitory e�ect of NAA on stomata

formation seems to depend on YDA and members of the ERf.

The e�ect of light on the stomatal phenotypes of the stomata-overproducing mutants
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Figure 2.15: E�ects of auxin and
light on stomatal development are
strongly attenuated in yda and
er erl1 erl2 mutants.
A: Quanti�cation of stomata and stom-
atal precursors in the abaxial cotyle-
don epidermis of 10-d-old seedlings
of the wild type and the indicated
stomata-overproducing mutants grown
in Wc (25µmolm�2 s�1) and treated
with 10 µM NAA or mock-treated. B:
Quanti�cation of stomata and stomatal
precursors in the abaxial cotyledon epi-
dermis of 10-d-old seedlings of the same
genotypes as in A grown in darkness or
Wc (25µmolm�2 s�1).
Error bars represent the SEM (n = 10).
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was tested as well. The SI of yda-10 and er erl1 erl2 was only slightly lower in dark-

grown than in light-grown seedlings whereas the stomata-overproducing phenotypes of

tmm-1 and epf1 epf2 were strongly attenuated and completely abolished, respectively,

when grown in darkness (Figure 2.15 B). Therefore, YDA, but possibly also members of

the ERf, represent components of the stomatal development signalling pathway that seem

to be essential for the integration of not only auxin but also light signals. In contrast,

EPF1, EPF2 and TMM seem to be dispensable for the repression of stomata maturation

in darkness. However, the lower proportion of mature stomata in dark-grown epf1 epf2 and

tmm-1 mutants correlated with a larger proportion of stomatal precursors (Figure 2.15 B),

suggesting that while the respective genes are not essential to prevent the formation of

mature stomata in darkness, they may still be required for the suppression of early steps

in stomatal development.
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2.3.8 Auxin and brassinosteroids have additive e�ects on

stomatal development

To date, BRs are the only phytohormones for which a direct link to the stomatal devel-

opment signalling pathway has been described (Gudesblat et al., 2012; Kim et al., 2012).

Moreover, BRs were reported to act interdependently with auxin to regulate many as-

pects of plant development (Nemhauser et al., 2004). To test whether this is also the case

for their action in stomatal development, I analysed the e�ect of NAA in combination

with bikinin, an inhibitor of GSK3-like kinases (De Rybel et al., 2009) that suppresses

stomatal development in cotyledons by inhibition of BIN2 in the BR signalling pathway

(Kim et al., 2012). Bikinin treatment reduced the SI of the wild type to the same level as

NAA and had an even greater impact in the tmm-1 mutant (Figure 2.16 A, B). In both

genotypes, combined treatment with both NAA and bikinin caused a stronger reduction

in the SI than treatment with either chemical alone. In the axr3-1 mutant, responsive-

ness to NAA was decreased, but bikinin still suppressed stomata formation to the same

level as in the wild type (Figure 2.16 C), con�rming that its action does not require an

intact auxin signalling pathway. In contrast, not only bikinin but also NAA was e�ective

in the BR biosynthesis mutant det2-1 (Li et al., 1996) as both chemicals reduced its SI

approximately by half (Figure 2.16 D), suggesting that auxin does not act via BR biosyn-

thesis to regulate stomatal development. Taken together, NAA and bikinin exhibited

additive e�ects on all genotypes except the auxin-resistant axr3-1 mutant. Therefore,

auxin and brassinosteroids are likely to act independently in the regulation of stomatal

development.

2.3.9 Expression of axr3-1-YFP in the epidermis can partially

mimic the axr3-1 mutant phenotype

The axr3-1 mutation requires the presence of the stomatal lineage to promote stomata

di�erentiation; however, it is unclear whether the axr3-1 protein itself acts in stomatal

lineage cells to cause this e�ect or whether it acts non-cell-autonomously. To address this,

an axr3-1 mutant protein fused to YFP was expressed under di�erent tissue- or cell type-

speci�c promoters in the wild-type background. The set of promoters used comprises the

35S and AXR3 promoters as positive controls, the MERISTEM LAYER 1 (ML1 ) pro-
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Figure 2.16: NAA and bikinin have additive e�ects on stomata formation.
Quanti�cation of stomata and stomatal precursors in the abaxial cotyledon epidermis of 10-d-old Col-0
(A), tmm-1 (B), axr3-1 (C) and det2-1 (D) seedlings grown in Wc (25µmolm�2 s�1) and treated with
10 µM NAA, 30µM bikinin, a combination of both or mock-treated. Error bars represent the SEM (n =
10).

moter for epidermal speci�city (Sessions et al., 1999), the CHLOROPHYLL A/B BIND-

ING PROTEIN 3 (CAB3 ) promoter for mesophyll speci�city (Susek et al., 1993) as well

as the SPCH and ICE1 promoters for speci�city to the stomatal lineage. SPCH is ex-

pressed broadly in the protoderm in leaf primordia, but its expression is restricted to

MMCs and young meristemoids later in development (MacAlister et al., 2007) while the

SCRM /ICE1 expression domain encompasses meristemoids, GMCs, young guard cells

and SLGCs (Kanaoka et al., 2008).

In the T1 generation, 30-40 independent transgenic lines were obtained from BASTA

selection. Four to �ve representative lines showing a 3:1 segregation of the resistance gene

and correct tissue- or cell line-speci�c accumulation of the axr3-1-YFP fusion protein in the

T2 generation were propagated further to obtain homozygous transgenic lines, which were

then analysed in the T3 generation. However, no transgenic plants with visible axr3-1-

47



Results

Figure 2.17: Expression of axr3-1-YFP exclusively in the epidermis increases the SI.
A-J: Accumulation of axr3-1-YFP protein in transgenic seedlings expressing the fusion protein from
di�erent promoters. A-D: Confocal images of the hypocotyl (A), the abaxial cotyledon epidermis (B, C)
and the cotyledon mesophyll (D) in 5-d-old dark-grown AXR3::axr3-1-YFP seedlings (line 2-3). E, F:
Confocal images of the abaxial cotyledon epidermis (E) and the cotyledon mesophyll (F) of 5-d-old dark-
grown ML1::axr3-1-YFP seedlings (line 8-4). G, H: Confocal images of the abaxial cotyledon epidermis
(G) and the cotyledon mesophyll (H) of 3-d-old dark-grown SPCH::axr3-1-YFP seedlings (line 10-2);
I, J: Confocal images of the abaxial cotyledon epidermis (I) and the cotyledon mesophyll (J) of 5-d-old
dark-grown ICE1::axr3-1-YFP seedlings (line 9-6). Cell outlines were visualised by PI staining. K: SI of
the abaxial cotyledon epidermis of 10-d-old dark-grown seedlings of the indicated promoter::axr3-1-YFP

lines. Numbers denote independent transgenic lines. Error bars represent the SEM (n = 10). Asterisks
indicate signi�cant di�erences to the wild type (Welch-corrected t-test: *** P   0.001, ** P   0.01, *
P   0.05).

YFP accumulation were found among those transformed with the 35S promoter, implying

that ubiquitous expression of the axr3-1 mutant protein might be lethal. Furthermore,

most T1 plants expressing axr3-1-YFP from the CAB3 or ICE1 promoter did not set

seed; therefore, none of the CAB3::axr3-1-YFP and only two of the ICE1::axr3-1-YFP

lines could be propagated and analysed.
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All propagated lines still showed axr3-1-YFP accumulation in the T3 generation (Fig-

ure 2.17 A-J; Supplemental Figure S13). In dark-grown AXR3::axr3-1-YFP seedlings, a

YFP signal was detected in epidermal and cortical cells of the hypocotyl, in the upper part

of the root and, in some lines, also in pavement cells close to the margin of the cotyledons

(Figure 2.17 A, C; Supplemental Figure S13, upper panel). No YFP signal was detected

in stomatal lineage cells of the abaxial cotyledon epidermis or in the mesophyll in any of

those lines (Figure 2.17 B, D). Exclusive accumulation of axr3-1-YFP in the epidermis was

found in dark-grown ML1::axr3-1-YFP seedlings, and the YFP signal in these lines was

generally weaker than in lines expressing from any other promoter (Figure 2.17 E; Supple-

mental Figure S13, middle panel). The SPCH::axr3-1-YFP lines accumulated axr3-1-YFP

in many epidermal cells with the strongest signals seen in small cells that lacked any sign

of di�erentiation and often occurred in pairs (Figure 2.17 G; Supplemental Figure S13,

lower panel). Finally, the YFP signal in the epidermis of ICE1::axr3-1-YFP lines was

restricted to meristemoids, GMCs and cells adjacent to those (Figure 2.17 I; Supplemen-

tal Figure S13, lower panel). No YFP signal was detected in the mesophyll in any line

expressing axr3-1-YFP from the ML1, SPCH or ICE1 promoter (Figure 2.17 F, H, J).

The promoter::axr3-1-YFP lines were analysed for whether they mimic the axr3-1 stom-

atal phenotype in dark-grown seedlings. The AXR3::axr3-1-YFP lines showed a signif-

icantly higher SI in the abaxial cotyledon epidermis than the wild type although it was

slightly lower than the SI of the axr3-1 mutant (Figure 2.17 K). A signi�cant increase

in the SI was also observed for all ML1::axr3-1-YFP lines except line 3-4 whereas the SI

of seedlings expressing axr3-1-YFP from the SPCH and ICE1 promoters exhibited an SI

similar to the wild type (Figure 2.17 K). Therefore, it seems that expression of axr3-1 in

the stomatal lineage is not su�cient to promote stomata formation, implying that axr3-1

rather acts non-cell-autonomously. However, it remains unclear whether it acts in the

pavement cells of the cotyledon epidermis to a�ect stomatal lineage cells or whether it

signals more distantly from the epidermis of the hypocotyl since both the AXR3 and the

ML1 promoter expressed in both organs.

The phenotype of the axr3-1 mutant is highly pleiotropic. It displays not only an in-

creased SI and reduced hypocotyl length in darkness compared to the wild type, but also

features shorter, agravitropic roots, increased adventitious rooting, hyponastic leaves of

decreased size and increased apical dominance in the in�orescence (Leyser et al., 1996).

Hypocotyl and vegetative plant phenotypes were also assessed in the promoter::axr3-1-

YFP lines. The short hypocotyl phenotype of a dark-grown axr3-1 mutant was mimicked

by all AXR3::axr3-1-YFP lines (Figure 2.18 A, B). Expression of axr3-1-YFP from the

ML1 and ICE1 promoters, but not from the SPCH promoter, caused a reduction in
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Figure 2.18: Plants expressing axr3-1-YFP in the epidermis partially mimic the phenotype
of dark-grown axr3-1 seedlings.
A: Visual phenotype of 4-d-old dark-grown seedlings of the indicated promoter::axr3-1-YFP lines. Num-
bers denote independent transgenic lines. Dark-grown Col-0 and axr3-1 seedlings are shown as controls.
B: Quanti�cation of hypocotyl length of the lines shown in A. Error bars represent the SEM (n = 25).
Asterisks indicate signi�cant reduction in hypocotyl length compared to the wild type (Welch-corrected
t-test: *** P   0.001, ** P   0.01, * P   0.05).

hypocotyl length as well, but to a lesser extent (Figure 2.18 A, B). On the contrary, the

vegetative growth phenotype of the axr3-1 mutant, characterised by dwar�sm and leaf hy-

ponasty, was not mimicked entirely by any transgenic line. Four AXR3::axr3-1-YFP lines,

however, showed some degree of dwar�sm compared to the wild type and also displayed

hyponastic leaves (Figure 2.19). Having slightly epinastic leaves, adult ICE1::axr3-1-

YFP plants di�ered only mildly from the wild type whereas lines expressing axr3-1-YFP

from the SPCH and ML1 promoters had strongly epinastic, lanceolate leaves, and the

SPCH::axr3-1-YFP plants were also smaller than the wild type (Figure 2.19). Hence, the

pleiotropic phenotype of the axr3-1 mutant may result from action of the mutant axr3-1

protein in di�erent tissues and may also require additional cis-regulatory elements not

present in the AXR3::axr3-1-YFP constructs.
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promoter::axr3-1-YFP line.
Visual phenotype of 24-d-old adult plants of the indicated promoter::axr3-1-YFP lines grown in long day
conditions. Col-0 and axr3-1 plants are shown as controls.
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3 Discussion

3.1 SPA proteins are not required for COP1 nuclear

accumulation in darkness

COP1 represents a central switch in light signal transduction, which suppresses light re-

sponses in darkness but is largely inactivated in the light. While rapid light responses are

likely to be mediated by direct interaction of COP1 with photoreceptors (Yi and Deng,

2005; Lau and Deng, 2012), COP1 is also regulated by nuclear exclusion in response to

extended light conditions (von Arnim and Deng, 1994; von Arnim et al., 1997). Nu-

clear localisation of COP1 is essential for its function in the proteasomal degradation of

photomorphogenesis-promoting transcription factors (Stacey et al., 2000; Subramanian

et al., 2004). Within the nucleus, COP1 is targeted to discrete domains, referred to as

speckles or "photobodies", where it colocalises with other factors of the light signalling

pathway, including SPA1 (Seo et al., 2003), the photoreceptors cry1, cry2 and phyA (Seo

et al., 2004; Gu et al., 2012) as well as the COP1 substrates HY5, LAF1 and HFR1 (Ang

et al., 1998; Seo et al., 2003; Jang et al., 2005).

In contrast to COP1, SPA1 and SPA2 are constitutively nuclear-localised (Hoecker et al.,

1999; Laubinger et al., 2004) and may therefore trap COP1 in the nucleus by a light-

reversible mechanism. However, this study shows that neither the level of nuclear COP1

nor its targeting to nuclear speckles in darkness is a�ected by a knock-out of all four SPA

genes. Thus, SPA proteins seem to be dispensable for retention of COP1 in the nucleus

under these conditions. It is however possible that SPA proteins regulate COP1 nucleo-

cytoplasmic partitioning in response to other light conditions. Nuclear accumulation of

COP1 and SPA1 was recently reported to be enhanced under FR in a phyB-dependent

manner and COP1 nuclear accumulation was reduced in a spa1 mutant under these con-

ditions (Zheng et al., 2013). Nevertheless, SPA proteins promote COP1 function also in

darkness (Saijo et al., 2003; Laubinger et al., 2004; Zhu et al., 2008) and hence, they must

have additional functions within the COP1/SPA complex, which are yet unknown.

The mechanism by which COP1 is excluded from the nucleus in a light-dependent man-

52



Discussion

ner also remains elusive. Both the NLS and the CLS of COP1 are essential for proper

COP1 localisation (Stacey et al., 1999, 2000). Therefore, function of one or both of these

targeting sequences must be regulated by light, e.g. through being masked by other pro-

teins. The constitutively nuclear-localised CSN seems to be essential for COP1 nuclear

accumulation. Nuclear accumulation of a GUS-COP1 fusion protein in darkness is lost

in several csn mutants (Chamovitz et al., 1996). Furthermore, CSN1 interacts with the

coiled-coil domain of COP1 and thereby promotes nuclear localisation of GUS-COP1 in

onion epidermal cells, an e�ect that requires an intact COP1 NLS (Wang et al., 2009).

Thus, interaction with the CSN may retain COP1 in the nucleus in darkness, e.g. by

masking its CLS, which partially overlaps with the coiled-coil domain (Stacey et al.,

1999). This model, however, does not explain by which mechanism light overcomes the

CSN-dependent retention of COP1 in the nucleus.

Nuclear exclusion of COP1 is mediated by cry1, phyB and phyA in response to B, R and

FR, respectively (Osterlund and Deng, 1998). They all interact with COP1 (Wang et al.,

2001; Yang et al., 2001; Seo et al., 2004; Jang et al., 2010) and may thereby disrupt the

interaction between COP1 and the CSN. Alternatively, the photoreceptors may themselves

mask the COP1 NLS while the CLS is constitutive and causes nuclear export, or they

may induce conformational changes in the COP1 protein that expose the CLS. Structural

studies on the COP1 protein and its interactions with photoreceptors and cofactors may

help to de�ne the roles of COP1 subcellular targeting sequences and to understand their

regulation by light.
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3.2 Light di�erentially regulates SPA1 and SPA2

Since the SPA proteins have partially distinct roles in plant development, they may confer

speci�city towards di�erent COP1/SPA complexes. In particular, SPA1, but not SPA2,

represents a potent repressor of light responses in light-grown seedlings while they func-

tion equally well to suppress photomorphogenesis in darkness (Laubinger et al., 2004;

Fittingho� et al., 2006; Balcerowicz et al., 2011). The protein sequences of SPA1 and

SPA2 account for their di�erent function in light-grown seedlings (Balcerowicz et al.,

2011); therefore, I characterised the di�erential regulation of SPA1 and SPA2 proteins by

light.

3.2.1 SPA2 is inherently incapable to suppress

photomorphogenesis in light-grown seedlings

Two not mutually exclusive hypotheses regarding the lack of SPA2 function in the light

were tested in this study: �rst, lower levels of SPA2 protein may prevent it from being

a potent repressor in the light; second, the inability to suppress overstimulation of the

seedling by light may be a feature of SPA2 repressor activity. SPA2-HA indeed accumu-

lates to lower levels than SPA1-HA under weak FRc, which is in agreement with previous

�ndings that levels of native SPA2, but not of SPA1, are lower in light-grown than in

dark-grown seedlings (Zhu et al., 2008; Balcerowicz et al., 2011). Furthermore, exposure

of dark-grown seedlings to weak FR causes preferential degradation of SPA2-HA in the

26S proteasome when compared to SPA1-HA. However, SPA2-HA still lacked repressor

function in light-grown seedlings that accumulated SPA2-HA levels similar to those of

SPA1-HA. Thus, the lack of SPA2 repressor function in the light is not solely due to

protein abundance, but appears to be an intrinsic property of the SPA2 protein.

While reduction in protein levels in the light is not the sole cause for the lack of SPA2 re-

pressor activity under these conditions, regulation of SPA2 abundance is still an important

mechanism to de�ne its function during plant development. High SPA2-HA levels due to

expression from the SPA1 promoter can partially complement leaf size, shade avoidance

and �owering time phenotypes of the spa-Q mutant (Balcerowicz et al., 2011; Rolau�s

et al., 2012), which is consistent with the fact that SPA2 has a function in vegetative
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growth, shade avoidance and photoperiodic �owering (Laubinger et al., 2004; Balcero-

wicz et al., 2011; Rolau�s et al., 2012). Therefore, SPA protein abundance, regulated via

gene expression and protein stability, is important to control SPA function during plant

development.

3.2.2 Light regulates COP1/SPA complexes at di�erent levels

Light does not a�ect COP1 transcript or COP1 protein levels (Deng and Quail, 1992;

Zhu et al., 2008), but at least long-term, it regulates COP1 function by nucleocytoplasmic

partitioning (von Arnim and Deng, 1994; von Arnim et al., 1997; Stacey et al., 2000;

Subramanian et al., 2004). In contrast, SPA1 and SPA2 are not regulated through their

subcellular localisation (Hoecker et al., 1999; Laubinger et al., 2004) and the present

study shows that they are not required for COP1 nuclear accumulation in darkness.

Instead, SPA1 and SPA2 seem to be involved in rapid responses to light; SPA genes are

required for changes in gene expression that occur within 4 h of light exposure (Falke,

2009). Furthermore, the transcript levels of SPA1, but not of SPA2, are increased 1 h

after exposure to R or FR (Hoecker et al., 1999; Fittingho� et al., 2006) whereas both

SPA1 and SPA2 are rapidly destabilised within 1 h of FR irradiation.

Light-dependent destabilisation of SPA1 and SPA2 requires their degradation in the 26S

proteasome. The fact that higher SPA2 levels accumulate in light-grown cop1 mutants

than in the wild type suggests that COP1 contributes to destabilisation of SPA2 (Maier,

2011; Chen and Hoecker, unpublished results). Moreover, COP1 auto-ubiquitinates in

vitro (Saijo et al., 2003; Seo et al., 2003), suggesting that proteasomal degradation of

SPA1 and SPA2 results from auto-ubiquitination activity of the CUL4-DDB1COP1-SPA

ubiquitin ligase. However, the molecular basis for the preferential degradation of SPA2

is still unclear. A deletion of the SPA1 N-terminus results in strong stabilisation of the

protein (Yang and Wang, 2006), and this stabilising e�ect is light-dependent (Fackendahl,

2011). These observations indicate that the N-terminus of SPA proteins might be a regula-

tory domain targeted by light-dependent post-translational modi�cation, which results in

increased degradation of the protein. SPA1 and SPA2 proteins exhibit highest di�erences

in their N-terminal sequences, which may represent the basis for di�erential regulation of

SPA1 and SPA2 protein stability. Analysis of SPA2 deletion constructs as well as domain

swap constructs between SPA1 and SPA2 may elucidate the role of the N-terminus in the

control of SPA protein stability.

55



Discussion

The fact that low levels of SPA2 do not solely account for its negligible function in

light-grown seedlings implies that a post-translational mechanism selectively inactivates

SPA2 in the light. However, the nature of this mechanism remains highly speculative.

SPA interactions with target proteins or other components of the E3 ubiquitin ligase,

e.g. COP1 or DDB1, might be a�ected by light. COP1 interacts with all SPA proteins

regardless of light conditions, but the strength of these interactions may be reduced in

the light (Saijo et al., 2003; Zhu et al., 2008; Lian et al., 2011; Liu et al., 2011a).

The e�ect of light on SPA repressor function is likely mediated by photoreceptors. Cryp-

tochromes were shown to bind SPA1 in a B-dependent manner; cry1 is thought to inac-

tivate COP1/SPA1 complexes by disruption of the COP1-SPA1 interaction in B (Lian

et al., 2011; Liu et al., 2011a) whereas B-dependent binding of cry2 to SPA1 increases

COP1-cry2 interaction strength and thereby possibly reduces COP1 activity (Zuo et al.,

2011). COP1/SPA1 and COP1/SPA2 complexes might be di�erentially a�ected by pho-

toreceptors because they exhibit di�erent a�nities for SPA1 and SPA2. Hence, photore-

ceptor binding might disrupt interactions of SPA2 with COP1 or target proteins more

e�ciently than those of SPA1 or it might di�erentially regulate activity of the respective

E3 ubiquitin ligases. Since cry2, phyA and phyB are themselves targets of the COP1/SPA

complex (Shalitin et al., 2002; Seo et al., 2004; Jang et al., 2010), it is also possible that

COP1/SPA1 complexes promote degradation of these photoreceptors more e�ciently than

COP1/SPA2 complexes and hence more e�ciently desensitise light signalling. Investigat-

ing the interactions and activities of COP1/SPA1 and COP1/SPA2 complexes in the

presence of cofactors or photoreceptors may help to elucidate the distinct functions of

SPA1 and SPA2 and their di�erential regulation by light.

Taken together, light di�erentially regulates SPA1 and SPA2 function at three di�er-

ent levels (Figure 3.1). First, the expression of SPA1, but not SPA2, is induced upon

light exposure (Hoecker et al., 1999; Fittingho� et al., 2006) and leads to an increase

in SPA1 protein levels in the light (Fittingho� et al., 2006; Zhu et al., 2008). Second,

light destabilises SPA2 more strongly than SPA1, and this e�ect depends on proteasomal

degradation of both proteins. Third, light selectively inhibits SPA2 repressor activity in

light-grown seedlings by a yet unknown post-translational mechanism.

The question arises why such complexity in the light-dependent regulation of SPA1 and

SPA2 is necessary. It likely represents a �ne-tuning mechanism to tightly adjust physiolog-

ical and developmental responses to changes in the light environment. Light inactivates

COP1/SPA1 and COP1/SPA2 complexes partially via destabilisation of the SPA pro-

teins; this process was recently shown to occur within 10min after light exposure (Chen
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Figure 3.1: Light di�erentially regulates SPA1 and SPA2 at several levels.
Light modulates the function of COP1/SPA1 and COP1/SPA2 complexes at three di�erent levels. First,
it increases expression of SPA1, but not SPA2 (A); second, it enhances proteasomal degradation of SPA2
more strongly than that of SPA1 (B); third, it selectively represses SPA2 activity (C). This di�erential
regulation results in complete suppression of COP1/SPA2, but not COP1/SPA1, complexes in light-
grown seedlings.
Arrows indicate positive regulation, perpendicular lines indicate negative regulation. Line width repre-
sents strength of light-dependent e�ects.

and Hoecker, unpublished results) and therefore helps to rapidly induce de-etiolation re-

sponses. Subsequently, the increase in SPA1 transcript (and hence protein) level after

1 h (Hoecker et al., 1999; Fittingho� et al., 2006) desensitises light signalling to prevent

overstimulation of the seedling by light.
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3.3 The Aux/IAA protein AXR3 represents a novel

regulator of light-dependent stomatal development

Light promotes stomatal development in seedlings as part of the de-etiolation response

(von Arnim and Deng, 1996) and repression of the COP1/SPA complex is required for

this process (Kang et al., 2009). In the present study, I characterised a novel regulator

of stomatal development, the Aux/IAA protein AXR3, and established its role within a

genetic network that regulates stomatal development in response to intrinsic and external

signals.

3.3.1 Auxin and light regulate stomatal development via AXR3

The aux/iaa gain of function mutants shy2-2, axr2-1 and axr3-1 display an increased SI

in cotyledons of dark-grown seedlings compared to the wild type. This increase could arise

from a larger number of stomata, or it could originate from a reduction in pavement cell

number. Quanti�cation of total epidermal cell numbers revealed that the numbers of both

stomata and non-stomatal cells are increased in axr3-1 compared to the wild-type. In

dark-grown wild-type seedlings, almost no cell division occurs in the cotyledon epidermis

between 2 and 10 dpg and most stomatal precursors do not pass the meristemoid stage. In

contrast, axr3-1 shows both increased entry into the stomatal lineage as well as enhanced

maturation of stomatal precursors, resulting in a larger number of mature stomata while

keeping the portion of precursors constant.

No increase in cell division caused by the axr3-1 mutation was observed in a spch back-

ground, which lacks entry divisions into the stomatal lineage and therefore features an

epidermis entirely composed of pavement cells. This demonstrates that the presence of the

stomatal lineage is absolutely required for the e�ect of axr3-1 on cell division. However,

the fact that expression of an axr3-1-YFP fusion protein from stomatal lineage-speci�c

promoters did not mimic the stomatal phenotype of the axr3-1 mutant shows that action

of the axr3-1 protein in stomatal lineage cells is not su�cient to increase stomata for-

mation. Instead, it suggests that axr3-1 acts outside of the stomatal lineage to promote

divisions within, implying that cell-cell communication is involved in this process. Further
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investigation is required to de�ne the domain in which axr3-1 acts to promote stomata

formation and how its e�ect is transmitted from there to the stomatal lineage.

Upstream of the Aux/IAA proteins SHY2, AXR2 and AXR3, auxin induces their degra-

dation by the SCFTIR1 ubiquitin ligase (Gray et al., 2001). The aux/iaa gain-of-function

mutants axr2-1, axr3-1 and shy2-2 express stabilised versions of the respective Aux/IAA

repressors that are less e�ciently degraded by SCFTIR1 (Gray et al., 2001; Ouellet et al.,

2001; Reed, 2001; Tian et al., 2003) and thus attenuate auxin responses. Hence, increased

stomata production of the aux/iaa gain-of-function mutants likely results from their re-

sistance to auxin, implying that auxin negatively regulates stomata formation in the wild

type. In agreement with this hypothesis, perturbations in auxin levels, auxin distribution

and auxin sensing in�uence stomatal development. Higher order auxin biosynthesis and

signalling mutants display increased stomata formation, which was also seen for dark-

grown wild-type seedlings treated with the polar auxin transport inhibitor NPA. Addi-

tionally, exogenous application of the synthetic auxin NAA reduces the SI of light-grown

wild-type seedlings. In conclusion, these results strongly suggest that auxin represents a

negative regulator of stomatal development.

IAA was found to promote stomata formation in the hypocotyl when applied together

with GA (Saibo et al., 2003), but no auxin e�ect has yet been described on stomatal de-

velopment in cotyledons. Auxin is, however, involved in many other aspects of cotyledon

development. Local auxin maxima in the globular embryo stimulate cotyledon outgrowth

while low auxin concentrations in between are required for cotyledon separation (Benková

et al., 2003; Reinhardt et al., 2003). Auxin accumulation is also thought to be an early

event in vascular di�erentiation in cotyledons and leaves (Sachs, 1991; Mattsson et al.,

1999; Sieburth, 1999; Deyholos et al., 2000). Moreover, auxin establishes dorsoventral

polarity in cotyledons and leaves; polar auxin transport generates a dorsoventral auxin

gradient with highest auxin concentrations at the abaxial side, where the ARFs ETTIN

(ETT)/ARF3 and ARF4 promote abaxial cell fate (Pekker et al., 2005; Hay et al., 2006).

Intriguingly, higher auxin levels at the abaxial side correlate with the suppression of stom-

ata di�erentiation speci�cally in the abaxial cotyledon epidermis of dark-grown seedlings

observed in this study.

Auxin gradients not only establish polarity across tissues and organs, but also within

cells and thereby guide asymmetric cell divisions. Auxin controls the orientation of

apical division planes in the early embryo by inducing the degradation of BODENLOS

(BDL)/IAA12, which in turn leads to increased MONOPTEROS (MP)/ARF5 activity

(Berleth and Jurgens, 1993; Hamann et al., 1999, 2002). Furthermore, auxin promotes
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CYCLIN D 6;1 (CYCD6;1 ) transcription to trigger asymmetric divisions in root cor-

tex/endodermis initials (Cruz-Ramírez et al., 2012). Asymmetric divisions are essential

processes also during stomatal development. In this context, the division plane is deter-

mined by localisation of the plant-speci�c proteins BREAKING OF ASYMMETRY IN

THE STOMATAL LINEAGE (BASL) and POLAR LOCALIZATION DURING ASYM-

METRIC DIVISION AND REDISTRIBUTION (POLAR) (Dong et al., 2009; Pillitteri

et al., 2011), but auxin might be a possible upstream regulator of this process. However,

defects in orientation of asymmetric divisions were detected only in the strongly distorted

class B tir1 afb2 afb3 seedlings, which exhibit mild stomatal clustering. This clustering

might be a hint that auxin a�ects orientation of spacing divisions, but it might also be a

secondary e�ect of a severely compromised seedling establishment.

Apart from the phenotype observed in light-grown class B tir1 afb2 afb3 seedlings, all

auxin-dependent defects in stomatal development were observed exclusively in dark-grown

seedlings. Hence, light appears to restrict the auxin e�ect on stomata formation. It

seems unlikely that light prevents auxin-dependent suppression of stomatal development

by reducing overall auxin levels because these are lower in dark-grown than in light-

grown seedlings (Bhalerao et al., 2002). However, in light-grown seedlings auxin might be

redistributed from cotyledons to the hypocotyl and the root as polar auxin transport in the

hypocotyl is induced upon light exposure (Liu et al., 2011b) and is required for hypocotyl

elongation in the light, but not in darkness (Jensen et al., 1998). NPA treatment increased

the SI in the cotyledon epidermis of dark-grown seedlings, indicating that proper auxin

distribution is also required to suppress stomatal development in darkness. However, NPA

had no e�ect on the SI of light-grown seedlings, implying that light does not counteract the

inhibitory e�ect of auxin on stomatal development exclusively by polar auxin transport-

dependent depletion of auxin in the epidermis. Employing reporters of auxin signalling

such as DR5rev::GFP (Friml et al., 2003) or DII-VENUS (Brunoud et al., 2012) might

reveal whether stomatal lineage cells show altered auxin responses compared to pavement

cells in cotyledons of dark-grown seedlings and would thereby give a hint about auxin

distribution in the epidermis.

Several lines of evidence suggest that light attenuates auxin signalling by positive reg-

ulation of Aux/IAA proteins. The constitutively photomorphogenic phenotype of the

aux/iaa domain II mutants shy2-2, axr2-1 and axr3-1 implies that the wild-type pro-

teins might be degraded in darkness, but stabilised by light (Reed, 2001). Light might

stabilise Aux/IAA proteins by regulating the activity of the SCFTIR1 ubiquitin ligase;

the CSN, a repressor of light signalling, interacts with SCFTIR1 and knock-down of CSN5

results in decreased SCFTIR1-mediated degradation of PsIAA16 (Schwechheimer et al.,
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2001). Alternatively, binding of phytochromes might be involved in Aux/IAA stabilisa-

tion because oat phyA and Arabidopsis phyB interact with several Arabidopsis Aux/IAA

proteins in vitro (Colón-Carmona et al., 2000; Tian et al., 2003). These in vitro inter-

actions are light-independent, but since phytochromes translocate into the nucleus in a

light-dependent manner, the interaction with nuclear-localised Aux/IAA proteins might

occur only in the light in vivo (Reed, 2001). Light a�ects not only Aux/IAA protein

stability, but also Aux/IAA gene expression. The photomorphogenesis-promoting tran-

scription factors HY5 and HYH promote expression of AXR2 and SLR (Cluis et al., 2004;

Sibout et al., 2006), and nine Aux/IAA genes, including SHY2 and AXR3, feature HY5

binding sites in their promoters (Lee et al., 2007). Since HY5 and HYH are well described

COP1 targets (Ang et al., 1998; Osterlund et al., 2000; Holm et al., 2002), COP1 might

regulate the expression of Aux/IAA genes through these transcription factors; however,

transcript levels of SHY2, AXR2 and AXR3 are similar in dark-grown wild-type and

cop1-4 mutant seedlings, suggesting that COP1 is not required for the repression of their

expression in darkness.

3.3.2 A genetic network for the control of stomatal development

that integrates intrinsic and external signals

In this study, genetic interactions between axr3-1 and various mutations in stomatal de-

velopment genes were tested. The axr3-1 -induced increase in SI depends on functional

SPCH, MUTE and FAMA and a knock-out of these genes causes an arrest of stomatal

development at the stage controlled by the respective gene even in the axr3-1 mutant.

However, the axr3-1 mutation increases the number of meristemoids and "fama-tumours"

in the mute-1 and fama-1 backgrounds, respectively. This demonstrates that the muta-

tions are not completely epistatic and that if progression through the stomatal lineage

is arrested, axr3-1 still increases entry divisions into the stomatal lineage. The e�ect of

axr3-1 also requires a functional YDA MAPK cascade as the e�ect was abolished by a

constitutively active MKK. In contrast, axr3-1 exhibits additive and synergistic e�ects

with tmm and er(l) mutations, suggesting that the respective genes act in independent

pathways. Taken together, this epistasis analysis revealed that AXR3 acts genetically

upstream of the di�erentiation genes SPCH, MUTE and FAMA and genes encoding com-

ponents of the YDA MAPK cascade, but functions in parallel with TMM and ERf pat-

terning genes (Figure 3.2). However, auxin-induced reduction in stomata formation was

abolished not only in yda but also in er erl erl2 mutants, suggesting that the ERf genes

might be important for the e�ect of auxin on stomatal development. Since the e�ect of
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Figure 3.2: AXR3 is part of a genetic network that controls stomatal development.
Auxin and light control the activity of the Aux/IAA protein AXR3, which promotes multiple steps in
stomatal development. It appears to act upstream of the YDA MAPK cascade, but in parallel with
TMM, the COP1/SPA pathway and the BR pathway. Hence, the YDA MAPK cascade represents a
central integrator in the signalling pathway that regulates stomatal development.
Arrows indicate positive regulation, perpendicular lines indicate negative regulation. Solid lines represent
con�rmed biochemical interaction, dotted lines represent indirect or genetic interactions.

the axr3-1 mutation in several er(l) mutants was not as strong as in the wild type back-

ground, it seems possible that AXR3 a�ects stomata formation by both ERf -dependent

and ERf -independent mechanisms.

So far, the YDA MAPK cascade appears to be a likely target of AXR3 in the regulation

of stomatal development although its e�ect on the MAPK cascade might be indirect. In-

terestingly, auxin treatment increases MAPK activity in wild-type roots whereas MAPK

activity is reduced in the auxin-insensitive mutant axr4 (Mockaitis and Howell, 2000).

Moreover, the MKKK NICOTIANA PROTEIN KINASE 1 (NPK1) represses early auxin

responses in tobacco (Kovtun et al., 1998), suggesting that MAPK cascades might be

involved in auxin signalling. Activity of the YDA MAPK cascade depends on the phos-

phorylation state of its components, and this is directly regulated by the GSK3-like kinase

BIN2 (Kim et al., 2012; Khan et al., 2013) and the phosphatase AP2C3 (Umbrasaite et al.,

2010). Since the TIR1/AFB-Aux/IAA signalling pathway predominantly regulates gene

expression (Chapman and Estelle, 2009), a possible scenario is that auxin a�ects MAPK

activity by transcriptional regulation of a kinase or a phosphatase. Several kinases and

phosphatases are deregulated in the transcriptome of the axr3-1 mutant (Overvoorde

et al., 2005) and may therefore represent candidates for links between auxin and MAPK

signalling. However, it needs to be tested whether AXR3 and auxin indeed a�ect phos-

phorylation and activity of components in the YDA MAPK cascade.

62



Discussion

Besides its putative regulation via auxin, the YDA MAPK cascade integrates signals from

the EPFL-ERf pathway (Lee et al., 2012; Jewaria et al., 2013), the BR signalling cascade

(Kim et al., 2012; Khan et al., 2013) and the light signalling pathway (Kang et al., 2009).

Thus, the YDA MAPK cascade appears to be a central switch in the decision of whether

or not to form a stoma. This switch is regulated by both intrinsic and environmental

signals and controls stomatal development at multiple stages.

Possible interconnections between AXR3 and the light signalling pathway in the regu-

lation of stomatal development were analysed in this study. AXR3 regulates stomatal

development in a light-dependent manner, but genetic interactions between axr3-1 and

cop1-4 were additive, suggesting that AXR3 acts independently of COP1. It cannot

be excluded that COP1 has an e�ect on AXR3 and the other Aux/IAA proteins, but it

seems unlikely that this is the only mechanism by which COP1 a�ects stomata formation.

While even an axr2-1 axr3-1 double mutant shows only moderate stomata overproduction

in darkness, the seedling-lethal cop1-5 allele displays much stronger stomata overprolif-

eration regardless of light conditions (Kang et al., 2009). Thus, light regulates stomatal

development via two at least partially distinct routes.

Interdependency between auxin and BRs in the regulation of stomatal development was

also investigated in this study. The two phytohormones cooperatively promote lateral

root development and hypocotyl elongation (Bao et al., 2004; Nemhauser et al., 2004)

and some auxin responses are mediated by upregulation of BR biosynthesis (Chung et al.,

2011). Auxin also a�ects the expression of the BR receptor genes BRI1 and BRI1-LIKE 3

(BRL3 ) while BRs control the expression of several Aux/IAA and ARF genes (Nemhauser

et al., 2004). However, the present study shows that NAA and bikinin treatments, which

induce auxin and BR signalling, respectively, decrease the SI in the cotyledons of light-

grown seedlings in an additive manner, and that the inhibitory e�ect of NAA does not

require BR biosynthesis. Thus, while crosstalk between the two signalling pathways exists,

auxin and BRs seem to act independently to regulate stomatal development.

In summary, AXR3 appears to be a novel regulator of stomatal development, which pro-

motes stomata di�erentiation in response to light, an e�ect that is repressed by auxin

in darkness. AXR3 has been placed in a genetic network that controls stomatal devel-

opment, yet the mechanism by which it promotes stomata formation remains elusive.

Identi�cation of downstream factors in the AXR3 signalling pathway would greatly en-

hance understanding of the mechanisms underlying the coordination of auxin and light

signalling in stomatal development.
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4 Materials and Methods

4.1 Materials

4.1.1 Chemicals

Chemicals in research/pro analysis grade were obtained from AppliChem GmbH (Darm-

stadt, Germany), BD Biosciences (Heidelberg, Germany), Bio-Rad Laboratories GmbH

(Munich, Germany), Carl Roth GmbH (Karlsruhe, Germany), Colgate-Palmolive GmbH

(Hamburg, Germany), Duchefa Biochemie B.V. (Haarlem, Netherlands), Honeywell Riedel-

de-Haen Specialty Chemicals Seelze GmbH (Seelze, Germany), Life Technologies GmbH

(Karlsruhe, Germany), Merck KGaA (Darmstadt, Germany), Roche Diagnostics GmbH

(Mannheim, Germany), SERVA Electrophoresis GmbH (Heidelberg, Germany), Sigma-

Aldrich Chemie GmbH (Munich, Germany), Thermo Fisher Scienti�c (Schwerte, Ger-

many) and VWR International GmbH (Darmstadt, Germany).

4.1.2 Bu�ers and solutions

All bu�ers and solutions were prepared with double-distilled water (ddH2O) if not other-

wise stated. Bu�ers and solutions that do not represent a simple solution or dilution of a

single stock chemical are listed in Table 4.1. Unless otherwise stated, bu�ers were stored

at room temperature (RT).

Table 4.1: Bu�ers and solutions used in this study

Bu�er/Solution Components

Amido Black staining solution 0.25% (w/v) Naphthol Blue Black

50% (v/v) MeOH

10% (v/v) glacial acetic acid

Amido Black washing solution 90% (v/v) MeOH

10% (v/v) glacial acetic acid
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Table 4.1: (continued)

Bu�er/Solution Components

10 � Carbonate blotting bu�er 0.31% (w/v) NaCO3

0.84% (w/v) NaHCO3

0.08% (w/v) SDS

Clearing solution 8 g chloral hydrate

in 2ml 50% (v/v) glycerol

Coomassie staining solution 0.25% (w/v) Coomassie Brilliant Blue R250

50% (v/v) MeOH

7% (v/v) glacial acetic acid

Coomassie destaining solution 50% (v/v) MeOH

7% (v/v) glacial acetic acid

DNA extraction bu�er (Thompson) 200mM Tris/HCl pH 7.5

250mM NaCl

25mM EDTA

0.5% (w/v) SDS

DNA extraction bu�er (fast method) 50mM Tris/HCl pH7.2

300mM NaCl

10% (w/v) Sucrose

DNA loading dye 0.25% (w/v) Bromophenol Blue

30% (v/v) glycerol

HONDA bu�era 400mM Sucrose

25mM Tris/HCl pH 7.4

10mM MgCl2

2.5% (w/v) Ficoll 400

5% (w/v) Dextran T40

10 mM DTT (added freshly)

1 � protease inhibitor cocktail (added freshly)

5 � Laemmli bu�erb 310mM Tris/HCl pH 6.8

10% (w/v) SDS

50% (v/v) Glycerol

0.25% (w/v) Bromophenol Blue

500mM DTT

PCR reaction bu�er 100mM Tris/HCl pH 9.0

500mM KCl

15mM MgCl2

Protein extraction bu�er 50mM Tris/HCl pH 7.5

150mM NaCl

1mM EDTA

10% (v/v) glycerol

0.1% (v/v) Triton� X-100

5mM DTT (added freshly)

1 � protease inhibitor cocktail (added freshly)

10µM MG132 (added freshly)
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Table 4.1: (continued)

Bu�er/Solution Components

SDS-PAGE resolving gel 7.5-15% (w/v) acrylamide

375mM Tris/HCl pH 8.8

0.1% (w/v) SDS

0.08% (w/v) APS (added directly before pouring)

0.08% (v/v) TEMED (added directly before pouring)

SDS-PAGE stacking gel 5% (w/v) acrylamide

125mM Tris/HCl pH 6.8

0.1% (w/v) SDS

0.05% (w/v) APS (added directly before pouring)

0.1% (v/v) TEMED (added directly before pouring)

10 � SDS running bu�er 1.9M Glycine

240mM Tris

1% (w/v) SDS

Seed sterilisation solution 20% (v/v) Klorix

0.03% (v/v) Triton� X-100

TB bu�erc 10mM PIPES/KOH pH 6.7

15mM CaCl2

250mM KCl

55mM MnCl2 (added after pH adjustment)

10 � TBE 890mM Tris

890mM Boric acid

20mM EDTA

10 � TBS bu�er 200mM Tris/HCl pH 7.5

1.37M NaCl

TBS-T bu�er 0.1% (v/v) Tween® 20

in 1 � TBS

TE bu�er 10mM Tris/HCl pH 8.0

1mM EDTA

a Solution was autoclaved after preparation.
b Solution was stored at �20�C.
c Solution was �lter-sterilised after preparation.

4.1.3 Antibiotics and growth regulators

Antibiotics and growth regulators added to bacterial or plant growth media are listed in

Table 4.2. Stock solutions (usually 1000 � concentrated) were �lter-sterilised and stored

at �20�C unless otherwise stated.
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Table 4.2: Antibiotics and growth regulators used in this study

Chemical Solvent Working concentration Manufacturer

Ampicillin ddH2O 100µg/ml Duchefa (Haarlem, Netherlands)

Bikinin DMSO 30 µM Merck (Darmstadt, Germany)

DEX DMSO 0.02µM Sigma-Aldrich (Munich, Germany)

Gentamycin ddH2O 25µg/ml Duchefa (Haarlem, Netherlands)

Hygromycina ddH2O 15µg/ml (for plants) Life Technologies (Karlsruhe, Germany)

50µg/ml (for bacteria)

Kanamycin ddH2O 50µg/ml Duchefa (Haarlem, Netherlands)

NAAa,b ddH2O variable Sigma-Aldrich (Munich, Germany)

MG132 DMSO 30 µM Sigma-Aldrich (Munich, Germany)

NPA DMSO 10µM Sigma-Aldrich (Munich, Germany)

Rifampicinc DMSO 25µg/ml Duchefa (Haarlem, Netherlands)

Tetracyclin 70% EtOH 10µg/ml Duchefa (Haarlem, Netherlands)

a Solution was stored at 4�C.
b NAA powder was pre-dissolved in a drop of EtOH before being mixed with ddH2O.
c Solution was stored at RT.

4.1.4 Growth media

Media for bacterial and plant growth used in this study are listed in Table 4.3. For

preparation of solid media, agar was added to a concentration of 1.5% (LB, YEB) or

1% (MS). All media were autoclaved prior to usage. For some experiments, MS was

supplemented with 1% (w/v) sucrose before autoclaving. Any other supplements were

added after autoclaving when medium was cooled down to approximately 60�C.

Table 4.3: Growth media used in this study

Medium Components

Luria-Bertani (LB) broth 10 g/L Tryptone

5 g/L Yeast extract

10 g/L NaCl

Murashige and Skoog (MS) medium 4.44 g/L MS salts

pH was adjusted to 5.8

Yeast extract broth (YEB) 5 g/L Peptone

5 g/L Beef extract

5 g/L Yeast extract

5 g/L Sucrose

2mM MgSO4

pH was adjusted to 7.2
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4.1.5 Antibodies

Antibodies used in this study are listed in Table 4.4. Primary antibodies were diluted in

TBS containing 3% (w/v) milk powder, horseradish peroxidase (HRP)-coupled secondary

antibodies were diluted in TBS containing 5% (w/v) milk powder.

Table 4.4: Antibodies used in this study

Antibody Source Dilution Manufacturer

anti-COP1 Rabbit 1:300 (Balcerowicz et al., 2011)

anti-GFP Mouse 1:5000 Roche Diagnostics (Mannheim, Germany)

anti-HA Rat 1:4000 Roche Diagnostics (Mannheim, Germany)

anti-Histone H3 Rabbit 1:5000 Abcam (Cambridge, MA, USA)

anti-HSC70 Mouse 1:20 000 Stressgen Biotechnologies (San Diego, CA, USA)

anti-mouse IgG-HRP Goat 1:50 000 Sigma-Aldrich (Munich, Germany)

anti-PEPC Rabbit 1:5000 Rockland (Gilbertsville, PA, USA)

anti-rabbit IgG-HRP Goat 1:80 000 Sigma-Aldrich (Munich, Germany)

anti-rat IgG-HRP Goat 1:5000 Santa Cruz Biotechnology (Dallas, TX, USA)

anti-α-Tubulin Rabbit 1:10 000 Sigma-Aldrich (Munich, Germany)

4.1.6 Enzymes

Enzymes used in this study are listed in Table 4.5. They were stored at �20�C unless

otherwise stated. Reaction bu�ers were provided by the manufacturers along with the

respective enzymes.

Table 4.5: Enzymes used in this study

Enzymes Manufacturer

Gateway® BP Clonase® Mixa Life Technologies (Karlsruhe, Germany)

Gateway® LR Clonase® Mixa Life Technologies (Karlsruhe, Germany)

KAPA� SYBR® FAST qPCR Mastermix PEQLAB Biotechnologie (Erlangen, Germany)

Pfu DNA Polymerase Thermo Fisher Scienti�c (Schwerte, Germany)

Restriction endonucleases Thermo Fisher Scienti�c (Schwerte, Germany)

RevertAid� H Minus Reverse Transcriptase Thermo Fisher Scienti�c (Schwerte, Germany)

Ribonuclease A Carl Roth (Karlsruhe, Germany)

Shrimp Alkaline Phosphatase Thermo Fisher Scienti�c (Schwerte, Germany)
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Table 4.5: (continued)

Enzymes Manufacturer

T4 DNA Ligase Thermo Fisher Scienti�c (Schwerte, Germany)

Taq DNA Polymerase �
b

TURBO� DNase Life Technologies (Karlsruhe, Germany)

a The enzyme mix was stored at �80�C.
b Recombinant Taq DNA polymerase was expressed in and puri�ed from E. coli.

4.1.7 Kits for molecular biology

Molecular biology kits used in this study are listed in Table 4.6.

Table 4.6: Molecular biology kits used in this study

Kit Manufacturer

High Pure PCR Product Puri�cation Kit Roche Diagnostics (Mannheim, Germany)

Nucleospin® Plasmid Puri�cation Kit Macherey Nagel (Düren, Germany)

RNeasy® Plant Mini Kit Qiagen (Hilden, Germany)

4.1.8 Oligonucleotides

Oligonucleotides used in this study were obtained as lyophilised powder from Life Tech-

nologies (Karlsruhe, Germany) and Sigma Aldrich (Munich, Germany). They were re-

suspended in ddH2O to a concentration of 100 µM and stored at �20�C. Oligonucleotides

used for genotyping are listed in Table 4.7, those used for real-time PCR are listed in

Table 4.8 and those used for cloning are listed in Table 4.9. Primers were designed using

Oligo Explorer 1.1.0 software (Teemu Kulaasma, Kuopio, Finland; http://www.genelink.

com/tools/gl-oe.asp), SALK T-DNA Primer Design (Salk Institute; http://signal.salk.

edu/tdnaprimers.2.html) and dCAPS Finder 2.0 (Ne� et al., 2002; http://helix.wustl.

edu/dcaps/dcaps.html).

Table 4.7: Genotyping primers used in this study

Primer Sequence (5'Ñ 3') Reference

AXR2-geno_F2 CAATACATACATGCGTACAAGC this study

AXR2-geno_R2 ATGACTCTAACTCGGTAAGGTTC this study
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Table 4.7: (continued)

Primer Sequence (5'Ñ3') Reference

AXR3-geno_F1 TTTTCCACTCTTCTCTACTGCTC this study

AXR3-geno_R1 CTCCGTCCATTGATACCTTC this study

COP1-geno_F1 GATGCGCTGAGTGGGCCA Ruckle et al. (2007)

COP1-geno_R1 TGCCATTGTCCTTTTACCATTTCAGC Ruckle et al. (2007)

er-105 AGCTGACTATACCCGATACTGA Shpak et al. (2004)

ERg2248 AAGAAGTCATCTAAAGATGTGA Shpak et al. (2004)

ERg3016rc AGAATTTTCAGGTTTGGAATCTGT Shpak et al. (2004)

ERL1-geno_F2 AGGGAAAAATACCAGTTGAGC this study

ERL1-geno_R2 CGGAGAGATTGTTGAAGGAG this study

ERL2-geno_F3 GAACTATCCCAGAGAGCATT this study

ERL2-geno_R3 TGATTCAAGGCAGCACAG this study

FAMA-geno_F1 TGGTCTTGCTCGTTCTAGCTC this study

FAMA-geno_R1 CTATCTTGCATGTCTTGCGTC this study

FISH-geno1 CTGGGAATGGCGAAATCAAG Fackendahl (2011)

JL-202 CATTTTATAATAACGCTGCGGACATCTAC Shpak et al. (2004)

LB-SAIL TAGCATCTGAATTTCATAACCA Fackendahl (2011)

mute-dCAPS_F1 TTCGTTCTTTGACTCCTTGTTTCTACCTCA

AAAG

this study

mute-dCAPS_R1 CTTCGAGAAAATAATTAGGATTGTGAATTG

AG

this study

SAIL-LB3 TAGCATCTGAATTTCATAACCAATCTCGAT

ACAC

Salk Institute

SAIL-LB1 GCCTTTTCAGAAATGGATAAATAGCCTTGC

TTCC

Salk Institute

SALK-LBa1 TGGTTCACGTAGTGGGCCATCG Salk Institute

SALK-LBb1.3 ATTTTGCCGATTTCGGAAC Salk Institute

spa1-100 WT_F1 CATTCATAATACTATTCTCACCAGC Fackendahl (2011)

spa1-100 WT_R1 GATTTAAGGTATGGAGGCTGTAG Fackendahl (2011)

SPA2-geno_F2 GGGAAAATGTCTTTGCCTGA Fackendahl (2011)

SPA2-geno_R2 AGCACGGCAAACCATCATA Fackendahl (2011)

SPA3_F2 TTCGGACTCTGGCTCTGATTCCTTG Fackendahl (2011)

SPA3_R4 GTCCTCATTGATGGTCGACAAGTT Fackendahl (2011)

SPA4-geno_F1 GGTCAAGAAGCTTCCTCGTG Fackendahl (2011)

SPA4-geno_R1 TCATCATCAAGTCCTCCCAAG Fackendahl (2011)

SPCH-geno_F1 GAAAAACCTAGATCCTCCCCC this study

SPCH-geno_R3 AACCTGAAGAATCTCAAGAGCC this study

tmm-1-dCAPS_F1 AACGCGTTCAAAGGGCTCAAGAACGT this study

tmm-1-dCAPS_R2 AGACTGTTATCGTTGAGCC this study
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Table 4.8: Real-time PCR primers used in this study

Primer Sequence (5'Ñ 3') Reference

AXR2-RT_F2 AGAGTCCTGCCAAATCGG this study

AXR2-RT_R2 TGAGATCAACGGTTTCGG this study

AXR3-RT_F1 CTCTTTTACCATGGGCAAACATGGA Pérez-Pérez et al. (2010)

AXR3-RT_R1 AGGGAACATAGTCCCAGCTATTCA Pérez-Pérez et al. (2010)

FAMA-RT_F2 CTGCTTTGGAGGATCTTCATCTCT Kang et al. (2009)

FAMA-RT_R2 CTTCTGCCGTAAACCTCGTTTC Kang et al. (2009)

HA-RT_fw1 GGCCGCTTACCCATATGAC Balcerowicz et al. (2011)

HA-RT_rev1 GGTAAGCGTAATCCGGAACG Balcerowicz et al. (2011)

MUTE-RT_F2 GACGATCACTTCATCAGACACAAAG Kang et al. (2009)

MUTE-RT_R2 CCTCAATATTAGTAGCATGGAGGAGACT Kang et al. (2009)

SHY2-RT_F1 CTTAAAGCTTTAGAAGTGATGTTCAA Pérez-Pérez et al. (2010)

SHY2-RT_R1 CACGTACATATGAACATCTCCCA Pérez-Pérez et al. (2010)

SPCH-RT_F2 TTCTGCACTTAGTTGGCACTCAAT Kang et al. (2009)

SPCH-RT_R2 GCTGCTCTTGAAGATTTGGCTCT Kang et al. (2009)

UBQ10-RT_F3 CACACTCCACTTGGTCTTGCGT Czechowski et al. (2005)

UBQ10-RT_R3 TGGTCTTTCCGGTGAGAGTCTTCA Czechowski et al. (2005)

Table 4.9: Primers used for cloning

Primer Sequence (5'Ñ 3') Reference

AXR3pro-attB-F GGGGACAAGTTTGTACAAAAAAGCAGGCTT

GTGGTAGAATGTTGAGAGTTGTGGC

this study

AXR3pro-attB-R GGGGACCACTTTGTACAAGAAAGCTGGGTT

ATTAACCTTTCTTCTTCTTTGGTGTTC

this study

AXR3-XhoI-R CATGCTCGAGAGCTCTGCTCTTGCACTTCT

CC

this study

HindIII-AXR3-F CTTGAAGCTTATGATGGGCAGTGTCGAGCT

G

this study

ICE1pro-attB-F GGGGACAAGTTTGTACAAAAAAGCAGGCTA

CCGGACCACCGTCAATAACATCG

this study

ICE1pro-attB-R GGGGACCACTTTGTACAAGAAAGCTGGGTC

GCCAAAGTTGACACCTTTACCC

this study

SPCHpro-attB-F GGGGACAAGTTTGTACAAAAAAGCAGGCTC

AAGATCATCACTGCGATAAGGAG

this study

SPCHpro-attB-R GGGGACCACTTTGTACAAGAAAGCTGGGTC

GTGATTAGAGATATATCCTTCTC

this study

XhoI-YFP-F GCATCTCGAGATGGTGAGCAAGGGCGAGGA

G

this study

YFP-SpeI-R TCACACTAGTCTACTTGTACAGCTCGTCCA

TGC

this study
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4.1.9 Molecular markers

GeneRuler� 1 kb DNA Ladder and GeneRuler� Low Range DNA Ladder for agarose gel

electrophoresis as well as PageRuler� Prestained Protein Ladder for SDS-PAGE were

obtained from Thermo Fisher Scienti�c (Schwerte, Germany).

4.1.10 Plasmids

Plasmid vectors used in this study are listed in Table 4.10.

Table 4.10: Plasmid vectors used in this study

Vector Description Reference

pBS-axr3-1 Basic cloning vector containing the axr3-1

ORF; selection: ampicillin

Ouellet et al. (2001)

pDest-Venus-GW-Ter Gateway® destination vector for expres-

sion of N-terminal Venus-YFP fusion pro-

teins from the 35S promoter; selection:

kanamycin (bacteria and plants)

Hänsch, unpublished

pDONR�207 Gateway® donor vector; selection: gen-

tamycin

Life Technologies

pDONR�207-35Spro Gateway® entry vector containing the

35S promoter; selection: gentamycin

An et al. (2004)

pDONR�207-AXR3pro Gateway® entry vector containing the

AXR3 promoter; selection: gentamycin

this study

pDONR�207-ICE1pro Gateway® entry vector containing the

ICE1 promoter; selection: gentamycin

this study

pDONR�207-ML1pro Gateway® entry vector containing the

ML1 promoter; selection: gentamycin

An et al. (2004)

pDONR�207-SPCHpro Gateway® entry vector containing the

SPCH promoter; selection: gentamycin

this study

pDONR�221-CAB3pro Gateway® entry vector containing the

CAB3 promoter; selection: kanamycin

Ranjan et al. (2011)

pJIC30 (GW-MCS-Tnos

pGREEN0229)

Gateway®destination vector; selection:

kanamycin (bacteria), BASTA (plants)

Corbesier et al. (2007)

pJIC30-axr3-1-YFP Gateway®destination vector for expression

of an axr3-1-YFP fusion protein; selection:

kanamycin (bacteria), BASTA (plants)

this study
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Table 4.10: (continued)

Vector Description Reference

pJIC30-35S::axr3-1-YFP Gateway® expression vector for expression

of an axr3-1-YFP fusion protein from the

35S promoter; selection: kanamycin (bacte-

ria), BASTA (plants)

this study

pJIC30-AXR3::axr3-1-YFP Gateway® expression vector for expres-

sion of an axr3-1-YFP fusion protein from

the AXR3 promoter; selection: kanamycin

(bacteria), BASTA (plants)

this study

pJIC30-CAB3::axr3-1-YFP Gateway® expression vector for expres-

sion of an axr3-1-YFP fusion protein from

the CAB3 promoter; selection: kanamycin

(bacteria), BASTA (plants)

this study

pJIC30-ICE1::axr3-1-YFP Gateway® expression vector for expression

of an axr3-1-YFP fusion protein from the

ICE1 promoter; selection: kanamycin (bac-

teria), BASTA (plants)

this study

pJIC30-ML1::axr3-1-YFP Gateway® expression vector for expression

of an axr3-1-YFP fusion protein from the

ML1 promoter; selection: kanamycin (bac-

teria), BASTA (plants)

this study

pJIC30-SPCH::axr3-1-YFP Gateway® expression vector for expres-

sion of an axr3-1-YFP fusion protein from

the SPCH promoter; selection: kanamycin

(bacteria), BASTA (plants)

this study

pJIC30-YFP Gateway® destination vector for expression

of C-terminal Venus-YFP fusion proteins;

selection: kanamycin (bacteria), BASTA

(plants)

this study

pSoup Helper plasmid for replication of pGreen-

based vectors in Agrobacteria; selection:

tetracyclin

Hellens et al. (2000)

4.1.11 Bacterial strains

The E. coli strain DH5α was used for standard cloning, the ccdB-resistant E. coli strain

DB3.1 was used for cloning and propagating Gateway® vectors (both Life Technologies,

Karlsruhe, Germany). The Agrobacterium tumefaciens strain GV3101::pMP90 (Koncz

and Schell, 1986) was used for stable transformation of Arabidopsis.
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4.1.12 Plant material

Arabidopsis mutant lines used in this study are listed in Table 4.11, transgenic lines used

in this study are listed in Table 4.12. Columbia-0 (Col-0) is the corresponding wild type

for all mutants except shy2-2, which is in the Landsberg erecta (Ler) background.

Table 4.11: Arabidopsis mutants used in this study

Mutant Mutagen Reference

axr2-1 EMS Timpte et al. (1994)

axr2-1 axr3-1 EMS this study

axr3-1 EMS Leyser et al. (1996)

axr3-1 cop1-4 EMS this study

axr3-1 er-105 EMS, FNB this study

axr3-1 er-105 erl2-1 EMS, FNB, T-DNA this study

axr3-1 er-105 erl1-2 erl2-1 EMS, FNB, T-DNA this study

axr3-1 erl1-2 EMS, T-DNA this study

axr3-1 erl1-2 erl2-1 EMS, T-DNA this study

axr3-1 fama-1 EMS, T-DNA this study

axr3-1mute-1 EMS this study

axr3-1 spch-3 EMS, T-DNA this study

axr3-1 tmm-1 EMS this study

cop1-4 EMS Deng and Quail (1992)

det2-1 EMS Chory et al. (1991)

epf1-1 epf2-3 T-DNA Hara et al. (2009)

er-105 FNB Torii et al. (1996)

er-105 erl2-1 FNB, T-DNA Shpak et al. (2004)

er-105 erl1-2 erl2-1 FNB, T-DNA Shpak et al. (2004)

erl1-2 T-DNA Shpak et al. (2004)

erl1-2 erl2-1 T-DNA Shpak et al. (2004)

fama-1 T-DNA Ohashi-Ito and Bergmann (2006)

mute-1 EMS Pillitteri et al. (2007)

shy2-2 EMS Reed et al. (1998)

spa1-7 spa2-1 spa3-1 T-DNA Balcerowicz et al. (2011)

spa1-7 spa3-1 spa4-1 T-DNA Fittingho� et al. (2006)

spa1-7 spa2-1 spa3-1 spa4-1 (spa-Q) T-DNA Balcerowicz et al. (2011)

spa2-1 spa3-1 spa4-1 T-DNA Fittingho� et al. (2006)

spa1-100 spa2-2 spa3-1 spa4-3 (spa-nQ) T-DNA Fackendahl (2011)

spch-3 T-DNA MacAlister et al. (2007)

tir1-1 EMS Ruegger et al. (1998)

tir1-1 afb2-3 afb3-4 EMS, T-DNA Parry et al. (2009)

74



Materials and Methods

Table 4.11: (continued)

Mutant Mutagen Reference

tmm-1 EMS Yang and Sack (1995)

wei8-1 T-DNA Stepanova et al. (2008)

wei8-1 tar2-1 T-DNA Stepanova et al. (2008)

yda-10 T-DNA Kang et al. (2009)

FNB fast neutron bombardment

Table 4.12: Arabidopsis transgenic lines used in this study

Line Background Reference

35S::axr3-1-YFP Col-0 this study

35S::YFP-COP1 Col-0 Subramanian et al. (2006)

35S::YFP-COP1 spa-nQ this study

AXR3::axr3-1-YFP Col-0 this study

CAB3::axr3-1-YFP Col-0 this study

FAMA::FAMA-GFP Col-0 Pillitteri et al. (2007)

FAMA::FAMA-GFP axr3-1 this study

GVG-Nt-MEK2DD Col-0 Ren et al. (2002)

GVG-Nt-MEK2DD axr3-1 this study

ICE1::axr3-1-YFP Col-0 this study

ML1::axr3-1-YFP Col-0 this study

MUTE::MUTE-GFP Col-0 Pillitteri et al. (2007)

MUTE::MUTE-GFP axr3-1 this study

MUTE::GFP Col-0 MacAlister et al. (2007)

MUTE::GFP axr3-1 this study

SPA1::SPA1-HA spa1-7 spa2-1 spa3-1 Balcerowicz et al. (2011)

SPA1::SPA1-HA spa-Q Balcerowicz et al. (2011)

SPA1::SPA2-HA spa1-7 spa2-1 spa3-1 Balcerowicz et al. (2011)

SPA1::SPA2-HA spa-Q Balcerowicz et al. (2011)

SPA2::SPA1-HA spa1-7 spa2-1 spa3-1 Balcerowicz et al. (2011)

SPA2::SPA1-HA spa-Q Balcerowicz et al. (2011)

SPA2::SPA2-HA spa1-7 spa2-1 spa3-1 Balcerowicz et al. (2011)

SPA2::SPA2-HA spa-Q Balcerowicz et al. (2011)

SPCH::axr3-1-YFP Col-0 this study

SPCH::nucGFP Col-0 MacAlister et al. (2007)

SPCH::nucGFP axr3-1 this study

TMM::TMM-GFP Col-0 Nadeau and Sack (2002a)

TMM::TMM-GFP axr3-1 this study
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4.2 Methods for plant growth

4.2.1 Seed sterilisation

For sterile growth of Arabidopsis seedlings on MS plates, seeds were surface-sterilised prior

to plating. For liquid sterilisation, seeds were incubated in seed sterilisation solution for

10min and then washed four times with autoclaved ddH2O. Alternatively, seeds were

incubated in a chlorine gas atmosphere (produced by adding 2.5ml 37% HCl to 80ml

NaClO) for 3 h, which was subsequently evaporated in a sterile hood for at least 1 h.

4.2.2 General plant growth

For growth on soil, seeds were strati�ed at 4�C for 3 d in 0.1% agarose before sowing.

A mixture of three parts soil and one part vermiculite was used as substrate. Plants

were grown in the greenhouse under long day conditions (16 h light, 8 h darkness) at

approximately 40% humidity and a temperature cycle of 21�C during the day and 18�C

during the night. For phenotypic analysis, plants were grown in walk-in growth chambers

(Johnson Controls, Milwaukee, WI, USA) under short day (8 h light, 16 h darkness) or

long day conditions (16 h light, 8 h dark) at 21�C and 60% humidity. They were grown at

light intensities of approximately 100 µmolm�2 s�1 generated by Lumilux L36W/840 cool

white �uorescent tubes (Osram, Munich, Germany).

For sterile growth, sterilised seeds were plated on MS medium without sucrose; for analy-

sis of stomatal development, MS medium was supplemented with 1% (w/v) sucrose due to

the longer growth period in darkness. Plated seeds were strati�ed at 4�C for 3 d before ger-

mination was induced by 3 h treatment with white light (approximately 25 µmolm�2 s�1).

Plates were then either kept in Wc, moved to continuous darkness or incubated in the

dark for 21 h before being shifted to monochromatic FR. In each case, plates were incu-

bated in growth chambers (CLF Plant Climatics, Wertingen, Germany) at 21�C. White

light was produced by Fluora L58W/77 �uorescent tubes (Osram, Munich, Germany),

monochromatic FR was produced by LED light sources (Quantum Devices, Barneveld,

WI, USA).
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4.2.3 Crossing of Arabidopsis plants

Flowers that had a well-developed stigma, but immature stamina, were emasculated under

a stereomicroscope using �ne tweezers. For crossing, pollen from donor stamina was then

dabbed on the stigma of the emasculated �ower. Mature siliques resulting from these

crosses were harvested separately and allowed to dry. Three to four seeds per cross were

used to grow the F1 generation, which was allowed to self-fertilise. Selection was then

carried out in the F2 generation.

4.2.4 Selection of transgenic plants

Transgenic plants were selected for their respective resistance genes on MS plates con-

taining 25 µg/ml gentamycin, 15µg/ml hygromycin, 50µg/ml kanamycin or 10µg/ml DL-

phosphinotricin (BASTA).

4.2.5 Chemical and hormonal treatments

Treatments with NAA, NPA, DEX and bikinin were carried out on seedlings grown on

solid MS medium containing 1% sucrose. For NAA treatment, medium was supplemented

with various concentrations of NAA given in the results section. For treatment with NPA,

DEX and bikinin, medium was supplemented with 10µM NPA, 0.02 µM DEX and 30 µM

bikinin, respectively, or the equivalent amount of DMSO for mock treatment.

For MG132 treatment, seedlings were grown on solid MS medium in darkness for 4 d.

Under green safety light, they were then transferred to liquid MS medium containing

50 µM MG132 or 0.5% DMSO for mock treatment and vacuum-in�ltrated for 10min

at 100mbar using a BA-VC-300H vacuum concentrator (Saur, Reutlingen, Germany).

Afterwards, they were kept in darkness for 15min before being shifted to FR.
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4.3 Methods for phenotypic analysis

4.3.1 Bright�eld microscopy

For observation by bright�eld microscopy, seedlings were preserved in 95% alcohol for at

least 12 h. They were then rehydrated by subsequent incubation in 70%, 50%, 30% and

0% ethanol for 1-2 h each. Rehydrated seedlings were dissected under a stereomicroscope

and the parts to be analysed were then mounted in freshly prepared clearing solution.

Samples were left to clear at RT for at least 12 h. They were analysed on the next

day using an Eclipse E800 compound light microscope (Nikon Instruments, Amsterdam,

Germany) and Diskus software (Hilgers, Königswinter, Germany).

4.3.2 Fluorescence and confocal microscopy

Fluorescing reporter dyes and proteins were observed either by a DM5000 B �uorescent mi-

croscope or a DM5500 Q confocal laser-scanning microscope using LAS AF software (Lei-

ca Microsystems, Wetzlar, Germany). For counterstaining of cell outlines, samples were

stained in 50µg/ml PI for several minutes, rinsed brie�y with water and then mounted

in water for microscopy. PI �uorescence was detected between 580 and 650 nm, GFP

�uoresence between 480 and 530 nm and YFP �uorescence between 500 and 550 nm.

4.3.3 Measurement of hypocotyl length

To determine hypocotyl length, 4-d-old seedlings were pressed lengthwise on MS plates

and were subsequently documented with a digital camera. Measurements of hypocotyl

length were conducted on digital images using ImageJ 1.43u software (Wayne Rasband,

NIH, Bethesda, USA). 25 seedlings were measured per genotype.
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4.3.4 Quanti�cation of epidermal cell types

To quantify the proportion of stomata and stomatal precursors in the epidermis, bright

�eld images of cleared cotyledons or leaves were analysed using ImageJ 1.43u software

(Wayne Rasband, NIH, Bethesda, USA). Depending on cotyledon or leaf size, up to three

areas were selected, avoiding the margin and the central area close to the petiole, and

cell types in these areas were counted. Area size was 250 µm � 250 µm in cotyledons of

light-grown seedlings and 100 µm � 100 µm in cotyledons of dark-grown seedlings. Epi-

dermal cells were classi�ed as stomata (i.e. pairs of guard cells), stomatal precursors (i.e.

meristemoids and GMCs) or other epidermal cells according to morphological di�erences

described in Nadeau and Sack (2002b). Percentages of stomata and stomatal precursors

were calculated according to Formulas 4.1 and 4.2, respectively. Stomata were considered

to be clustered when their guard cells shared a common cell wall. Ten cotyledons or leaves

of individual seedlings and plants, respectively, were analysed per genotype and condition.

Percentages of stomata and stomatal precursors were calculated for each cotyledon or leaf

individually before mean and SEM were calculated from these data.

% Stomata (SI) �
stomata

stomata� stomatal precursors� other epidermal cells
(4.1)

% Stomatal precursors �
stomatal precursors

stomata� stomatal precursors� other epidermal cells
(4.2)

4.3.5 Quanti�cation of total epidermal cell number

To quantify the total number of epidermal cells per cotyledon, cell outlines were stained

in 50 µg/ml PI for 10-15min and observed by confocal microscopy. Digital images of a Z

stack through the cotyledon were combined into a single image of the whole epidermis by

maximum projection using LAS AF software (Leica Microsystems, Wetzlar, Germany).

Cells were then counted using ImageJ 1.43u software (Wayne Rasband, NIH, Bethesda,

USA).
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4.4 Molecular biology methods

4.4.1 Agarose gel electrophoresis

DNA was separated by agarose gel electrophoresis in 0.5% TBE according to standard

protocols (Sambrook et al., 2001). Agarose gels were supplemented with 0.25µg/ml ethid-

ium bromide for visualisation of DNA bands on a GEL Stick "Touch" imager (INTAS

Science Imaging Instruments, Göttingen, Germany).

4.4.2 Polymerase chain reaction (PCR)

Standard PCR was carried out with 1µl Taq DNA polymerase in a mixture of 1 � PCR

reaction bu�er, 0.5 µM forward and reverse primers and 125µM dNTPs in a 20 µl reaction.

In case of genomic DNA, 1-2µl were used as template. The standard PCR program

consisted of 3min initial denaturation at 95�C, 40 cycles of 30 s denaturation at 95�C,

30 s annealing at 54�C and 1min per kb elongation at 72�C and a �nal elongation step

of 10min at 72�C. In case of colony PCR, a small portion of a bacterial colony was used

as template and the initial denaturation step was extended to 5min. For cloning, PCR

was carried out in a 50µl reaction using Pfu DNA polymerase (Thermo Fisher Scienti�c,

Schwerte, Germany) according to the manufacturer's instructions.

4.4.3 DNA sequencing

Plasmids and PCR products were sequenced by GATC Biotech (Konstanz, Germany).

Sequences were analysed using Lasergene® SeqMan Pro� software (DNASTAR, Madison,

WI, USA).
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4.4.4 Cloning

Conventional cloning including restriction digestion, vector dephosphorylation and liga-

tion was carried out according to standard protocols (Sambrook et al., 2001). Gateway®

cloning was carried out according to the manufacturer's instructions with the following

modi�cations: BP and LR reactions were scaled down to 10 µl and only 0.5µl of the respec-

tive enzyme (BP or LR clonase) were used. PCR products and digested DNA fragments

used for cloning were puri�ed from agarose gels or directly from the PCR mixtures using

the Nucleospin® Plasmid Puri�cation Kit (Macherey Nagel, Düren, Germany). Plasmids

were isolated from E. coli cells using the High Pure PCR Product Puri�cation Kit (Roche

Diagnostics, Mannheim, Germany). Positive clones were selected by colony PCR, DNA

sequences were veri�ed by appropriate restriction digests and sequencing.

4.4.5 Cloning strategy for generation of promoter::axr3-1-YFP

constructs

Promoter::axr3-1-YFP constructs were generated from the pJIC30 vector (Corbesier

et al., 2007; Figure 4.1 A). To this end, the Venus-YFP sequence was PCR-ampli�ed

from the pDEST-Venus-GW-Ter vector (R. Hänsch, unpublished) with primers introduc-

ing XhoI and SpeI restriction sites (XhoI-YFP-F and YFP-SpeI-R). The puri�ed Venus-

YFP PCR product was digested with XhoI and SpeI and ligated into pJIC30, thereby

generating pJIC30-YFP. The axr3-1 ORF was PCR-ampli�ed from the pBS-axr3-1 vec-

tor (Ouellet et al., 2001) with primers introducing HindIII and XhoI restriction sites

(HindIII-AXR3-F and AXR3-XhoI-R). The puri�ed axr3-1 PCR product was digested

with HindIII and XhoI and ligated into pJIC30-YFP, thereby generating pJIC30-axr3-1-

YFP (Figure 4.1 B).

Promoter fragments 2421 bp upstream of the AXR3 ORF, 2581 bp upstream of the

ICE1 ORF and 2574 bp upstream of the SPCH ORF were ampli�ed from Col-0 ge-

nomic DNA using the primers AXR3pro-attB-F and AXR3pro-attB-R, ICE1pro-attB-

F and ICE1pro-attB-R and SPCHpro-attB-F and SPCHpro-attB-R, respectively. The

puri�ed PCR products were cloned into pDONR�207 using GATEWAY® BP technol-

ogy, thereby generating the promoter entry clones pDONR�207-AXR3pro, pDONR�207-
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BA

DC

Figure 4.1: Plasmid vectors used in this study.
A: pJIC30 destination vector. B: pJIC30-axr3-1-YFP destination vector. C: Representative promoter
entry clone containing the AXR3 promoter. D: Representative promoter::axr3-1-YFP expression clone
for expression of an axr3-1-YFP fusion protein from the AXR3 promoter.

ICE1pro and pDONR�207-SPCHpro (Figure 4.1 C). The entry clones pDONR�207-

35Spro, pDONR�207-ML1 and pDONR�221-CAB3 have been described previously (An

et al., 2004; Ranjan et al., 2011). Promoter::axr3-1-YFP constructs (Figure 4.1 D) were

generated by GATEWAY® LR reactions between these promoter entry clones and the

pJIC30-axr3-1-YFP destination vector.
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Cloning strategies and constructs were designed using Lasergene® SeqBuilder� software

(DNASTAR, Madison, WI, USA).

4.4.6 Preparation and transformation of chemically competent

E. coli

For preparation of chemically competent E. coli, a single colony was used for inoculation

of a 250ml culture. The culture was grown at 18�C until an OD600 of 0.6 was reached and

then centrifuged for 10min at 2500 g and 4�C. After removal of the supernatant, the pellet

was resuspended in 80ml ice-cold TB bu�er and incubated on ice for 10min. The suspen-

sion was centrifuged again for 10min at 2500 g and 4�C and the pellet was subsequently

resuspended in 20ml ice-cold TB bu�er. DMSO was added to a �nal concentration of

7% (v/v) and the mixture was incubated on ice for 10min. The cell suspension was then

split into 50 µl aliquots that were snap-frozen in liquid nitrogen and stored at �80�C.

For transformation, a 50µl aliquot of chemically competent E. coli cells was thawed on

ice, mixed with 50-100 ng plasmid DNA and heat-shocked for 90 s at 42�C. Subsequently,

500 µl LB medium were added, the mixture was cooled brie�y on ice and then incubated

at 37�C for 45-60min before being plated on solid LB medium containing the appropriate

antibiotics for selection of transformed cells.

4.4.7 Preparation and transformation of electro-competent

Agrobacterium tumefaciens

For preparation of electro-competent Agrobacteria, three to four single colonies were used

to inoculate a 250ml culture. The culture was grown at 28�C until an OD600 of 0.5

was reached and then centrifuged for 10min at 4000 g and 4�C. After removal of the

supernatant, the pellet was resuspended in 300ml ice-cold water and centrifuged again

for 10min at 4000 g and 4�C. The supernatant was removed and the pellet was rinsed

with 300ml ice-cold 10% (v/v) glycerol and centrifuged again for 10min at 4000 g and

4�C. This wash step was repeated twice before the pellet was resuspended in 1-2ml 10%

(v/v) glycerol. The cell suspension was split into 40µl aliquots that were snap-frozen in

liquid nitrogen and stored at �80�C.
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For transformation, a 40 µl aliquot of electro-competent Agrobacteria was mixed with

100-250 ng plasmid, incubated for 30min on ice and then electroporated using the Micro-

Pulser� electroporator (Bio-Rad Laboratories, Munich, Germany) according to the man-

ufacturer's instructions. Transformed cells were immediately mixed with 500µl YEB

medium and incubated at 28�C for 3-4 h before being plated on solid LB medium con-

taining appropriate antibiotics.

4.4.8 Stable transformation of Arabidopsis by �oral dipping

Arabidopsis plants were stably transformed using the �oral dip method (Clough and Bent,

1998). Brie�y, a 5ml LB pre-culture of agrobacteria containing the plasmid with the T-

DNA to be transformed was used to inoculate a 250ml LB culture that was grown at 28�C

for 8-10 h. The culture was then centrifuged for 20min at 4000 g and 4�C, the supernatant

was removed and the pellet was resuspended in ice-cold 5% (w/v) sucrose to an OD600

of 0.8. Silwet L-77 was added to a �nal concentration of 0.05% (v/v). In�orescences of

the plants to be transformed were submerged into the solution and slowly agitated for 5 s

before they were removed from the suspension. The dipped plants were then kept under

low light and high humidity for 24 h.

4.4.9 Isolation of genomic DNA from Arabidopsis

Single leaves or �ve to ten seedlings were snap-frozen in liquid nitrogen, ground to a �ne

powder and mixed with 400µl Thompson DNA extraction bu�er by vortexing. Samples

were centrifuged at 20 000 g for 3min, 200 µl of the supernatant were transferred to a

new tube, mixed with 200 µl isopropanol and incubated at RT for 2min. Samples were

then centrifuged at 20 000 g for 10min, the supernatant was removed and the pellets were

air-dried for 15min before being resuspended in 30-50 µl TE bu�er or ddH2O.

For high-throughput genotyping, single leaves were transferred to racked collection micro-

tubes (Qiagen, Hilden, Germany) containing stainless steel beads (5mm diameter). After

addition of 300µl DNA extraction bu�er, the tissue was disrupted in a MM301 tissue

lyser (Retsch, Haan, Germany) by shaking at 30Hz for 3min.

DNA was kept at 4�C or �20�C for long-term storage.
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4.4.10 Genotyping of Arabidopsis mutants

Genomic DNA prepared from leaves was used to genotype Arabidopsis plants. To geno-

type T-DNA insertion mutants, presence of the wild-type and the mutant allele was tested

by two PCR reactions containing combinations of two wild-type-speci�c or a wild-type-

speci�c and a T-DNA-speci�c primer. Primer combinations used for genotyping T-DNA

insertion mutants are given in Table 4.13. To genotype EMS mutants, CAPS or dCAPS

primers were used for ampli�cation of the locus of interest; wild-type and mutant lo-

cus were subsequently distinguished by di�erent restriction patterns. In some cases, the

respective allele was also veri�ed by sequencing of the puri�ed PCR product. Primer com-

binations as well as restriction enzymes used for genotyping of EMS mutants are given in

Table 4.14.

Table 4.13: Primer combinations used for genotyping of T-DNA insertion mutants

Mutant Primer combination Product size

er-105 a wt: ERg2248 + ERg3016rc 770 bp

er-105 : ERg2248 + er-105 ca. 750 bp

erl1-2 wt: ERL1-geno_F2 + ERL1-geno_R2 ca. 750 bp

erl1-2 : ERL1-geno_F2 + JL-202 ca. 350 bp

erl2-1 wt: ERL2-geno_F3 + ERL2-geno_R3 ca. 800 bp

erl2-1 : ERL2-geno_R3 + JL-202 ca. 350 bp

fama-1 wt: FAMA-geno_F1 + FAMA-geno_R1 965 bp

fama-1 : FAMA-geno_R1 + SALK-LBb1.3 ca. 600 bp

spa1-100 wt: spa1-100-WT_F1 + spa1-100-WT_R1 700 bp

spa1-100 : spa1-100 WT_R1 + LB-SAIL ca. 550 bp

spa2-2 SPA2-geno_F2 + SPA2-geno_R2 360 bp

spa2-2 : SPA2-geno_F2 + FISH-geno1 ca. 600 bp

spa3-1 SPA3-F2 + SPA3-R4 600 bp

spa3-1 : SPA3-F2 + LB-SAIL ca. 400 bp

spa4-3 SPA4-geno_F1 + SPA4-geno_R1 380 bp

spa4-3 : SPA4-geno_F1 + FISH-geno1 ca. 380 bp

spch-3 wt: SPCH-geno_F1 + SPCH-geno_R3 1600 bp

spch-3 : SPCH-geno_R3 + SAIL-LB1 ca. 1200 bp

a er-105 is not a T-DNA insertion mutant, but contains a genomic rearrangement induced by fast neutron
bombardment that allowed for identi�cation of the mutant allele by PCR.
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Table 4.14: Primer combinations used for genotyping of EMS mutants

Mutant Primer combination Restriction

enzyme

Restriction fragments

axr2-1 AXR2-geno_F2 + AXR2-geno_R2 MslI wt: 205 bp, 155 bp, 145 bp

axr2-1 : 360 bp, 145 bp

axr3-1 AXR3-geno_F1 + AXR3-geno_R1 BshTI wt: 300 bp, 100 bp

axr3-1 : 400 bp

cop1-4 COP1-geno_F1 + COP1-geno_R1 HpyF10VI wt: 125 bp, 15 bp

cop1-4 : 140 bp

mute-1 mute-dCAPS_F1 + mute-dCAPS_R1 BslI wt: 110 bp, 30 bp

mute-1 : 140 bp

tmm-1 tmm-1-dCAPS_F1 + tmm-1-dCAPS_R2 AclI wt: 200 bp

tmm-1 : 175 bp, 25 bp

wt wild-type allele

4.4.11 Isolation of total RNA from Arabidopsis

Total RNA was isolated from 50-100 ng of snap-frozen seedlings using the RNeasy® Plant

Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. RNA

concentrations were measured using a Nanodrop® ND-1000 spectrophotometer (Thermo

Fisher Scienti�c, Schwerte, Germany). Integrity of RNA was analysed on a 1% agarose

gel by checking the presence of clear 28S and 18S rRNA bands. RNA samples were stored

at �80�C.

4.4.12 DNase treatment of RNA

To remove copuri�ed DNA, 1µg of total RNA was treated with 0.5µl TURBO� DNase

(Life Technologies, Karlsruhe, Germany) in a 20 µl reaction containing 1 � TURBO�

DNase bu�er and incubated at 37�C for 30min. Afterwards, 2 µl 50mM EDTA were

added and the samples were incubated at 75�C for 10min to inactivate the DNase. If not

used immediately, DNase-treated RNA samples were stored at �80�C.
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4.4.13 Reverse transcription of Arabidopsis mRNA

Reverse transcription of mRNA into cDNA was carried out in a reaction mix containing

1 µg DNase-treated RNA, 0.5 µM oligo(dT)18 primers (Thermo Fisher Scienti�c, Schw-

erte, Germany), 1mM dNTPs, 1 � RevertAid� H Minus reaction bu�er and RevertAid�

H Minus Reverse Transcriptase (Thermo Fisher Scienti�c, Schwerte, Germany). First,

DNase-treated RNA was supplemented with oligo-(dT)18 primers and denatured at 65�C

for 5min. After a short incubation on ice, dNTPs, reaction bu�er and 1 µl reverse tran-

scriptase were added and the volume was �lled up to 40 µl with RNase-free water. The

mixture was incubated at 42�C for 1 h to allow �rst strand cDNA synthesis and the re-

verse transcriptase was subsequently inactivated at 70�C for 10min. The obtained cDNA

samples were stored at �20�C.

4.4.14 Real-time PCR

Real-time PCR was used to determine transcript levels. To this end, 1 µl cDNA was used

as template in a 20µl reaction mix containing 1 � KAPA� SYBR® FAST qPCR Mas-

termix (PEQLAB Biotechnologie, Erlangen, Germany) and 125 nM forward and reverse

primers. Real-time PCR was performed on an Applied Biosystems® 7300 Real-time PCR

system (Life Technologies, Karlsruhe, Germany). The PCR program consisted of an ini-

tial denaturation step at 95�C for 2min, followed by 40 cycles of a denaturation step at

95�C for 2 s and a combined annealing and elongation step at 60�C for 30 s. For melting

curve analysis, a dissociation stage consisting of two cycles of 60�C for 15 s and 95�C for

15 s was performed at the end of each run. Relative transcript levels were calculated using

the 2∆∆CT method (Livak and Schmittgen, 2001) with minor modi�cations according to

Bookout and Mangelsdorf (2003). Two to three biological replicates were analysed, and

each of them was analysed in technical duplicates.
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4.5 Biochemical methods

4.5.1 Isolation of total protein from Arabidopsis

For preparation of total protein extracts from seedlings or leaves, 200mg tissue were snap-

frozen in liquid nitrogen, ground to a �ne powder and mixed with 300µl protein extraction

bu�er until completely thawed. Extracts were then centrifuged at 20 000 g and 4�C for

12min and the supernatant was transferred to a new tube. Part of the supernatant was

used for measurement of protein concentration by the Bradford assay, while the remainder

was supplemented with Laemmli bu�er and boiled for 5min at 92�C. Samples were stored

at �20�C.

4.5.2 Nuclear fractionation

Nuclear fractionation was performed according to Xia et al. (1997) with minor modi�ca-

tions. Brie�y, 1.5 g tissue were snap-frozen in liquid nitrogen, ground to a �ne powder

and mixed with 3ml HONDA bu�er. All subsequent steps were carried out at 44�C or

on ice. Extracts were �ltered through a 62 µm (pore size) nylon mesh by centrifugation

at 400 g for 5min, supplemented with Triton X-100 to a �nal concentration of 0.5% (v/v)

and incubated on ice for 15min. Extracts were then centrifuged at 1500 g for 5min,

the supernatant was removed and the pellet was washed with 2.5ml pre-cooled HONDA

bu�er containing 0.1% (v/v) Triton X-100 before being centrifuged again at 1500 g for

5min. After removal of the supernatant, the pellet was resuspended in 2.5ml pre-cooled

HONDA bu�er, the suspension was split into four aliquots and centrifuged at 100 g for

5min to pellet starch and cell debris. The supernatant was transferred to a new tube and

centrifuged at 2000 g for 5min to pellet the nuclei. After removal of the supernatant, the

pellets were resuspended in 200 µl 2 x Laemmli bu�er. Samples of total protein extracts

were taken after addition of Triton X-100, samples of nuclei-depleted fractions were taken

from the supernatant after the �rst centrifugation step at 1500 g and both were supple-

mented with Laemmli bu�er. All samples were boiled at 92�C for 5min and stored at

�20�C. Protein concentration was determined by the amido black assay.
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4.5.3 Bradford assay

Protein concentration in total protein extracts was determined by the Bradford Assay

(Bio-Rad Laboratories, Munich, Germany) prior to addition of Laemmli bu�er. Extracts

were diluted 1:5 or 1:10 and 10 µl of the diluted extracts were mixed with 190 µl 1:5 diluted

Bradford reagent (Bio-Rad Laboratories, Munich, Germany). Samples were incubated for

at least 5min at RT and then the OD595 was measured in an In�nite® M200 plate reader

(Tecan, Männedorf, Switzerland). Protein concentration was calculated from the OD595

using a bovine serum albumin (BSA) calibration curve.

4.5.4 Amido Black assay

Protein concentration of samples obtained by nuclear fractionation was determined by

the amido black assay. Of these samples, 10 µl were mixed with 500µl Amido Black

staining solution by vortexing and the mixture was centrifuged at 20 000 g for 10min.

After removal of the supernatant, the pellet was washed with 1 ml Amido Black wash

solution and centrifuged again at 20 000 g for 10min. The washing step was repeated

once more and the pellet was then air-dried for 10min. The dried pellet was resuspended

in 250µl 0.2M NaOH and centrifuged at 20 000 g for 1min. The OD595 was measured

in 100µl of the suspension using an In�nite® M200 plate reader (Tecan, Männedorf,

Switzerland). Protein concentration was calculated from OD595 using a BSA calibration

curve.

4.5.5 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed using the Mini PROTEAN® Tetra cell electrophoresis system

(Bio-Rad Laboratories, Munich, Germany). Protein samples were separated in a discon-

tinuous gel system according to Laemmli (1970). Stacking gels containing 5% acrylamide

and resolving gels containing acrylamide concentrations of 7.5%, 10%, 12.5% or 15% were

used.
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4.5.6 Western blotting

Proteins separated by SDS-PAGE were blotted on a polyvinyledene di�uoride (PVDF)

membrane that had been activated in MeOH prior to transfer. Blotting was carried out

in carbonate blotting bu�er at a current of 0.35mAcm�2 membrane for 70min using the

Mini PROTEAN® Tetra cell wet blot system (Bio-Rad Laboratories, Munich, Germany).

After transfer, the membrane was blocked by incubation in Roti®-Block (Roth, Karlsruhe,

Germany) for 1 h at RT or for at least 12 h at 4�C.

4.5.7 Immunodetection of blotted proteins

Membranes were incubated with the primary antibody for at least 12 h 4�C or for 1 h at

RT, washed three times with TBS-T for 5min and then incubated with the HRP-coupled

secondary antibody for 1 h at RT. After three additional washing steps with TBS-T for

5min each, HRP activity was detected with the ECL Plus� Western Blotting kit (GE

Healthcare, Piscataway, USA) or the SuperSignal® West Femto Maximum Sensitivity kit

(Thermo Fisher Scienti�c, Schwerte, Germany) according to the manufacturer's instruc-

tions and visualised in an ImageQuant� LAS 4000 mini imaging system (GE Healthcare,

Piscataway, USA). Protein bands were quanti�ed using MultiGauge Software (Fuji�lm,

Tokyo, Japan).

4.5.8 Coomassie staining of PVDF membranes

PVDF membranes were stained for 2-3min with Coomassie staining solution followed by

15-20min washing in Coomassie destaining solution.
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Supplemental Figure S1: YFP-COP1 is present both in the cytosol and in the nucleus.
Immunodetection of YFP-COP1 and native COP1 protein in nuclei-depleted (nuc�) and nuclei-enriched
(nuc�) protein fractions of 4-d-old dark-grown Col-0 and 35S::YFP-COP1 seedlings. Both proteins were
detected using an anti-COP1 antibody. PEPC was used as a cytosolic marker, Histone H3 was used as
a nuclear marker. The nuclei-enriched fractions were 15 � concentrated compared to the nuclei-depleted
fractions.
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Supplemental Figure S2: The SPA1 and SPA2 ORFs confer di�erent repressor functions in
light-grown seedlings.
A: Visual phenotype of 4-d-old transgenic spa1 spa2 spa3 seedlings expressing the chimeric SPA1/SPA2
constructs shown in Figure 1.4 A. Seedlings were grown in darkness or FRc (0.35µmolm�2 s�1). Col-0
and spa triple mutant seedlings are shown as controls. B: Visual phenotype of 4-d-old transgenic spa-Q
seedlings expressing the chimeric SPA1/SPA2 constructs shown in Figure 1.4 A. Seedlings were grown in
darkness or FRc (0.35µmolm�2 s�1). Col-0, spa-Q and spa triple mutant seedlings are shown as controls.
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Supplemental Figure S3: SPA2-HA protein accumulates to lower levels than SPA1-HA
protein in the spa-Q mutant background.
A, B: Immunodetection (A) and quanti�cation (B) of SPA1-HA and SPA2-HA protein levels in 4-d-old
transgenic spa-Q mutant seedlings grown in darkness or FRc (0.35µmolm�2 s�1). SPA1-HA and SPA2-
HA were expressed from the SPA1 promoter (left) and SPA2 promoter (right), respectively, and detected
using an anti-HA antibody. Numbers indicate independent transgenic lines. Tubulin levels are shown as
loading control. Protein levels were normalised to tubulin levels and expressed relative to the respective
highest-accumulating line. C: Transcript levels of SPA1-HA and SPA2-HA in darkness or FRc in the
lines shown in A. Transcript levels were normalised to UBQ10 and calibrated to the highest-expressing
line.
Error bars represent the SEM.
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Supplemental Figure S4: SPA2-HA protein accumulates to lower levels than SPA1-HA
protein in adult transgenic spa-Q plants. A: Immunodetection of SPA1-HA and SPA2-HA proteins
in 33-d-old transgenic spa-Q plants grown in short day. SPA1-HA and SPA2-HA were detected using an
anti-HA antibody. Numbers indicate independent transgenic lines. HSC70 levels are shown as loading
control. B: Transcript levels of SPA1-HA and SPA2-HA in the lines shown in A. Transcript levels were
normalised to UBQ10 and calibrated to the highest-expressing line.
Error bars represent the SEM.
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Supplemental Figure S5: SPA1-HA and SPA2-HA protein levels in dark- and FRc-grown
seedlings of additional transgenic lines expressing the chimeric SPA1/SPA2 constructs.
Imunodetection of SPA1-HA and SPA2-HA protein levels in 4-d-old transgenic spa1 spa2 spa3 seedlings
grown in darkness or FRc (0.35 µmolm�2 s�1). Independent transgenic lines expressing SPA1-HA or
SPA2-HA from the SPA1 promoter (left) and SPA2 promoter (right), respectively, were analysed. SPA-
HA proteins were detected using an anti-HA antibody. Numbers indicate independent transgenic lines.
Tubulin levels are shown as loading control.
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Supplemental Figure S6: The shy2-2 mutant shows increased stomata formation in darkness.
A: Bright�eld images of the abaxial cotyledon epidermis of 10-d-old seedlings of the indicated genotypes
grown in darkness or Wc (25µmolm�2 s�1). Cell outlines were traced in dark grey. B: Quanti�cation of
stomata and stomatal precursors of the genotypes shown in A. Error bars represent the SEM (n = 10).
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Supplemental Figure S7: axr2-1, but not axr3-1, shows an increased SI in the adaxial
epidermis.
A: Bright�eld images of the adaxial epidermis of 10-d-old seedlings of the indicated genotypes grown in
darkness or Wc (25µmolm�2 s�1). Cell outlines were traced in dark grey. B: Quanti�cation of stomata
and stomatal precursors of the genotypes shown in A. Error bars represent the SEM (n = 10).
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Supplemental Figure S8: Expression of SPCH, MUTE and FAMA is not strongly altered
in dark-grown axr2-1 and axr3-1 seedlings.
Transcript levels of SPCH (A), MUTE (B) and FAMA (C) in 5-d-old dark- and Wc-grown seedlings of
the indicated genotypes. Transcript levels were normalised to UBQ10 and calibrated to the levels of
Wc-grown Col-0 seedlings. Error bars represent the SEM of three biological replicates.
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Supplemental Figure S9: Expression and localisation of transcriptional and translational
reporters of SPCH, MUTE and FAMA are not altered in axr3-1.
A: Confocal images of the abaxial cotyledon epidermis of 3-d-old dark-grown Col-0 and axr3-1 seedlings
expressing a SPCH::nucGFP construct. B: Confocal images of the abaxial cotyledon epidermis of 5-
d-old dark-grown Col-0 and axr3-1 seedlings expressing a MUTE::GFP construct. C, D: Confocal
images of the abaxial cotyledon epidermis of 5-d-old dark-grown Col-0 and axr3-1 seedlings expressing a
MUTE::MUTE-GFP (C) or a FAMA::FAMA-GFP (D) construct.
Cell outlines were visualised by PI staining.
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Supplemental Figure S10: The axr3-1 mutation has no e�ect on the phenotype of Wc-grown
tmm-1 mutant seedlings, nor on the expression and localisation of TMM-GFP.
A: Bright�eld images of the abaxial cotyledon epidermis of 10-d-old seedlings of the indicated genotypes
grown in Wc (25µmolm�2 s�1). Cell outlines were traced in dark grey. B: Quanti�cation of stomata and
stomatal precursors of the genotypes shown in A. Error bars represent the SEM (n = 10). C: Confocal
images of the abaxial cotyledon epidermis of 5-d-old dark-grown Col-0 and axr3-1 seedlings expressing a
TMM::TMM-GFP construct. Cell outlines were visualised by PI staining.
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Supplemental Figure S11: NAA treatment a�ects stomatal development in dark- and light-
grown seedlings.
SI of the abaxial cotyledon epidermis of 10-d-old Col-0, axr2-1 and axr3-1 seedlings grown in Wc
(25 µmolm�2 s�1) (A) or darkness (B) when treated with di�erent concentrations of NAA. Error bars
represent the SEM (n = 10).
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Supplemental Figure S12: Auxin mutants show altered stomatal phenotypes.
Bright�eld images of the abaxial cotyledon epidermis of 10-d-old seedlings of auxin biosynthesis (A) and
auxin receptor mutants (B) grown in darkness or Wc (25µmolm�2 s�1). Cell outlines were traced in dark
grey.
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Supplemental Figure S13: Accumulation of axr3-1-YFP protein in dark-grown seedlings of
additional promoter::axr3-1-YFP lines.
Confocal images of the hypocotyl of Col-0 seedlings expressing axr3-1-YFP from the AXR3 promoter
(5 dpg, upper panel) and of the abaxial cotyledon epidermis of Col-0 seedlings expressing axr3-1-YFP from
the ML1 (5 dpg, middle panel), SPCH (3 dpg, lower panel) and ICE1 (5 dpg, lower panel) promoters.
Cell outlines were visualised by PI staining.
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