
Shade Avoidance:
How auxin controls photoreceptor-mediated shoot

elongation

Het ontwijken van schaduw:
Hoe auxine de fotoreceptor-gestuurde scheut strekking reguleert

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht
op gezag van de rector magnificus, prof.dr. G.J. van der Zwaan,

ingevolge het besluit van het college voor promoties in het openbaar
te verdedigen op maandag 20 juni 2011 des middags te 2.30 uur

door

Diederik Hendrik Keuskamp

geboren op 10 Juni 1981 te Amsterdam



Promotor:
Prof. Dr. L.A.C.J. Voesenek

Co-promotoren:
Dr. A.J.M. Peeters
Dr. R. Pierik



Contents

Contents i

Curriculum vitae iii

1 General Introduction:
Physiological regulation and functional significance of shade avoidance responses
to neighbours 1
1.1 Plants in their Environment . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 The shade avoidance syndrome . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Photoreceptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Hormonal regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Adaptive value of the SAS in an ecological context . . . . . . . . . . . . . 10
1.6 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Blue light-mediated shade avoidance requires combined auxin and brassinos-
teroid action 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 PIN-FORMED3 controls low Red:Far-red-induced shade avoidance in Ara-
bidopsis seedlings 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 Auxin controls the response of petioles to proximate neighbours and is of adap-
tive significance during competition 39
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47



ii Contents

5 Cortical microtubules control polar auxin transport and shade avoidance 51
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.4 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6 General Discussion 63
6.1 Photoreceptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.2 Hormonal regulation of shade avoidance . . . . . . . . . . . . . . . . . . . 65
6.3 Shade avoidance regulation downstream of auxin . . . . . . . . . . . . . . 66
6.4 Adaptive value of the SAS . . . . . . . . . . . . . . . . . . . . . . . . . . 67

7 Literature Cited 69

8 Appendix 79

9 Het ontwijken van schaduw: Hoe auxine fotoreceptor-gestuurde scheut strekking
reguleert 81

10 Dankwoord 85



Curriculum vitae
Diederik Hendrik Keuskamp was born on June 10 1981 in Amsterdam. He studied Biology
at the Utrecht University and obtained his Masters degree in Plant Biology in 2006. From
2006 till 2011 he did his Ph.D. at the Plant Ecophysiology group (Utrecht University), of
which this thesis is the result.





Chapter 1

General Introduction:
Physiological regulation and
functional significance of shade
avoidance responses to neighbours

Chapter is published in:
DH Keuskamp, R Sasidharan and R Pierik (2010) Physiological regulation and func-
tional significance of shade avoidance responses to neighbours. Plant Signal Behav 5: 655-
662

1.1 Plants in their Environment

Plants usually grow in dynamic environments with oftentimes severe competition over lim-
ited resources with surrounding neighbours. To deal with the limitations in resources such
as water, nutrients and light, plants display phenotypic responses to neighbouring plants in
order to maximize resource capture in dense stands. To do so plants need to sense the vicin-
ity of their neighbours. Perception of neighbours and/or the abiotic stresses such as altered
light levels that come with them, may lead to different types of behaviour: shade tolerance,
shade avoidance or confrontation (e.g. allelopathy in roots) (Novoplansky 2009). The abil-
ity of plants to develop different phenotypes in response to environmental cues of (future)
selective conditions is an important determinant of plant performance and ultimately plant
fitness. To respond appropriately to neighbours, plants need reliable external signals to de-
tect the presence of neighbours and internal receptor systems to perceive and process these
signals. Perception of such neighbour detection signals can induce rapid changes in gene
expression and physiological processes, which regulate the phenotypic plasticity required
to competitively acquire resources.

Phenotypic plasticity is thought to be an essential feature of plants in response to their
environment, which is usually dynamic for various aspects simultaneously. In summary,
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plants use a wide variety of external cues and internal perception mechanisms, which are
subsequently integrated through cross-talk at the signal transduction level, leading to an
integral phenotypic outcome. Examples of environmental signals that can be used as in-
put signals for the presence of neighbouring competitors are light quality (Franklin et al.
2008; Vandenbussche et al. 2009), plant produced volatile organic compounds (Pierik et al.
2004a; Kegge and Pierik 2010), nutrients (Schenk 2006; de Kroon 2007) and root exudates
(Bais et al. 2006). The mechanistic regulation and functional importance of plant neighbour
detection through light quality signals is probably the best studied example of plant pheno-
typic plasticity. Here we document the current knowledge on what is perhaps the most
important and wide-spread behaviour of plants under competition: the Shade Avoidance
Syndrome (SAS). We will review recent progress on molecular and physiological regula-
tion of the SAS, how cell wall modifying proteins play a role in the cell elongation that
underpins SAS and the current understanding of its adaptive significance for plant competi-
tion.

1.2 The shade avoidance syndrome
Light is the main source of energy for plants. When plants grow side by side, leaves will
eventually overlap and shade each other, leading to competition for light. This competi-
tion for light is for example an important factor determining biodiversity of dense plant
communities (Hautier et al. 2009).

Besides being a source of energy, light is also a source of information that plants can
respond to. Most plants are able to respond to the direction, intensity, composition and
duration of light. These light components regulate such features as seed germination, pho-
tomorphogenesis, flowering time and SAS (Borthwick et al. 1952; Terzaghi and Cashmore
1995; Guo et al. 1998). The SAS encompasses various phenotypic traits (Fig. 1.1), includ-
ing elongation of internodes, petioles and hypocotyls, apical dominance, early flowering
and upward leaf movement (hyponasty)(Franklin 2008). These growth and developmen-
tal responses help plants to outgrow shade imposed by neighbours, thus allowing them to
position the young (photosynthesizing) leaves in the upper, better irradiated parts of the veg-
etation. Phenotypic traits that are also observed in shaded plants, but that are not part of the
SAS, include an increase of Specific Leaf Area (SLA) and a decrease of the chlorophyll a/b
ratio (Evans et al. 2001). The latter two responses are thought to maximize light harvesting
under shaded conditions and constitute shade tolerance, rather than shade avoidance.

Plants display SAS upon detection of certain cues that indicate crowding or the initiation
of crowding. In a canopy there is not only a reduction in the light availability, but also a
dramatic change in light composition. Plants typically do not absorb far-red (FR) light (λ =
700-800 nm) whilst strongly absorbing red (R: λ = 600-700 nm) and blue light (λ = 400-500
nm) for photosynthesis (Franklin 2008). The photon fluence rate of blue light is a reliable
indicator of light intensity, whereas the red to far-red ratio (R:FR) declines as more R light
is absorbed by leaves. Plants have the capacity to respond to both these light signals. A
long-standing paradigm in plant biology predicts that the SAS is induced by detection of a
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reduced R:FR, indicative of proximate vegetation (Franklin 2008). However, studies on a
variety of species have shown that also reduction of blue light photon fluence rates in the
incident light can induce pronounced shade avoidance responses (Ballaré et al. 1991; Casal
et al. 1994; Pierik et al. 2004a; Djakovic-Petrovic et al. 2007; Sasidharan et al. 2008).

Leaves even reflect FR light, and the subsequent lowering of the R:FR is therefore an ac-
curate and early indicator of neighbour proximity even in stages of vegetation development
where leaf overlap and shading are not yet occurring (Ballaré et al. 1990). A low R:FR is,
therefore, considered an early warning signal for upcoming competition for light. It is likely
that a simultaneous occurrence of low R:FR and low blue is used to evaluate actual shade,
and thus competition, by neighbours (Sasidharan et al. 2008).

Figure 1.1: Shade avoidance responses in Petunia X hybrida, Nicotiana tabacum CV Samsun NN,
Rumex palustris and Arabidopsis thaliana accession Col-0. For each species, the plant on the left
represents a control plant and the plant on the right represents a plant under low R:FR conditions.
Note that low R:FR-exposed plants display more vertical leaf angles, elongated stems and/or petioles
and early flowering
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1.3 Photoreceptors
All higher plant species studied so far have photoreceptors tailored to detecting Blue, R
and FR light cues. The model plant Arabidopsis thaliana for example has three families of
photoreceptors. The cryptochrome and phototropin families of photoreceptors are sensitive
to blue light fluence rates, whereas phytochromes are mostly sensitive to R and FR light
(Ahmad et al. 1993; Quail et al. 1995; Briggs et al. 2001).

Cryptochromes
Cryptochromes are the major blue light receptors involved in blue light de-etiolation of
seedlings and entrainment of the circadian clock (Somers et al. 1998; Lin and Shalitin
2003). In addition to blue light, cryptochromes can also perceive ultraviolet-A light (320-
390nm)(Lin and Shalitin 2003). It has been shown that Arabidopsis cryptochromes 1
(CRY1) and 2 (CRY2), are phosphorylated upon blue light exposure and this autophospory-
lation affects both their activity and stability (Lin and Shalitin 2003). CRY2 is localized to
the nucleus, but the exposure of Arabidopsis seedlings to blue light leads to rapid degrada-
tion of CRY2, whereas CRY1 is much more light-stable and acts at higher fluence rates (Lin
and Shalitin 2003). In a micro-array study on de-etiolation in Arabidopsis (Ma et al. 2001),
it was observed that most of the genes that were regulated in wild-type plants upon blue light
exposure were not differentially regulated anymore in the cry1cry2 double mutant under the
same light conditions. In both single mutants there were still pronounced blue light-induced
changes in gene expression, indicating that the two cryptochromes are partially redundant
and both responsible for blue light-mediated de-etiolation. Upon activation by blue light
CRYs have been shown to be able to bind to the downstream factor, CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) (Wang et al. 2001). COP1 acts as an E3 Ubiquitin
ligase and is a key repressor of photomorphogenesis. COP1 is located in the nucleus where
it can interact with the transcription factor LONG HYPOCOTYL 5 (HY5), and this inter-
action will lead to the ubiquitination and subsequent degradation of HY5 (Osterlund et al.
2000). In this way CRY can regulate light responses through HY5 abundance. In addition,
cryptochromes can also directly interact with phytochromes (Mas et al. 2000).

Phototropins
Phototropins are photoreceptors that are sensitive to blue and ultraviolet-A light, similar
to CRY. Yet, they are involved in a different set of responses to optimize light harvesting
and growth promotion. These include among others, phototropism, chloroplast movements,
blue light-induced inhibition of hypocotyl elongation, cotyledon expansion and leaf expan-
sion movement (Christie 2007). Of these responses, phototropism is a particularly important
phenomenon for optimization of light capture in dense stands, as it will guide plant organs
to grow differentially towards better lit conditions, for example at the border of a dense
field. Little is known about the targets of phototropin, but upon blue light radiation PHO-
TOTROPIN1 (PHOT1) and PHOT2 are rapidly internalized into the nucleus or transported
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to the golgi apparatus respectively. An example of a known phototropin-interacting protein
is NONPHOTOTROPIC HYPOCOTYLS 3 (NPH3), which is involved in auxin distribution
during phototropism and NPH3 function depends on blue light induced phosphorylation of
phototropin (Pedmale and Liscum 2007). More recently, studies demonstrated that the phy-
tochrome signaling component PHYTOCHROME KINASE SUBSTRATE 1 (PKS1) pro-
tein is required for hypocotyl phototropism in Arabidopsis and PKS1 can form a complex
with PHOT1 and NPH3 (Lariguet et al. 2007). Since phytochromes (and cryptochromes)
influence phototropic curvature in Arabidopsis as well (Janoudi et al. 1997), PKS proteins
may constitute a link between the photoreceptor families.

Phytochromes

As mentioned above, phytochromes are sensitive to R and FR light. Phytochromes exist in
two different conformation states, the inactive Pr form and the active Pfr form, with some-
what different light absorption characteristics (Quail et al. 1995). The biologically inactive
form of phytochrome (Pr) exhibits an absorption peak at 666 nm and is therefore sensitive
for R light. When R light is absorbed this will lead to a photoconversion of Pr into Pfr,
which is the active form of phytochrome. The Pfr has an absorption peak at 730 nm (FR
light) and upon absorbing FR light it will photo-convert back into the inactive Pr form. In
this way the R:FR ratio of light reaching the plant will determine the equilibrium between
Pr and Pfr forms of phytochrome in plants. Relative phytochrome activity (Pfr:Pr) is thus
a direct function of the R:FR. Upon activation, Pfr translocates to the nucleus where it can
interact with its molecular regulatory partners. In Arabidopsis five different phytochromes
have been characterized, which are named PHYA-E. Of these, PHYB is the main regula-
tor for low R:FR-mediated shade avoidance, although PHYD and PHYE are also involved
(Franklin 2008; Robson et al. 1993). In various species, such as Arabidopsis, Brassica
rapa (turnip mustard) and Lycopersicon esculentum (tomato), mutants which are deficient
in PHYB display a constitutive shade avoidance phenotype (Somers et al. 1991; Devlin
et al. 1992; Reed et al. 1993; Robson et al. 2003). An important PHYB-mediated regu-
latory pathway is through interaction with PHYTOCHROME INTERACTING FACTORS
(PIF) proteins (Martinez-Garcia et al. 2000; Huq and Quail 2002; Leivar et al. 2008). PIF
and PIF-LIKE (PIL) proteins are a subfamily of the BASIC HELIX-LOOP-HELIX (bHLH)
family of transcription factors that bind to DNA to regulate gene transcription as part of the
phytochrome signal transduction (Duek and Fankhauser 2005). For some of these PIFs and
PILs, an important role in shade avoidance has been shown (Salter et al. 2003; Lorrain et
al. 2008; Hornitschek et al. 2009). In addition to the interaction with PIFs, PHYB can also
bind directly to CRY2 (Mas et al. 2000), possibly mediating cross-talk with the blue light
signaling pathway.
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1.4 Hormonal regulation
PIFs seem to be important players in plant responses to the environment and the hormonal
regulation of these responses. They play a key role in modulating developmental responses
to both light and temperature (Lorrain et al. 2008; Koini et al. 2009). As indicated ear-
lier, phytochromes migrate to the nucleus when activated by R light, where PHYB can
interact with PIFs (Martinez-Garcia et al. 2000). PIF4 for example controls genes me-
diating cell elongation and is targeted for ubiquitination and subsequent degradation by
binding of PHYB (Quail 2002). It has recently been shown that PIFs can also interact
with DELLA proteins (Feng et al. 2008; de Lucas et al. 2008). The DELLA proteins are
growth-repressing proteins and a subfamily of the GRAS domain family of transcriptional
regulators (Alvey and Harberd 2005). The regulation of these DELLA proteins appears to
be key to photomorphogenic responses, including shade avoidance responses (Achard et al.
2007; Djakovic-Petrovic et al. 2007). DELLA abundance is down regulated during shade
avoidance in low R:FR and in dense stands, which is essential to prevent DELLAs from
inhibiting the SAS (Djakovic-Petrovic et al. 2007). Interestingly, DELLA stability is pri-
marily controlled by the plant hormone gibberellin (gibberellic acid: GA), thus connecting
phytochrome signaling to hormone action. However, DELLA stability is also affected by
other hormones, such as auxin and ethylene (Achard et al. 2003; Fu and Harberd 2003;
Pierik et al. 2009) and these hormones are all regulators of the SAS as well (Morelli and
Ruberti 2000; Pierik et al. 2004a; Pierik et al. 2009). This suggests that DELLA proteins
not only play a key role in integrating the regulatory effect of PIFs and GA, but are also an
integrator of several hormonal signal transduction pathways. Figure 1.2 shows a schematic
overview of the involvement of different hormones in SAS, which we discuss further in this
Chapter.

Gibberellin
GA is a key regulator of cell elongation, and for that alone it would be a good candidate for
regulation of the SAS. Transgenic tomato plants expressing high levels of oat phytochrome
A, which results in an inhibition of the SAS phenotype (Boylan and Quail 1989), are re-
markably similar in phenotype to tomato mutants defective in GA biosynthesis (Koornneef
et al. 1990). Both plant lines display a shortened stature, curled leaves, and increased leaf
and fruit pigmentation. A study with tobacco also over expressing oat PHYA, confirmed
the strong inhibition of the SAS (Robson et al. 1996), including inhibition of internode and
petiole elongation, but also showed that the SAS could be restored by external GA applica-
tion (Jordan et al. 1995). In Arabidopsis, low R:FR promotes the expression of GA-related
genes (Devlin et al. 2003) and the constitutively elongated phenotype of phyB mutants is
suppressed by GA deficiency and GA insensitivity (Peng et al. 1997). A direct link between
GA and the SAS has been shown for Arabidopsis, since low R:FR treatment appears to en-
hance both GA biosynthesis (Hisamatsu et al. 2005) and responsiveness (Reed et al. 1996).
In addition, GA-related mutants are less responsive to low blue and low R:FR treatment to
induce the SAS (Djakovic-Petrovic et al. 2007).



Shade avoidance: How auxin controls photoreceptor-mediated shoot elongation 7

When GA is present, it binds to its receptor GID1 and will facilitate direct interaction
with DELLA proteins, which are subsequently ubiquitinated and targeted for proteasome-
mediated degradation (Ueguchi-Tanaka et al. 2005). As mentioned above, DELLA protein
abundance is reduced in plants grown in dense stands (Djakovic-Petrovic et al. 2007),
confirming earlier data on R:FR controlled GA-levels and DELLA stability. In the absence
of GA, DELLA proteins will accumulate to higher levels, interact with PIF3 and PIF4 and
prevent these PIFs from regulating gene expression associated with cell elongation (Feng et
al. 2008; de Lucas et al. 2008).

Auxin
As mentioned above, not only GA-related genes are under the control of R:FR and blue
light, but auxin-related genes are as well (e.g. Devlin et al. 2003; Folta et al. 2003). Auxin
is associated with several processes like embryogenesis, stem cell differentiation, cell divi-
sion and cell elongation (Teale et al. 2006) and a number of studies propose that auxin plays
a vital role in the SAS (Morelli and Ruberti 2000; Devlin et al. 2003; Folta et al. 2003;

Figure 1.2: Schematic representation of some of the signal transduction steps in the process of SAS
induction upon detection of neighbours in dense stands.
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Vandenbussche et al. 2003; Roig-Villanova et al. 2007; Tao et al. 2008; Kozuka et al.
2010). Tao et al. (2008) showed a rapid up regulation of auxin biosynthesis in Arabidopsis
seedlings through a dedicated auxin biosynthesis route under the control of the TRYPTO-
PHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) gene. This enhanced auxin
production is needed for the Arabidopsis response to a FR-enrichment treatment, which
results in a lower R:FR (Tao et al. 2008; Moreno et al. 2009). Another way for light to reg-
ulate auxin biosynthesis is through RED ELONGATED 1 (RED1), which acts downstream
of PHYB, and is involved in auxin homeostasis (Hoecke et al. 2004).

Morelli and Ruberti (2000) proposed almost ten years ago that polar auxin transport
(PAT) could play an important role in the redistribution of auxin and thereby induce elon-
gation responses, as part of the SAS. This was supported in a microarray study by Devlin
et al. (2003) who showed that not only auxin-related genes like several AUX/IAAs are regu-
lated but also PIN-FORMED3 (PIN3) and PIN7 are up regulated upon FR light enrichment.
These PINs are facilitators of auxin efflux and can thereby determine the direction of PAT
(Teale et al. 2006). It was observed that phototropism in response to blue light induces
intracellular lateral re-localization of PIN1 and PIN3 proteins, thus producing a differential
auxin gradient which induces differential cell elongation (Friml et al. 2002; Blakeslee et al.
2004). As a result, the hypocotyl bends towards the light.

Brassinosteroids

Auxin and brassinosteroids (BR) are linked to many of the same growth processes, in-
cluding vascular differentiation, flower and fruit development, elongation and root growth
Furthermore, auxin and BR show overlap in the genes they regulate (e.g. Goda et al. 2004;
Nemhauser et al. 2004; Nemhauser et al. 2006). Besides, light is involved in BR biosyn-
thesis (Kang et al. 2001) and/or BR inactivation in a phytochrome- and cryptochrome-
dependent manner (Neff et al. 1999; Luccioni et al. 2002). This suggested crosstalk be-
tween BR and IAA indicate a possible role for BR in the SAS. Additionally, it has been
suggested that BR may fine tune phytochrome-mediated responses (Luccioni et al. 2002).
It was shown by Kozuka et al. (2010) that BR is indeed involved in end-of-day (EOD)
FR-induced petiole elongation.

In addition, BR-related mutants are dark green, slow-growing dwarfs with epinastic
leaves and short stems and petioles (Neff et al. 1999), which is the opposite of a SAS
phenotype. There are also indications that BRs are involved in auxin and ethylene responses
in Arabidopsis (de Grauwe et al. 2005). It is suggested that BR might affect auxin transport
in response to light (de Grauwe et al. 2005), which is consistent with the fact that BR can
induce the expression of some of the PINs (Nakamura et al. 2004). The role of BR in SAS
is not well established, but PIF3 expression is at least partly under the control of BR (Goda
et al. 2002) indicating that a role for BR in the SAS is possible.
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Ethylene

In several species, ethylene production is stimulated by low R:FR (Finlayson et al. 1999;
Pierik et al. 2004b; Kegge and Pierik 2010). Ethylene can accumulate within dense stands
of cultivated tobacco in a greenhouse to threefold the ambient concentration and can there-
fore be a signal for neighbour detection (Pierik et al. 2004a). The elevated ethylene levels
reached up to 20 ppb (parts per billion) which was sufficiently high to induce stem elon-
gation and hyponastic leaf growth, two SAS components, in wild-type plants. Ethylene-
insensitive transgenic tobacco plants showed a reduced and delayed response to neighbour-
ing plants and were therefore out competed by wild-type neighbours (Pierik et al. 2004a).
Although the ethylene-insensitive tobacco plants did show a reasonable response to low
R:FR, the response to a reduction in blue light fluence rates was entirely absent in these
plants (Pierik et al. 2004a). In contrast, in Arabidopsis the response to low R:FR light
is ethylene dependent, but the response of seedlings to blue light depletion appears to be
independent of ethylene (Pierik et al. 2009).

Ethylene can stimulate auxin production and transport in Arabidopsis (Ruzicka et al.
2007). Consistently, for ethylene to stimulate hypocotyl elongation in Arabidopsis, intact
auxin signaling is required (Pierik et al. 2009). Interestingly, auxin can also enhance ethy-
lene production by stimulating the activity of ACC synthase, a precursor of ethylene biosyn-
thesis (Yi et al. 1999).

SAS regulation downstream of hormones

The rapid shoot elongation occurring during SAS is driven primarily by cellular expan-
sion. Cellular expansion requires the yielding of the normally rigid cell wall in response
to turgor pressure. To facilitate this, the properties of the cell wall need to be altered in
order to increase its extensibility in a process termed wall loosening (Cosgrove 2005). Cell
wall loosening involves a modification of the structure and organization of cell wall matrix
polymers via the action of certain cell wall proteins (Cosgrove 1999). Cell wall modify-
ing proteins that increase cell wall extensibility and thereby facilitate cellular expansion are
therefore potential targets downstream of the photoreceptors during shade-induced elonga-
tion growth. Cell wall modifying proteins such as expansins and xyloglucan endotransglu-
cosylase/hydrolase (XTH) comprise large gene families (Rose et al. 2002; Sampedro and
Cosgrove 2005; Cosgrove et al. 2002) and individual members are known to be regulated
by the hormones GA, ethylene, auxin and BR (e.g. Cho et al. 2004; Goda et al. 2004;
Nemhauser et al. 2004; Jan et al. 2004). Auxin also plays a role in the acidification of the
apoplast, where it can lower the apoplastic pH within minutes (Kutschera et al. 1994). This
rapid acidification probably sets the optimal pH for cell wall modifying proteins such as ex-
pansins (Cosgrove et al. 2000) and XTH enzymes (Fry 1998). These genes are thus likely
activated during SAS as the downstream targets of the interacting network of hormones
mentioned above.

This is supported by several Arabidopsis studies analyzing global changes in gene ex-
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pression in response to shade conditions. Elongation responses of Arabidopsis upon low
R:FR or green filter treatment corresponded with the regulation of several cell wall related
genes (Devlin et al. 2003; Kozuka et al. 2010; Sasidharan et al. 2010). Amongst these
were different XTH enzymes which are associated with cell wall loosening (Vissenberg et
al. 2005). Changes in light quality and light/dark transitions strongly regulated XTH15 ex-
pression in correlation with hypocotyl elongation (Ma et al. 2001; Hornitschek et al. 2009).
Blue light was found to down regulate two XTHs in Arabidopsis seedlings corresponding
with decreased hypocotyl elongation (Folta et al. 2003). Sasidharan et al. (2010) showed
that several XTH genes were up-regulated in Arabidopsis petioles upon low R:FR condi-
tions, while expansins did not seem to play a role in this response. Furthermore, knock-out
mutants of some of these XTH genes showed a reduced or absent shade avoidance response.
These results suggest that XTHs play a vital role in cell wall modification during shade
avoidance.

1.5 Adaptive value of the SAS in an ecological context
The actual adaptive value of the SAS can be derived from research where it was shown that
elongated plants (thus showing the SAS) have increased fitness compared to non-elongated
plants growing at high density, but a reduced fitness at low densities (Dudley and Schmitt
1995; Schmitt et al. 1995). At the same time, from an agronomic viewpoint, inhibition of
elongation responses to neighbours in crop monocultures may actually enhance the harvest
index since more carbon will be allocated to harvestable organs, rather than to be invested
in non-harvestable stems (Robson and Smith 1997; Weiner et al. 2010).

Not all species show a similarly strong SAS. A relatively steep vertical light gradient in
a canopy makes it more likely that a plant can benefit from enhanced light interception by
elongation. It will therefore be more effective to show this adaptive behaviour in for example
dense grasslands than underneath an overstory canopy, where the reduction in light occurs
at a greater height and the SAS cannot enable understory plants to escape from these shaded
conditions. This is consistent with the observation that in general forest understory plants do
not show strong shade avoidance responses to low R:FR (Morgan and Smith 1979; Dudley
and Schmitt 1995; Weinig 2000). In addition to between-species variation, there are also
examples of variation for shade avoidance responses between ecotypes of the same species.

A study on two ecotypes of Stellaria longipes (Sasidharan et al. 2008), constitutes
an interesting example of ecotypic variation for the SAS. A prairie ecotype is naturally
subjected to crowding in its native dense grasslands, whereas a dwarfed alpine ecotype
grows in alpine regions of the Rocky Mountains with very little vegetation in which above-
ground competition is almost absent. It was shown that there is a clear variation in response
to different light signals, between the two ecotypes (Alokam et al. 2002; Sasidharan et al.
2008). Alpine plants show no response to low R:FR, consistent with the lack of competing
neighbours in its native habitat, whereas the prairie ecotype displays the classic SAS in low
R:FR.

Thus, for the SAS to be beneficial to the plant it should be induced only by light cues
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that reliably signal crowding. It should result in a more favourable position within a canopy
leading to higher rates of photosynthesis and SAS-inducing signals should also be integrated
with other stress signals. Plant hormones can play an important role in this signal integration
as many of the hormones mentioned above, see for example ethylene (Pierik et al. 2007), are
involved in responses to stress, like drought (Leymarie et al. 1996), temperature (Gray et al.
1998), submergence (Bailey-Serres and Voesenek 2008), herbivory and pathogen infection
(Robert-Seilaniantz et al. 2007).

1.6 Thesis Outline
Plants perceive the threat of competing neighbours through various signals. They carry
sophisticated photoreceptor systems to signal this and subsequently activate an interacting
network of various hormones and transcriptional regulators. The complete signal detection
and signal transduction network together defines the SAS to be expressed. The aim of the
studies in this PhD thesis is to elucidate the hormonal regulation of auxin in the elongation
response as part of the SAS. Understanding this mechanism is of interest, not only from
a fundamental point of view, but also from an applied point of view. Understanding the
hormonal regulation of the SAS could be a target to improve harvest yield of commercial
crops.

In Chapter 2 the blue light-mediated shade avoidance of Arabidopsis seedlings is de-
scribed. This elongation response is only partly under the control of auxin and requires
combined auxin and brassinosteroid action. In this Chapter we investigated cell wall mod-
ifying proteins, which are known to regulate cell elongation, as possible regulator of shade
avoidance by both auxin and brassiniosteroids. We show that different XTHs were regu-
lated during blue light-mediated shade avoidance and that the requirement of both auxin
and brassinosteroid action could be explained by the different XTHs they regulated in the
elongation response.

Blue light is not the only light signal that can induce shade avoidance in Arabidop-
sis seedlings. Also reduction of the R:FR induced hypocotyls to elongate, as we show in
Chapter 3. The data show that, unlike blue light-mediated shade avoidance, auxin action
explains the full response. We demonstrate that PIN3, a regulator of polar auxin transport,
changes its cellular location in the hypocotyl towards the lateral side of the endodermal
hypocotyl cells upon the FR treatment. As a consequence the direction of auxin transport
is changed and results in auxin accumulation throughout over the hypocotyl thus inducing
elongation.

In Chapter 4 the role of auxin (transport) in shade avoidance of full grown plants is
studied, not only as a result of changes in light quality but also in dense stand experi-
ments. To examine this, the pin3-3 mutant which lacks the elongation response upon the
FR treatment in seedlings, was used. Petioles of pin3-3 are shown to have no response upon
FR-treatment but also a delayed response to neigbouring plants. This enabled us to further
investigate the role of auxin transport in the response to neighbouring plants but also the
functional significance of the SAS for rosette species such as Arabidopsis.
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Chapter 5 shows that the cellular localization of PIN3 is dependent on intact micro-
tubule (orientation). Disrupting the microtubules inhibits the expression levels of the cell
wall modifying protein family of XTHs which are needed for the shade avoidance response
of Arabidopsis petioles, through the inhibition of polar auxin transport. The results of this
thesis are discussed and summarized in Chapter 6.
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Blue light-mediated shade
avoidance requires combined
auxin and brassinosteroid action
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Abstract Plants that grow in a dense vegetation have the risk of being out-competed by neighbours
in the competition over light. These neighbours can not only be detected through the reduction of the
red:far-red ratio, but also by the amount of blue light. A reduction in blue light fluence rates (low
blue), induces a set of phenotypic traits to consolidate light capture such as shoot elongation, which
are called shade avoidance responses. Here we show that both auxin and brassinosteroids (BR) play
an important role in the low blue induced hypocotyl elongation of Arabidopsis seedlings. Only when
both hormones are blocked simultaneously with the use of mutants and/or chemicals, the response was
fully inhibited. During low blue exposure several members of the cell wall modifying XYLOGLU-
CAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH) protein family are regulated as well.
Interestingly, auxin and BR each regulate a set of these XTHs, by which they could regulate cell
elongation. We hypothesize that auxin and BR regulate specific XTH genes in a non-redundant and
non-synergistic manner during low blue induced shade avoidance response of Arabidopsis seedling,
which explains why both hormones are required for a complete low blue response.
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2.1 Introduction

Plants often grow in dense vegetations where shade-intolerant plants compete for available
light as the growing canopy progressively closes through the growing season. Plants have
evolved various phenotypically plastic traits to help sustain light capture and avoid being
overgrown, and thus shaded, by neighbouring plants. These traits make up the so-called
Shade Avoidance Syndrome (SAS) and include enhanced elongation of stems and petioles,
upward leaf movement (hyponasty) and increased apical dominance (Ballaré 1999; Franklin
2008).

Shade avoidance responses are induced upon detection of neighbouring competitors. A
classic signal is the reduced ratio between red (R) and far-red (FR) light (low R:FR) that
results from the selective absorption of R light for photosynthesis and reflection of FR light.
This change in R:FR is sensed by the phytochrome photoreceptors (Ballare et al. 1990).
When plants continue to grow, the canopy closes and actual shading occurs. In addition to
red light, also blue light is depleted, as both are absorbed in equal amounts by chlorophyll
to fuel photosynthesis (Ballaré 1999; Vandenbussche et al. 2005).

The reduced blue light fluence rates regulate the activity of the cryptochrome and pho-
totropin photoreceptors, and can subsequently control similar SAS features as does low
R:FR. Well known phenotypic responses to blue light depletion include hypocotyl elonga-
tion (Ballaré et al. 1991; Djakovic-Petrovic et al. 2007), internode, stem and petiole elon-
gation (Pierik et al. 2004a; Sasidharan et al. 2008) and hyponastic leaf movement (Pierik
et al. 2004b). Studies on interactions between phytochrome signals and downstream tran-
scriptional and hormonal control has been intense over the past few years and has provided
detailed, although still incomplete, insights into the signal transduction pathways that are
engaged upon phytochrome-mediated neighbour detection (Halliday and Fankhauser 2003;
Vandenbussche et al. 2005; De Lucas et al. 2008; Feng et al. 2008; Tao et al. 2008; Ballaré
2009; Martinez-Garcia et al. 2010).

However, much less is known about the regulation of shade avoidance responses to
reduced blue light fluence rates. Here, we study a part of the regulatory network underpin-
ning low blue-induced elongation growth, starting from the signal transduction pathways in-
volved in low R:FR-induced SAS. Various plant hormones control low R:FR-induced shade
avoidance responses. Well-known players include gibberellins and auxin (Morelli and Ru-
berti et al. 2000; Hisamatsu et al. 2005; Djakovic-Petrovic et al. 2007; Roig-Villanova
et al. 2007; Tao et al. 2008; Kozuka et al. 2010), but other hormones, such as ethylene
and brassinosteroids (BR) are also likely to play a role (Neff et al. 1999; Luccioni et al.
2002; Pierik et al. 2004a and b; Pierik et al. 2009; Kozuka et al. 2010). Particularly auxin
has emerged in recent years as a fundamental SAS regulator (e.g. Tao et al. 2008; Moreno
et al. 2009). Low R:FR-induced phytochrome inactivation stimulates auxin biosynthesis
through TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) (Tao et
al. 2008). This is essential to the response since a mutant for TAA1, sav3-2, lacks low
R:FR-induced hypocotyl elongation (Tao et al. 2008), petiole elongation and hyponasty
(Moreno et al. 2009). Although auxin controls turnover of growth-repressing DELLA pro-
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teins during shade avoidance, this is not its main mode of control (Pierik et al. 2009). Auxin
can however interact with BR to control low R:FR-induced elongation growth (Kozuka et
al. 2010), although it may also directly regulate physiological targets for growth control.

Several large-scale transcriptomic approaches have been performed to elucidate how
auxin and BR interact to regulate overlapping physiological processes. It has been proposed
that this cross-talk occurs at the level of ARFs (AUXIN RESPONSE FACTORS)(e.g. Mus-
sig et al. 2002; Goda et al. 2004; Nemhauser et al. 2004; Vert et al. 2008; Jung et al. 2010),
which are direct transcriptional regulators of auxin responsive genes. Another proposed
point of cross-talk between auxin and BR are the AUX/IAAs, proteins that bind ARFs, thus
keeping them from regulating transcription (Mussig et al. 2002; Nakamura et al. 2003;
Kim et al. 2006; Nakamura et al. 2006) and even other points are mentioned (Mouchel et
al. 2006). Although auxin and BR can regulate distinct processes, the molecular crosstalk
is thought to explain the frequently observed synergy between the two pathways (Bao et al.
2004; Nemhauser et al. 2004; Arteca and Arteca, 2008; Vert et al. 2008). One example of
regulatory convergence between auxin and BR is reflected in their mutual control of genes
belonging to the XTH family of cell wall modifying proteins (e.g. Yokoyama and Nishitani
2001; Goda et al. 2004; Nemhauser et al. 2004; Vert et al. 2005; Nemhauser et al. 2006), a
gene family that was recently shown to control low R:FR-induced petiole elongation (Sasid-
haran et al. 2010). Relatively few attempts have been made so far to study BR involvement
in SAS. However, a recent report by Kozuka et al. (2010) has established the importance
of BR for low R:FR-induced petiole elongation in Arabidopsis and showed that auxin and
BR act in concert to regulate this response, although the mechanism behind this interaction
was not elucidated. To the best of our knowledge, no attempt has been made so far to study
BR control of low blue-induced shoot elongation, or a putative interaction with auxin in this
response.

Here, we study the hormonal control of low blue-induced hypocotyl elongation in Ara-
bidopsis seedlings. We show that auxin transport and signaling constitute an important
control point of this response. We demonstrate for the first time that next to auxin, also BR
regulates this elongation response to blue light depletion. We suggest that the combined reg-
ulation of auxin and BR is the main route through which low blue-induced shade avoidance
in Arabidopsis seedlings is controlled.

2.2 Results

The reduction of blue light fluence rates (low blue), achieved by filtering blue light out of
standard white light with the use of a yellow filter (Fig. 2.1A-B), stimulated Arabidopsis
hypocotyl elongation by about threefold and is controlled through combined regulation of
CRYPTOCHROME1 (CRY1) and CRY2 (Fig. 2.1C). Epidermal cell length measurements
indicated that this elongation response to low blue light involved enhanced cell expansion
only and no increase in cell proliferation (Fig. 2.1D-E). Furthermore, the strongest elonga-
tion was observed in the middle part of the hypocotyls (Fig. 2.1B).



16 Chapter 2

Auxin partly controls low blue-induced hypocotyl elongation

We showed previously that polar auxin transport (PAT) partly regulates low blue-induced
hypocotyl elongation by using the PAT inhibitor 1-naphthylphthalamic acid (NPA)
(Fig. 2.2A). Here we investigated whether the auxin transport associated PIN-FORMED
(PIN) proteins regulate low blue-induced hypocotyl elongation. We tested mutants for PINs
that are known to be expressed in the hypocotyl, and of these only pin3-3 and pin7 showed
a reduced, but not absent, low blue response (Fig. 2.2A). The pin3-3 pin7 double mutant
showed the same extent of reduction in the low blue response as did pin3-3, indicating
that these two PINs do not act redundantly. Reporter lines, possessing a promoter::GUS
construct for these PINs, were used to analyze the expression of these genes in response
to low blue conditions (Fig. 2.2B-I). Both pPIN3::GUS and pPIN7::GUS showed enhanced
GUS staining throughout the hypocotyl in response to low blue treatment (Fig. 2.2C,E,G,I)
indicating increased expression of these two genes, located particularly to the stele.

Enhanced auxin biosynthesis through the TAA1 pathway is required for low R:FR-

Figure 2.1: Low blue induced hypocotyl elongation in Col-0 seedlings. Light spectral composition
of the different light conditions used (A-B). Hypocotyl lengths after 5 days of control or low blue
treatment of both Col-0 and cry1cry2 (C). Data points represent means ± SE (n= 26-28) (D). Epi-
dermal cell lengths after 5 days of control or low blue treatment. (E) Representative Nomarski light
microscope images of Col-0 seedlings from control and low blue treatments. The epidermal cell layer
is indicated by solid arrows.
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Figure 2.2: Auxin transport is partly required for low blue-induced hypocotyl elongation. (A) Lines
with impaired auxin transport (pin mutants, NPA) show reduced low blue response relative to wild-
type (all in Col-0 background except for pin1-1 which is in En-2 genetical background). Data points
represent means ± SE (n= 12-27). Different letters (A-F) above each bar represent statistically signif-
icant differences (Tukeys b test; P < 0.05). (B-I) Localization of pPIN::GUS expression in transgenic
Col-0 seedlings after 5 days of control (B-E) or low blue (F-I) treatment. Images are of representative
seedlings per treatment and transgenic line.

induced hypocotyl elongation (Tao et al. 2008). Figure 2.3 shows that both TAA1-induced
auxin biosynthesis (knocked out in wei8-1) and the auxin receptor family members TRANS-
PORT INHIBITOR RESPONSE1/AUXIN-BINDING F-BOX PROTEIN (TIR1/AFB)
(knocked out in tir1-1 and tir1afb1afb2afb3) are also needed for the complete low blue
response observed in wild type Col-0 seedlings. However, both mutants still retained a sig-
nificant low blue response. The auxin receptor inhibitor α-(phenylethyl-2-one)-IAA (PEO-
IAA) was used to block auxin perception through TIR1 and its homologues (Hayashi et al.
2008). Seedlings treated with PEO-IAA had a reduced but not completely absent low blue
response (Fig. 2.3A). Consistent with these observations, low blue stimulated pIAA19::GUS
signal intensity which is indicative of increased auxin action and which was completely
abolished when treated with PEO-IAA under low blue (data not shown). Taken together,
these data confirm that auxin is up regulated upon low blue exposure and contributes to
the observed hypocotyl elongation response to this light treatment. In addition, we show
that other regulators are also likely involved since blocking auxin production, transport or
signaling could never fully block the low blue response.
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Figure 2.3: Auxin perception and biosynthesis is required for low blue-induced hypocotyl elongation.
(A) Hypocotyl lengths in low blue are partly reduced in auxin receptor (tir1-1 and tir1afb1afb2afb3)
mutants and upon inhibition of auxin perception (PEO-IAA) relative to wild-type (Col-0 and a mixed
background of Col-0 and Ws-2 for tir1afb1afb2afb3). (B) Impaired auxin biosynthesis (wei8-1) partly
affects hypocotyl lengths in low blue treated seedlings relative to wild-type (Col-0).Data points repre-
sent means ± SE (n= 24-27). Different letters (a-d) above each bar represent statistically significant
differences (Tukeys b test; P < 0.05).

Brassinosteroids control low blue-induced hypocotyl elongation

Despite the overlap between auxin and BR regulatory pathways, distinct differences remain
(Goda et al. 2004; Nemhauser et al. 2004). We tested if BRs were required for low blue-
induced hypocotyl elongation and found that the BR receptor mutant bri1-1 (brassinosteroid
insensitive 1) (Wang et al. 2001) exhibited a strongly reduced low blue response (Fig. 2.4a).
Furthermore, inhibition of BR biosynthesis, as in the rot3-1 (rotundifolia 3) mutant (Tsuge
et al. 1996) or via the application of brassinazole (Brz), an inhibitor of BR biosynthesis
(Asami et al. 2000), led to impaired low blue-induced hypocotyl elongation (Fig. 2.4).
Importantly, and similar to the findings for auxin inhibition, neither in bri1-1 and rot3-1 nor
in seedlings treated with Brz was the low blue response completely absent (Fig. 2.4).
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Figure 2.4: Brassinosteroids control low blue-induced hypocotyl elongation. Mutants impaired in
BR signaling (bri1-1) or biosynthesis (rot3-1; brassinazole (Brz) application) have reduced hypocotyl
lengths in low blue compared to wild-type Col-0 seedlings. Data points represent means ± SE (n=
25-26). Different letters (a-d) above each bar represent statistically significant differences (Tukeys b
test; P < 0.05).

Auxin and brassinosteroids are both required for low blue-induced
hypocotyl elongation

Both exogenously applied auxin (indole-3-acetic acid; IAA) and BR (epibrassinolide; BL)
stimulated hypocotyl elongation under control white light conditions (Appendix 1). How-
ever, these single hormone treatments did not induce an elongation response that was as
strong as the low blue response (Fig. 2.4). Interestingly, when applied simultaneously, BL
and IAA stimulated hypocotyl elongation to a much larger extent than either hormone alone,
leading to hypocotyl lengths that were remarkably similar to those of low blue-exposed
seedlings (Fig. 2.5). This shows that the combined action of these two hormones suffices to
induce the elongation response seen under low blue conditions.

Since the inhibition of auxin or BR biosynthesis and/or perception could only partly re-
duce low blue-induced hypocotyl elongation, we tested if their combined inhibition would
completely block the elongation response to low blue. Col-0 seedlings still showed a (re-
duced) low blue response when treated separately with Brz or PEO-IAA as shown in Figures
2.3 and 2.4. When Brz and PEO-IAA were applied simultaneously, the hypocotyl length
in low blue was reduced to that observed in control white light conditions (Fig. 2.6A). Fur-
thermore, treatment of the auxin mutants wei8-1, pin3-3pin7 and tir1afb1afb2afb3 or NPA-
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Figure 2.5: The effect of auxin (IAA), brassinolide (BL) and combined treatments on the hypocotyl
lengths of Col-0 seedlings in control light conditions. Data points represent means ± SE (n= 23-25).
Different letters above each bar represent statistically significant differences (Tukeys b test; P< 0.05).

treated Col-0 seedlings with Brz resulted in a complete lack of elongation response to low
blue (Fig. 2.6B). Similarly, BR mutants (bri1-1 and rot3-1) treated with PEO-IAA showed
no response to low blue at all (Fig. 2.6C). These data imply that the combined action of
auxin and BR is required and sufficient for low blue-induced hypocotyl elongation.

Auxin and BR regulate partly similar and partly different XTH genes
during low blue-induced hypocotyl elongation
Both auxin and BR are known to regulate XTH expression (e.g. Yokoyama and Nishitani
2001; Goda et al. 2004; Nemhauser et al. 2004; Sun et al. 2010). We examined if XTH
genes could be targets for auxin and BR during low blue-induced hypocotyl elongation in
order to understand how these two hormones are both required for the elongation response
to occur. We first measured XTH enzyme activity (XDA; Xyloglucan Degrading Activity)
and found that low blue caused a strong increase in XDA (Fig. 2.7). XTHs that are known
to be light regulated were selected with the use of genevestigator (Zimmerman et al. 2004)
and tested for transcriptional regulation in low blue. We identified eleven XTH genes that
were differentially regulated in low blue relative to control (Table 2.1). Next, we studied if
auxin and BR were functional to XTH regulation in low blue and if these two hormones had
specific XTH targets under low blue conditions.

The expression in low blue light of XTH2, XTH3, XTH9 and XTH25 was more strongly
affected by BR inhibition (Brz) than by auxin inhibition (PEO-IAA), whereas the expression
of XTH13, XTH21 and XTH33 was more strongly affected by auxin inhibition than by BR
inhibition (Fig. 2.8). This indicates that different XTHs respond differently to auxin versus
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Gene name locus Log2-fold change S.E. p-value
XTH2 At4g13090 2.13 0.784 *
XTH3 At3g25050 2.54 0.85 *
XTH5 At5g13870 0.47 0.278 N.S.
XTH6 At5g65730 0.06 0.152 N.S.
XTH8 At1g11545 0.60 0.198 *
XTH9 At4g03210 0.29 0.089 *
XTH10 At2g14620 0.58 0.343 N.S.
XTH11 At3g48580 0.17 0.114 N.S.
XTH12 At5g57530 0.56 0.431 N.S.
XTH13 At5g57540 -0.85 0.271 *
XTH14 At4g25820 0.38 0.463 N.S.
XTH15 At4g14130 1.12 0.312 **
XTH16 At3g23730 0.96 0.142 *
XTH17 At1g65310 0.83 0.222 **
XTH18 At4g30280 0.33 0.161 N.S.
XTH19 At4g30290 -0.06 0.128 N.S.
XTH21 At2g18800 1.23 0.417 *
XTH22 At5g57560 0.22 0.095 N.S.
XTH25 At5g57550 0.93 0.433 *
XTH27 At2g01850 -0.5 0.555 N.S.
XTH30 At1g32170 0.55 0.269 N.S.
XTH32 At2g36870 0.16 0.216 N.S.
XTH33 At1g10550 0.87 0.367 *

Table 2.1: The relative transcript abundance (log-2 scale) of different XTHs in seedlings after 1 d of
low blue treatment relative to 1 d in control light conditions. Data are mean ± SE (n= 3-4). Asterisks
indicate significant differences relative to the expression of control treated seedlings (P < 0.05).
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Figure 2.6: Simultaneous inhibition of auxin and BR biosynthesis/perception blocks the low blue
response completely. (A) The effect of inhibiting auxin perception (PEO-IAA), BR biosynthesis (Brz)
separately and in combination on hypocotyl lengths of Col-0 seedlings in low blue relative to control
light conditions. (B) The effect of inhibiting BR biosynthesis (Brz) on the low blue response in wild-
type (Col-0) seedlings and in lines with impaired auxin biosynthesis (wei8-1), transport (pin3-3pin7,
NPA) or signalling (tir1afb1afb2afb3 with a mixed background of Col-0 and Ws-2). (C) The effect
of inhibiting auxin perception (PEO-IAA) on the low blue response in wild-type Col-0 seedlings and
lines with impaired BR biosynthesis (rot3-1) and signaling (bri1-1). (A-C) Data points represent
means ± SE (n= 26-31). Different asteriks above each bar represent statistically significant responses
compared to control light (Tukeys b test; P < 0.05).

BR control during low blue-induced hypocotyl elongation. Some of the low blue-induced
XTHs (XTH15 and XTH16) were not affected at all by Brz or PEO-IAA, whereas XTH8 and
XTH17 were affected to the same extent by the two inhibitors. Interestingly, only two XTH
genes (XTH8 and XTH16) showed a stronger sensitivity to the combined inhibition of auxin
and BR, relative to inhibition of either pathway alone.
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Figure 2.7: The Xyloglucan degrading avtivity (XDA) is up-regulated in seedlings upon low blue
treatment. Data are mean ± SE (n= 3-4). An asterisk indicates a significant difference (p<0.05).

2.3 Discussion
We studied the regulation of hypocotyl elongation in response to blue light depletion in Ara-
bidopsis seedlings and found that the combined action of auxin and BR could account for
the complete seedling response to low blue. Addition of exogenous IAA and BL to seedlings
grown in control light strongly stimulated hypocotyl elongation, much more than either hor-
mone alone. Furthermore, simultaneous inhibition of the auxin and BR pathways led to a
complete inhibition of the low blue response, whereas hypocotyl length under control light
was not affected by these treatments. This joint regulation of the blue light-induced shade
avoidance response of the hypocotyl by BR and auxin, is comparable to the recent obser-
vations on low R:FR-induced petiole elongation (Kozuka et al. 2010). Interestingly, these
control mechanisms are different from low R:FR-induced hypocotyl elongation (Chapter
3), indicating that different combinations of light quality recruit different combinations of
physiological regulators of plasticity.

Auxin and brassinosteroids both regulate XTHs in their control of de-
velopmental plasticity
XTHs were recently shown to regulate shade avoidance responses of Arabidopsis petioles
to low R:FR, and accordingly XTH enzymatic activity and gene expression was enhanced
by low R:FR (Sasidharan et al. 2010). It was not yet known if XTHs were regulated by blue
light depletion, nor was it known how such regulation would depend on plant hormones.
Here we show that both auxin and BR are needed for the full response of seedlings to low
blue. We also show that BR and auxin act together to induce hypocotyl elongation and that
despite the transcriptional overlap (Goda et al. 2004; Nemhauser et al. 2004), many XTHs
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Figure 2.8: Brassinosteroids and auxin regulate XTH expression. The relative transcript abundance
(log-2 scale) of different XTHs in seedlings after 1 d of low blue plus BR biosynthesis inhibitor Brz
(0.5 µM), the auxin receptor inhibitor PEO-IAA (50 µM) or both, compared to low blue treated
seedlings. Data are mean ± SE (n= 3-4). An asterisks indicate significant differences relative to the
expression in low blue treated seedlings (P < 0.05).

are predominantly regulated by one of the two hormones during the low blue treatment.
Only a few are regulated by both hormones in the same way (e.g. Yokoyama and Nishitani
2001; Goda et al. 2004; Nemhauser et al. 2004; Sun et al. 2010). Interestingly, when
the low blue treatment was combined with a double treatment of both Brz and PEO-IAA
(Fig. 2.8), the suppression of XTH expression showed an additive effect only in the case
of XTH8. For most others, the XTH suppression by combined Brz and PEO-IAA treat-
ment under low blue light conditions was at the same level as for the PEO-IAA-only treated
seedlings, irrespective of the effect of the Brz-only treatment. This apparently dominant
effect of auxin inhibition is not likely to be due to a hypothetically higher efficacy of the
hormone inhibitor relative to the BR inhibitor since for at least four XTH genes Brz gave
a stronger effect than PEO-IAA. Only two XTH genes (XTH8 and XTH16) showed an in-
teraction effect of the combined treatment with BRZ and PEO-IAA compared to the single
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treatments.
Although auxin and BR are thought to act synergistically (e.g. Nemhauser et al. 2004),

the XTH expression data shown here do not suggest such a synergistic interaction between
auxin and BR under blue light depletion. In fact, we show that the two hormones regulate
specific subsets of XTH gene family members, which could explain why the regulated ac-
tivity of both hormones is required for a complete hypocotyl elongation response to blue
light depletion (Figs. 2.5 and 2.6A). Auxin and BR are involved in other shade avoidance
responses as well (e.g. Kozuka et al. 2010), but different XTHs are regulated during these
responses and the specific regulation of XTHs therefore seems light quality and organ de-
pendent (Devlin et al. 2003; Kozuka et al. 2010; Sasidharan et al. 2010).

We thus hypothesize that auxin and BR regulate specific XTH genes in a non-redundant
and non-synergistic manner. Future studies testing this hypothesis should include functional
testing of the importance of different XTHs from both the auxin and BR regulated subsets,
using single and multiple xth knockouts. The hypothesis predicts that XTHs from both
the auxin and BR subsets should be knocked out simultaneously in order to maximally
inhibit low blue-induced hypocotyl elongation. Alternatively, low blue-induced XTHs that
did show a stronger suppression by the combined inhibition of auxin and BR action, notably
XTH8, could be dominant regulators of the elongation response. It should be noted that, in
addition to XTHs, various other targets may be controlled by the two hormones in order
to stimulate elongation growth. Such targets for growth control might include other cell
wall modifying proteins like expansins (e.g. Goda et al. 2004; Nemhauser et al. 2004;
Nemhauser et al. 2006; Guo et al. 2009; Park et al. 2010). In Arabidopsis petioles
no expansins were up regulated during shade avoidance could be found (Sasidharan et al.
2010), but it remains possible that such regulation does take place in hypocotyls.

Auxin and brassinosteroids versus other hormone pathways

We show how auxin and BR-mediated regulation of hypocotyl elongation can completely
explain the low blue-induced shade avoidance response. Interestingly, we showed previ-
ously that gibberellins (GA) are also a control point for shade avoidance (Djakovic-Petrovic
et al. 2007; Pierik et al. 2009) implying the involvement of a third hormone. However,
the function of GA was shown to be predominantly to degrade growth inhibiting DELLA
proteins, which appeared to be a prerequisite for elongation growth to be induced by other
growth regulators. DELLA degradation alone, however, led to only marginal elongation
growth, and shade avoidance responses could still be fully induced in multiple DELLA loss
of function mutants. We therefore proposed a mode of regulation where low blue light in-
duces degradation of DELLA proteins (Djakovic-Petrovic et al. 2007) which allows other
growth control pathways, those shown here to be controlled by auxin and BR, to induce
enhanced elongation growth.

In tobacco, an intact signaling pathway for the gaseous hormone ethylene is required for
low blue-induced internode elongation (Pierik et al. 2004a). However, low blue-induced
hypocotyl elongation in Arabidopsis appears to act independent of the ethylene pathway
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since ethylene insensitivity does not affect the low blue response and ethylene production
is not affected by low blue either (Pierik et al. 2009). However, BR and auxin can induce
ethylene production (Arteca and Arteca 2008). Since ethylene does appear to be required
for low R:FR-induced petiole elongation in Arabidopsis rosette plants, it would be inter-
esting to study how this involvement relates to elongation control through auxin and BR,
especially since ethylene can interact with both (e.g. de Grauwe et al. 2007; Stepanova et
al. 2008; Pierik et al. 2009). Possibly, a more complex network of hormone interactions
would be activated to control light quality-induced shade avoidance responses of rosette
plants as compared to hypocotyl elongation in seedlings. Such a putative greater regulatory
complexity in petioles compared to hypocotyls might be associated with the higher devel-
opmental complexity in more mature plants. Although hypocotyl elongation, such as in the
current datasets, occurs entirely through enhanced cellular expansion, elongation of petioles
and/or internodes may involve a combination of cell expansion and cell proliferation, and
thus might involve more regulatory partners to control plasticity.

2.4 Materials and methods

Plant material and growth conditions

The following Arabidopsis mutant lines were used: pin1-1 (Okada et al. 1991), pin3-3 (Friml
et al. 2002a), pin4-2 (Friml et al. 2002b), pin7 (SALK 048791), tir1-1 (Ruegger et al. 1998),
tir1afb1afb2afb3 (Dharmasiri et al. 2005), wei8-1 (Stepanova et al. 2008), bri1-1(ABRC) and rot3-
1(ABRC). All mutants were in a Col-0 background (which was used as the wild type line) except for
tir1afb1afb2afb3 which is in a mixed background of Col-0 and Ws-2 and pin1-1 which is in an En-2
background. Seeds were surface sterilized, stratified for 3d in the dark at 4 ◦C and germinated on
solid agar plates with 8 gr l−1 agar and 0.22 gr l−1 Murashige and Skoog (both Duchefa Haarlem,
The Netherlands). 24h after germination the plates were placed in the low blue treatment or in control
light conditions (see description below). Hypocotyl measurements were taken after 5d of treatment
by photographing the seedlings and measuring hypocotyl lengths from these images using ImageJ
(http://rsbweb.nih.gov/ij/).

Light treatments

Standard growth chamber light (Philips HPI 400W, 200 µmol m−2 s−1; 16h light and 8h dark at
21 ◦C) was filtered to reach similar light intensities among the two light treatments. Control light
was standard white light filtered through spectrally neutral shade cloth leading to 130 µmol m−2 s−1

photosynthetically active radiation (PAR), containing approx. 25 µmol m−2 s−1 blue light (400-500
nm). Low blue light treatment was standard white light filtered through two layers of LEE Medium
Yellow 010 filter (Lee Hampshire, United Kingdom), giving 132 µmol m−2 s−1 PAR containing <1
µmol m−2 s−1 blue light.
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Epidermal cell length measurements
After 5d of low blue treatment, Nomarski optics on a Zeiss photomicroscope were used to photo-
graph the epidermal cells of the hypocotyl, after which the cell lengths were measured using imageJ
(http://rsbweb.nih.gov/ij/).

Pharmacological treatments
Auxin transport was inhibited using 1-naphthylphthalamic acid (NPA; 25 µM) (Petrasek et al. 2003)
(Duchefa Haarlem, The Netherlands) and auxin perception was blocked using α-(phenylethyl-2-one)-
IAA (PEO-IAA; 50 µM) (Hayashi et al. 2008). Brassinazole (Brz; 0.5 µM)(TCI Europe Tokyo,
Japan) was used to inhibit BR biosynthesis (Asami et al. 2000) and brassinolide (BL; 0.1 µM)(Sigma-
Aldrich ST. Louis, USA ) was used to induce a BR response (Grove et al. 1979). All chemicals were
added to the agar medium at the start of the light treatment. 150 µl of a concentrated, sterile solution
was administered as a film on top of the agar and allowed to diffuse through the medium.

GUS histochemical staining
Transgenic promoter GUS lines were used to study the expression patterns of PIN1, PIN3, PIN4 and
PIN7 (Friml et al. 2002a; Friml et al. 2002b; Benkova et al. 2003; Friml et al. 2003). The transgenic
pIAA19::GUS line was used as a marker for auxin activity (Tatematsu et al. 2004). GUS activities
were determined by incubating freshly harvested seedlings overnight in a staining solution containing
1 mM X-Gluc (5-bromo-4-chloro-3-indolyl -D-glucoronide)(Duchefa Haarlem, The Netherlands) in
100 mM sodium phosphate buffer (Merck Darmstadt, Germany) pH 7.0, with 0.1 mM EDTA (Merck
Darmstadt, Germany), 0.1% Triton X-100, 1 mM K4 Fe(CN)6 and 1 mM K3Fe(CN)6 (all Duchefa
Haarlem, The Netherlands), after which the seedlings were bleached in 70% ethanol for at least 48h.

Quantitative RT-PCR
Seedlings grown under control or low blue light conditions were harvested after 2d in these light treat-
ments. For every biological replicate, approximately 200 seedlings were pooled. Harvested material
was immediately frozen and stored at −80 ◦C until further analyses. Total RNA from these seedlings
was extracted using the RNeasy Kit (Qiagen Dusseldorf, Germany). Genomic DNA contamination
was eliminated using on-column DNase digestion (Qiagen Dusseldorf, Germany). 1 µg of total RNA
was then reverse transcribed with random hexamers using the SuperScript III Reverse Transcriptase
kit (Invitrogen Carlsbad, USA). Real time RT PCR was performed using a Bio-Rad single-color real-
time PCR detection system, using gene specific primers and the SYBR Green Super mix dye system.
The expression level of UBQ10 was used as an internal control. Primer sequences used for all primer
pairs are as listed in appendix 2.

Measurement of Xyloglucan-Degrading Activity
After 2d of control and low blue treatment, whole seedlings were harvested and snap frozen in liquid
nitrogen. Approximately 250 seedlings were pooled per biological replicate. The preparation of crude
enzyme extracts from these seedlings was as described in Sasidharan et al. (2008). These enzyme
extracts were then used for the measurement of XTH activity. XTH activity was measured as xyloglu-
can degrading activity (XDA) according to the method of Sulova et al. (1995) with modifications
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as mentioned in Sasidharan et al. (2008). XDA is a measure of both the transglycosylating and hy-
drolytic activity of XTHs and could also include the hydrolytic activity of nonspecific endoglucanases.
However in the incubation period used for this assay, there was a negligible contribution from the hy-
drolytic activity. XDA values obtained here are therefore a measure of the transglucosylating activity
and are expressed as XDA per µg of cell wall protein. Protein estimation was performed according to
the method of Bradford using a ready to use Bradford reagent from Bio-Rad (Hercules, USA).

Statistical analyses
Data were analyzed using a two way-ANOVA followed by a Tukeys-B post-hoc test to allow compar-
isons among all means or with a Students T-test when only two means were compared.

Acknowledgements We would like to thank C.L. Ballare and M. M. Keller for discussions and the helpful
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Abstract Plants grow in dense vegetations at the risk of being out-competed by neighbours. The
proximity of these neighbours can be detected by phytochrome through the reduction of the red(R):far-
red(FR) ratio and may induce shade avoidance responses to consolidate light capture. It has been
shown recently that the up regulation of auxin biosynthesis is needed for shade avoidance in Ara-
bidopsis. Here, we show that auxin transport plays an important role in this shoot elongation response
as well. We demonstrate that low R:FR induces a change in the cellular location of PIN3, which can
actively transport auxin out of a cell. This leads to increased auxin levels in the elongating hypocotyls
of low R:FR treated Arabidopsis seedlings. Seedlings of the pin3-3 mutant lack this elongation re-
sponse of the hypocotyl to low R:FR and have no elevated auxin levels in the hypocotyl.
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3.1 Introduction

Plants often grow in dynamic environments with severe competition for light with surround-
ing neighbours. As a result, light intensities can decrease drastically, but also the light qual-
ity changes. Due to selective absorption by chlorophyll, red light (R) is strongly depleted
in dense canopies. Far-red light (FR), on the other hand, is mostly reflected, resulting in
a steep decline of the R:FR ratio in a canopy, which can be sensed by the phytochrome
photoreceptors of neighbouring plants (Ballaré et al. 1990; Franklin 2008). Once neigh-
bours have been detected through this R:FR reduction, a suite of responses defined as the
Shade Avoidance Syndrome (SAS) are induced, including pronounced shoot elongation
and upward leaf movement (hyponasty) to consolidate light capture (Ballaré 1999; Franklin
2008). Perception of the R:FR signal induces interactions with various hormones to control
cell elongation, which underpins the elongation responses to neighbours (Vandenbussche et
al. 2005; de Lucas et al. 2008; Pierik et al. 2009; Martinez-Garcia et al. 2010).

A decade ago, it was proposed that auxin was likely to be an important regulator of
the SAS, tentatively through enhanced lateral transport towards the epidermal cells of the
elongating organs upon low R:FR perception (Morelli and Ruberti 2000). Accordingly,
transcript levels of several auxin-related genes (e.g. AUX/IAA and PIN-FORMED genes)
are increased by low R:FR (Devlin et al. 2003; Salisbury et al. 2007). Recently, robust ev-
idence accumulated identifying auxin as a key regulator of shade avoidance. It was shown
that enhanced auxin biosynthesis and auxin transport are essential to low R:FR-induced
elongation (Tao et al. 2008; Pierik et al. 2009). Low R:FR enhances expression of TRYP-
TOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1), which facilitates auxin
biosynthesis through a dedicated tryptophan-dependent pathway (Stepanova et al. 2008;
Tao et al. 2008). Despite these recent novel insights, a key question remains unanswered:
which auxin transporters regulate shade avoidance responses to low R:FR, an early warning
signal of upcoming competition?

The regulation of auxin fluxes in plants has been well-studied, particularly in meris-
tematic tissues. PIN-FORMED (PIN) proteins, a family of 8 members in Arabidopsis,
control the direction and rate of cellular auxin efflux (Blilou et al. 2005; Wisniewska et
al. 2006). Little is known about light regulation of PIN action, with the exception of pho-
totropic hypocotyl bending towards blue light (Friml et al. 2002a; Blakeslee et al. 2004).
The cellular localization of PIN1 and PIN3 proteins in dark-grown seedlings changed from
basal to lateral upon exposure to directional blue light. As a result, an auxin gradient was es-
tablished to control differential cell expansion on the illuminated versus the non-illuminated
side of the hypocotyl.

It is unknown if PINs play a role in the process of shade avoidance and if their abun-
dance and/or localization are controlled by phytochrome-mediated detection of R:FR. Here,
we show that low R:FR detection enhances endogenous indole-3-acetic acid (IAA) levels of
the hypocotyl. This auxin accumulation depends on intact PIN3 protein since it was found
to be absent in a pin3-3 mutant. Low R:FR stimulates PIN3 abundance and induces a lat-
eral cellular re-orientation of PIN3. We therefore suggest that PIN3-driven auxin transport



Shade avoidance: How auxin controls photoreceptor-mediated shoot elongation 31

controls shade avoidance responses.

3.2 Results and Discussion
Figure 3.1A shows that reduction of the R:FR, achieved by far-red enrichment of a standard
white light background (Fig. 3.1B-C), stimulates hypocotyls to elongate in Arabidopsis and
that this response is under the control of PHYTOCHROME B (PHYB).

The AUXIN RESISTANT (AXR) mutants axr1-3 and axr2-1 showed no low R:FR re-
sponse at all (Fig. 3.2A), which is a first indication that auxin plays a major role in this re-
sponse. Accordingly, seedlings of the auxin receptor mutant tir1-1 (Dharmashiri et al. 2005;
Kepinski and Leyser 2005) and seedlings exposed to 100 µM α-(phenylethyl-2-one)-IAA
(PEO-IAA), an antagonist for the auxin receptor TIR1 and its homologues (Hayashi et al.
2008), also displayed much reduced or absent hypocotyl elongation in low R:FR (Fig. 3.2B).
The auxin biosynthesis mutant wei8-1 has a mutation that knocks out the function of TAA1
(Stepanova et al. 2008) and showed no response to low R:FR (Fig. 3.2C). These data to-
gether establish the importance of auxin for shade avoidance responses. Blocking polar
auxin transport (PAT) with naphthylphthalamic acid (NPA; 25 µM) (Petrasek et al. 2003),
also inhibited low R:FR-induced elongation (Fig. 3.2D).

There was an overall up-regulation of IAA19 expression in low R:FR-exposed hypocotyls
as indicated by enhanced pIAA19::GUS staining (Fig. 3.3A vs. 3.3C), implying increased
auxin activity since IAA19 is auxin-inducible (Tatematsu et al. 2004). pIAA19::GUS stain-
ing occurred in the more lateral hypocotyl regions under low R:FR, whereas under control
conditions staining was restricted to the vascular tissue, which would suggest a change in

Figure 3.1: low R:FR induced hypocotyl elongation in Arabidopsis seedlings. PHYB regulates the
low R:FR induced hypocotyl elongation (A). Data are mean ± SE (n= 18-22) and different letters (a-c)
above each bar represent statistically significant differences (Tukeys b test; P<0.05). Light spectral
composition of the different light conditions used (B-C). The R:FR in control conditions was 1.1
whereas in the low R:FR treatment it was lowered to 0.28 using 730 nm LEDs.
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Figure 3.2: Auxin involvement in low R:FR-induced hypocotyl elongation. The inhibited response
of two auxin resistant mutants, axr1-3 and axr2-1, to the low R:FR treatment shows auxin involvement
in this elongation response (A). Inhibition of auxin signalling (tir1-1 and 100 µM α-(phenylethyl-2-
one)-IAA (PEO-IAA)) (B), biosynthesis (wei8-1) (C) or transport (25 µM naphthylphthalamic acid
(NPA)) (D), reduced the hypocotyl elongation response to 5 d low R:FR treatment. The data are
means ± SE (n= 23-44). The Genotype*low R:FR interaction is significant in all panels (P<0.05) and
different letters indicate significant differences between means (p<0.05) tested with a Tukeys-B test.

directionality of auxin transport during low R:FR (Fig. 3.3B vs. 3.3D). Although this stain-
ing pattern could also follow from differentially regulated increase of auxin responsiveness,
this is less likely the case since inhibition of polar auxin transport using NPA, prevented
the low R:FR-induced pIAA19::GUS staining pattern (Fig. 3.3E-F). These data suggest that
auxin biosynthesis, the established polar auxin transport (PAT) and auxin perception through
TIR1 (and TIR1 homologues) are essential to low R:FR-induced hypocotyl elongation.

PIN proteins are known to be the key regulators of directional auxin transport and there-
fore several mutants for PINs, that are known to be expressed in the hypocotyl, were tested
for the low R:FR-induced elongation response (Fig. 3.4A). We found that pin3-3 displayed
an abolished response, similar to plants treated with the overall auxin efflux inhibitor NPA,
whereas the other pin mutants tested showed a wild type response. We therefore suggest
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Figure 3.3: Auxin activity was visualised with the use of pIAA19::GUS, which indicated that the low
R:FR treatment induced auxin activity throughout the hypocotyl compared to control light conditions
and that this up-regulation is abolished when treated with naphthylphthalamic acid (NPA; 25 µM)
(A-F).

that PIN3 is an important transport-associated protein to control low R:FR-induced elonga-
tion growth. We determined endogenous free IAA levels to confirm if auxin concentrations
are enhanced during low R:FR and to study if this is PIN3-dependent. Care was taken to
harvest separate hypocotyls, rather than whole seedlings, which was done previously (Tao
et al. 2008). We found that free IAA levels were elevated in hypocotyls of low R:FR-
exposed seedlings (Fig. 3.4B). Importantly, this low R:FR-induced increase of free IAA,
was completely abolished in pin3-3. Summarizing, inhibition of either low R:FR-induced
auxin biosynthesis or of low R:FR-induced transport coordination of these increased IAA
levels through PIN3 (Fig. 3.3 and 3.4) leads to complete inhibition of hypocotyl elongation
during low R:FR conditions.

In order for PIN3 to regulate auxin transport in a R:FR-dependent manner, PIN3 itself
would be expected to be regulated upon low R:FR detection. A quantification of PIN3 gene
expression using quantitative RT-PCR confirmed that low R:FR stimulates PIN3 expression
about nine-fold (Fig. 3.5A). Staining of pPIN3::GUS visualized this enhanced PIN3 expres-
sion in the elongating hypocotyls (Fig. 3.5B-C). Auxin has been shown to regulate its own
efflux by affecting the expression and sub-cellular PIN localization (Friml et al. 2004; Pa-
ciorek et al. 2005; Vieten et al. 2005; Sauer et al. 2006). Therefore, we studied if elevated
auxin levels in low R:FR drive the change of PIN3 expression and PIN3 localization under
low R:FR. Indeed, the relative transcript abundance of PIN3 and pPIN3::GUS activity were
enhanced by IAA and the induction under low R:FR was inhibited by the auxin signaling
inhibitor PEO-IAA (Fig. 3.5C-E).

In addition to enhanced expression, also the cellular localization of PIN3 protein ap-
peared to be changed upon low R:FR exposure, as indicated by the PIN3-GFP fusion pro-
tein. In control light conditions, PIN3-GFP localized exclusively to the basal side of the
endodermal cells in the hypocotyl (Fig. 3.6A-B and E). However, low R:FR changed this
orientation to a predominantly lateral orientation. This new orientation would imply IAA
to be transported from the inner cells towards the more lateral cell layers. This would be
consistent with the increased auxin reporter activity (pIAA19::GUS; Fig. 3.3) in those outer
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Figure 3.4: PIN3 regulates low R:FR-induced hypocotyl elongation and free IAA accumulation.
Different pin-formed (pin) mutants were grown for 5d under both control and low R:FR light condi-
tions (A). The data show that pin3-3 lacks the elongation response of the hypocotyl induced by low
R:FR treatment, whereas pin4-2 and pin7 had a WT-like response. Data are means (n= 25-41) ±
SE, the genotype*low R:FR interaction is significant in all panels (P<0.05) and different letters indi-
cate significant differences between means (p<0.05) tested with a Tukeys-B test. The levels of free
indole-3-acetic acid (IAA) were measured on both Col-0 and pin3-3 hypocotyls after 2d of low R:FR
or control light treatment (B). Data are means (n=4-5) ± SE, the Genotype*low R:FR interaction is
significant in all panels (P<0.05). Different letters indicate significant differences between means
(p<0.05) and * indicates a significant difference in the mean (P<0.05).

layers. Similar to what was observed for PIN3 gene expression, IAA addition to light grown
control hypocotyls could induce PIN3-GFP orientation comparable to what was observed
in low R:FR (Fig. 3.6C). Furthermore, inhibition of auxin perception with PEO-IAA would
inhibit the low R:FR-induced lateral orientation of PIN3 protein (Fig. 3.6D). These data are
consistent with the hypothesis that elevated auxin levels in low R:FR themselves regulate
PIN3 gene expression and PIN3 protein abundance and localization. This way auxin directs
its own transport. It remains unknown how PIN3 is regulated towards the lateral side of the
cell membrane. It has been shown that the cellular location of PINs can be determined upon
phosphorylation (Kleine-Vehn et al. 2009; Huang et al. 2010; Zhang et al. 2010). Proteins
like PINOID (PID) or phosphatase 2A (PP2A) are known to act on PIN phosphorylation
and PIN polarity (Kleine-Vehn et al. 2009) and these proteins (or PID homologues like
WAG1 or WAG2) could be responsible for the re-localization of PIN3 during the SAS. PIN
localization is a dynamic process with constant (re)cycling between the plasma membrane
and endosomal compartments, which is at least partly under the control of cytoskeleton. It
has been shown that both actin and microtubules are involved in the targeting of PIN pro-
teins (Boutté et al. 2006; Kleine-Vehn et al. 2008; Huang et al. 2008; Kleine-Vehn et al.
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2009; Zhang et al. 2010). Thus, both the cytoskeleton and PID-like and PP2A proteins are
potential controllers of PIN re-localization in low R:FR. Future studies are needed to unveil
whether these components are affected by low R:FR, and whether this is in turn controls
PIN3 localization under these light conditions.

3.3 Conclusions

Low R:FR-induced hypocotyl elongation requires intact auxin signaling and involves accu-
mulation of free IAA in the hypocotyl. This accumulation requires auxin transport regula-
tion through PIN3, which is likely to allow for increased auxin transport to the cortex and
epidermal cells, corresponding with the enhanced activity of auxin reporters. To establish
this auxin gradient, low R:FR induces increased PIN3 gene expression and PIN3 protein
abundance, and induces a predominantly lateral cellular localization of PIN3 in the endo-
dermal cells. IAA itself can induce and IAA perception is required for this PIN3 behaviour
to occur during low R:FR. We therefore hypothesize that low R:FR-induced auxin biosyn-
thesis stimulates PIN3 abundance and lateral localization, thus inducing a change of auxin
flow towards the epidermal cell layers where growth is likely controlled (Savaldi-Goldstein
et al. 2007).

Figure 3.5: Low R:FR regulates PIN3 expression in an auxin-dependent manner. Using
pPIN3::GUS, the localization of PIN3 expression was visualized (A-B,D-E). The relative transcript
abundance of PIN3 in seedlings upon 2d of low R:FR, indole-3-acetic acid (IAA; 10 µM) or the auxin
receptor inhibitor α− (phenylethyl−2−one)− IAA(PEO− IAA, 100µM) (C). Data are means
(n= 3-4) ± SE and different letters indicate significant differences between means (p<0.05) tested
with a Tukeys-B test. Expression was affected by low R:FR (A-C), IAA (10 µM) and PEO-IAA (100
µM)(C-E).
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Figure 3.6: Low R:FR regulates PIN3-GFP localization in an auxin-dependent manner. PIN3 cellular
localization was studied using PIN3-GFP (A-E). Expression and cellular localization were affected by
low R:FR (A-B and E), IAA (10 µM) and PEO-IAA (100 µM)(C-D). E represents a Z-stack from the
epidermis inwards of a control and low R:FR exposed seedlings.



Shade avoidance: How auxin controls photoreceptor-mediated shoot elongation 37

3.4 Materials and methods

Seedling experiment
Seeds were sterilized, stratified and germinated on solid agar plates as in Chapter 2. 24h after germi-
nation the plates were placed into low R:FR treatment or in control light conditions for 2 up to 5 days,
both with 130 µmol m−2 s−1 photosynthetically active radiation (16h light/8h dark) at 21 ◦C. Low
R:FR was created by supplemental far-red light, using 730 nm LEDs (Shinkoh Electronics Kanagawa,
Japan). The following mutants, all in Columbia (Col-0) background, were used: tir1-1 (Ruegger et
al. 1998), wei8-1 (Stepanova et al. 2008), pin3-3 (Friml et al. 2002a) and pin4-2 (Friml et al. 2002b)
and pin7 (salk 048791).

Pharmacological experiments
Auxin activity was induced with indole-3-acetic acid (IAA; 10 µM), whereas auxin transport was
inhibited with 1-naphthylphthalamic acid (NPA; 25 µM)(both Duchefa Haarlem, The Netherlands)
and auxin signalling was inhibited with α-(phenylethyl-2-one)-IAA (PEO-IAA; 100 µM) (Petrasek et
al. 2003; Hayashi et al. 2008). The chemicals were added to the medium at the start of light treatment.

GUS assay
In order to visualize auxin activity in low R:FR-treated hypocotyls, the transgenic pIAA19::GUS line
expressing GUS driven by the IAA19 promoter was used (Tatematsu et al. 2004). For the expression
pattern of PIN3, the transgenic pPIN3::GUS line was used (Friml et al. 2002a). The GUS assay was
performed by overnight incubation of freshly harvested material in staining solution with1 mM X-
Gluc (5-bromo-4-chloro-3-indolyl -D-glucoronide)(Duchefa Haarlem, The Netherlands) in 100 mM
NaPi buffer (Merck Darmstadt, Germany) pH 7.0, 0.1 mM EDTA (Merck Darmstadt, Germany), 0.1%
Triton X-100, 1 mM K44Fe(CN)6, 1 mM K3Fe(CN)6 (all Duchefa Haarlem, The Netherlands), 0.52
mg ml−1 dimethyl formaldehyde (Sigma St. Louis, USA). Thereafter, seedlings were bleached in
70% ethanol for at least 1 day.

GFP visualisation
To study PIN3 protein location, GFP fluorescence was studied in PIN3-GFP transgenic plants (Zad-
nikova et al. 2010). PIN3-GFP fluorescence was visualised with confocal laser scanning microscopy
(Zeiss LSM Pascal, 40 x C-apochromat objective) using a 488 nm excitation wavelength, 505-530
bandpath filter to separate GFP and a 560 long pass filter to determine chlorophyll fluorescence.

Free IAA determination
After 2d of low R:FR treatment 50 mg hypocotyl tissue (fresh weight) was harvested, whereby the
hypocotyls were cut from the cotelydons and roots and snap frozen in liquid nitrogen. The plant
material was then processed as explained in Muller et al. (2002). Free IAA levels were measured
using a Varian Saturn 2000 GC-MS/MS system (Varian Darmstadt, Germany) (Muller et al. 2002).
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Quantitative RT-PCR

RNA extraction, cDNA synthesis, quantitative RT-PCR and calculation of relative expression were
performed as in Chapter 2. UBQ10 was used as an internal standard to normalize for differences in
cDNA concentration between samples. Gene-specific primers sequences can be found in appendix 2.

Statistical analyses
Data were analyzed with two-ANOVA followed by Tukeys-B post-hoc test to allow for comparisons
among all means or with Students T-test when two means were compared (SPSSV14).
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Abstract Shade avoidance responses such as enhanced elongation of stems and petioles help plants
to reach the light and out-grow shade imposed by their competitors in dense stands. Neighbour detec-
tion occurs through photoreceptor-mediated detection of light spectral changes, i.e. reduced red:far-
red ratio (R:FR) and reduced blue light intensity. In this study we show that auxin transport is required
for petiole elongation responses to low R:FR in Arabidopsis plants. Chemical and genetic inhibition of
auxin transport reduced this response and auxin insensitive mutants did not display low R:FR-induced
petiole elongation. The adaptive significance of auxin-mediated control of shade avoidance is shown
in plant competition studies. The polar auxin transport mutant pin3-3 is clearly out-competed by
wild-type neighbours, thus implying that auxin-mediated control of shade avoidance has great fitness
implications under natural conditions of competition.
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4.1 Introduction

Most plants can detect early signals of (a)biotic stress and adjust their physiology to limit
the impact. Crowding is an example of such a stress, as it results in competition for limited
resources. Plants can respond to crowding with phenotypically plastic responses, such as
shade avoidance responses which include upward leaf movement (hyponasty) and enhanced
shoot elongation to consolidate light capture in dense stands (Ballaré 1999; Aphalo et al.
1999; Vandenbussche et al. 2005; Franklin 2008). When competition for light is severe it
will lead to dominance and suppression as a result of initial size differences between neigh-
bouring competitors. During this process, initially smaller individuals will be suppressed by
dominant, slightly larger individuals. The suppressed individuals will display strong shade
avoidance responses to help obtain a better position in the vegetation (e.g. Ballaré et al.
1994; Pierik et al. 2004a). To respond appropriately to crowding, plants need reliable sig-
nals to detect the presence of these neighbours which can induce the corresponding plastic
traits.

Shade avoidance responses can be initiated by changes in both light quantity and quality.
The reduction of blue light fluence rates is a signal for actual crowding and/or shading and
can induce shade avoidance responses (Ballaré et al. 1991; Casal et al. 1994; Pierik et
al. 2004a; Djakovic-Petrovic et al. 2007; Sasidharan et al. 2008). Another light signal
for canopy development is a reduction of the Red:Far-red (R:FR) ratio in the canopy light
which is sensed by the phytochrome family of photoreceptors (Morgan and Smith 1976;
Ballaré et al. 1990; Franklin et al. 2003). Leaves absorb red light and reflect FR light,
making the R:FR reduction an accurate and early indicator of neighbour proximity even
before actual shading (Ballaré et al. 1991). Accordingly, plants show pronounced shade
avoidance responses to reduced R:FR, thus increasing their chances for a dominant position
in a canopy.

For phenotypic plasticity to be adaptive, the phenotype induced under specific condi-
tions must result in a higher fitness compared to alternative or non-plastic phenotypes. This
hypothesis implies that the phenotype induced by low R:FR will give a relatively high fitness
in a dense stand, whereas it may be disadvantageous at low density. Accordingly, transgenic
tobacco plants which show dramatically reduced shade avoidance responses have a lower
fitness when competing with wild-type plants, although at low density the plants are as wild
type (Schmitt et al. 1995). As expected, tobacco plants that show a constitutive shade-
avoidance-like (elongated) phenotype exhibit a lower fitness at low densities. Interestingly,
these plants also have a lower fitness at high densities compared to wild-type, as a result of
great size inequalities (Ballaré and Scopel 1997). This implies that being plastic is essen-
tial in a changing (competitive) environment, where timing appears to be important. This
was also observed by Pierik and coworkers (2004a), who found that ethylene insensitive
tobacco plants that show a delayed response to crowding, have a severely reduced fitness at
high densities when competing with wild-type neighbours.

As mentioned above, physiological regulation is needed to induce plasticity. Many
downstream signal transduction components, involving several plant hormones operate to



Shade avoidance: How auxin controls photoreceptor-mediated shoot elongation 41

Figure 4.1: Petiole elongation as part of the shade avoidance response. Lowering the R:FR resulted
in petiole elongation, which is under the control of PHYB (A). A reduction of the blue light fluence
rates did not induce an elongation response (B). Data are means (n=9-10) ± SE. Different letters
indicate significant differences between means (p<0.05) tested with a Tukeys-B test.

induce the growth responses upon detection of canopy signals. A reduction of the R:FR
can for example enhance GA action (Weller et al. 1994; Lopez-Juez et al. 1995; Djakovic-
Petrovic et al. 2007; Hisamatsu et al. 2005), or enhance production of ethylene (Finlayson
et al. 1999; Pierik et al. 2009; Kegge and Pierik., 2010). Also the plant hormone auxin
has been shown to be important for shade avoidance (e.g. Morelli and Ruberti. 2000; Tao
et al. 2008; Moreno et al. 2009; Kozuka et al. 2010). More rigorous studies are now re-
quired to shed light on the role of auxin during the control of shade avoidance responses to
neighbour-derived light signals. It has been shown in Chapter 3 that auxin (transport) under
the control of an auxin efflux regulator PIN-FORMED3, plays a vital role in shade avoid-
ance of Arabidopsis seedlings. We show here that auxin transport is an important regulator
of low R:FR-induced shade avoidance in relatively mature rosette plants of Arabidopsis as
well. The adaptive significance of auxin transport is shown using a mutant for pin3-3, in
plant competition experiments at high plant densities, where fitness of pin3-3 is suppressed
when competing against wild-type neighbours.

4.2 Results

Low R:FR-induced petiole elongation depends on phytochrome B
A reduction of the R:FR ratio, created by FR enrichment through FR-emitting LEDs in an
otherwise standard white light background, led to an increased petiole elongation (Fig. 4.1A).
This response was abolished in the phyB mutant (Fig. 1A), confirming the contention that
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R:FR-mediated shade avoidance occurs primarily through PhyB signaling. Although re-
duced blue light photon fluence rates (low blue) can induce hypocotyl elongation in Ara-
bidopsis (Chapter 2), petioles showed only a very weak response to low blue (Fig. 4.1B).

Low R:FR results in enhanced auxin activity

In order to establish the involvement of auxin in growth responses to low R:FR auxin action
was visualised in pIAA19:GUS expressing lines (Tatematsu et al. 2004) (Fig. 4.2A). The
data show that low R:FR leads to increased auxin action in petioles, especially in the more
lateral tissues. This is further demonstrated by the almost three-fold increase of IAA19 gene
expression measured with real time RT-PCR (Fig. 4.2B). Low blue led to only a slight in-
crease in auxin activity in petioles (data not shown), which is consistent with the very weak
petiole elongation response upon this light cue (Fig. 4.1B). Since the low blue response was
so marginal in the Arabidopsis plants, further experiments described here were performed
with manipulations of R:FR only. More causal evidence for auxin-involvement in low R:FR-
induced petiole elongation follows from several studies with mutants. The auxin resistant
(axr) mutants axr1-12 and axr2-1 and the auxin receptor mutant tir1-1 (Fig. 4.3) all show
clearly impaired, or even absent, petiole elongation in response to low R:FR. Consistent
with these data, chemical inhibition of polar auxin transport (PAT), using naphthylphtha-
lamic acid (NPA) eliminated the response (Fig. 4.4A), implying that intact PAT is required
for low R:FR-induced petiole elongation. The role of PAT was further confirmed by the
finding that the IAA19 expression pattern throughout the petiole in low R:FR was disrupted
when NPA was applied (Fig. 4.4B). Several pin mutants were tested (Fig. 4.4C) and indi-
cated an important role for PIN3 in low R:FR-induced petiole elongation, which suggests a
regulatory overlap between the shade avoidance response of petioles and hypocotyls.

The adaptive significance of PIN3-controlled shade avoidance
The above-mentioned data show how auxin transport, and particularly PIN3, controls auxin-
driven shade avoidance in Arabidopsis exposed to low R:FR. Next, it was studied if these
PIN3-driven processes are functional to plants growing under intense competition for light
in dense stands. It has been shown for tobacco plants, that both a plastic response to neigh-
bouring plants and the timing of this response are important determinants of growth in dense
stands (Pierik et al. 2003). However, the consequences for competitive vigour in mixed
stands of different genotypes have never been tested for a rosette plant such as Arabidopsis.
This was done by comparing plants grown in high density (1,460 plants m−2) monocultures
of wild-type Col-0 and pin3-3. Both petiole length and leaf angles increased in response
to proximate neighbours as the dense stands developed, but these responses were delayed
in pin3-3 (Fig. 4.5A and B). This reduced shade avoidance response to real neighbouring
competitors is consistent with the inhibition of low R:FR-induced hypocotyl (Chapter 3)
and petiole elongation (Fig. 4.4C). In order to test if the delayed response to neighbours
of pin3-3 has consequences for fitness, mixed stands of 1:1 = Col-0:pin3-3 were grown in
a checkerboard design. Vegetative dry weight (Fig. 4.5C) was recorded as a measure for
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growth, whereas the number of siliques (Fig. 4.5D) was counted as a measure for reproduc-
tive output (Ballaré and Scopel 1997; Pigliucci and Schmitt 1999). Numbers of seeds per
silique were counted for a number of subsamples and these were not significantly different
between pin3-3 and Col-0 (44 seeds per silique on average). Growth and reproductive out-
put were similar between pin3-3 and Col-0 in their respective monocultures, but both were
significantly suppressed in pin3-3 when competing with Col-0 neighbours in the mixtures.
Reproductive output of pin3-3 in mixed stands was suppressed to only 60% of the repro-
ductive output of neighbouring Col-0. This also means that fitness of pin3-3 in competition
with Col-0, as expressed in reproductive output, is reduced to 60% of pin3-3 output grown
in monoculture.

Figure 4.2: Auxin is regulated upon a low R:FR treatment. pIAA19::GUS, which was used to vi-
sualize auxin activity, shows that the distribution of auxin activity is up-regulated by the low R:FR
treatment throughout the petiole compared to control (A). Not only the expression pattern is affected
but also the expression level of IAA19 is up-regulated upon the low R:FR treatment (B). Data are
means (n=8-10) ± SE and different letters indicate significant differences between means (p<0.05)
tested with a Tukeys-B test.
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Figure 4.3: Auxin regulates low R:FR induced petiole elongation. When auxin signal transduction is
blocked by axr1-12 and axr2-1 (A) or auxin perception by tir1-1 (B), the elongation response upon low
R:FR treatment was inhibited. Data are means (n=7-10) ± SE and different letters indicate significant
differences between means (p<0.05) tested with a Tukeys-B test.

Figure 4.4: Polar auxin transport (PAT) is needed for low R:FR-induced petiole elongation. When
PAT was blocked by naphthylphthalamic acid (NPA; 25 µM) the petiole elongation response was fully
inhibited (A). Several pin-formed (pin) mutants were tested and show that pin3-3 has no low R:FR
response at all (B) Data are means (n=9-10) ± SE and different letters indicate significant differences
between means (p<0.05) tested with a Tukeys-B test.
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Figures 4.6A and B show that pin3-3 is not completely irresponsive to neighbours, al-
though this mutant has no response to low R:FR (Fig. 4.4B). A real vegetation harbours a
much greater signal complexity for neighbour detection, including reduced blue light flu-
ence rates, which could explain the difference. Low blue, however, hardly affects petiole
elongation in Arabidopsis (Fig. 4.1B), and therefore we used a green filter, which is combi-
nation of low blue, low R:FR and reduced total light intensity, to mimic the light conditions
of a dense stand. A green filter treatment of 24h resulted in a large induction of petiole elon-
gation and hyponasty in Col-0, which was only partly inhibited in pin3-3 (Fig. 4.6A and B).
Even when pin3-3 plants were grown under green filter for a longer time the reduced re-
sponse would never catch up with wild-type (Fig 4.6A and B), unlike what was observed in
the dense stand experiments (Fig. 4.5A and B).

Figure 4.5: Competitive ability is reduced in pin3-3. Petiole length and leaf angle were measured
over time on both Col-0 (.) and pin3-3 (o) grown in dense stands, revealing that pin3-3 has a delayed
response to neighbour plants compared with Col-0 (A-B). Data are means (n = 12) ± SE and an
asterisk (*) indicates a significant difference in mean (P< 0.05) tested with a Tukeys b test. Dry
weight (C) and the number of siliques (D) were measured 67 d after potting on Col-0 and pin3-3
grown in mono or mixed culture dense stands. Data show that pin3-3 is outcompeted by Col-0 in the
mixed stands. Data are means (n = 5) ± SE; * indicates a significant difference (P<0.05) tested with
a Tukeys b test.
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Figure 4.6: Petiole lengths (A) and leaf angles (B) upon a green filter treatment and control light
conditions of both Col-0 and pin3-3 over time, up to 72h. Data are means (n=8-10) ± SE.

4.3 Discussion
Here we identify how auxin (transport) controls the shade avoidance response of Arabidop-
sis petioles. Secondly, we used dense stands to identify the adaptive significance of the
shade avoidance response in a rosette species.

Low R:FR-induced elongation appears to be regulated in hypocotyls of seedlings and
petioles of rosette plants through similar mechanisms. In both organs pIAA19::GUS stain-
ing shows that auxin activity is increased upon low R:FR and the response is fully inhibited
when treated with NPA (Chapter 3). The enhanced auxin action is likely brought about by
regulated auxin transport towards the lateral regions of the hypocotyl and petiole, as sug-
gested by the inhibitory effects of NPA on both the pIAA19::GUS pattern and the elongation
response. These data are in agreement with a model for auxin action in shade avoidance that
was proposed a number of years ago, where enhanced lateral auxin distribution in stems or
hypocotyls was suggested to regulate cell elongation during shade avoidance (Morelli and
Ruberti 2000). In addition, auxin biosynthesis is probably enhanced under low R:FR condi-
tions, as was recently shown for Arabidopsis seedlings (Tao et al. 2008) and is required for
a low R:FR elongation response in both hypocotyls (Tao et al. 2008; Chapter 3) and petioles
(Moreno et al. 2009). As this additional auxin would also be transported towards the more
lateral regions of the elongating petioles and hypocotyls, this would further contribute to the
observed auxin-reporter staining patterns.

The basic auxin control mechanisms of shade avoidance seem to be conserved between
hypocotyls and petioles. This follows from the observation that in both stages the low R:FR
response is fully inhibited in auxin-resistant mutants, such axr1-3 and tir1-1 or when treated
with NPA (Chapter 3 and Fig. 4.4). The pin3-3 mutant shows no elongation response to low
R:FR at all in seedlings (Chapter 3) and the response of petioles was absent in pin3-3 as well
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(Fig. 4.4B). The finding that PIN3 controls shade avoidance in Arabidopsis allowed studying
the consequences of a reduced shade avoidance response through auxin control, for compet-
itive behavior in dense stands of a rosette species. We observed that pin3-3 shows a delayed
response to neighbouring plants and is eventually out-competed by wild-type neighbours
when grown in a dense stand (Fig. 4.5). Both dry weight and number of siliques, which
were used as relative measures for fitness, were the same for Col-0 and pin3-3 when grown
in monocultures at high densities. However, the delayed response to neighbours resulted
in a 40% fitness reduction for pin3-3 compared to Col-0 in the mixed stands (Fig. 4.5D).
These results reinforce the ecological significance of shade avoidance responses. Besides,
the results show that this significance does also exists in canopies of rosette plants that have
a much different height development compared to canopies formed by stem forming species
such as tobacco. Furthermore, the data also confirm that precise timing of the shade avoid-
ance responses is crucial to compete successfully against neighbouring plants. We conclude
that, although height growth cannot occur through internode elongation, the combined up-
ward movement (hyponasty) and elongation of rosette leaves still leads to a significant light
gradient. In this light gradient it appears to be adaptive for Arabidopsis to achieve a leaf
position in the upper, better lit, strata of the vegetation.

The finding that the response of pin3-3 to real neighbours in a dense stand is reduced less
compared to the response upon low R:FR and even green filter (Fig. 4.4 and Fig. 4.6), indi-
cates that there may additional, possibly light-independent crowding signals. One candidate
signal could be the volatile hormone ethylene. Ethylene is a regulator of shade avoidance,
not only as a hormone required to regulate petiole elongation responses to low R:FR in Ara-
bidopsis (Pierik et al. 2009) but also as a direct neighbour detection signal, as was suggested
for tobacco (Pierik et al. 2004a). Interestingly, pin3-3 shows a wild-type-like response to
ethylene with respect to hyponastic petiole growth (van Zanten et al. 2009), suggesting that
ethylene could constitute such an alternative crowding signal in Arabidopsis stands. Clearly,
more work is needed to identify if such signals occur in dense Arabidopsis stands.

In conclusion, auxin controls light quality-induced petiole elongation partly through
PIN3. The finding that the fitness of pin3-3 mutants was severely impaired by competing
wild-type neighbours suggests that PIN3-mediated control of shade avoidance might be of
great adaptive significance for shade-intolerant plants in nature.

4.4 Material and Methods

Growth conditions
For experiments on petioles of full-grown plants, seeds were sown on moist filter paper, stratified at
4 ◦C in the dark and germinated in 200 µmol m−2 s−1 photosynthetically active radiation (PAR; 9h
of light, 15h of dark) at 21 ◦C for 4d and transferred to pots (70 ml) after germination, containing a
mixture of potting soil and perlite (1:2; v:v) enriched with 0.14 mg of MgCa (Vitasol BV, Stolwijk, The
Netherlands) and 0.14 mg of slow-release fertilizer (Osmocote Plus Mini; Scotts Europe, Heerlen, The
Netherlands) per pot. Prior to seedling transfer, each pot was saturated with 20 mL nutrient solution
containing 2.6 mM KNO3, 2.0 mM Ca[NO3]2, 0.6 mM KH2PO4, 0.9 mM MgSO4, 6.6 µM MnSO4,
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2.8 µM ZnSO4, 0.5 µM CuSO4, 66µM H3BO3, 0.8 µM Na2MoO4, and 134 mM Fe-EDTA, pH
5.8. All chemicals were pro analysis grade and obtained from Merck (Darmstadt, Germany). Plants
were subsequently placed at 200 µmol m−2 s−1 PAR (9h of light, 15h of dark, 21 ◦C, 70% relative
humidity). The petioles of the third youngest leaves of plants at 36 to 38 d after sowing were used for
experiments, except where stated otherwise.

Light-quality manipulations took place in a white light background (Philips Master HPI-T Plus
400 W). The R:FR ratio was reduced from 1.2 to 0.25 by supplemental far-red light (730 nm LED;
Shinkoh Electronics Kanagawa, Japan) as in Chapter 3. The low blue treatment was the same as in
Chapter 2. Photosynthetically active radiation for all light treatments was maintained at 140 µmol
m−2 s−1. Green shading mimicking light conditions in a dense canopy was achieved using two
layers of Lee 122 Fern Green (Lee Hampshire, United Kingdom), which reduced the PAR to 65 µmol
m−2 s−1, the R/FR to 0.19, and the blue light photon fluence rate to 2 µmol m−2 s−1. Wherever
mentioned, white light control refers to data from plants grown in light conditions with an unaltered
spectral composition and PAR of 140 µmol m−2 s−1.

One day before the experiment, plants were transferred to the relevant growth cabinet for acclima-
tisation. Light treatments started on the subsequent day at 10 am and lasted 24h, except where stated
otherwise.

Competition Experiments
Seeds for canopy experiments were sown on soil with additional nutrients and stratified for 4 d at
4 ◦C. Thereafter, the seeds were transferred to light. After 10d (three leaf stages) seedlings were
transplanted to a density of 1,460 plants per square meter. Each seedling was in one pot, preventing
below-ground competition. Monoculture stands consisted of 49 plants (7*7) and the mixed stands of
64 plants (8*8), 32 Col- 0 and 32 pin3-3 plants) in a checkerboard design (Schmitt et al. 1995; Pierik
et al. 2003). The outer two rows of plants were not harvested to exclude possible edge-effects, leaving
9 (3*3) or 16 (4*4) plants per stand for measurements. Leaf angles and petiole lengths of the two most
responsive leaves per individual were recorded at different times and the mean was taken for further
calculations. At the end of the competition trial (after 67d of competition) plants were harvested,
plant height and number of siliques per inflorescence were determined, and shoots were dried for 4d
at 60 ◦C. The individual dry weight, silique number, and height were measured for every shoot and
the mean of each stand was used for further calculations.

GUS Assay

In order to visualize auxin action in control and low R:FR-treated petioles, GUS abundance was
studied in transgenic pIAA19::GUS lines expressing the GUS enzyme driven by the IAA19 promoter
(Tatematsu et al. 2004). The GUS assay for rosettes was performed after a pre-treatment of 20s
in acetone and a fixative treatment (0.3% formaldehyde (Sigma Darmstadt, Germany, 10mM MES
(Sigma Darmstadt, Germany), and 0.3 M mannitol (Duchefa Haarlem, The Netherlands)) of 45 min.
The rosettes were then washed with 100 mM NaPi (pH 7.0) (Duchefa Haarlem, The Netherlands).
The histochemical reaction was performed by incubating the rosette for 24h with 1 mM 5-bromo-4-
chloro-3-indolyl--D-glucuronide (Duchefa Haarlem, The Netherlands) in 100 mM NaPi buffer (pH
7.0) with 0.1 mM EDTA (both Merck Darmstadt, Germany). The staining was followed by bleaching
with an ethanol series from 50% to 90%, after which the material was photographed.
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Quantitative RT-PCR
In order to give an independent quantitative estimation of the auxin responsive IAA19 gene used in
the GUS assay above, we analyzed its expression in low R:FR-exposed petioles (24h of exposure). To
this end, total RNA was extracted from petioles (two petioles from each of five plants were pooled per
extraction), where after the protocol was used as explained in Chapter 2 for further processing. 18S
ribosomal RNA was used as an internal standard to normalize for differences in cDNA concentration
between samples. Threshold cycle values were obtained from PCR with an efficiency of approxi-
mately 2, and gene expression values were calculated according to Livak and Schmittgen (2001), with
control light plants as the final reference with expression levels set at 1. The primer sequences can be
found in appendix 1.

Statistical analyses
Data were analyzed with two-ANOVA followed by Tukeys-B post-hoc test to allow for comparisons
among all means or with Students T-test when two means were compared (SPSSV14).
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Chapter 5

Cortical microtubules control
polar auxin transport and shade
avoidance

DH Keuskamp1, R Sasidharan1, R Kooke, LACJ Voesenek and
R Pierik

1 These authors contributed equally

Abstract Plants growing in deep shade of neighbours often display pronounced shade avoidance
responses, including petiole elongation to consolidate light capture. This response requires unidirec-
tional cell growth and we study here how this is controlled during shade avoidance. It is shown here
that cortical microtubules (CMTs) play an important role in shade-induced petiole elongation. CMTs
can guide cellular protein transport (Chuong et al. 2004) and we show that CMTs re-orientate towards
a transverse cellular orientation upon green shade treatment to mimic crowding. Auxin transport is
known to play an important role in the control of shade avoidance. It was shown previously that the
sub-cellular localization of the auxin transport protein PIN-FORMED3 is regulated upon low R:FR,
inducing auxin accumulation throughout the elongating hypocotyl (Chapter 3). The current study
shows that disruption of CMTs, leads to an inhibition of the petiole elongation response to green
shade. This effect coincides here with a disturbed cellular deposition of PIN3 protein upon oryza-
lin treatment. Furthermore, CMTs are shown to affect the expression of several members of the cell
wall modifying XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH) gene fam-
ily that are up regulated in green shade and some of these XTHs are auxin-dependent. We show that
green shade induces transverse orientation of CMTs, which regulates the lateral cellular deposition of
PIN3 thus allowing auxin concentrations to rise, thus stimulating XTH gene expression and cellular
growth.
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5.1 Introduction

Neighbour detection in plants can induce the shade avoidance syndrome (SAS) a suite of
shoot architectural changes - to prevent or overcome actual shading. Leaves absorb light
of specific wavelengths such as red and blue fluence rates, whereas others are reflected or
transmitted such as far-red (Franklin 2008). Plants sense these changes in photon fluence
rates with phytochrome and cryptochrome photoreceptors. The most pronounced (plastic)
response to these light cues is rapid elongation of shoot organs such as stems and petioles
(Ballaré 1990; Franklin 2008; Vandenbussche et al. 2005). Growth along a preferred axis,
so-called anisotropic growth, will result in the elongation of plant organs. The direction of
the cellular expansion will define the direction of growth and is therefore important for the
elongation response.

Plant cortical microtubules (CMTs) consist of short microtubules that bundle together
to form helical arrays that encircle the cell and are mostly associated with the plasma mem-
brane (Hardham and Gunning 1978; Dixit and Cyr 2004). These CMTs can have many
different orientations, but have a transverse orientation in most elongating cells (Hush and
Overall, 1996; Dixit and Cyr, 2004). When the orientation is disrupted by either drugs (Sug-
imoto et al., 2003) or genetic mutations (Whittington et al. 2001; Sugimoto et al. 2003;
Camilleri et al. 2002; Bichet et al. 2001), this leads to a loss of anisotropic growth and
results in a characteristic swelling of the cells and ultimately the organ. Interestingly, the
orientation of CMTs can be regulated by light levels but also specifically by red (R), far-red
(FR) or blue light (Nick et al. 1990; Nick et al. 1992; Zandomeni and Schopfer 1992; Je et
al. 2005).

The question still remains how CMT orientation could regulate anisotropic growth. Mi-
crotubules are thought to guide transport of an array of proteins (Chuong et al. 2004) and
an example of how CMT orientation could regulate anisotropic growth is the association
with cellulose synthase. It has been shown that the cellular deposition of the cellulose syn-
thase complex to the plasma membrane requires CMTs, where it will synthesize cellulose
(Wightman and Turner 2010). Cellulose is a major component of all higher plant cell walls
and has consequently an important role in (directional) elongation (Fagard et al. 2000). Cel-
lulose synthase is not the only group of proteins of which the cellular deposition has been
associated with CMT orientation. Also the cellular deposition of the cell wall-modifying
protein family of xyloglucan endotransglucosylase/hydrolases (XTHs) has been associated
with CMTs. Vissenberg and coworkers (2005) showed that XTH activity was lost upon
CMT disruption. XTHs can modify structure and organization of the cell wall matrix poly-
mers, thereby loosening the wall and leading to enhanced cell wall extensibility (Cosgrove
1999; Rose et al. 2002; Cosgrove 2005), which can drive cell expansion (Cosgrove 2005).
Interestingly, for some XTH members it was recently shown that they are needed in shade
avoidance (Sasidharan et al. 2010) and XTH enzymatic activity and gene expression were
enhanced upon low R: FR, green shade or low blue (Devlin et al. 2003; Sasidharan et al.
2010; Chapter 2). Hence, this leads to the hypothesis that CMT orientation is regulated
during shade avoidance, determining sub-cellular protein deposition, whereby anisotropic
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growth is established.
Many plant hormones are associated with both microtubule orientation and shade avoid-

ance response (Sakiyama-sogo and Shibaoke 1993; Zandomeni and Schopfer 1993; Cat-
terou et al. 2001; Le et al. 2005; Chapter 1), which makes it likely that plant hormones
recruited during shade avoidance responses would affect CMTs during this response. A
major regulator of shade avoidance appears to be the plant hormone auxin (e.g. Tao et al.
2008; Kozuka et al. 2010; Chapter 2-4). In Chapters 3-4 it was shown that polar auxin
transport, regulated by the family of PIN-FORMED (PIN) proteins, plays an important role
in shade avoidance. A reduction of the R:FR induces the translocation of PIN3 from the
basal to the lateral side in endodermal hypocotyl cells of Arabidopsis seedlings. This re-
sults in auxin accumulation throughout the hypocotyl, which will induce the hypocotyl to
elongate. Low R:FR-induced petiole elongation is also dependent on auxin as disruption
of polar auxin transport resulted in total inhibition of the response (Chapter 4). Interest-
ingly, auxin also regulates XTH gene expression during shade avoidance (e.g. Kozuka et
al. 2010; Chapter 2). It could therefore, be possible that neighbour detection leads to an
auxin-induced up regulation of XTH gene expression, which might be deposited in the spe-
cific cellular location by transversely orientated CMTs, causing directional wall loosening.
In addition, there may be a direct interaction between auxin transport and CMTs since dis-
ruption of CMTs can prevent the polar localisation of PIN proteins (Boutté et al. 2006).
The cellular localization of PIN proteins is a dynamic process with continuous (re)cycling
between the plasma membrane and endosomal compartments. This constant cycling can
determine where on the cell membrane PIN proteins are deposited and this process is, at
least partly, dependent on the cytoskeleton (Grunewald and Friml 2010). It has been shown
that both actin and microtubules are involved in the sub-cellular targeting of PIN proteins
(Geldner et al. 2001; Boutté et al. 2006; Huang et al. 2008; Kleine-Vehn et al. 2008;
Kleine-Vehn et al. 2009; Zhang et al. 2010). In this Chapter the role of CMTs during shade
avoidance is investigated. We show that upon a green shade treatment, that mimics a canopy
light climate, CMTs are transversely localized in epidermal cells of Arabidopsis petioles.
Disruption of CMTs by oryzalin inhibited the elongation response upon green shade and
this was accompanied by inhibition of XTH activity as well as by inhibited expression of a
subset of green shade-induced XTH genes. We show that exogenous auxin application can
rescue the expression of some XTHs in the presence of oryzalin. It is proposed that CMTs
facilitate PIN relocalization, thus driving auxin accumulation, which in turn up regulates
several XTH genes to stimulate cell expansion and petiole elongation.

5.2 Results

CMT depolymerisation inhibits shade avoidance by disrupting polar
auxin transport
The reduction of blue light fluence rates in combination with a reduced R:FR ratio, achieved
by a green filter to mimic crowding, resulted in strong petiole elongation in Arabidopsis
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(Fig. 5.1A). Figure 5.1B and 5.1C confirm that CMTs are re-localized upon green shade
treatment towards a transverse orientation, consistent with their involvement in anisotropic
growth. This means that in green shade the CMTs are present predominantly at lateral
sides of the cell, which are also the walls that need to elongate most to allow for anisotropic
growth. Moreover, depolymerisation of CMTs by exogenous application of oryzalin strongly
inhibited anisotropic growth in petioles exposed to green shade (Fig. 5.1D). In Chapter 4 it
was shown that auxin plays a role in petiole elongation upon green shade and it has been
suggested that CMTs affect the cellular deposition of PIN proteins (e.g. Boutté et al. 2006).
IAA19 expression, which can be used as a measure for auxin activity (Tatematsu et al. 2004),
was up regulated under green shade conditions and this up regulation was indeed inhibited
by oryzalin (Fig. 5.2A). The pIAA19::GUS line shows a widely spread blue staining upon
green shade, suggesting high levels of auxin activity throughout the petiole (Fig. 5.2B). This
pIAA19::GUS expression pattern was reduced by oryzalin (Fig. 5.2C), suggesting a relation
between CMTs and auxin transport.

When the petioles were treated with the polar auxin transport (PAT) inhibitor NPA (1-
naphthylphthalamic acid), the elongation response was less than half of the non-treated
petioles (Fig. 5.3A). This indicates that the elongation response is at least partly under the
control of PAT. We used a PIN3-GFP reporter construct in green shade treated seedlings
to test the hypothesis that CMTs control the cellular deposition of PINs, which are auxin
efflux-associated proteins. This experiment could not be performed on petioles since the
PIN3-GFP signal seems to be too weak in these organs and we therefore used seedlings for
this experiment. PIN3 is localized more laterally in endodermal hypocotyl cells upon low
R:FR treatment (Chapter 3) and this is also true in green shade (Fig. 5.3B-C). The lateral
relocalization of PIN3 was disturbed when the seedlings were pre-treated with oryzalin

Figure 5.1: Green shade-induced petiole elongation in Arabidopsis (A) is accompanied by a reori-
entation of cortical microtubules (CMTs) towards a transverse orientation (B and C) and depends on
intact CMTs since disrupting CMTs with oryzalin prevents this elongation response to occur (D). A
and D: data are means (n = 10) ± SE and different letters indicate significant differences between
means (p<0.05) tested with a Tukeys b test.
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(Fig. 5.3D), and the hypocotyl elongation response was also inhibited (data not shown).
The basal localization does not seem to be affected by oryzalin, but the green shade-induced
PIN3-GFP accumulation at the lateral walls of the endodermal cells was clearly inhibited.
Furthermore, in the presence of oryzalin there is a more diffuse PIN3-GFP signal all over
the cells. These data suggest that CMTs indeed play a role in PIN polarization and thus PAT
during shade avoidance, which is needed for a full elongation response of petioles upon
green shade.

Green shade-induced XTH expression is disrupted by oryzalin
If CMTs control the cellular deposition of the XTHs, then the disruption of the CMTs should
lead to less XTH protein in the cell wall during green shade treatment. Sasidharan and
coworkers (2010) already showed that the expression of several members of the cell wall
modifying protein family of XTHs, are differentially regulated in petioles of green shade
treated plants. A way to estimate the amount of XTH proteins in the cell wall and thus
the XTH activity, is to measure the Xyloglucan degrading activity from cell wall protein
extracts. Figure 5.4A confirms that the XTH activity is up-regulated during green shade
treatment and is partially inhibited by oryzalin. The inhibition of XTH activity by oryzalin
could, besides disturbance of the cellular deposition, also be the result of inhibition of the
gene expression of these XTHs. Figures 5.4B-F show that oryzalin indeed affects the gene
expression levels of XTHs, although the expression of XTH15 is only affected by oryzalin
under control light conditions and XTH22 was not regulated at all. The expression of the
other XTHs tested, was down regulated by oryzalin during green filter treatment (Fig. 5.4C-
F).

Figure 5.2: Green shade-induced auxin action in Arabidopsis petioles is inhibited by oryzalin-
induced inhibition of microtubules as indicated by quantitative RT-PCR (A) and GUS staining on
the auxin-inducible IAA19 gene (B-C). A: data are means SE (n = 10) ± SE and different letters
indicate significant differences between means (p<0.05) tested with a Tukeys b test.
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Figure 5.3: Polar auxin transport (PAT) during green shade-induced elongation. Green shade-induced
petiole elongation is inhibited by the PAT inhibitor NPA (25 µM)(A). Data are means (n=10) ± SE
and different letters indicate significant differences between means (p<0.05) tested with a Tukeys b
test. Green shade treatment of seedlings induces a cellular PIN3 protein reorientation from basal (B)
to lateral (C) in the hypocotyl. This lateral PIN3 localization is prevented when microtubules are
disrupted with oryzalin (100 µM)(D).

CMTs regulate XTH expression through the control of PAT

CMTs can affect PAT and auxin is known to regulate XTH expression (e.g. Yokoyama
and Nishitani 2001) during shade avoidance (Chapter 2). We, therefore, hypothesized that
PAT would be a way for CMTs to affect expression of XTHs. This was experimentally
tested by studying XTH expression in control and green shade conditions with the auxin
transport inhibitor NPA and the synthetic auxin analogue 1-naphthaleneacetic acid (NAA).
The results show that all XTHs that were regulated by oryzalin during green shade treatment
are also regulated by auxin (Fig. 5.5). Both XTH17 and XTH19 were up-regulated by NAA
under control conditions although XTH16 was not. On the other hand, the NPA treatment
resulted in the inhibition of the green shade-induced up-regulation of XTH16, XTH17 and
XTH19 to almost control levels, which suggests that auxin is responsible for regulation of
the expression of these genes during shade avoidance. Interestingly, in the oryzalin treated
petioles, a treatment with NAA would rescue the expression levels of XTH17 and XTH19
(Fig. 5.6B-C). The NAA had no effect on XTH16 as expected based on the data of figure
5.5A. These data suggest that at least for XTH17 and XTH19 the effect of oryzalin on their
expression levels is regulated through the disruption of PAT.

5.3 Discussion
The competitive vigour of plants in dense stands depends on the cellular location of PIN
proteins (Chapter 3) and thus depends on cell polarity. In this Chapter we show that CMTs
are involved in cell polarity during shade avoidance by determining the cellular protein
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deposition of PIN proteins.

When petioles were treated with the PAT inhibitor NPA, the elongation response upon
green shade was partly inhibited (Fig. 5.2A). These data show that this elongation response
is regulated somewhat different from low R:FR-induced petiole elongation where the re-
sponse is fully inhibited by NPA (Chapter 5). This might be related to the multiple photore-
ceptors involved in green shade detection relative to the exclusive phytochrome control of
low R:FR signalling. Since PAT is involved in the petiole elongation response to green
shade, the next step was to further investigate how auxin redistribution and subsequent
anisotropic growth response during shade avoidance are established. CMT involvement
in the sub-cellular targeting of PIN proteins has been suggested before (Boutté et al. 2006;
Heisler et al. 2010). Also the cellular deposition of the cell wall modifying protein family
of XTHs, that are regulated during shade avoidance (Sasidharan et al. 2010), have been
linked to CMTs (Vissenberg et al. 2005). This family of proteins control cell expansion and
are known to be regulated by auxin as well.

Figure 5.4: Green shade induces XTH activity (measured as Xyloglucan-Degrading Activity (XDA)
(A) and relative expression of a number of XTH genes (B-F) in a microtubule-dependent manner since
oryzalin reduces the green shade effects. Data are means (n=5) ± SE and different letters indicate
significant differences between means (p<0.05) tested with a Tukeys b test.
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Figure 5.5: Auxin control of three green shade-induced XTHs. NPA: polar auxin transport inhibitor
(25 µM), NAA: synthetic auxin analogue (25 µM). Data are means (n=5) ± SE and different letters
indicate significant differences between means (p<0.05) tested with a Tukeys b test.

Figure 5.6: Auxin application (NAA: synthetic auxin analogue)(25 µM) can rescue the expression
of two green shade-induced XTH genes after inhibition with oryzalin (100 µM), which disrupts mi-
crotubules. Data are means (n = 5) ± SE and different letters indicate significant differences between
means (p<0.05) tested with a Tukeys b test.

With this knowledge we hypothesized a novel role for CMT orientation in the control
of shade avoidance, which is that CMT orientation would control PAT, thereby regulating
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auxin-dependent XTH expression. Green shade indeed induced transverse CMT orienta-
tion and when the CMTs were disrupted by oryzalin the elongation response was inhibited
(Fig. 5.1). The disruption of CMTs did not only inhibit the green shade-induced petiole
elongation response (Fig. 5.1), it also inhibited the expression (pattern) of IAA19 (Fig. 5.2),
which is a marker for auxin activity (Tatematsu et al. 2004). Figure 5.3B-D show that oryza-
lin indeed affects PIN localisation during shade avoidance, providing a link between CMT
(orientation) and auxin distribution. The green shade-induced XTH activity is inhibited by
oryzalin. This could be the result of a putatively disturbed cellular deposition of XTHs
which was not studied here, but is possible since CMTs can guide proteins towards the cell
membrane (Vissenberg et al. 2005). In fact, the transverse CMT orientation in green shade
without oryzalin, might facilitate delivery of a diversity of cell wall modifying proteins, in-
cluding XTHs, towards predominantly the lateral side of the cell. The inhibition of XTH
activity by oryzalin will also, at least in part, be the result of inhibited expression levels
of XTH genes (Fig. 5.4). The expression levels of XTH16, XTH17 and XTH19, which are
regulated by oryzalin, were also repressed by NPA in green shade (Fig. 5.5). Interestingly,
NAA could rescue the expression levels of XTH17 and XTH19 in oryzalin treated petioles
under green shade conditions (Fig. 5.6B-C).

The fact that adding NPA did not fully inhibit green shade-induced petiole elongation,
whereas it did for low R:FR treated petioles (Chapter 4), indicates that the elongation re-
sponse of petioles to green shade might involve more regulators than just auxin. It is pos-
sible that other growth factors are involved to induce the observed CMT re-orientation in
green shade, even though auxin itself can induce transverse CMT orientation (Takesue and
Shibaoka 1999; Fischer et al. 1998). Other phytohormones such as brassinosteroids (BR)
would be likely additional regulators of the green shade response as was shown for the end-
of-day far-red response in petioles (Kozuka et al. 2010) and for low blue-induced hypocotyl
elongation (Chapter 2). Since green shade is a combination of both low R:FR and low blue
treatment, BR involvement is plausible. BR is known to regulate XTH expression (e.g.
Yokoyama and Nishitani 2001) during low blue-induced shade avoidance as well (Chapter
2), which could explain why not all green shade-induced XTHs were regulated by auxin.

We propose a concept for CMT involvement in shade avoidance, where CMT orientation
is regulated upon green shade towards a transverse orientation, which induces a change in
the sub-cellular deposition of PIN proteins. This results in a change in PAT and leads to
auxin accumulation throughout the petiole and an auxin-mediated up-regulation of XTH
expression levels. These XTHs in turn might regulate the anisotropic growth response of the
petioles by a putative sub-cellular deposition onto the lateral walls guided by transversely
orientated CMTs.
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5.4 Material and Methods

Growth conditions
For experiments on petioles of full-grown plants, seeds were sown and grown as described in Chapter
4. Green shading mimicking light conditions in a dense canopy was achieved using two layers of Lee
122 Fern Green (Lee Hampshire, United Kingdom), which reduced the PAR to 65 µmol m−2s−2 ,
the R/FR to 0.19, and the blue light photon fluence rate to 2 µmol m−2s−2 (16 h of light, 8 h of dark,
21 ◦C, 70% relative humidity). Wherever mentioned, white light control refers to data from plants
grown in light conditions with an unaltered spectral composition and PAR of 140 µmol m−2s−2. One
day before the experiment, plants were transferred to the relevant growth cabinet for acclimatisation.
Light treatments started on the subsequent day at 10 am and lasted 24 h, except where stated otherwise.

For seedlings, seeds were surface sterilized, stratified for 3d in the dark at 4 ◦C and germinated
on solid agar plates with 8 gr l−1 agar and 0.22 gr l−1 Murashige and Skoog (both Duchefa Haarlem,
The Netherlands). 45h after germination the plates were placed in the green shade treatment or in
control light conditions for 8h.

Pharmacological treatments
The CMT depolarisation was established with the use of oryzalin (200 µM) (Riedel-de Han Buchs,
Switzerland). Auxin transport was inhibited using 1-naphthylphthalamic acid (NPA; 25 µM) (Duchefa
Haarlem, The Netherlands) and an auxin response was induced by using 1-naphthaleneacetic acid
(NAA; 25 µM)(Duchefa Haarlem, The Netherlands). Both NPA and oryzalin were applied 1 d before
the light treatment, by brushing the petioles with a solution containing the chemical and 0.1% tween-
20 (Duchefa Haarlem, The Netherlands) three times that day. The NAA solution was brushed on the
petioles three times during the light treatment, also containing 0.1% tween-20.

For seedlings the oryzalin (100 µM) was added to the agar medium 12h prior of the light treatment.
150 µl of a concentrated, sterile solution was added as a film on top of the agar.

Measurement of Xyloglucan-Degrading Activity (XDA)
After 1d of control and green shade treatment, the petioles were harvested and snap frozen in liquid
nitrogen. The petioles were further processed as described in Chapter 2. XDA values are expressed as
XDA per µg of cell wall protein.

GFP visualisation
To visualize the CMT orientation, GFP fluorescence was studied in TUA-GFP transgenic plants. To
study PIN3 protein location, GFP fluorescence was studied with the use of PIN3-GFP transgenic
plants. The GFP fluorescence was visualised with confocal laser scanning microscopy (Zeiss LSM
Pascal, 40 x C-apochromat objective) using a 488 nm excitation wavelength, 505-530 bandpath filter
to separate GFP and a 560 long pass filter to determine chlorophyll fluorescence.

GUS Assay
In order to visualize the pattern of auxin action in control and green shade treated petioles, GUS
abundance was studied in transgenic pIAA19::GUS, which can be used as a measure for auxin activity
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(Tatematsu et al. 2004). The GUS assay for the petioles was performed as described in Chapter 4.

Quantitative RT-PCR
Two petioles from each of five plants were pooled per extraction, of plants grown under control or
green shade conditions. The petioles were harvested after being 24h in its light treatment. Where after
the plant material was further processed as in Chapter 2. The expression of control light plants was
used as the reference with expression levels set at 0. The specific primer sequences can be found in
appendix 2.

Statistical analyses

Data were analyzed with two way-ANOVA followed by Tukeys-B post-hoc test to allow for compar-
isons among all means or with Students T-test when two means were compared (SPSSV14).
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Chapter 6
General Discussion

Introduction Plants perceive the threat of competing neighbours through various signals,
such as specific changes in the light quality. Plants carry sophisticated photoreceptor sys-
tems to perceive these signals and subsequently activate a complex network of various hor-
mones and transcriptional regulators as shown in figure 6.1. This results in anisotropic
growth of the hypocotyl, stem or petiole, which is part of the so-called shade avoidance
syndrome (SAS). The aim of this PhD study was to elucidate the role of auxin in these
elongation responses.

6.1 Photoreceptors
Plants use specific changes in the light quality as signals for (proximate) shading. A reduc-
tion in the blue light fluence rate is a measure of actual shading whereas the reduction in the
red:far-red ratio (R:FR) is used as a measure to predict future shading by plants specifically.
Leaves mainly absorb blue and red (R) light for photosynthesis, whereas far-red (FR) light
is not absorbed and will even be reflected (Franklin 2008). Arabidopsis carries specific pho-
toreceptors to detect these Blue, R and FR light cues. The photoreceptor families of cryp-
tochromes and phototropins, are sensitive to blue light fluence rates, whereas phytochromes
are sensitive to R and FR light (Ahmad et al. 1993; Quail et al. 1995; Briggs et al. 2001). In
this study two different light treatments were used without changing the total photosyntheti-
cally active radiation (PAR) compared to control conditions: reduced blue light fluence rates
(low blue; Chapter 2) or a lowered R:FR (Chapter 3 Fig. 1). Furthermore, a green shade
treatment was used to mimic actual shading, which is comprised of low blue and low R:FR
but combined with a reduction in the total light intensity (Chapter 5), which mimics deep
canopy shade. We show that CRYPTOCHROME1 (CRY1) and CRY2 together mediate the
low blue induced hypocotyl elongation (Chapter 2), whereas PHYTOCHROME B (PHYB)
is mostly responsible for the low R:FR-induced hypocotyl elongation (Chapter 3 and 4).
Interestingly, these light cues seem to act synergistically. First of all, a combined treatment
of low blue and low R:FR treatment induces a larger elongation response in hypocotyls,
compared to the low blue or low R:FR single treatments (Fig. 6.2A). Secondly, petioles did
not elongate upon the low blue treatment, but showed a greater elongation response upon
the double treatment of low blue and low R:FR compared to just low R:FR treated plants
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Figure 6.1: Schematic representation of the signal transduction steps in the process of the low blue
and low R:FR induced SAS as shown in this thesis

(Fig. 6.2B). When the phyBphyDphyE triple mutant was placed under low blue conditions,
both petioles and hypocotyls showed an elongation response that was greater than observed
in wild type (personal communication M. de Wit). This suggests an interaction between
either the photoreceptors or downstream of the photoreceptors. The fact that cryptochromes
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and phytochrome are able to interact (Mas et al. 2000) underpins this hypothesis. Secondly,
both cryptochromes and phytochromes can regulate LONG HYPOCOTYL 5 (HY5) (Oster-
lund et al. 2000), which is a known factor in light-regulated shoot elongation. A third level
at which the interaction between the two light cues could be mediated is the regulation of
the PHYTOCHROME INTERACTING FACTORS (PIFs) (Keller et al. 2011).

6.2 Hormonal regulation of shade avoidance
Auxin is a well studied plant hormone that has been associated with various elongation
responses, including shade avoidance. For example auxin biosynthesis under the control of
TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1), is up-regulated upon
low R:FR (Tao et al. 2008). A mutation in the TAA1 gene, such as in the wei8-1 mutant,
prevents the elongation response in seedlings upon low R:FR (Chapter 3; Tao et al. 2008).
In this study we show that wei8-1 also has a reduced elongation response upon low blue
treatment. This not only shows that auxin is involved in both elongation responses, but
also indicates that up-stream or at the level of TAA1 there is cross-talk between the signal
transduction of the two light signals.

In this study it is shown that Polar Auxin Transport (PAT) is (partly) responsible for
the elongation response of petioles and hypocotyls upon low blue, low R:FR and green
shade (Chapter 2-5). Evidence was provided for a change in the sub-cellular localization
of PIN-FORMED3 (PIN3), which is a facilitator of auxin transport (Teale et al. 2006),
in seedlings upon low R:FR or green shade (Chapter 3 and Chapter 5). This will lead to

Figure 6.2: Both the petiole length (A) and the hypocotyl length (B) of plants grown under control,
low blue, low R:FR or a combined low blue + low R:FR light conditions. Data are means (A: n=9-10
B: n=19-23) ± SE and different letters indicate significance differences between means (p<0.05)
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a change in PAT which resulted in auxin accumulation throughout the hypocotyl and as a
consequence in enhanced elongation (Chapter 3). The pin3-3 seedlings did not show this
elongation response upon the low R:FR treatment, and also prevented auxin accumulation
in the hypocotyl of these seedlings (Chapter 3). These data clearly show the significance of
auxin transport in shade avoidance as proposed by Morelli and Ruberti (2000).

In Chapter 2 we show that inhibiting auxin transport or blocking the auxin perception
in seedlings did not fully inhibit the low blue-induced elongation response (Chapter 2),
whereas in low R:FR treated seedlings it did (Chapter 3). We show that besides auxin,
brassinosteroids (BR) are needed for the elongation response of seedlings upon low blue.
When the biosynthesis or perception of BR is blocked, this leads to a reduction in the elon-
gation response to low blue as well (Chapter 2). Only when both auxin and BR were blocked
the low blue response was fully inhibited (Chapter 2). These results could explain the fact
that with 1-naphthylphthalamic acid (NPA), only a part of the green shade response in peti-
oles was inhibited (Chapter 5). The green shade treatment is not just low R:FR, it also has
reduced blue light fluence rates. It might be that BR is also involved in the green shade-
induced petiole elongation, but further research is needed to confirm this hypothesis.

In Chapter 5 we investigated how the sub-cellular localization of PIN3 is regulated.
We show that the cortical microtubules (CMTs) are mainly transversally orientated upon
green shade, whereas under control conditions they were not (Chapter 5). Microtubules are
thought to guide transport of an array of proteins (Chuong et al. 2004) and could therefore
regulate the re-localisation of PIN3. This is likely, since the transverse orientation of the
CMTs matches with the lateral localization of PIN3 during shade avoidance (Chapter 5).
When the CMTs are depolymerised by oryzalin, not only the elongation response is inhib-
ited, also the sub-cellular localisation of PIN3 is disrupted (Chapter 5). Interestingly, auxin
itself can induce transverse orientation of CMTs (Takesue and Shibaoka 1994; Fischer et
al. 1999). The photoreceptor-mediated stimulation of auxin production could then result in
transverse CMTs which would facilitate lateral PIN3 localisation. Correspondingly, trans-
verse orientation of CMTs in seedlings induced upon low blue, was disrupted when auxin
perception was blocked (data not shown). This could explain how auxin regulates its own
transport as shown in Chapter 3. As mentioned before, during shade avoidance a complex
network of various hormones and transcriptional regulators is activated (Fig. 1). An example
is the involvement of CMTs in much more than only PIN localisation. CMTs are considered
to regulate the transport of many proteins, such as the cell wall modifying protein family of
xyloglucan endotransglucosylase/hydrolases (XTHs), which are known to be important for
shade avoidance (Sasidharan et al. 2010).

6.3 Shade avoidance regulation downstream of auxin
Specific changes in light quality will induce anisotropic growth in both hypocotyls and peti-
oles, as mentioned above. For this anisotropic growth, cell elongation needs to be in a
specific direction for which cell polarity is needed. The CMT orientation is an example
of how within a cell, spatially different parts of the cell membrane can be distinguished,
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such as apical/basal versus lateral parts of the cell. Such regulation of polarity we already
showed for PIN3, but this does not explain the anisotropic growth response as part of shade
avoidance. A group of proteins that could regulate anisotropic growth and have been as-
sociated with CMTs, are the XTHs (Vissenberg et al. 2005). Several XTHs are regulated
during shade avoidance (e.g. Sasidharan et al. 2010; Chapter 2) and mutants of some of
these XTHs show an inhibited elongation response (Sasidharan et al. 2010). We show that
the expression of several XTHs was regulated in seedlings upon low blue treatment (Chapter
2). Interestingly, some of these XTHs are under the control of auxin and others were under
the control of BR and thus both hormones regulate their own specific set of XTHs (Chapter
2). This could explain why both auxin and BR needed to be blocked in order to fully inhibit
the low blue response of Arabidopsis seedlings.

Another point of interest is the differences between the XTHs which are regulated upon
low R:FR or green shade (Devlin et al. 2003; Sasidharan et al. 2010) and the ones which
are regulated upon low blue (Chapter 2). Although auxin plays an important role in these
light responses, different sets of XTHs are regulated in a light dependent manner by auxin.
Hence, these data show that for shade avoidance, auxin is needed, but shade avoidance is
more than just auxin (levels). This would correspond with the published involvement of
other regulators in SAS such as gibberellin and ethylene (e.g. Pierik et al. 2009).

6.4 Adaptive value of the SAS
In addition to unravelling the mechanism controlling shade avoidance, also the adaptive
value of auxin control of shade avoidance was tested for Arabidopsis. The pin3-3 mutant,
which looks similar to wild-type when grown alone, was used in dense stand experiments.
The pin3-3 mutant showed a delayed petiole elongation and hyponastic response compared
to wild-type when grown in a dense stand. This delayed response of pin3-3, resulted in
significant reductions of shoot dry weight and number of siliques when competing with
wild-type, whereas it did not differ in monocultures (Chapter 4). These results confirm
that (timing of) the shade avoidance response is of great importance, as was also shown for
tobacco plants (Pierik et al. 2004a) and even applies for a rosette species like Arabidopsis.
The fact that pin3-3 plants still responded during the competition experiments, whereas
upon low R:FR they did not (Chapter 4), could mean that other PIN3-independent signals
act as well. Low blue might be such an alternative signal, as pin3-3 plants showed a reduced
but not absent response upon green shade (Chapter 4) or low blue (Chapter 2). Another
factor that might be involved is ethylene. Ethylene can induce hyponasty, independent of
auxin (van Zanten et al. 2009), and ethylene can be an important neighbour detection signal
as well (Pierik et al. 2004a). Ethylene and low blue are probably present in a later stage of
the canopy development compared to the early neighbour detection signal low R:FR, which
explains why in the end pin3-3 did show a response during the dense stand experiments.

Above-ground competition is of course not the only battle that plants fight with their
neighbours. In the experiments presented here, below-ground competition was prevented
by growing each individual plant in their own pot. In nature however, plants are likely to
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experience below- and above- ground competition simultaneously. Interestingly, plants are
not only able to identify neighbouring plants by above-ground cues, but also below-ground
(Schenk 2006). Several studies have shown that when plants encounter below-ground neigh-
bouring plants, they will produce more root mass (e.g. OBrien et al. 2005). A study by
Shindo et al. (2008) shows that Arabidopsis plants which have a disturbed root develop-
ment will lose below-ground competition against plants with a proper root development.
This shows that the response to below ground competition can be of great importance as
well. Interestingly, low R:FR treatment can result in an increased shoot mass, which oc-
curres at the expense of the root mass (e.g. Kasperbauer and Hunt 1992), although another
study showed this is not always the case (Murphey and Dudley 2007). Hence, both below-
and above-ground competition determine how successful plants are in dense stands, but
there might be a trade-off between these responses. It is possible that auxin plays a role in
the trade-off between these two plastic responses. We show here in this study that auxin
(transport) plays a crucial role in the shade avoidance response of Arabidopsis. On the other
hand, auxin is synthesized in the shoot and transported downwards to the roots where it
plays an important role in several elements of root development (Teale et al. 2006). We
show that a reduction in the R:FR leads to a change in the PAT and auxin accumulation in
the elongating organs may go at the expense of the amount of auxin reaching the roots. It
is possible that the reduction in root:shoot ratio during shade avoidance is physiologically
regulated by auxin. Clearly, further research is needed on the interaction between above and
below ground stresses and whether auxin plays a role in this.

During the green revolution farmers started to use shorter (agriculturally advantageous)
varieties, which lead to higher yields (Khush 2001). The investment that plants normally
put in their stem to gain height was now used for their fruits. This reduction in plant height
turned out to be the result of gibberellin associated mutants that made them dwarf (Peng et
al. 1999). Interestingly, some dwarfed varieties of agronomic species are a result of auxin
transport related mutations (Multani et al. 2003). When plants are somehow prevented to
respond to their neighbours and thereby thus preventing the plant height arms race, this will
lead to increased yields when these plants grow in a monoculture as many agricultural fields
are. Shade avoidance can also be seen as investment of the plant which goes at the expense
of the yield, which makes research on the physiological regulation of the shade avoidance
response, as was performed in this study, highly relevant.
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Ballaré CL (2009) Illuminated behaviour: Phytochrome as a key regulator of light foraging and plant anti-
herbivore defence. Plant Cell Environ 32: 713-725
Bao F, Shen J, Brady SR, Muday GK, Asami T, Yang Z (2004) Brassinosteroids interact with auxin to promote
lateral root development in arabidopsis. Plant Physiol 134: 1624-1631
Beall FD, Yeung EC, Pharis RP (1996) Far-red light stimulates internode elongation, cell division, cell elonga-
tion, and gibberellin levels in bean. Can J Bot 74: 743-752
Benkova E, Michniewicz M, Sauer M, Teichmann T, Seifertov D, Jrgens G, Friml J (2003) Local, Efflux-
Dependent Auxin Gradients as a Common Module for Plant Organ Formation. Cell 115: 591-602



70 References

Bichet A, Desnos T, Turner S, Grandjean O, Hofte H (2001) BOTERO1 is required for normal orientation of
cortical microtubules and anisotropic cell expansion in Arabidopsis. Plant J 25: 137-148
Blakeslee JJ, Bandyopadhyay A, Peer WA, Makam SN, Murphy AS (2004) Relocalization of the PIN1 auxin
efflux facilitator plays a role in phototropic responses. Plant Physiol 134: 28-31
Blilou I, Xu J, Wildwater M, Willemsen V, Paponov I, Friml J, Heidstra R, Aida M, Palme K, Scheres B
(2005) The PIN auxin efflux facilitator network controls growth and patterning in Arabidopsis roots. Nature 433:
39-44
Borthwick HA, Hendricks SB, Parker MW, Toole EH, Toole VK (1952 )A reversible photoreaction controlling
seed germination. Proc Natl Acad Sci USA 38: 662-666
Boylan MT, Quail PH (1989) Oat Phytochrome is biologically active in transgenic tomatoes. Plant cell 1: 765-
773.
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Appendix

Figure 8.1: The hypocotyl lengths of Col-0 in a concentration series of both indole-3-acetic acid
(IAA) and brassinolide (BL). Data are means (n=21-27) ± SE.
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Gene name Forward primer Reversed primer

UBQ10 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT

XTH2 CCTATGCTCCATTTAAGGCTCAA CATTATTGCTCTGACCATTTACGTG

XTH3 AATTACTGCTTACGAGTTACAAGAGAAGAG TCTTATTTATCTTCTGCAATCATATAAAAACA

XTH5 ACCAGTACAAGCGTCTCAAATGG AAAAATCACTATATGTCGCGGTCTCT

XTH6 CCAACCTTTTGTCCATCGAACC TACTCTAACCCACCGGTAACGT

XTH8 TTTGTTTTGAGTGTATTAAAGTGGAAATG TTTGTTTTGAGTGTATTAAAGTGGAAATG

XTH9 TACCATGAATACAACACTGCGTTTACT TACCATGAATACAACACTGCGTTTACT

XTH10 ACAAGAGTGCAAAAGAGATGGTTTAAA CGGTAGCTTGTTATTGAACCTTCC

XTH11 CACTGTACCTAAACGCAAGGAAGAC TGAGGCACCTTTGGATACGC

XTH12 TGTGGACTACACTTAATTCAAATCAGCT GTTGAGGTTGCATTCAGTGGGT

XTH13 TGTGGACTACCCTTAACTCAAATCAGTA GTTGAGATTGCATTCCGTAGGC

XTH14 ATTTTAAGAGATTCCCTCAAGGCC CATGTAATATCGTATCTCAGAAACACCA

XTH15 GAAGTCCAGAGTCTGATGAACACATATTA CCAGGAATGCTTTATTGATCTTGAC

XTH16 AAGAAGATTAAGATGGGTTCAGAAGTATTTT TGCACTAAACAACAACAAAGAGAGAAT

XTH17 ATGGGCTAATGGAAAATCATCTTGTT ATGGGCTAATGGAAAATCATCTTGTT

XTH18 GTGCAGTTAAATTGTTGATTCTTTGATAC GAGCAACAAATGAATGAATGATAAAAATATGTAAG

XTH19 TGCAGCTAAATGATTGATTCTTTGAT CCATTGAGTTACAAAGACAACGCAA

XTH21 GATGGATTCTTCAAGCAAGAAAGTT ACAGGCAAACCATTAGAGAATCG

XTH22 CTAAAGAGTGCTTAGCTGCATAGAGAGA CAAATCAATAAAATTCACGTGATCTACAA

XTH27 GATTTGGCGGCATTCCG CCCATACTATTTTGCCTAT

XTH30 TGAGAGTGATCCTGACGACAGAA GCCCAAAGGCCTATCAAATTTATC

XTH32 CATACCGTTCTGGCGGATTAA CTTTGCAATAATTGTATACCATACTATGTG

XTH33 GCCACGTTGTCGAAGAATCAG GCCACGTTGTCGAAGAATCAG

IAA19 GGCTTGAGATAACGGAGCTG ACCATCTTTCAAGGCCACAC

PIN3 GCGTCAATAAAAACCCGAAA GGCGTCTTTTGGTCTCTCTG

18S CGTTGCTCTGATGATTCATGA GTTGATAGGGCAGAAATTTGAATGAT

Table 8.1: The sequences (5 - 3) of primer combinations for all the genes studied
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Het ontwijken van schaduw: Hoe
auxine fotoreceptor-gestuurde
scheut strekking reguleert

Planten groeien meestal in een omgeving waarin concurrentie met buurplanten plaatsvindt.
Planten vertonen fenotypische aanpassingen als reactie op de naburige planten om de op-
name van natuurlijke hulpbronnen, zoals licht water en nutrienten te kunnen maximaliseren.
Om dit mogelijk te maken moeten planten op een of andere wijze de nabijheid van hun buren
kunnen opmerken. Perceptie van de buurplanten kunnen tot verschillende soorten gedrag
leiden bij planten. Een voorbeeld hiervan is schaduw ontwijkend gedrag, waarbij planten de
scheut strekken en hun bladeren opwaarts buigen om in de richting van het licht te groeien
en nog zoveel mogelijk licht op te kunnen vangen.

Licht is niet alleen de belangrijkste energiebron voor planten, maar kan ook infor-
matie bevatten over de omgeving van een plant. Bladeren absorberen relatief veel rood
en blauw licht voor fotosynthese terwijl ver-rood nauwelijks wordt geabsorbeerd en zelfs
wordt weerkaatst. Dit heeft dan ook gevolgen voor de samenstelling van het licht dat op een
plant valt, wanneer deze wordt overschaduwd door een buurplant.

Om deze veranderingen in licht samenstelling te kunnen waarnemen hebben planten
zogenaamde fotoreceptoren. Zo heeft Arabidopsis thaliana (Arabidopsis), de plantensoort
die gebruikt is in dit proefschrift, drie soorten fotoreceptoren. Deze fotoreceptoren zijn
cryptochroom en fototropine om de hoeveelheid blauw licht waar te nemen, en fytochroom
dat gevoelig is voor de ratio tussen rood en ver-rood licht. Wanneer het licht dat op Ara-
bidopsis planten valt relatief weinig blauw licht bevat of een lage rood:ver-rood ratio heeft
leidt dit tot verhoogde strekkingsgroei van de scheut. Bij Arabidopsis zaailingen zal de
hypocotyl strekken. Bij volgroeide Arabidopsis planten strekt daarentegen de bladsteel en
nemen ook de bladhoeken ten opzichte van de horizontaal toe. Om dit te bewerkstelligen
vind er hormoon-fysiologische en moleculair-genetische regulatie plaats.

Auxine is een plantenhormoon dat betrokken is bij vele aspecten van de plantenon-
twikkeling, zoals de embryonale ontwikkeling, celdeling en cel strekking. De biosynthese
van auxine vindt plaats in de jonge bladeren en het geproduceerde auxine wordt vervolgens
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getransporteerd richting de wortels, waar het een belangrijke rol speelt bij de wortelon-
twikkeling. Bij het transport is een groep eiwitten betrokken, genaamd PIN-FORMED
(PIN), welke auxine actief de cel uit transporteren en daarmee de richting van het auxine
transport bepalen. In dit proefschrift is de de rol van auxine en auxine transport in de fo-
toreceptor/gestuurde scheut strekking onderzocht.

In hoofdstuk 2 is de groeireactie van zaailingen op verminderde hoeveelheden blauw
licht, verkregen met behulp van een geel filter, beschreven. Uit experimenten met auxine
gerelateerde mutanten en pharmacologische behandelingen bleek deze groeireactie slechts
deels afhankelijk te zijn van auxine. Enkel wanneer de werking van zowel auxine als brassi-
nosteroden, een ander plantenhormoon, tegelijkertijd werden verstoord, was de strekkings
groei van de hypocotyl volledig afwezig. Dit suggereert dat beide hormonen een belangrijke
rol spelen in de strekkings reactie van hypocotylen onder laag blauw licht omstandigheden.
Om de werking van deze twee hormonen verder te onderzoeken is er naar de genexpressie
van een groep celwand modificerende eiwitten (XTHs) gekeken, waarvan bekend is dat
ze belangrijk zijn in de schaduw ontwijkings reactie van Arabidopsis. Een deel van deze
genfamilie werd inderdaad gereguleerd tijdens de laag blauw licht behandeling. Uit verder
onderzoek bleek dat de regulatie van deze eiwitten deels door auxine verklaard kon wor-
den terwijl een ander deel door brassinosterode verklaard kon worden. Hieruit kan men
concluderen dat de twee hormonen andere celwand-modificerende eiwitten aansturen die
op hun beurt weer celstrekking reguleren. Hiermee kan de benodigdheid van zowel auxine
als brassinosterode in de hypocotyl strekking tijdens laag blauw licht behandeling verklaard
worden.

Blauw licht is niet het enige licht signaal dat de strekkingsgroei kan induceren in Ara-
bidopsis. Ook een verlaging in de rood:ver-rood ratio, in dit onderzoek verkregen door
middel van bijbelichting met ver-rood producerende lichtbronnen, kan strekkings groei in-
duceren bij Arabidopsis zaailingen, zoals beschreven in hoofdstuk 3. Het onderzoek laat
zien dat, in tegenstelling tot de verminderd blauw licht-genduceerde hypocotyl strekkings
reactie, auxine de laag rood:ver-rood genduceerde response volledig kan verklaren. Aange-
toond is dat de pin3-3 mutant, die een niet functionerend PIN3 auxine transport eiwit heeft,
geen strekkings reactie meer vertoont tijdens de laag rood:ver-rood behandeling. De rol van
PIN3 is verder onderzocht met PIN3-GFP, een zogenaamde fluorescente reporter die het
mogelijk maakt om de cellulaire locatie van dit eiwit zichtbaar te maken. Tijdens de laag
rood:ver-rood behandeling was te zien dat PIN3-GFP, dat zich normaal onderin de endoder-
mis cellen van de hypocotyl bevindt, zich verplaatst naar de zijkant van dezelfde cellen. Als
gevolg hiervan wordt er meer auxine naar de buitenste cellaag van de hypocotyl gepompt.
Deze hogere auxine concentratie leidt vervolgens tot strekking van de hypocotyl.

Hoofdstuk 4 toont aan dat de reactie van volgroeide Arabidopsis planten, zoals de
petiool strekking en een verhoogde blad hoek, ook afhankelijk is van PIN3 en dus van
auxine transport. Er zijn experimenten gedaan waarbij er natuurlijke competitie om licht is
nagebootst, door Arabidopsis planten bij grote dichtheid op te groeien. Hieruit bleek dat
wild type planten inderdaad reageren op de aanwezigheid van buurplanten door hun peti-
olen te strekken en hun bladhoek te vergroten. De pin3-3 mutant gaf de mogelijkheid de
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relevantie van deze response verder te onderzoeken, aangezien deze mutant niet reageert
op het laag rood:ver-rood signaal, een belangrijk signaal in buurplant detectie. Wanneer er
wild type planten samen met pin3-3 planten bij grote dichtheid werden opgegroeid, werd
duidelijk dat pin3-3 inderdaad later op de aanwezigheid van buurplanten reageerde. Dit
leidde tot een reductie van 40% in de fitness van pin3-3 wanneer deze samen met wildtype
planten groeide, terwijl er in de monocultures van de twee genotypes geen verschil was
tussen pin3-3 en wild type Arabidopsis planten. Uit dit onderzoek bleek de ecologische
relevantie van zowel de reactie op buurplanten als de rol van auxine in deze response.

Hoofdstuk 5 laat zien dat de cellulaire locatie van PIN3 afhankelijk is van microtubili,
welke een onderdeel vormen van het cytoskelet. De microtubili in petiolen lopen onder
normale lichtomstandigheden evenwijdig aan de petiool. Echter tijdens een groen filter be-
handeling, wat wordt gebruikt om de beschaduwing door buurplanten na te bootsen, waren
de microtubuli dwars georienteerd. Daarnaast verminderde de strekkings groei van Ara-
bidopsis petiolen tijdens de groen filter behandeling wannneer de microtubili werden ver-
stoord. Deze verstoring van de microtubili voorkomt echter ook de cellulaire re-localisatie
van PIN3 tijdens deze groen filter behandeling in zaailingen.

Op basis van dit proefschrift wordt er gesteld dat de microtubili de reorientatie van PIN3
reguleren tijdens fotoreceptor gestuurde scheut strekking. Dit leidt vervolgens tot een ver-
hoogde auxine concentratie in de strekkende organen. Deze verhoogde auxine concentratie
induceert vervolgens de expressie van celwand modificerende eiwitten, zoals XTHs, wat
de celstrekking stimuleert. De aldus gereguleerde strekkingsgroei in planten is van groot
belang wanneer er gestreden moet worden om licht.
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je binnen kon lopen en ik denk met veel plezier terug aan onze biertjes in de zon.

Ook de analisten Ankie, Joke, Judith, Rob en Yvonne verdienen alle lof voor hun hulp,
inzet en het negeren van de rotzooi die ik overal achter liet. Ik wil ook graag Heinjo, Henri
en Thijs bedanken voor het wekken van mijn interesse voor de plantenbiologie, al tijdens
mijn studie. Dankzij jullie onderwijs en enthousiasme ben ik uberhaupt plantenbioloog
geworden.

Thank you Puschki, for being you. Too bad we never shared a room (or was it for the
better?). Ook jij bedankt Mieke ( En niet alleen voor het uitlenen van je high-tech bladhoek
meter).Woutas... Ik dacht niet dat ik dit ooit zou zeggen, maar ik geloof dat ik je tekeningen
en grappen nu al mis, gek eh? Dear Bahina, I hope you already found someone to bring
YOU coffee, once in a while. I really enjoyed sharing the office with you. Beste Hans, je
was natuurlijk een beetje een bijzonder geval met je onderzoek aan Rumex (grapje hoor),
maar los daarvan was je altijd een leuke buurman. Ook al was het maar kort Paulien, ik
ben blij dat we de kamer hebben gedeeld. Natuurlijk wil ik graag ook mijn eerste kamer
genoten bedanken: Martijn en Basten. Ik heb erg veel plezier gehad en heb ook veel van
jullie geleerd als jonkie. You too Rashmi: Thank you very much for all your patience in the
lab. I hope we can do experiments again together soon.

I was fortunate to be in touch with a number of colleagues from outside Utrecht Uni-
versity. I would like to thank Stephan Pollmann and Petra Düchting for their hospitality,
interest and commitment during our brief collaboration on auxin measurements in Bochum.
It worked out really well and I hope we can do this again at some point, especially now
you have moved to Madrid, Stephan. Ida Ruberti and Giorgio Morelli, it was an inspiring
experience to visit you in Rome and discuss both our data on auxin and shade avoidance.
The restaurant you took us still ranks number 1 on my dining experiences! I was fortunate
to meet Carlos Ballaré on two occasions and discuss both our work on low blue light re-
sponses. Its great how both our papers are being published back-to-back and it was nice to
be part of this coordinated submission and discussion. I hope we can find a way to collabo-
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rate in the future. Our group had the pleasure of hosting Julia Bailey-Serres for a while and
although we never worked together, you were a great inspiration to all of us, certainly also
to me.

Naast al deze internationale interacties was er ook nog een Hollandse, namelijk die met
Eric Visser. Eric, het was allereerst erg leuk en daarnaast ook heel leerzaam om samen met
jou naar effecten van shade avoidance op het foerageren van wortels naar nutrinten te kijken.
Dank voor je hulp en enthousiasme, wellicht kunnen we het nog eens afmaken.

I would also like to thank Ikram Blilou, Remco Offringa and Jiri Friml for good sugges-
tions and sharing materials that greatly helped this research.

Het leven op een universiteit is zo levendig doordat er altijd studenten zijn. Ik heb het
voorrecht gehad om 5 studenten te begeleiden tijdens hun master stages (Edwina, Bianca,
Irene, Rens en Martin), en ik wil jullie allemaal enorm bedanken voor jullie inzet. Jullie
zullen aardig wat bekende data terug vinden in dit proefschrift.

Naast wetenschap was er gelukkig ook het normale leven, al dan niet gemixt met col-
legas: Arman, Bjorn, Chiel, Filippo, Jan, Jan, Pim en Roeland bedankt voor de mooie en
minder mooie potjes voetbal.

Al weer 11 jaar geleden op een grasveld voor het Went. Een mentor groepje van biologie
(plus een adoptie broer)... Echt super bedankt gasten, voor de afgelopen en komende jaren.

Lieve Annemart, Died, Dun, Charissa, Eggie, Jan, Jans, Jurgen, Len, Maartje, Mijke,
Nira, Rene, Victor en Wolter. Dank je wel voor al de potjes poker, veldwerk, (wintersport)
vakanties, voetbal/films kijken, weekjes Frankrijk etc. En sorry voor alle Happies!

Natuurlijk ook alle dank richting mijn ouders en familie. Dank je wel Joost, dat je mij
meenam naar een dagje biologie aan de Universiteit Utrecht . Vervolgens als collegas, net
zoals vroeger op avontuur in het Kruyt. Ik weet zeker dat ons gezamenlijke artikel er nog
aan gaat komen...

Dank je wel lieve Marloes. Je hebt een hoop werkstress van mij moeten verdragen en
daar lijkt bij deze een einde aan te zijn gekomen...
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